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Introduction: Iron oxide magnetic nanoparticles (IONPs) have attracted considerable 
attention for various biomedical applications owing to their ease of synthesis, strong mag-
netic properties, and biocompatibility. In particular, IONPs can generate heat under an 
alternating magnetic field, the effects of which have been extensively studied for magnetic 
hyperthermia therapy. However, the development of IONPs with high heating efficiency, 
biocompatibility, and colloidal stability in physiological environments is still required for 
their safe and effective application in biomedical fields.
Methods: We synthesized magnetic IONP/polymer nanocomposites (MNCs) by embedding 
IONPs in a poly(L-lactic acid) (PLA) matrix via nanoemulsion. The IONP contents (Fe: 9– 
22 [w/w]%) in MNCs were varied to investigate their effects on the magnetic and hyperther-
mia performances based on their optimal interparticle interactions. Further, we explored the 
stability, cytocompatibility, biodistribution, and in vivo tissue compatibility of the MNCs.
Results: The MNCs showed enhanced heating efficiency with over two-fold increase 
compared to nonembedded bare IONPs. The relationship between the IONP content and 
heating performance in MNCs was nonmonotonous. The highest heating performance was 
obtained from MNC2, which contain 13% Fe (w/w), implying that interparticle interactions 
in MNCs can be optimized to achieve high heating performance. In addition, the MNCs 
exhibited good colloidal stability under physiological conditions and maintained their heating 
efficiency during 48 h of incubation in cell culture medium. Both in vitro and in vivo studies 
revealed excellent biocompatibility of the MNC.
Conclusion: Our nanocomposites, comprising biocompatible IONPs and PLA, display 
improved heating efficiency, good colloidal stability, and cytocompatibility, and thus will 
be beneficial for diverse biomedical applications, including magnetic hyperthermia for 
cancer treatment.
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Introduction
Iron oxide nanoparticles (IONPs) have garnered significant attention owing to 
their strong magnetization, ease of synthesis, biocompatibility, and in vivo 
biodegradability.1–3 Interestingly, they generate heat in an alternating magnetic 
field (AMF), which allows remote heat generation using IONPs and AMF, even in 
deep tissue.4 Therefore, AMF-induced heating systems has been widely used for 
various biomedical applications, such as hyperthermia cancer treatment,5–7 drug 
delivery,8–10 and deep brain stimulation.11–13 Colloidal magnetic nanoparticles, 
including IONPs, collectively generate heat in the surrounding medium. The 
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magnetic and heat generation properties of IONPs are 
highly influenced by multiple factors, such as composi-
tion, size, shape, and interparticle interactions.14–16 These 
individual parameters have been experimentally and the-
oretically studied to improve the heat generation effi-
ciency of IONPs. Therefore, small amounts of IONPs 
with low magnetic fields are favored to avoid their poten-
tial toxicity in various biomedical applications.17–19 

Hence, extensive efforts have been made to synthesize 
IONPs with high heat generation efficiency.20–22 IONPs 
mainly generate heat in response to AMF via relaxation 
loss and/or hysteresis losses. Superparamagnetic single- 
domain magnetic nanoparticles at a low concentration in 
an AMF typically generate heat via Néel relaxation and 
Brownian relaxation.23,24 In addition, interparticle inter-
actions between IONPs can play dominant roles in the 
overall magnetic and hyperthermia properties of interact-
ing IONPs (eg, clusters and concentrated ferrofluids).25–27 

The close proximity of multiple IONPs can affect the 
local dipole and anisotropic energy, resulting in an altera-
tion of their magnetic susceptibility and heating 
efficiency.28–30 Hence, several attempts have been made 
to modulate the interparticle interactions of IONPs to 
enhance the magnetic or hyperthermia characteristics. 
Several studies have reported that interparticle interac-
tions (dipole–dipole interactions) of IONPs can increase 
or decrease magnetic relaxation events and heat conver-
sion, for which clear mechanisms have not been 

suggested.31–33 Nevertheless, it has been reported that 
optimization of interparticle interactions (such as spacing 
and density) can enhance the overall heating efficiencies 
of various magnetic nanoparticle clusters and 
ensembles.26,27,34 Evans et al investigated the effects of 
magnetic nanoparticle (magnetite) concentrations in sili-
cone composites on heat generation.35 They found that 
heat generation was maximal at 1 [v/v]% magnetic nano-
particle concentration, and the optimal concentration was 
affected by the applied magnetic field. In addition, the 
colloidal stability of MNPs in biological environments is 
pivotal because MNPs readily aggregate in vivo and lead 
to substantial problems, such as reduction of heating 
performance, cytotoxicity, and thrombosis.36–38 

Altogether, it is highly desirable to develop MNPs with 
high heat generation efficiency and colloidal stability in 
physiological environments for effective and biocompati-
ble applications of MNPs.39,40 In this study, we produced 
IONPs/poly lactic acid (PLA) magnetic nanocomposites 
(MNCs) by incorporating different amounts of IONPs 
into the PLA matrix, in which the IONPs within the 
solid polymeric matrices were expected to have different 
interparticle distances (interactions) depending on their 
contents. Specifically, we synthesized hydrophobic 
IONPs (oleic acid-coated IONPs) and embedded them in 
PLA using an oil-in-water emulsion while varying the 
contents of IONPs and PLA (Scheme 1). We hypothesized 
that specific IONP content in the PLA matrix could 
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enhance efficient hyperthermia properties via optimized 
interparticle interactions. Furthermore, PLA-based IONP 
encapsulation (ie, MNCs) was expected to offer high 
stability and biocompatibility in biological environments. 
Notably, PLA is a biocompatible and biodegradable syn-
thetic polymer that has been extensively used for various 
biomedical applications.41 Hence, given that the main 
components (ie, PLA and IONPs) are generally recog-
nized as biocompatible, our MNCs could be expected to 
be biocompatible. Our IONP/polymer nanocomposite sys-
tem may provide insights for improving the heating effi-
ciency and stability of other magnetic nanoparticles by 
simply controlling the particle content in biocompatible 
polymer matrix.

Materials and Methods
Synthesis of Oleic Acid-Coated Iron 
Oxide Nanoparticles
Oleic acid-coated IONPs were synthesized according to 
a previously reported co-precipitation method.42 Briefly, 
iron (II) chloride tetrahydrate (FeCl2·4H2O) (4.3 g), and 
Iron (III) chloride hexahydrate (FeCl3·6H2O) (11.6 g) 
were completely dissolved in deionized water (DIW) 
(350 mL) in a three-neck round-bottom flask. The flask 
was then purged with nitrogen gas (N2) and heated to 80 
°C with vigorous stirring. Next, ammonium hydroxide 
solution (NH4OH, ~25 wt%) (20 mL) was added, and the 
mixture was stirred for 5 min. Subsequently, oleic acid 
solution (3 mL) was added to the flask and then stirred for 
an additional 25 min. The mixture was cooled to room 

temperature, and a black precipitate settled at the bottom. 
The black precipitate was washed three times with 
a mixture of DIW and ethanol (1:1, v/v) to remove excess 
oleic acid and subsequently dried in an oven at 60 °C. 
FeCl2·4H2O, FeCl3·6H2O, NH4OH, and oleic acid were 
purchased from Sigma-Aldrich, USA.

Synthesis of Magnetic Nanocomposites
The MNCs were prepared based on the modified methods 
described in the literature.41 Briefly, the oleic acid-coated 
IONPs (30, 60, 90, or 120 mg) were first suspended in 
chloroform (7.5 mL). Then, 180 mg of poly(L-lactide) 
(PLA; 260 kDa, Sigma-Aldrich) was added and dissolved 
in IONP-containing solution. Next, 36 mL of 8% (w/v) 
polyvinyl alcohol (PVA; 30–70 kDa, Sigma-Aldrich) was 
added and sonicated for 3 min to form an oil/water emul-
sion, which was then stirred for 24 h to evaporate the 
chloroform. The solution was subsequently centrifuged at 
17,000 rpm for 30 min. The particles were collected and 
dispersed in DIW. The samples were washed three times 
by centrifugation, resuspended in DIW, and finally stored 
at 4 °C for further use. The individual MNCs synthesized 
with IONPs of 30, 60, 90, and 120 mg during emulsion 
were denoted as MNC1, MNC2, MNC3, and MNC4, 
respectively.

Iron Content Quantification
The iron content of each MNC was quantified using 
a colorimetric method. A colorimetric standard was first 
plotted using FeCl3·6H2O and FeCl2·4H2O (2:1, w/w). 
Briefly, various concentrations of Fe were prepared in 

Scheme 1 Schematic for the synthesis of iron oxide nanoparticles (IONPs)-embedded poly(lactic acid) (PLA) magnetic nanocomposites (MNCs) via oil-in-water emulsion 
by differing the contents of IONPs in the MNCs.
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hydrochloric acid (HCl, Duksan, Republic of Korea) solu-
tion, and 50 μL of each solution was transferred into a 96- 
well plate. Subsequently, 50 μL of 1% ammonium phosphate 
(AP, Sigma-Aldrich) and 100 μL of 0.1 M potassium thio-
cyanate (KSCN, Sigma-Aldrich) were added to the solution. 
After 5 min of reaction, the absorbance of the solution was 
measured at 490 nm using a microplate reader. The MNC 
sample was first lyophilized. Subsequently, the dehydrated 
sample was dissolved in HCl and reacted with the reagents 
using the same procedures as the standard samples. Finally, 
the iron content of each sample was calculated using the 
standard curve.

Materials Characterization
The morphologies and shapes of the synthesized nanoma-
terials were characterized using transmission electron 
microscopy (TEM, Technai G2S Twin) at 300 keV. 
Dynamic light scattering and zeta potential measurements 
were performed using a zeta-potential and particle-size 
analyzer (ELS Z2 Plus; Photal Otsuka Electronics). The 
crystal structure of the IONPs was analyzed by X-ray 
diffraction (XRD, Rigaku SmartLab). The magnetic prop-
erties of the particles were measured using a vibrating 
sample magnetometer (VSM, Lake Shore Cryotronics 
7400 series) in a magnetic field ranging from −9 kOe to 
9 kOe. From the hysteresis loop of each sample, 
a hysteresis area was obtained for comparison.43

Hyperthermia Test
Magnetic heat generation was studied using IONPs, 
MNCs, and Resovist® (Meito Sangyo Co., Ltd. Nagoya, 
Japan). Solutions containing different concentrations (0.5, 
1, 2, and 4 mg Fe/mL) were prepared for each sample. 
Before the hyperthermia experiment, the initial tempera-
ture of the sample solution was maintained at 25 °C using 
a water-circulating jacket. An AMF (OSH-120-B; Osung 
Hitech, Republic of Korea) with an amplitude (H, 3.25 kA/ 
m) and frequency (f, 191 kHz) was applied for 10 min. In 
addition, to study the effects of the AMF conditions (ie, 
amplitude and frequency) on the heat generation of the 
prepared MNCs, a lab-made AMF (GIST) was 
employed.44 During AMF application, the temperature 
was monitored using an IR laser camera (FLIR SC300- 
series). The heat generation efficiency of the magnetic 
nanoparticles, which is typically referred to as specific 
loss power (SLP), was calculated using the following 
formula:6

Specific Loss Power SLPð Þ¼
c

mFe
�

dT
dt
jt!0 

where C is the specific heat capacity of water, mFe is the 
weight of iron, dT is the temperature change, and dt is the 
change in time.

Stability Test
For the stability tests, we performed both size analysis and 
hyperthermia analysis after incubating the samples in var-
ious solutions. First, MNC2 and Resovist® were incubated 
in PBS and phenol red-free cell culture medium (DMEM). 
The hydrodynamic diameters of individual samples were 
measured by DLS during incubation at 0 h, 6 h, 12 h, 24 h, 
and 48 h. SLP changes in the samples were measured after 
incubation in DMEM. MNC2 and Resovist® samples were 
diluted to 1 mg Fe/mL. The SLP value of each sample was 
obtained with AMF application for 10 min at 0 h and 48 
h after incubation at 20 °C.

In vitro Cytocompatibility Test
The cytocompatibility of MNC2 and Resovist® was tested by 
in vitro NIH-3T3 (Korean Cell Line Bank) cell culture using 
a live/dead assay. The cells were seeded at a density of 2×104 

cells/well in a 24-well plate and cultured in the Dulbecco’s 
modified Eagle’s medium (DMEM) for 12 h. DMEM was 
supplemented with 10% fetal bovine serum (FBS) and 1% 
antibiotic-antimycotic. Subsequently, the culture medium 
(1 mL) was replaced with the sample solution containing 
various concentrations of MNC2 or Resovist® in the culture 
medium and then incubated for an additional 24 h. Cells with 
no particles were used as a positive control. After 24 h, the 
sample solution was removed and washed with Dulbecco’s 
phosphate-buffered saline (DPBS). For live/dead staining of 
the cells, the sample was stained with a staining solution 
comprising 1 μM calcein-AM and 2 μM ethidium homodi-
mer-1 (EthD-1) in DPBS. After 5 min of incubation, the 
samples were washed with fresh DPBS. Fluorescent images 
of the cells were acquired using a fluorescence microscope 
(DMI3000B; Leica, Germany). At least nine images from 
each sample were randomly selected for cytotoxicity analy-
sis. Green- and red-stained cells were counted as live and 
dead cells, respectively. Cell viability was calculated as 
a percentage of the number of live cells from the total number 
of cells (live + dead cells). Experiments were conducted in 
triplicate (n = 3).
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In vivo Biodistribution and Toxicity Study
All animal experiments were performed in accordance 
with the permission of the Institutional Animal Care and 
Use Committee (IACUC) of Chonnam National 
University, Republic of Korea (approval number: CNU 
IACUC-H-2020-25). Five-week-old male BALB/C nude 
mice (Orient Bio Inc., Korea) were anesthetized by vapor-
ized isoflurane (Terrell; Piramal Critical Care Inc.) using 
a matrix vip 3000 vaporizer (Midmark Co.). For the bio-
distribution study, Cyanine 7 fluorescence dye (Cy 7) was 
loaded in MNC during O/W emulsion. In brief, 800 μg of 
the dye was added in oil phase while the other nano- 
emulsion procedure was the same as described above. 
The Cy7-loaded MNC was intravenously injected via tail 
vein with 6 mg/kg dose. In vivo fluorescence images of the 
animals were acquired at 0, 4, 8, 12, 24, and 48 h after 
injection using FOBI (Fluorescence optical bio-imaging). 
Main organs (heart, liver, spleen, lung, and kidney) were 
harvested and their fluorescence images were acquired to 
compare MNC biodistribution. For histological evaluation 
of potential organ toxicity of the MNC, the mice were 
sacrificed 24 h and 48 h after injection. The heart, liver, 
spleen, lung, and kidney were harvested and fixed in 4% 
formaldehyde. Untreated mice were also used as the con-
trol (sham) for comparison. Samples were stained with 
hematoxylin and eosin (H&E) according to the 
literature.45 Individual images were acquired by optical 
microscope (DMI3000B; Leica, Germany).

Statistical Analysis
The results are indicated as the mean ± standard deviation 
(SD) unless otherwise noted. The differences among sam-
ples were compared by one-way analysis of variance 
(ANOVA) with Tukey’s post hoc comparison at 
a significance level of 0.05.

Results and Discussion
Synthesis of Magnetic Nanocomposites
To synthesize MNCs, oleic acid-capped hydrophobic 
IONPs were first synthesized by the co-precipitation 
method. TEM images showed that the prepared IONPs 
had sphere-like shapes with an average diameter of 9.3 ± 
2.2 nm (Figure 1A). DLS measurements indicated that the 
average diameter of the particles was approximately 32.8 
nm in chloroform (Figure 1B). Also, X-ray diffraction 
(XRD) pattern of the IONPs indicated the typical diffrac-
tion peaks for oleic-acid coated Fe3O4 nanoparticles 

(Figure S1). The synthesized IONPs showed superpara-
magnetic behavior and a saturation magnetization of 56 
emu/gFe at 300 K (Figure 1C). Application of AMF to 
IONPs caused a dose-dependent temperature increase 
(Figure 1D). The SLP value of these oleic acid-capped 
IONPs was determined to be 37.2–41.6 W/gFe in the 
concentration range of 0.5 ~ 4 mgFe/mL in the media (1- 
octanol) (Figure S2).

MNCs containing different amounts of IONPs were 
prepared using oleic acid-coated IONPs and PLA in an 
oil/water single emulsion, in which the IONPs were 
expected to be firmly immobilized within the solid PLA 
polymer matrix (Scheme 1). The initial weight ratios of the 
IONPs and PLA were varied to 1:6, 2:6, 3:6, and 4:6, 
which resulted in the production of various MNCs with 
different local IONP densities and thus different interpar-
ticle interactions. MNC1, MNC2, MNC3, and MNC4 had 
Fe contents of 9, 13, 17, and 22 wt% (gFe per 
g nanocomposites), respectively (Table 1). The average 
diameter of all MNCs was approximately 160 nm when 
measured by TEM, and their hydrodynamic diameter was 
approximately 170 nm, as measured by DLS (Figure 2A 
and B). The zeta potential of MNCs was about −15 mV, 
which was similar to PLA NPs (Figure S3). Consequently, 
we successfully obtained various MNCs with different 
IONP contents but similar overall sizes and distributions. 
Hence, we could further study the effects of IONP density 
and interparticle interactions within the solid PLA matrix 
on the magnetic and hyperthermia properties. Notably, this 
synthetic process can be further useful for effectively 
embedding hydrophobic molecules together with IONPs 
in a polymer matrix in a reproducible manner 
(Figure 2C).41 The Nomenclatures, compositions, and 
dimension of various MNCs are listed in Table 1.

Magnetic Properties of Magnetic 
Nanomaterials
The field-dependent magnetization of the various samples 
was measured using a VSM (Figure 3). Both IONPs and 
MNCs exhibited superparamagnetic-like behavior 
(Figure 3A). The saturation magnetization (Ms) values of 
all the MNCs were higher than those of the nonencapsu-
lated IONPs. The Ms values of the bare IONPs, MNC1, 
MNC2, MNC3, and MNC4 were 56.6, 72.8, 77.5, 75.8, 
and 65.1, emu/gFe at 300 K, respectively (Figure 3B). As 
the IONP content in the MNCs increased (to Fe 13%), Ms 

increased. Above this content, the Ms values of the MNCs 
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decreased. As results, MNC2 had the highest Ms value. 
The magnetic behavior of IONPs and their complexes can 
be explained as a combination of the intrinsic magnetic 
properties of single IONPs (eg, susceptibility) and their 
interparticle interactions (dipole–dipole interactions). For 
IONPs with short particle distances, the magnetic dipolar 
interactions can affect the effective anisotropy and relaxa-
tion behaviors of individual particles. Such changes can 
enhance or reduce the strength of magnetization.46–48 For 
example, IONP clusters can show increased net local 
magnetization and enhanced magnetic relaxivity.26 The 
dipolar coupling between closely packed IONPs can alter 

the anisotropic energy of the complex.49–52 For our MNCs, 
the interparticle interactions (IONPs embedded in PLA) 
appear to positively contribute to the magnetization at 
moderate particle concentrations. Conversely, in MNCs 
containing large amounts of IONPs (MNC3 and MNC4), 
excessive interparticle interactions appeared to reduce the 
magnetic properties, likely due to the reduction of the 
global magnetic response of the IONPs. We compared 
the hysteresis loss areas, which are known to be signifi-
cantly correlated with interparticle interactions and 
hyperthermia efficiency.30 MNC1 and MNC2 samples 
had two times larger hysteresis loss areas than the other 

Figure 1 Characterization of the synthesized oleic acid-coated IONPs. (A) A TEM image of the IONPs. (B) A size distribution of the IONPs measured by DLS. (C) 
Magnetization curve of the IONPs. (D) Temperature increases of the sample solutions containing various amounts of IONPs under the AMF (H = 3.25 kA/m and f = 191 
kHz).

Table 1 The Nomenclatures, Compositions, and Dimension of Various MNCs

Sample Name Input Weight Ratio (IONP:PLA) Fe Content in MNC (wt%) Size by TEM (nm) Size by DLS (nm) PDI

MNC 1 1:6 9 157.2 165.3 0.088

MNC 2 2:6 13 160.4 167.8 0.082
MNC 3 3:6 17 156.7 170 0.051

MNC 4 4:6 22 161.9 167 0.068
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samples. The hysteresis loss areas decreased as the IONP 
content increased further in MNCs (Figure 3C).

Magnetic Hyperthermia
The hyperthermia properties of IONPs and MNCs were 
studied using an AMF (H = 3.25 kA/m and f = 191 kHz). 
The product of the field parameters (H × f = 0.62×109 

Am−1s−1) was approximately 8 times less than the biolo-
gical safety limit (H × f = 5×109 Am−1s−1).40 The heating 
performance of hydrophobic IONPs and various MNCs 
was measured in 1-octanol at an identical IONP concen-
tration (1 mg Fe/mL) and compared in terms of SLP. The 
SLP values of all MNCs were approximately two times 
larger than those of the nonembedded IONPs (Figures 4A 

Figure 2 Characterization of the IONPs-embedded nanocomposites (MNCs). (A) TEM images of various MNCs. (B) Size distribution of MNCs. (C) Percent of Iron 
contents in MNCs (n=3).

Figure 3 Magnetic properties of IONPs and various MNCs. (A) Magnetization of IONPs and MNCs. (B) Saturation magnetization (Ms) and (C) Hysteresis loss areas of 
IONPs and MNCs.
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and S4). The results suggest that the SLP could be 
improved by embedding IONPs in a PLA polymer matrix, 
in which individual IONPs were close to others. Among 
the MNCs, MNC2 had the highest SLP value, which was 
similar to the results of the saturation magnetization and 
hysteresis area (Figure 3). For both IONPs and MNC2, 
heat generation efficiencies were not substantially affected 
by their concentrations between 0.5 and 4 mgFe/mL 
(Figure 4B), which implies that no substantial agglomera-
tion of either IONPs or MNC2 occurred during the AMF 
application and SLP measurement. The SLP of the MNCs 
was further compared with that of commercial IONPs (ie, 
Resovist®) in an aqueous medium (DIW) (Figure 4C). The 
SLP values of MNC1 and MNC2 were higher than those 
of Resovist®. Particularly, the SLP value of MNC2 was 
approximately 20% higher than that of Resovist® (Figure 
S5), implying the suitable performance of our MNCs for 
hyperthermia application.

The improved heat dissipation of MNCs is likely attri-
butable to several possible factors. First, the high magnetic 
susceptibility (magnetization strength) of the MNCs might 
result in a high heating efficiency, based on the linear 
response theory.30 In the case of our MNC system, the 
IONPs are immobilized in the polymer matrix; hence, the 
Néel relaxation would play a major role in heat dissipation 
of the MNCs. In addition, as the IONP content increases, 
dipolar interactions would become substantial. Because 
the IONPs in the composites can behave collectively, 
such interparticle interactions may increase or decrease 
the anisotropy energy and heat dissipation depending on 
the nanoparticle composition, size, and homogeneity.53 

Interparticle dipolar interactions generate a dipolar 

magnetic field and can increase the effective magnetic 
anisotropy, resulting in an increase in heat generation. 
Hysteresis loss can be a substantial heat generation 
mechanism for highly interactive magnetic nanomaterials. 
We observed that the hysteresis loss areas were higher for 
MNCs than for bare IONPs. In addition, at specific IONP 
contents (MNC1 and MNC2) such hysteresis loss was 
distinct (Figure 3D). It is also possible that the aggregation 
of individual IONPs in the PLA matrix resulted in 
a multidomain-like property and, thus, improved the hys-
teresis loss energy of the MNCs. However, excessive 
interparticle interactions might lead to decreases in mag-
netic susceptibility and hysteresis loss, resulting in 
a decrease in SLP.30,54,55 Dipolar interactions can cause 
magnetic nanoparticles stable against field orientation and 
increase the relaxation time.56,57 Several studies have 
reported the nonmonotonous heating performance of mag-
netic nanoparticles with different concentrations, indicat-
ing the optimal particle concentration for interparticle 
interactions and hyperthermic heat generation.35,58,59

Effects of Magnetic Field Intensity and 
Frequency
We further investigated the effects of AMF conditions 
(amplitude (H) and frequency (f)) on heat generation by 
MNCs. Generally, the application of AMF with a higher 
H or f results in a higher SLP, and their influence on heat 
generation is different depending on the characteristics of 
the magnetic nanoparticles.15 We first measured the SLP 
of the samples by varying the amplitudes (H = 1.6 ~ 3.2 
kA/m) with constant frequency (f = 191 kHz) (Figure 5A). 
All nanocomposites showed linear increases in SLP as the 

Figure 4 Heating efficiency of IONPs and MNCs. Heating efficiency was demonstrated as SLP values per gFe. (A) SLP values of IONPs and various MNCs at 1 mgFe/mL 
concentration in 1-octanol. (B) SLP values of IONPs and MNC2 at different concentrations in 1-octanol. (C) SLP of MNCs and Resovist® at 4 mgFe/mL concentration in 
aqueous solution.
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amplitude increased. A two-fold increase in the amplitude 
resulted in increases in the SLP values by 1.8-, 2.1-, 2.0-, 
and 1.9-fold for MNC1, MNC2, MNC3, and MNC4, 
respectively. In addition, in the amplitude–SLP plots, 
MNC2 showed the highest slope among the samples. 
Accordingly, MNC2 was further analyzed to study the 
effects of different H and f ranges on SLP. Specifically, 
we applied a wide and high range of AMF amplitude (15– 
45 kA/m) using a lab-made AMF instrument (Figure 5B). 
MNC2 exhibited a linear relationship between SLP and an 
applied amplitude, with a drastic increase in SLP as the 
amplitude increased. For example, SLP values of MNC2 
were 32.2, 81.1, and 204.7 (W/gFe) under AMF applica-
tion of 15, 25, and 45 kA/m, respectively. In addition, 
MNC2 exhibited a linear relationship between the SLP 
and AMF frequency (Figure 5C). The SLP values were 
23.6, 36.5, and 46.1 (W/gFe) with AMF of 160, 270, and 
382 kHz, respectively. An increase in the frequency (2.4 
times) resulted in a 2-fold increase in SLP. The results 
revealed that the influence of the amplitude on the heat 
generation of MNC2 was substantially greater than that of 
frequency. We could obtain the highest SLP value (204.7 
W/gFe) from MNC2 with H = 45 kA/m and f = 97 kHz 
(H × f = 4.4×109 Am−1s−1), which is below the biosafety 
limit.

In vitro Colloidal Stability
The stability of magnetic nanoparticles in the physiologi-
cal environment is essential for their robust and reliable 
biomedical applications because many magnetic nanopar-
ticles, including IONPs, undergo severe agglomeration in 
practical applications, such as in vivo conditions. For 
stability tests, MNC2, which showed the highest heat 

generation efficiency among the samples, was selected 
and compared with Resovist®. After incubation in aqueous 
solutions, both samples appeared to remain stable without 
severe aggregation or color changes (Figure 6A). The 
hydrodynamic size of MNC2 remained unchanged after 
incubation in both PBS and DMEM. In contrast, the size 
of Resovist® gradually increased in DMEM, almost dou-
bling after 48 h in DMEM (Figure 6B). In addition, the 
SLP value of MNC2 did not significantly change after 48 
h incubation in DMEM, whereas the SLP value of 
Resovist® decreased by 14% (Figure 6C). These results 
indicate that MNC2 is stable in physiological environ-
ments. Such excellent stability of MNC2 may be attributed 
to the stable PLA matrix, which physically prevents direct 
interactions of the individual IONPs and their spontaneous 
aggregation. In addition, PLA presents a mild surface 
charge (zeta potential is –0.4 to –1 in physiological con-
ditions), which offers stability in aqueous solutions.60 

Conversely, the aggregation of Resovist® led to a change 
in interparticle interactions and performance 
deterioration.50

Cytocompatibility Tests
The cytocompatibility of MNC2 and Resovist® was exam-
ined by in vitro culture of NIH-3T3 fibroblasts (Figure 7). 
The cell viability cultured with MNC2 remained high (> 
96%)—up to 2 mgFe/mL concentration—corresponding to 
15.4 mg MNC2 per mL medium, after 1 d in culture. In 
contrast, the viability of Resovist® gradually decreased 
with an increase in its concentration in the culture med-
ium. For example, the cell viability in Resovist® sample 
was > 90% up to 0.5 mgFe/mL; however, at a higher 
concentration, the cell viability significantly decreased. 

Figure 5 Effects of AMF on heating efficiency of MNCs. (A) Influence of amplitude (1.6–3.2 kA/m) on heat generation of various MNCs. (B) Influence of the amplitude (15– 
45 kA/m) on heat generation of MNC2. (C) Influence of frequency (160–382 kHz) on heat generation of MNC2. All experiments were performed at the sample IONP 
concentration (1 mgFe/mL).
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For example, the cell viability of Resovist® at 2 mg Fe/mL 
was 77%. Resovist® is a carboxydextran-coated IONP 
with hydroxyl groups on the surface.61 Different nanopar-
ticles exhibit different cellular uptake, distribution, and 
reactivity (eg, reactive oxygen species formation) depend-
ing on their size, shape, and surface characteristics, which 
can affect toxicity.62 We speculate that the relative toxicity 
of Resovist® might be attributed to its large surface area 
and instability, resulting in particle aggregation.63 As sta-
ted earlier, the materials used in this study (ie, IONPs and 
PLA) are all biodegradable and biocompatible; hence, 
MNCs are believed to be minimally toxic (Figure S6).1– 

3,41,64 In addition, the excellent stability of MNCs may 
relieve a concern with the potential toxicity associated 
with particle instability (eg, aggregation).

In vivo Biodistribution and Toxicity Study
The Cy7-loaded MNC was intravenously injected via tail vein 
to evaluate biodistribution. In vivo biodistribution of MNC 
was detected at the time points of 0, 4, 8, 12, 24, and 48 h of 
post-injection. According to in vivo biodistribution images 
(Figure 8A), the injected MNC appeared to first circulate in 
the whole body through bloodstream and trap in specific 
organs of the body. In addition, we observed overall decreases 
in fluorescence signals 4 h after the injection (Figure 8A). As 
shown in Figure 8B, noticeable signals were observed from 
liver, spleen, and heart tissues post injection while minimal 
intensity was detected in the lung at both 24 and 48 h after 
injection. In general, the major fraction of the intravenously 
injected IONPs is first filtered by the liver and spleen, and 
reaches other organs.65 Based on the fluorescence intensity, the 

Figure 6 Stability tests of MNC2 and Resovist®. (A) Photographs of the MNC2 (left) and Resovist® (right) during the incubation in PBS or DMEM. (B) Hydrodynamic 
diameters of MNC2 and Resovist® during the incubation in PBS and media for 48 h. (C) SLP values before and after the 48 h incubation in DMEM medium.

Figure 7 Cytocompatibility tests of the MNC2 and Resovist® with NIH-3T3 cells. (A) Fluorescence micrographs of the cells after the incubation with MNC2 and Resovist® 

at different concentrations for 1 d. The green and red cells in the images indicate live and dead cells, respectively. Scale bars are 100 μm. (B) Percent viability of the cells 
cultured with various samples for 1 d. An asterisk *Indicates the statistical significance between two groups (p < 0.05).
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relative amount of the MNC accumulated in the individual 
organs were compared. Fluorescence intensities of the most 
organs except spleen slightly decreased after 48 h of MNC 
injection, implying the MNC might slowly degrade or be 
excreted (Figure 8C). Mononuclear phagocytic systems 
(MPS), such as liver, might play roles in degrading IONPs in 
the blood.66 For example, Kupffer cells in the liver are known 
to actively degrade the IONPs.65

After administration of the MNC, all the mice behaved 
normally over the entire observation period, indicating that the 
MNC did not induce apparent toxicity in vivo. Furthermore, 
several organs were harvested at 24 h and 48 h after the 
injection of control (sham) and MNC for histological analysis 
(Figure 9). H&E staining of the organs revealed that the heart, 
liver, spleen, lung and kidney showed no obvious difference 
between the untreated control and the MNC treated groups 

Figure 8 Biodistribution of MNC after intravenous injection. (A) In vivo fluorescence images of the mice acquired after 0, 4, 8, 12, 24, and 48 h of MNC injection. (B) Fluorescence 
images of the main organs after 24 h and 48 h of injection. (C) Fluorescence intensities of the individual organs harvested at 24 h and 48 h after injection of MNC.

Figure 9 Histological images of main organs (heart, kidney, liver, lung, and spleen) after 24 h and 48 h of MNC injection and the untreated control group. Scale bar = 100 μm.
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with respect to the characteristic tissue structures. Therefore, 
MNC was determined to be biocompatible.

Conclusion
To produce stable and high-performance magnetic nano-
materials for potential hyperthermia applications, we 
synthesized magnetic nanocomposites by embedding 
IONPs in PLA while controlling the IONP content in 
the composites. The fabricated MNCs showed enhanced 
magnetization and heating efficiency compared with 
nonembedded IONPs. Notably, MNC2 containing mod-
erate amounts of IONPs (13 wt% of Fe) showed higher 
magnetization and heating efficiency (ie, SLP) than the 
other nanocomposites. Further, these maximized charac-
teristics appear to originate from the favorable interpar-
ticle interactions. In addition, MNC2 exhibited excellent 
colloidal stability in aqueous solutions, as evidenced by 
negligible changes in hydrodynamic sizes and SLP after 
the incubation, which led to consistent heating in phy-
siological environments against the clinically approved 
IONPs, Resovist®. In vitro cell cytotoxicity tests 
revealed that MNC2 had good cytocompatibility—super-
ior to Resovist®. In vivo study indicated that MNC had 
great biocompatibility. Altogether, we successfully pro-
duce MNCs displaying improved magnetic properties, 
heating performance, stability, and biocompatibility. 
These unique properties will make our MNCs have 
great potential for various hyperthermia applications. 
In addition, our MNCs were prepared using widely 
used biocompatible materials (ie, PLA and IONPs) for 
their potential translation to clinical applications. 
Nevertheless, future studies, such as in vivo applications 
for cancer treatment, are required to clearly demonstrate 
their efficacy and biocompatibility.
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