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1. Introduction

Hyperthermia has been applied clini-
cally for cancer treatment, either as a 
monotherapy or in combination with 
other treatment modalities such as ion-
izing radiation and chemotherapy.[1–5] 
The approach has met with some success 
in difficult to treat tumors. For example, 
in a phase III randomized clinical trial 
(EORTC 62961-ESHO 95), a combination 
of regional hyperthermia and neoadju-
vant chemotherapy resulted in increased 
local progression-free survival as well as 
improved overall survival for patients with 
localized high-risk soft tissue sarcoma.[6]

Clinical hyperthermia treatment involves 
the increase of local temperature (within 
the range of 43–46  °C) resulting in tumor 
cell apoptosis/necrosis, reportedly due in 
part to the relatively high susceptibility of 
malignant cells to hyperthermia, as com-
pared to normal cells.[7] The hypoxic tumor 
microenvironment and the increased 
mitotic rate of malignant cells have also 
been shown to predispose cancer cells to 

Magnetic hyperthermia (MH) harnesses the heat-releasing properties of 
superparamagnetic iron oxide nanoparticles (SPIONs) and has potential 
to stimulate immune activation in the tumor microenvironment whilst 
sparing surrounding normal tissues. To assess feasibility of localized 
MH in vivo, SPIONs are injected intratumorally and their fate tracked by 
Zirconium-89-positron emission tomography, histological analysis, and 
electron micro scopy. Experiments show that an average of 49% (21–87%, 
n = 9) of SPIONs are retained within the tumor or immediately sur-
rounding tissue. In situ heating is subsequently generated by exposure to 
an externally applied alternating magnetic field and monitored by thermal 
imaging. Tissue response to hyperthermia, measured by immunohisto-
chemical image analysis, reveals specific and localized heat-shock protein 
expression following treatment. Tumor growth inhibition is also observed. 
To evaluate the potential effects of MH on the immune landscape, flow 
cytometry is used to characterize immune cells from excised tumors and 
draining lymph nodes. Results show an influx of activated cytotoxic T cells, 
alongside an increase in proliferating regulatory T cells, following treat-
ment. Complementary changes are found in draining lymph nodes. In con-
clusion, results indicate that biologically reactive MH is achievable in vivo 
and can generate localized changes consistent with an anti-tumor immune 
response.
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temperature sensitivity.[8] Hyperthermia therapy can be divided 
into three main target temperature ranges: ablation therapy 
(>50 °C) which causes tissue death due to coagulation necrosis;[9] 
high temperature focal hyperthermia (>43  °C) leading to irre-
versible cell damage, delayed cell damage, ischemia and inflam-
matory infiltrates;[10,11] and moderate hyperthermia (38–43  °C) 
that aims to generate sub-lethal cell damage, increasing immune 
cell trafficking into tumors, thus increasing tumor immuno-
genicity.[12–15] Moderate hyperthermia is the best tolerated and 
most clinically translatable hyperthermia therapy but, as with all 
cancer hyperthermia treatments, a major challenge in treatment 
delivery is to confine the heating effect to tumor tissue, leaving 
healthy surrounding tissue undamaged. Nanotechnology offers 
an elegant solution to this problem, using heat-generating nano-
particles targeted to, or implanted within, tumors.

A range of different nanoparticles have been studied for 
their use in cancer hyperthermia including gold nanoparti-
cles (AuNPs), carbon nanotubes, and superparamagnetic iron 
oxide nanoparticles (SPIONs).[16–21] SPIONs, the most clini-
cally developed particle type, typically consist of a magnetic 
iron oxide core stabilized by biocompatible hydrophilic sur-
face coatings such as polyethylene glycol, aminosilane, or dex-
tran.[22] The magnetic properties and favorable biocompatibility 
of dextran-coated SPIONs make them the most attractive for 
clinical use and they have been approved for a range of applica-
tions; notably in magnetic resonance imaging (MRI), including 
hepatic MRI,[23] imaging macrophage density in atheroscle-
rosis, and treatment of iron deficiency anemia.[23–28]

SPIONs release energy in the form of heat via hysteresis loss 
when exposed to an alternating magnetic field (AMF),[29] a pro-
cess known as magnetic hyperthermia (MH). SPION-generated 
MH has strong potential for use in cancer treatment but admin-
istration remains a challenge because intravenously injected 
SPIONs are rapidly sequestered by the reticuloendothelial 
system (RES) within the liver and spleen, limiting their delivery 
to tumor tissue.[23] A number of approaches have been employed 
to increase tumor delivery, including targeting SPIONs to tumor 
cells, intra-arterial delivery, modifying SPION surface coatings, 
and blocking uptake of SPIONs by the RES.[16,22,30–32]

Despite these efforts, on average less than one percent of 
the injected SPION dose will reach the tumor;[33,34] insufficient 
quantities to conduct effective MH.

Intratumoral delivery of SPIONs is an exciting and viable 
option for targeted cancer MH. Previous preclinical studies 
have shown that SPIONs can achieve appropriate intratumoral 
distributions and can generate heat with no serious adverse 
effects.[35–37] Clinical studies in recurrent glioblastoma have 
demonstrated that intratumoral instillation of SPIONs with sub-
sequent heating appears to be both safe and tolerable, resulting 
in favorable overall survival when compared to previous clinical 
trial populations.[36] Subsequent post-mortem investigations 
demonstrated that particles were restricted to the sites of injec-
tion and remained within the tumor following injection; pre-
dominantly within macrophages.[38] In this set of preclinical and 
clinical studies the authors speculated that the therapeutic effect 
was generated due to the induction of tumor necrosis upon 
application of hyperthermia.[35,37] However, the plausible effects 
on the tumor microenvironment, particularly the induction of 
anti-tumor immune responses, were not evaluated.

It is now thought that a key component of the therapeutic 
effect of hyperthermia is the induction of a heat-mediated 
immune response against the tumor,[39] enhancing the visibility 
of the tumor to the immune system (Figure  1). The increase 
in temperature leads to tumor antigen release by apoptosis and 
induces the expression of damage-associated molecular pat-
terns, particularly heat shock proteins (HSPs).[40] HSPs have 
diverse functions; whilst intracellular HSPs protect against 
tissue injury by preventing apoptosis,[41] extracellular HSPs are 
involved in a number of immunological processes, including 
facilitating both the delivery of antigens to antigen presenting 
cells (APCs) and the expression of these antigens via major 
histocompatibility (MHC) proteins.[42–46] These processes could 
lead to the initiation of an anti-tumor T cell immune response, 
the induction of which could elicit long-term tumor control.[47] 
Thus, MH treatment offers the potential to achieve spatially- 
and temporally-controlled temperature increases, which may 
act as an immune trigger.[2]

In our study we investigated the heating ability and thera-
peutic potential of perimag-COOH, a dextran-coated SPION 
which possesses efficient heating ability compared to other, 
commercially available, similar SPIONs.[48] We conducted 
experiments to quantify localization of perimag-COOH within 
tumors and evaluate their fate following intratumoral injec-
tion. Once localization was established, a pre-clinical magnetic 
alternating current hyperthermia (MACH) system was used to 
generate an AMF capable of producing clinically relevant and 
measurable temperature increases in a subcutaneous in vivo 
syngeneic mouse model. To assess biological responses, dig-
ital image analysis of whole slide scans of heat-shock protein 
70 (hsp70) expression was performed, alongside characteriza-
tion of tumor infiltrating lymphocyte populations, to look for 
evidence of an anti-tumor immune response following MH 
treatment.

2. Results and Discussion

2.1. In Vivo Fate of Perimag-COOH Following  
Intratumoral Injection

Perimag-COOH is a dextran coated, negatively charged SPION 
with a hydrodynamic diameter of ≈130 nm. Assessment of the 
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magnetic and heating properties (Supporting Information; 
Hyperthermic Potential of Perimag-COOH) confirmed that 
perimag-COOH possesses potential to generate MH (Figure S1,  
Table S1, Supporting Information). Using the syngeneic 
GL261 murine model of glioma, we tested if perimag-COOH 
SPIONs could be injected directly into subcutaneous tumors 
and retained in sufficient quantities to generate localized hyper-
thermia in vivo. SPION injection volume was calculated based 
on the theory that a given volume of SPION solution will dis-
tribute into an area approximately three times its volume.[49] 
Tumors were injected when they reached a volume >50 mm3 
and the injection volume of 0.34 µL per mm3 of tumor tissue 
was capped at 100 µL, that is, any tumors >300 mm3 received 
an injection volume of 100  µL. Animals were sacrificed 
twenty-four hours following injection, at which point tumors 
were surgically excised, prepared for histological analysis and 
stained using Prussian blue (Perls) and hematoxylin and eosin 
(H&E). Results from these experiments (Figure  2A) showed 
that SPIONs were visible in tumors using both staining 
methods. SPIONs were visualized as blue staining (Perls) indi-
cating the presence of iron and also as golden-brown patches  
of iron on H&E stained tissues. SPIONs were found to be 
confined mainly to the necrotic tumor regions and the tumor 
capsule.

In order to quantify the intratumoral retention of perimag-
COOH SPIONs within GL261 tumors, systemic biodistribu-
tion studies were performed, utilizing perimag-COOH SPIONs 
radiolabeled at the iron oxide core using Zirconium-89 (89Zr) 
as described previously.[30,50] 89Zr-perimag-COOH was adminis-
tered in an injection volume of 0.34  µL mm−3 tumor volume. 
Injected mice were then imaged using positron emission 
tomography/computed tomography (PET/CT) at 1, 24, 48, and 
72 h following injection (n = 4). Representative images from a 
single animal at all time points (Figure  2B) clearly show that 
the signal was localized within, or around the tumor (injection 

site) at all time points. Ex vivo organ counting was conducted at 
24, 48, and 72 h following injection (n = 3 per group). Results 
confirmed that the majority of the injected dose (ID) was 
present either within the tumor, or within the skin and tissue 
overlying the tumor (Figure  2C). On average across all time 
points, 49% of the ID was retained within the tumor (21–87%, 
n = 9). At 72 h post injection, 46% was retained (36–57%, n = 3).  
Some uptake within the liver was observed (1.8 %ID ± 0.6 %ID 
at 24 h, 2.3 %ID ± 2.0 %ID at 48 h, and 4.2 %ID ± 3.4 %ID 
at 72 h) suggesting a percentage of SPIONs tracking to this 
organ via the blood. When organ uptake was compared using 
tumor:tissue ratios per gram of each tissue, tumors were found 
to have 3–5× more ID of SPIONs per gram of tissue than the 
skin overlying tumor, and over 50× more ID per gram than any 
other tissue analyzed.

When the thresholding of the PET images was altered, 
uptake was visible within tumor draining lymph nodes (LNs) at 
all time points studied, up to 72 h (Figure 2D; Left). Between all 
mice, lymphatic uptake was observed at focal points consistent 
with inguinal, axillary, para-aortic, and mediastinal LNs. To con-
firm that these signals represented the presence of perimag-
COOH SPIONs and not free-89Zr, inguinal LNs and tumors 
were dissected following the 72-h time point scan and fixed 
for histological analysis. Following radioactive decay, tumors 
and LNs were stained using Perls to confirm the presence 
of SPIONs (blue staining) in tumors injected with perimag-
COOH SPIONs (Figure 2D; Right). Blue staining was also vis-
ible within the ipsilateral LN, but absent within the contralat-
eral inguinal LN, reflecting the tracking of perimag-COOH to 
tumor draining LNs. To quantify perimag-COOH uptake within 
these LNs, PET image analysis was conducted to establish the 
changes in the %ID present within draining LNs. Results, 
shown in Figure 2E, demonstrate that the estimated %ID pre-
sent in and around tumors fell to between 70% and 80% over 
time, with a corresponding increase in %ID within draining 
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Figure 1. Schematic figure showing the experimental layout and the proposed immunological and tissue responses to SPION-mediated hyperthermia 
therapy.
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Figure 2. In vivo fate of perimag-COOH following intratumoral injection. A) Intratumoral distribution of perimag-COOH assessed histologically 
24 h following direct intratumoral injection using Prussian blue and hematoxylin and eosin (H&E) staining. SPIONs were seen within tumor tissue 
but mainly found within necrotic tumor regions and around the tumor capsule, appearing blue in Prussian blue stained sections and golden-brown 
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LNs up to between 0.5% and 2% over 72 h. Whilst PET image 
analysis is less accurate than ex vivo organ counting, results 
indicate that the majority of the SPIONs remained within 
and around the tumors, with only minimal loss via lymphatic 
drainage, for the 72 h studied.

Finally, to assess the distribution patterns of perimag-COOH 
within tumors in more detail, transition electron microscopy 
(TEM) was conducted (Figure 2F). These images confirmed the 
presence of SPIONs within tumors, visible as electron dense 
structures surrounded by dextran. Images also demonstrated 
that the majority of cellular uptake was by tumor associated 
macrophages within necrotic tumor regions; identified on 
micrographs by the presence of distinctive ellipsoidal nuclei.[51] 
These TEM findings are in keeping with post-mortem studies 
of patients who received intratumoral injections of aminosi-
lane-coated SPIONs.[38] To confirm the rod-shaped structures 
did represent SPIONs, X-ray microanalysis was conducted 
(Figure  2F; right), showing that these structures possessed a 
high elemental iron (Fe) content, consistent with the assump-
tion that they were SPIONs.

2.2. Magnetic Properties of Perimag-COOH SPIONs Following 
Intratumoral Injection

To assess whether the perimag-COOH SPIONs retained their 
superparamagnetic properties within tumors, biodistribution 
experiments were carried out using a previously described 
experimental technique which tests the nonlinear longitudinal 
responses (NLR) of SPIONs to a weak ac magnetic field.[52,53] 
NLR registers the second harmonic of magnetization (M2) in the 
longitudinal geometry of the ac magnetic field and possesses a 
high sensitivity to the presence of superparamagnetic species 
in a sample, thanks to their unique magnetization dynamics. 
In the megahertz frequency range, superparamagnetic particles 
with magnetic moments between ≈103 and 106 μB generate an 
appreciable NLR within small magnetic fields, especially pro-
nounced in the order ≈10–100  Oe.[54] This approximately cor-
responds to the inflection point of the hysteresis loop (M(H) 
curve), allowing a quantitative measure of the superparamag-
netic material, in this case perimag-COOH, in a given tissue 
sample.[52]

To conduct measurements, perimag-COOH was injected 
directly into GL261 tumors as before, animals were sacrificed 

at pre-determined time points (1, 24, 48, and 72 h post injec-
tion, n = 3 per time point). Tumors and selected other organs 
were dissected and analyzed for the presence of SPIONs by 
assessing the presence of superparamagnetic particles. Repre-
sentative results showing the amplitudes from one animal at 
each time point are shown in Figure S2, Supporting Informa-
tion, with average tumor data (n = 3 per time point) shown in 
Figure  3. These results suggest that perimag-COOH SPIONs 
retained their superparamagnetism following injection and 
were detectable within tumor tissue and the skin overlying 
tumors at all time points studied, consistent with the results 
found using 89Zr-perimag-COOH (Figure  2). At the 24-h time 
point, SPIONs were also observed within liver and spleen 
tissue of the selected animal, likely representing SPION 
escape into systemic circulation following injection in this 
individual animal (Figure S2, Supporting Information). When 
the relative size of the magnetic moment within tumors at 
different time points was examined (Figure  3), it was noted 
that higher readings were obtained 1 and 24 h after injection 
(2778 ± 1814 and 2581 ± 2365 emu g−1, respectively) compared 
with samples analyzed 48 and 72 h following injection  

Figure 3. Non-linear magnetic response biodistribution. Biodistribution 
of perimag-COOH SPIONs in tumor tissue from the data on M2 response 
(peak-to-peak/2 value of ReM2(H) in extremes (10−8 emu g−1) is propor-
tional to perimag-COOH concentration and the ImM2(H) component of 
response reflects the dynamical characteristics). Following intratumoral 
injection, animals were sacrificed at set time points and tumors were 
analyzed for SPION content. Larger magnetic moments were observed 
at the earliest time point (1 h) when compared with later time points  
(24, 48, and 72 h). Solid symbols represent direct H-scans, and open 
symbols represent reverse H-scans.[52,53] Full tabulated data can be found 
in Table S4, Supporting Information, with representative data from one 
animal per time point shown in Figure S1, Supporting Information.

in H&E stained sections as indicated by the yellow chevron. B) Animals were injected with 89Zr-perimag-COOH and imaged using PET-CT at 1, 24, 
48, and 72 h following injection. The majority of the injected dose was visualized at all time points in and around the tumor with minimal uptake 
elsewhere. Threshold settings HU =  −100–3500, %ID g−1 0–700. C) Ex vivo organ counting was conducted at 24, 48, and 72 h following injection  
(n = 3). At all times studied, the majority of the injected dose (ID) was seen either in the tumor, or in the skin overlying the tumor, with minimal uptake 
in liver, spleen, and bone. Data are represented as percentage of injected dose per organ sample (%ID/T; left) and as a ratio of tumor:tissue of injected 
dose per gram of tissue (%ID g−1; right). Error bars represent standard error of the mean. D) When the thresholding of the PET image at 24 h was 
altered, uptake originally masked by signal in the tumor was identified in ipsilateral axillary and inguinal lymph nodes (LNs) (image shown from 72 h 
time point). Prussian staining of tumor and ipsilateral draining inguinal LN confirmed the presence of perimag-COOH, whilst SPIONs were absent 
from the contralateral LN. E) PET/CT quantification of the percentage of injected dose (%ID) present at the injection site (tumor) and in visible lymph 
nodes at all imaged time points. F) TEM was conducted on GL261 tumors 24 h following intratumoral injection, confirming the presence of perimag-
COOH SPIONs within macrophages (nuclei highlighted using yellow chevrons). SPIONs appear as electron dense rod-shaped structures surrounded 
by less electron-dense dextran (inset: TEM image of perimag-COOH alone). Following identification of SPIONs, samples were analyzed using X-ray 
microanalysis. Results confirmed the presence of a large iron (Fe) peak in samples containing perimag-COOH, compared to control tumors where 
a much smaller iron peak was visible. The large peak present in both images corresponds to elemental copper (Cu) from the grid upon which tissue 
samples were mounted. Full organ data can be found in Tables S2 and S3, Supporting Information.
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(1040 ± 454 and 2246 ± 296 emu g−1, respectively) (Table S4, Sup-
porting Information). The high error measurements, as well as 
the finding that measurements are lowest at the 48-htime point, 
likely reflect the small sample sizes and variability in SPION 
content between the tissue samples chosen for analysis. These 
results suggest that SPIONs retained within the tumor at these 
later time points either possess less superparamagnetic activity 
or are present in smaller quantities; as similarly shown using 
89Zr-perimag-COOH, where the PET image reconstruction 
demonstrated a gradual fall in tumor SPION content over the 
first 24 h with a subsequent stabilization at 72 h (Figure 2E).

To be suitable for use in MH therapy, it is vital that SPIONs 
retain their superparamagnetic heat-generating properties. Fol-
lowing implantation, SPIONs are known to degrade very slowly 
over a period of up to 6 months, and remain visible on MRI 
throughout this time, with no discernible toxic effects.[55] Fur-
thermore, post-mortem studies on patients with glioblastoma 
who underwent intratumoral SPION injection have revealed 
the presence of SPIONs within macrophages in tumors, 
months following implantation.[38] On a cellular level, cell divi-
sion and exocytosis are the two main mechanisms which can 
dilute the quantity of SPIONs present inside a given cell[56] 
with studies suggesting that exocytosis occurs more rapidly for 
smaller sized particles,[57] and that SPIONs and the iron oxide 
contained within them are degraded over time via physiological 
iron metabolism pathways.[58] In summary, testing the NLR of 
perimag-COOH following injection into subcutaneous GL261 
tumors, show that the SPIONs retain their superparamagnetic 
properties in vivo over a suitable time period for use in MH 
experiments.

2.3. Generation of Tumor Restricted Hyperthermia and Tumor 
Growth Response to Hyperthermia

Following our observations that superparamagnetic per-
imag-COOH SPIONs appear to remain within tumors for 
up to 72 h following injection, experiments were designed 
to evaluate whether perimag-COOH could generate rel-
evant temperatures when injected into GL261 tumors and 
exposed to an AMF. We adapted published protocols[59–61] 
to use a single AMF exposure. Tumors were injected as 
described previously once >50 mm3 and exposed to an AMF 
for 30 min, via the purpose-built pre-clinical MACH system 
(Resonant Circuits Limited, London), 24 h following injec-
tion. Two perimag-COOH concentrations were used (20 and  
40 mgFe mL−1) which at 0.34 µL mm−3 corresponded to 0.68 and  
1.36 mgFe per 100 mm3 tumor tissue, respectively. Tempera-
ture monitoring during treatment was conducted using a 
thermal camera. The results, shown in Figure 4 indicate that 
intratumorally administered perimag-COOH SPIONs gener-
ated tumor surface temperature increases of up to 5 °C above 
baseline, whilst tumors exposed to 30 min of an external 
AMF without perimag-COOH demonstrated no skin surface 
heating, and in fact underwent normal anesthetic-driven 
physiological cooling during the treatment. The resulting 
temperature difference between treated and untreated 
tumors after 30 min was up to 9  °C. As intratumoral tem-
perature monitoring was not possible, skin temperature was 

taken as an approximate reflection of internal tumor temper-
ature. Following MH treatment, tumors were dissected and 
stained using Prussian blue confirming the presence of per-
imag-COOH SPIONs within tumors with elevated skin sur-
face temperatures; no SPIONs were detected in non-heating 
tumors (Figure 4A). When thermal imaging data were plotted 
as temperature curves (Figure 4B), sustained surface heating 
of SPION-containing tumors was observed for the duration 
of treatment.

Next, we assessed the biological response and the potential 
therapeutic effects of intratumoral MH therapy. Previously used 
methods to evaluate the efficacy of MH include tumor growth 
analysis and survival,[59,61,62] analysis of apoptosis in histological 
samples,[59] histological analysis of tissue necrosis,[35,60,61] and 
immunohistochemical (IHC) analysis of tumor proliferation.[35] 
We first evaluated the response to treatment by measuring 
tumor growth following MH therapy with perimag-COOH at 
20 mgFe mL−1 (n = 6) or 40 mgFe mL−1 (n = 6). The tumor growth 
rates of these two groups was compared to tumors injected with 
perimag-COOH SPIONs (20 mgFe mL−1) alone with no AMF 
exposure (n  = 6), AMF exposure alone (n  = 6), and untreated 
controls (n  = 6). As before, tumor surface temperature was 

Figure 4. Representative example of in vivo heating ability of perimag-
COOH. A) Two GL261-tumor bearing mice were selected. One mouse 
received no intratumoral injection, whilst the second mouse received an 
intratumoral injection of perimag-COOH SPIONs (0.34 µL mm−3; tumor 
volume 285 mm3; 95  µL, 40 mgFe mL−1). B) Following MACH therapy, 
thermal camera data were extrapolated into temperature curves. For 
those tumors injected with perimag-COOH SPIONs, skin surface tem-
peratures up to 40 °C were observed, whilst in control tumors, surface 
temperatures gradually reduced over time, in keeping with normal physi-
ology under anesthetic.
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monitored throughout treatment using thermal imaging and 
extrapolated into heating curves to show absolute skin surface 
temperatures and changes in temperature, compared to control 
tumors (Figure  5A). These heating curves demonstrated that 
higher tumor surface temperatures were observed at both dose 
concentrations when compared with controls, but only animals 
treated with perimag-COOH SPIONs at 40 mgFe mL−1 showed 
substantially higher tumor surface temperatures over the dura-
tion of treatment; the skin surface temperatures of tumors 
injected with perimag-COOH SPIONs at 20 mgFe mL−1 fell 
slowly throughout treatment.

Size measurements were taken for all tumors in all groups 
at pre-set time points; the day before AMF exposure, immedi-
ately prior to SPION injection (day-1), 5 days following AMF 
exposure (day 5), and then 3 times per week beginning at day 7.  
Results up to 16 days after AMF exposure showed that, whilst 
all tumors grew during this time frame, tumors injected 
with perimag-COOH at a concentration of 40 mgFe mL−1 and 
exposed to AMF appeared to have a slower growth than other 
groups (Figure  5B). To demonstrate this more clearly, indi-
vidual tumor volumes for each animal in each group were 
compared at day-1 (pre-treatment) and day 7 following treat-
ment (Figure  5C), which showed that the tumors treated at 
40 mgFe mL−1 were consistently smaller compared with other 
groups. When the percentage growth of each tumor from 
baseline was calculated on day 5 and 7 post-AMF exposure; 
the last time point at which all animals remained alive, a trend 
toward slower growth rates was observed in animals injected 
with SPIONs at 40 mgFe mL−1 (Figure 5D) (p = 0.05 at day 7, 
when compared to the no treatment group using a 2-tailed 
t-test assuming unequal variance). No effects from AMF 
exposure were observed in animals injected with SPIONs at  
20 mgFe mL−1.

2.4. Evaluation of Intratumoral Heating by Spatial Visualization 
of Hsp70 Expression

To evaluate whether the reduction in tumor growth observed 
following MH therapy was associated with histologically 
measurable changes, the expression of the 70  kDa heat shock 
protein, hsp70, was assessed in GL261 tumors treated with 
MH therapy at 3 time points following treatment; 1 h (n = 4),  
24 h (n  = 4), and 48 h (n  = 4). Hsp70 was chosen due to its 
well characterized role as a cellular stress marker. HSPs, 
including hsp70, play complex roles in protein homeostasis, 

including preventing protein aggregation and facilitating pro-
tein folding. Furthermore, there is emerging evidence that 
some HSPs may be involved in malignant processes including 
proliferation, invasion and metastasis,[63] and in the adaptive 
immune response as molecular chaperones, trafficking anti-
gens to APCs, and facilitating antigen presentation via MHC 
proteins.[64,65]

Representative histological sections stained for hsp70 are 
shown in Figure  6A and appear to show increased hsp70 
expression in tumors analyzed 24 and 48 h following treat-
ment. To provide quantitative values for this result, we per-
formed digital image analysis on whole slide images. The aims 
of this analysis were to identify both SPIONs and hsp70 posi-
tive cells within tumor sections and evaluate i) the proportion 
of hsp70 positive cells and ii) the spatial relationship between 
hsp70 positive cells and perimag-COOH SPIONs in the tumor 
sections. To develop initial image analysis protocols, tumor sec-
tions stained for the presence of cleaved-caspase 3 were used 
because of its predictable expression pattern around the edges 
of the necrotic tumor regions. First, protocols were designed to 
automatically differentiate SPIONs from positive cells, by iso-
lating nuclei (blue; hematoxylin), positive cells (pink; stained 
red using Ventana RedMap kit) and SPIONs (brown; natural 
color) (Figure S3, Supporting Information). Following this, 
digital image analysis software (Definiens Developer XD 2.6; 
Munich) was utilized to isolate viable tumor tissue from back-
ground tissue and necrotic tumor regions to eliminate necrotic 
and non-tumor tissue from analysis (Figure S4, Supporting 
Information). The final step utilized hsp70 stained samples 
to develop a protocol capable of determining the relationship 
between the presence of SPIONs in the tissue samples and the 
location of hsp70 positive cells, based on the tissue staining 
described above (Figure S5, Supporting Information). Meth-
odology for digital image analysis is provided in Supporting 
Information methods. Analysis of hsp70 stained sections 
revealed that the proportion of hsp70 cells in tumors increased 
significantly over time reaching the highest point 48 h post 
treatment (Figure 6B) when evaluated using Pearson (r = 0.48, 
p  <  0.05) and Spearman’s rank (rs  = 0.68, p  <  0.001) correla-
tion coefficients. Moreover, hsp70 positive cells appeared to be 
spatially related to the presence of SPIONs within the tumors, 
with a greater proportion of hsp70 positive cells situated in 
close proximity to SPIONs within the tumor sections at the 24 
and 48-h time points (Figure 6C).

The biological effects of hsp70 within tumors are complex 
and difficult to predict. Increased hsp70 expression following 

Figure 5. Hyperthermia and tumor growth. A) Schematic experimental outline. B) Left: Representative thermal camera images from each experi-
mental group exposed to AMF. From top to bottom; tumors not injected with SPIONs and exposed to AMF alone; tumors injected with perimag-
COOH at a concentration of 20 mgFe mL−1 and exposed to AMF; tumors injected with perimag-COOH at a concentration of 40 mgFe mL−1 and 
exposed to AMF. Right: Top: Tumor surface temperatures for the three experimental groups exposed to AMF. Bottom: Change in surface temperature 
(ΔT) for tumors injected with perimag-COOH at concentrations of 20 and 40 mgFe mL−1 and exposed to AMF, compared with control samples. 
All curves represent the mean heating for all the mice in the group (n = 6), with error bars representing the standard error of the mean (SEM). C) 
Tumor growth rates for all groups presented as individual tumor volumes at set time points following AMF exposure, up to 16 days post treatment. 
Each line represents a separate tumor, and data are separated into respective groups (n = 6 per group). D) Tumor volumes for each individual 
animal measured at day 1 (before treatment; top) and day 7 (1 week following treatment; bottom) demonstrating the slower tumor growth of ani-
mals treated with MH using perimag-COOH at 40 mgFe mL−1. E) Grouped tumor growth analysis represented as mean percentage (%) increase in 
tumor size from baseline up to seven days post treatment. Error bars represent SEM, *p = 0.05 when compared using the 2-tailed t-test assuming 
unequal variance.
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MH could protect the tumor from the hyperthermia,[66] 
but may also indicate a process of immunomodulation, 
which could generate an anti-tumor immune response,[67,68] 
including influx and activation of cytotoxic (CD8+) T cells.[69] In 

summary, increased hsp70 expression, combined with apparent 
slowing of tumor growth following MH therapy is indicative of 
changes within the tumor microenvironment, warranting fur-
ther investigation.
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Figure 6. Hsp70 expression following magnetic hyperthermia. A) Representative examples of tumor sections stained for hsp70 from each experimental 
group and the SPION-only control group. In these sections, cell nuclei are stained blue, whilst cells that are positive for hsp70 appear red, and perimag-
COOH SPIONs appear brown in color. B) Hsp70 staining was higher than grouped controls at all studied time points, increasing up to 48 h, the latest 
time point studied. *Correlation of hsp70 expression and time following MACH therapy was found to be statistically significant when analyzed using 
Pearson (p = 0.02, r = 0.48) and Spearman’s rank (p = 0.0004, r = 0.68) correlation coefficients. C) Digital image analysis was conducted using Definiens 
Developer XD. When hsp70 staining was compared to the presence of SPIONs, results indicate a relationship between the presence of perimag-COOH 
within the tumors and the expression of hsp70. Error bars represent SEM.
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2.5. Characterizing Changes in the Tumor Immune Landscape 
Following Hyperthermia

Flow cytometry analysis was utilized to evaluate whether 
increased hsp70 expression within tumors following MH was 
associated with changes in the characteristics of the T cell 
populations within i) tumors and ii) sentinel draining LNs. 
Experiments were designed as outlined in Figure  7A with 
GL261 tumors implanted on both flanks of C57BL/6 mice. 
Once >50 mm3, tumors on the left flank received an injection 
of perimag-COOH SPIONs (40 mgFe mL−1), whilst tumors of 
the right flank were not injected with perimag-COOH. After 
24 h, all tumors were subjected to 30 min of AMF exposure, 
allowing for paired analysis of results. As before, skin-surface 
temperature was monitored and recorded (Figure  7B), dem-
onstrating that tumors injected with perimag-COOH SPIONs  
(n = 5) showed consistently higher maximum surface tempera-
tures (Tmax) than their corresponding untreated paired con-
trol tumors (n = 5). Seventy-two hours following MH therapy, 
tumors and their corresponding draining inguinal LN were har-
vested, digested, and processed to isolate T-lymphocytes. The 
time point of 72 h following MH therapy was selected to cap-
ture early changes in both tumor infiltrating lymphocyte (TIL) 
populations and T cells in draining LNs, without allowing time 
for a systemic immune response, thus negating the possibility 
of an abscopal immune response in the contralateral tumor,[70] 
as has been observed in other studies.[71] Resulting tumor and 
LN cell samples were stained and characterized using flow 
cytometry to isolate and compare the populations of CD8+ and 
CD4+ T cells present.

To analyze the TILs, the percentage of both CD4+ and CD8+ 
T cells in each treated tumor were compared to the percent-
ages in each respective untreated control tumor. In order to 
isolate CD8+ and CD4+ T-cells, cells were positively selected 
for CD45 (a hematopoietic cell marker) and CD3 (a mature 
T-cell marker) and negatively selected for CD11b (a marker of 

non-T-cell hematopoietic cells such as macrophages). These 
results showed a clear trend toward an increased proportion of 
cytotoxic CD8+ T cells, with a corresponding reduction in the 
proportion of CD4+ helper T cells, in tumors treated with MH 
(Figure  8A). Interestingly, clinical studies in cancer patients 
have reported that increased tumor infiltration of CD8+ cyto-
toxic T cells can represent a positive prognostic factor.[72]

When the CD8+ and CD4+ TIL populations were analyzed 
in more detail, a higher proportion of the CD4+ TILs within 
treated tumors were found to be positive for the regulatory T 
cell (T-reg) marker FoxP3+ (Figure  8B), suggesting a greater 
proportion of T-regs were present. Furthermore, of those Fox-
P3+ CD4+ T cells present, a significantly higher proportion 
were found to be Ki-67+ (p = 0.03), suggesting that these T-regs 
were actively proliferating, which could contribute to immu-
nosuppression within the tumors. There are suggestions that 
a corresponding increase in T-regs following CD8+ infiltration 
may in fact be driven by the CD8+ T cells themselves, as part of 
a negative feedback loop reaction.[73,74]

Within the CD8+ TILs (Figure  8C), a significantly greater 
proportion were shown to express PD-1 (p = 0.004), which can 
either represent a marker of activation at moderate expres-
sion levels, or of T cell exhaustion when expressed at higher 
levels.[75] There is also evidence that tumor-infiltrating CD8+ 
T cells that express PD-1 may be functionally impaired despite 
demonstrating specificity for tumor antigens.[76] CD8+ cells 
also showed high Ki-67 expression; reflective of increased pro-
liferation (p = 0.001), and higher expression of the serine pro-
tease granzyme B, which is commonly found in the vesicles 
of cytotoxic T cells and is suggestive of increased killing ability  
(p = 0.008) (Figure 8D). The mean fluorescence intensity of this 
granzyme B expression was measured and shown to be sig-
nificantly higher in CD8+ TILs extracted from treated tumors 
compared with matched untreated controls (p  = 0.02); sug-
gesting that a greater proportion of granzyme B was present 
within the CD8+ T cells in tumors treated with MH.

Figure 7. Experimental set-up for analysis of tumor infiltrating lymphocyte (TIL) populations. A) Schematic representation of the experimental set-up 
for analysis of the tumor infiltrating lymphocyte populations in subcutaneous GL261 tumors. B) Skin surface temperatures monitored using thermal 
imaging. During magnetic hyperthermia therapy, maximum recorded temperatures (Tmax) were noted; temperatures overlying treated tumors (red) was 
consistently higher than those overlying untreated matched controls (blue).
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Figure 8. Flow cytometry analysis of T cell populations following magnetic hyperthermia. A) Left: Representative plots of CD4+ (top) and CD8+ 
(bottom) T cells gated on CD45+, CD11b−, CD3+ cells isolated from subcutaneous GL261 tumors 72 h following MH therapy. Right: Group analyses 
demonstrating that there was a pattern toward a decrease in the proportion of CD4+ T cells following treatment and an increase in the proportion of 
CD8+ T cells. B) Analysis of the regulatory CD4+ T cells present within tumors following MH therapy. Left: Representative histogram of FoxP3 expres-
sion in CD4+ cells (top), and Ki-67 expression in FoxP3+ T cells (bottom) in an untreated (blue) and treated (red) tumor. Right: A higher proportion 
of CD4+ T cells are regulatory (FoxP3+) and proliferating (Ki-67+) within treated tumors (n = 5), compared to non-treated tumors (n = 5). C) Charac-
teristics of the CD8+ T cells present within tumors following MH therapy. Left: Histogram representation of PD1 and Ki-67 expression of CD8+ TILs 
in an untreated (blue) and treated (red) tumor. Right: Grouped analyses showing that a significantly larger proportion of CD8+ T cells within treated 
tumors (n = 5) are activated (PD1+), and proliferating (Ki-67+). D) Granzyme B expression of CD8+ TILs in an untreated (blue) and treated (red) tumor. 
A significantly higher proportion of CD8+ cells within treated tumors are capable of killing (Granzyme B+) when compared with paired controls (n = 
5). Furthermore, of those cells which are granzyme B positive, the mean fluorescence intensity (MFI) of cells staining positive for granzyme B was 
significantly higher in treated tumors compared to matched controls. E) Left: Representative plots of CD4+ (top) and CD8+ (bottom) T cells gated on 
CD45+, CD11b−, and CD3+ cells isolated from draining LNs of untreated (n = 5) and treated (n = 5) GL261 tumors. Right: Group analyses demonstrating 
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We next investigated whether the changes in TIL populations 
within tumors following MH therapy were associated with com-
plementary changes in the T cell populations present within 
draining LNs. For this, CD4+ and CD8+ T cells isolated from 
LN’s were compared. The results of this experiment, shown in 
Figure 8E, indicated a consistent decrease in the proportion of 
CD8+ T cells (p  = 0.03), with a corresponding increase in the 
proportion of CD4+ T cells (p = 0.01); an opposite shift to that 
observed in tumors. Furthermore, when CD4+ T cells were ana-
lyzed in greater detail, a significantly lower proportion of these 
were FoxP3+ in the draining LNs of treated tumors (p = 0.02), 
suggesting that fewer T-regs were present following treatment 
(Figure  8F). Within LNs, T-regs are known to suppress anti-
tumor immune responses,[77] therefore a reduction in the pro-
portion of T-regs within the tumor draining LNs could provide 
further evidence of positive immunomodulation following MH 
therapy.

In summary, characterization of lymphocyte populations 
within subcutaneous GL261 tumors and draining LNs after MH 
showed shifts in both CD4+ and CD8+ populations that were 
consistent with the hypothesis that MH can induce an immune 
response within tumors.

3. Conclusion

Localized cancer hyperthermia therapy is a relatively unexplored 
treatment with potential for application in different regimes 
including immune stimulation. SPION mediated MH remains 
the most clinically developed nanotechnology platform for 
delivery of controlled hyperthermia to tumors, compared with 
nanomaterial-mediated photothermal therapy and radiofre-
quency ablation hyperthermia;[78,79] both of which are mediated 
most often by AuNPs, carbon nanomaterials, or hybrid NPs. 
However, although promising, large-scale clinical translation 
of MH has been limited by a number of persistent challenges: 
most notably, difficulty in localizing SPIONs within tumors and 
targeting them to tumor cells in addition to limitations in mon-
itoring and regulation of the target temperatures.[80] Tradition-
ally, studies on MH have aimed for tumor eradication by heat, 
with target temperatures chosen to achieve this. Now, the focus 
is beginning to shift toward the immunomodulation effects of 
lower grade hyperthermia (39–45  °C) which can initiate a cell 
stress cascade known as the unfolded protein response,[81] in 
turn generating an immune response. However, the optimum 
temperatures needed to achieve these effects remain unde-
fined.[82] Evidence that temperatures of 43 °C were able to elicit 
an anti-tumor CD8+ T cell response, whilst temperatures of 
45  °C were not, in the same experimental system,[83] indicate 
that there may be a narrow target window required for effective 
immunomodulation. Monitoring the temperature throughout 

the tumor presents a further challenge, with single point ther-
mometry and thermal imaging only providing estimates of 
actual temperatures,[80] as also observed in the present study.

Increasingly, focus is moving away from utilizing hyper-
thermia as an independent therapy and instead seeking to 
understand and exploit ways in which hyperthermia therapy 
can complement and augment existing anti-cancer therapies, 
including immunotherapy.[84–88] The research presented in 
our study supports the hypothesis that SPION-mediated MH 
can initiate immune changes within tumors in vivo and our 
observations form a platform for new investigations to eluci-
date the immune response to MH. Further experiments could 
include investigating the components of innate and adaptive 
immunities, longer-term changes and studying macrophage or 
monocyte populations; all of which are vital components of the 
immune landscape within tumors and in presentation of tumor 
antigens in draining LNs.[89] In addition, testing MH in com-
bination with cyclophosphamide,[90,91] anti-CD25 agents,[92] or 
immune checkpoint inhibitors could favorably shift the balance 
between regulatory (T-reg) and effector (CD8+) cells and work 
synergistically with MH,[93] further building on work presented 
in this manuscript.

4. Experimental Section
Perimag-COOH was obtained from Micromod Partikeltechnologie 
GmbH.

In Vivo Experiments: All animal studies were approved by the UCL 
Biological Services Ethical Review Committee and licensed under the UK 
Home Office regulations and the Guidance for the Operation of Animals 
(Scientific Procedures) Act 1986 (Home Office, London, UK).

Subcutaneous Tumor Implantation in C57BL/6 Mice: GL261 glioma 
cells were grown in filtered Dulbecco’s modified Eagle’s medium 
(Gibco) supplemented with 10% fetal bovine serum (Gibco), and 
1% sodium pyruvate until 80% confluent. Cells were detached using 
trypsin and counted before being re-suspended in sterile PBS at a 
concentration of 5  × 106 cells per 100  µL. Animals were anesthetized 
with 2% isoflurane and 100 µL of the cell suspension was injected into 
the right flank. Animals were monitored closely for any adverse signs 
following injection. Tumor growth was monitored and animals were 
used for experiments once the tumors were >50 mm3 in volume as 
measured using calipers (≈2–3 weeks post implantation). Tumor volume 
was calculated by multiplying the three tumor dimensions together and 
dividing by 2 to correct for the elliptical shape of the tumors.

Intratumoral Injection of Perimag-COOH SPIONs into Subcutaneous 
GL261 Tumors: Intratumoral injections were carried out in line with 
a previously described distribution theory.[49] In brief; tumors were 
measured using digital calipers and an estimate of tumor volume was 
made. Tumors were injected with SPIONs once they reached a minimum 
estimated volume of 50 mm3. Mice were anesthetized with 2% isoflurane 
and placed on their side on a covered surface. SPION injection volumes 
were prepared at 0.34 uL mm−3 of tumor and loaded into a syringe with 
a 26 G needle attached. The needle was advanced into the center of the 

that for each paired LN sample, a reduction in the proportion of CD8+ T cells was observed (p = 0.029), with a corresponding increase in CD4+ T cells 
(p = 0.012). F) Lymph node Regulatory T cell analysis. Within the draining lymph nodes of treated tumors, a lower proportion of CD4+ FoxP3+ T cells 
were observed compared to the corresponding untreated tumor. Left: Representative example FoxP3 expression on CD4+ cells in the draining LNs of 
untreated (top) and treated (bottom) tumors (gated on CD45+, CD11b−, CD3+ cells). Right: Grouped analysis showing that for all paired samples, a 
significant reduction in the expression of FoxP3 was observed in treated samples. *p < 0.05 when measured using a paired two-tailed t-test. **p < 0.01 
when measured using a paired two-tailed t-test.
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tumor and the needle was secured in place using a specially adapted 
clamp-stand. SPIONs were injected over 2 min and the needle was left 
in place for a further two minutes before being removed slowly over one 
minute. Following injections, mice were monitored closely until fully 
recovered.

Histological Procedures: Iron oxide nanoparticles within the tumor 
tissue sections were located by staining with potassium ferrocyanide 
(Perls Prussian blue). Adjacent sections were stained with H&E. IHC 
staining for hsp70 was performed on a ROCHE Ventana Discovery XT 
instrument. Anti-hsp70 antibody (clone ab181606, Abcam) was used, 
and incubated 1:1000 for 1 h before being detected using swine anti-
Rabbit (Dako, E0353). Detection kit used was Ventana RedMap Kit 
(760-123). For pre-treatment either Ventana CC1 (950-124), equivalent to 
EDTA buffer, or Ventana Ribo CC (760-107), equivalent to citrate buffer, 
was used. Staining was optimized using mouse testicular tissue as a 
positive control tissue (Figure S6, Supporting Information). Slides were 
counterstained with hematoxylin.

Visualization of Perimag-COOH SPIONs in GL261 Tumors Using 
Transmission Electron Microscopy: Twenty-four hours following 
intratumoral SPION injection, tumors were dissected, cut into 
small fragments no larger than 2  mm in each dimension and fixed 
in 1.5% glutaraldehyde/1% paraformaldehyde/PBS pH 7.4, for a 
minimum of 2 h, and stored at 4 °C until processing for TEM. Tumor 
fragments were then washed with two changes of phosphate buffer 
(Oxoid) and post-fixed with osmium tetroxide solution (1% osmium 
tetroxide (Analar BDH) + 1.5% potassium ferricyanide (BDH) in 
PBS (Oxoid)). Following this, the tumors were washed using several 
changes of distilled water to remove the osmium tetroxide and 
dehydrated using increasing alcohol concentrations of 30%, 50%, 
70%, 90%, and 100%. After dehydration, the samples were left in 
50% alcohol/50% Lemix (TAAB) epoxy resin mixture on a mixer 
overnight to infiltrate with resin. They were then placed in 100% Lemix 
resin for a minimum of 4 h, embedded in fresh Lemix Resin and 
polymerized at 70  °C overnight. Semi-thin (1 µm)  sections were cut 
using glass knives on a Reichert-Jung Ultracut microtome, collected 
on glass microscope slides and stained using Toluidine Blue solution  
(1% Toluidine Blue (Raymond Lamb) with 0.2% Pyronin (Raymond 
Lamb) in 1% sodium tetraborate (Analar BDH)). Ultrathin sections 
were cut using a diamond knife (Diatome) and collected on 300 HS, 
3.05  mm copper grids (Gilder). The ultrathin sections were stained 
using saturated alcoholic uranyl acetate (UA) (TAAB) for 5 min followed 
by Reynold’s lead citrate, also for 5 min.

Confirmation of SPION Presence Using Energy Dispersive X-Ray 
Microanalysis: Samples were prepared as above but were not stained 
with UA or lead. The sections were viewed and photographed using a 
Philips CM120 transmission electron microscope fitted with EDAX DX-4 
microanalytical system for X-ray microanalysis of the samples.

Radiolabeling of Perimag-COOH with Zirconium-89 (89Zr): 
Radiolabeling of perimag-COOH with 89Zr was performed as previously 
described.[30,50] Zr-oxalate (89Zr4+ in 1 m oxalic acid, Perkin-Elmer) 15 µL, 
28.5 MBq was added to an Eppendorf tube. Chelex-treated water (200 µL) 
was then added and the pH raised to 8 using 1 m Na2CO3 (aqueous). 
This step was performed cautiously as acid neutralization with Na2CO3 
generates CO2 gas and base must be added carefully to avoid loss of 
radioactivity. Chelex-treated water was again added (500 µL), followed by 
the addition of perimag-COOH (400 µL, 50 mgFe mL−1). The nanoparticle 
mixture was then vortexed briefly and subsequently incubated at 100 °C 
for 60 min. The reaction was then allowed to cool to room temperature, 
DTPA (50 µL, 10 mm (pH 7.5)) was added and the mixture left to stir at 
room temperature for 30 min. After that time, the mixture was purified 
using size exclusion chromatography (PD10 Sephadex, G25), (eluted 
with fractions of sterile saline) and the recovery was 57%. 89Zr-perimag-
COOH was diluted to a concentration of 20 mgFe mL−1 using sterile 
saline for in vivo studies. DLS was conducted before and after labeling 
to ensure that the physical properties of perimag-COOH remained 
stable following labeling. Radiolabeled SPIONs were injected at  
0.34  µL mm−3 tumor volume, with animals receiving 0.3–1 MBq 
depending on tumor size.

PET/CT Imaging: Following intratumoral injection of 89Zr-perimag-
COOH, C57BL/6 mice were imaged with PET/CT at pre-set time points. 
Mice were anesthetized with isoflurane (2% in oxygen) and placed 
on the preheated bed of the scanner (set at 38  °C). Whole body static 
PET scans were acquired using nanoScan PET/CT (Mediso, Budapest, 
Hungary) followed by CT image acquisition. PET images were acquired 
using 1–5 coincidence mode and recorded for 20 min. CT images were 
acquired using a 50  kV peak X-ray source and 300  ms exposure time 
in 720 projections with an acquisition time of 7 min. Respiration rate 
was monitored throughout the scan. PET images were reconstructed 
using Tera-TomoTM 3D PET reconstruction software (Mediso version 
2.01). CT images were reconstructed in voxel size of 68 × 68 × 68 mm3 
using Nucline software (Mediso version 2.01). Image analysis and 3D 
visualization were performed using VivoQuant software (InviCRO 
version 1.23patch3). 3D regions of interests (ROIs) were created for 
each animal and were quantified in term of %ID for each time point 
using VivoQuant software (InviCRO version 1.23patch3). Representative 
images were presented using %ID mL−1 as color scale after correcting 
for Zr89 decay by using the same software using Gaussian filtering of 0.8.

Digital Image Reconstruction for Analysis of Lymph Node Uptake: 3D 
ROI were created for tumor and visible LNs and were quantified in 
term of %ID for each time point using VivoQuant software (InviCRO 
version 1.23patch3). Representative images were presented using %ID/
mL as color scale after correcting for Zr89 decay (www.radprocalculator.
com/Decay.aspx) using Gaussian filtering of 0.8. For each tumor and 
corresponding LNs, %ID was calculated and plotted over time for each 
animal.

Ex Vivo Biodistribution Studies: Mice from the imaging studies were 
used for the biodistribution studies. Mice under anesthesia were culled 
by cervical dislocation and the organs of interest were harvested. Each 
sample was weighed and counted with a gamma counter (Wizard 
2480 PerkinElmer), together with standards prepared from a sample 
of the radiolabeled SPIONs. The percent of ID per tissue sample was 
measured, and the ID per gram (%ID g−1) of each tissue was calculated 
in order to calculate ratios.

Non-Linear Magnetic Response Biodistribution: SPION distribution 
within ex vivo tissue samples was assessed using nonlinear magnetic 
response on the M2 in the longitudinal geometry of ac- and direct 
current (dc)- magnetic fields, H(t) = H0  + h0 sin ω t. The dc field H0 
was scanned back-and-forth symmetrically within ±300  Oe with the 
round-up cycles 0.125–4 s and with high representativity of 2048 
H-points in each scan. The amplitude h0 = 13.8 Oe of the ac field with 
the frequency f  = ω/2π  = 15.7  MHz ensured the condition M2  ∝ h0

2. 
Both real (ReM2(H)) and imaginary (ImM2(H)) components of the 
signal were simultaneously recorded as functions of the dc field at the 
room temperature region. Since the main contribution to the real part 
was provided by a nonlinearity of a sample magnetization curve M(H), 
ReM2(H) ∝ ∂2M/∂H2,[53] its amplitude was ∝ NMNP—the amount of 
SPIONs in a sample. The latter allows study of SPION biodistribution 
using M2 measurements.[52]

Magnetic Hyperthermia Therapy and Thermal Imaging: GL261 tumor 
bearing mice were injected with perimag-COOH SPIONs as outlined 
above once the tumors were at least 50 mm3 in volume and subjected 
to AMF no sooner than 24 h following injection of SPIONs. Animals 
were anesthetized using 2% isoflurane and placed within a specially 
designed plastic bed before being introduced into the center of the 
MACH coil (a double coil with Helmholtz configuration to maintain 
field homogeneity over the volume of the mouse; Resonant Circuits 
Limited, London, UK). Mice were exposed to 30 min of AMF (frequency  
692 kHz, field strength 4.5 kA m−1) and monitored closely for any signs of 
distress. Following completion of AMF, mice were further monitored until 
fully recovered and skin temperature was estimated using a thermal camera.

Tumor Growth Analysis: Tumors were measured using digital 
calipers before treatment, and at set time points following treatment. 
Measurements were performed by the same individual, who was 
blinded to the groups or treatments individual animals had received. 
Approximate tumor volumes were calculated and plotted as individual 
values and for grouped analysis using Graphpad PRISM.
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Digital Image Analysis of Hsp70 Response: Using slides stained using 
DAB-Red, digital image analysis was performed on digitized slides 
(Leica SCN 400) using Definiens Developer XD 2.6 (Definiens AG, 
Munich). Full, detailed methods and results from protocol optimization 
are provided in Supporting Information.

Extraction and Isolation of Tumor Infiltrating Lymphocytes: Tumors were 
harvested and transported in un-supplemented RPMI, on ice. Tumors 
then placed in a 6  cm plate with 1  mL of Liberase/DNAse, cut into 
small pieces with a scalpel and transferred to a 15 mL falcon tube. The 
suspension was then incubated for 30 min in a water bath (37 °C) before 
being passed through a 70  µm cell strainer into a 50  mL flacon tube. 
Undissolved chunks of tissue were mashed through the cell strainer 
using the wide end of a 1 mL plastic syringe. The cell strainer was washed 
with 5  mL un-supplemented RPMI and the single cell suspension 
transferred to a fresh 15  mL tube before centrifugation at 1500  rpm 
for 5 min at 4 °C. The resulting cell pellet was resuspended in 5 mL of 
complete RPMI. A glass Pasteur pipette was placed in the tube to load 
3  mL of room temperature Histopaque-1119, which was then allowed 
to drain into the bottom of the tube and layer under the RPMI/cell 
suspension. The Pasteur pipette was carefully removed and the solution 
centrifuged at 700×g for 10 min with no brake. Using a 1000 µL pipettor, 
the buffy coat layer of cells was transferred from the Histopaque/RPMI 
interface to a clean 15 mL tube and topped up to 5 mL with complete 
RPMI. The buffy coat/RPMI suspension was centrifuged at 400 xg at 4 °C 
for 5 min and the cell pellet resuspended in the desired volume of FACS 
buffer (200 µL per FACS Panel).

Flow Cytometry Analysis of Tumor Infiltrating Lymphocyte Populations: 
Extracellular and intranuclear/intracellular antibody master mixes were 
made as outlined below in superblock (PBS, 2% FCS, 5% normal rat 
serum, 5% mouse serum, 5% rabbit serum, 25 µg mL−1 2.4G2 anti-Fc 
receptor mAb, 0.1% sodium azide (NaN3); Extracellular mastermix: 
anti-CD8 BV650 (clone 53–6.7, BioLegend, 100742, 1:300), anti-CD4 
V500 (clone RM4-5, BD Bioscience 560783, 1:300), anti-CD11b BV711 
(clone M1/70, BioLegend 101242, 1:200), anti-PD-1 PercP-eF710 (clone 
J43, eBioscience 46–9985, 1:200), anti-CD45 PECy7 (clone 30-F11, BD 
Bioscience 100742, 1:200), and live-dead stain APC-Cy7 (eBioscience, 
1:1000); Intracellular mastermix: anti-Ki-67 eFluor450 (clone SolA15, 
eBioscience 48-5698-80, 1:100), anti-CD3 BV785 (clone 17A2, BioLegend 
100232, 1:100), anti-FoxP3 PE (clone FJK-16s, eBioscience 12-5773-80) 
1:100), and anti-Granzyme B APC (clone GB12, Invitrogen, MHGB05, 
1:100). Using FoxP3 staining kit prepared as per manufacturer 
instructions (eBioscience 00-5523-00), two solutions were prepared; 
i) Fox-Fix (fixation/permeabilization concentrate (cat. 00–5123), diluted 
1:4 in fixation/permeabilization diluent—100 µL per sample) and ii) Fox-
Wash (permeabilization Buffer (10×) (cat. 00–8333) made to a 1× Stock 
in H2O). 200 µL of buffy coat cells were plated onto a 96-well round 
bottom culture plate and centrifuged at 2000  rpm for 2 min at 4  °C. 
Supernatant was expelled by quickly flicking the media from the plate 
into the sink and the cell pellet was re-suspended in 50 µL of extracellular 
mastermix. The plate was then covered and incubated on ice for 30 min 
before being topped up to 180 µL with FACS buffer and centrifuged at 
2000 rpm for 2 min at 4 °C. Supernatant was then expelled and the cell 
pellet re-suspended in 180 µL FACS buffer and centrifuged at 800 xg for 
2 min at 4 °C. This process was then repeated once more and the cell 
pellet re-suspended in 100  µL Fox-Fix (cat. 00–5123) and incubated on 
ice, covered, for 30 min. The plate was then washed two more times 
and the cell pellet re-suspended in 50 µL of intracellular master mix. The 
plate was then covered and incubated on ice for 30 min before being 
topped up to 180  µL with Fox-Wash (cat. 00–8333) and centrifuged at 
800 xg for 2 min at 4 °C. The plate was then washed twice with Fox Wash 
and the cell pellet re-suspended in FACS buffer (1% PFA). Samples were 
stored in the fridge if not analyzed immediately for up to two days.
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