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Abstract

Image guided treatment of cancer enables physicians to localize and treat tumors with great 

precision. Here, we present in vivo results showing that an emerging imaging modality, Magnetic 

Particle Imaging (MPI), can be combined with Magnetic Hyperthermia into a image-guided 

theranostic platform. MPI is a noninvasive 3D tomographic imaging method with high sensitivity 

and contrast, zero ionizing radiation, and is linearly quantitative at any depth with no view 

limitations. The same superparamagnetic iron oxide nanoparticle (SPIONs) tracers imaged in MPI 

can also be excited to generate heat for magnetic hyperthermia. In this study, we demonstrate a 

theranostic platform, with quantitative MPI image-guidance for treatment planning and use of the 

MPI gradients for spatial localization of magnetic hyperthermia to arbitrarily selected regions. 

This addresses a key challenge of conventional magnetic hyperthermia - SPIONs delivered 

systemically accumulate in off-target organs (e.g., liver and spleen), and difficulty in localizing 

hyperthermia results in collateral heat damage to these organs. Using a MPI-magnetic 

hyperthermia workflow, we demonstrate image-guided, spatial localization of hyperthermia to the 

tumor while minimizing collateral damage to the nearby liver (1 – 2 cm distant). Localization of 

thermal damage and therapy was validated with luciferase activity and histological assessment. 

Apart from localizing thermal therapy, the technique presented here can also be extended to 

localize actuation of drug release and other biomechanical-based therapies. With high contrast and 

high sensitivity imaging combined with precise control and localization of the actuated therapy, 

MPI is a powerful platform for magnetic-based theranostics.
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The ideal image-guided treatment of tumors aims to treat only the cancer cells while 

minimizing damage to surrounding tissue. Magnetic hyperthermia is a promising approach 

that has the potential for real-time image-guidance while reaching deep tissues without 

invasive catheters. This approach relies on delivery of magnetic nanoparticles to tumors, 

followed by application of alternating magnetic fields (AMF) that fully penetrate the human 

body without depth limitations.1,2 This causes the Superparamagnetic Iron Oxide 

Nanoparticles (SPIONs) to generate and release heat to their environment.3–6 This approach 

has many advantages: First, SPIONs are regarded as biocompatible and biodegradable7,8 in 
vivo. Second, heating is localized to the SPION biodistribution. Third, magnetic 

hyperthermia has greater synergy with chemical therapies9–13 than other forms of 

hyperthermia. Fourth, magnetic hyperthermia has also been shown to induce anti-tumor 

immunity14,15 and can kill cancer cells without a macroscopic temperature rise. Lastly, 

instrumentation already exists16 to generate AMFs suitable for SPION-based thermal 

therapy in patients.

However, magnetic hyperthermia has several challenges to address. First and foremost, 

SPIONs delivered systemically accumulate in off-target organs (e.g., liver and spleen), 

resulting in collateral damage17 to these organs. Current approaches to actuate SPION 

heating do not permit spatial control with precision required to spare healthy organs while 

treating tumors. While magnetic hyperthermia is inherently localized to the SPION 

distribution, there is no current way to target magnetic energy to only a local subset of the 

SPION distribution arbitrarily deep in the body. This is a problem since the non-specific 

uptake of even antibody-targeted SPIONs is far higher in the excretory organs (liver, spleen, 

or kidneys) than in the targeted region such as the tumor,18 indiscriminate magnetic heating 

of all the nanoparticles in the body will result in collateral damage to healthy tissues. 

Strategies to focus the excitation wave (300 – 700 kHz) are fundamentally limited by 

diffraction, regardless of the number of external coils employed, to a spot size of about half 

the in vivo wavelength (~ 50 m)1,19 and is thus untenable for clinical applications. Other 

strategies to localize the excitation using surface coils work poorly at depth due to field 

amplitude fall-off of the excitation wave.
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In addition, some other challenges are quantitative imaging of SPION mass for hyperthermia 

treatment planning. Due to relatively high SPION doses required for heating, for this case, 

quantification with Magnetic Resonance Imaging (MRI) is difficult since the SPION effect 

on the MRI Transverse Relaxation Time - Star (T2*) saturates. We currently lack non-

invasive methods of monitoring temperature rise around the SPION for deep tumors, and it 

is difficult to use MR Thermometry in regions close to the SPIONs.20

To address these challenges, we propose the use of Magnetic Particle Imaging (MPI) for 

image-guidance and the use of strong magnetic gradient fields inherent in MPI systems to 

provide user-defined, arbitrary localization of magnetic hyperthermia. Fig. 1 uses 

experimental data to depict the theranostic workflow proposed.

First developed in 2005 by Gleich and Weizenecker,21 MPI is an emerging tracer-based 

molecular imaging technique that directly detects and quantifies the non-linear 

magnetization of superparamagnetic iron oxide (SPION) tracers.22–26 As in other molecular 

imaging techniques, like nuclear medicine, there is no signal from background tissue in 

MPI, giving MPI images high image contrast for SPION tracers. This good contrast 

mechanism, combined with the use of low-frequency magnetic fields and clinically safe 

magnetic tracers, enables MPI to produce clinical-grade images with zero tissue signal 

attenuation and high image sensitivity. 21,27 Unlike Magnetic Resonance Imaging (MRI), 

safety in MPI is bound by magnetostimulation and specific absorption rate (SAR) safety 

limitations.28 MPI is best compared to gold-standard tracer imaging techniques, such as 

nuclear medicine, but without the limitations of radiation safety or radionuclide half-life for 

longitudinal imaging. As such, MPI shows excellent promise for clinical applications such 

as angiography,29 stem cell tracking and vitality assessment,30–32 brain perfusion,33 lung 

perfusion,34 lung ventilation,35 cancer imaging,36 gut bleed detection37 and hyperthermia.
1,38,39

MPI has several intrinsic advantages. First, MPI has been shown to be a highly sensitive 

tracer modality with near picogram sensitivity.40–42 MPI has high temporal resolution, with 

real-time MPI image-guidance of catheters demonstrated.43,44 Temporal resolutions of 46 

frames per second have been shown in recent state-of-the-art scanners.45 Next, MPI has been 

demonstrated to be high-contrast (no tissue signal unlike MRI) and quantitative for the 

SPION mass30,31,36,45,46 therefore allowing prediction of specific absorption rate (SAR) 

dose from an image of the SPIONs.

Magnetic Particle Imaging works by exploiting the nonlinear magnetization of the SPION 

tracers used. Strong magnetic field gradients magnetically saturate the SPIONs everywhere 

except the SPIONs within the field-free-region (FFR). Only these unsaturated tracers at the 

FFR are able to respond to a small excitation magnetic field (20 kHz 20 mT). MPI can be 

considered a (magnetic) sensitive point method, and scans a 3D volume by rastering the 

sensitive FFR point around (Fig. 2). Image reconstruction23,27 and hardware47–49 are 

detailed in prior work.

The physics underlying MPI is thus very similar to the physics underlying magnetic 

hyperthermia, which makes MPI an ideal candidate for resolving some of the challenges 
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mentioned above. For example, the exact same nanoparticle core generates the MPI signal as 

well as the heat for magnetic hyperthermia.50 The issue of the imaging label separating from 

the therapeutic core is thus non-existent. Furthermore, the same physical mechanism 

(rotation of magnetic moment) that generates signal in MPI generates heating in magnetic 

hyperthermia, thus giving the MPI-predicted heating strong predictive power. 38,39

This MPI-magnetic hyperthermia similarity can be further exploited to localize heating. 

Unlike prior strategies that try to shape the excitation field or use surface coils for heat 

localization, as shown in Fig. 3 we use a completely different mechanism of gradient 

magnetic fields where heat is localized to the narrow axis of the field-free-line (FFL). 

Because the signal generation mechanism in MPI and the heat generation mechanism of 

magnetic hyperthermia are the same - both rely on nanoparticle magnetic dipole rotation, the 

MPI gradients (hardware) that are used to localize MPI signal in MPI imaging by rendering 

all but one location unresponsive to MPI excitation, can also be used for localization of 

magnetic hyperthermia heating. This gradient-based mechanism can also be understood as 

magnetically locking the nanoparticles in place (magnetic saturation) and preventing rotation 

to generate heat or MPI signal. Only the central region of the gradient field with zero 

magnitude lacks this suppression, therefore localizing the MPI signal or magnetic 

hyperthermia heating. This can also be understood by SPION hysteresis curves at different 

positions in the gradient. Hysteresis in the dynamic magnetization curves occur due to 

relaxation effects50,51 and heating is related to the area in the M-H plot bounded by this 

curve. The spatially-variable saturating effect is observed by the hysteresis curves becoming 

narrower as the SPION is moved away from the field-free-region (see Fig. 4). The hardware 

to shift and control the location of this zero field point (field-free-line) is already present in 

MPI scanners.30,37,45,47 The same imaging hardware for MPI which rasters the signal 

localization spot about the field-of-view to generate an image, can be utilized in magnetic 

hyperthermia to localize heat to user-selected regions by designing a shift-and-park 

trajectory to visit and heat selected thermal therapy targets in turn.

This proposed MPI-gradient method enables precise thermal dose localization with high 

spatial resolution. Precision of the localization improves with higher MPI gradient strength, 

thus offering an avenue towards high-spatial-precision thermal therapy. We achieved ~ 7 mm 

(full-width-half-maximum) spatio-thermal resolution with a 2.35 T/m MPI gradient and 

expect ~ 2.35 mm with a 7 T/m MPI gradient based on previous imaging and theory 

results52).

As such, we can envision a theranostic workflow where an MPI image is first taken and the 

same MPI gradients are subsequently used to target and localize SPION heating in the 

therapy stage as shown in Fig. 1. To ensure heating only in the magnetic hyperthermia stage 

and not in the diagnostic/imaging stage, a very low frequency (20 kHz) is used for MPI 

imaging. The strong frequency dependence of magnetic hyperthermia50 means that SPIONs 

do not heat during MPI imaging, and heat only when in ‘therapy mode’ at 354 kHz. Imaging 

also uses a raster trajectory, thus the net energy deposited at any location in the body is very 

low because each location is only scanned for a few milliseconds. Prior studies have started 

to investigate the effect of frequency on magnetic hyperthermia heating50 as well as the use 

of gradients to localize heatingin vitro 1,19 and in vivo.53 We expand upon prior work and 
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combine all the elements to perform an in-vivo demonstration of MPI image-guidance for 

localization heating and therapy in the context of a rodent cancer model.

Results and Discussion

User-defined, Arbitrary Localization of Heating In Vitro

Fig. 5 shows the in vitro results obtained from a 3 × 3 phantom undergoing the theranostic 

workflow illustrated in Fig. 1. During the initial MPI imaging scan, negligible heating is 

observed. This is because each nanoparticle is interrogated/excited very briefly due to the 

raster imaging trajectory. In addition, a low frequency of 20 kHz is used. In contrast, the 

heating mode of the MPI-magnetic hyperthermia system generates > 10°C of heating over 

the same time of the MPI scan. Without the MPI gradients, all the wells in the phantom are 

heated up equally. This is also different from the MPI scan because the entire region of 

nanoparticles is continuously excited for the entire duration and a higher excitation 

frequency is used. Finally, by putting the MPI gradients in place, a field-free-line is 

generated and heating can be localized to that line. From the MPI image, one of the 9 vials is 

chosen. We chose the central vial to demonstrate that all other neighboring vials do not heat 

up. As shown in the results, negligible heating is observed in all wells except the targeted 

well. In addition, this heating location can be arbitrarily moved to another well simply by 

shifting the location of the field-free-line that is under the control of the MPI gradients. This 

demonstrates arbitrary control of heating location. Lastly, the 3 × 3 phantom has the wells 

spaced 7 mm apart. The results demonstrate that for a 2.35 T/m gradient used, heating can 

be localized to within a 7 mm radius. Stronger MPI gradients narrow the ‘heating spot size’ 

linearly with the gradient strength. If higher MPI gradients such as the 7 T/m gradient 

reported in a recent MPI on small animals37 are used, heat localization is expected to 

improve to < 2.35 mm.

Image-guided, Arbitrary Localization of Heating In Vivo

In Fig. 1, we show experimental in vivo data in a xenograft athymic mouse model outlining 

the ideal theranostics workflow in vivo or in the clinic. In this experiment, we show that we 

are able to image the biodistribution of the SPIONs in an animal, segment the regions that 

we wish to heat, estimate the thermal dose required due to the quantitative nature of MPI 

imaging in vivo, and then apply a highly localized heat dose only to locations in a tumor. 

This is done while sparing nearby healthy tissues that may have non-specific accumulations 

of nanoparticles, or the body’s natural clearance organs for these SPIONs, such as the liver 

or spleen. These clearance organs are sensitive to heat damage and can be affected from 

alternating magnetic field (AMF) heating as evidenced in prior work.17,54

The results shown in Fig. 6 for the experimental group 1 (SPIONs injected into the single 

tumor as well as tail vein for clearance to liver) confirm that the in vitro localization can be 

replicated in vivo. Similar to thein vitro experimental series, first, we verify that there is 

negligible heating during the MPI scan. Second, when the MPI gradients are turned off and 

the entire volume is excited at 354 kHz, indiscriminate heating occurs at all locations with 

SPIONs. Heating of the SPIONs cleared to the liver is observed at the same time as the 

heating of the tumor. Tumor and liver temperatures of 43°C were reached in only 12 
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minutes. A control mouse with saline instead of SPIONs was also subject to the same 

uniform AMF but showed no increase in tumor and liver temperatures, verifying that this 

indiscriminate heating is not a result of non-specific SAR from AMF interacting with 

biological tissue. Next, the MPI gradients are turned on and we observe that the liver is 

spared from heating while only the tumor is heated. Lastly, we use a dual tumor mouse to 

demonstrate arbitrary control of the heating location. Initially, the bottom tumor is targeted 

and the results show localized heating in the bottom tumor but not the top tumor. Then, the 

field-free-line is shifted to the top tumor and the results show heating in the top tumor but 

not the bottom. These results show that with MPI gradients, the user can arbitrary control the 

location of heating. With guidance from the initial MPI image, the treatment planning can 

design a “heating trajectory” for the field-free-line or field-free-point and therefore spare 

healthy organs such as the liver from collateral damage.

Dose Planning and Heat Localization In Vivo

MPI has a few key characteristics that allow for thermal dose planning. First, MPI is a 

quantitative imaging modality and is able to accurately image the amount of the iron or 

SPION in vivo. This has been extensively validated by prior work.31,36,46 Second, because 

the exact same nanoparticle core generates the MPI signal as well as the magnetic 

hyperthermia heat, the MPI signal is predictive for thermal energy deposition. Issues of the 

imaging label separating from the therapeutic core are thus non-existent. Because the 

thermal energy deposited is linearly related to the amount of SPIONs, by accurately 

quantifying the amount of SPIONs in vivo, the expected thermal energy deposited can be 

directly calculated. This can be clearly seen by the fact that thermal efficiency is often 

calculated by the SAR of the magnetic particles used in units of W/g of particles.

In Fig 7, we experimentally validate these key characteristics of MPI. In Fig 7.a, we verify 

that with our field-free-line scanner, MPI is quantitative for the amount of iron even when 

projection images are taken. In Fig 7.b, we correlate the SAR deposited (proportional to the 

initial temperature rise measured when the 354 kHz excitation is initiated) to the MPI image 

intensity. Our results show that MPI pixel intensity (linear with mass of SPION) is well 

correlated with the initial dT/dt and local SAR (R2 = 0.964). The MPI image is thus 

invaluable for thermal dose planning, underscoring the theranostics potential of MPI for 

image guided thermal therapy.

Lastly, in Fig 7.c, we demonstrate statistics showing localization of heating to the target 

location (p < 0.001, n = 14) and that minimal heating is observed at non-target locations 

even if SPIONs are present. This is clearly attributed to the presence of the MPI gradient and 

field-free-line as no heat localization is observed when the MPI gradient is absent.

These results taken together shows that MPI can be very useful in clinical situations where 

non-specific uptake of therapeutics is an issue. With gradient-based localization of actuation 

(heat), MPI enables extremely localized and precise treatment even when the biological 

specificity of the therapeutic is not high and collateral damage to healthy parts of the body 

needs to be avoided. This relaxes the requirements for biological specificity and enables 

higher doses because actuation of therapy can be specific rather than indiscriminate.
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Predictive Algorithm for the In Vivo Distribution of Heating

Here, we demonstrate the process behind estimating the thermal dose required as well as 

predicting the effectiveness of MPI-gradient spatial localization to verify if sensitive organs 

will be affected by the designed magnetic hyperthermia scan. Using this method, we can 

potentially simulate different target locations for the best region to target the MPI gradients 

to maximize tumor heating while avoiding nearby sensitive organs such as the liver.

To develop a predictive algorithm, we first calibrate the localization point-spread-function 

for heating due to the MPI gradient as well as the heat spread point-spread-function at 

steady-state (for a small point-source of heated SPIONs in an agarose gel phantom). This 

needs only be done once per MPI device. Mathematically as shown in Fig. 8, we would take 

the SAR image measured from the MPI SPION biodistribution image, then dot multiply it 

with the MPI gradient localization point-spread-function (centered at the target heating 

location). Subsequently, the gradient-narrowed SAR image is then convolved with the 

temperature spatial-point-spread-function to obtain a temperature rise image. This PSF was 

measured at temperature steady-state in an agarose phantom (no convective cooling) with 

constant heating of the point source. This PSF represents the worst-case spread of 

temperature rise (agarose is similar to a dead tissue phantom). The convective cooling from 

the blood perfusion in vivo will narrow this spread (assuming the blood pool represents a 

thermal sink). As such, the 10% boundary marked represents the worst case temperature 

spatial profile and in reality, the temperature rise in vivo should be constrained to a smaller 

region. The results from the forward model shown in the diagram match the experimental 

results in that no temperature rise was observed in the liver, which is outside the predicted 

temperature rise boundary. As such, this forward model based on worst-case heat-spread will 

be useful, albeit being quite conservative, for clinicians whose main aim is to avoid any 

damage to healthy organs and therefore would like to leave a large buffer region for safety.

Luciferase Assay shows Localized Therapy In Vivo

Assessment of treatment response was carried out on experimental groups 3 and 4 that have 

dual tumors of human triple negative breast cancer, MDA-MB-231-Luc. The luciferase 

expression in the tumors was measured before and after treatment, and used to evaluate the 

treatment response. The in vivo experimental results show > 7°C heating of the targeted 

tumor while the other tumor was negligibly heated (Fig. 9). Heating was maintained to 

achieve a Cumulative Equivalent Minutes at 43°C (CEM43) of greater than 70 minutes in 

order to observe any discernible treatment response.55–57 The luciferase activity reduced 

considerably (~ 10-fold) in the treated tumor compared to the non-treated tumor. The 

luciferase activity confirms the thermal dose was selectively deposited on the tumor and 

resulted in majority of the luciferase-competent tumor cells dying.

Histological Assessment Verifies Localization of Thermal Damage to Target Region Only

Apoptosis in organs as a result of thermal damage was measured by quantification of the 

single and double stranded DNA breaks (TUNEL staining). Percentage apoptosis was 

calculated by dividing the number of TUNEL stained cells by the total number of cells 

(DAPI stain). From the histology images, > 50% of cells have undergone apoptosis in the 

tumors targeted with magnetic hyperthermia while no tissue damage was observed in off-
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target tumors (Fig. 10.a). Experimental replicates (n=3) show localization of damage to the 

target region and protection of the off-target regions (Fig. 10.b). To evaluate the protective 

effect of gradient-based heat localization on minimizing collateral damage to the liver, we 

compared the liver from a mouse subject to uniform heating (no MPI gradients) as opposed 

to a mouse subject to gradient-localized heating (heating targeted at tumor and away from 

the liver). The results (Fig. 10.a) show visible damage to the liver when MPI gradients are 

absent while there is negligible damage when MPI gradients are present, confirming that 

MPI gradient-based localization of heating can indeed minimize collateral damage to 

clearance organs such as the liver. Presence of SPIONs in both the liver and tumor was 

verified by Prussian Blue staining (Fig. 10.c). This verifies that there is indeed clearance of 

SPIONs to the liver and that it can potentially be damaged by magnetic hyperthermia in the 

absence of the spatial localization gradients.

Discussion

Precision of Localization Linearly Improves with Gradient Strength

Image guided tumor ablation aims to kill 100% of tumor cells with minimal destruction of 

adjacent healthy tissue. The unavoidable dead region at the tumor periphery is termed the 

tumor margins and 2-mm margins are considered standard in clinical practice. In this work, 

we experimentally demonstrated a radial margin of ~ 7 mm on a 2.35 T/m gradient. Because 

spatial precision improves linearly with gradient strength, increasing the magnetic 

hyperthermia gradient strength to 7 T/m will improve precision to 2.35 mm which is very 

close to the 2 mm objective. This level of precision should be more than adequate to avoid 

heating healthy sites such as the liver while targeting various lesions. With electromagnet 

gradients, the gradient strength can be adapted to the clinical situation. Lower gradients 

allows more efficient heating of larger lesions while higher gradients can improve precision 

when a nearby organ is close and at risk of collateral heat damage.

Implementation of Real-time MPI-magnetic hyperthermia

An ideal real-time theranostic platform will allow real-time visualization of the pathology 

and the treatment region such that imaging is simultaneous with the therapy. Because the 

SPIONs also generate MPI signal during heating, real-time simultaneous MPI-therapy 

should be possible. To achieve this, the currently separate MPI imaging and MPI heating 

drive coils should be combined in one scanner with the addition of a receive coil optimized 

to pick up the MPI signal at f0 = 354 kHz. Because the field-free-line needs to be constantly 

parked at a fixed location to maintain heat localization, one practical limitation is that the 

field-of-view is limited to the vicinity of the hyperthermia target location. However, this 

should not be a problem once the radiologist uses the initial MPI image to restrict the 

region-of-interest to the tumor vicinity.

If real-time imaging of a wider field-of-view is required, fast switching between imaging 

and heating modes could be designed such that heating is performed > 95% of the time and 

wide-view imaging in the other 5% (field-free-line is freed from its locked position to raster 

around). After the image, the FFL is immediately shifted back to focus heating on the 

desired spot again. This strategy is reasonable because MPI scans are relatively fast (3D 
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Lissajous trajectory at 46 frames per second45) and because movement of the SPIONs into 

and away from the tumor takes much longer than the time interval between imaging updates. 

For example, the enhanced permeability and retention wash-in and wash-out of SPIONs 

from the tumor as studied by MPI is shown to be on the time-scale of hours.36

Real-time Temperature Feedback with MPI Thermometry

Because assessment of thermal therapy and dosage is most accurate with in vivo temperature 

feedback, it is desirable to have some form of non-invasive measurement of the temperature 

of the treated site to act as feedback for a closed loop thermal therapy system. Optical 

temperature probes are limited to the skin surface, while IR cameras must deal with thermal 

background, depth attenuation and reflectance. MR thermometry,20 while non-invasive and 

effective at depth, is difficult to implement in the vicinity of SPIONs because it is based on a 

10 parts per billion per °C effect. SPIONs are known to induce larger variations in the MR 

signal than that.

In contrast, MPI thermometry benefits from the good attributes of MPI - being able to image 

at depth and having high sensitivity and contrast (no tissue signal). In essence, MPI 

thermometry uses the SPIONs as sensors of the in vivo microenvironment temperature. Prior 

work on in vitro MPI thermometry has been shown to be promising.58,59 In brief, these 

methods rely on (1) using the SPIONs to measure the microenvironment viscosity which 

changes with temperature or (2) changes in the SPION magnetization response due to 

temperature dependence of the Langevin function for SPIONs. Using the latter method, MPI 

thermometry achieves a 0.4% change in the signal per °C.58 This is more sensitive than MR 

thermometry (water signal changes by 10 parts per billion per °C).20 Similar to the mode 

switching strategy of real-time MPI-magnetic hyperthermia, one can envision seamless fast 

switching from heating mode to temperature measurement mode. Because heating is 

expected to be slow, a temporal resolution of seconds to minutes should be acceptable. 

Furthermore, because only the temperature of the treatment region is of interest, time-

consuming coverage of the entire field-of-view is not needed.

SAR and Magnetostimulation Safety Considerations

Time-varying magnetic fields can have two possible effects on the human body - (1) 

stimulation of nerves through induced electric fields, which often manifest as peripheral 

nerve stimulation, and (2) tissue heating via induced eddy currents in the body, which is 

measured by the specific absorption rate (SAR) metric. Because MPI and magnetic 

hyperthermia uses strong time-varying magnetic fields, the corresponding safety limits for 

these two effects are relevant.

From prior work, we note that below 42 kHz, safety is dominated by magnetostimulation 

limits while above 42 kHz, (induced eddy-current) SAR limits dominate.26 Thus, the MPI 

imaging scan at 20 kHz has to address magnetostimulation. We note that while the 20 mT 

used in this work is safe for rodents, it is about 2-fold higher than the 8 mT limit for humans 

at 20 kHz.26 To address this, MPI should use lower amplitudes of < 8 mT for clinical scans 

and this has been shown to be feasible and actually improve MPI performance especially in 

terms of spatial resolution.60
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Next, the magnetic hyperthermia heating scan has to address SAR limits. While the 354 kHz 

and 13 mT used in this study is higher than the ~ 2 mT reported at 354 kHz, it must be noted 

that the reported values use a conservative SAR limit of 4 W/kg and a large torso radius of 

20 cm. FDA SAR limits for localized heating of the torso is 10 W/kg.61 Using 10W/kg and a 

15 cm (average size) torso radius, and because SAR is proportional to r2 f 2Bpp
2 , the limit is 

calculated to be 4.3 mT and is lower than the 13 mT used in this study.

One possible strategy to address SAR limits, depending on the particle, is to use a lower 

frequency but higher amplitude. In essence, one could further optimize and tailor the heating 

waveform to the nanoparticle characteristics. From the Rosensweig equation,4

P = πμ0χ0H2 f 2π f τ
1 + (2π f τ)2 (1)

where τ is the relaxation time for reorientation of magnetic moments in SPION, we can see 

that while the heating power is strictly related to the square of the applied field amplitude H, 

increasing frequency f will always have less than an f2 effect, with diminishing returns with 

larger τ. On the other hand, tissue SAR is proportional to r2 f 2Bpp
2 ,62 therefore trading off 

frequency for amplitude does not change the SAR limit while heating gains may be observed 

from the Rosensweig equation if the frequency is too high for τ.

Another strategy is designing particles that heat more efficiently. This could help achieve the 

same in vivo heating and therapy reported in this work while lowering the required field 

amplitude to a safer level. For example, a very high nanoparticle SAR of 1019 W/g was 

reported for Zn-doped cubic SPIONs.63 In addition, use of Exchange-coupling between a 

magnetically hard core (CoFe2O4) and soft shell (MnFe2O4) has enabled even higher SAR 

values of 3866 W/g at 100 kHz and 20 mT.64 Recent work on ferromagnetic vortex-domain 

iron oxide has also shown similarly high SAR values.65 These can be designed to be 

theranostic and usable for MRI (and potentially MPI) imaging as well as hyperthermia.66,67 

Using the Rosensweig equation (eqn. 1), we can back-calculate the field amplitude required 

to generate the same heating achieved in our results. With SAR values of 3.8 kW/g, the 

calculated value for field amplitude is much lower at around 2.6 mT and thus below the safe 

limit of 4.3 mT.

Lastly, because heating is most severe at the surface of the body due to the r2 dependence 

(skin burns are most common), one possible way to mitigate risk from the 13 mT field is to 

cover the patient with a cooling surface to remove heat.

Path to Clinical Implementation

With high contrast and high sensitivity imaging, external control over the localization of 

therapy and the ability to work at any depth, MPI-magnetic hyperthermia can be a powerful 

image-guided therapy method for clinical cancer treatment. Preclinical MPI scanners are 

already commercially available and the barriers to clinical implementation are few and 
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addressable. The main challenge is maintaining high magnetic gradient strengths for large 

human-sized bores. We note that such gradients are already possible with current 

technology. For example, the gradient just outside a human 3.5 T MRI bore is approximately 

7 T/m. The cost would thus be comparable to a clinical MRI scanner. If lower heating spatial 

precision is acceptable, lower gradients of 1 T/m could be used, removing the need for 

superconducting magnets and dramatically reducing the MPI scanner cost. This would make 

the MPI-magnetic hyperthermia procedure much more affordable.

Another key challenge is keeping within the clinical SPION dose limits while achieving 

sufficient concentration for heating. It was reported that 5mg/ml was a moderate 

concentration for clinical magnetic hyperthermia,68 and another clinical magnetic 

hyperthermia pilot study, a prostate tissue SPION concentration of up to 30 mg/ml was 

reached during therapy.69 Although concentrations of up to 75 mg/ml was injected in this 

study, quantitative imaging with MPI reveals that the in vivo concentration achieved is closer 

to ~ 30 mg/ml and is within the clinically relevant range. The net amount of iron injected 

into the tumor is 1.25 mg. Clinically, it is estimated that 0.25 – 1.0% of the total injected 

dose of nanoparticles reach the tumor.18 Clinical doses of 510 mg Ferumoxytol was reported 

in prior work.70 This shows that even with limited delivery efficiency to the tumor, 1.25 – 5 

mg of NPs out of the 510 mg injected is expected to reach the tumor, therefore suggesting 

that 1.25 mg per tumor is clinically achievable. More importantly, these numbers underscore 

the importance of MPI spatial localization of magnetic hyperthermia in avoiding thermal 

damage to healthy tissues that received the remaining 99% of the injected dose.

With this clinically relevant dose, we demonstrate in this work that spatially localized 

temperature rise in vivo to > 43°C was achieved within 7 minutes, and in the presence of 

active blood perfusion, suggesting that MPI-magnetic hyperthermia is viable in humans. 

Lower doses can be used if the heating efficiency of the SPION is further improved and the 

heating excitation further optimized. Much lower dosage and concentrations could be used 

in MPI-magnetic hyperthermia applications where only mild hyperthermia therapy is desired 

(as an adjuvant or sensitization procedure for chemotherapy) or in applications where no 

macroscopic temperature change is required (e.g. drug delivery applications).

Conclusions

Here we have described the theoretical foundation, physical construction, and testing of an 

MPI-magnetic hyperthermia theranostic platform. We showed experimental data using MPI 

gradients to deliver targeted heating on demand to components of a phantom with an ability 

to selectively heat targets separated by as little as 7 mm with negligible heating of off-target 

sites. We have also showed in vivo experimental data using MPI image-guided localization 

of heat therapy in a rodent model with the use of MPI gradients for localization. We also 

showed the ability to sequentially target different locations in vivo, demonstrating arbitrary 

control of the heating spot. We demonstrated very good correlation of the MPI image 

intensity with the SAR deposited, proving that thermal dose planning can be easily 

performed via an MPI pre-scan. Through a luciferase assay and histological assessment, we 

verified that heat damage was indeed localized to the target tumor, while the off-target tumor 

or off-target healthy clearance organs, such as the liver, were spared. Together, these data 

Tay et al. Page 11

ACS Nano. Author manuscript; available in PMC 2019 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



represent an important step towards the development of a MPI-magnetic hyperthermia 

theranostics platform. An important next step is to develop MPI thermometry for in vivo 
implementation in order to provide a temperature feedback mechanism for complete thermal 

dose control. Because achieving macroscopic heating with low amplitudes remains a 

challenge, another important direction is to explore MPI-magnetic hyperthermia for 

applications in targeted drug release by using the MPI gradient localization strategy to 

localize actuation of the drug-containing nanocarriers. Exploring other therapeutic 

approaches that do not require macroscopic temperature changes, such as activation of 

lysosomal pathways71,72 and thermal drug delivery, are also of great interest.

Methods

Superparamagnetic Iron Oxide Nanoparticles (SPIONs)

SPION Synthesis—SPIONs were synthesized by the co-precipitation method optimized 

for high energy dissipation rates described by Mrida et al.73. Briefly, deionized water was 

degassed with nitrogen and used to prepare solutions of iron (II) chloride tetrahydrate (99%, 

Sigma-Aldrich) and iron (III) chloride hexahydrate (99%, Sigma-Aldrich) at a 1:2 molar 

ratio respectively, with a total iron concentration of 0.30 M. The iron salt solutions were 

sonicated, degassed, and mixed in a glass reactor. The reaction mixture was heated to 75°C 
and ammonium hydroxide (29% vol/vol, Fisher Scientific) was added to the mixture to raise 

pH to 8.0–9.0. The reaction temperature was increased to 85°C and allowed to react for one-

hour. The pH was maintained around 8.0–9.0 by periodic addition of ammonium hydroxide. 

The resulting iron oxide nanoparticles were peptized using tetramethylammonium hydroxide 

(TMAOH, 1 M, Sigma-Aldrich) at a volume ratio 1:2 SPION/TMAOH twice. Peptized 

nanoparticles were suspended in water.

To coat the particles with polyethylene glycol (PEG), oleic acid (OA, 90%, Sigma-Aldrich) 

was adsorbed onto the particles. OA was added to SPIONs solution at 15 g OA/g SPIONs 

and ultrasonicated (Q700, Qsonica Sonicators) for 15 minutes. The mixture was transferred 

to a glass reactor, heated to 50°C and allowed to react for 2 hours. SPIONs were precipitated 

using twice the volume of ethanol (200 proof, Decon Labs) and magnetically decanted to 

recover the particles, following which they were suspended in toluene (> 98%, Sigma-

Aldrich).

SPION Surface Modification with PEGsilane—PEGsilane was synthesized by a two-

step process. First, mono-methoxy PEG (mPEG, 99.999%, Sigma-Aldrich) of 5 kDa 

molecular weight was converted to mPEG-COOH as described by Lele et al.74 Briefly, 0.05 

mol of mPEG suspended in 400 mL of acetone (99.8%, Fisher Chemicals), was oxidized by 

adding 16.1 mL of Jones reagent (solution of chromium trioxide in aqueous sulfuric acid) 

and allowed to react for 24 hours. The reaction was stopped by adding excess isopropanol 

(70%, Sigma-Aldrich), and impurities from the reaction removed with activated charcoal 

(12–40 mesh, ACROS Organics). Chromium salts and activated charcoal were removed 

through vacuum filtration, then the acetone solution was concentrated using a rotary 

evaporator. The mixture of mPEG-COOH was re-dissolved in 1M hydrochloric acid (37% 

w/v, Fisher Chemicals). Liquid-liquid extraction was performed using 75 mL of 
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dichloromethane (> 99.5%, Sigma-Aldrich) to extract the polymer to the organic phase. The 

solution was concentrated by rotary evaporation and the mPEG-COOH precipitated using 

cold ethyl ether (> 99.8%, Fisher Chemicals).

To obtain PEGsilane, amidation of mPEG-COOH with 3-aminopropyl triethoxysilane (APS, 

TCI America) was performed. Briefly, a 1:1 molar ratio of mPEG-COOH:APS was mixed 

together for 2 hours at 120°C and 500mbar. At the end, the PEGsilane was allowed to cool 

to room temperature and hardened. The SPIONs were coated with PEGsilane by ligand 

exchange, replacing the oleic acid molecules for PEGsilane, following a previously 

described procedure.75 In brief, 3.5 g of PEGsilane dissolved in 250 mL of dry toluene was 

mixed with 250 mL of OA adsorbed SPIONs at 0.8 mg/mL, then 40μL of acetic acid 

(99.8%, ACROS Organics) was added to catalyze the hydrolysis and condensation of the 

silane groups onto the SPION surface. The solution was placed in a shaker for 72 hours, 

after which PEGsilane coated SPIONs were precipitated using cold ethyl ether. The 

precipitate was dried and resuspended in water. SPIONs were then dialyzed to remove 

excess PEGsilane and further sterilized by filtration for animal experiments.

SPION Characterization—SPION’s magnetic, physical, and hydrodynamic diameters 

were determined and the results shown in Fig. 11. Magnetic size distribution was determined 

using a Quantum Design Magnetic Property Measurement System 3 (MPMS3) 

Superconducting Quantum Inference Device (SQUID) magnetometer. Magnetization curves 

at room temperature were obtained for liquid samples in a PTFE sample holder with 100 μL 

of SPIONs suspended in water. Physical diameters were obtained using a Hitachi H 7000 

Transmission Electron Microscope (TEM). Images of SPIONs at 1 mg/mL sampled on an 

Ultrathin Carbon Type A (3–4nm) with removable formvar grid from TedPella were 

acquired using a Veleta CCD side mount camera and were analyzed using ImageJ. 

Hydrodynamic diameters were determined through room temperature dynamic light 

scattering (DLS), using a particle size analyzer (Zeta PALS, Brookhaven Instruments). For 

DLS, aqueous nanoparticle samples (500 μL) with concentration between 0.1 and 1 mg/mL 

were filtered using a 0.2 μm syringe filter prior to measurements.

Dynamic Magnetization Response in Different Locations in the MPI Gradient—
Experimental measurements of the magnitude of the gradient field was taken with a 

Lakeshore™475 DSP Gaussmeter (Lake Shore Cryotronics, Ohio, USA) and plotted in Fig. 

4a. Subsequently, the 2D spatial localization of SAR was experimentally measured by 

shifting a point source tube to different positions in the gradient field. The normalized SAR 

value was calculated by taking the initial rate of temperature rise at each position and plotted 

in Fig. 4c. For Fig. 4b, simulations were performed to obtain the dynamic magnetization 

response of the SPIONs to an applied alternating field in the presence of a field gradient. 

The results was obtained from the numerical solution of the MRSh magnetization relaxation 

equation as outlined in.76 The dynamic magnetization was normalized to the saturation 

magnetization to facilitate visualization and understanding of the effect of field gradient on 

the dynamic hysteresis loop. Here, the value of unity indicates that particles are in a state of 

saturation. The SPIONs synthesized by the co-precipitation method and coated with PEG 

typically form small clusters. Thus, assuming a two particle cluster containing particles of 
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diameter equal to 11.7 nm, an effective magnetic core diameter of 23.4 nm was used in the 

simulations. Interparticle interactions are not included in the model. The hydrodynamic 

diameter of the SPIONs was assumed to be approximately 40 nm as determined from DLS 

measurements. The suspension medium being water was assumed to have a viscosity of 0.89 

mPa·s at 298 K. Simulations were executed using a bias field value corresponding to the 

magnitude of the gradient field measured at various positions (A, B, and C) in the setup. 

Excitation field frequency of 354 kHz and 13 mT amplitude was used to match the 

experimental conditions. Simulations were also executed at 100 kHz and 600 kHz excitation 

field frequencies to show that the strategy of localizing heat using a field gradient is flexible 

and also viable with a different setup.

Animal Procedures

Development of Tumor Xenograft—All animal procedures were approved by the 

Animal Care and Use Committee at UC Berkeley and conducted according to the National 

Research Council’s Guide for the Care and Use of Laboratory Animals. Nude athymic mice 

between 7 – 9 weeks old (Charles River Laboratories) weighing approximately 23 g were 

used in this study. After one week habituation, tumor xenografts were developed by 

subcutaneous injection of 2 million cancer cells in 100μl of sterile 1× PBS into the flank. 

U87MG and MDA-MB-231-Luc cell lines were serum starved for four hours before use (UC 

Berkeley Cell Culture Facility). Tumor volumes in all mice were measured thrice a week 

using a vernier caliper. When the tumor volume reached approximately 100–150 mm3, the 

mice were divided into control and experimental groups. For our controlled heating 

experiment a dual tumor model was developed in the same mice by implanting tumor cells 

subcutaneously in the shoulder and flank.

Animal Preparation for MPI-magnetic hyperthermia Procedure—MPI-magnetic 

hyperthermia experiments were carried out as outlined in Fig. 12. Experimental group 1 

(n=5) and group 2 (n=4) with single U87MG xenografts received 1.25 mg Fe of SPION by 

intratumoral injection and 50 μl of 25 mg/ml SPION as a tail vein injection for a total of 2.5 

mg Fe per mouse. All MPI/magnetic hyperthermia were carried out on murine models under 

anesthesia. The mice were maintained at 1–2% isoflurane (60–80 breaths-per minutes) 

mixed with medical oxygen (1 lpm) supplied via nose cone. The core body temperature was 

constantly monitored by an optical fiber thermal probe (Neoptix™) inserted into the rectum. 

The core body temperature was maintained at 36–37 °C before starting magnetic 

hyperthermia with the help of controlled warm air delivered into the imaging bore from an 

external heater. The systemically administered SPIONs were allowed to completely clear 

from circulation to the liver before MPI imaging and heating was performed (approximately 

24 hours).

Experimental group 3 (n=3) and group 4 (n=1) with MDA-MB-231-Luc had two tumors per 

mouse, and each tumor received 1.25 mg Fe of SPION by intratumoral injection. Luciferase 

activity was measured after intraperitoneal injection of D-Luciferin Monosodium salt at a 

dose of 150 mg/kg reconstituted in 1× PBS (Pierce™ ThermoFisher Scientific). 

Bioluminescent signal were obtained using an IVIS Lumina system with auto exposure time 

and medium binning. The bioluminescent image were exported as DICOM and processed 
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off-line. The bioluminescent imaging was performed before and after the MPI-magnetic 

hyperthermia imaging and heating procedure.

Localization of heating via MPI gradients was performed in groups 1 and 3 while non-

localized heating (where MPI gradients were turned off) was performed in groups 2 and 4. 

In experimental group 5 (n=2) with one dual U87MG tumor mouse and one dual MDA-

MB-231-luc tumor mouse, each tumor received 1.25 mg Fe of SPION by intratumoral 

injection and sequential localized heating was performed by heating one tumor first then 

heating the other tumor to demonstrate arbitrary control of the heat localization within a 

single scan. For the control group (n=1, Control 1, sham) saline was injected intratumorally 

and had 50μl of 25 mg/ml SPION as a tail vein injection for a total of 1.25 mg Fe per mouse. 

Localized heating via MPI gradients was targeted at the (saline-injected) tumor to assess 

thermal resolution via measuring heating of the liver when targeting of a non-spio tumor was 

performed. Control 2 (n=1) received both an intratumor and tail vein injection of saline 

(volumes and procedure same as Experimental Group 1) and non-localized heating was 

performed to assess nonspecific tissue-based SAR from the 354 kHz 13 mT magnetic field. 

Control 3 (n=1) received both an intratumor and tail vein injection of SPIONs (volumes and 

concentration same as Experimental Group 1) but received no heating from magnetic fields. 

After treatment with magnetic hyperthermia, all mice were observed for signs of superficial 

skin burns, signs of distress and discomfort, hunched posture, respiratory difficulties, or 

reticence to move. The hyperthermia procedure was immediately terminated if the core body 

temperature reached 40°C in accordance with prior literature on the response of mice to 

changes in their core body temperature77 as well as prior work on minimal thermal damage 

thresholds required to cause damage to tissue.56,57

Histological Assessment—Animals in group 2, 4 and 5 were euthanized 2 hours after 

hyperthermia treatment (kept under isoflurane) while animals in group 1 and 3 were 

monitored for up to 3 days post treatment before euthanasia. Animals were first put under 

isoflurane anesthesia, then euthanized by carbon dioxide asphyxiation and cervical 

dislocation. After euthanasia, the tumor, liver, spleen and muscle surrounding the tumor was 

immediately excised and preserved in 10% formalin as preparation for histological 

sectioning. Hematoxylin and eosin (H & E) staining was done to assess tissue damage and 

Prussian Blue staining was done to assess SPION distribution within the tissue. In Situ Cell 

Death Detection Kit (TUNEL stain, TMR Red, Roche Diagnostics GmbH, Mannheim 

Germany) with nucleus counter-stained with DAPI was used to assess for apoptotic cells 

resulting from thermal damage. The slides were observed using appropriate color filters 

(ZEISS AX10 Observer D1 with a ZEISS Axiocam ERc 5s). FIJI software and its standard 

cell counting algorithm78,79 was used in calculating the percentage of cells that underwent 

apoptosis.

Imaging and Magnetic Hyperthermia

After administration of the SPIONs, the mice were imaged in the custom-built Berkeley 3D 

MPI scanner described in prior work.37 The 3D MPI scanner has a 6.3 T/m MPI gradient 

generated by water-cooled electromagnets with a field-free-line configuration and has a 

drive field at 20.25 kHz and 20 mT amplitude. The field-free-line was rastered through the 
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field-of-view of 12.35 cm × 4.75 cm × 4.75 cm and 2D projection images were acquired. 

The scan time was approximately 2 minutes excluding robot arm motion time. The FFL with 

axis along the y-direction was electromagnetically shifted along the x-axis as shown in Fig. 

2. The animal bed was mechanically translated by a robot arm in the z-direction at 1 mm 

increments to complete projection imaging of the x-z plane. All images were reconstructed 

using x-space MPI reconstruction algorithm described in prior work.37 To obtain a 3D 

volume, the field-free-line was taken at different angles through the mice and the 3D volume 

is reconstructed with projection recon algorithms as described in our prior work on MPI 

tomography.80 To provide an anatomic reference, projection X-ray was taken after the MPI 

scan when the mice were alive and at the end of treatment, a post-mortem CT was taken to 

provide a 3D anatomic reference.

After an MPI image is obtained of the biodistribution of the SPIONs within the mice, 

localized heating of the SPIONs was performed at a 2.35 T/m gradient with field-free-line 

configuration created with NdFeB permanent magnets and a drive field of 354 kHz and 13 

mT. The heating duration is between 30 minutes – 60 minutes depending on the real-time in 
vivo temperature measurements from which real-time updates on the total thermal dose 

could be obtained in order to achieve CEM43 of ~ 60 – 90 minutes. The equation55 for 

CEM43 used is :

CEM43 = ∑
i = 1

n
ti · R

(43 − Ti) (2)

where R is 0.5 when above 43°C and R is 0.25 when below 43°C.

To perform image-guided localization of heating, the home field-free-line coordinates of 

both scans were aligned. From the obtained MPI image, the required displacement of the 

field-free-line from the home position to the desired target location was calculated. This 

value is used by the robot arm to shift the animal bed relative to the field-free-line. This is to 

align the field-free-line to the in vivo target location in order to localize the heating to the 

desired location. A detailed pictorial representation of the hardware used and the image-

guidance workflow is presented in Fig. 2.

In Vivo Temperature Measurement—Neoptix™fiber optic temperature sensors were 

placed on the surface of the flank tumor and inserted into the intraperitoneal cavity and 

placed close to the liver to obtain real-time tumor and liver temperature measurements. One 

sensor was inserted into the rectum to measure the core body temperature as typically 

performed in prior hyperthermia studies.38 The fiber optic probes interfaced with the 

Neoptix Reflex™that has a measurement accuracy of ±0.8°C and sampling rate of 

approximately 1 sample per second.

Heating Localization Characterization—For Fig. 4c, the experimental set-up used a 

nanoparticle point source located on the Neoptix probe tip (5 μL held in position by a narrow 

capillary sheath) was moved by small distances (0.5 mm per step in the x-z plane) by a robot 

arm and initial heating rate in response to a 354 kHz 13 mT excitation was measured at each 
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location in the MPI gradient field to calculate the SAR. This is because SAR for an object at 

thermal equilibrium with the surroundings is proportional to the instantaneous initial 

temperature rise. The point source was allowed to cool then moved to a new position and 

heated again to form a 2D SAR image of the effect of the MPI gradient field on heating.

MPI Characterization—The experimental setup for Fig. 7a. involves an in vitro dilution 

series of the SPIONs in 9 separate capillary tubes (2 microliter volume each) that are then 

imaged individually in the Berkeley MPI imaging scanner described in Fig. 12. The range of 

SPION concentrations used are from 7.5 mg/ml to 0.03 mg/ml and net mass of SPION per 

tube is thus known. For Fig. 7b., we first performed an MPI scan on the mice and the MPI 

signal intensity at the tumor measured. Subsequently, the mice underwent magnetic 

hyperthermia with the heating target located at the tumor, and the local temperature rise was 

measured using the NeoptixTM fiber probes. Specific Absorption Rate (SAR) was 

calculated from the initial temperature rise dT/dt using the equation SAR = dT/dt ·Cp · V · 

ρ÷(massFe · 1000). Mass of Fe is proportional to in vivo MPI signal and calculated from the 

proportional constant of 0.43 a.u. per mg Fe measured from Fig. 7a. For Fig. 7c., the local 

SAR was calculated in the same way as Fig. 7b. by measuring the temperature rise at 

different tumors. The heating targeting and MPI gradient conditions are specified in the 

figure. The local SAR values reported in Fig. 7c. are normalized to SAR per mg of Fe in the 

tumor.

Predictive Algorithm for Thermal Dose Planning—Because MPI is quantitative for 

the mass of SPION, and since SAR is proportional to the SPION mass, we can obtain a SAR 

image from the MPI image. To predict the localization effect of the MPI gradients, we dot 

multiply the SAR image with suppression effect of the MPI gradient which is in essence a 

SAR spatial filter. We thus obtain a prediction of the SAR dose after gradient localization. 

Finally, to account for heat spreading through tissue from the SPION mass, we convolve the 

previous image with a temperature spatial point spread function (PSF).

To measure the SAR suppression effect of the MPI gradient, we measured the temperature 

rise (Neoptix™probe) of a point source of SPIONs (1.4 mm ID tube, 354 kHz, 13 mT 

excitation) as it is moved to different positions (x-z plane) in the background gradient field. 

To measure the temperature spatial point spread function (PSF), we created a 2 mm ID well 

in an 2% agarose gel phantom and filled it with 50μl of 25 mg/ml SPIONs. Constant heating 

was performed at 354 kHz, 13 mT and temperature of the agarose at various distances from 

the central well was measured (Neoptix™probe). When the temperature reaches steady-

state, the spatial temperature profile of the agarose was recorded.
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Figure 1. 
TheranosticWorkflow demonstrated experimentally on a U87MG xenograft mouse model 

with Superparamagnetic Iron Oxide Nanoparticles (SPIONs) present in the liver and tumor. 

Step 1: an Magnetic Particle Imaging (MPI) image scan at 20 kHz, 20 mT enables clear 

visualization with high contrast of the SPION biodistribution in regions of pathology 

(tumor) and also in healthy clearance organs (liver). Imaging parameters are such that 

SPIONs do not heat. Step 2: the user selects a region, in this case the tumor, to localize the 

magnetic hyperthermia to. Step 3: The MPI gradients are shifted to center the field-free 

region (FFR) on the target. This magnetically saturates SPIONs away from the FFR to 

prevent heating. Step 4: Heat scan at 354 kHz, 13 mT is performed while the MPI gradients 

are on and held in position. Heating is experimentally localized in the FFR (centered at 

tumor) while minimizing collateral heat damage to the liver.
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Figure 2. 
Hardware setup of the MPI scanner and the image-guided magnetic hyperthermia scanner. 

Images are first obtained on our Berkeley MPI Scanner (validated in prior work37). To 

obtain an image, the sensitive field-free-region (FFR) is rastered through a volume. In this 

study, a field-free-line geometry is used, and images obtained are similar to projection 

scintigraphy. A separate higher-frequency MPI scanner is used for application of magnetic 

hyperthermia but has the same geometry, field-free-line. The coordinates are matched to the 

coordinates of the field-free-line (FFL) of the imaging scanner so as to enable image-

guidance from the first scanner. The user is able to pick a target from the image, and the 

corresponding coordinates on the image is sent to the MPI heating scanner. The robot arm 

shifts the co-registered animal bed to center the FFL of the heating scanner to the requested 

coordinates. To locally heat only the target spot, the field-free-line is held in place over the 

spot while a higher frequency (354kHz) excitation is performed.
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Figure 3. 
Illustration of MPI-localized heating in the tumor while sparing the liver. This is compared 

to a surface coil method that can localize excitation near the body surface, but is unable to 

maintain narrow excitation deep within the body due to the field spreading and drop-off with 

distance. Furthermore, since λ/2 ≈ 50 m for typical heating frequencies, the excitation field 

cannot be focused into a narrow spot. Collateral damage may done to healthy tissues with 

non-specific SPION accumulations i.e. clearance organs. In contrast, MPI gradients localizes 

heating by a completely different mechanism, which is to suppress nanoparticle rotation 

rather than shaping the excitation wave. Like MPI which can image at depth, heating is 

localized to the field-free-line (narrow axis) without spreading or attenuation with depth. 

With a 7 T/m gradient, localization to within a 4 mm diameter cylinder is expected.
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Figure 4. 
Experimental results demonstrating the mechanism behind MPI gradient-based localization 

of heating.(a) Magnitude of the MPI gradient in the x-z plane (Lakeshore™Gaussmeter). 

The gradient field has zero magnetic field at the center and a high magnitude everywhere 

else. Due to the field-free-line geometry along the y-axis, each x-z slice along y has the same 

magnetic field profile. (b) SPION dynamic hysteresis loops was simulated at different 

positions in the gradient field. The hysteresis loops are most open at position A (|H| = 0) 

while the hysteresis loops are closed at other positions. Because heating depends on the area 

bounded by the hysteresis loop, the gradient field localizes heating to the field-free-line 

where |H| ≈ 0. Different drive frequencies have the same trend, showing that this localization 

method is flexible and works for a range of MPI drive fields. (c) Nanoparticles were put at 

different locations in the gradient field and heated with 354 kHz, 13 mT excitation. (see 

Methods: Heating Localization Characterization for details) The measured temperature rise 

and SAR (Neoptix™probes) is observed to be highest when the nanoparticle is located at 

position A (field-free-line), in line with simulations in (b). Heating was suppressed at other 

positions due to the large |H| away from the field-free-line. The 2.35 T/m gradient used here 

localizes heating to within a 7 mm radius region, but doubling the gradient to 7 T/m will 

improve localization to 2.3 mm radius.
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Figure 5. 
In vitro experimental demonstration of localization of magnetic hyperthermia. A 3 × 3 grid 

phantom was used where each well was filled with 100 μl of 25 mg/ml SPIONs. The 

temperature of each well was measured by Neoptix™fiber optic temperature sensors under 

different imaging or heating conditions. During a standard MPI scan, no heating was 

observed due to the low frequency (20 kHz) and raster trajectory. During a high frequency 

(354 kHz) heating scan without MPI gradients, all the wells heat up. When the MPI 

gradients are used, the user is able to selectively heat up only the well where the field-free-

line is located, with negligible heating in all neighboring wells. Because the wells are spaced 

7 mm apart, we demonstrated that heating is localized to within 7 mm for a 2.35 T/m MPI 

gradient. Higher gradients at 7 T/m can improve this value to 2.35 mm.
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Figure 6. 
In vivo experimental demonstration of localization of magnetic hyperthermia. The tumor 

was heated while sparing the liver. All in vivo local temperatures were measured by 

Neoptix™fiber optic temperature sensors. During a standard MPI scan, negligible heating 

was observed in the mouse to the low frequency (20 kHz) and raster trajectory. During a 

high frequency (354 kHz) heating scan without MPI gradients, all in vivo locations with 

nanoparticles heat up (thus damaging the healthy liver). When the MPI gradients are used, 

only the tumor is heated while the liver is spared. Lastly, we used a dual tumor mouse to 

demonstrate arbitrary user control of which tumor to heat. We first centered the field-free-

line over the bottom tumor. Only the bottom tumor heated up while the top tumor was 

spared. Subsequently, without removing the mouse, we shifted the field-free-line over the 

top tumor. Only the top tumor heated up while the bottom tumor was spared, demonstrating 

arbitrary control of the site of heating just by shifting the MPI field-free-line.

Tay et al. Page 28

ACS Nano. Author manuscript; available in PMC 2019 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Experimental demonstration of MPI’s potential for dose planning, image guidance and 

actuation localization. See “Methods - MPI characterization” for set-up details. (a) In vitro 
data showing the MPI image is linearly quantitative (R2 = 0.996) for the amount of SPION. 

(b) The in vivo MPI image intensity is well correlated (R2 = 0.964) with the deposited SAR 

measured in vivo, enabling dose planning and image guidance. (c) Localization of the 

heating to the targeted location is demonstrated in vivo with p-value of < 0.001 (Welch’s t-

test, n = 14). Localization is clearly attributed to the MPI gradient, since there is no 

localization of heating when the gradients are off. This suggests that MPI gradients can 

reliably spare the liver while treating the tumor 1 – 2 cm away.
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Figure 8. 
Experimental demonstration that MPI can predict the spatial distribution of heating for 

image-guided, gradient-localized magnetic hyperthermia. Because MPI is quantitative for 

the mass of SPION, and since SAR is proportional to the SPION mass, we can obtain a SAR 

image from the MPI image (no gradients and localization yet). To predict the localization 

effect of the MPI gradients, we dot multiply the SAR image with suppression effect of the 

MPI gradient which is in essence a SAR spatial filter. We thus obtain a prediction of the 

SAR dose after gradient localization. Finally, to account for heat spreading through tissue 

from the SPION mass, we convolve the previous image with a temperature spatial point 

spread function (PSF). Our predicted spatial distribution of heating matches experimental 

data in that the liver was heated by less than 0.8°C as predicted by the calculated 

temperature map.
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Figure 9. 
Experimental assessment of localized heat therapy using a bioluminescence-competent 

MDA-MB-231-luc xenograft model. (a) MPI image of the dual tumor MDA-MB-231-luc 

xenograft mice. The bottom tumor is targeted during gradient-localized heating. in vivo 
temperature at both tumors and the rectum measured by NeoptixTM fiber optic temperature 

probes. The greatest heating occurred in the targeted bottom tumor, while the upper tumor 

received negligible heating. The total CEM43 achieved was 79.3 minutes in the targeted 

bottom tumor. The core body temperature, however, was slightly elevated and likely due to 

the homeostatic response distributing heat from the heated bottom tumor to the rest of the 

body. (b) Luciferase bioluminescence activity of the tumor was measured before and after 

treatment. The results show a greater than 6-fold decrease in activity for the treated bottom 

tumor, while the untreated tumor had almost no change in bioluminescence activity. Thus, 

this demonstrates the utility of MPI gradients in localizing tumor therapy. (c) Statistics (n = 

3, p-value = 0.05 with Welch’s t-test) show localization of therapy to the tumor while 

sparing off-target sites.
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Figure 10. 
Histological assessment of MPI localization of thermal damage. (a) Apoptosis assay (red) 

and DAPI stain (blue) shows apoptosis only occurs in the targeted tumor but not in the 

neighboring off-target tumor, verifying localization of heat damage by the MPI gradients. 

The liver is also damaged when MPI gradients are turned off and uniform heating of the 

tumor and all other locations occurs. In contrast, no damage is observed in the liver when the 

MPI gradient is turned on and targeted at the tumor. (b) Statistics (n = 3, p-value = 0.005 

with Welch’s t-test) show localization of thermal damage by MPI gradients. The liver 

sustains damage if MPI gradients are off due to collateral heating of the SPIONs cleared to 

the liver. In contrast, the liver is negligibly damaged if MPI gradients are on (p-value = 

0.026). These results validate the ability of MPI gradients to localize thermal damage to the 

tumor while sparing the liver 1 – 2 cm away. (c) Prussian Blue stain confirms that SPIONs 

are successfully delivered to both the tumor and liver (clearance organ).
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Figure 11. 
Experimental characterization of the magnetic nanoparticles used in this study. The 

nanoparticles are PEG coated, single crystalline core, superparamagnetic iron oxide. (a) 

TEM of the nanoparticles. (b) Histogram of the core size distribution gives a nominal core 

size of 13 nm with effective magnetic core size of 11.7 nm. DLS analysis of the 

hydrodynamic diameter with number weighted distribution gives a value of ~ 40 nm. (c) 

Magnetization response of the SPIONs. Inset shows a zoom in of the region close to zero 

field.

Tay et al. Page 33

ACS Nano. Author manuscript; available in PMC 2019 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
This study used 5 groups of athymic nude mice. Groups 1 and 2 had a single U87MG 

xenograft and received tail vein injections and intratumoral injection of 1.25 mg Fe SPION 

each. Bioluminescence imaging was performed for groups 3 and 4 that had luciferin-

competent dual MDA-MB-231-luc xenografts (each intratumorally injected with 1.25 mg Fe 

SPION). Group 5 had a double U87MG xenograft and received intratumoral injection of 

1.25 mg Fe SPION in each tumor. MPI and projection X-ray was performed for all groups. 

Groups 1 & 3 had gradient-localized heating while Groups 2 & 4 had gradient-localization 

off during heating. Group 5 had gradient-localized heating that sequentially targeted one 

tumor then another. For all groups, post-euthanasia, the liver and tumor were excised for 

histology.
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