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Abstract
Temperature control is an important method of self-defense in biological systems. For example,
one response mounted by humans in an effort to fight injury, including viral and bacterial
infections, involves an increase in body temperature, thus producing the well-recognized
symptoms of fever.[1] Today, the idea of using artificial temperature control for disease removal is
being realized with the aid of various techniques, such as ultrasound, near-infrared light, and
magnetic field by increasing localized temperature in a targeted region.[2] Magnetic nanoparticles
have attracted considerable attention for hyperthermia applications owing to their ability to
generate heat effectively when exposed to an alternating magnetic field without a penetration
depth limit.[3] Hyperthermia, the artificially induced heat treatment of a disease, uses temperatures
ranging between 42 °C and 47°C. Generally, a temperature below 45 °C induces apoptotic cell
death.[4] As compared to necrosis, apoptosis is a more benign form of “programmed” cell death.[5]

Nonliving cells produced as the result of apoptotic process are cleaned by phagocytosis without
affecting neighboring normal cells. In contrast, necrosis, typically generated by harsh and high-
temperature hyperthermia, is considered relatively harmful because it can be correlated with
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inflammatory disease and metastasis.[6] However, achieving effective apoptotic hyperthermia is
often difficult, as cells typically acquire resistance to induced thermal stress.[7] Repeated
exposures to high temperatures with high concentration of magnetic nanoparticles are usually
necessary to achieve a useful level of therapeutic efficacy even though the conditions could favor
necrotic cell death rather than apoptosis. Because cancer cells are susceptible to heat at about 43
°C, while most normal tissues remain undamaged,[8] hyperthermia using this temperature defines
a recognized but unmet goal.
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In this study, we introduce a new design concept of double-effector magnetic nanoparticle
system for high-performance apoptotic hyperthermia. Double-effector nanoparticles are
composed of two functional components, which serve as sources of reactive oxygen species
(ROS) and heat. We demonstrate that ROS-generating magnetic nanoparticles can
effectively sensitize cancer cells to make them highly vulnerable to subsequent apoptotic
magnetic hyperthermia at low temperatures (Scheme 1).

A gadolinium(III) texaphyrin is used as the ROS-producing sensitizer. Texaphyrins are
pentaaza expanded porphyrins, and one particular gadolinium(III) texaphyrin, known as
motexafin gadolinium (MGd), has been shown to generate ROS by depleting so-called
reducing metabolites within cancer cells.[9] The magnetic nanoparticles are Zn0.4Fe2.6O4,
with a diameter of 15 nm, that possess highly efficient heat-generating capability under an
AC magnetic field (core MNPs).[10]

A summary of the synthetic routes used to conjugate gadolinium(III) texaphyrins (GdTx) to
core-MNPs is shown in Figure 1a. Silica-coated core MNPs with polyethylene glycol (PEG)
bis(amine) (referred as MNPs) are attached with GdTx using a disuccinimidyl suberate
(DSS) linker to obtain the conjugate of GdTx and MNPs (GdTx MNPs).

Figure 1b shows transmission electron microscopy (TEM) images of core MNPs and GdTx
MNPs. In accord with what is expected for a magnetic nanoparticle containing appended
GdTx moieties, an MRI phantom study shows both T1 and T2 contrast enhancements.[11]

Simultaneous T1 bright and T2 dark contrast are ascribable to the GdTx and MNPs portions
of the constructs, respectively (Figure 1c). In contrast, MR images associated with the
control groups display either only bright contrast for GdTx or dark contrast for MNPs, but
not both.

The internalization of GdTx MNPs into cancer cells and the generation of ROS were
examined using optical methods (Figure 1d). After the addition of GdTx MNPs to MDA-
MB-231 cells, a weak red fluorescence signal is observed, which is ascribed to the GdTx
portion of the internalized GdTx MNPs (Figure 1d(ii)). In analogy to what proved true for
MGd, the internalized GdTx MNPs are expected to react with cellular metabolites, such as
the ascorbate present in cancer cells, to generate ROS. The initial product of these electron-
transfer processes is superoxide, which is eventually transformed to hydrogen peroxide
(Figure 1d(v)). In the present case, ROS generation is clearly confirmed by a green
fluorescence that has spread within the cells (Figure 1d(iii)). GdTx MNPs and ROS
generation in the same cell are represented by the overlay of red and green fluorescence,
resulting in a yellow color (Figure 1d(iv)).

GdTx MNPs display a high specific loss power (SLP) value (471 Wg−1), which is four times
higher than the commercially available iron oxide nanoparticle, Feridex (Figure 1e). As a
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consequence, it only takes about 60 seconds to warm aqueous media from 37 °C to 43 °C
with 0.2 mgmL−1 of MNPs, whereas about 250 seconds are required to generate the same
degree of warming using an equivalent amount of Feridex under otherwise identical
conditions (Figure 1f). The reduced amount of GdTx MNPs for adequate heat generation is
considered a useful feature that may permit lower dosage levels when translated into a
clinical setting.

The utility of the dual-effector nature of the GdTx MNPs (ROS and heat) were first tested in
vitro. Towards this end, MDA-MB-231 cells (1.0 × 104 cells/well) and 0.2 mgmL−1 of
GdTx MNPs were co-incubated for 5 h under conditions where the concentration of the
GdTx is 100 μm. An AC magnetic field was then applied (Figure 2a). The temperature of
the medium was increased to 43 ± 1 °C and then maintained for up to 60 min (Figure 2b).
Cell viability was then measured by CCK-8 assay. In the case of the bare MNPs, cell
viability decreased monotonically from 100% to 98%, 90%, 83%, and 75% (blue line,
Figure 2c) as the time of the hyperthermia treatment was increased (i.e., 0, 10, 20, 30, and
60 min). In contrast, GdTx MNPs significantly reduce the cell viability from 93% to 76%,
66%, 42%, and 36% as the treatment time increases (0, 10, 20, 30, and 60 min; red line,
Figure 2c).

The slight loss in cell viability observed before magnetic hyperthermia is initiated (t = 0; red
line, Figure 2c) is caused by surface-coated GdTx, an agent that is known for its weak but
noticeable anticancer effect through ROS generation.[12] Although ROS itself show little
anticancer effect, ROS production dysregulates cancer cell redox homeostasis and induces
oxidative stress. In turn, these effects are expected to render the cells more susceptible to
magnetic heat treatment. In the present case, the production of ROS is likely to give rise to a
synergistic effect in combination with hyperthermia.

In terms of experiment, the synergistic dual effect is the most significant at 30 min of
thermal treatment, where 57% of the cancer cells are eliminated by the GdTx MNPs after an
AC magnetic field application, whereas only 17% of cancer cells are nonviable with MNPs.

As the relative GdTx loading level on the MNPs was increased from 0 to 1500 and 3000
(that is, the number of GdTx molecules conjugated to a given MNP), the cell death markedly
increased from 17% to 21%, and 57% under magnetic hyperthermia conditions (red line,
Figure 2d). In contrast, the number of nonviable cells increased only from 0 % to 3 % and
then 7 % as the loading level was raised in the absence of an applied AC magnetic field
(blue line, Figure 2d). This result indicates that the dominant role of GdTx is as a sensitizer
for hyperthermia rather than as direct cytotoxin.

GdTx MNP-mediated hyperthermia can kill cancer cells by a number of pathways,[13]

including apoptosis and necrosis. To determine the predominant cell death pathway induced
by the GdTx MNPs, standard annexin V–fluorescein isothiocyanate (annexin V–FITC) and
propidium iodide (PI) staining studies were carried out (Figure 2e). These assays detect
changes in plasma membrane integrity and the release of DNA. Apoptosis initially induced
the inversion of phospha-thetidylserine, which allows binding to annexin V–FITC, while PI
is unable to enter into the cells to bind DNA at this initial stage. Before AC magnetic field
application, neither annexin V–FITC nor PI-stained cells are detected (Figure 2e(i)). At 6 h
post-hyperthermia treatment, only annexin V–FITC stained cells are detected, indicating that
the cause of cell death is primarily apoptosis (Figure 2e(ii)). If necrosis were occurring, a red
fluorescence would be observed early on as the result of PI–DNA interactions following
membrane rupture. At 24 h post-hyperthermia treatment, both annexin V–FITC and PI-
stained cells are observed, which is due to membrane rupture, a classic hallmark of late-
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stage apoptosis (Figure 2e(iii)). These results are thus fully consistent with the notion that
GdTx MNP hyperthermia occurs predominantly through apoptosis.

We further tested the efficacy of GdTx MNP-induced magnetic hyperthermia in vivo. MDA-
MB-231 breast cancer cells were xenografted to the right hind leg of nude mice in several
experimental groups (n = 3). GdTx MNPs (75 μg), dispersed in normal saline (50 μL), were
directly injected into the tumor (100 mm3). Then, the mouse was placed in a water-cooled
magnetic induction coil (Figure 3a) and AC magnetic field (500 kHz at 37.4 kAm−1) was
applied to maintain a constant temperature at the tumor (43 ± 1 °C) for 30 min. After a
single hyperthermia treatment, the tumor size was monitored for 14 days. In the mice
making up the untreated control group, the tumor size had increased approximately
sevenfold by day 14 (Figure 3b,c). However, for the group receiving hyperthermia treatment
with GdTx MNPs, the tumor was clearly eliminated within 8 days (Figure 3b,c). For
comparison, another group of mice was subjected to hyperthermia treatment after
administration of bare MNPs at an identical dosage. Although the size of tumor regresses
initially, a significant amount of tumor remained at day 8 (V/VinitiaI = 0.6) and the tumor
started to regrow at day 12.

This study, based on the use of double-effector nanoparticles, has demonstrated a new
approach to achieving apoptotic magnetic hyperthermia. Until now, attempts of magnetic
hyperthermia at low temperature have been challenging owing to the development of
thermotolerance. The dramatic reduction in tumor burden seen in vivo and the high degree
of efficacy seen in vitro are ascribed to the sensitization effect arising from ROS, which
clearly play a key role in enhancing the treatment efficacy. Efficient heat generation by
GdTx MNPs for targeting low temperature (43 °C) is also advantageous because lower
concentrations of nanoparticles are required to achieve the same biological effect. The
pathway of cell death predominantly involves apoptosis, a mode of action that is considered
beneficial for ultimate clinical use. Prior to the present study, low-temperature hyperthermia
and high therapeutic efficacy have been incompatible. However, the use of the present
double-effector nanoparticle system allows these seemingly disparate goals to be realized.
More broadly, we have shown that it is possible to achieve efficient apoptotic hyperthermia
at low temperature.
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Figure 1.
Synthesis of double effector nanoparticles (GdTx MNPs) and their features. a) Synthesis of
GdTx MNPs. Magnetic nanoparticles are coated with SiO2 and then amine-functionalized to
conjugate with GdTx using DSS as a cross linker. b) TEM images of i) core MNPs and ii)
GdTx MNPs. c) T1 and T2 MR phantom images of GdTx MNPs, GdTx, and MNPs. d)
Intracellular uptake of GdTx MNPs and their ROS generation in MDA-MB-231 cells.
Confocal microscopic images of MDA-MB-231 cells treated with GdTx MNPs. i)
Differential interference contrast (DIC) image of GdTx MNP-treated MDA-MB-231 cells;
ii) internalized GdTx MNPs visualized by the red fluorescence of GdTx; iii) ROS generation
manifested by green fluorescence, which results from oxidation of 2′,7′-dichlorofluorescein
diacetate (DCFA) to 2′,7′-dichlorofluorescein (DCF); iv) overlay of red and green
fluorescence to give a yellow color; v) ROS generation by GdTx. e) Specific loss power
(SLP) value of GdTx MNPs in comparison with that of Feridex in a 500 kHz AC magnetic
field at 37.4 kAm−1. f) Heat profile of 0.2 mgmL−1 of GdTx MNPs and Feridex under an
AC magnetic field for 500 seconds. APTMS=3-aminopropyltrimethoxysilane,
DSS=disuccinimidyl suberate, EDC=1-ethyl-3-(3-dimethylaminopropyl)carbodiimide,
GdTx=gadolinium texaphyrin, MNPs=magnetic nanoparticles, NHS=N-
hydroxysuccinimide, PEG=polyethylene glycol, SA=succinic anhydride, TEM=transmission
electron microscopy, TEOS=tetraethoxysilane.
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Figure 2.
In vitro magnetic hyperthermia studies involving the GdTx MNPs and MDA-MB-231 cells.
a) Illustration of the in vitro experiment. Briefly, GdTx MNP-treated MDA-MB-231 cells
are incubated for 5 h and then an AC magnetic field is applied to effect hyperthermia. b)
Temperature profile. A temperature of 43 ± 1 °C is maintained in an AC magnetic field of
37.4 kAm−1 at 500 kHz. c) Time dependence of the magnetic hyperthermia treatment effect.
d) Dependence of the magnetic hyperthermia efficacy on GdTx loading level. e) Monitoring
of MDA-MB-231 cell death pathway induced by magnetic hyperthermia using GdTx MNPs.
Microscopic images of MDA-MB-231 cells before (i), and 6 h (ii) and 24 h (iii) after
magnetic field (MF) application. In these experiments, the nuclei are stained with DAPI (4′,
6-diamidino-2-phenylindole; blue), and membrane inversion followed by membrane rupture
is detected by annexin V-FITC (annexin V–fluorescein isothiocyanate;green) and propidium
iodide (red, PI).
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Figure 3.
In vivo magnetic hyperthermia. a) Representation of the in vivo magnetic hyperthermia
study. Magnetic nanoparticles (75 μg) are directly injected into the tumor (tumor volume
100 mm3, n = 3) of a mouse and subjected to an AC field for 30 min at 43 ± 1 °C. b) Plot of
tumor volume (V/Vinitial) versus the number of days after treatment. In the group treated
with GdTx MNP hyperthermia (red line), the tumor is completely eliminated by day 8,
whereas the MNP hyperthermia group (green line) shows only initial reduction in tumor
volume, followed by regrowth. c) Images of xenografted tumors (MDA-MB-231) on nude
mice before treatment (left column) and 14 days after treatment (right column). Scale bars: 5
mm.
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Scheme 1.
Double-effector nanoparticles for effective apoptotic magnetic hyperthermia. The
nanoparticles generate reactive oxygen species (ROS) to sensitize cancer cells for
hyperthermia even under low-temperature conditions (ca. 43°C). The sensitization strategy
is effective for apoptotic hyperthermia both in vitro and in vivo, whereas conventional
unsensitized hyperthermia shows marginal efficacy.
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