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Abstract

Purpose—We aimed to characterise magnetic nanoparticle hyperthermia (mNPH) with radiation 

therapy (RT) for prostate cancer.

Methods—Human prostate cancer subcutaneous tumours, PC3 and LAPC-4, were grown in nude 

male mice. When tumours measured 150 mm3 magnetic iron oxide nanoparticles (MIONPs) were 

injected into tumours to a target dose of 5.5 mg Fe/cm3 tumour, and treated 24 h later by exposure 

to alternating magnetic field (AMF). Mice were randomly assigned to one of four cohorts to 

characterise (1) intratumour MIONP distribution, (2) effects of variable thermal dose mNPH 

(fixed AMF peak amplitude 24 kA/m at 160±5 kHz) with/without RT (5 Gy), (3) effects of RT 

(RT5: 5 Gy; RT8: 8 Gy), and (4) fixed thermal dose mNPH (43 °C for 20min) with/without RT (5 

Gy). MIONP concentration and distribution were assessed following sacrifice and tissue harvest 

using inductively coupled plasma mass spectrometry (ICP-MS) and Prussian blue staining, 

respectively. Tumour growth was monitored and compared among treated groups.

Results—LAPC-4 tumours retained higher MIONP concentration and more uniform distribution 

than did PC3 tumours. AMF power modulation provided similar thermal dose for mNPH and 

combination therapy groups (CEM43: LAPC-4: 33.6 ± 3.4 versus 25.9 ± 0.8, and PC3: 27.19 ± 

0.7 versus 27.50 ± 0.6), thereby overcoming limitations of MIONP distribution and yielding 

statistically significant tumour growth delay.

Conclusion—PC3 and LAPC-4 tumours represent two biological models that demonstrate 

different patterns of nanoparticle retention and distribution, offering a model to make comparisons 

of these effects for mNPH. Modulating power for mNPH offers potential to overcome limitations 

of MIONP distribution to enhance mNPH.
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Introduction

Prostate cancer persists as a major contributor to mortality in men [1,2]. Clinical definitions 

of high-risk disease vary, and choosing among available treatment options remains 

challenging because aggressive therapy, i.e. radical prostatectomy, high-dose external-beam 

radiotherapy (RT), hormone ablation, or brachytherapy carry significant risks to the patient 

[1–4]. For definitive prostate cancer treatment (as with most other cancers), adequate 

therapy to tumour–tissue boundary or ‘margin’ is a primary concern. Disease recurrence is 

considered more likely with inadequate treatment of the tumour margin; however, 

preserving normal tissue to maintain quality of life and reducing treatment-related morbidity 

compel clinicians to minimise exposure or resection of tissue near the margins. Thus, for 

radiation therapy, achieving a uniform dose throughout the tumour volume is less important 

than ensuring a minimum therapeutic dose is achieved throughout the tumour, particularly at 

the tumour–tissue margins. Combining radiation therapy with agents that enhance 

therapeutic effect is an approach that offers potential benefits because lower radiation doses 

can be effective, thus also reducing toxicity.

Hyperthermia or heating tissues to a temperature within the range 41–46 °C enhances the 

potency of radiation depending upon thermal dose (time at temperature) [5–9]. Magnetic 

nanoparticle hyperthermia (mNPH) has received increasing attention as a potential ‘new 

frontier’ in cancer medicine [10,11]. Hyperthermia with magnetic iron oxide nanoparticles 

(MIONPs) and alternating magnetic fields (AMFs) requires targeted deposition of MIONPs 

inside the tumour, followed by application of AMFs, causing the particles to heat [12]. This 

heat conducts into the area immediately surrounding the particles and if a modestly elevated 

temperature is maintained in the tumour for sufficient time tumour cells are destroyed or 

damaged, thus enhancing effectiveness of additional agents. Magnetic nanoparticle-

mediated hyperthermia or mNPH has held appeal for over 50 years because of the potential 

to deposit focal, tumourspecific heating while simultaneously minimising heating of 

surrounding normal tissue [13]. Indeed, such potential to limit damage to nearby sensitive 

neural structures, such as in brain, prostate, and spinal cord tissues has motivated preclinical 

and clinical development [14–24]. The success of mNPH, as with other thermal therapies, 

depends therefore upon surmounting the challenges to efficiently target tumours and to 

achieve the appropriate heat distribution.

Combined hyperthermia and radiation therapy generally enhances management of locally 

advanced and recurrent cancers. For mNPH, a central issue is the extent to which 

intratumour nanoparticle distribution limits the thermal profile, and to identify limitations 

for nanoparticle deposition [10,17]. Response to hyperthermia depends critically upon 

thermal dose, defined as ‘time at temperature’, deposited to the tumour [25]. More 

specifically, the lowest thermal dose achieved anywhere in the tumour will determine the 

response [25,26]. Uniform thermal dose throughout the tumour is not an explicit 
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requirement of therapy to achieve favourable response. Rather, the goal of hyperthermia (as 

with radiotherapy) is to achieve at least a minimum effective dose in >90% of tumour 

volume, particularly at the tumour–tissue margins while minimising thermal dose to normal 

surrounding tissue. For mNPH, therefore, the tissue concentration and distribution of 

MIONPs (heat sources) are critical parameters. This reveals the paradox of mNPH: the small 

size of the nanoparticles enables their tissue and cell penetration, but this also removes 

control of precise tissue localisation that may be necessary for reliable therapy. On the other 

hand, the variable heat output (loss power) of MIONPs which depends upon AMF amplitude 

and frequency, can afford non-invasive and dynamic control of the thermal dose. We can 

then ask whether such adjustments can be sufficient to adequately manage the thermal dose 

for a variety of nanoparticle distributions. Furthermore, we may consider this in the context 

of achieving adequate thermal dose within the tumour, but minimising energy deposition 

outside the tumour. Variation of MIONP heat output as an explicitly controlled parameter to 

achieve specific thermal dose, particularly at the tumour–tissue margin in order to spare 

normal adjacent tissues, has not been systematically described for mNPH.

Mode of MIONP administration affords some ‘generalised’ choice for tumour deposition. 

Vascular (venous or arterial) modes of (image-guided) peri-tumour delivery have been 

explored, with modest success [27–29]. In this case, nanoparticle distribution depends in a 

complex way on vascular network and fluid flow. Nanoparticle distribution within tumour 

following intratumour or percutaneous injection, however, is dictated by injection 

parameters (e.g. injection rate, volume, solution viscosity) and by tumour physiological and 

mechanical properties (e.g. interstitial pressure, tissue density, stromal content, vascularity), 

only some of which can be controlled by the investigator. It is thus the topic of significant 

debate that mNPH can have only limited clinical utility because (1) tumour targeting with 

MIONPs is difficult; and (2) percutaneous delivery produces unpredictable and inconsistent 

intratumour nanoparticle distribution. The former abrogates successful clinical translation 

because too little material is deposited into tumours for beneficial effect, whereas the latter 

produces variable thermal dose, precluding prescriptive planning and effective treatment. 

Ideally, robust treatment scenarios should be sought that yield necessary tumour damage for 

a range of particle distributions likely to be encountered in clinical practice.

In this study we sought to explore the effects of nanoparticle-mediated heat delivery as a 

potential therapeutic modality with radiation in which nanoparticle heat output and tissue 

distribution were varied. We measured temperature and effects on tumour growth delay of 

mNPH±RT following percutaneous delivery of MIONPs into two mouse models of prostate 

cancer that consistently demonstrated different MIONP concentration and distribution 

between them. The two tumour models were derived from human prostate cancer cells lines 

LAPC-4 and PC3. While the tumours generated from these cell lines proved useful for 

comparative experiments of mNPH with respect to MIONP distribution, the cell lines also 

displayed different sensitivity to heat and radiation that were recapitulated in the tumour 

models, thus introducing a confounding element for interpretation of results. Computational 

models (2-dimensional) were used to elucidate relationships between nanoparticle 

distribution, heat output, and resulting temperature evolution in a model tumour to enhance 

understanding of temperature distributions that are experimentally inaccessible. We identify 

nanoparticle power output as a critical parameter for mNPH that can be used to compensate 
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for variable nanoparticle distribution in the context of combined therapy. Our results suggest 

that if the goal of mNPH is to achieve a minimum effective thermal dose at the tumour 

margin (tumour–tissue boundary), and simultaneously minimise overheating the surrounding 

normal tissue then power modulation with probe placement at the tumour–tissue boundary is 

sufficient to achieve the desired outcome in the context of underlying tumour biology. 

MIONPs generate hysteresis heating when exposed to AMFs that depends in part on the 

amplitude of the AMF. Modulating the AMF amplitude (i.e. power) can overcome the 

limitations created by variable nanoparticle distribution. This finding provides supporting 

data to motivate further exploration of nanoparticle distribution and mNPH in various 

models presenting varied and challenging structures.

Materials and methods

In vitro

Cell culture—Human prostate cancer cell lines, PC3 and LAPC-4, were used. PC3 cells 

were purchased from the American Type Culture Collection (ATCC, Manassas, VA). 

LAPC-4 cell line was obtained from the laboratory of R.E. Reiter (University of California, 

Los Angeles) under a material transfer agreement. PC3 cells were cultured in RPMI1640 

medium supplemented with 10% fetal bovine serum and 2mM L-glutamine. LAPC-4 cells 

were cultured in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% 

fetal bovine serum, 2mM L-glutamine, and 1mM R1881. All cells were kept in a humidified 

incubator at 37 °C with 5% CO2.

Water bath hyperthermia—A digital water bath (Model 282, Precision Instrument, 

Kennesaw, GA) with a maximum temperature setting of ~95.0°C and precision of 0.1 °C 

was used for hyperthermia. Flask and water bath temperatures were measured using two 

Type-T thermocouples (Omega Engineering, Stamford, CT) connected to a portable data 

logger (OM-DAQPro-5300, Omega Engineering). Thermocouples were calibrated with a 

precision certified thermometer (T-3750/64CFC, Miller and Weber, Ridgewood, NY) prior 

to the water bath experiments. One thermocouple was immersed directly into the water bath 

and another was inserted into a surrogate flask containing the same amount of medium (5 

mL) as the flasks to be treated. The temperature readings of the thermocouples were 

recorded digitally using computer software.

Cells were exposed to four temperatures 37 °C, 40 °C, 42 °C and 43 °C for 60 minutes with 

37 °C as control. Flasks were partially immersed in the water bath and water was added to 

the water bath to adjust the level to be slightly above the level of the culture media. To 

prevent contamination, flasks were secured tightly and sealed with Parafilm. Time was 

recorded when the flask temperature reached ± 0.5 of the target temperature.

Radiation—A Gammacell 40 137Cs irradiator (Best Theratronics, Ottawa, ON) was used 

for radiation treatments at room temperature. Five radiation doses (2 Gy, 4 Gy, 6 Gy, 8 Gy, 

and 10 Gy) were selected and compared to 0 Gy control.

Clonogenic survival assay—After each treatment cells were re-suspended and diluted 

to the appropriate number then plated in triplicate onto 10-cm culture dishes. At 10–14 days 
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after treatment, cells were stained with a solution of 0.2% crystal violet in 50% methanol 

and 50% distilled water. Colonies consisting of at least 50 cells were counted. The surviving 

fraction was determined relative to control at 37 °C or 0Gy.

Magnetic iron oxide nanoparticles (MIONPs)

Bionised nanoferrite (BNF)-starch (catalogue no. 10-00–102) nanoparticles were obtained 

from micromod Partikeltechnologie (Rostock, Germany) and used as received. Their mean 

hydrodynamic diameter was 108 nm and with a polydispersity index (PI) of 0.33 as provided 

by the manufacturer. Synthesis, structure, magnetic, heating, and imaging properties of these 

particles have been extensively described [21,22,30–33].

Mice and nanoparticle injection

The mice were housed in an Association for Assessment and Accreditation of Laboratory 

Animal Care-accredited facility in compliance with the Guide for the Care and Use of 

Laboratory Animals [34]. All procedures were approved by the Johns Hopkins Institutional 

Animal Care and Use Committee.

A total of 113 male (4–6 weeks old) athymic BALB/c nu/nu mice (Harlan Labs, 

Indianapolis, IN) weighing ~24±2g on a normal diet ad libitum and under pathogen-free 

conditions were used in this study. To generate PC3 tumours, 3 × 106 PC3 cells suspended 

in 0.1 mL of phosphate-buffered saline (PBS) were injected subcutaneously into the right 

thigh of each mouse. Subcutaneous LAPC-4 tumours were generated in a similar manner, 

using 5 × 106 LAPC-4 cells suspended in a (1:1) mixture of 0.1 mL of PBS and Geltrex™ 

reduced growth factor basement membrane matrix (Invitrogen A1413202, Grand Island, 

NY).

Mice were randomly divided into two main groups corresponding to constant power (n = 42) 

or power-modulated hyperthermia (n = 46), and further by tumour within each of these 

groups – PC3 or LAPC-4. Within each of these main tumour groups, mice were further 

randomly divided into subgroups corresponding to treatment – radiation therapy (RT), 

mNPH, and mNPH + RT. Tumour growth was measured. Time to reach 4-fold initial 

volume (t0 = time at treatment) was the chosen end point in all but six mice selected from 

the constant power PC3 tumour group. These mice were selected for intratumour 

thermometry and were euthanised at the end of treatment. A schematic of the in vivo 

experimental design is provided in Figure 1(A).

A subset of 25 mice bearing PC3 (n = 9) and LAPC-4 (n=16) tumours were used to 

characterise nanoparticle distribution and retention. All mice in this cohort were sacrificed 

on ‘day 0’ shown in Figure 1(A).

Tumour volume was estimated from caliper measurements in three orthogonal dimensions 

and assuming hemi-ellipsoid geometry – V = Length × width × height × 0.5236 prior to 

injections. When tumours measured 150±30 mm3 for LAPC-4 and 150 ± 50 mm3 for PC3 

the pre-determined volume for treatment, mice were anaesthetised for injections and 

treatments. For tumours receiving MIONP injections, BNF MIONP suspension was injected 

into three sites, having triangular configuration, of the tumour, with approximately 1/3 

Attaluri et al. Page 5

Int J Hyperthermia. Author manuscript; available in PMC 2015 December 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



volume into each, to achieve a total delivered dose of MIONPs equalling 5.5 mg Fe/cm3 of 

tumour. Saline (PBS) or BNF particles were injected in control mice (tumours) using similar 

methods and approximately similar volumes.

Intratumour MIONP characterisation – histopathology and ICP-MS

At 24 h after MIONP or saline injections, chosen to allow sufficient time for nanoparticle 

diffusion throughout the tumour, mice selected for intratumour iron characterisation were 

euthanised and tumours were harvested. Tumours were either fixed in formalin for 

histopathology or they were processed for iron quantification by inductively coupled plasma 

mass spectrometry (ICP-MS). Formalin-fixed tumours were sectioned and stained with 

Perls’ reaction to qualitatively assess distribution of BNF MIONPs (i.e. ferric, Fe3+) 

following previously described methods [35].

ICP-MS was used to quantify intratumour iron concentration to assess MIONP retention. 

Tumours were processed following previously described methods [35]. Briefly, each tissue 

sample was lyophilised, weighed, and transferred to a 7-mL Teflon microwave digestion 

vessel (Savillex, Eden Prairie, MN), and was suspended in nitric acid (HNO3) for digestion 

in a MARS5 Xpress microwave (CEM, Matthews, NC). Samples were digested using a two-

stage ramp to temperature method and the digests were diluted for analysis in an Agilent 

7500ce inductively coupled plasma mass spectrometer (Agilent Technologies, Santa Clara, 

CA). Total iron content of each sample was calculated based on an eight-point calibration 

curve, blank correction, and the recovery of a standard reference material, SeroNorm Trace 

Elements, SERO (Billingstad, Norway). For samples having values measuring below the 

analytical limit of detection, one half of the limit of detection was substituted. Table 1 

provides a summary of relative injected and recovered Fe from tumours.

Alternating magnetic field system

The AMF system has been previously described [36]. A water jacket, also previously 

described, was inserted into the induction coil and used to maintain the body temperature of 

the anaesthetised mice close to physiological range when exposed to AMF [37]. A 

photograph displaying the experimental set-up (AMF system, water jacket, chiller, and 

temperature probes) is shown in Figure 1(B).

Briefly, the AMF system comprised three main components: a power supply, an external 

impedance matching network, and a modified solenoid coil [37]. The power supply is a 120-

kW induction heating system manufactured by PPECO (Watsonville, CA) that provides an 

alternating current to a resonant circuit with variable frequencies (135– 440 kHz). The 

external impedance match network (AMF Life Systems, Auburn Hills, MI) was adjusted for 

stable oscillation at 155 ± 10 kHz. Within the solenoid, a polypropylene jacket, through 

which distilled water was circulated, provided a thermal barrier to heat generated directly by 

the solenoid [37]. Prior to experiments, the magnitude of the magnetic field was measured at 

the centre of the solenoid using a magnetic field probe for several power settings to provide 

calibration for all studies.
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Constant power mNPH

For mNPH, each anaesthetised mouse was placed into a holder constructed from a standard 

polypropylene 50-mL conical centrifuge tube that was positioned in the centre of the 

modified solenoid coil and water jacket [37]. Treatment duration was 20 min for either 

control (0 kA/m) or mNPH (24 kA/m peak amplitude) groups. Higher amplitude mNPH is 

desirable in studies with mice to simulate the effects of off-target heating resulting from 

eddy currents. Mice present a significantly smaller radius and volume of tissue than do 

humans, and thus much less eddy current heating will be generated. To compensate, higher 

AMF amplitudes are needed to produce off-target heating as would be encountered in a 

clinical setting. From the PC3 tumour-bearing mice, six were chosen for thermometry. A 

single AMF compatible fibre-optic temperature sensor (FISO Technologies, Quebec, 

Canada) was inserted into the tumour (with the tip at the approximate centre of the tumour) 

of each of the six randomly selected animals to measure intratumour temperatures at 1-s 

intervals. These animals were used only for thermometry and not for tumour growth end 

points. Conversely, in seven randomly selected mice bearing LAPC-4 tumours thermometry 

was performed on the tumour surface. These same individuals were used for tumour growth 

comparisons.

Power modulated mNPH and RT

Mice were randomly assigned to control (BNF MIONP only), mNPH (HT: 43.5° ± 0.5 °C), 

RT (RT5 or RT8), or RT5 + HT groups. Four AMF-compatible fibre-optic temperature 

probes were used in each mouse to measure rectal, (intra) tumour (probe tip in the 

approximate centre of the tumour), skin of thigh contralateral to tumour, and water jacket 

temperatures for each mouse. Mice comprising the AMF-sham groups were injected with 

BNF MIONPs and were placed in the water jacket for 20 min with AMF 0 kA/m. For the 

mNPH (HT) AMF amplitude was modulated to achieve an intratumour target temperature of 

43.5° ± 0.5 °C. Total AMF exposure was 20 min. The water jacket temperature was 

dynamically adjusted to maintain the rectal temperature to between 35–39 °C. For all mice 

receiving combined mNPH and RT, mNPH preceded RT. For RT, mice were treated using 

the Small Animal Radiation Research Platform (SARRP) [38]. Tumours were irradiated 

with a circular beam having a 1-cm diameter. Mice were monitored for tumour growth.

Thermal dosimetry

Temperature data obtained from mNPH treatments were normalised to convert a 

temperature–time curve to an equivalent time at 43 °C (CEM43) using the expression 

provided by Sapareto et al.: CEM43 = tR(43-T); where t (s) is the time of treatment, T is the 

average temperature during the desired interval of heating, and R is a constant which is 

equal to 0.5 for T>43 °C and is equal to 0.25 when T<43 °C [39].

Computer simulation: thermal model

Two 2D computational thermal models were created to represent a tumour and surrounding 

healthy tissue. Since nanoparticle distributions in tumours vary, we used this computational 

phantom to analyse two extreme cases of nanoparticle distributions, to better understand the 

physics of the system. The tumours contained either (1) uniform or (2) concentrated 
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distribution of nanoparticles (Figure 1C). Both models contained an identical total number 

of nanoparticles and differed by nanoparticle distribution. In the uniform distribution model, 

the nanoparticles are evenly distributed throughout the tumour area to the tumour–tissue 

boundary. In the concentrated model nanoparticles are concentrated in only 40% of the 

tumour area extending from its centre (Figure 1C). The healthy tissue and tumour were 

modelled as circles with radii rtissue = 9.5 mm and rtumour = 4.5 mm, respectively. The 

model dimensions were chosen to ensure that the temperature at the outer edge of (healthy) 

tissue can be assumed to be at constant body temperature T = 37°C [40]. Heat transfer 

produced by the nanoparticles throughout either tumour or tissue was modelled by the 

Pennes’ bioheat equation [41]

(1)

where n and b represent tissue (tumour, n = 1; healthy n = 2) and blood parameters, 

respectively. For either tumour or healthy tissue, ρn, cn, kn, Tn, Qm,n denote the density, 

specific heat, thermal conductivity, local temperature, and metabolic heat generation rate. 

Correspondingly for the blood, ρb, cb, ωb, Tb denote density, specific heat, perfusion rate, 

and temperature, respectively. Thermophysical properties for healthy tissue, tumour, and 

blood are summarised in Table 2 [42–47]. Qp denotes the total power generated by 

nanoparticles in each tumour. The nanoparticles are modelled as line heat sources with 

uniform heating strength. As a consequence, the total power generated within each of the 

model tumours is identical, in order to highlight differences in temperature distribution 

resulting from the two nanoparticle distributions.

At the interface between healthy tissue and tumour, conservation of heat flux and continuity 

of temperature conditions are applied. Summarised, the boundary conditions are as follows.

(2)

(3)

(4)

The governing equations (Equation 1) with the boundary conditions (Equation 2–Equation 

4) were solved numerically using COMSOL Multiphysics 4.4, a commercially available 

finite element solver. A grid size dependency study was carried out to ensure that calculated 

temperatures were sufficiently independent of a chosen model grid size. When the grid size 

was changed from coarse (14,747 triangular elements) to fine (29,804 triangular elements), 

the number of elements nearly doubled, yet the calculated temperature along the radius of 

the tumour changed by less than 0.01%, indicating our chosen model parameters have 

negligible influence from grid size. A similar comparative analysis was performed to 

determine whether calculated temperatures were affected by the chosen time step for the 

transient heating process. When the time step was increased from 0.2s to 1 s, the change in 
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calculated temperatures was negligible (<0.001%). The model results were validated by 

comparing the transient temperature profiles along the radius of the tumour with the 

analytical solution given by Andra et al. [47]. Satisfactory agreement between analytical and 

numerical solutions was observed, confirming the general validity of our model.

Simulations in this study were conducted to approximate constant power and power-

modulated nanoparticle hyperthermia experiments for qualitative comparison. 

Thermophysical properties of tissues and blood were held constant for all simulations (Table 

2). To approximate constant power heating, Qp (=4.6 × 105W/m2) was fixed for a simulated 

duration of 60 min. The total heating power was chosen to limit the maximum temperature 

in the tumour to <47 °C.

To simulate power-modulated nanoparticle hyperthermia, the heating power of the 

nanoparticles (Qp(T)) was varied with computed temperature at a specific intratumour 

location (Tprobe) as the feedback control parameter. This was given by Equation 5.

(5)

The chosen temperature reference to control power input was 43.5 °C because it is the 

minimum (break-point) temperature considered clinically relevant for hyperthermia 

treatment of human cells from in vitro measurements [25,26,39]. To investigate the 

influence of temperature probe placement on the total thermal dose, three virtual 

temperature probe locations – (1) centre of tumour, (2) halfway between tumour centre and 

tumour–tissue boundary, (3) at the tumour–tissue boundary – were considered in the 

computational simulation as control points. Heating with modulated power was carried out 

for 60 min and the temperature distributions in both tumour and healthy tissues were 

obtained at the end of 60 min of heating.

Statistical methods

A Kaplan–Meier survival analysis (GraphPad PRISM version 6.0 for Windows) was 

performed assuming time required for tumour volume to reach 4× volume at treatment time 

(t0) as the (‘survival’) end point and log-rank (Mantel-Cox) test was used to compare 

between control and treated groups. A tumour growth delay (mean time to 4x tumour 

volume) comparison between groups was performed using a t test with unequal variance. 

Standard statistical significance scheme was used to report the comparisons between the 

groups (NS = p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). Errors 

reported were standard error of mean.

Results

In vitro

Sensitivity to radiation and heat exhibited by PC3 and LAPC-4 cells was assessed in vitro 

with clonogenic assay to provide a baseline comparison of potential differences in response 

to these agents without confounding factors inherent in in vivo studies. The ability of 
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damaged cells to replicate, which correlates with their ability to effectively repair damage, 

was assessed following exposure to heat at varying temperatures for 60 min or varying doses 

of ionising radiation (25). LAPC-4 cells demonstrate significantly decreased survival when 

exposed to ionising radiation than do PC3 cells (Figure 2A). Similarly, LAPC-4 cells are 

more susceptible to the effects of hyperthermia, which is most pronounced with 60-min 

exposure at 43 °C. At this dose the measured surviving fraction is reduced by 100-fold 

relative to untreated controls, whereas PC3 cell survival is reduced only modestly (30–40% 

relative to controls), as shown by the solid bars in Figure 2(B). When 60-min of 

hyperthermia is combined with 5Gy radiation, the surviving fraction of both PC3 and 

LAPC-4 cells is diminished further, demonstrating a combined effect that is at least additive. 

Again, LAPC-4 cells demonstrate a significantly greater sensitivity to the combined therapy 

than do PC3 cells (Figure 2B, hashed bars). Compared to untreated controls, the surviving 

fraction of LAPC-4 cells exposed to 43 °C (CEM43 60) + 5Gy is about 100-fold lower 

(~0.03%) than the surviving fraction of similarly treated PC3 cells (~1%).

MIONP distribution and retention

Prussian blue stained tissue sections showed contrasting intratumour nanoparticle 

distribution for LAPC-4 and PC3 tumours (Figure 3). Inductively coupled plasma mass 

spectrometry (ICP-MS) analysis of the PC3 (n = 7), and LAPC-4 (n=10) tumours injected 

with PBS (control) or 5.5 mg Fe/cm3 tumour showed variable MIONP retention. Recovered 

total iron from PC3 tumours was 55 ± 13% of injected dose, whereas for LAPC-4 tumours it 

was 79 ± 6% of total Fe injected (Table 1). For comparison, the measured Fe in tumour 

samples injected with PBS was 8 ± 2 µg Fe for LAPC-4 (n = 5) and 11 ± 1 µg Fe for PC3 (n 

= 3). Average total recovered mass of Fe following MIONP injection for LAPC-4 (n = 5) 

and PC3 (n = 4) were 830 ± 16 µg Fe and 771 ± 36 µg Fe respectively, which depended 

upon the measured tumour volume at the time of study. A summary of these results is 

provided in Table 1.

Constant power mNPH

Temperatures were measured in randomly selected individuals from both PC3 (n = 6) and 

LAPC-4 (n = 7) groups during constant power mNPH. For constant power mNPH, the AMF 

amplitude was fixed (24 kA/m) for the duration of treatment (20min), thus thermometry 

only provides some information of temperatures achieved. Temperature probe placement 

(for single-point measurements) can influence the estimated thermal dose, although actual 

thermal dose is unknown and independent of the measurement because AMF power is fixed. 

A representative temperature–time plot (PC3 tumour) is shown in Figure 4(A), 

demonstrating increasing tumour heating for the duration of AMF exposure.

Measured maximum PC3 intratumour temperatures are reported in Table 3. The mean 

maximum temperature obtained from these results is 49 ± 2 °C, where the variance is 

represented by standard error of the mean (95% confidence limits). Estimated values of 

CEM43 based on the single-point temperature measurements are also provided in Table 3 

(second column). CEM43 calculations are invalid when measured temperatures exceed 49 

°C because extensive tissue necrosis typically occurs, although extent of tissue necrosis was 

not characterised in the present study [25]. Similarly, data obtained from LAPC-4 tumours 
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are displayed in Table 4. Mean maximum temperature measured at the LAPC-4 tumour 

surface was 43 ± 1 °C, and the corresponding estimated (mean) CEM43 was 48 ± 25 (Table 

4, column 2).

LAPC-4 tumours responded favourably to constant power mNPH alone with seven out of 

nine (77%) showing measurable response (growth delay) compared to untreated controls. 

Conversely, only three out of eight (38%) PC3 tumours demonstrated measurable response 

compared to controls. Tumour growth results are summarised in Figure 4(B) and (C). Of the 

responders from the PC3 group, 2 out of 3 demonstrated a complete response, i.e. no 

measurable tumour following treatment.

A Kaplan–Meier survival analysis was performed assuming time required for tumour 

volume to reach 4× volume at treatment time (t0) as the (‘survival’) end point and log-rank 

(Mantel-Cox) test was used to compare between control and treated (24 kA/m) groups 

(Figure 4B and C). When compared against the untreated control, constant power mNPH 

was associated with a borderline significant tumour growth delay (p = 0.055) for LAPC-4 

while PC3 showed no significant tumour growth delay (p = 0.093), see Figure 4(B). Median 

survival in the LAPC-4 control group was 21 days, whereas for the mNPH group it was 37 

days giving an estimated therapeutic ratio of ~1.8 (37/21), Figure 4(C). Conversely, constant 

power mNPH had only a modest effect on PC3 tumour growth. Median survival of mice 

bearing PC3 tumours was 17 days following mNPH (20 min at 24 kA/m) whereas untreated 

control median survival was 14 days giving a therapeutic ratio of ~1.2 (17/14).

Power modulated mNPH and RT

Modulating both AMF power and water jacket temperature enables control of both tumour 

thermal dose and effects of off-target heating. A representative temperature-time plot is 

shown in Figure 5(A). Estimated values of CEM43 based on single-point thermometry were 

similar for mNPH and RT + mNPH groups (LAPC-4: 34 ± 3 and 26 ± 1, respectively), and 

for PC3: 27 ± 1 and 28 ± 1, respectively) with amplitude modulation. For LAPC-4 tumours, 

all radiation and hyperthermia treatments demonstrated statistically significant (p<0.05) 

response when compared to untreated control (Figure 5B and D). Median survival for 

control cohort was 21 days; and for all therapy groups it was HT: 30 days (p<0.05), RT5: 30 

days (p<0.05), HT + RT5: 55 days (p<0.01), RT8: 47 days (p<0.01) (Figure 5B). Mean time 

to achieve a 4-fold increase of initial (t0 = time at treatment) volume of tumours was 30 ± 4 

days following HT and 29 ± 3 days for RT5, compared to 20 ± 2 days for untreated controls. 

The difference between times for HT and RT5 is statistically significant. Both mNPH (HT) 

of CEM43 ~30 and RT of 5 Gy thus produce a measurable and similar response. By 

contrast, a similar thermal dose has little effect on PC3 tumour growth (Figure 5C and E), 

which is also less than the (more modest) response due to 5Gy radiation. Combination 

therapy, mNPH + RT (HT at CEM43 ~30 + 5 Gy) produced improved response in both 

tumour models compared to control or mono-modal treatment cohorts – time to 4-fold 

tumour volume increase was 57 ± 4 days (p = 0.0042 compared with RT5) for LAPC-4, 

although the effect was significantly less pronounced in PC3 tumours 22 ± 2 days (a certain 

trend toward significance p = 0.08 was suggestive) for PC3 (Figure 5B – E). Interestingly, 

the combination therapy performed slightly better in LAPC-4 tumours than a higher dose of 
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8Gy RT (RT8; median survival 55 versus 47 days), although this difference was not 

statistically significant (p = 0.25). We estimate a treatment enhancement ratio ~1.6 if we 

assume response to RT5 + mNPH was equivalent to RT8 (Figure 5D). This is a stark 

contrast to response by PC3 tumours which demonstrated improved response to RT5 + 

mNPH compared with RT5, but not when compared against RT8 (Figure 5E).

Temperature profiles obtained from simulations comparing idealised uniform (with 

nanoparticles uniformly distributed throughout ‘tumour’ area, Figure 1C, top) with 

concentrated (nanoparticles at ‘tumour’ centre extending to 40% of tumour volume, Figure 

1C, bottom) MIONP distributions for 60 min heating with constant power (Qp = 4.6 × 105 

W/m3 ) are shown in Figure 6A and B. In both cases, a temperature gradient within the 

tumour is predicted, which results from heat generated by MIONPs that conducts throughout 

the tumour and dissipates into the surrounding tissue. Temperatures calculated at the tumour 

boundary with respect to time for the two models are shown in Figure 6(C). Steady- state is 

achieved rapidly, within about 300 s for both models, although the tumour-tissue interface 

temperature achieved by a uniform MIONP distribution is predicted to be slightly higher (T 

= 40.9°C) than that achieved by a concentrated MIONP distribution (T = 40.6°C). Heat flux 

(loss) at the tumour–tissue interface (heating of healthy surrounding tissue) is also predicted 

to be greater for the uniform distribution (656 W/m2) than for concentrated MIONP 

distribution (592 W/m2).

Modulating power with computed temperature as the feedback control parameter (Qp(T)) 

produces different temperature profiles within the tumour depending upon both MIONP 

distribution and control temperature probe placement (Figure 7A and B). Temperature 

gradients produced within a tumour bearing a uniform MIONP distribution are similar to 

those produced by constant power heating, although the steady-state temperature achieved at 

the tumour–tissue boundary is determined by placement of the temperature sensor used in 

the control algorithm described by Equation 5. Similarly, power-modulated heating with a 

concentrated MIONP distribution produces similar temperature gradients within the tumour 

as with constant power heating. Power-modulated heating with temperature monitoring at 

the tumour–tissue interface, however achieves identical steady-state temperature at the 

tumour boundary for both concentrated and uniform MIONP distributions. By contrast, 

placement of temperature probes in either the tumour centre or halfway between centre and 

boundary for concentrated MIONP distribution limits heating significantly more than for 

uniform MIONP distribution (Figure 7C and D).

Discussion

Clinical management of cancer continues to be challenged by locally advanced and high-

grade disease. For prostate cancer, aggressive therapy offers benefits but the associated risks 

complicate treatment decisions to minimise the adverse impact of treatment-related 

morbidity while maintaining effective disease control [1–4]. High-dose radiation therapy is 

generally effective, but the potential for extensive damage to surrounding tissues often 

triggers careful examination of alternatives to reduce morbidity and preserve a patient’s 

quality of life [2]. Agents that enhance the potency of radiation therapy (RT) are thus 
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generally beneficial because they offer the potential to reduce risks without jeopardising 

treatment benefit.

Biological damage resulting from hyperthermia can complement DNA damage produced by 

ionising radiation, making hyperthermia an attractive tool for clinical management of many 

cancers [5–9,25,26]. We have characterised the effects of ionising radiation and heat 

(without nanoparticles) on two human prostate cancer cell lines, PC3 and LAPC-4. Such a 

baseline comparison is useful to provide context for analysis of results obtained with 

xenograft models generated from these lines. LAPC-4 cells are androgen sensitive and 

possess mutated BRCA2 that increases their sensitivity to radiation damage, presumably by 

inhibiting effective homologous recombination of damaged DNA [6,8,48,49]. By contrast, 

PC3 cells are androgen insensitive, possess wild-type BRCA2 (although mutated p53) and 

display significantly less radiation sensitivity than do LAPC-4 cells at doses >3 Gy, see 

Figure 2(A) [48–50]. Interestingly, LAPC-4 cells are also more sensitive to heat and its 

combination with radiation, displaying 100-fold reduced survival when 5 Gy is combined 

with a 60-min exposure at 43 °C relative to untreated controls. Krawczyk et al. [6] reported 

that BRCA2 degradation or knockout is associated with increased radiation or heat 

sensitivity, but not with further increased sensitivity to combined radiation and 

hyperthermia. The observed heightened sensitivity of LAPC-4 cells to combined radiation 

and hyperthermia thus merits further study to elucidate the role of additional pathways.

Clinically, important parameters for successful cancer therapy with hyperthermia include 

intratumour temperature, temperature distribution, and duration of treatment (time at 

temperature). The accepted metric for thermal dosimetry is the cumulative equivalent 

minutes (duration of exposure) normalised to the base effective temperature of 43 °C 

(CEM43). The temperature distribution within the tumour is typically measured by T90 

values which describe the temperature achieved or exceeded in 90% of the tumour area 

[25,26,39,51]. When combined with the base dosimetry (CEM43) to yield CEM43T90, this 

measure of thermal dosimetry is a superior indicator for therapeutic outcome over 

temperature alone [25,26,39,51]. Achieving a minimal effective dose in 90% of the tumour 

volume is thus the goal of therapy, and not homogeneity of thermal dose throughout the 

tumour volume. Minimal dose requirements, however, are often not achieved in preclinical 

or clinical settings because of (1) equipment providing insufficient control of energy 

deposition, (2) inadequate thermometry, or (3) because feedback control that incorporates 

thermometry with energy delivery is unavailable. Thus, despite the biological rationale and 

clinical demonstrations supporting hyperthermia, significant technical challenges to deliver, 

measure, and control heat delivery persist and inhibit widespread application.

Magnetic iron oxide nanoparticles (MIONPs) offer potential advantages for cancer 

hyperthermia. The generally favourable biocompatibility, small size, and responsiveness to 

magnetic fields of MIONPs make them suitable for many biomedical applications [10]. 

MIONPs, having appropriate magnetic properties, can generate substantial heat when 

exposed to alternating magnetic fields (AMFs) [12]. Hyperthermia with MIONPs or 

magnetic nanoparticle hyperthermia (mNPH) has thus been actively pursued for over 50 

years, culminating in recent preclinical and clinical demonstrations of its utility for cancer 

imaging and therapy [10–24,51–60]. There is, however no systematic study validating the 
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utility of conventional dosimetry (i.e. CEM43) for nanoparticle-based thermal therapies. As 

this technology continues to advance to the clinic, such validation will be necessary. 

Intratumour MIONP concentration and distribution are generally considered critical 

parameters for mNPH because MIONPs are the source of heat. While MIONPs offer new 

potential for hyperthermia because they can deposit interstitial or intracellular heat, new 

challenges become evident. MIONP delivery to tumours and control of MIONP distribution 

within tumours present significant challenges. For locally advanced and confined disease, 

the former can be addressed by percutaneous delivery, often with imaging guidance similar 

to current clinical practice with chemotherapeutic drugs for many unresectable cancers. This 

mode of delivery, however, fails to completely address the issue of MIONP distribution 

within the tumour.

Assuming adequate delivery (i.e. MIONP concentration), the varied biology and physiology 

of cancer tumours places significant limitations on achievable MIONP distribution. Further, 

the small size and ‘fluidic’ nature of MIONP suspensions enhances potential for MIONP 

redistribution during and after mNPH [18,52–58]. It may thus be unrealistic to expect that 

nanoparticle distributions can be controlled or managed to achieve ‘idealised’ or uniform 

MIONP distributions consistently in preclinical or clinical settings. On the other hand, 

mNPH provides adjustable parameters that may enable one to compensate for these 

limitations.

Zones of locally high MIONP concentration are often observed within tumours following 

percutaneous administration [18,52–54]. Consistent with the reported examples, we observe 

heterogeneous iron distribution in both PC3 and LAPC-4 tumours 24h after injecting BNF 

suspensions into three sites of each tumour (Figure 3). Notably, we observed that the local 

iron deposits extend throughout LAPC-4 tumours, whereas MIONP retention seems 

confined to only specific regions of PC3 tumours. The latter observations are consistent with 

those reported by Attaluri et al. [54] who noted that fissures or ‘cracks’ can form in PC3 

tumours during fluid injection, thereby providing channels for MIONP fluid flow producing 

a concentrating effect and preventing widespread diffusion. In a clinical setting, similar 

intratumour nanoparticle inhomogeneity was observed and attributed to variations of 

administration methods [55]. By comparing two different biological (xenograft) models of 

human prostate cancer with comparable administration methods, we have demonstrated 

significant differences between the models for intratumour nanoparticle retention and 

distribution. Remarkably, LAPC-4 tumours seem to present significantly different properties 

leading to different MIONP distribution that warrant further investigation. We also note that 

overall iron (MIONP) retention varies among individual tumours within each type studied, 

with LAPC-4 tumours consistently retaining more MIONPs measured by Fe content analysis 

with ICP-MS (Table 1).

Predictably, constant power heating (i.e. AMF amplitude is constant) will generate more 

total heat in tumour regions retaining higher MIONP concentrations, and the local 

temperature will increase rapidly within zones containing MIONPs when heating 

commences. Extending beyond the MIONP-containing zones, temperature rapidly declines 

leading to sharp thermal gradients [61–64]. The size or volume of these heat generating 

zones dominate thermal gradients in their vicinity during the initial stages of heating. Heat 
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generated conducts throughout the tumour away from these zones at a rate proportional to 

r3, where r is the distance from the heating zone. Conversely, the rate of heat transfer across 

the tumour–tissue boundary depends upon the surface area of the tumour (i.e. rate ∝ r2) thus 

favouring local concentrations of MIONPs, provided the volume of heat generating zones 

and power meet minimum threshold values [65]. If we assume constant perfusion, heat flux 

at the tumour–tissue boundary is thus higher for a uniform distribution of particles than for 

concentrated particles, potentially increasing thermal damage to surrounding sensitive 

tissues and contributing to under-treatment within the tumour. Therefore, decreasing the 

volume of heat generation zone(s) below a critical value that depends upon the total tumour 

volume becomes unfavourable for effective therapy because heat flux across the tumour– 

tissue boundary exceeds the rate of heat deposition within the tumour necessary to sustain a 

therapeutic thermal gradient. Following the initial steep rise in temperature, a steady state is 

achieved, depending upon the duration of heating, resulting in a thermal gradient within the 

tumour that depends upon the MIONP distribution. Intratumour heat conduction resulting 

from this balance of (constant power) heat generated by MIONPs and depleted heat was 

treated analytically and experimentally by Andrä et al. [47] and later confirmed by others 

[54,55,66].

Constant power mNPH results obtained in this study using PC3 and LAPC-4 tumour 

models, and simulations are qualitatively consistent with this description of MIONP-

mediated tissue heating (Tables 3 and 4, and Figure 4A – C). Measured variations in 

MIONP retention (Table 1) and temperatures generated by 20-min AMF exposure at 

24kA/m in PC3 tumours (Table 3) differ markedly from those measured for LAPC-4 

tumours (Table 4). Only qualitative comparison of maximum measured temperature, 

estimated CEM43 values, and response measured by tumour growth can be made due to the 

inherent limitations of single-point thermometry, particularly for the PC3 tumour model. 

Computer simulations are thus employed to illustrate features of tumour heating that are 

experimentally inaccessible. The limitations of single-point thermometry are highlighted by 

these simulations that predict sharp thermal gradients generated by mNPH in which MIONP 

distribution is locally concentrated (Figure 6A and B). Nevertheless, response measured by 

tumour growth (Figure 4A – C) is qualitatively consistent with the measured thermometry. 

PC3 tumour growth following treatment appears either non-existent (70% showed no 

measurable growth delay compared to untreated controls) or dramatic (30% demonstrated a 

4-fold increase of time to progression compared with controls) reflecting the either low or 

excessive thermal dose, respectively (Figure 6A and C and Table 3). By contrast, LAPC-4 

tumour response appears less bifurcated with 70% showing measurable growth delay 

following treatment and an overall 2-fold increase of time to progression. While these 

responses are consistent with measured thermometry, the comparison is complicated by the 

different biological sensitivities to heat demonstrated by the parent cell lines (Figure 2A and 

B).

The limitations of variable (position-dependent) thermometry and response with mNPH 

arising from heterogeneous MIONP distribution has been previously described [18,53–60]. 

To compensate for the variable MIONP distribution and challenges it presents for thermal 

dosimetry, we adopted constant temperature, i.e. power modulated mNPH. The target 
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temperature was chosen to be between 43–44 °C, maintained for 20 min duration, and 

measured by single-point intratumour thermometry for all tumours. Estimated thermal doses 

achieved were consequently more consistent among treated cohorts of both PC3 and 

LAPC-4 tumours, ranging from 26 CEM43 to 34 CEM43, representing a low (mild) 

hyperthermia dose. These are considerably lower than thermal doses studied previously 

[14,15,17–24,54,58,59] to highlight potential effects of mNPH combined with RT (low 

dose) in two models representing varied biological sensitivities to radiation and heat (Figure 

2A and B). PC3 tumour response (growth) was consistent among treated mice with power-

modulated (constant thermal dose) mNPH. This contrasts with results obtained from 

constant power (variable thermal dose) mNPH. Response from power-modulated mNPH 

was also essentially indistinguishable from that of untreated controls, similar to the majority 

(~70%) of tumours treated with constant power mNPH, possibly recapitulating the relative 

thermal insensitivity of PC3 cells observed in vitro. Although consistent with in vitro data, a 

conclusion attributing PC3 tumour response only to inherent biological features is tenuous 

given the experimental limitations of the current study. Further study using constant power 

mNPH with increased MIONP concentration or AMF power may enhance the comparison 

with simulation results; however, improved thermometry will be necessary.

When used for feedback control of power, single-point intratumour thermometry can limit 

comprehensive thermal doses (i.e. CEM43T90) to below therapeutic values for low-dose 

mNPH with heterogeneous MIONP distributions. Heat generated by the MIONPs conducts 

away from the heating zones containing high MIONP concentrations to generate intense 

local thermal gradients. If located within an intense heating zone, a temperature sensor 

providing the feedback for power control will initiate premature power reductions to 

maintain heating within predetermined limits. Consequently, power deposited will be 

insufficient to generate thermal gradients needed to encompass adequate tumour volume 

(90%). This effect is demonstrated with a simple two-dimensional simulation of tumour 

heating in which power-modulated mNPH is explored with variable temperature sensor 

positioning (Figure 7A–C). In this context, a uniform MIONP intratumour distribution is 

superior to localised and heterogeneous MIONP deposits. LAPC-4 tumours present an 

interesting comparative model to the PC3 tumours. MIONP distribution is heterogeneous 

with local MIONP concentrations that seem to be more uniformly distributed throughout the 

tumour. In one sense, this model may present the truly ideal MIONP distribution – local 

high concentrations of MIONPs distributed throughout the tumour that can create localised 

heating zones from which heat conducts to merge with heat created by neighbouring zones. 

Heat flux (rate of loss) at the tumour–tissue boundary may be less than that encountered 

with perfectly uniform MIONP distribution, thus potentially generating a more uniform 

thermal distribution within the tumour.

Only when the temperature sensor is placed at or near the tumour–tissue boundary does the 

2-D simulation predict that minimal CEM43T90 doses can be achieved (Figure 7A–C). 

mNPH with temperature monitoring and feedback localised to tumour–tissue boundary is 

more likely to achieve a minimal CEM43T90, compensating for heterogeneous intratumour 

MIONP distribution. Of course, power modulation with a heterogeneous and locally 

concentrated MIONP distribution will likely produce much higher intratumour temperatures 
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to achieve the required tumour–tissue boundary temperature. Such high (localised) 

intratumour thermal doses may produce local tissue necrosis or ablation that may influence 

outcomes with combined therapy. An additional consideration is the effect of hypoxic and 

necrotic regions of tumours on both heating properties and response to radiation therapy. 

Tumours encountered in both preclinical and clinical settings often exhibit such 

heterogeneity. Regions of hypoxia and necrosis are typically less sensitive to radiation than 

surrounding normoxic tissues. Consequences to heat transfer and response of such regions to 

mNPH and radiation therapy can prove interesting with potential significant benefit that 

merits investigation. The simulations suggest, with appropriate caveats, that temperature 

monitoring at the tumour–tissue interface is necessary to ensure a minimally effective 

thermal distribution (CEM43T90).

When mNPH was combined with RT, response of both PC3 and LAPC-4 tumours was 

improved when compared against either controls or single-agent therapy given at a similar 

dose. Response measured for PC3 tumours, however, was modest, again reflecting the 

trends observed in vitro. LAPC-4 tumours demonstrated a more pronounced response, 

essentially equivalent to response from 8 Gy RT, to combinatorial therapy (Figure 5B). 

These results are tantalising, but further investigation is needed to explore the nature of the 

distinct response to radiation and heat therapies displayed by PC3 and LAPC-4 cells and 

tumours. Additional studies are also needed to explore variable dose and treatment schedule 

(fractionated) combinations, and effects of mNPH ± RT on tumours having variable size. 

The present work limits the study to tumours having limited and small (~150 mm3) volume, 

yet locally advanced disease (by definition) represents large tumours. The simulations seem 

to present a consistent pattern of predictions with experimental results; however, 

conclusions should be limited to suggestive comparisons. While the simplicity of the model, 

i.e. 2D with constant perfusion, highlighted certain features of the physics of nanoparticle 

hyperthermia, further simulations with more realistic parameters and constraints are 

necessary.

To summarise, we investigated the effects of RT, HT, and one combination of these in 

several model systems: (1) in vitro cell culture with two human prostate cancer cell lines, 

PC3 and LAPC-4; (2) in vivo mouse models of subcutaneous PC3 and LAPC-4 tumours; 

and, (3) ‘in silico’ 2-D simulation model of MIONP heating with concentrated (PC3) and 

uniform (LAPC-4) MIONP intratumour distributions. Following percutaneous injection of 

MIONP suspensions, PC3 and LAPC-4 tumours displayed different patterns of intratumour 

MIONP distribution and retention, providing a biological model to explore effects of 

MIONP distribution for mNPH, RT, and combined low-dose mNPH+RT. While responses 

were generally consistent with measured thermometry and inherent biological sensitivity of 

parent cells to the effects of HT and RT, and these results were generally consistent with 

simulations, further study is needed to elucidate the relative influence of multiple parameters 

made possible with mNPH. Each of the models used in this study offers select advantages to 

highlight particular features of biology or mechanics of heat transfer; and, simultaneously 

each model possesses significant limitations requiring a careful comparative examination 

among the results. Inherent biological sensitivity demonstrated by LAPC-4 cells relative to 

PC3 cells to the effects of RT, HT, and RT + HT introduce a confounding element that 
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motivates further study. Taken together, however, the results consistently suggest that 

limitations of mNPH due to heterogeneous intratumour MIONP distributions and single-

point thermometry may be overcome by modulating AMF power with carefully positioned 

temperature feedback control. We might thus speculate that knowledge of nanoparticle 

distribution, as obtained by imaging, can be combined with computational modelling of the 

heating process to guide both temperature sensor placement and power modulation to realise 

patient-specific hyperthermia treatment.

Conclusions

Complementary biological damage caused by heat and ionising radiation offers significant 

potential to enhance clinical management of locally advanced and aggressive cancer. 

Widespread adoption of hyperthermia is inhibited by challenges to target, measure, and 

control heat deposition in tumours sufficient to achieve adequate thermal dose and 

distribution. The potential offered by magnetic iron oxide nanoparticles that generate heat 

when exposed to alternating magnetic fields has been partially eclipsed by unique challenges 

to consistently achieve appropriate nanoparticle distributions within a tumour. Results 

presented from studies of two prostate cancer xenograft mouse tumour models and computer 

simulations suggest that these limitations may be overcome by modulating magnetic field 

parameters with appropriate temperature feedback control.
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Figure 1. 

(A) Schematic of the study design for therapy of either PC3 or LAPC-4 tumours in mice. (B) 

Photograph of experimental equipment used to perform mNPH treatments in mouse 

tumours. (C) Schematic of the computational model of healthy tissue and tumour with (1) 

uniform nanoparticle distribution, and (2) concentrated nanoparticle distribution.
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Figure 2. 

(A) In vitro measure of surviving fraction of PC3 and LAPC-4 cells exposed to ionising 

radiation determined from clonogenic survival assays relative to untreated controls. Each 

data point represents an average of triplicate measurements. Error bars (standard error) do 

not appear on the log scale. (B) Surviving fraction of PC3 and LAPC-4 cells were exposed 

to the indicated (water bath) temperature for 60 min ± a 5-Gy dose of ionising radiation 

determined from clonogenic survival assays relative to untreated controls. Histogram data 

represent an average of triplicate measurements. Error bars represent standard error (95% 

CL).
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Figure 3. 

Representative tumour sections harvested from mice stained with Perl’s reagent (Prussian 

blue) highlighting iron oxide (magnetic iron oxide) distribution.
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Figure 4. 

(A) An example of temporal temperature rise during a constant power mNPH. (B) 

Histogram plot showing LAPC-4 and PC3 tumour response to constant power mNPH 

therapy. Bars represent mean time to progress to 4 × initial volume (at time of treatment). 

Tumour growth delay comparison of untreated control, and constant power mNPH, was 

performed using t-test with unequal variance. Two of the eight mice in the PC3-24kA/m 

group showed complete response (no tumour) at 60 days. For comparison purposes 60 days 

was considered as the time to 4 × for those two mice. (C) Kaplan-Meier plot showing the 

outcome of varied combinations of mNPH (constant power) for both PC3 and LAPC-4 

tumours.
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Figure 5. 

(A) Representative four-point thermometry of mice treated with power-modulated mNPH. 

Single-point temperatures were measured at one-second intervals with optical fiber 

temperature probes placed into the tumour (Tumour), in a similar location subcutaneously 

on the opposite thigh (Contralateral) to tumour, inserted in the rectum (Rectal), and affixed 

to the surface of the water jacket (Water Jacket). (B) Kaplan–Meier plot summarizing 

outcome of power-modulated mNPH ± RT (5 Gy), and RT (RT5 and RT8) in LAPC-4 

tumours. (C) As in B, but for PC3 tumours. (D) Histogram plot showing LAPC-4 tumour 
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response to therapy as in B. Bars represent mean time to progress to 4X initial volume 

(compared to time of treatment, t0). A tumour growth delay comparison between groups was 

performed using t-test with unequal variance. (E) As in D for PC3 tumours. Key for symbols 

used in figures: ns p>0.05; *p≤0.05; **p≤0.01; ***p≤0.001; ****p ≤ 0.0001.
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Figure 6. 

(A) Temperature distribution of uniform distribution model after 60 min of heating at 

constant power of QP = 4.6 × 105 W/m3. (B) As in A for concentrated distribution model. 

(C) Variation of tumour–tissue boundary temperature with time for uniform and 

concentrated distribution models under heating at constant power of QP = 4.6 × 10 W/m3.
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Figure 7. 

(A) Temperature distribution of uniform distribution model after 60 min of heating at 

modulated power based on temperature feedback from (1) probe at tumour centre, (2) probe 

at halfway between tumour centre and tumour–tissue boundary, (3) probe at tumour–tissue 

boundary. (B) Same as A for concentrated model. (C) Variation of tumour–tissue boundary 

temperature with time for uniform distribution model under heating at modulated power 

based on temperature feedback from (1) at the tumour centre (Probe 1), (2) at the midpoint 
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between tumour centre and tumour–tissue boundary (Probe 2); and, (3) at the tumour–tissue 

boundary (Probe 3). (D) Same as C for concentrated model.
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Table 3

Single-point intratumour thermometry of mNPH in PC3 tumours and estimated thermal dose.

PC3

Tmax tumour (°C) CEM43 °Ctumour

44.5 11

45.9 42

47.6 210

50.1 N/A (>1000)

52.2 N/A (>1000)

54.8 N/A (>1000)

N/A, not applicable.
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Table 4

Single-point tumour surface thermometry of mNPH in LAPC-4 tumours and estimated thermal dose.

LAPC-4

Tmax surface ( °C) CEM43 °Csurface

37.3 <1

40.7 <1

40.8 <1

41.7 1

44.1 15

44.2 16

45.7 63

46.9 117

47.7 218
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