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Turning the Heat on Cancer
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SUMMATION

The promise of hyperthermia has yet to be realized, but the fundamental idea and the effects of heat on
(cancer) cells are well known. Cell death from exposure to heat is a function of both the intensity of the
heat and the length of the exposure. Cells die by necrosis and by apoptosis. Sublethal heat doses sensi-
tize cancer cells to radiation and drugs. Because of advances in chemistry and physics, harnessing the
power of heat to kill cancer cells seems achievable now! Using novel systems embodied in the combina-
tion of molecular-targeted nanoparticles and hysteretic heating of the nanoparticles with “focused” al-
ternating magnetic frequencies (AMFs), heat delivery can be better controlled. Importantly, hyperthermia
does not damage, and may actually enhance, the immune system. Trials in patients are needed to settle
the clinical role of new thermal treatment.
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“Those who cannot be cured by medicine can be
cured by surgery. Those who cannot be cured by
surgery can be cured by fire [hyperthermia].
Those who cannot be cured by fire, they are in-
deed incurable.”

—Hippocrates (479–377 B.C.)

TREATING CANCER WITH HEAT: 
PAST AND PRESENT

The use of elevated temperature, hyperthermia,
is not a new treatment for cancer. Hippocrates
was aware of the potential of heat to cure or
shrink tumors. Tumor shrinkage after a high fever
due to an infection was reported in 1866.1 Heat
has profound effects on cells. At low doses, heat
enhances recovery from injury. At high doses, it

leads to cell death that may be immediate for ex-
treme doses. Because of these effects, heat treat-
ment or thermal therapy is potentially potent
against cancer. The effects of heat on cancer cells
are well-known.2 Cell death from exposure to
heat is a function of both the intensity of the ap-
plied heat and the time of exposure. Cells die at
high dose-time combinations by necrosis.3 For
milder exposure conditions, cells undergo apop-
tosis. Sublethal heat insufficient to cause cell
death sensitizes cancer cells to radiation and
many drugs.4 Clinical trials have shown that the
outcome measured by patient survival and tumor
regression is often much better when heat and ra-
diation are combined.5 The combined effect of
heat and radiation is referred to as heat or ther-
mal radiosensitization. Hyperthermia may be the
most potent radiosensitizer known to date. A sim-
ilar effect is observed with many chemothera-
peutic drugs.6 Heat damages proteins required to
repair DNA damage. Normal cells typically re-
cover faster than cancer cells when exposed to
either heat or the combination of heat and radia-
tion. Additionally, normal tissues have more
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blood flow than cancerous tissue so that they dis-
sipate heat better. If the heat is interrupted, then
thermal recovery occurs; normal tissues such as
the skin are particularly effective in dissipating
heat. For cancer treatment, this is fortunate.

Despite its effectiveness, the promise of hy-
perthermia as a stand-alone treatment for cancer
has yet to be realized, with few exceptions. Ma-
jor technical barriers have been an inability to lo-
calize effective levels of heat in the cancer with-
out subjecting the patient to dangerous stress.7,8

Thus, techniques for more selective heat delivery
and noninvasive, predictive tissue dosimetry are
needed to exploit the potential of hyperthermia
to treat cancer.

Heating has been accomplished by using vari-
ous methods, including: (1) thermal conduction
of heat away from a source at higher tempera-
ture; (2) a combination of resistive and dielectric
losses in tissue from an applied electromagnetic
field; (3) insertion of a susceptor material in tis-
sues that heats from an applied electromagnetic
field; or (4) mechanical losses from molecular os-
cillations caused by an ultrasonic pressure wave.
In the simplest forms of hyperthermia, tissue is
heated by circulating externally preheated blood
through the tissue, by placing a heated surface on
the skin or body cavities, or by implanting wire,
needle, or catheter heat sources. Other heating
methods include shortwave diathermy, radiofre-
quency capacitative heating, microwaves, ultra-
sound, and interstitial implants.6

Thermal treatment for cancer has typically
been limited to superficial cancers.9 In the clini-
cal application of hyperthermia, three methods
can be distinguished: local, regional, and whole-
body hyperthermia. The disadvantages of whole-
body heating are the systemic stress that results
from a lack of preferential heating.10 Despite this
serious limitation, some success was achieved
with whole-body hyperthermia, particularly
when used in combination with drugs and radia-
tion.

Local and regional application of hyperthermia
has the potential to avoid some of the limitations
of whole-body hyperthermia. These methods re-
quire that heat be focused on the cancer, using
heat-delivery systems that better control the lo-
cation and dose of applied heat. Electromagnetic
fields have been used to localize and concentrate
heat by either directly heating the tissue or acti-
vating a susceptor material. Examples include the
surgical insertion of radiofrequency probes, or
“thermal seeds” for the treatment of liver and

prostate cancers, respectively. Disadvantages of
these approaches include their invasive nature
and the relatively indiscriminate nature of the tis-
sue damage. These drawbacks are overcome, to
some extent, by the development of microwave
antenna arrays to apply the heat remotely. Ra-
diofrequency and microwave treatment suffer
from energy deposition in intervening tissues
when the energy source is also the heat source or
the heat from the susceptor substance damages
normal tissue.

In 1957, Gilchrist et al.11 treated metastatic
cancer in lymph nodes by using 20–100 nanome-
ter magnetic iron oxide (Fe2O3) particles injected
into lymphatic channels draining into the lymph
nodes. The particles were induced to heat by ex-
posure to an alternating radiofrequency magnetic
field (AMF). This work showed that the combi-
nation of magnetic particles and AMF were a
suitable combination of materials and energy to
produce intratumoral heating. The tissue heating
came from hysteresis losses or “magnetic fric-
tion” from the magnetic particles, rather than the
inductive tissue heating that results from dielec-
tric or eddy current losses. Subsequent work by
others further explored this approach to hyper-
thermia for cancer by using magnetic particles di-
rectly injected into tumors.12

NANOTECHNOLOGY FOR THE FUTURE

Advances in chemistry and physics have pro-
vided an attractive array of nanoparticles and de-
vices for use in biomedical applications.13 For
drug delivery, liposomes or other polymer-based
nanoparticles can be used to transport drug pay-
loads to be released by induced heating that
“melts” the polymer shell. Iron nanoparticles in
the cancer can be heated by an external magnetic
field set to frequencies that produce heat within
the cancer. For the magnetic resonance imaging
(MRI) of cancer, superparamagnetic 5–10-nm
iron-oxide particles are in clinical trials.

Several years ago, scientists at a military tech-
nology company developed resin-impregnated
magnetic nanoparticles designed to heat when ex-
posed to a magnetic field to repair military armor
and to warn of the presence of biologic and chem-
ical warfare agents. These scientists hypothesized
that a biocompatible magnetic nanoparticle at-
tached to an antibody could target cancer cells,
precluding the need to inject the particles directly
into the cancer. Collaborative studies with scien-
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tists from the University of Massachusetts sug-
gested the selectivity of antibody-conjugated
iron-oxide nanoparticles to kill cancer cells in
culture.

NOVEL MOLECULAR APPROACH 
TO THERMAL THERAPY

The ability to combine targeting antibodies with
a nanoparticle, inactive until exposed to AMF,
afforded an opportunity for heat to be delivered
selectively to the cancer, if the AMF energies
were confined to the region to be treated. These
molecular techniques to deliver heat to cancer

cells have created a renaissance for thermal treat-
ment.

In one system (TNT™; Triton BioSystems,
Inc., Chelmsford, MA) in development to treat
cancer, trillions of AMF-responsive nanoparti-
cles conjugated to anticancer monoclonal anti-
bodies (bioprobes), when infused into the blood-
stream, seek and bind to (target) receptors on the
cancer cells, so that an external AMF device 
can be used to induce heating of the cancer
cell–bound bioprobes (Fig. 1). The AMF device
is aligned to direct the energy to the area where
the nanoparticles convert the magnetic energy to
thermal energy, leading to cell death. The tech-
nique exploits the combination of magnetic
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Figure 1. Bioprobes, consisting of iron nanoparticles attached to cancer cell–specific antibodies, travel through the circulation,
seek out (target), and bind to the cancer cells. Each nanoparticle is cloaked in polymers and sugars that render it invisible to the
immune system and equipped with monoclonal antibodies designed to search out and lock onto a cancer cell. More than 10,000
of the bioprobes (insert) can fit in the period at the end of this sentence.



nanoparticles localized in the cancer and an AMF
coil that can be switched on and off to selectively
heat the targeted nanoparticles, thereby inducing
heat focused in the cancer to destroy the cells. By
virtue of their antibody specificity, the bioprobes
bind to antigen expressed on the cancer cells, and
the heat is focused on the cancer cells because of
the nanoparticles (Fig. 2). Selectivity is achieved
because two conditions must exist to create cell-
killing levels of heat: (1) a concentration of
nanoparticles sufficient to generate heat and (2)
an alternating magnetic field with sufficient
“power” to induce the nanoparticles to heat. Proof
of concept has been shown for a model bioprobe
(Fig. 1) and AMF device (Fig. 3) in a mouse
model bearing an aggressive human breast can-
cer xenograft. The treatment consisted of: (1)

magnetic nanoparticles, bound to antibodies (bio-
probes) that targeted the cancer cells when intro-
duced intravenously, and, (2) an external AMF
that selectively heated the bioprobes to kill the
cancer cells. The system, embodied by the com-
bination of both antibody-directed bioprobes and
focused AMF, used magnetic energy to heat up
nanoparticles locked onto cancer cells, killing at
the cellular level with very high temperatures
(Fig. 4). The bioprobes had a diameter of 20 nm
and consisted of a magnetite (Fe3O4) core coated
with dextran and a biocompatible polymer (poly-
ethylene glycol) coating to which an antibody,
specific for a cancer antigen, was covalently
bound (Fig. 1). These studies documented that the
bioprobes lock onto human breast cancer cells
grafted into mice, and that sufficient heat was
generated to induce these human cancers to
regress.14 After only 20 minutes of treatment, sig-
nificant tumor regression and cell death by ne-
crosis were observed (Fig. 5), suggesting very 
intense local heat (i.e., thermal ablation). Hyper-
thermia, at temperatures typically below 42°C,
requires 1–6 hours of treatment to show an ob-
servable effect. The magnetic field alone and the
bioprobes alone induced no effect, because bio-
probes that are not exposed to the AMF do not
heat, and conversely, AMF interacting with tis-
sue in the absence of bioprobes does not gener-
ate substantial heat under these conditions.

AMF strategies to enhance the tumor effect and
to permit normal tissues to recover were em-
ployed: (1) AMF technology restricted the tissue
exposed to that of the tumor and, (2) discontinu-
ous AMF allowed normal tissues to dissipate the
heat produced by eddy currents.15 To confine
most of the AMF energy to the tumor tissue, the
primary energy from the AMF coil was “focused”
on a restricted region. When calculated, using tu-
mor-bioprobe concentrations from biodistribu-
tion studies and AMF “power” parameters,
macroscopic estimates of the tumor heat corre-
lated with tumor response, with the best tumor
response corresponding to the highest deposited
heat of about 20 J per g of tumor.16 This amount
of heat seems low for the observed tumor re-
sponses, and suggests that microscopic doses at
the cell-surface membrane location of the bio-
probes were much higher. Electron micrographs
showed that the tumors exhibited widespread
necrotic cell death. This damage may be the con-
sequence of bioprobe proximity to the cell be-
cause they are bound to the cell membrane by the
antibody-antigen complex, as shown in the elec-

674

Figure 2. Trillions of bioprobes are injected into the
bloodstream. Antibodies on the nanoparticles lock onto re-
ceptors on the surface of cancer cells. The nanoparticle is
inactive until activated (“armed”) by an external alternating
magnetic frequency (AMF) system. Thousands of bioprobes
can attach to a single cell. The nanoparticles heat when ac-
tivated by an AMF magnetic field focused on the cancer;
AMF energy causes the nanoparticles to change polarity
thousands of times per second, creating heat that destroys
the cancer cells. Bioprobes cool off as soon as the AMF is
turned off.
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Figure 3. Photograph of the actual coil (left) into which an anesthetized mouse (arrow) was inserted so that the breast cancer
xenograft was within the focus (arrow) of the alternating magnetic frequency (AMF) coil. Coils can be produced to completely
or partially surround a cancer or region of the body of a patient. Schematic of an AMF device (right) intended to deliver AMF
to incremental regions of the body of a patient in a manner analogous to tomographic imaging (e.g., computerized X-ray or
positron emission tomography). (Courtesy of Samuel Straface, PhD, Triton Biosystems, Inc., Chelmsford, MA)

Figure 4. Electron micrographs of human xenografts excised from each of 2 mice, 1 mouse 3 days after intravenous injection
of the bioprobes labeled with indium-111 radioisotope (left) and the other similarly treated, but an additional day after the bio-
probes were activated by alternating magnetic frequency for 20 minutes (right). The electron micrograph on the left shows healthy
breast cancer cells with cell and nuclear membrane outlines (checkerboard arrow) and intracellular cytoplasmic granules. Iron
bioprobes located on the cell membrane can also be seen (white arrow). The electron micrograph on the right shows necrotic cell
death manifested by the loss of membrane definition and cytoplasmic vacuoles (black arrow).



tron micrographs.12,16 Consequently, the cell
membrane absorbs much of the heat before the
heat dissipates into a larger space.

THERMAL CONTROL OPPORTUNITIES

An advantage of this system is the level of con-
trol. Heat is delivered only when the AMF de-
vice is on, and occurs primarily in tissues that
receive a sufficient combination of bioprobes
and AMF energy. The iron-oxide bioprobes are
inert and expected to clear through normal iron
pathways. Pulsing the AMF reduces normal tis-
sue heating by allowing these tissues to dissipate
nonspecific heat deposited due to eddy currents
(Fig. 6). Nanoparticles with a much higher heat
production, that is, 5–10 times greater, have been
produced. Other opportunities to improve ef-
fectiveness and safety include the ability to: (1)
fractionate the AMF dose; (2) vary the AMF

treatment time; (3) vary the AMF pulse se-
quence; (4) fractionate the bioprobe dose; (5) ad-
minister multiple bioprobe injections; and (6) re-
peat AMF treatments over time after a single
bioprobe dose.

THERMAL TREATMENT OF PATIENTS

The “power” required to treat patients seems
likely to be much greater than that required to
treat mice and represents a barrier to the scale-
up from mice to human patients. As suggested
earlier, there are also innumerable opportunities
for improvements, however. The development of
a noninvasive, albeit macroscopic, thermometry
system was an important one made possible be-
cause of the radioactive isotope (and the iron ox-
ide) incorporated in the bioprobes.16 Because the
bioprobes are “labeled,” the amount of bioprobes
in the tissues can be accurately quantitated. In-
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Figure 5. Growth delay for human breast cancer xenografts in mice. The time to double, triple, and so forth, the xenograft vol-
umes was significantly delayed when the mice were given bioprobes that were then activated by alternating magnetic frequency
(AMF) (blue), as compared to the untreated mice (yellow) or mice treated only with bioprobes (red) or AMF (green). The
xenografts treated with bioprobes and AMF required about 20 days to double in volume, whereas the xenografts in other groups
doubled in about 5–6 days.



dium-111 (111In), a radioactive isotope routinely
used for patient imaging, provides information on
bioprobe localization and pharmacokinetics that
is available before AMF is applied for treatment
(Fig. 7). Similarly, the iron oxide in the nanopar-
ticles can be detected by using MRI. These data
represent information required for calculation of
macroscopic tissue heat. Obviously, quantitative
nuclear imaging or MRI can be used in future ap-
plications in patients to derive this information.

CONCLUSIONS

Hyperthermia is a promising approach. Hys-
teretic heating of magnetic nanoparticles with
AMF can be used to treat cancer with little dam-
age to normal tissues. This technique avoids the
marrow suppression that results from many drugs
or high levels of radiation. The idea of harness-
ing the power of heat to kill cancer cells seems
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Figure 6. Evidence for thermal recovery of a normal tissue in mice. The skin temperature, heated by eddy currents, at a con-
stant alternating magnetic frequency (AMF) of 1300 Oersteds (Gauss) was also influenced by the duty, the ON/OFF fractions of
time, and the total “exposure” time over which the AMF was delivered. A lower duty (greater OFF time) permitted the temper-
ature to return toward the normal baseline temperature, because homeostatic mechanisms facilitated heat dissipation. Duty con-
ditions were 60% (On/Off: 120/80 seconds), 45% (On/Off: 90/110 seconds), and 30% (On/Off: 120/280 seconds), respectively.

Figure 7. Color intensity modulated cross-sectional to-
mographic image across the head of a patient obtained 1 day
after intravenous injection of the chimeric L6 antibody at-
tached to indium-111 radioisotope. Breast cancer metastases
(arrows) can be seen because the antibody binds to them, as
manifested by warmer colors (red) reflecting more ra-
dioisotope.



achievable now! Using novel systems, heat de-
livery can be better controlled. Significant ad-
vantages offered by the system described in this
paper are its selectivity, noninvasive mode of ac-
tion, and attractive adverse event profile. The
cancer-selective nature of the system is embod-
ied in the combination of the antibody-targeted
bioprobes and the focused AMF. Another ad-
vantage of the system is the level of control. Heat
is delivered only when the AMF device is on and
occurs only in tissues that possess the combina-
tion of bioprobes in sufficient concentration and
energized by an AMF field. Finally, hyperther-
mia does not damage, and may actually enhance,
the immune system, when compared to other can-
cer therapies.13,19 Trials in patients are needed to
settle the clinical role of new thermal treatment
and to address preferable strategies.
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