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ABSTRACT: Bimetallic magnetic iron-nickel (FeNi) nanocrystals (NCs) were
synthesized through a one-pot synthetic wet chemistry method, and the
morphology of the resulting NCs can be adjusted by changing the molar ratio
of chemical attendees during the experimental processes. The obtained FeNi NCs
can be redispersed in water medium though the phase works by using the ligand
exchange procedures of cysteine (Cys), 5-aminovaleric acid (5AA), and
glutathione (GSH), respectively. The synthesized NCs exhibited excellent
magnetic properties with Hc (magnetic fields, ≈10−3 T) and μa (initial
permeability of up to 105). Furthermore, linear sweep voltammetry (LSV)
polarization curves revealed a low overpotential of −0.47, −0.44, and 0.15 V and a
current of 105.7, 97.8, and 209 mA for the Cys-, 5AA-, and GSH-FeNi NCs,
respectively. This indicated a relatively high catalytic activity of these NCs in the
hydrogen evolution reaction (HER). The different cell lines (AGS, HepG2,
MG63, NCI-H460, and SK-MEL-2) exposed to FeNi NCs for 5 days exhibited
>87% viability at concentrations of up to 50 μg mL−1, which was indicative of excellent biocompatibility. The resulting FeNi NCs
offer a facile synthetic route to fabricate monodispersed NCs. The biocompatibility of these NCs should also enable their
application in electrocatalysis and biological applications.
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1. INTRODUCTION

High sensitivity and enhanced precision diagnostics have
significant potential for improving the therapeutic efficiencies
of early diagnosis.1 In particular, magnetic resonance imaging
(MRI) is one of the most promising and excellent diagnostic
technologies owing to the high temporal and spatial resolution of
magnetic composites.2 Therefore, multifunctional composites
consisting of magnetic transition metals (Fe, Ni, Co) have
attracted considerable interest owing to their potential use in
applications such as MRI, catalytic measurements, and electro-
magnetic devices (e.g., inductors, ac−dc converters).3 Current
research is especially focused on MRI for high-frequency
electromagnetic device applications,4 and soft magnetic materials
with high saturation magnetization (Ms), high permeability (μ),
and low energy losses are being investigated in this regard.5

Moreover, FeX (X = Ni, Co) alloys are considered common soft
magnetic alloys, with large saturation magnetization, which can
be used as ferromagnetic substitutes. These alloys are also
biocompatible, owing to surface modification, and are considered
a suitable contrast agent for biological applications. On the other
hand, the use of these alloys in conventional high-frequency
applications stems from their large permeability and low power
loss;6 they also have excellent catalytic properties owing to their
nickel content. Currently, the nickel-based integrated materials
are fabricated with relative ease by using conventional

approaches such as Ni@Al2O3,
7 NiPt3,

8 and NiOX
9 nanocrystals

(NCs). In these studies, nickel was used as a serviceable element
for preparing multifunctional materials owing to its natural
magnetic transition and possible catalytic properties. In the
electrical or physical chemistry approaches, ferromagnetic
materials can be considered possible multifunctional materials.
In fact, the ferromagnetic materials exhibit high initial
permeability even under a low magnetic field, which leads to
increasing permeability with increasing saturation magnet-
ization.10,11 Furthermore, the excellent catalytic and magnetic
properties of the nickel composites stem from their nickel
components.12,13 Developing biocompatible FeNi NCs for new
magnetic substitutes in applications is therefore essential.
However, synthesis of monodispersed FeNi NCs remains

quite challenging, although FeNi NCs with the desired size and
shape have been obtained.14−16 G. Viau et al.17 prepared
spherical FeNi NCs that are a few hundred nanometers large, via
a nucleation and growth process in polyols solvent. Furthermore,
Moghim et al.14,15 obtained FeNi nanocubes and nanocages
through a surfactant-free electrochemical method, by manipulat-
ing the growth kinetics of a bimetallic system. However,
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preparing NCs via synthetic approaches is complex and typically
results in uncontrollable size or morphology of the NCs. In
particular, long-term chemical stability and biocompatibility in
biological applications were not achieved since the modification
of the NC resulted in amphiphilic ligand encapsulation;18−20 this
encapsulation led to low exchange efficiency, owing to inefficient
interaction between the NC and the small molecules, and further
modification led to significantly reduced exchange ratios.21−24 In
addition, hydrophilic surface modification of natural molecules
such as amino acids and peptides has scarcely been studied.
Amino acids and peptides are significantly better biocompatible
substitutes than other molecules such as 3,4-dihydroxyhydrocin-
namic acid (DHCA),25 poly(acrylic acid), and poly-
(allylamine).26 Therefore, it is necessary to find the facile
synthesis of FeNi NCs and the efficient procedure for
constructing the biocompatible substitutes, which includes a
convenient surface modification mechanism.
To address these obstacles, we present an efficient strategy to

prepare FeNi NCs with a mean diameter of less than 20 nm in a
low polarity solvent, in which the obtained NCs exhibited high
magnetization with negligible hysteresis and coercivity value.
The surface of the NCs can be modified with biocompatible
hydrophilic biomolecules such as cysteine (Cys), 5-aminovaleric
acid (5AA), and glutathione (GSH). Owing to the excellent
hydrophilic property and functionality of the exchanged
biomolecules, the surface modification of the NCs can be easily
formatted in aqueous solutions at room temperature (RT);
different from other works, there is no use of amphiphilic
molecules or additional heating conditions for formatting the
hydrophilic monolayer. After modification with hydrophilic
molecules through ligand exchange procedures, the resulting
FeNi NCs exhibit high solubility in water media and
physiological solutions. These NCs are apparently nontoxic in
vitro to a series of cell lines, as confirmed by the results of an in
vitro toxicology evaluation that revealed negligible toxicity of the
modified NCs up to concentrations of 50 μg/mL. This indicates
the significant potential of biocompatible FeNi NCs for use as a
new type of magnetic contrast agent.

2. EXPERIMENTAL SECTION
2.1. Materials. Iron(III) acetylacetonate (Fe(acac)3), nickel(II)

acetylacetonate (Ni(acac)2),N,N-dimethylformamide (DMF 98%), 1,2-
dihydroxy dodecane (95%), oleylamine (OLA, 98%), n-octadecylamine,
oleic acid, toluene (98%), diphenyl ether (DE), polyethylene glycol
(PEG, Mw 15 000, 95%), 5-aminovaleric acid (5AA, 98%), cysteine
(Cys, 98%), and glutathione (GSH, 98%) were purchased from Sigma-
Aldrich. All the reagents and solvents obtained from commercial
suppliers were used without further purification. In addition, cells such
as the adenocarcinoma cell (AGS, human stomach cell), hepatoblastoma
cell (HepG2, human liver cell), osteosarcoma cell (MG63, human bone
cell), carcinoma cell (NCI-H460, human lung cell), and melanoma cell
(SK-MEL-2, human skin cell), as well as a tumor cell line, were all
obtained from the American Type Culture Collection (Rockville, MD).
All cells were maintained in a humidified incubator at 37 °C under 5%
CO2 atmosphere. Penicillin and streptomycin for cell cultures were
purchased fromHyclone Laboratories Inc. (Logan, UT). NaH2PO4 with
citric acid (pH = 2.3−8.0) and NaH2PO4 with sodium hydroxide (pH =
8.9−12) were used as buffer solutions.
2.2. Synthesis of the Bimetallic FeNi NCs. FeNi NCs capped with

oleic acid were prepared via the coprecipitation method. Fe(acac)3 (0.75
mmol, 0.265 g) and Ni(acac)2 (0.5 mmol, 0.129 g) were weighed out
and transferred to a reaction flask; 1,2-dihydroxy dodecane, (1.5 mmol,
0.303 g), n-octadecylamine (5 mmol, 1.64 g), and oleic acid (5 mmol,
2.1 mL) were added to the reaction mixture containing 25 mL of DE
(diphenyl ether) solvent. Using a 99% N2 gas, the resulting mixture was

degassed for 20 min at room temperature. The mixture was then heated
to 100 °C, held at temperature for 10 min, heated to 260 °C, refluxed for
120min, and subsequently cooled to room temperature by removing the
heat source. Thereafter, the product of the reaction was handled in air.
The product was collected and precipitated using absolute isopropanol
(40 mL), washed three times using a mixture of toluene and methyl
alcohol, and subsequently dispersed in toluene. The reactions were all
performed under a flow (1000 mL/min) of 99% N2 gas, using the
standard Schlenk line technique.

2.3. Preparation of Water-Soluble FeNi NCs (Modified by
Using Biocompatible Molecular Cys, 5AA, and GSH). The oleic-
acid-modified NCs were repeatedly washed with a mixture of hexane
and ethanol (volume ratio 1:1) in order to remove the excess chemical
from their surface. The NCs were then dried under vacuum and added
to a 41 mL aqueous solution containing 0.1 M L-GSH. After a 10 min
ultrasonic treatment, the NCs dissolved completely and formed a light
black-brown solution. The 5AA- and L-Cys-modified NCs were
prepared in the same manner. Prior to mixing the ligand water solution
with the dried NCs, the pH value of each solution was adjusted to
approximate values of 11.00 (L-GSH), 11.30, and 10.00 for the L-GSH-,
L-Cys-, and 5AA-modified NCs, respectively. An ∼1 h ultrasonic
treatment resulted in well-dispersed colloidal solutions.

2.4. Fluorescence-Activated Cell Sorting (FACS) Analysis of
Different Human Cells Attached to NCs (Cys-, 5AA-, and GSH-
FeNi NCs). The NCs were stained with fluorescein diacetate (FDA,
F7378, Sigma-Aldrich, St. Louis, MO) in order to determine the
adhesion ability of living cells. FDA (3′,6′-diacetyl-flurescein), as a
nonfluorescent, white hydrophobic substance, is hydrolyzed in the
cytoplasm through the cell membrane, by the cytoplasmic lipase
stemming from metabolic responses, and it exhibits green fluorescence
(Stubberfield and Shaw, 1990). After discarding the medium, the cells
were washed twice with phosphate bufere saline (PBS), and the treated
FDA stock solution (5 mg FDA/1 mL acetone) was diluted with PBS
(1:100) and incubated for 15 min at 37 °C. A fluorescence microscope
(Eclipse TS100, Nikon, Japan) was used to examine the morphology of
the cells at an excitation wavelength of 488 nm. These cells were exposed
to deionized water (control) and various concentrations of modified
FeNi magnetic NCs (0, 25, and 50 μg/mL) for 1, 3, and 5 days. The cells
were harvested using trypsinization and 100 μL of cell suspensions for
20 min using MuseTM Annexin-V and dead cell reagent, in the dark.
The Annexin-V/7-AAD positive cells were then examined with a
MuseTM Cell Analyzer (MerckMillipore, Germany). Annexin-V
stained cells were marked for early apoptotic only, and those double-
stained with Annexin-V and 7-ADD were marked for late apoptotic.

2.5. Cell Culture and Cell Viability Assay. The HepG2 human
hepatoblastoma, MG-63 human osteosarcoma, SK-MEL-2 human
melanoma, AGS human gastric adenocarcinoma, and NCI-H460
human lung carcinoma cell lines were all obtained from the Korean
Cell Line Bank (Seoul, Korea). TheHepG2, MG-63, and SK-MEL-2 cell
lines were maintained for 24−36 h in Eagle’s Minimum Essential
Medium (MEM, Hyclone, Logan, UT) containing 10% fetal bovine
serum (FBS, Hyclone), 100 IU/mL of penicillin, and 100 μg/mL of
streptomycin. The AGS cell line and NCI-H460 cell lines were cultured
in RPMI 1640 (Hyclone) supplemented with 10% FBS (Hyclone), 100
IU/mL of penicillin, and 100 μg/mL of streptomycin. All cells were
maintained in a humidified incubator at 37 °C under 5% CO2
atmosphere. Cell viability and apoptosis were measured via a Muse
Cell Analyzer (PB4455ENEU, Millipore Co., Billerica, MA). The cells
were stained in accordance with the manufacturer-recommended
method and were measured using fluorescence signal analysis
equipment. The prepared cells were suspended to final cell
concentrations of 1 × 10 5 cells/mL in the medium. For the cell
viability analysis, 20 μL of suspended cells were stained with 380 μL of
Muse Count and Viability Reagent (MCH100102, Millipore Co.) and
incubated for 5 min at room temperature; each cell was subsequently
analyzed. For apoptosis and necrosis analysis, 100 μL of suspended cells
were stained with 100 μL of Muse Annexin V and Dead Cell Reagent
(MCH100105, Millipore Co.) and incubated for 20 min at room
temperature; each cell was then analyzed. After confluence of the cells
was achieved, the cells were exposed to various concentrations (0, 25,

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03952
ACS Appl. Mater. Interfaces 2015, 7, 15522−15530

15523

http://dx.doi.org/10.1021/acsami.5b03952


and 50 μg/mL) of Cys-, 5AA-, and GSH-modified FeNi NCs for 1, 3,
and 5 days. In order to evaluate the dose-dependent effects, varying
concentrations (0, 25, 50 μg/mL) of an aqueous solution of Cys-FeNi,
5AA-FeNi, and GSH-FeNi were applied for various growth periods
(days) to each cell line.
2.6. Characterization. Transmission electron microscopy (TEM)

and high-resolution (HR) TEM imaging were performed using a
Hitachi-7600 (Japan) electron microscope to which a CCD camera
(1350 × 1040) is attached; an accelerating voltage of 200 kV was used
for imaging. Moreover, XRD analysis was carried out using an X-ray
diffractometer (Empyrean series-2, Cu Kα radiation.). Ultraviolet
(UV)−visible (vis) absorption and Fourier transform infrared (FT-
IR) spectra were obtained using a Scinco S310 (Korea) and a JASCO,
FT-IR 6300, respectively. The zeta potential of the samples was
determined by using a 90 Plus Nanoparticle Size Analyzer (Zetasizer
nano-ZS, Malvern Instruments Ltd.) in the 90° backscattering mode.
Furthermore, the weight stability at high temperature was examined via
thermogravimetric analysis (TGA N-1000, Korea) by heating the NCs
at a rate of 15 °C per min under a nitrogen atmosphere. The

corresponding magnetic properties were determined with a SQUID
(superconducting quantum interference device, America) at 300 and 5
K in a field of up to 3 T, for sensitivity, field range, and temperatures of
10−8 emu, −7 to +7 T, and 1.7−400 K, respectively. Each sample was
adjusted to a concentration of 0.05% (wt/v) in 0.01 M NaCl solution.
Flow cytometry was performed on a BD FACsCalibur flow cytometer
(BD Biosciences, Franklin Lakes, NJ). Linear sweep voltammetry was
conducted by using an Iviumstat Electrochemical Interface (three
reference electrodes method, Netherlands).

3. RESULTS AND DISCUSSION

3.1. Preparation of Bimetallic Magnetic FeNi NCs and
Phase Transfer Works for Surface Modification Pro-
cesses. Colloidal iron−nickel (FeNi) NCs were synthesized by
dissolving an appropriate metal precursor mixture reagent (Fe3+,
Ni2+) and oleic acid (OA) stabilizer in organic solvent and then
heating this solution using carefully controlled temperature

Figure 1. (a−f) Before the ligand exchange procedures, representative TEM images show the resulting FeNi NCs with sphere (a−c) and nonsphere
shapedNCs during the heat-up synthesis procedure. After the ligand exchange procedures, the typical TEM images are shown for (g) Cys-FeN (16.24±
2.4 nm, based on 300 counts), (h) 5AA-FeNi (17.14 ± 3.1 nm, based on 214 counts), and (i) GSH-FeNi (14.54 ± 2.7 nm, based on 288 counts),
respectively. Inset image shows the size distribution of each sample.
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programs. The obtained FeNi NCs showed the slight difference
in formatting NCs during the growth processes. The
morphology was analyzed by transmission electron microcopy
(TEM, Figure 1), and the size is nearly about ∼10.3 ± 0.6 nm.
The resulting morphology of FeNi NCs can be influenced by
changing the molar ratio of metal precursors and surfactants. The
nonspherical NCs were fabricated through decreasing the
amount of OA in synthesis work, indicating the influences in
the organic complex process. With control of the well dispersion
of colloidal solution during the ligand exchange process, the
quantity of NCs can be relatively decreased and can ensure the
whole ligand function acted completely. The insets show the size
distribution and mean diameter of the FeNi NCs after the ligand
exchange by using Cys, 5AA, and GSH (Figure 1g−i).
Furthermore, the strong scattering power and small lattice
parameter of the FeNi structure enabled high-resolution TEM
(HRTEM) analysis of the internal structure of a single NC
(Figure 1c,f). This analysis revealed the formation of an ordered
structure, which indicated that highly crystalline FeNi was
successfully synthesized. Elemental mapping was used to further
investigate spherical and nonspherical FeNi NCs, respectively.
Supporting Information Figures S1 and S2 show the high angle
annular dark field (HAADF)-STEM image of several represen-
tative FeNi NCs and the corresponding mapping of Fe and Ni
compositions. Supporting Information Figure S3 shows the HR-
TEM images of Cys-FeNi, 5AA-FeNi, and GSH-FeNi NCs,
respectively. Despite the limited sensitivity of the mapping
technique, the elemental analysis distribution within each
nanoparticle indicates that the iron−nickel alloyed structure is
formed completely as reflected in crystalline material. The X-ray

diffraction (XRD) pattern of the FeNi NCs is shown in
Supporting Information Figure S4. FeNi NCs, which have a
diameter of 10.3 nm, exhibit two representative diffraction peaks,
corresponding to the (111) and (200) planes. Moreover, the
narrow size distribution during the phase change is attributed to
the homogeneous distribution and lack of negative effect on the
inorganic nanomaterials during the substitution of the surfactants
attached to the particle surface.
Cys-, 5AA-, and GSH-capped FeNi NCs are prepared, as

shown in Scheme 1. The high surface packing density of the
water-soluble surfactant has a significant effect on the attainment
of effective antibiofouling surfaces.27 To achieve high molecular
graft density, many anchor sites are required for functional
branches. In our studies, Cys, 5AA, and GSH are used as the
exchange ligands owing to their robust collective coordination to
the surface of the FeNi NCs through chemical bonding linkage.
The modified nanoparticle can also be completely dispersed in
aqueous media. The pH of the colloidal solutions was controlled
in order to ensure sufficient chemical bonding linkage between
the NC surface and the functional groups of the molecules. The
linkage efficiency was improved by redispersing the predried
FeNi nanopowders in the solvent consisting of the completely
dispersed surfactant. These NCs were then covered by
polyethylene glycol (PEG), which enhanced the stability of the
nanocompounds.28,29 The resulting colloidal NCs were sub-
sequently transferred from water to N,N-dimethylformamide
(DMF), and then removed from the water under vacuum and
dissolved in the DMF. Functionalized colloidal NCs were, finally,
obtained after removing the unconjugated functional groups of
hydrophilic molecules through further purification. After the

Scheme 1. Illustration of the Procedure Giving Rise to Biocompatible FeNi Nanoparticles by Surfactant Exchange Using
Hydrophilic Molecules (Cysteine, 5-Aminovaleric Acid, and Glutathione) and Polyethylene Oxide

Figure 2. (a) Dynamic light scattering (DLS) size distribution of OA-FeNi, Cys-FeNi, 5AA-FeNi, and GSH-FeNi. (b) Zeta potential analysis of the pH-
dependence of FeNi NCs after modification with Cys, 5AA, and GSH, respectively.
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phase transfer, the Cys-FeNi, 5AA-FeNi, and GSH-FeNi NCs
have average sizes of 16.24 ± 2.4 nm (based on 300 counts),
17.14 ± 3.1 nm (based on 214 counts), and 14.54 ± 2.7 nm
(based on 288 counts), respectively. These sizes correspond
closely to the TEM results; i.e., after linking with different
molecules in water, the bell curve representing the diameter
distribution of NCs indicates that successful phase transfer
occurred, without agglomeration. The increased diameter of the
NCs after the attachment of various functional groups resulted
possibly from the formation of ligand layers; i.e., the size
difference can be attributed to the surfactant layers attached to
the particle surface. Furthermore, hydrodynamic diameters of
14.3± 2.2 nm (Cys-FeNi), 15.2± 1.9 nm (5AA-FeNi), and 16.1
± 1.8 nm (GSH-FeNi) were determined via dynamic light
scattering (DLS) analysis of the NCs in an aqueous medium
(Figure 2a). The resulting FeNi NCs show the mean diameter
about 11.4 ± 1.4 nm (OA-FeNi) once dispersed in organic
solvent (toluene). It shows the slight increase from the diameter
information and which can be ascribed to the factor of light
scattering. The surface charge properties of Cys-, 5AA-, and
GSH-FeNi were evaluated by measuring the zeta potentials as a
function of the pH value (Figure 2b). As the figure shows, the
NCs (Cys-, 5AA, or GSH-FeNi) exhibit both negative (pH = 7−
12) and positive (pH = 3−7) values. The difference in the zeta
potential of the NCs can be attributed to the gradual ionization of
the carboxylic groups (or amino group) on their surface. In
addition, the surface modification of the NCs shows that the
electrokinetic behavior depends on the surface charge stemming
from the adsorption of surface-active agents;30 this surface charge
developed between the surfactants andNCs in various pHmedia.
Under various pH conditions, the water dipoles may orient at the

interface between the NCs and the functional group, thereby
creating a potential difference of ions or excess electrons in one
or both phases. This potential difference results in a nonuniform
distribution of electric charges between the different phases.31,32

Therefore, the development of surface charge during surface
modification can be attributed to the adsorption of ions after the
solvent dissociates. The ionization of functional groups during
surface modification also contributes to the surface charge.33

These have a neutral surface potential in physiological environ-
ments which would lead to a longer term body fluid circulation,
owing to their weak electrostatic interaction with proteins,
compared to the charged NCs.34 Moreover, the ligand exchange
can be established via hydrophilic groups.

3.2. Characterization of UV−Vis Absorption, FT-IR,
TGA, SQUID, and Catalytic Properties. Owing to the
colloidal solution being well-dispersed at room temperature
(RT), the UV absorption spectra reflect the NCs’ dispersed
status in Figure 3a; the inset digital image shows that NCs are
well-dispersed in the water media without aggregated precip-
itation. In addition, the stability of the modified NCs is
monitored by measuring the zeta potential in DI water and
PBS solution, respectively. Values of zeta potential show the
approximate equivalence which indicates that NCs keep high
stability even in different solvent and after long cultivation time
(Figure 3b,c). As it appeared from the above details, this stability
can be ascribed to effective phase-transfer work and surface
polymerization by using PEG for enhancing hydrophilic
property. The covalent linkages with different ligand-modified
NCs were confirmed via Fourier transform infrared (FT-IR)
spectroscopy (Figure 3d). The absence of distinct IR peaks
corresponding to the−SH group (2520 cm−1) indicated that the

Figure 3. (a) UV−vis absorption spectra of colloidal solutions of the FeNiNCs before and after the phase transfer. Inserted digital photographs show the
OA-, Cys-, 5AA-, and GSH-capped FeNi NCs (from left to right). (b) Zeta potential of the NCs (Cys-, 5AA-, and GSH-FeNi) incubated in DI water and
PBS (buffer solution, pH = 7.4, 0.1 M), respectively. (c) Time-dependent zeta potential curves of Cys-, 5AA-, and GSH-FeNi, which were incubated in
water. (d) FT-IR spectra of Cys-, 5AA-, and GSH-FeNi NCs for wavenumbers 500−4000 cm−1. The marked peaks correspond to the primary amine
group (3317 cm−1), main carbon chain (2890 cm−1), and carboxylic group (1751 cm−1).
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NCs were strongly linked to Cys and GSH, respectively, during
the phase transfer. Carboxylic and amino groups are present on
the surface of the FeNi NCs. However, the −SH vibration is
absent from the spectra, and hence from the surface of the Cys-
and GSH-capped FeNi NCs. This absence stems possibly from
the covalent bonding of thiol to the NC surface.35 Under alkaline
conditions, 5AA stabilized the NC surface through linkage with
carboxylic groups via electrostatic interaction in the form of
electrical adsorption on the NC surface. Moreover, the low
intensity of the IR peaks corresponding to the NH2 groups (3317
cm−1) results from the covalent bonding of the NH2 group to the
surface of each NC. The absorption band at 2890 cm−1, which
appears in all the spectra, is attributed to the stretching vibration
mode of the main carbon chains of the surfactant. In addition, the
functional groups of each biocompatible molecule were detected
in the spectra (Supporting Information Figure S5); i.e., IR
absorption bands of −COOH, −NH2, and −SH were observed
at 1751, 3317, and 2520 cm−1, respectively. Therefore, FT-IR
characterization confirmed that the hydrophilic function groups
were successfully linked to the FeNi NCs. Thermogravimetric
analysis (TGA) of the modified FeNi NCs (Cys-, 5AA-, GSH-

NCs) was performed by heating the NCs from RT to 800 °C at a
heating rate of 15 °C min−1. The weight percentage of organic
moieties on Cys-FeNi, 5AA-FeNi, and GSH-FeNi are ∼13.5%,
11.5%, and 15.3%, respectively. As Supporting Information
Figure S6 shows, the Cys-FeNi NCs experience major (11.7%)
mass loss at temperatures of 275−400 °C, which is attributed to
the pyrolysis of Cys and the residual oleic acid ligands on the
surface. Similarly, the 5AA-FeNi and GSH-FeNi exhibited
significant mass losses of 9.7% (288−400 °C) and 14.7%
(307−396 °C), respectively. The mass loss of each NC resulted
from ligand exchange and PEG modification. As such, the mass
loss was divided into two regimes corresponding to ligand and
PEG decomposition, respectively. The ligands and PEG
molecules decompose at respective temperatures of ∼270 and
360 °C.
To evaluate the saturation magnetization at 300 K, the

magnetizations of the FeNi NCs before the phase transfer were
determined as a function of the external magnetic field (Figure
4). The OA-FeNi NCs exhibited excellent magnetic properties
and negligible hysteresis. The maximum magnetization of OA-
FeNi NCs reached 88 emu g−1 between the magnetization range

Figure 4.Magnetization (M) as a function of field (H) for FeNi NCs modified by different molecules: (a) OA-FeNi, (b) Cys-FeNi, (c) 5AA-FeNi, and
(d) GSH-FeNi at 300 K. (e) Linear sweep voltammetry (LSV) polarization curves of Cys-, 5AA-, and GSH-FeNi NCs in nitrogen-purged 2 M KOH
solution. Scan rate: 2 mV s−1.
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from −3 to +3 T at 300 K (Figure 4a), and their ferromagnetic

behavior resulted in relatively coercivity ∼0.015 T (5 K) and

∼0.037 T (300 K) in Supporting Information Figure S7. As

expected, the modified NCs exhibit excellent magnetic proper-

ties at room temperature (300 K), in which each value of the

maximum magnetization was 80.7, 79.8, 80.4 emu g−1 for Cys-,

5AA-, and GSH-FeNi NCs (Figure 4b−d). Notice that these

values are only slightly lower than that of the OA-FeNi NCs.

Figure 5. Relative cell viability of different cell lines [(a) AGS, (b) HepG2, (c) MG63, (d) NCI-H460, (e) SK-MEL-2] exposed to two different
concentrations of modified FeNi NCs for 5 d (S0, control; S1, Cys-FeNi, 25 μg mL−1; S2, Cys-FeNi, 50 μg mL−1; S3, 5AA-FeNi, 25 μg mL−1; S4, 5AA-
FeNi, 50 μg mL−1; S5, GSH-FeNi, 25 μg mL−1; S6, GSH-FeNi, 50 μg mL−1).

Figure 6. Representative fluorescence microscopy images of AGS, HepG2, MG63, NCI-H460, and SK-MEL-2 cells, which were treated by using 50 μg/
mL colloidal solutions (Cys-FeNi, 5AA-FeNi, and GSH-FeNi NCs) after 5 days, in preparation for biocompatibility measurements. The scale bar in the
inset corresponds to 20 μm.
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Furthermore, owing to the unaccounted weight of the capping
layer,36 iron−nickel NCs are notable in that the resulting changes
from the structural component influence permeability under
strong magnetic field. The exhibited Hc and μa cannot be
reversed by electric/magnetic or degaussing processes. For
instance, the measurement of magnetization at high temperature
can restore the initial properties, similar to the value that was
obtained after thermal annealing treatment. In addition, the
electrocatalytic activity of the modified NCs (Cys-, 5AA-, and
GSH-FeNi NCs) during hydrogen evolution reaction (HER)
was investigated in a 2 M KOH solution by using a standard
three-electrode testing system. Figure 4e shows the linear sweep
voltammetry (LSV) polarization curves of the NCs. The figure
reveals overpotentials of −0.47, −0.44, and 0.15 V, which
correspond to currents of 105.7, 97.8, and 209 mA for the Cys-,
5AA-, and GSH-FeNi NCs, respectively. The difference in the
HER catalytic measurement stems from our use of various
hydrophilic surfactants for surface modification.37 Moreover, the
hydrogen bubbles formed can be easily detached from the
integrated work electrode surface, thereby resulting in increased
resistance owing to a decrease in the number of available active
sites on the surface of the NCs. The significantly different current
and voltage of the GSH-FeNi NCs, compared to those of the
other two NCs, result from the active sites and structure of the
fully integrated composites. These attributes lead to increased
catalytic property and decreased resistance during the catalytic
reactions. Owing to its active sites, GSH-FeNi exhibits better
catalytic properties than those of the other two NCs.38 This
clearly demonstrates the catalytic activity of the modified NCs
during HER, where different electrocatalytic effects occur owing
to a series of integrated hydrophilic materials. This resulted in
increased reactivity of the sites after the surface modification and
also enhanced electrocatalytic activity of the NCs.39,40

3.3. Biocompatibility Measurement. The biocompatibil-
ity of these bimetallic FeNi NCs was evaluated via cell viability in
the form of NCs-integrated-growth with different cell lines
(AGS, HepG2, MG63, NCI-H460, and SK-MEL-2) for various
cultivation times and colloidal concentrations (Figure 5). The
cell viability in the presence of three types of modified NCs
(Cys-, 5AA-, and GSH-FeNi NCs) exhibited excellent adaptation
to various cells during 5 days of cultivation time. In fact, the cell
exhibited >87% viability at concentrations of up to 50 μg mL−1,
indicating high biocompatibility. Most of the macrophages
incubated with NCs were stained green, implying that the NCs
were readily phagocytosed by these five cell lines and would
remain predominantly in the cytoplasma for almost 5 days. As
such, the NCs can be considered nontoxic magnetic candidates
owing to the nature of the chemical modification (Figure 6).41−43

Furthermore, microscopic observation of the treated cells
revealed that the morphological changes of the FeNi NC groups
with varying concentrations differed only slightly from those of
the control group. Moreover, microscopic observation of the
modified FeNi-NC-treated cells showed that, compared with
that of the control group, the colloidal stability of the respective
NCs changed only slightly after the 5 days of treatment
(Supporting Information Figure S8). Therefore, the modified
FeNi NCs constitute nontoxic candidates for the five types of cell
lines. The optical images (optical microscopy images and
fluorescence microscopy images) of 3 day cultures are shown
in Supporting Information Figures S9 and S10, respectively.

4. CONCLUSION
A practical and effective strategy was demonstrated for
synthesizing magnetic FeNi NCs. Through surface modification
using different hydrophilic molecules (Cys, 5AA, and GSH), the
obtained NCs were applied as a safe highly biocompatible
magnetic substitute. This demonstrates the solubility and
stability in aqueous media, the net neutral surface in physiological
environments, consistent magnetic properties, and catalytic
property of the NCs. In the in vitro experiment, the FeNi NCs
exhibited excellent biocompatibility and magnetic properties.
Therefore, low doses of these NCs should be highly efficient in
magnetohyperthermia and magnetism-induced imaging applica-
tions. The scheme described in this work constitutes an effective
method for preparing new types of biocompatible material
candidates, which have significant potential for use in
applications such as magnetic contrast agents.
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