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nanoparticles averaging 14 nm in size were produced 
and displayed good colloidal stability and high mag-
netic saturation up to 130  emu/g. Iron nanoparticles 
were coated with 1,2- distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy- (polyethylene gly-
col)-2000] (ammonium salt) (DSPE-mPEG) polymer 
to increase biocompatibility and showed low cytotox-
icity. The nanoparticles reported display high poten-
tial for magnetic imaging and magnetic hyperthermia 
applications.

Keywords Iron nanoparticles · Magnetic particle 
imaging · Magnetic hyperthermia · Core–shell 
structure

Introduction

Magnetic nanoparticles (MNPs) have been exten-
sively studied for various biomedical applications as 
theranostic agents, drug delivery systems, and biosen-
sors [1–3]. Among such biomedical applications, uses 
of MNPs for magnetic imaging applications includ-
ing magnetic resonance imaging (MRI) and magnetic 
particle imaging (MPI) are of particular interest. MRI 
has become a powerful tool to accurately diagnose 
and treat diseases. MRI offers excellent depth pen-
etration and spatial resolution, making it one of the 
most commonly used diagnostic imaging tools [4–6]. 
Gadolinium (Gd) based contrast agents are among 
the most commonly used MRI agents. However, in 
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ONs) are the standard magnetic materials used for 
magnetic based imaging and hyperthermia therapeu-
tics due to their good magnetic properties, biocompat-
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of iron-based nanoparticles for such applications can 
be achieved by creating nanoparticles that possess a 
pure iron core. Therefore, this study investigates a 
one-pot synthesis of superparamagnetic iron core–
shell nanoparticles using a thermal decomposition 
of iron pentacarbonyl. Reaction time and surfactant 
quantities were modified to investigate possible size, 
shape, and dispersion variations. Characterizations 
included transmission electron microscopy, x-ray dif-
fraction, Mössbauer spectroscopy, vibrating sample 
magnetometry, zeta potential, and cytotoxicity stud-
ies. From this method, core–shell, monodispersed 
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2006, Gd based contrast agents were shown to cause 
nephrogenic systemic fibrosis in patients experienc-
ing chronic kidney disease [3, 7, 8]. Therefore, super-
paramagnetic iron oxide nanoparticles (SPIONs) have 
been increasingly used as a safer alternative for  T2 
contrast agents [9].

Compared to MRI, MPI is a newer imaging modal-
ity that was proposed in the early 2000s by Gleich and 
Weizenecker [10, 11]. The signal for MPI is derived 
from the electronic magnetization of SPIONs, which 
allows the signal to be 22 million times stronger than 
MRI’s nuclear magnetization of water in a 7 Tesla 
field [12]. The tracers create a positive contrast in 
the image, similar to positron emission tomography 
(PET) and single-photon emission computed tomog-
raphy (SPECT) [11, 13]. MPI offers increased depth 
penetration, no radiation, no background signal from 
tissues, and allows for real-time quantitative analy-
sis of cells [14, 15]. Currently, SPIONs between 
20–30  nm in size, coated with a polymer, have dis-
played good MPI results [16, 17]. In addition, current 
FDA approved iron oxide nanoparticles such as Feru-
carbotran (Resovist ®, Bayer Healthcare) and Feridex 
® (Fermuoxides, Berlex Laboratories) used for MRI 
applications have been used for MPI applications 
[12]. However, the magnetic saturation values of SPI-
ONs used for MPI and MRI applications only reaches 
to around 70  emu/g [18]. In order to obtain higher 
signal intensity and spatial resolution in MPI, and 
good contrast in MRI, the MNPs used should possess 
higher magnetic saturation values, while continuing 
to be superparamagnetic [19].Utilizing pure iron nan-
oparticles (FeNPs) for magnetic imaging applications 
could assist in achieving improved sensitivity for 
MRI applications and resolution for MPI applications 
when compared to SPIONs currently used. Indeed, 
pure iron possesses higher magnetic saturation per 
unit volume compared to iron oxide [20]. Therefore, 
studies in creating metallic iron nanoparticles for 
MRI and MPI applications are needed.

Synthesis of monodisperse iron nanoparticles 
(FeNPs) have been previously reported, with thermal 
decomposition of various metallic precursors being 
the most favored. Effectively, when compared to other 
synthetic processes, thermal decomposition of orga-
nometallic precursors often yields monodispersed, 
spherical particles with superparamagnetic proper-
ties. Thermal decomposition using organo-metallic 
precursors such as iron bis(trimethylsilyl)amides 

(Fe[N(SiMe3)2]2) [21], iron oleates  (C18H33FeO2
−) 

[22], iron (III) acetylacetonate [Fe (acac)3] [23], and 
Iron cupferronates [Fe(III)(Cup)3] Cup = N-nitros-
ophenylhydroxylamine) [24] are among those stud-
ied. However, decomposition of iron pentacarbonyl 
[Fe(CO)5] is one of the most common pathways 
[25–29]. Therefore, in the present study, an investiga-
tion in the synthesis and characterization of iron nan-
oparticles using this particular method was performed 
to obtain iron nanoparticles which may find applica-
tion in magnetic resonance imaging and magnetic 
particle imaging applications. Variations in the reac-
tion time and initial surfactant amounts were studied 
to determine if such parameter variations affected the 
particle size, shape, and distribution.

Materials and methods

Chemicals Iron (0) pentacarbonyl 
[Fe(CO)5 > 99.99%], hexadecylamine (HDA, 98%), 
oleic acid (90%), 1-octadecene (90%), diethylether 
(anhydrous, ≥ 99.0%), pentane (anhydrous, ≥ 99%), 
tetrahydrofuran (THF, ≥ 99.9%), hexanes, oleylamine 
(70%), chloroform, 1,2- distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy- (polyethylene gly-
col)-2000] (ammonium salt) (DSPE-mPEG), and 
aqueous hydrochloric acid (HCl, 37%) were pur-
chased from Sigma Aldrich. Anhydrous ethanol was 
purchased from Decon Labs.

Synthesis of  HDA.HCl Synthesis of hexa-
decylamine-hydrochloride  (HDA.HCl) was performed 
a day before FeNP synthesis by referencing a pro-
cedure described by Dash et  al., [27]. First, 0.488 g 
of HDA was dissolved in 100  mL of pentane and 
stirred with a magnetic stir bar. A mixture of 250 μl 
of HCl in 30 mL diethylether was slowly poured into 
the HDA-pentane solution and stirred for 1 min 30 s. 
The resulting white precipitate was gravity filtered 
through Whatman filter paper and washed three times 
with 20  mL of tetrahydrofuran by centrifugation at 
9000 RPM in a Beckman Coulter C0650 fixed-angle 
rotor for 5 min. The resulting white product was dried 
in a vacuum oven overnight at 30 °C.

Synthesis of FeNPs Initially, 0.2779 g of  HDA.HCl 
was dissolved in 0.084 mL of oleylamine, 0.207 mL 
oleic acid, and 20 mL of 1-octadecene in a 100 mL 
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four-neck round-bottom flask. The solution was 
stirred with a magnetic stir bar and vacuumed and 
purged with Argon gas 3 times under a Schlenk line. 
The solution was heated to 120 °C and held for 2 h. 
The temperature was then raised to 180 °C at a 2 °C/ 
min rate and 0.7 mL of Fe(CO)5 was directly injected 
into the solution. The solution turned black upon 
injection and a yellowish-green gas formed inside the 
flask. The solution was stirred for 90 min at 180 °C 
and then cooled to room temperature. A permanent 
magnet was placed at the bottom of the flask and the 
liquid solution was removed after decantation, leaving 
the collected nanoparticles on the magnetic stir bar. 
Hexane was used to collect particles from the mag-
netic stir bar. The particles were washed with 60 mL 
of 200 proof absolute ethanol by centrifugation three 
times at 8000 rpm for 10 min. Half of the total yield 
was dispersed in 5  mL of chloroform and kept in a 
refrigerator for subsequent PEG coating; the other 
half was dried into powder and stored in an Argon 
atmosphere glovebox for further characterization.

From the original procedure, quantities of oleylamine 
and oleic acid (OAm/OA) were varied to determine 
if the overall amount of OAm and OA to iron pen-
tacarbonyl affected the size or shape of the particles. 
Varying amounts of OAm/OA tested included 1.5x, 
2x, and 3 × the original starting amounts and were 
compared to the original 1 × amount. The reaction 
time and temperature after Fe(CO)5 injection was 
kept consistent with a 90 min reaction time at 180 °C.

In addition, various reaction times of the initial 
synthesis were performed to investigate possible 
effects on particle size and crystallinity. The ini-
tial synthesis of HDA∙HCl and FeNPs was the same 
except for the reaction time after the Fe(CO)5 was 
injected. These reaction times were 30 min, 60 min, 
80 min, 90 min, and 24 h.

DSPE‑mPEG coating Iron nanoparticles were 
coated with 1,2- distearoyl-sn-glycero-3-phosphoeth-
anolamine-N-[methoxy- (polyethylene glycol)-2000] 
(ammonium salt) (DSPE-mPEG). This Y-shaped PEG 
polymer was used to increase biocompatibility and 
colloidal stability [27, 30, 31]. 2  mL of chloroform 
dispersed nanoparticles were mixed with 0.4  mL of 
DSPE-mPEG and 9.6 mL of chloroform in a 100 mL 
round bottom flask. The solution was evaporated 
with a rotary evaporator for 1 h in a 60 °C water bath 

under vacuum. 4 mL of ultrapure water was added to 
the flask after evaporation and sonicated for 1 min to 
evenly disperse particles in water. The solution was 
pipetted into Vivaspin Turbo 15 filter tubes (Sarto-
rius) and centrifuged at 5000 rpm for 1 h to remove 
excess DPSE-mPEG from the solution. Coated parti-
cles in the filter tube were pipetted into a storage vial 
and 1 mL of ultrapure water was added to redisperse 
the particles into an aqueous medium. Particles were 
stored in a refrigerator for further cytotoxicity testing.

Characterizations Transmission electron micros-
copy, x-ray diffraction, and Mössbauer spectroscopy 
were performed on all samples. However, due to a 
lack of difference in the varied reaction time series 
results when compared to the OAm/OA series, only 
the samples from the OAm/OA series were further 
characterized with vibrating sample magnetometry, 
zeta potential measurements, and cytotoxicity studies.

Transmission Electron Microscopy (TEM) TEM 
was performed at the Vanderbilt Institute of Nanosci-
ence and Engineering (VINSE), Vanderbilt Univer-
sity. An FEI Tecnai Osiris TEM system was operated 
between 80 kV – 200 kV. Diameters were determined 
using ImageJ processing software. Around 200 nano-
particles were measured for each sample to determine 
average nanoparticles sizes and standard deviation 
values.

X‑ray Diffraction (XRD) Powder XRD measure-
ments were performed using a Rigaku SmartLab3kW 
X-ray Diffractometer with a Cu Kα X-ray source in a 
2θ range of 20° to 90°.

Mössbauer spectroscopy Powdered samples were 
loaded and sealed into Mössbauer sample cups and 
characterized at 293 K and 6 K. Mössbauer spectros-
copy experiments were performed with a 57Co source, 
a Janis SHI-850–5 cryogen-free cryostat, and Lake-
shore 325 temperature controller. Hyperfine interac-
tion parameters were analyzed using a least-squares 
fitting model with Mössbauer GenFit Software (R. S. 
Preston and D. E. Brown).

Vibrating Sample Magnetometry (VSM) VSM 
measurements were performed at the Institute for 
Advanced Materials and Manufacturing (IAMM) at 
the University of Tennessee Knoxville. Measurements 
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were performed in a ± 1000 mT field at 300  K. 
OriginLabs was used to graph and fit M-H curves and 
determine magnetic saturation values.

Zeta potential Zeta potential measurements were 
performed using a Particulate Systems NanoPlus 
Zeta/Nano Particle Analyzer on PEG coated samples 
to determine the surface charges. Analysis was per-
formed using the NanoPlus software program.

Inductively Coupled Plasma‑ Optical Emission 
Spectroscopy (ICP‑OES) An Agilent 5110 induc-
tively coupled plasma optical emission spectrometer 
at the Civil and Environmental Engineering building 
at Vanderbilt University was used for ICP-OES meas-
urements. DSPE-mPEG coated samples were tested 
prior to biocompatibility tests to calculate proper Fe 
dose concentrations. Preparation of samples followed 
SW-846 Test Method 6010. 500 μL of coated FeNPs 
dispersed in water was mixed with 2 mL of 1 M nitric 
acid and 2  mL of 37% HCl in a 25  mL volumetric 
flask. The solution was sonicated for 5  min before 
heating in an 80 °C water bath for 1 h to allow par-
ticles to fully dissolve. Whatman filter paper with a 
pore size of 0.45  μm was used to gravity filter the 
solution into a 200  mL volumetric flask. The initial 
volumetric flasks were rinsed with ultrapure water 
and poured onto the filter for the solution to drip 
into the 200 mL volumetric flask. The final solution 
was brought to the appropriate 200 mL volume with 
ultrapure water to obtain a 50  mg/L iron concentra-
tion. 10  mL of the final solution was used for final 
ICP-OES measurements.

Cytotoxicity Cytotoxicity studies were performed 
at VINSE using 4T1 murine breast cancer cell lines. 
4T1 cells were seeded into black-walled, clear-bottom 
96-well plates with cell media 24  h prior to FeNP 
introduction. 3 samples of coated FeNPs were intro-
duced to the cells that included the 1 × OAm/OA, 
2 × OAm/OA and 3 × OAm/OA samples at 4 vary-
ing doses. Serial dilutions were performed with cell 
media to create 4 doses that included 100, 50, 25, 
and 12.5 μg/mL. Cells incubated for 24 h after FeNP 
doses were introduced, and a Celltiter-Glo assay (Pro-
mega) was performed to determine cell viability.

Results and discussion

Transmission electron microscopy (TEM) images of 
samples from the varied OAm/OA series are shown 
in Fig. 1 and average particle size, iron core, and iron 
oxide shell sizes are summarized in Table 1. An aver-
age of 200 nanoparticles were measured to determine 
means and standard deviation (SD) values. A thin 
iron oxide layer is present as a lighter shell surround-
ing the darker iron core, similar to previous reports 
[32–34]. Elemental mapping to confirm the iron core- 
iron oxide shell structure is shown in Figure S1. TEM 
images of the varied reaction time series are shown in 
Fig. 2 with a summary of the iron core and iron oxide 
shell size for each sample shown in Table 2. The reac-
tion times of 30  min, 60  min, 80  min, and 90  min 
displayed similar overall particle sizes as well as iron 
core and iron oxide shell ratios. Standard deviations 
of averaged results for all samples were comparable 
to previous reports [33, 35–37]. In addition, all parti-
cles appeared to be spherical and monodispersed.

From TEM results, increasing the OAm/OA sur-
factant amounts had little effect in size and shape of 
the nanoparticles. Although no drastic size and struc-
ture changes appeared in the TEM images from the 
various OAm/OA samples, it was found that after 
synthesis, increasing the amount of surfactant made 
the particles more difficult to wash. Longer washing 
procedures were needed in order to properly wash 
all solvents and surfactants from the particles before 
further coating steps could be performed. However, 
longer washing is not optimal for the particles as the 
longer they are exposed to ambient conditions, the 
higher the likelihood that oxidation could occur. In 
addition, little variation in size and shape occurred 
when the reaction time varied from 30 to 90  min. 
Alterations in the shape of the particles began to 
occur in the 24 h reaction time sample and particles 
began to form irregular shapes and break apart.

XRD spectra of the 1x, 1.5x, 2x, and 3 × OAm/
OA samples are shown in Fig. 3a. Little difference in 
XRD spectra of the samples was found as all spec-
tra displayed characteristic α-Fe at 45, 65, and 82 
degrees (DB # 1,100,108). XRD spectra of the var-
ying reaction time series is shown in Fig.  3b. Little 
difference in XRD spectra of the 30  min, 60  min, 
80 min, and 90 min was found as each spectrum dis-
plays characteristic α-Fe peaks. However, the 24-h 
spectrum indicated peaks characteristic of ⍺-Fe and 
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small peaks attributed to either  Fe3O4 or γ-Fe2O3 at 
35, 37, 43, and 63 degrees (DB # 2,108,027). Simi-
lar iron oxide peaks were also present in the 30 min 
sample at lower intensity. Due to  Fe3O4 and γ-Fe2O3 
possessing the same cubic structure and nearly identi-
cal lattice parameters, distinguishing between the two 
from XRD analysis alone is difficult [34, 38]. How-
ever, from further Mössbauer studies, the iron oxide 
present is determined to be γ-Fe2O3.

XRD analysis agreed with TEM analysis for both 
series. All of the OAm/OA samples displayed simi-
lar XRD spectra, with distinct α-Fe peaks that can 
be attributed to the iron core of the nanoparticles. 
No oxide peaks were present, which could be due 
to the iron oxide shell possessing a small crystal-
line domain size. Therefore, significant peak broad-
ening and low signal intensity was observed, mak-
ing it difficult to discern the iron oxide peaks [39, 
40]. In addition, distinct α-Fe peaks were obtained 
for all samples in the varying reaction time series. 
However, small iron oxide peaks were present in 
the 24  h and 30  min samples. Lower intensity of 
the iron oxide peaks for the 30  min sample were 
observed compared to the 24 h sample. Due to the 
longer reaction time of 24 h, crystallinity of the iron 
oxide shell may increase compared to the 30-, 60-, 
80-, and 90-min samples as longer reaction times 
are known to increase the crystalline structure [41]. 
In addition, the oxide layer could become slightly 

Fig. 1  TEM images of 
samples from varied OAm/
OA series with mean diam-
eters ± SD displayed at the 
top left of images

Table 1  Summary of total nanoparticle size, Fe-core size, and 
iron oxide shell size of OAm/OA samples

OAm/OA 
Amounts

Average 
Particle Size 
(nm)

Fe-Core Size (nm) Iron Oxide 
Shell Size 
(nm)

1 14.4 ± 1.1 9.4 ± 1.0 2.5 ± 0.5
1.5 15.4 ± 2.6 10.3 ± 1.5 2.5 ± 0.5
2 12.8 ± 2.4 8.0 ± 0.9 2.4 ± 0.4
3 13.7 ± 2.4 8.9 ± 1.1 2.4 ± 0.4
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thicker to where XRD could begin to detect some 
presence of iron oxide.

Mössbauer spectroscopy studies were performed 
on all samples since it possesses higher sensitivity 
than XRD for distinguishing different types of iron 
components in the samples [42, 43]. Mössbauer stud-
ies were performed at 293 K and 6 K on all samples. 
Stacked Mössbauer spectra at 293  K and 6  K of all 

OAm/OA samples are shown in Fig. 4. Values from 
hyperfine fitting parameters for the 293  K and 6  K 
spectra are displayed in Tables 3 and 4 respectively. 
For the 293 K spectra, all sample spectra consisted of 
2 components, a narrow sextet, and a broad doublet 
pattern. Component 1 for all OAm/OA samples con-
sisted of a narrow sextet pattern with a hyperfine field 
between 31.5 – 34.8 T, isomer shift of 0.00 mm/s, and 
quadrupole splitting 0.00 mm/s, which is attributed to 
α-Fe. The second component includes a broad dou-
blet pattern with a hyperfine field of 0.00 T, isomer 
shift between 0.28 – 0.36 mm/s, and quadrupole split-
ting between 0.98 – 1.09 mm/s, which is indicative of 
γ-Fe2O3.

Low temperature measurements were performed 
on all of the samples to better determine the iron 
oxide component and magnetic properties. For the 
6 K measurements for the OAm/OA series, all spectra 
for the samples were similar, consisting of 2 compo-
nents, a narrow and broad sextet. Component 1 was 

Fig. 2  TEM images of samples from the varying reaction time series. The nanoparticle mean diameters ± SD are displayed at the top 
left of each TEM image

Table 2  Summary of total nanoparticle size, Fe-Core size, and 
iron oxide shell size of varying reaction time series

Reaction Time Average 
Particle Size 
(nm)

Fe-Core Size 
(nm)

Iron Oxide 
Shell Size 
(nm)

30 min 14.3 ± 1.1 9.4 ± 1.0 2.4 ± 0.5
60 min 14.2 ± 2.5 9.1 ± 0.9 2.5 ± 0.5
80 min 13.8 ± 1.0 9.0 ± 1.0 2.4 ± 0.4
90 min 14.4 ± 1.1 9.4 ± 0.9 2.5 ± 0.5
24 h 12.6 ± 1.7 9.0 ± 0.8 1.8 ± 0.3
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comprised of a narrow sextet with a hyperfine field 
of 34.3 T, isomer shift of 0.12 mm/s and quadrupole 
splitting of 0.00 mm/s, attributed to α-Fe. Component 
2 consisted of a broad sextet with a hyperfine field 
between 47.5 – 48.0  T, isomer shift between 0.45 
– 0.52 mm/s, and quadrupole splitting of 0.00 mm/s, 
which is indicative of γ-Fe2O3. From low tempera-
ture measurements, the γ-Fe2O3 component displays 
superparamagnetic properties due to the relaxation 
from a doublet pattern in 293  K spectra, to a sextet 
at 6 K.

The stacked Mössbauer results of the varying 
reaction time series measured at 293 K and 6 K are 
shown in Fig. 5. Values from hyperfine fitting param-
eters for 293 K and 6 K are displayed in Tables 5 and 
6 respectively. From Mössbauer measurements at 
293 K, little variation in iron and iron oxide compo-
sition was displayed among all time increments All 
spectra consisted of 2 components that includes a nar-
row sextet and a doublet pattern. Component 1 pos-
sessed a narrow sextet pattern with a hyperfine field 
around 33.7 T, isomer shift of 0.00 mm/s, and quad-
rupole splitting 0.00  mm/s, characteristic of α-Fe. 
Component 2 consists of a broad doublet pattern 
with a hyperfine field of 0.00 T, isomer shift between 
0.28—0.47  mm/s, and quadrupole splitting around 
0.5–1.19 mm/s, which is indicative of γ-Fe2O3.

Fig. 3  A) XRD stacked plot of varying OAm/OA surfactant 
series b) XRD stacked plot of varying reaction time series

Fig. 4  Stacked 57Fe Möss-
bauer spectra of varying 
OAm/OA series at 293 K 
and 6 K
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Low temperature Mössbauer measurements at 6 K 
for all samples from the varied reaction time series 
confirmed the magnetic components of the spectrum. 
All spectra were similar, consisting of 2 sextet com-
ponents. Component 1 displayed a narrow sextet with 
a hyperfine field of 34.3 T, isomer shift of 0.12 mm/s 
and quadrupole splitting 0.00  mm/s, indicative of 
α-Fe. The second component contained a broad sextet 
with a hyperfine field between 47.7- 49.6  T, isomer 
shift between 0.45 – 0.48 mm/s, and quadrupole split-
ting between 0.00 – 0.04  mm/s, which is associated 
with γ-Fe2O3.

From the varied OAm/OA surfactant series, Möss-
bauer spectroscopy results aligned with XRD and 
TEM data. Increasing the initial OAm/OA surfactant 
amounts caused an increase in overall iron oxide per-
centage and less α-Fe content. Although no apparent 
XRD peaks for iron oxide are present for samples 
1x, 1.5x, 2x, and 3 × OAm/OA, increases in γ-Fe2O3 

content are apparent in the Mössbauer spectra. Möss-
bauer studies were also consistent with TEM and 
XRD results for the varying reaction time series. For 
the reaction time series, the particles consisted of 2 
components, an α-Fe and iron oxide component. 
After further Mössbauer investigation, the iron oxide 
present was γ-Fe2O3.

From low temperature Mössbauer studies, the 
γ-Fe2O3 oxide shell component displayed superpara-
magnetic characteristics for all samples in the time 
series and varying OAm/OA surfactant series. The 
doublet component associated with γ-Fe2O3 in the 
293 K spectrum relaxed into a sextet pattern at 6 K, 
which is characteristic of superparamagnetic behavior 
[44].

Vibrating sample magnetometry (VSM) was per-
formed to obtain magnetic saturation and coercivity. 
Since little difference from the samples in the vary-
ing time series were found when compared to the 

Table 3  Values of hyperfine parameters for 1x, 1.5x, 2x, and 3 × OAm/OA samples at 293 K

a Bhf is the hyperfine magnetic field, bδ is the isomer shift, cΔEQ is the quadrupole splitting, and dΓ is the linewidth (FWHM). Typical 
errors are ± 0.03 mm/s for Bhf, ± 0.5 mm/s for δ, ΔEQ, and Γ and ± 3% for relative area

OAm/OA 
Amount

Component Bhf (T)a δ (mm/s)b ΔEQ (mm/s)c Γ (mm/s)d Relative 
area (%)

Attribution

1x 1 32.3 0.00 0.00 0.43 53 α-Fe
2 0.00 0.28 1.01 0.60 47 Superparamagnetic γ-Fe2O3

1.5x 1 32.7 0.00 0.00 0.41 58 α-Fe
2 0.00 0.39 1.09 1.06 42 Superparamagnetic γ-Fe2O3

2x 1 31.5 0.00 0.00 0.58 43 α-Fe
2 0.00 0.37 1.04 0.90 57 Superparamagnetic γ-Fe2O3

3x 1 31.6 0.00 0.00 0.40 13 α-Fe
2 0.00 0.36 0.98 0.87 87 Superparamagnetic γ-Fe2O3

Table 4  Values of hyperfine parameters for 1x, 1.5x, 2x, and 3 × OAm/OA samples at 6 K

a Bhf is the hyperfine magnetic field, bδ is the isomer shift, cΔEQ is the quadrupole splitting, and dΓ is the linewidth (FWHM). Typical 
errors are ± 0.03 mm/s for Bhf, ± 0.5 mm/s for δ, ΔEQ, and Γ and ± 3% for relative area

OAm/OA 
Amount

Component Bhf (T)a δ (mm/s)b ΔEQ (mm/s)c Γ (mm/s)d Relative 
area (%)

Attribution

1x 1 34.3 0.12 0.00 0.42 46 α-Fe
2 48.0 0.47 0.00 1.17 54 Superparamagnetic γ-Fe2O3

1.5x 1 34.3 0.12 0.00 0.42 42 α-Fe
2 47.8 0.52 0.04 1.19 58 Superparamagnetic γ-Fe2O3

2x 1 34.4 0.12 0.00 0.42 47 α-Fe
2 47.5 0.45 0.00 1.16 53 Superparamagnetic γ-Fe2O3

3x 1 34.4 0.12 0.00 0.39 32 α-Fe
2 47.6 0.49 0.00 1.16 68 Superparamagnetic γ-Fe2O3
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OAm/OA series, VSM, Zeta potential and cytotox-
icity measurements were only performed on sam-
ples from the varying OAm/OA surfactant series. 
The M-H curves of the 1x, 1.5x, 2x, and 3 × OAm/
OA samples at 300 K are shown in Fig. 6. From the 
M-H curves, all samples displayed superparamag-
netic characteristics due to the little to no hystere-
sis present [45]. In addition, all samples possessed 
high magnetic saturation between 100 – 130 emu/g, 

with the exception of 3 × OAm/OA that had slightly 
lower magnetic saturation around 60 emu/g.

From magnetization measurements, the initial 
1 × OAm/OA sample possessed the highest magnetic 
saturation around 130 emu/g. As the amount of OAm/
OA increased for samples, the magnetic saturation 
value decreased. This is most likely due to a higher 
presence of iron oxide than α-Fe in the samples, 
which was found from Mössbauer measurements. As 

Fig. 5  Stacked 57Fe 
Mössbauer spectra of vary-
ing reaction time series at 
293 K and 6 K

Table 5  Values of hyperfine parameters for varied reaction time series at 293 K

a Bhf is the hyperfine magnetic field, bδ is the isomer shift, cΔEQ is the quadrupole splitting, and dΓ is the linewidth (FWHM). Typical 
errors are ± 0.03 mm/s for Bhf, ± 0.5 mm/s for δ, ΔEQ, and Γ and ± 3% for relative area

Reaction Time Component Bhf (T)a δ (mm/s)b ΔEQ (mm/s)c Γ (mm/s)d Relative 
area (%)

Attribution

30 min 1 33.4 0.07 0.00 0.39 54 α-Fe
2 0.00 0.45 1.19 0.77 46 Superparamagnetic γ-Fe2O3

60 min 1 33.2 0.00 0.00 0.40 54 α-Fe
2 0.00 0.45 1.10 3.32 46 Superparamagnetic γ-Fe2O3

80 min 1 32.3 0.00 0.00 0.39 48 α-Fe
2 0.00 0.28 1.02 0.70 52 Superparamagnetic γ-Fe2O3

90 min 1 32.3 0.00 0.00 0.43 53 α-Fe
2 0.00 0.28 1.01 0.60 47 Superparamagnetic γ-Fe2O3

24 h 1 32.7 0.00 0.00 0.34 47 α-Fe
2 0.00 0.47 0.94 0.52 53 Superparamagnetic γ-Fe2O3
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previously mentioned, higher amounts of OAm/OA 
caused more difficulty in washing the particles, which 
caused longer exposure to ambient conditions. There-
fore, higher chances of oxidation could have occurred 
as the washing time increased as OAm/OA amounts 
increased. Due to the larger percent of iron oxide 
present in samples with higher amounts of OAm/OA 
used, a decrease in overall magnetic saturation was 
observed.

The 1x, 2x, and 3x, OAm/OA samples were cho-
sen to be coated with DSPE-mPEG. Further TEM 
and XRD characterization of the coated samples are 
shown in Figures S2 and S3 respectively to confirm 
the iron core–shell structure and composition was 

maintained after polymer coatings. Zeta potential 
measurements are shown in Table 7. The 1x, 2x, and 
3 × OAm/OA coated nanoparticle samples were pre-
pared to a 100  μg/ mL concentration in water. Zeta 
potential for samples was found to be between -21 to 
-25 mV, suggesting good colloidal stability; these are 
typical values for surfaces coated with PEG polymers 
to provide effective electrostatic stabilization [46].

For cytotoxicity studies, the 1 × OAm/OA, 
2 × OAm/OA and 3 × OAm/OA coated samples were 
introduced to cells at 4 varying doses. Serial dilutions 
were performed with cell media to create 4 doses that 
included 100, 50, 25, and 12.5 μg/mL. 4T1 cells were 
seeded into 96-well plates 24 h before FeNP introduc-
tion. The cells incubated for 24  h after FeNPs were 
introduced, and a Celltiter-Glo assay (Promega) was 
performed to determine cell viability. Each sample 
dose was carried out in triplicate and averaged to 
determine mean values and standard deviations.

Results of the biocompatibility tests are shown in 
Fig. 7. Values are shown as means ± standard devia-
tion (SD) from triplicate measurements. Statistical 
significance was analyzed using a 2-way ANOVA 

Table 6  Values of hyperfine parameters for varied reaction time series at 6 K

a Bhf is the hyperfine magnetic field, bδ is the isomer shift, cΔEQ is the quadrupole splitting, and dΓ is the linewidth (FWHM). Typical 
errors are ± 0.03 mm/s for Bhf, ± 0.5 mm/s for δ, ΔEQ, and Γ and ± 3% for relative area

Reaction Time Component Bhf (T)a δ (mm/s)b ΔEQ (mm/s)c Γ (mm/s)d Relative 
area (%)

Attribution

30 min 1 34.3 0.12 0.00 0.42 50 α-Fe
2 47.7 0.45 0.00 1.00 50 Superparamagnetic γ-Fe2O3

60 min 1 34.3 0.12 0.00 0.38 42 α-Fe
2 48.5 0.48 0.01 1.18 58 Superparamagnetic γ-Fe2O3

80 min 1 34.4 0.12 0.01 0.36 36 α-Fe
2 49.6 0.48 0.04 1.04 64 Superparamagnetic γ-Fe2O3

90 min 1 34.3 0.12 0.00 0.42 46 α-Fe
2 48.0 0.47 0.00 1.17 54 Superparamagnetic γ-Fe2O3

24 h 1 34.3 0.12 0.00 0.31 53 α-Fe
2 48.4 0.47 0.00 1.27 47 Superparamagnetic γ-Fe2O3

Fig. 6  M-H curves of samples from the varied OAm/OA 
series at 300 K

Table 7  Zeta potential results of 1x, 2x, and 3 × OAm/OA 
samples

Sample Zeta Potential (mV)

1 × OAm/OA -21.73 ± 2.17
2 × OAm/OA -24.86 ± 2.48
3 × OAm/OA -23.64 ± 2.36
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followed by a Tukey test for pairwise comparisons to 
examine the effect of sample and dose on cell viabil-
ity. Calculations were performed using OriginLab 
software.

There was significant difference between the 
2 × and 3 × OAm/OA samples when compared to the 
1 × OAm across all doses with a p-value < 0.0001. 
Little variation in cell viability was found among the 
varying doses for each sample, with the exception of 
the 3 × OAm/OA sample. The 3 × OAm/OA sample 
displayed a significant decrease in cell viability for 
the 50, 25, and 12.5 ug/ml doses when compared to 
the 100 ug/ml dose with a p value < 0.001. However, 
the highest dose of 100  μg/mL yielded around 95% 
cell viability for the 1 × OAm/OA sample, 88% from 
2 × OAm/OA sample, and 93% from the 3 × OAm/OA 
sample. From these results, it is concluded that these 
particles have low cytotoxicity. Due to the low cyto-
toxicity of the particles, further in  vitro and in  vivo 
tests would be viable in the future.

Conclusion

Monodispersed FeNP’s were synthesized by a ther-
mal decomposition of Fe(CO)5. Two series were per-
formed that included variations in the reaction time 

and starting OAm/OA surfactant amounts. The results 
show that very little change occurred when reac-
tion time was varied, but a 24 h reaction time began 
to produce more irregularly shaped particles and 
an increased presence of iron oxide. Increasing the 
OAm/OA surfactant ratio produced an increase in iron 
oxide content of particles as well. Therefore, from 
these studies, optimal FeNPs parameters were deter-
mined to be 1 × OAm/OA surfactant amounts with a 
90-min reaction time after injection of Fe(CO)5. Par-
ticle size averaged around 14 nm that consisted of dis-
tinct core–shell structures. Samples displayed good 
magnetic saturation up to 130 emu/g, and possessed 
superparamagnetic characteristics. From cytotoxicity 
studies, DPSE-mPEG coated FeNPs displayed excel-
lent cell viability. From this study, we believe these 
nanoparticles would assist in providing enhanced 
performance for magnetic imaging applications and 
magnetic hyperthermia applications.
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