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Abstract In recent years, high-moment magnetic nano-
particles (MNPs) such as FeCo are attracting intense
interest for biomedical applications. The synthesized
FeCo MNPs have the specific saturation magnetization
up to 226 emu/g that is more than three times higher
than that of iron oxide MNPs (~ 70–80 emu/g). Core-
shell MNPs are also synthesized to enhance the func-
tionality of high-moment MNPs. Shells like SiO2, Au,
and Ag are used for these high-moment MNPs to im-
prove biocompatibility. The sputtering-based gas-phase
condensation approach to synthesize high-moment
MNPs and core-shell nanostructures are reviewed. The
applications of these high-moment MNPs such as mag-
netic hyperthermia, drug delivery, magnetic resonance
imaging (MRI), and biosensing are summarized. The
heating efficiency of magnetic hyperthermia and drug
delivery could be significantly enhanced by using high-
moment MNPs. MNPs with different crystallinity and
shapes (such as cubic, spherical, triangular, and octahe-
dral shapes) are also summarized due to their potential
applications in MRI. High-moment MNPs could also
p rov i de mor e magne t i c s i gna l s f o r g i an t

magnetoresistance (GMR)-based biosensors, which are
also reviewed. We believe that the high-moment MNPs
are promising candidates for many bio-applications.

Keywords High-moment .Magnetic nanoparticles .

Gas-phase condensation . FeCo . Bio-application .

Biocompatible nanoshells

Introduction

Magnetic nanoparticles (MNPs) are attracting increas-
ing attention due to their wide applications such as
magnetic hyperthermia, drug delivery, magnetic reso-
nance imaging (MRI), magnetic biosensing, etc., as
shown in Fig. 1 (Kline et al. 2009; Li et al. 2009; Patra
et al. 2010; Jing et al. 2015; Krishna et al. 2018; Wu
et al. 2019b). These applications mainly rely on mag-
netic signals generated by MNPs. Therefore, high-
moment MNPs are preferred to iron oxide MNPs since
they can provide stronger magnetic signals while
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maintaining a small size. As a result, high-moment
MNPs can provide enough signal with a relatively low
dose and high signal-to-noise ratio. Nowadays, iron
oxide MNPs such as γ-Fe2O3 and Fe3O4 are widely
used in the applications aforementioned since they are
stable and biocompatible (Jing et al. 2013). However,
one drawback of iron oxideMNPs is that their saturation
magnetizations (Ms) are relatively low compared to the
high saturation magnetization materials such as Fe and
FeCo alloys (Jing et al. 2009; Liu et al. 2016; Liu et al.
2018). As a result, larger iron oxide MNPs are needed to
provide stronger magnetic signals, like using iron oxide
microbeads. However, they inevitably encounter physi-
cal limitations for some applications that require rela-
tively small size and superparamagnetic MNPs. For
example, in the in vivo applications like MRI and drug
delivery, the MNPs should be small enough to transport
in blood circulation systems and interact with cells
(Zhang et al. 2008; Bárcena et al. 2009). In vitro bio-
marker detection applications usually require MNPs the
size of proteins (15–20 nm) (Srinivasan et al. 2009a).
Thus, it is more practical to enhance the magnetic signal
by usingMNPswith highMs rather than increasing their
size. MNPs with high Ms (high-moment MNPs) such as
Fe, Co, and FeCo alloys are preferred for bio-
applications.

Great efforts have been made to fabricate high-
moment MNPs. However, it is still challenging to make
these MNPs with well-controlled properties. Physical

methods such as arc plasma and pulsed laser deposition
are used to prepare the MNPs, but the fabricated MNPs
show irregular shapes and poor crystallinity (Ong et al.
2008; Bulut et al. 2009). Although someMNPs like iron
oxide are well synthesized by wet chemical methods, it
is still challenging to make iron-based high-moment
MNPs with controlled phase and crystallinity due to
the formation of intermediate complexes and relatively
low reaction temperature (Wei et al. 2008).

During the past decades, researchers have made great
efforts to prepare MNPs using a gas-phase condensation
(GPC) method. Granqvist and Buhrman synthesized
ultrafine particles using a GPC method in the 1970s
(Granqvist 1976). Instead of using a sputtering source,
a thermal evaporation source was applied, and particles
were formed in static, inert gas. The size and crystallin-
ity of the nanoparticles, however, were uncontrollable.
The following work was to solve those two issues. Later
a pressure differential was introduced into a GPC sys-
tem, and synthesized nanoparticles followed the gas
flow to be collected on a substrate (Sattler et al. 1980).
A skimmer was put into the system to select these
synthesized nanoparticles, and nanoparticles with a
narrower size distribution were obtained. In 1991,
sputtering sources with planar targets were used in the
GPC system, and varieties of materials could be used for
preparing nanoparticles (Haberland et al. 1991, 1992).
Sugimoto pointed out that the key to making nanoparti-
cles with narrow size distribution was to separate the

Fig. 1 Schematic representation
of multifunctional MNPs,
polyethylene glycol (PEG) coat-
ings are used to improve solubili-
ty and decrease immunogenicity.
(MRI reprinted with permission
from Serkova (2017) copyright
2017, under the terms of the Cre-
ative Commons Attribution Li-
cense (CC BY))
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nucleation and growth of nanoparticles (Sugimoto
1987). In this way, each nanoparticle had similar growth
time, and the size of them was close. Based on this
proposal, Yamamuro et al. obtained monodispersed Cr
nanoparticles (Yamamuro et al. 1998, 1999). Thus,
nanoparticles with narrow size distribution were
achieved. However, the control of the crystallinity of
particles was still challenging at that time.

In 2005,Wang’s group reported that a field-controlled
plasma heating effect in a sputtering-based GPC system
could help control the crystallinity and phase separation
of nanoparticles (Bai and Wang 2005; Qiu and Wang
2007; Xu and Wang 2008; Jing et al. 2013, 2015; Liu
et al. 2018). Different kinds of monodispersed MNPs
with controlled phase and crystallinity were successfully
made, such as L10-FePt, FeCo, SmCo5, body-centered
tetragonal Fe MNPs, etc.(Qiu et al. 2005; Xu 2007; He
et al. 2013; Liu et al. 2018, 2020b).

One concern of these high-moment MNPs like FeCo
is the potential toxicity for in vivo bio-applications. One
of the solutions is to synthesize core-shell nanoparticles.
MNPs with high Ms act as the core and biocompatible
materials such as Au, Ag, SiO2, etc. and serve as the
shells (Bai and Wang 2005; Bai et al. 2007a). In this
way, the core-shell nanoparticles have both high mag-
netic moment and biocompatibility.

In this review, the research of high-moment MNPs
and core-shell nanoparticles made by a GPC method is
introduced, and the mechanism and challenges of syn-
thesizing them are summarized. We will mainly focus
on the merit of using high-moment MNPs in bio-
applications such as magnetic hyperthermia, drug deliv-
ery, magnetic resonance imaging (MRI), and magnetic
biosensors.

The working mechanism of the GPC system

Figure 2 shows the schematic drawing of the GPC
system used for synthesizing different MNPs. There
are two chambers separated by the orifices. The left is
the sputtering chamber, where the nucleation and
growth of MNPs take place. The right is the deposition
chamber, where the MNPs are collected on a substrate.
In the sputtering chamber, a DC magnetron sputtering
source is used to provide atoms for the nucleation and
growth of MNPs. The sputtering source is horizontally
movable to tune the volume of the sputtering chamber.
The sputtering chamber is double-walled and cooled by

water (~10 °C). The sputtering gas pressure is around
several hundreds of mTorr during the fabrication of
MNPs. The high sputtering pressure helps the sputtered
atoms to cool down quickly, and then the nucleation and
growth begin for MNPs. Meanwhile, there is a pump
placed in the deposition chamber to create a pressure
difference between these two chambers. Due to this
pressure difference (P1> > P2), the MNPs are formed in
the sputtering chamber flow along with the sputtering
gas into the deposition chamber and are collected by a
substrate, as shown in Fig. 2. In addition, a carrier gas-
like argon could also be inducted into the sputtering
chamber to adjust the gas velocity in the sputtering
chamber and tune the nucleation and growth processes
of the MNPs (Jian-Ping 2008).

The nucleation and growth of the MNPs happen
near the target surface. Thus, the intensity and distri-
bution of the magnetic field near the target surface
play a significant role in the morphology and crystal-
linity of synthesized MNPs. For a planar target of a
magnetron sputtering source, an etching groove is
formed during the sputtering process. When preparing
thin film samples, the nucleation and growth of these
sputtered atoms start on a substrate that is far away
from the sputtering source. So, the magnetic field
intensity near the etching grove of a sputtering target
has little effect on the morphology and crystallinity of
thin films. However, the depth of the etching groove is
crucial to the structure and morphology of these syn-
thesized MNPs since the nucleation and growth of
MNPs happen near the surface of the sputtering target
(~ several mm near the target surface). In addition, the
magnetic planar targets used for preparing MNPs usu-
ally have high magnetic permeability, and the mag-
netic flux is mostly confined in the target. Only a small
portion of the magnetic flux escapes from the target
and helps generate the plasma during the sputtering
process. Thus, the depth of the etching groove in a
magnetic target has a significant influence on the
intensity and distribution of magnetic fields and on
the nucleation and growth of MNPs.

MNPs prepared by a new magnetic target without an
etching groove show a uniform size distribution. When
the target is sputtered for a while, there is a deep etching
groove in the target, and larger MNPs are obtained with
nonuniform size distribution. The plasma density for a
target with a deep etching groove is higher due to the
enhancedmagnetic field at the etching groove compared
to that of a new target. Thus, the plasma density may
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provide a way to manipulate the thermal environment
when synthesizing MNPs.

Two possible models are proposed for the growth of
MNPs prepared by a GPC system based on the overlap
between the growth zone ofMNPs and the plasma zone.
In the first model, the nucleation and growth of MNPs
happen in the plasma region (the hot region). Then the
MNPs are cooled downwhen they fly away from the hot
region and conserve the high-temperature phase. In this
model, the MNPs show good crystallinity with a rela-
tively large size. In the secondmodel, the nucleation and
growth zone of MNPs are partially overlapped with the
plasma zone. Thus, the sputtered atoms are cooled down
quickly since they fly into the cold region (away from
the plasma region) during the nucleation and growth
process. Therefore, the temperature of the sputtered
atoms decreases rapidly, and high supersaturation of
the sputtered atoms is obtained. The nucleation rate is
very high, and relatively small MNPs are obtained but
with poor crystallinity.

Based on these possible models, a soft iron ring and
cone are placed on top of a planar target to obtain MNPs
with good crystallinity, as shown in Fig. 3. Since soft
iron has high magnetic permeability, the ring and cone
enhance the magnetic flux intensity at the surface of the
target and also extend the plasma region to widen the hot
zone. In this case, the first model mentioned above
happens, and MNPs with good crystallinity are synthe-
sized (Qiu and Wang 2006).

Synthesis of high-moment MNPs

High-moment magnetic materials such as Fe, FeCo, and
Fe16N2 are attracting attention (Xu et al. 2007; Liu et al.

2018, 2019b, 2020a; Wang 2019). MNPs fabricated by
these high-moment magnetic materials have much
higher magnetic signals compared to iron oxide MNPs
like γ-Fe2O3 and Fe3O4. The magnetization of
superparamagnetic Fe3O4, FeCo, and Fe16N2 at differ-
ent applied fields are shown in Table 1. High-moment
FeCo and Fe16N2 MNPs show much higher moment at
all the field range than that of Fe3O4. Here, the synthesis
of FeCoMNPs is used as an example. FeCoMNPs with
a specific saturation magnetization up to 226 emu/g
were synthesized using a GPC method (Xu et al.
2007). A FexCo100-x planar target is used to synthesize
these FeCoMNPs using the GPCmethod. The thickness
of the target is around 1 mm that helps obtain enough
magnetic flux intensity at the target surface to generate
magnetron plasma. A soft iron ring and cone are placed
at the surface of the FeCo alloy target to tune the
intensity and distribution of magnetic fields near the
target surface. Copper disks are placed under the planar
FeCo alloy target to adjust the magnetic flux intensity, as
shown in Fig. 2. Thus, the nucleation and growth could
be adjusted to either model one (bigger size with good
crystallinity) or model two (smaller size with poor crys-
tallinity) discussed in Sect. 2.

The shape of the MNPs synthesized by the GPC
method can also be adjusted. Cubic and spherical FeCo
MNPs with a narrow size distribution are synthesized by
the GPC method (Xu et al. 2007). These MNPs with
different shapes show quite different magnetic proper-
ties and can be utilized in various applications such as
MRI. As discussed in Sect. 2, surface magnetic field
distribution (SMFD) of the target surface has a signifi-
cant influence on the structure and morphology of
MNPs. In order to characterize the SMFD, a parameter
d700 is used to indicate the difference, where d700 is

Fig. 2 Schematic drawing of the
GPC system for synthesizing
MNPs. A pressure difference is
created between the sputtering
chamber (left) and the deposition
chamber (right). P1 (several hun-
dred mTorr) is much higher than
that of P2. MNPs are formed in
the sputtering chamber and col-
lected from the substrate placed in
the deposition chamber
(Reprinted with permission from
Jian-Ping (2008), copyright 2008
IEEE)
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defined as the distance from the surface of the target
with 700 Oe field parallel to the target surface. The
smaller the value of d700, the larger the intensity of the
surface magnetic field of the target. When d700 is
6.5 mm, cubic FeCo MNPs are obtained, and only
body-centered cubic (bcc) FeCo structure is detected
based on the transmission electron microscope (TEM)
diffraction results. When d700 is increased to 8.5 mm,
spherical FeCo MNPs are obtained. Several structures
of these FeCo MNPs such as bcc, face-centered cubic
(fcc), and hexagonal close-packed (hcp) are detected by
TEM diffraction patterns. A higher magnetic field at the
surface of the target induces a larger d700. The high
magnetic field at the target surface will enhance the
plasma intensity, and the effective temperature near the
target surface could also be increased. Thus, a high-
temperature phase is obtained for FeCo MNPs (Bai
et al. 2007b). FeCo MNPs with other shapes such as
octahedron and truncated octahedron have also been
made. MNPs of different shapes show different effects

on a local magnetic field, which could be used to en-
hance the contrast in MRI and tag different species (Xu
et al. 2007).

Fe1-xCox MNPs synthesized by the GPC method
have different sizes ranging from 3 to 100 nm. The
specific saturation magnetization of these FeCo MNPs
is up to 226 emu/g, which is much higher than that of
iron oxide MNPs (~ 70–80 emu/g) (Jing et al. 2009,
2013). Hysteresis loops are characterized on FeCo
MNPs. For well-dispersed FeCo MNPs, they are
superparamagnetic when the size of the MNPs is below
the superparamagnetic critical size. The X-ray diffrac-
tion pattern (XRD) and hysteresis loops of well-
dispersed FeCo MNPs are characterized, as shown in
Fig. 4. The XRD pattern indicates that FeCoMNPs have
bcc structure. The specific saturation magnetization of
FeCo MNPs varies with the Fe/Co ratio, but it is around
200 emu/g, which is still much higher than that of iron
oxide MNPs. However, large coercivity and remanence
of the FeCo MNPs are observed when they aggregate

Table 1 The magnetizations (M) of three superparamagnetic MNPs are given at different applied magnetic fields.

Magnetic field (Oe) M (emu/cm3) Fe3O4 M (emu/cm3) FeCo M (emu/cm3) Fe16N2

10 0.45 2.04 2.54

50 2.27 10.23 12.72

100 4.53 20.45 25.43

500 22.62 102.09 126.92

1000 45.00 203.07 252.46

The size of these three MNPs is set to 4 nm. The hysteresis loops of these MNPs are calculated using the Langevin function
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together or form a chain structure (Liu et al. 2016). For
applications requiring superparamagnetic nanoparticles,
the MNPs should be well-dispersed. There are several
bio-applications based on the high-moment MNPs,
which will be summarized in the following sections.
Besides FeCo, other MNPs such as Fe, Co, and FeSi
are also fabricated using this GPC method (Xu and
Wang 2008; Jing et al. 2015; Liu et al. 2018).

In addition, a hollow cathode is also developed for
the GPC system that could significantly enhance the
yield of MNPs. Compared to the GPC system with a
planar target, the yield of FeCo MNPs synthesized by
the GPC system with the hollow cathode is four times
higher. Meanwhile, the target utilization rate of the
hollow source is around 18 times higher than that of
the planar target. Thus, this new design could signifi-
cantly enhance the yield of high-moment FeCo MNPs
synthesized by the GPC method (Liu et al. 2019a).

The subsequent surface functionalization of the synthe-
sized high-moment MNPs can be done directly by depos-
iting these MNPs onto a polymer-coated glass substrate.
As reported by Wang et al., the L10 phase FePt MNPs are
directly deposited onto poly(vinyl alcohol) (PVA)-coated
glass substrate to prevent the agglomeration of MNPs (see
Fig. 5) (Wang et al. 2006). Then theMNPs are collected in
a vial containing water, PEG-SH, and PEG-COOH li-
gands. The vial is stirred on a shaker for 3 h followed by
sonication, and then the excess polymer matrix/ligands are
removed by centrifugation. By adjusting the molecular
weight of the PEG segment, the interparticle distance can
be easily adjusted.

Synthesis of high-moment MNPs with core-shell
structures

Although high-moment MNPs like FeCo can provide
much higher magnetic signals than that of iron oxide
MNPs, one big concern of these high-moment MNPs is
their toxicity that may hinder their bio-applications. One
solution is to coat a biocompatible shell on high-
momentMNPs to form core-shell MNPs. Different shell
materials such as Au, Ag, and SiO2 have been used to
synthesize the core-shell MNPs directly by the GPC
method (Bai et al. 2007a).

Two approaches have been applied to synthesize the
core-shell MNPs by the GPC method. In the first ap-
proach, the MNPs are made by a sputtering source and
online sputtering sources or evaporation sources that are
put in the deposition chamber to coat these synthesized
MNPs with biocompatible shells like Au and Ag as
shown in Fig. 6 (Bai and Wang 2005). This approach
could prepare various kinds of core-shell structures with
different MNP cores and shells.

The second approach is to form core-shell structures
directly based on different surface and strain energies of
the core and the shell materials. Taking FeCo@Au
MNPs as an example, a FeCo and Au composite target
is used (Xu et al. 2007) to synthesize FeCo@AuMNPs.
Higher sputtering pressure is applied to make sure FeCo
and Au are quickly solidified. The gas flow rate is tuned
to provide enough time for the diffusion of these Fe, Co,
and Au elements. Au has lower surface energy than that
of Fe and Co, and it will diffuse to the surface of

Fig. 4 a X-ray diffraction patterns of Fe0.6Co0.4 nanoparticles. b Hysteresis loops of Fe1-xCox (x = 0.3, 0.6, 0.9) MNPs (reprinted with
permission from Bai et al. (2007a) and Jing et al. (2013), copyright 2007 IOP, 2013 IEEE)
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nanoparticles to form a gold shell when the diffusion
time is long enough. Thus, the experimental parameters
like the sputtering pressure, gas flow, etc. are tuned to
obtain a low rate of solidification, and there is a

sufficient diffusion time for Au to form the Au shell.
As shown in Fig. 7 a and b, the converged beam electron
diffraction (CBED) technique is used to study the crystal
structure of the fabricated FeCo@Au nanoparticles. The
composition distribution of a cross section is obtained at
a single FeCo@Au particle level by using the energy
dispersive X-ray spectroscopy and plotted in Fig. 7 c
with the measured particle shown in the inset. It indi-
cates that there are more Au atoms at the surface of the
FeCo@Au particle than in the core, and the opposite is
true for Fe and Co, which is a significant sign of FeCo
core and Au shell structure.

Bio application of high-moment MNPs

MNPs with high saturation magnetizations are attracting
wide attention due to their advancedmagnetic properties
in hyperthermia therapy, drug delivery, imaging, and
biosensing applications. For example, high-moment
MNPs are pursued in the areas of hyperthermia and drug
delivery for their easy manipulation through an external
magnetic field, in the magnetic resonance imaging
(MRI) for a better contrast, in biosensing applications
for a higher sensor signal and sensitivity. In this section,
we reviewed some recent works on applying high-

Fig. 5 Solubilization of L10 FePt nanoparticles into aqueous
solution. Particles are deposited onto poly(vinyl alcohol) (PVA)
coated a substrate with an appropriate amount of poly(ethylene
glycol) (PEG)-based ligands (PEG-SH, PEG-COOH) added.
Then, the substrate is immersed in a vial containing the above
ligands aqueous solution. Stirred with a shaker then followed by
sonication, these particles become soluble in water and stable
(reprinted with permission from Wang et al. (2006), copyright
2006 IEEE)

Fig. 6 Schematic configuration of the GPC system used for
preparing core-shell nanoparticles. The left source is used to
prepare MNPs, and the thermal boats and sputtering targets are

for the shell of the MNPs (reprinted with permission from Bai and
Wang (2005), copyright 2005 American Institute of Physics)
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moment MNPs in magnetic hyperthermia, drug deliv-
ery, MRI, and magnetic biosensing.

Magnetic hyperthermia

In the area of magnetic hyperthermia therapy, MNPs act
as tiny heating sources when exposed to an alternating
magnetic field (Wu and Wang 2017). Many recent stud-
ies have focused on using iron oxide nanoparticles as
heating elements due to t he known biocompatibility
and commercial availability (Bañobre-López et al.
2013; Yu et al. 2014;Wu andWang 2017; Hedayatnasab
et al. 2017). However, the major drawback of iron oxide

MNPs is the relatively low-specific saturation
magnetizations.

Theoretically, the specific loss power is proportional
to the square of the magnetic moment. High-moment
MNPs are preferred in order to maximize the heating
efficiency and to lower the thermal dose delivered to
tumor regions. Kline et al. (2009) proposed the
FeCo@Au core-shell heterostructure nanoparticles
could be used for magnetic hyperthermia and demon-
strated the feasibility of using FeCo@Au as tiny heating
agents. FeCo@Au nanoparticles were synthesized using
a sputtering-based GPC technique, and uniform size
distribution of these MNPs was also achieved (Xu and
Wang 2008; Liu et al. 2016).

Fig. 7 Structures of FeCo@Au nanoparticle. a The converged
beam electron diffraction (CBED) of the nanoparticle in (b), the
two distorted hexagons (dot line and dash-dot line) indicate two
perpendicular Au [011]s. b ATEM bright-field image of a single
FeCo@Au nanoparticle. c Composition distribution of a cross

section of a single FeCo@Au nanoparticle. The single nanoparti-
cle is shown in the inset. The line in the insert indicates the path of
the electron beam (reprinted with permission from Xu and Wang
(2007), copyright 2007 American Institute of Physics)
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The heating efficiency of FeCo@Au nanoparticles
can be further tuned by adjusting the mean size and size
distribution of these nanoparticles, and the ACmagnetic
field. Lacroix et al. (2009) reported the hyperthermia
measurements on a colloidal solution of single-domain,
monodispersed FeCo MNPs and carried out the theoret-
ical studies on the frequency-dependent hysteresis
shapes of noninteracting nanoparticles. Although the
saturation magnetization of these fabricated FeCo nano-
particles is below the bulk FeCo alloy, they achieved a
measured losses of 1.5 mJ/g that is comparable to the
highest value of the literature (1.5 mJ/g for iron oxide
nanoparticles (Hergt et al. 2004) and 1.25 mJ/g and
1.75 mJ/g for Co nanoparticles (Zeisberger et al.
2007)). More recently, Celik et al. reported the synthesis
of FeCo MNPs with well-controlled size in the range of
11.5–37.2 nm by the surfactant-assisted ball milling
method. They achieved a specific absorption rate
(SAR) of 2–15 W/g for a magnetic field with the fre-
quency of 171 kHz and the field strength between 6 and
14 mT (Çelik and Fırat 2018).

Drug delivery using high-moment MNPs

MNPs working as therapeutic drug carriers are proposed
in the 1970s to target on a specific site (Dobson 2006).
MNPs could combine drugs with a thermally sensitive
polymer to carry out the drug delivery. OnceMNPs with
drugs arrive at a specific location, an ac magnetic field is
applied to stimulate MNPs to generate heat to decom-
pose the thermally sensitive polymer and release the
drugs (Jing et al. 2015). The challenge is how to monitor
the temperature of the MNPs lively to make sure MNPs
are not overheated. The temperature may be monitored
for in vitro cases, but for in vivo cases, it is difficult to do
so (Jing et al. 2015). Jing et al. demonstrated that Fe-Si
MNPs have intrinsically tunable heat generation capa-
bility by doping Si into Fe MNPs. Si atoms can reduce
the exchange interaction between Fe atoms and decrease
the Curie temperature of Fe MNPs accordingly. When
the temperature of MNPs is close to their Curie temper-
ature, these MNPs will automatically stop heating since
they magnetically transform from a ferromagnet to a
paramagnet. In this way, the stop-heating temperature
of Fe-SiMNPs could be tuned by controlling the content
of Si in these MNPs. Additionally, Fe-Si MNPs show
good biocompatibility that is crucial for bio-
applications.

In their work, a GPC method was used to fabricate the
Fe-Si NPs with wide Si content and various Curie temper-
atures (Jing et al. 2015). Figure 8 a shows the TEM bright-
field image of cubic Fe-Si nanoparticles composed of 38%
Si, and Fig. 8 b shows the respective selected area diffrac-
tion (SAD) pattern. These results demonstrate that the
fabricated Fe-Si nanoparticles are highly crystalline and
these nanoparticles have an hcp structure. The cytotoxicity
of Fe-Si nanoparticles is also investigated by testing in
cultured mouse embryonic fibroblasts (NIH 3 T3) and
human umbilical vein endothelial cells (HUVECs) as
shown in Fig. 8 c and d. Compared to other metallic
nanoparticles (Hu et al. 2008; Xu et al. 2009), Fe-Si shows
low toxicity. The performance and the ability for drug
delivery of these nanoparticles are investigated in Fig. 8
e–h,where the temperature change of the composite during
magnetic field heating is recorded in Fig. 8 i. These Fe-Si
nanoparticles are incorporated in a thermosensitive copol-
ymer poly(ortho ester amides) (POEA). A composite sam-
ple is prepared by incorporating the Fe-Si nanoparticles
with a Fluorescein Rhodamine B dye into the POEA gel,
which is used to demonstrate the drug release. Figure 8
e and g show the images of composite samples with and
without Fe-Si MNPs respectively before turning on the ac
magentic field. The temperutre of these samples are 37 oC .
After turning on the ac magentic field, the color cchanges
as shown in Fig. 8 f (with Fe-Si MNPs) and Fig. 8 h. The
differences in these colors can be seen between the buffer
and the composite gel, suggesting that the thermosensitive
POEA is decomposed by the heat generated via these Fe-
Si nanoparticles and the dye releases.

Magnetic resonance imaging

For elements that contain an odd number of protons and
neutrons, they exhibit intrinsic magnetic moments that
are the primary origin of the MRI signals. In MRI
applications, the magnetic resonance signals mainly
come from the protons, which is abundant in water
and lipid molecules. MNPs have been used as contrast
agents in MRI applications where the MNP provides
inherent signal amplification and affects billions of ad-
jacent water protons.

Magnetic materials with high saturation magnetiza-
tion are desired for MRI applications. Besides FeCo
alloys, some FexN1-x also have high saturation magne-
tization such as γ’-Fe4N and α”-Fe16N2. The saturation
magnetization of α”-Fe16N2 is up to 2300 emu/cm3

(Kim and Takahashi 1972; Sugita et al. 1991; Ji et al.
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Fig. 8 a Bright-field TEM image of Fe-Si nanoparticles. b SAD
of Fe-Si NPs. c Viability of mouse embryonic fibroblasts (NIH
3 T3) after treatment with Fe-Si NPs at different concentrations. d
Cytotoxicity result of Fe-Si NPs on HUVECs. e–i Dye release
under magnetic field heating by POEA/Fe-Si NPs composite.
Photos of POEA copolymer loaded with Fe-Si NPs and dyes e
before applying the magnetic field at 37 °C and f after applying the

magnetic field. Photos of POEA copolymer loaded with dyes g
before applying the magnetic field at 37 °C and h after applying
the magnetic field. i Temperature rise versus time for POEA
copolymer loaded with Fe-Si NPs and dyes and POEA copolymer
loaded with dyes only. (reprinted with permission from Jing et al.
(2015), copyright 2015 American Chemical Society)
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2011; Wang et al. 2012), which is even larger than that
of FeCo alloys. The high saturation magnetization
makes this material a promising candidate for potential
bio-applications. Even for γ’-Fe4N, its specific satura-
tion magnetization is reported 182 emu/g that is much
higher than that of iron oxideMNPs (70~80 emu/g) (Wu
et al. 2004). Wu et al. reported that irregularly shaped
γ’-Fe4N MNPs for hyperthermia treatment and T2
contrast-enhanced MRI (Wu et al. 2019a). The irregular
shape and high saturation magnetization of γ’-Fe4N
MNPs can induce inhomogeneous distribution of mag-
netic field, which is the significant advantage for MRI
applications. The inhomogeneity could vary the relaxa-
tion times at a specific region to be imaged. Thus, the
contrast efficiency between adjacent tissue for MRI
could be improved.

Another high-moment material is FeCo alloys. How-
ever, core-shell structure FeCo MNPs are preferred due
to the concerns of easy oxidation and potential toxicity
(Hütten et al. 2004; Reiss and Hütten 2005). FeCo core-
shell MNPs with shell materials such as graphitic car-
bon, pyrolytic carbon, silica, or inert metals are reported
(Bai et al. 2007a; Abbas et al. 2015; Yang et al. 2017;
Gao 2018). In 2010, Patra et al. reported a FeCo@Au
core-shell structure MNPs for the therapeutic and diag-
nostic application of angiogenesis-dependent disorders
but also for the monitoring of the treatment on the
disease outcome (Patra et al. 2010).

FeCo@Au MNPs are used as contrast agents in MRI,
where the Au shell inhibits the function of a pro-
angiogenic growth factor. VEGF165 (vascular endothelial
growth factor 165), and the self-contrast property of
FeCo@Au, is determined in vitro by MRI (Patra et al.
2010). In 2006, Seo et al. firstly reported the FeCo-
graphitic carbon (FeCo-GC) core-shell nanocrystals as
MRI and near-infrared (NIR) agents (Seo et al. 2006).
The multiple functionalities of these core-shell materials
are explored by characterizing the magnetic properties of
the FeCo core and the near-infrared optical absorbance of
the graphitic shell. The FeCo-GC nanocrystals show ultra-
high saturation magnetization, r1 and r2 relaxivities, and
high optical absorbance in the near-infrared region. It
points out the possibility of using these nanocrystals for
integrated diagnosis and therapeutic applications. Later in
2011, Sherlock et al. reported the multifunctional FeCo-
graphitic carbon (FeCo-GC) core-shell nanocrystals (4–
5 nm in diameter) for combined drug delivery, near-
infrared (NIR) photothermal therapy, and MRI (Sherlock
et al. 2011; Sherlock and Dai 2011). With the graphitic

shell, these nanocrystals show the high-efficiency loading
of doxorubicin (DOX) and pH-sensitive DOX release
abilities. They observed enhanced intracellular drug deliv-
ery by FeCo/GC-DOX under 20 min of NIR laser
(808 nm) induced hyperthermia to 43 °C, resulting in a
significant increase of FeCo/GC-DOX toxicity toward
breast cancer cells. That is due to the twofold enhancement
of cancer cell uptake of FeCo/GC-DOX complexes and
the increased DOX toxicity under the 43 °C hyperthermia
condition. While this FeCo/GC-DOX system is evaluated
in vitro, it could be readily translated to an in vivo treat-
ment method.

Takahashi et al. reported the design of Ag-FeCo-Ag
core-shell nanoparticles for magnetic separation of subcel-
lular components like intracellular vesicles (Takahashi
et al. 2015). Furthermore, the Ag layer allows plasmon
scattering. Thus, these nanoparticles are considered as a
potential alternative to existing fluorescent probes like dye
molecules and colloidal quantum dots.

Furthermore, a recent emerging technique, magnetic
particle imaging (MPI), is also questing after the high-
moment superparamagnetic nanoparticles for the best
imaging performance (Du et al. 2013; Wu et al. 2019c).
The high-moment FeCo MNPs combined with a proper
surface coating layer could potentially take over iron
oxide MNPs. In magnetic nanoparticle spectroscopy-
based bioassays, the single-core, superparamagnetic
nanoparticles are of great interest for researchers due
to the strong magnetic responses to the alternating mag-
netic field.

Besides the aforementioned biomedical applications,
high-moment MNPs have also been exploited for other
applications. There have been many research works
reporting that the FeCo@graphene, FeCo@SiO2,
FeCo@SnO2, FeCo@CoFe2O4, FeCo@C nanoparti-
cles/nanotubes/nanoplates/nanoflakes show enhanced
electromagnetic wave absorption properties and could
be used as efficient broadband electromagnetic wave
absorber (Wang et al. 2016, 2017; Li et al. 2019).

Application on GMR biosensors

High-moment MNPs as magnetic tags for biomarkers

Superparamagnetic MNPs with high saturation magneti-
zation have beenwidely employed as themagnetic tags for
giant magnetoresistance (GMR) sensor-based biomarker
detection Su et al. (2020). After the biofunctionalization of
a GMR sensor, the target biomarkers can bound to the
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sensor surface via either antibody-antigen reaction or the
reaction between two complementary DNA strands. The
surface-functionalized high-moment MNPs can then
bound to the target biomarkers on theGMR sensor surface.
After the application of an externalmagnetic field, the stray
fields generated by these bounded MNPs can be detected
by the GMR sensors underneath, as shown in Fig. 9. For
higher concentrations of biomarkers, there will be more
MNPs near the sensor surface, which will result in the
larger stray field and the hence larger sensor signal. A
larger stray field generated perMNP is required to improve
the sensitivity of the biomarker detection, which makes
high-moment MNPs promising candidates for magnetic
tags.

The detection of human interleukin (IL-6), a potential
lung cancer biomarker with high-moment FeCo MNPs
and GMR sensors, was demonstrated by Srinivasan
et al. (2009b). The FeCo MNPs were synthesized by
the previously mentioned GPC technique. The synthe-
sizedMNPs were cubic, with an average size of 12.8 nm
in diameter. The net magnetic moment per particle is
1.77 × 10−17 emu, which is more than eight times higher
than the γ-Fe2O3 nanoparticle of the same size under an
external field of 100 Oe. The FeCo nanoparticles are
functionalized with streptavidin to facilitate the

subsequent binding process. GMR sensors with a struc-
ture of Ta (5 nm)/Ir0.8Mn0.2 (10 nm)/Co0.9Fe0.1
(2.5 nm)/Cu (3.3 nm)/Co0.9Fe0.1 (1 nm)/Ni0.82Fe0.12
(2 nm)/Ta (5 nm) are deposited by a magnetron
sputtering system. Different amounts of the
streptavidin-coated MNPs are added to the biotin-
functionalized GMR sensor to determine the dynamic
range of the sensing system. It was found that the range
of linearity for the detection of streptavidin was from
600 copies to more than 20,000 copies with the limit of
detection (LOD) in the zeptomole range. The sensing
system was then validated through the detection of
human IL-6 by building up a capture antibody biomark-
er detection antibody MNP sandwich structure on the
sensor surface. A similar linear response curve was
observed for different concentrations of IL-6 molecules
with a LOD of 2.08 × 106 molecules.

A year later, Li et al. reported the detection of the
same biomarker with improved sensitivity via the appli-
cation of a two-layer detection scheme (Li et al. 2010).
Despite the similar GMR sensor structures, the magnetic
immunoassay utilizes a two-layer structure instead of
the traditional three-layer structure. In this paper, the
target analytes are directly bound to the FeCo MNPs
without any detection antibodies. It was found that the

Fig. 9 a Competition-based two-layer detection scheme: the IL-6
molecules with and without MNP tags compete for binding sites
on the sensor surface. b The response curve of the competition-

based assay with varying concentrations of unlabeled IL-6 mole-
cules (Reprinted with permission from(Li et al. 2010), copyright
2010 American Chemical Society)
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LOD of the two-layer approach reached 373 fM, which
was 55 times more sensitive than the 3-layer approach.
A competition-based two-layer approach was further
developedwhere a certain concentration ofmagnetically
labeled analyte was mixed with varying concentrations
of an unlabeled analyte to compete for the binding sites,
as shown in Fig. 9. It was shown that with this assay, the
detection of human IL-6 with GMR sensors and high-
moment MNPs could also be performed in unprocessed
human urine with superior sensitivity compared to the
enzyme-linked immunosorbent assays (ELISA). Be-
sides the human IL-6, other biomarkers such as endoglin
(Srinivasan et al. 2011), which is the biomarker for
prostate cancer, have also been successfully detected
and quantified by the high-moment MNPs integrated
with GMR sensors. That provides a promising approach
toward the early and rapid biological detection.

Exploring novel sensing mechanisms with high-moment
MNPs

The GMR stacks are often fabricated into stripe-shaped
devices with high aspect ratios to increase the linearity and
sensitivity of the GMR biosensors (Krishna et al. 2016;
Choi et al. 2016; Wu et al. 2017; Su et al. 2019a). How-
ever, in biological applications, the reduced sensor width
can also lead to a decreased sensing area and increased
Johnson noise due to the larger sensor resistance. Further-
more, the sensor signal can also vary with the position of
the MNPs relative to the edges of the sensing elements
(Klein et al. 2014). An alternative approach is the applica-
tion of GMR sensors with low aspect ratios. Feng et al.
explored the possibility of magnetic reversal nucleation-

based switching induced by high-moment MNPs in large-
area GMR sensors (Feng et al. 2017). The dipole field
from the MNPs can form localized nucleation sites inside
the sensor, which will assist the magnetization reversal and
thus produce sensor signals that are proportional to the
number of MNPs.

To evaluate the influence of high-moment MNPs on
the switching of GMR sensors, FeCo MNPs were de-
posited onto a GMR sensor surface with the GMR
transfer curves measured before and after the deposition.
A significant shift in the transfer curve was observed,
which was attributed to the decreased nucleation field
resulting from the reduced local magnetic anisotropy
due to the stray field of FeCo MNPs. Su et al. simulated
the magnetization reversal process in permalloy thin
films through the Object Oriented Micromagnetic
Framework (OOMMF) (Su et al. 2019b). FeCo MNPs
with diameters of 10 nm were put on top of a 4 μm ×
4 μm permalloy thin film. It was found that a reverse
nucleation site was generated under each FeCo MNP, as
shown in Fig. 10. Since the direction of the stray field
from FeCo MNPs was always opposite to the direction
of the applied magnetic field, the existence of the MNPs
can either assist or prevent the switching process, lead-
ing to a shift in the transfer curves. The magnetoresis-
tance changes in both types of sensors with various
MNP concentrations were calculated to compare the
performance of large-area sensors with stripe-shaped
sensors. The sensitivity of the large-area GMR sensors
was found to be 20 times larger than that of the stripe-
shaped sensors, which demonstrated the superior per-
formance of large-area GMR sensors with high-moment
MNPs as tags in the field of biomarker detection.

Fig. 10 Schematic illustration of the detection process of a stripe-shaped sensors with high aspect ratio; b large-area GMR sensors with
localized nucleation sites under each MNP. (Reprinted with permission from Su et al. (2019b), copyright 2019 Elsevier)
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Conclusions

Driven by the various applications, high-moment MNPs
are highly demanded. In this paper, we summarized the
sputtering-based GPC method used for preparing high-
moment MNPs. The mechanisms of the GPC method to
fabricate MNPs were investigated. The field-controlled
plasma heating effect is the key to making MNPs with
good crystallinity. Magnetic field distribution near the
target surfacewas tuned by a soft iron ring and cone, which
in turn adjusted the plasma heating effect. Based on this
effect, several kinds of high-moment MNPs with different
phases were reported. In addition, core-shell MNPs were
successfully fabricated to make the high-moment MNPs
biocompatible. The high-moment MNPs were used in
several bio-applications such as magnetic hyperthermia,
drug delivery, MRI, and GMR-based biosensors. It is
manifested that high-moment MNPs prepared by the
GPC system are promising candidates for bio-applications.
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