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Abstract: Metallic glasses and cancer theranostics are emerg-
ing fields that do not seem to be related to each other. Herein,
we report the facile synthesis of amorphous iron nanoparticles
(AFeNPs) and their superior physicochemical properties
compared to their crystalline counterpart, iron nanocrystals
(FeNCs). The AFeNPs can be used for cancer theranostics by
inducing a Fenton reaction in the tumor by taking advantage of
the mild acidity and the overproduced H2O2 in a tumor
microenvironment: Ionization of the AFeNPs enables on-
demand ferrous ion release in the tumor, and subsequent H2O2

disproportionation leads to efficient COH generation. The
endogenous stimuli-responsive COH generation in the presence
AFeNPs enables a highly specific cancer therapy without the
need for external energy input.

Since their inception in 1960,[1] amorphous metals and alloys,
which can also be described as metallic glasses (MGs) with
a disordered atomic structure, have attracted great attention
owing to their extraordinary properties. However, despite the
promising prospects of bulk metallic glasses (BMGs) for
various structural applications,[2] the mysterious nanometallic
glasses (NMGs), which display novel electromagnetic proper-
ties and are rather reactive,[3] have received very little
attention. The key bottleneck is the need for very particular
synthesis conditions, such as the very high cooling rate
(usually higher than 106 K s¢1) that is required to freeze the
molten metal while suppressing the nucleation of crystalline
phases.[4]

Cancer therapy by designing agents that are responsive to
the tumor microenvironment is another emerging field. The
acidic nature (pH 6.5–6.9) of solid tumors has been exploited

by the development of many drug release systems (DRSs)
where drug release is triggered by low pH values.[5] On the
other hand, cancer cells and tissues produce large amounts of
hydrogen peroxide, which is obtained from mitochondria-
generated superoxide ions in a process that is catalyzed by the
overexpressed superoxide dismutase (SOD).[6] The accumu-
lation of H2O2 in cancer cells has thus been exploited as
a spontaneous trigger for chemotherapy by responsive drug
release,[7] or as an endogenous O2 producer for enhanced
photodynamic therapy (PDT).[8] From an electrochemical
standpoint, the energy contained in H2O2 (standard reduction
potential EðH2O2=H2OÞ = 1.78 V) is between that of PDT-related
reactive oxygen species (ROS, mainly the hydroxyl radical
(EðCOH=H2OÞ = 2.80 V) and singlet oxygen (Eð1O2=H2OÞ = 2.17 V))
and O2 (EðO2=H2OÞ = 1.23 V). As this H2O2 energy utilization
process is rather circuitous and requires laser excitation, the
development of direct energy conversion strategies that do
not require external energy input is highly desired, because
these methods may benefit from enhanced therapeutic
specificity and treatment simplicity.

The prodrug, namely the ferrous ion, enables the dispro-
portionation of H2O2 to efficiently generate COH radicals[9] in
the Fenton reaction, which was developed a long time ago, but
has remained highly attractive. Chemodynamic therapy
(CDT) can thus be achieved by using endogenous chemical
energy to produce ROS, which induce cell death, without the
need for external energy input by laser irradiation, thus
circumventing the limitations posed by the penetration of
light through tissues. In this regard, the anticancer activity of
ferrocene and its derivatives, which was described in several
pilot studies, has demonstrated preliminary feasibility.[10]

However, owing to the non-specificity during circulation in
the blood stream, these molecular FeII carriers may suffer
from premature bio-oxidation processes, which result from
the relatively low potential of the Fe3+/Fe2+ redox couple
(0.77 V), and even cause serious side effects in noncancerous
regions with H2O2 overproduction that is the result of
lipopolysaccharide-induced inflammation, for example.[11]

Considering the reactive nature of MGs, which is due to
the metastable random structure that is devoid of long-range
order, we decided to synthesize amorphous Fe0 nanoparticles
(AFeNPs), which are expected to be rapidly ionized in acidic
tumors for on-demand FeII release and enable a subsequent
localized Fenton reaction for specific cancer therapy. Owing
to the stimuli-responsive nature of this process, the therapy
can be highly specific.

The AFeNPs were synthesized according to a novel
synthetic strategy in aqueous bubbles (hubble-bubble
approach) to avoid the traditionally employed harsh condi-
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tions. In brief, the reduction of Fe3+ was designed to occur in
the bubble films constructed by the amphiphilic block
copolymer F-127 (Figure 1a, b; see also the Supporting
Information, Figure S1). As the precursor solution is

restricted to the small space between the F-127 bilayers, the
long-range diffusion of iron atoms is effectively hindered, and
nucleation and the growth of crystalline phases are thus
suppressed. The further suppression of nucleation and growth
was also achieved by substantially increasing the viscosity by
the addition of PVP, and decreasing the concentration of free
iron ions by the addition of citrate as a chelator (Figure S2 b).
Fragments of the freeze-dried bubble film (Figure 1c) thus
generated were analyzed by scanning electron microscopy
(SEM). The backscattered electron (BSE) image shows
a clear Z-contrast, revealing the presence of well-dispersed
nanoparticles with high Z values in the organic phase (Fig-
ure 1d), which is where the AFeNPs are synthesized in the
bubble films. Very importantly, this hubble-bubble synthetic
procedure turned out to be widely applicable as amorphous
Co and Ni nanoparticles could be obtained under similar
hubble-bubble conditions (Figure S3, Table S1).

To evaluate the amorphous structure of the AFeNPs, Fe0

nanocrystals (FeNCs) were prepared for comparison. A
transmission electron microscope (TEM) image of the as-
synthesized AFeNPs shows their overall morphology (Fig-
ure 2a) and reveals their high uniformity with diameters of
about 10–20 nm. The absence of lattice fringes in the high-
resolution TEM (HRTEM) image (Figure 2b) indicates their
amorphous nature, which was further confirmed by the
characteristic diffuse halo in the selected area electron
diffraction (SAED) pattern (Figure 2c). In contrast, the
FeNCs synthesized in the absence of bubbles induced by
F-127 are well-crystallized, which was confirmed by their

clearly defined lattice fringes and a series of distinct
diffraction spots corresponding to a body-centered cubic
(bcc) iron framework (Figure 2e, f). The glassy nature of the
AFeNPs was further confirmed by their significantly broad-
ened X-ray diffraction (XRD) peak (Figure 2g) and the
typical unidirectional crystallization transition (Figure S4)
that was determined by derivative differential scanning
calorimetry (DSC; Figure 2h). In both the AFeNPs and
FeNCs, the 2 nm thick shell consists of PVP and iron oxide or
hydroxide (FeOx(OH)y ; Figure S5) and effectively protects
the metastable Fe0 inner core from oxidation.

Interestingly, the AFeNPs present several unique phys-
icochemical properties compared with the FeNCs. Their
specific saturation magnetization is 25% higher than that of
the FeNCs (Figure 3a), with a soft magnetic characteristic
featuring a slender hysteresis loop (Figure 3 b, c). Further-
more, the ferromagnetic resonance (FMR) spectrum of the
FeNCs contained a clear, asymmetric FMR signal split at
approximately g = 2.0, suggesting that the FeNCs display
remarkable magnetocrystalline anisotropy (Figure 3d). The
AFeNPs, on the other hand, are devoid of magnetocrystalline
anisotropy, which arises from an ordered atomic arrangement,
as the energy barriers impeding the migration of magnetic
domain walls and the reversal of magnetization are negli-
gible,[12] rendering the AFeNPs more sensitive to the applied
magnetic field.[13]

Surprisingly, despite the similarities in their TEM particle
size, surface modification, and zeta potential (Figure S6), the
AFeNPs are significantly more dispersible than the FeNCs

Figure 1. a) Preparation of AFeNPs. b) Microscopic image of the
bubbles generated by the hubble-bubble process. Inset: enlarged
image. c) SEM bright-field image of fragments of a bubble film
supported by solid PVP and F-127 after freeze-drying under vacuum.
d) SEM/BSE image of the indicated region (dashed rectangle) in (c).

Figure 2. Low- and high-resolution TEM images of AFeNPs (a,b) and
FeNCs (d,e), and their corresponding SAED patterns (c and f,
respectively). The inset in (d) is an enlarged image. g) XRD patterns of
the AFeNPs (Ö 5) and FeNCs. h) Comparison of the derivative DSC
traces of the FeNCs and AFeNPs (first measurement: red line, second
measurement: blue line).
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(Figures S7 and S8). To understand this discrepancy, the
critical aggregation distance was analyzed by calculations
(Figure 3e; see also Figure S9). The critical aggregation
distance of the AFeNPs (15.2 nm) is about one fourth of
that of the FeNCs (61.5 nm), and a little smaller than their
TEM size (ca. 16 nm), implying that there always is a repulsive
force between AFeNPs with diameters greater than 15.2 nm.
Conversely, an attractive force will inevitably induce the
aggregation of FeNCs when they are closer than their critical
aggregation distance. The superior dispersibility of the
AFeNPs is due to the decreased magnetic attraction between
these particles, which can essentially be attributed to weak
remanent magnetic induction because of their amorphous
nature.

We next examined the relaxation properties of the FeNCs
and AFeNPs to determine whether they could serve as
contrast agents for magnetic resonance imaging (MRI).
Meaningfully, a clear, positive signal (T1-weighted MRI)

enhancement was observed for both FeNCs and AFeNPs
(Figure 3 f), which may result in a higher visual contrast
sensitivity compared to T2-weighted MRI from a clinical point
of view. The AFeNPs display a relatively high longitudinal
relaxivity (r1 = 2.1 mm¢1 s¢1) and a low transverse relaxivity
(r2 = 28.0 mm¢1 s¢1; Figure 3g), leading to a smaller r2/r1 ratio
(13.3) than for the FeNCs (r2/r1 = 24.3), which suggests that
the AFeNPs are a more efficient T1 contrast agent. The higher
r1 observed for the AFeNPs is believed to arise from the
intrinsic spin canting effect induced by the chaotic arrange-
ment of iron atoms, which should effectively perturb the spin–
lattice relaxation process of the protons.[14] Meanwhile, the
higher Br value arising from the magnetocrystalline aniso-
tropy of FeNCs may induce a stronger local magnetic-field
inhomogeneity for the water protons nearby during the
dephasing process, leading to accelerated spin–spin relaxation
and subsequently a slightly enhanced transverse relaxivity
than for the AFeNPs.[15]

Figure 3. a) Temperature-dependent magnetization of the FeNCs and AFeNPs and the corresponding magnetic hysteresis loops at T = 300 K (b)
and T = 390 K (c). d) FMR spectra of FeNCs and AFeNPs obtained at room temperature. e) Calculated distance-dependent forces resulting from
magnetic attraction (Fma, positive) and electrostatic repulsion (Fer, negative) in dispersed FeNC and AFeNP systems. g, h) The longitudinal (T1

¢1)
and transverse relaxation rates (T2

¢1), respectively, of the FeNCs and AFeNPs measured at 3.0 T. Inset: Corresponding MR images of samples
with various Fe concentrations (n =3, mean� s.d., *P<0.05, and **P<0.01). h ,i) Time-dependent ionization of FeNCs and AFeNPs, respectively,
at various pH values.
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Finally, we compared the release of ferrous ions from the
FeNCs and AFeNPs at various pH values. Ideally, a perfect
carrier should release its cargo at once when it is transferred
from neutral to mildly acidic conditions, such as those in the
tumor microenvironment. A clear pH-dependent ionization
and reluctant release of ferrous ions at neutral pH were
observed for both FeNCs and AFeNPs (Figure 3 h, i). The
release rate of ferrous ions from the AFeNPs reached 57 % at
pH 6.5 and 100% at pH 5.4 within six hours, which is much
higher than that from the FeNCs owing to their metastable
random structure. The time dependence of the MR signal
intensity further confirmed the on/off nature of the ferrous
ion release and indicated that the AFeNPs are much more
ionized under mildly acidic conditions than the FeNCs
(Figure S10). These results suggest the AFeNPs to be the
preferable ferrous ion carrier (Figure S11), as they will be
present as Fe0 in neutral normal tissues (pH� 7.4), but be
ionized rapidly for ferrous ion release once located in acidic
cancer tissue (extracellular environment, pH� 6.5). This
release will be significantly accelerated after cell endocytosis
(in endosomes or lysosomes, pH� 5.4).[16]

The above characterizations demonstrate the remarkable
advantages of AFeNPs for on-demand ferrous ion release,
aside from their favorable dispersity and T1-weighted MRI
signals, which enables endogenous chemodynamic therapy
without the need for any external stimuli. The potential of the
AFeNPs to act as a trigger for the generation of hydroxyl
radicals was first investigated. Methylene blue (MB) decol-
orization (Figure S12) and electron spin resonance (ESR)
spectroscopy (Figure 4a) experiments confirmed that
AFeNPs, acidic conditions, and hydrogen peroxide are the
three necessary factors for producing COH. The increased
ESR signal intensity at lower pH values suggests the
generation of a great number of COH radicals, which may be
attributed to enhanced ferrous ion release and the acceler-
ation of the Fenton reaction in a more acidic environment.[17]

Encouraged by the suitability of the AFeNPs for selective
COH generation and their good biocompatibility (Figure S13),
we evaluated their in vitro anticancer effect. An acidic culture
medium of pH 6.5 to which a safe dose of H2O2 had been
added was employed to simulate the moderately acidic and
H2O2 overproducing tumor microenvironment, and was
shown to have negligible influence on the viability of
MCF-7 human breast adenocarcinoma cells (Figure S14). As
shown in Figure 4b, the observation that a low concentration
of H2O2 promotes cell proliferation may result from enhanced
mitogenic action of growth factor/cytokine in cell signaling.[18]

In the presence of AFeNPs and H2O2, there is significant
AFeNP dose dependent cytotoxicity at pH 6.5, whereas the
cell viability decreased only slightly (still almost 100%) at
pH 7.4. At pH 6.5, the reduction in cell viability after 24 hours
of incubation amounted to more than 40 and 60 % at AFeNP
concentrations of 100 and 200 ppm, respectively. When 2’,7’-
dichlorofluorescein diacetate (DCFH-DA) was added as
a ROS probe, these cells displayed fluorescence within
15 min after AFeNPs and H2O2 had been simultaneously
added to the acidic DMEM solution, and the green fluores-
cence was further enhanced by continuous incubation for one
hour (Figure 4c). Various morphological characteristics of

ROS-induced cell apoptosis, such as cell-membrane damage
and nuclei shrinkage, were observed two hours after co-
incubation, which were similar to the well-defined cellular
morphology changes observed after the administration of
PDT.[19] Furthermore, magnetic targeting and the retention of
the AFeNPs lead to selective anticancer effects (Figure S15).
These results confirm that the AFeNPs, hydrogen peroxide,
and acidic conditions act synergistically to kill cells, implying
that AFeNP-induced specific CDT of tumors, which are
inherently mildly acidic and over-produce hydrogen peroxide,
should be possible.

Before in vivo administration, these AFeNPs were eval-
uated to be of excellent biosafety (Figures S16 and S17). To
further confirm that the nanoparticles are enriched in the
tumor by MR imaging in vivo, a bilateral 4T1 tumor-
xenografted mouse was used, with a button magnet tempo-
rarily fixed on the right tumor for magnetic targeting (Fig-

Figure 4. a) ESR spectra of different reaction systems with DMPO as
the spin trap. b) Growth inhibitory effects of the AFeNPs on MCF-7
cells at pH 7.4 and 6.5 at various H2O2 concentrations (n =6,
mean� s.d., **P<0.01, and ***P<0.001). c) Confocal images of
DCFH-DA stained MCF-7 cells treated with AFeNPs only, H2O2 only,
and both at pH 6.5.
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ure S18). One hour after the intravenous (i.v.) injection of
AFeNPs, a significant increase of 38 % in the T1 MRI signal
intensity could be observed in the right tumor, to which the
magnet had been attached (Figure 5 a, Figure S19), indicating
that efficient magnetic targeting and retention had been
achieved in vivo, providing a good basis for CDT.

We have shown above that the CDT mode of action of the
AFeNPs is based on the rapid release of ferrous ions under
acidic conditions; they promote the disproportionation of
H2O2, which produces reactive COH species. Therefore,
a sharp decrease in intratumoral H2O2 concentration is
a key indicator for therapeutic efficacy, which is mainly
dependent on the AFeNP concentration in the tumor and
their ionization efficiency. Compared with the control group,
a drastic decrease in intratumoral H2O2 concentration could
be observed in the group that had been subjected to intra-
tumoral (i.t.) AFeNP injection (Figure 5b), which led to
a complete inhibition of tumor growth within 16 days (Fig-
ure 5c, Figure S20). Such a superior anticancer effect imple-
mented by i.t. injection implies efficient iron ionization and
H2O2 disproportionation, leading to the generation of COH
species that induce a localized, intratumoral Fenton reaction.

Furthermore, Fe mapping by laser desorption/ionization
mass spectrometry (LDI-MS; Figure 5d) revealed that mag-
netic targeting led to more significant AFeNP enrichment,

which led to a greater decrease in intratumoral H2O2

concentration and significantly higher tumor growth inhib-
ition with an inhibition ratio of 27% after 16 days (Figures 5c
and S21). In the control group that had not been subjected to
magnetic targeting, tumor growth inhibition was significantly
less effective and only achieved through the enhanced

permeability and retention (EPR)
effect. The well-defined isolated
pockets in the damaged tumor
tissue corroborate the CDT anti-
cancer mechanism of the AFeNPs
and their promising potential for
selective cancer therapy (Figur-
es S22 and S23). Nevertheless, it
should also be noted that the i.v.
injection group displayed much
lower anticancer efficacy than the
i.t. injection group even under
magnetic targeting. External mag-
netic targeting, however, is not
satisfactory; better results may be
achieved by seeking for other
active targeting mechanisms, such
as ligand–receptor interactions.

In conclusion, we have pre-
sented a hubble-bubble approach
for the synthesis of amorphous iron
nanoparticles, which show remark-
able advantages over the corre-
sponding nanocrystalline particles
and can be used as theranostic
agents benefiting from their glassy
nature. In theory, for the exten-
sively studied inorganic theranos-
tic agents facing clinical applica-
tions, amorphization may provide
a versatile strategy to improve
their biodegradability and magnet-
ism-related properties (MRI and
magnetic targeting) owing to the

disordered atomic arrangement. To the best of our knowl-
edge, this is the first study that employs a Fenton reaction that
is induced by the specific properties of the tumor micro-
environment, which includes the ionization of AFeNPs for
on-demand ferrous ion release and subsequent H2O2 dispro-
portionation for efficient COH generation. Whereas we still
aim to improve their tumor-targeting properties by further
surface modifications, we believe that the present study may
open the way for further explorations and applications of
amorphous metal nanoparticles in various fields, such as bio-
imaging, tumor therapy, and catalysis.
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