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Abstract. This paper reviews the design and development of magnetothermally-triggered drug delivery
systems, whereby magnetic nanoparticles are combined with thermally-activated materials. By combining
superparamagnetic nanoparticles with lower critical solution temperature (LCST) polymers, an
alternating current (AC) magnetic field can be used to trigger localized heating in vivo, which in turn
causes a phase change in the host polymer to allow diffusion and release of drugs. The use of magnetic
nanoparticles for biomedical applications is reviewed, as well as the design of thermally-activated
polymeric systems. Current research on externally-triggered delivery is highlighted, with a focus on the
design and challenges in developing magnetothermally-activated systems.
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INTRODUCTION

Magnetothermally-triggered drug delivery systems offer
a novel mechanism by which release of a drug can be
triggered externally to the body. Such systems could improve
therapies for diseases such as cancer, diabetes, and cardio-
vascular diseases. While sustained release systems work well
for many orally-administered drugs, localized and triggered
treatments are needed for delivery of potent agents such as
those used in chemotherapy. Triggered release systems
generally rely on the selection of an appropriate material to
carry the drug; for example, pH-responsive polymers are used
in many orally-administered medications as enteric coatings
to protect the drug in the acidic environment of the stomach,
but release the drug in the more neutral pH of the intestines,
where the drug can be more readily absorbed into the
bloodstream (1). Triggered release can also be designed
around the breaking of a chemical bond (through hydrolysis,
for example) to free the drug. Early work to study magnet-
ically-controlled release showed that relatively large (milli-
meter-sized) magnetic beads imbedded in an ethylene vinyl
acetate matrix could be triggered to open pores for release
through application of an oscillating magnetic field (2,3), but
this way of using magnets in drug delivery found little
application because there was little difference between the
on and off states. More recently, advances in nanotechnology

have led to investigating magnetic nanoparticles which can be
heated by an alternating current (AC) magnetic field, and
several drug delivery researchers have taken a renewed
interest in magnetically-triggered release, although the cur-
rent work focuses on magnetothermally-responsive (or mag-
netically-triggered, thermally-sensitive) materials. However
the triggering is accomplished, the benefit of controlling drug
release in either a single or multiple pulse formulation
benefits the patient by reducing the total amount of drug
required to reach an effective dose, reducing the frequency of
administration, and assisting in sophisticated devices that
include targeting, imaging and multiple modes of therapy.

Magnetic Nanoparticles in the Design of Therapeutic Systems
for Cancer Treatment

Cancer is one area where magnetothermal drug delivery
would provide an important new avenue of therapy. Current
treatment of cancers usually involves surgery, chemotherapy,
radiation, immunotherapy or a combination of these methods
(4,5). In recent years, remarkable progress has been made in
developing new drugs and effectively targeting to tumor
tissue. For example, Herceptin®, marketed by Genentech,
targets human epidermal growth factor receptors (HER2)
which are overexpressed in around 25% of breast cancer
tumors (6). This treatment allows more powerful
chemotherapeutic agents to be used since more of the drug
can be effectively delivered to breast cancer cells, while less
of the drug can damage healthy cells. There has also been a
resurgence in the research literature for the use of
hyperthermia as a treatment technique (7–11), with
magnetic fluid hyperthermia (MFH) reaching clinical study
stages in Germany (12). Hyperthermia is the application of
heat to preferentially kill cancer cells while having a lesser
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effect on healthy cells (which are less susceptible to the heat
because a mature vascular system has not been developed in
tumors and heat cannot be removed efficiently) (13).
Effective hyperthermia temperatures are usually from 42 to
45°C, as higher temperatures cause whole cell ablation and
significant necrosis in both healthy tissue and cancerous
tumors.

Before this recent interest in magnetic fluid hyperther-
mia, the 1960s saw the initial clinical usage of hyperthermia to
treat cancers, as whole body hyperthermia was accomplished
using immersion water baths or heated blankets (14).
However, the serious side effects of whole body heating led
to application of hyperthermia as a regional treatment aimed
at sections of the body where tumors are present. Even with
this improvement, hyperthermia treatment of large sections of
tissue lost favor to radiation and chemotherapy (plus surgery)
as the standard of care for clinical treatment. Recently, due in
part to the rapid advancement of nanotechnology, magnetic
hyperthermia has succeeded in minimizing the area of tissue
that is heated and theoretically allows cellular localization for
potential treatment of even metastatic cancers.

In magnetic fluid hyperthermia treatment (MFH), mag-
netic nanoparticles are designed to be heated by an alternat-
ing current (AC) magnetic field that can be applied external
to the body, and was first investigated by Gilchrist et al. in
1957 (11,13,15). Using superparamagnetic nanoparticles (with
crystal phases—or entire particle sizes—typically below
20 nm), the applied field heats the magnets by the mechanism
of Néel relaxation, or rotation of the magnetization within
each particle. As long as the particles are below their Curie
temperature, they are heated when the AC field is applied.
Once they reach the Curie temperature, the saturation
magnetization of particles drops to zero, and heating stops.
Thus, if the Curie temperature can be fixed by judicious
selection of particle composition and size, hyperthermia can
be applied and carefully controlled to not reach excessive
temperatures (16). Due to their small size, magnetic nano-
particles can localize heating to small tissues and potentially
even individual cells, with addressable ligands that can target
receptors present on cancer cells (such as folate receptors,
which are overexpressed in many types of cancer cells, or
HER2 receptors in breast cancers, as mentioned above).
MFH is currently applied by injection into tumors that can be
imaged with MRI, but a continuing challenge for improved
therapy with nanoparticles is the development of a delivery
route that can target the individual cells of metastatic cancers.
Injection into the bloodstream provides a sufficient pathway
for nanoparticles to reach throughout the body, but the
endothelial cell layer in blood vessels remains difficult to
cross and transport within the interstitial fluid in the
extracellular matrix is slow. Thus, much of the work with
magnetic hyperthermia has focused on either follow-up
treatment to surgery, with the magnetic particles left in the
region after tumor removal, or direct injection into a tumor.

With the significant improvements in technology sur-
rounding hyperthermia, it is gaining acceptance or even
preference in clinical settings, and deserves strong consider-
ation from many insurance companies that currently favor
radiotherapy and do not cover hyperthermia treatments.

In the treatment of cancers, it is normal protocol to use a
combination of therapies. The choice of therapy depends on

several factors (tumor size, metastases, location of tumor, and
patient preference) and each has benefits and drawbacks. The
side effects of radiation and chemotherapy drugs are well
known, but steps have been made to reduce the effects of the
treatment to healthy tissue with more precise radiation
treatment, and targeted chemotherapies. Several research
groups are working to create single devices that allow a
combination of these modes of treatment, as numerous
studies have shown that cancers are more likely to go into
remission (17,18). Thus, an important improvement in cancer
therapy would allow two modes of treatment with a single
material.

Nanotechnology using Magnetothermally-triggered Systems
as Part of a Cancer Therapy System

Recently, the National Cancer Institute set out a vision
for the next advancement in cancer diagnosis, treatment and
monitoring (19). Strong nanotechnology science developed in
the past decade led (at least in part) to the plan laid out by
the NCI (Table I). These four functions present varying
degrees of difficulty to achieve on their own, and the goal of
creating a single device that combines all four into a nano-
scale device is particularly challenging, though not without
some promising approaches. The use of nanotechnology in
oncology to meet at least some of these challenges has been
recently published (20).

TARGETING

Targeting has already been achieved (though not neces-
sarily perfected) for many types of cancers, and there remain
challenges to optimize transport from the bloodstream to the
site of a cancerous tumor, with an emphasis on improving the
targeting efficiency to reduce patient side effects even further.
The strategies for targeting will likely continue to rely on
antibodies, receptors expressed on the surfaces of cell
membranes, and passive targeting through the leaky vascula-
ture that is present during the growth of tumors; see also this
excellent review (4). Some significant advances in targeting in
the past few years may allow addressable nanoparticles that
not only reach the surface of a targeted cell, but shed an outer
layer to further target specific organelles within a cell (for
instance to deliver siRNA) (21–23).

IMAGING AND DIAGNOSTICS

Imaging is one of the most important tools in cancer
diagnostics. MRI is the standard clinical test for determining
the presence, location and size of a tumor, as the T2
relaxation mode allows distinction between normal soft tissue

Table I. Guidelines Set out by National Cancer Institutes’ Nanotech-
nology Alliance for the Development of a Nanoplatform (19)

Imaging and diagnostics
Targeted to tumors at the cellular level
Multifunctional therapeutics
Monitoring effectiveness of treatment

645Magnetothermally-responsive Nanomaterials



and the more rigid tissue that make up a tumor. However,
MRI has not been able to reach the resolution required to
diagnose metastatic cancers or individual cancer cells. To do
this, nanoscale materials are required. Gadolinium nano-
particles are the standard phase contrast agent used to
improve imaging (24,25), and with targeting moieties at-
tached, they could potentially greatly improve the detection
of very small tumors. In recent years, certain magnetic
nanoparticles have also been shown to act as phase contrast
agents, with the added benefit that these magnets could be
used for both imaging and hyperthermia therapy (26,27).

LOCALIZED THERAPY

Nanoparticles are ideal for localized therapy, at least as
far as their transportability in vivo. The NCI goal of localizing
cancer therapy can be achieved using nanoparticles for
localized chemotherapy, radiation, immunotherapy or hyper-
thermia, or combinations of these therapies. All of these
therapies have potential for use in a nanoplatform for cancer
treatment, although radiation therapies lack the benefit of
delayed triggering, so small doses of radiation would be
delivered during the transport of the device to the affected
tissue or cells. Hyperthermia can be activated in vivo using a
magnetic field or by photothermal therapy using infrared light
to heat gold nanoshells (28,29), and delivery of a therapeutic
drug could be achieved using a temperature responsive
coating. A pH-responsive coating could also be used to
trigger release as the nanodevice is brought into the
cytoplasm of a cell (16).

One drawback for delivery of chemotherapeutics using a
nanoscale device is that the payload of drug is quite small,
often to just a few molecules of a therapeutic agent.
Fortunately in cancer chemotherapy, most of the agents are
highly potent, and effective targeting to a cancer cell will
overcome this drawback. The same drawback (that the
particles are so small) is also a challenge for either magnet-
ically- or photo-triggered hyperthermia. The amount of heat
generated depends on several factors. For magnetic hyper-
thermia, this includes the strength and frequency of an
applied magnetic field, the depth of the particle in tissue,
the particle size and composition, and the concentration of
particles in the tissue (30–32). Hyperthermia therapy has
been shown to be effective on a macroscale (in tumor tissue)
(33), but more work is needed to understand heat transfer
and the cellular mechanisms by which hyperthermia works to
stop the growth of cancers to develop effective magnetic
nanoparticle systems to target metastatic cancers.

CONFIRMATION OF SUCCESS

Perhaps the most challenging of the four components of
the cancer treatment nanodevice described by the NCI is
including functionality in the nanoplatform that allows
noninvasive reporting of the success of treatment. This
requires either the incorporation of a sensor into the nano-
platform, or using it in conjunction with a medical instrument
to probe the tissue and cells that were targeted and treated.
One potential method would be to use high field MRI which
can detect the presence of ATP in tissue (34), and when
combined with targeted nanoparticles that act as phase

contrast agents, images before and after the therapy could
be used to confirm that cellular metabolism in the tumor has
decreased. Because many magnetic nanoparticles are good
phase contrast agents (as mentioned in the discussion of
imaging), they have great potential for use as the core of a
nanodevice that meets all four goals set out by NCI.

While the motivation for development of magnetother-
mally-triggered drug delivery systems has beenmotivated by the
need for novel cancer treatments, this type of triggering can be
applied in numerous medical applications (e.g., triggered
release of antibiotics from implant surfaces, or of calcium
channel agonists from scaffolds for bone tissue engineering) as
well as non-pharmaceutical consumer applications. Now that
one application for magnetothermal drug delivery has been
described, some novel methods for drug delivery using a
controllable trigger external to the body are discussed below.

TRIGGERING MECHANISMS EXTERNAL
TO THE BODY

Triggered drug release can be achieved by many
mechanisms, but it is quite challenging to place a device in
vivo with drug release activated at the will of the patient or a
physician by a trigger external to the body. Pressure-induced
rupture of microcapsules was one of the first reliable
techniques to release a liquid, but the size of liquid-loaded
microcapsules precludes their use for many in vivo applica-
tions; however, this mechanism has some limited potential for
subdermal implanted devices. Other mechanisms are well
known to modulate the behavior of polymers and have been
utilized for controlled release, notably with the use of enteric
coatings for pH-sensitive release for oral formulations where
an internal trigger (the pH change from the stomach to the
intestines) causes a swelling response in polymers such as
poly(acrylic acid), marketed as Eudragit® for pharmaceutical
coatings (35). More sophisticated nano-scale systems also
utilize pH to trigger release, but take advantage of much
smaller changes in pH between fluid in the extracellular
matrix, endosomes and cell cytoplasm; these materials are
under development to target specific organelles or increase
the uptake of medicine inside cells. However, modulating pH
cannot be accomplished with an external trigger; thus, further
discussion will be limited to photo-, electronic- ultrasound-
and magnetic-responsive designs.

For drug delivery to be activated at the will of a patient
or physician, an external stimulus must be used to trigger
release. The main systems that have been investigated for
external triggering include devices with electronic interfaces
(which, by their nature, require some invasive procedures to
install or interact with the device) and phototherapies.
Ultrasound- and magnetically-activated drug delivery systems
have also begun to receive considerable attention in the
scientific literature.

Electronic-, Ultrasonic- and Photo-Triggered Devices

Electronically-triggered drug delivery devices, such as
insulin pumps, are well known and highly reliable, especially
for chronic diseases (36,37). They require an interface
between the patient and the delivery device, and often
include a biosensing surface that allows detection of physio-
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logical substances, such as glucose or hormones, in addition to
a reservoir of drug that can be administered automatically
through a closed control loop, or by the patient or a doctor
through an open control loop. While reliability and precise
control are some of the strongest features of electronic devices,
they require a battery or other power source, and the current
size requirements of this power source prevent these devices
from reaching nanoparticle sizes. Thus, electronic devices
cannot be easily designed to target individual cells.

Ultrasound, applied on the order of 1 MHz can cause
disruptions in tissue as well as drug carriers. Because ultrasound
can penetrate through deep tissue, it can be applied externally
to trigger release, although regional application may limit the
effectiveness if the drug carrier is not localized to a certain area.
Notably, pulsatile delivery of insulin has been shown using a
barrier of methylene chains surrounding a poly(2-hydroxyethyl
methacrylate) hydrogel crosslinked with poly(ethylene glycol
dimethacrylate) (38,39). It is thought that cavitation of
dissolved gases leads to increased diffusivity when ultrasound
is applied. The group of Prausnitz has also done pioneering
work in the use of ultrasound for biomedical applications,
including ultrasound in drug delivery to increase the perme-
ability of the cell membrane (40). Ultrasound has also been
shown as a way to trigger release of doxorubicin from
Pluronic® liposomes using subsecond pulses at a frequency of
20 kHz (41). Additional research on biomedical applications of
ultrasound in drug delivery has been summarized in recent
papers (42,43). Ultrasonic triggering offers a reasonable option
for pulsatile delivery of a wide range of medications,
particularly if targeted to a specific region.

Photodynamic therapies have advanced rapidly as a non-
or minimally-invasive method to trigger release after a carrier
has been injected or implanted into the body (44,45). Light-
activated materials have received considerable attention as a
way to trigger drug release, particularly with the creation of
gold nanoshells that are designed to heat upon the application
of a near infrared (NIR) beam of light (29). Because tissue is
largely transparent in this region, NIR light can be effective at
reaching even deep tissues. Nano-sized particles are critical to
the successes observed with this technique, as is the ability to
coat the surfaces of nanoparticles with a thin layer of gold
(46). The ability to use nano-scale carriers allows these
materials to target specific cells using classical targeting
techniques: antibodies, viruses or various proteins or ligands.
Once targeted, light activates heating of the gold nanoshells,
which in turn can cause a phase change in a thermally
responsive coating to deliver medication. An alternate material
for photo-activated release was reported by Babincova et al.,
as they developed magnetoliposomes based on dipalmitoyl
phosphatidyl choline (a natural phospholipid) that were
triggered to heat using a laser light (47).Although the payload
of any individual particle is small, by effective targeting, the
amount of drug needed for treatment is significantly reduced
over i.v. injections or oral delivery of medicine, thus greatly
improving the effectiveness of treatment while minimizing
patient side effects. Though not a focus of this paper, photo-
thermal therapy, which uses light-activated heating for local-
ized hyperthermia, has shown great promise for cancer
treatment, and the light-activated heating can trigger drug
release in much the same way as magnetic field-activated
heating, which is described below.

Magnetically-Triggered Devices

A fourth method for external triggered release, magnet-
ically-modulated release can be accomplished by either (1)
the oscillatory motion of magnets imbedded in a polymer host
to mechanically force openings for drug diffusion, or (2)
magnetic heating of nanoparticles imbedded in a thermally-
responsive polymer. In the case of oscillating magnets, on/off
control over release rates has been difficult to achieve
(2,3,48), and if the magnets are reduced to the nanoscale,
the mechanical force exerted by the particles becomes so
small that the mechanical forces caused by the magnetic field
are not strong enough to overcome the elastic modulus of the
polymer to open pores for release. In one recent report,
though, ferrogels have been synthesized using magnetite
nanoparticles of different sizes; the gels loaded with 500 nm
particles showed the greatest modulation of release, with
release stopped when a static magnet was applied to align the
magnets and release starting when the magnet was removed
(49). This same research group has shown that a high
frequency AC magnetic field can cause bursts of drug release
in ferrogels with release occurring during the application of
the AC field (50). Despite this recent success, magneto-
thermally-triggered release, where an AC magnetic field
heats nanoparticles to trigger release from a thermosensitive
material, is the focus of this paper. Both photodynamic and
magnetothermal systems utilize a triggering source that can
be applied externally to cause heating, with a thermorespon-
sive polymer or lipidic structure designed to release the drug
as it is heated above physiological temperatures.

BIOLOGICAL AND BIOMEDICAL APPLICATIONS
OF MAGNETIC NANOPARTICLES: DRUG
TARGETING, MRI AND BIOSEPARATIONS

Magnetic nanoparticles have been used or are under
investigation for several biomedical and biological applica-
tions (51–54). By applying a static magnetic field over a
targeted region of the body, magnetic nanoparticles have
shown promise at localizing therapeutics in vivo (54–56), with
important advances such as imbedded magnetic seeds used to
improve the entrapment efficiency (57). Recent work has
shown that superparamagnetic iron oxide nanoparticles can
be combined with a biodegradable gel to prolong the local
delivery of dexamethasone as an anti-inflammatory agent
(58). Magnetic nanoparticles have also proven to greatly
improve gene transfection when complexed with DNA to
offer an alternative to gene guns and viral vectors for gene
therapy (59), and they can be used in tissue engineering by
attaching to cell membranes and applying an oscillating field
to condition the cells for tissue growth (60,61). Magnetic
separations have been achieved by binding antibodies to
magnetic nanoparticles to isolate and purify compounds for
bioseparations (62); similarly, magnetic nanoparticles have
been investigated as a way to detoxify blood, with targeting
agents used to attach poisons and an ex vivo shunt used for
the magnetic separation step (63). Similarly, highly specific
bioseparations have been proven effective when magnetic
nanoparticles are combined with binding ligands and passed
through a flow chamber in a magnetic field. Two additional
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applications of magnetic nanoparticles are relevant for
development of a system to meet the criteria laid out by
NCI: their use as MRI contrast agents (64,65) and their use in
magnetic hyperthermia, which has progressed through human
clinical trials in Germany (12).

CONCEPTUAL DESIGN OF MAGNETOTHERMAL
DELIVERY SYSTEM

Two basic events are required for magnetothermal
delivery: magnetic heating (or magnetic hyperthermia) and
a thermally-responsive or -rupturable coating. One conceptu-
al design of a magnetothermally-triggered device is shown in
Fig. 1. Here, magnetic nanoparticles that are designed with
the proper composition and size to achieve heating using an
AC magnetic field are placed inside a thermally-responsive
hydrogel. Once heated, the hydrogel changes conformation to
open pores (in this case, thermosensitive grafts collapse,
opening pathways for an imbedded drug to escape). The
polymer can also be coated directly onto the nanoparticle, or
a self-assembled structure (e.g., micelles, liposomes or
polymersomes) can be devised to encapsulate the nano-
particle (66,67). For biomedical applications, the coating must
rupture or open to release a drug when heated above
physiological temperatures.

As discussed above, some of the leading technologies to
externally trigger release in a non-invasive way are photo-
thermal and magnetothermal systems. The focus of this paper
is on magnetic nanoparticles and their combination with
thermally-responsive carriers. As discussed further below,
these systems can be designed to meet all four of the NCI
goals for a nanoplatform for cancer treatment. The two
components required for a magnetothermally-triggered de-
vice (magnetic nanoparticles and thermally-responsive mate-
rials) merit further discussion, as the selection and design of
magnetic nanoparticles can optimize the heating while
minimizing the exposure time for activation. Low Curie
temperature magnetic nanoparticles should also be consid-
ered, as well as the biocompatibility or toxicity of the
materials. Similarly, the design of a thermoresponsive carrier
requires careful selection of materials and optimization of the
structure to achieve an on/off delivery system. With a good
system design, magnetothermally-triggered release can offer a
novel mechanism by which drug delivery can be activated
outside the body.

Magnetic Nanoparticle Selection and Design

Two mechanisms can be responsible for magnetic heat-
ing: Brownian and Néel relaxation (31). For magnets with
large crystals (greater than 20 nm, depending on composi-
tion), eddy currents can cause significant non-specific heating,
as has been used for decades in induction heating of metals
(68). For nanoparticles Brownian relaxation refers to whole
particle spinning as the particle attempts to align with the
applied magnetic field. Néel relaxation is the decay of the
magnetic moment inside the nanoparticle, and predominates for
smaller nanoparticles or when the nanoparticles are imbedded
in amaterial that restricts their freemotion (such as a hydrogel).
The mechanisms of magnetic heating are described in greater
detail by Rosensweig (31), and some of the mathematics are
included in the section on heat transfer below. If eddy current
heating can be avoided, then only the nanoparticles will be
specifically heated by the AC magnetic field, allowing the
designer greater control over the power output and temper-
atures reached when the pulsed field is applied.

Magnetic nanoparticles commonly investigated for hy-
perthermia application are generally iron oxides, with mag-
netite being the primary material investigated. Several of
these are biocompatible (or even found in biological systems),
so they can be introduced into medical devices with relative
ease, while the cytotoxic behavior of other materials have
also been investigated (69–72). Beyond magnetite, several
additional magnetic materials have also been investigated
(Table II). Each of these materials can be used in magnetic

Matrix with 
magnetic particles
and dispersed drug

Heat dissipation from
magnets after exposure 

to magnetic energy

Molecular response:
Thermoresponsive grafts

collapse; pores open

Drug releases until 
local temperature falls

 

Fig. 1. Depiction of magnetothermal responsive delivery system using a grafted hydrogel
structure. Magnetic nanoparticles are represented by rectangles, molecularly dispersed
drug by circles, and thermoresponsive grafts are shown attached to the base network in the
third depiction.

Table II. Types of Magnetic Nanoparticles Studied for Hyperthermia

Magnetite Fe3O4 (73)
Maghemite, γ-Fe2O3 (73)
Hematite, Fe2O3 (74)
Cobalt ferrite, CoFe2O4 (75)
Manganese ferrite, MnFe2O4 (73,76)
Copper nickel, CuNi (77)
Iron platinum, FexPty (L10 crystals) (78)
Cobalt, Co (hexagonal crystals) (73)
Iron palladium, FePd (L10 crystals) (79)
Cobalt platinum, CoPt (L10 crystals) (79)
Iron–cobalt, Fe65Co35 (80)
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hyperthermia, but some have unique properties that improve
the heating, add in safety factors, or provide a second
functionality for biomedical devices. High specific absorption
ratios, SARs, are desirable because heat can be more
effectively generated with smaller concentrations or lower
magnetic fields (although the particle/crystal size also plays a
role). Others, such as manganese ferrite, have good proper-
ties as MRI contrast agents, so they could be used in the
development of a system that combines magnetic hyperther-
mia, magnetothermally-controlled release and imaging.

The Curie temperature is an important property for
magnetic materials, as this indicates the temperature where
the material will stop heating and reach steady state, even if
the AC magnetic field is applied for a long period of time
(81,82). Most large scale magnets will continue to heat upon
application of an AC magnetic field to quite high temper-
atures. For example, pure iron has a Curie temperature of
nearly 800°C and cobalt has a Curie temperature over 1100°C
(73). While these temperatures will certainly allow for fast
heating, for safety reasons in an in vivo application, materials
with Curie temperatures just above physiological temperature
are desired. The Curie temperature can be tuned by the
choice of metal composition, but is also dependent on the
crystal (or nanoparticle) size (83,84). The effect of nano-
particle size and shape has been investigated for manganese,
iron and cobalt nanoparticles (85,86). Because nanoparticles
are normally made of only single crystals, the synthesis
procedure to make nanoparticles, which controls the particle

size, also controls the Curie temperature and heating
properties of the magnet. A few groups are working to
optimize nanoparticles with low Curie temperatures, but this
could be an important area of research for biomedical
applications.

Heating magnetic nanoparticles depends on properties of
both the particles and the applied field (87). One device used
for creating an AC magnetic field uses an electric coil to focus
the magnetic field within, as pictured in Fig. 2 for a 4-turn coil
and a slotted coil, with space to insert a Petri dish. Variable
voltage and capacitors allow the magnitude of the field to be
adjusted as a resonant frequency is determined for each
setting. In Fig. 2, thermal infrared images are shown to collect
temperature data, but T-type thermocouples can also be
placed in AC magnetic fields. In most cases, higher field
intensities generate more heat. For example, cobalt ferrite
nanoparticles are heated much more efficiently as the field
intensity is increased from 127 to 634 Gauss (Fig. 3— see Ref.
(75)). The applied frequency is also important, as researchers
have generally focused on pulsed frequencies in the range of
50 kHz to 10 MHz to achieve heating. Nanoparticle compo-
sition and size impact the SAR values as well; for example,
manganese ferrite nanoparticles were synthesized with nom-
inal diameters ranging from 5.3 to 12.1 nm, with the heating
rate optimized for the 10.5 nm particles (76). An additional
consideration for further development of devices triggered by
an AC magnetic field is the tolerance of the human body to
the applied field: what intensities are allowable and for what

a b

c d

Fig. 2. Magnetic hyperthermia coils and infrared temperature images of nanoparticle solutions: A 4-turn
test-tube coil, B infrared image of cobalt ferrite nanoparticle solution heated in a centrifuge tube, C Petri
dish coil, and D side view infrared image of cobalt ferrite nanoparticle solution heated in a Petri dish.
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periods of time will greatly impact the design of magnetic
materials for hyperthermia or magnetically-triggered delivery
systems.

Magnetic Heating: Néel Relaxation and Pennes’
Bio-Heat equation

The mechanisms for heating magnetic nanoparticles with
an AC magnetic field include three types of loss processes
(hysteresis losses, and Néel and Brownian relaxation). The
relative contribution of each process depends strongly on the
crystal size and composition of the particles. Nanoparticles
with core diameters of less than 20 nm or so, as used in most
magnetic fluid hyperthermia applications, are single-domain
particles, meaning that they consist of only a single organized
crystal. In such small nanoparticles, magnetization relaxation
is governed by a combination of the external rotation (or
Brownian) and internal (or Néel) diffusion of the particle’s
magnetic moment (88), with negligible contribution of
hysteresis loss. A mathematical expression (31) to determine
the combined effect of Néel and Brownian relaxation times
(τN and τB, respectively) on the effective relaxation time, τ, is
given by:

1
t
¼ 1

tB
þ 1

tN
ð1Þ

for monodispersed particles. When superparamagnetic nano-
particles are placed in an alternating current magnetic field,
the total energy dissipated, P, is calculated as determined by
Rosensweig (31) by:

P ¼ �0�0H2w2t
2t 1þ w2t2ð Þ ð2Þ

where χ0 is the equilibrium susceptibility of the magnetic
particles, and ω is the applied frequency of the magnetic field
(rad/s). Additionally, μo is the magnetic permeability and H is
the intensity or amplitude of the magnetic field. The
development of further equations required for analysis is
included in references (31,32).

The energy generated by magnetic nanoparticles is
transmitted as heat through the medium in which the particles
are imbedded. For hyperthermia therapy, Pennes’ bioheat
equation applies (89,90). When listed in cylindrical geometry,
the energy balance becomes:

�1c1
@T1

@t
¼ k1

1
r

@

@r
r
@T1

@r

� �
þ k1

@T1

@z
þ !b1cb1 Tart � T1ð Þ þ P T1ð Þ

ð3Þ

This equation can be solved to determine temperature
profiles for magnetic nanoparticles placed within a cylindrical
core of tissue, where ρ1 represents the tissue density, c1 is the
specific heat capacity, T is temperature, t is time, k1 is the
thermal conductivity of the tissue, ωb1 is the volumetric
perfusion rate of blood through the tissue, cb1 is the heat
capacity of blood, and Tart is the temperature of blood in an
artery. The left side of the equation represents the increase in
internal energy of the tissue (which can be discretized and
solved by numerical methods to determine the temperature
profile as a function of radius and height, r and z). The first
and second terms on the right side of the equation represent
conductive heat transfer in the radial and axial directions,
respectively, while the third term represents heat transfer by
convection to blood perfused through the tissue and is
dependent on the flow rate and temperature of blood, which
is usually taken as equal to the core body temperature. Using
these equations to model hyperthermia heating of tissue,
temperature profiles for a cylinder can be estimated as a
function of nanoparticle loading concentration, power gener-
ation from the AC magnetic field and tissue properties. For
example, these equations have been solved as a function of
time for a cylindrically-shaped tissue with imbedded nano-
particles surrounded by tissue with no nanoparticles (Fig. 4,
(32)). By performing these calculations, the time required for
application of an AC magnetic field and the maximum
temperature reached at various positions within the tissue
can be determined at steady state. These models are
extremely helpful in designing systems that will provide
sufficient heat for hyperthermia, but modifications of this
model can also be used to estimate the heat dissipation in
magnetothermal drug delivery systems where the magnetic
nanoparticles are placed within hydrogels or self-assembled
lipidic structures.

Design of Thermoresponsive Polymeric Carriers

Polymer selection and design is critical to the develop-
ment of magnetothermally-triggered systems. Since magnetic
nanoparticles can deliver a localized heat source, the polymer
should be designed to phase separate or change conforma-
tions when heated. Polymers displaying a lower critical
solution temperature (LCST) in aqueous solutions have been
investigated by numerous researchers for thermo-sensitive
drug delivery (91–93). Most notable is poly(N-isopropylacry-
lamide), or PNIPAAm, which phase separates from water
around it’s LCST of 32°C. Hydrogels based on this polymer
can trap a drug, with release triggered by two possible
mechanisms: swelling-controlled release or squeezing-con-
trolled release (Fig. 5). In swelling-controlled release, the
drug diffuses out of the hydrogel as it swells (91), which

Fig. 3. Effect of magnetic field intensity on heating profiles for cobalt
ferrite nanoparticles exposed to 266 kHz AC field. [Reprinted from
(72) with permission from Elsevier.].
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would be at low temperatures for PNIPAAm; this is not ideal
for combination with hyperthermia, as heating from nano-
particles imbedded in the gel will cause release to slow or
stop. In squeezing-controlled release, an already hydrated gel
collapses rapidly when heated, exuding water and much of
the imbedded drug with the water (94–96). Here, macro-
porous hydrogels offer large pores for rapid diffusion during
the gel collapse (97). Because squeezing-based hydrogel
system would release a drug when heated, they are preferred
over swelling-controlled systems for the development of
magnetothermally-triggered drug delivery systems. However,
when a hydrogel is placed in an aqueous environment (such
as the human body), the gel will swell, leaving the mesh open
for drug diffusion and release even before the triggering
event, so a squeezing-controlled release system is not ideal
for a system with a delayed triggering event. Thus, a
squeezing-controlled release mechanism could be problemat-
ic, particularly for small (nano-) sized devices (where
diffusion could exhaust the drug before triggering), or in the
design of systems to deliver potent drugs (as even a small
amount released prior to triggering could have undesired
toxic effects). To do avoid drug release prior to triggering,
other polymer designs are required.

The ideal carrier system for magnetothermally-triggered
release would have minimal drug release at physiological
temperatures (37°C) and have an LCST slightly above
physiological temperature (40 to 45°C). The LCST of a poly
(alkylacrylamide) gel, such as PNIPAAm, can be altered by
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Fig. 5. Thermoresponsive structures for controlled release. Squeezing-
controlled and grafted systems can be triggered by magnetic heating.
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Fig. 4. Transient temperature distribution for a cylindrical tumor with R=3/7 and Z=1 surrounded by
healthy tissue from R=3/7 to R=1 at a 0 s b 100 s c 200 s d 1,000 s. Here, an isothermal boundary condition
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the judicious selection of comonomers that impart an increase
or decrease in the polymer hydrophilicity (98,99). In general,
adding hydrophilic comonomers to the hydrogel increases the
LCST; thus, gels that combine NIPAAm with hydrophilic
comonomers such as acrylic acid or acrylamide have been
developed with LCSTs in the range of 35 to over 50°C,
depending on the ratio of monomers used in the polymeriza-
tion (99–101). Other polymers that display some thermosen-
sitivity near physiological conditions include hydroxypropyl
cellulose (102), Pluronic® triblock copolymer surfactants and
block copolymers (103,104), poly(dimethylaminoethyl
methacrylate) (105) and elastin-like peptides (106).

Ideally, in a magnetothermally-triggered drug delivery
system, the drug should be kept sequestered in the carrier
during the transit to a localized area, with diffusion activated
only when triggered by heating caused by an AC magnetic
field. Two such polymer designs that can achieve this goal are
hydrogels grafted with thermoresponsive oligomers (as
depicted in Fig. 5c) and hydrogels filled with thermorespon-
sive polymers. In both cases, the thermoresponsive materials
fill the mesh space of the hydrogel, blocking or slowing
diffusion when below the LCST, but collapsing to open space
for drug diffusion when heated. These systems are under
investigation and have shown promise as positive thermores-
ponsive systems to release when heated. For example,
grafting oligo(NIPAAm) or oligo(NIPAAm-co-acrylamide)
onto a poly(2-hydroxyethyl methacrylate) hydrogel network
has shown that drug diffusivities are increased with a
temperature rise, although the off state of these systems
requires more work to optimize, as shown in Fig. 6 (99).
Further designs must be considered to optimize the on/off
drug release pattern, with parameters such as crosslink ratio,
oligomer molecular weight, composition of LCST copolymers,
and grafting density being critical.

Nanoparticle-Hydrogel Composite Materials

Magnetothermally-triggered carriers can be designed as
implantable devices with nanoparticles loaded inside along
with a drug, or as entirely nano-scale devices with a hydrogel

layer coating individual magnetic nanoparticles. Both of these
systems offer great potential for triggered delivery. Implant-
able devices can be placed in a desired location, such as the
surface of an implant, with treatment triggered locally for
delivery of multiple pulses of medication. The synthesis of the
larger-scale devices is more straightforward, as nanoparticles
can be incorporated during the polymerization or crosslinking
step (48,107,108), or could be adsorbed onto the polymer
surface afterwards (109). During incorporation, nanoparticles
may aggregate, which can affect the thermal response of the
materials (110). In the case of gel-coated nanoparticles, the
great advantage is that the entire device can be localized to a
particular site using traditional targeting moieties, with drug
release triggered after a period of time is allowed for the
coated nanoparticles to reach particular cells. Synthesis
procedures for coating nanoparticles are more challenging,
as agglomerations must be avoided during the coating step.
Approaches that have been investigated for creating nano-
scale coated magnetic nanoparticles include surface-initiated
polymerizations (111,112), electrojet encapsulation (113), and
ionic coupling of chitosan to surfactant groups attached to
magnetite (114). An additional challenge with coated nano-
particles is that the amount of drug that can be incorporated
in the nano-scale carrier is quite small, so a single pulse of
drug is normally all that can be triggered.

Some important considerations and challenges for the
effective design of nanoparticle-hydrogel composites includes
fixing the nanoparticle within the gel so that only the drug is
released and ensuring that the particles are well-dispersed to
generate a uniform temperature rise through the hydrogel.
Due to the size of nanoparticles required for magnetic
hyperthermia (5–10 nm), they may be able to diffuse within
a hydrogel structure (with mesh sizes that often approach
5 nm), particularly if a macroporous structure is used. Large
molecular weight drugs, such as proteins, may be similar in
size to the nanoparticles, which may require that the nano-
particles be chemically linked to the polymer. However, in
most cases physical entrapment is adequate to prevent the
nanoparticles from leaving a host hydrogel (108). Uniform
dispersion of nanoparticles within a hydrogel is also essential
to optimizing the performance. Because magnetic nano-
particles have a tendency to agglomerate, the surfactants
used to form an aqueous dispersion must be carefully
selected. It has been found that much of the thiol chemistry
used in developing surfactants for gold nanoparticles are also
suitable for several magnetic materials; two surfactants that
have been employed include 11-mercaptoundecanoic acid
and dimercaptosuccinic acid (75,115). Even after nanopar-
ticles are dispersed in water, they have been shown to
agglomerate during the free radical polymerizations used to
embed them in hydrogels.

CURRENT RESEARCH ON MAGNETOTHERMALLY-
TRIGGERED SYSTEMS

Among groups working on the development of magneto-
thermally triggered-drug release, approaches have varied. In
many cases, magnetite nanoparticles are the sole focus as a
heating source, but some groups are investigating a wider
range of magnetic materials, with the hopes of optimizing the
heat output, enabling combination of magnetic hyperthermia

Fig. 6. Drug diffusion coefficients at 12, 25 and 37°C measured
during release of theophylline or inulin for three hydrogel structures:
non-responsive PHEMA, negative thermoresponsive PNIPAAm, and
positive thermoresponsive P(NIPAAm-g-NIPAAm). Experimental
details are included in reference (96). Figure is reprinted from (96)
with permission from Elsevier.
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with imaging techniques, developing materials with a limiting
Curie temperature as a safety measure for use in vivo, or a
combination of these goals (13,18,77,82). For instance, Lao
and Ramanujan studied the effect of magnetic field strength
on heating in hydrogel-magnetite composite materials (116).
Other groups are focused on development of hydrogels,
liposomes, micelles or other advanced structures that are
thermally sensitive and can be triggered to release a drug by
magnetic hyperthermia. The Hilt group has shown that
magnetic hyperthermia could be used to heat in thermosensi-
tive hydrogels with imbedded Fe3O4 nanoparticles, and
showed that the presence of the nanoparticles had little
impact on the LCST behavior of the hydrogels (117,118); they
have also shown that short pulses of an AC magnetic field can
cause rapid shrinking in thermosensitive hydrogels, resulting
in similarly short bursts of drug release due to the magneto-
thermal heating (119). Meledandri and Brougham reported
two methods to synthesize magnetoliposomes with the goal of
combining contrast agents with drug delivery (120). Advances
in the development of instruments to deliver pulsed magnetic
fields with tunable parameters to optimize heating have been
reported (75,121). Other important work has been done to
develop biodegradable materials (122), and study the toxicity
of magnetic nanomaterials (69,123), but there remain numer-
ous challenges to be addressed by multidisciplinary teams
including physicists and engineers, as well as biologists and
medical researchers.

Liposomes and micelles also have a rich history for their
use in drug delivery systems, and a number of investigators
have created magnetoliposomes or other self-assembled
nano-structures that can incorporate magnets (124,125). By
judicious selection of the amphiphilic structures used to
design these materials (including micelles, liposomes and
polymersomes), they can be destabilized by heating, to
release a drug. Thus, self-assembled magnetothermal drug
delivery systems using these small structures offer an
alternate pathway to nano-sized, targetable carriers. The
magnetoliposomes of Babincova et al. that were photother-
mally triggered using laser light could be easily transformed
into magnetothermal devices. Anti-HER2 immunoliposomes
have also been studied as a way to combine immunotherapy
with hyperthermia (17), but the systems (so far) lack a
thermosensitive trigger to release the antibodies. Further work
in this area has focused on the development of biodegradable
micelles with LCST behavior (126) and block copolymers that
form thermoresponsive micelles (127). Because these systems
are formed through self-assembly and stabilized by strong
thermodynamic interactions between hydrophilic or hydropho-
bic regions, one potentially difficult challenge to using these
systems for effective delivery is the requirement that they
disassemble upon localized heating (at least long enough to
release the drug).

CONCLUSIONS

Magnetothermally-triggered drug delivery holds promise
as a novel method for triggering events inside the body in a
non-invasive manner, as they can be made small enough to be
injectable and activated with an external AC field. This adds
a significant new tool for pharmaceutical researchers, even

though there are a number of technical challenges to
understand and optimize the material behavior and design
challenges for developing biocompatible, targetable, nano-
sized systems that can be used effectively in vivo with a
magnetic field applied to generate the sufficient heating with
minimal patient discomfort.
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