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Abstract

In this work, the monodisperse FesOs@Ag core-shell hybrid nanoparticles (NPs) with an average size of 16.0 nm
have been successfully fabricated by the seeded-growth method in the organic solvent. The influence of the molar ratios
of AgNOs/OLA on the formation of hybrid NPs has been investigated in detail to find the optimal conditions for the
synthesis of the desired Fes0s@Ag hybrid NPs. The hydrophobic FesO.@Ag hybrid NPs were successfully transferred
into the water using poly (maleic anhydride-alt-1-octadecene) (PMAQ). The PMAO coated Fes0.@Ag nanoparticles
were well dispersed and stable in water over a wide range of pH from 2 to 11 as well as reasonable electrolyte
concentration. The Fe;0.@Ag magneto-plasmonic design can efficiently combine magnetic hyperthermia into an

effective bimodal thermo-therapy.

Keywords. Fes04s@Ag, core-shell, magnetic hyperthermia, plasmonic photothermal, thermo-therapy.

1. INTRODUCTION

In recent years, nanomaterials have been widely
used in biomedicine such as cancer diagnosis and
treatment.™ 2 Among various efforts to develop new
drugs and treatment methods for cancer, thermal
therapy has been emerging as a potential alternative
to all current approaches due to its promisingly high
efficiency  without negative side  effects.
Subsequently, thermal treatment using nanoparticles
has attracted more and more attention from
researchers. This field of study aims to fabricate
novel nanostructures  that can  convert
electromagnetic energy or/and light energy into heat
with maximum productivity and minimum possible
risks to living bodiesby shortening exposure time,
lowering exciting electromagnetic frequencies, or

using longer-wavelength laser, etc. The reported
materials including magnetic and noble metallic
nanomaterials still exhibit certain drawbacks when
being used independently.B-5]

Recent studies have shown that the combination
of magnetic and plasmonic properties into a single
unit would integrate the advantages of the two
components as well as enhance their relative
functions.®! Currently, the utilization of magneto-
plasmonic hybrid NPs for biomedical purposes
focuses mainly on FesOs/Au nanostructures.’l The
studies on Fe3O4/Au hybrid NPs for magnetic
hyperthermia and photothermia have obtained some
remarkable results.® The benefit of this material in
therapy is that it can selectively destroy tumor cells
with few side effects for healthy cells under the
impact of light or magnetic activities or both of them
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simultaneously.’® However, the fabrication of
Fes04/Au nanostructures for this purpose is at a very
high cost, making it difficult to be applied to many
patients. Therefore, reducing the cost of products but
still achieving the goal of treatment are urgent
requirements. FesO4/Ag hybrid NPs are a promising
candidate to replace FesOs/Au hybrid NPs in cancer
treatment by magneto-photothermal therapy.*!
However, high-quality studies on FesO4/Ag hybrid
NPs in this field are still rather scarce. Especially,
the growth mechanism and the role of experimental
parameters on the development of hybrid
nanoparticle morphology are still unclear. As proved
in previously published studies, the magnetic
properties of Fe;O.4 core can help improve magnetic
hyperthemial**?l and the magnetic resonance
imaging (MRI),1 while Ag component exhibits
photothermal heating into the hybrid structure.l*4
Therefore, integrating the strong points of the
magnetic hyperthermia of FesO4 and the plasmonic
photothermal effects of Ag into a hybrid
nanostructure for cancer treatment is a promising
and brand-new approach.

In this paper, we designed multifunctional
FesO.@Ag hybrid nanostructures with plasmonic
and magnetic properties using the seeded-growth
method.™ The FesO, seeds were prepared by
thermal decomposition of Fe(acac)s precursor which
is safer and cheaper than Fe(CO)s. Despite its
popularity in previous studies, Fe(CO)s is a highly
toxic and expensive reactant.l'®! The effect of
AgNO3/OLA molar ratios on the morphology and
dispersity of Fes0.@Ag hybrid NPs was
investigated to optimize the conditions for the
formation of FesO.@Ag core-shell nanostructure.
The Fe;0,@Ag hybrid NPs were transferred into the
water using PMAO polymer. The as-synthesized
hybrid nanostructure can efficiently combine the
magnetic hyperthermia of FesOs core with the
photo-thermal response of silver shells like the dual
hyperthermia system. The obtained Fe;0.@Ag
hybrid NPs open up a promising potential for cancer
treatment.

2. MATERIALS AND METHODS
2.1. Chemicals

All chemicals used in the fabrication process were of
analytical grade (purchased from Sigma-Aldrich
Ltd, Singapore) including Iron(lll) acetylacetonate
(Fe(acac)s), silver nitrate (AgNOQs3), oleic acid (OA),
oleylamine (OLA), 1-octadecanol (OCD-ol), poly
(maleic anhydride-alt-1-octadecene) (PMAO), 1-
octadecene (ODE), chloroform (CHCIs), absolute
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ethanol (C,HsOH) and n-hexane (CsHi4). They were
used directly without any further purification.

2.2. Preparation of materials
2.2.1. Synthesis of Fe3O4 nanoparticles

FesO4 nanoparticles were fabricated by the thermal
decomposition method in organic solvents as
reported in our previous work.' In a typical
synthesis, Fe(acac)s (673 mM), OA (744 mM), OLA
(744 mM), and OCD-ol (300 mM) were mixed and
stirred magnetically in a 100-mL three-neck flask
containing 40 mL of ODE under nitrogen flow.
First, the reaction mixture was de-gassed at room
temperature within 30 min before being heated up
gradually to 100 °C to remove water for about 30
min. After that, the solution was refluxed at 200 °C
for another 30 min. Finally, the system temperature
was adjusted to 295 °C with a steady rate of 5 °C
min* and then maintained for 60 min. The obtained
mixture was left to cool down naturally to room
temperature, then washed with ethanol, centrifuged,
and lastly re-dispersed in n-hexane solvent. The
collected NPs were dried before being
physicochemically characterized.

2.2.2. Synthesis of Fes04.@Ag hybrid nanoparticles

The Fes0,@Ag hybrid NPs were synthesized using
the seeded-growth method. In brief, 6 mL of OLA
and 0.3 g of OCD-ol were dissolved in 40 mL ODE
in a three-neck flask. 5 mL n-hexane containing 0.1
g of the purified FesO, NPs (seeds) (section 2.2.1)
was injected into the mixture while continuously
stirred under nitrogen flow. A certain quantity of
AgNO3 was added to obtain solutions with different
molar ratios of AgNOs/OLA = 0.15:1, 0.3:1 and
0.45:1, labeled as FAO0.15, FAO0.3, and FAO0.45,
respectively. The reaction mixture was heated to 80 °C
and kept at this temperature for 30 min to remove
n-hexane. Afterward, the system was heated to 200 °C
at a rate of 5 °C min, and then refluxed for 60 min
before being cooled down to room temperature. The
as-synthesized Fe;O.@Ag hybrid NPs were purified
from free Ag nanoparticles and excess ligands
before being characterized. The control Ag NPs
were synthesized under the same conditions without
the appearance of Fe;O, seeds.

2.2.3. Phase transfer Fes04@Ag hybrid NPs into water
According to a recently developed procedure,

PMAO polymer can support the transfer of the
hydrophobic FesOs@Ag hybrid NPs into the
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aqueous solvent.™® In short, a solution of 50 mg of
FesOs@Ag NPs dispersed in 10 mL of chloroform
was mixed with 2 mL of chloroform containing 0.5 ¢
PMAQO by magnetically stirring for 60 min. The
mixture was then dried at normal conditions before
being dissolved into 10 mL of diluted NaOH
solution under ultrasonication. For supernatant
removal and purification, the hybrid NPs were
repeatedly centrifuged at 12000 rpm and
redispersed in water. The final product was
dispersed in 10 mL of water.

2.3. Materials characterization

Structural investigations of materials were recorded
on a Siemens D5005 diffractometer at room
temperature (300K) with CuK, radiation (A = 1.5418
A). The particle size and shape were determined by
using a transmission electron microscope (TEM,
JEOL JEM-1010, Japan). The average size and the
size distribution of nanoparticles were analyzed
according to TEM images using ImageJ software.
Infrared and UV-Vis spectra were obtained by the FT-
IR NEXUS 670 (Nicolet, USA) and the UV-Vis
spectrophotometer (Jasco V-670, Japan). The
elemental composition of the fabricated materials
was checked using an energy dispersive X-ray
spectrometer (EDS, Jeol 6490-JED 2300). The
magnetic properties of the materials at room
temperature were measured using a vibrating sample
magnetometer (VSM) with a field of up to 10 kOe.
Dynamic light scattering (DLS) measurements and
stability of the magnetic fluids were examined by a
Zetasizer (Malvern, UK).

2.4. Magnetic and photo-induced heating mode
measurements

To investigate the magnetic and/or photo-induced

Fe;0,@0A/OLA

Fe;0,@O0A/OLA-OLA-Ag
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heating  efficiency of FesOs@Ag  hybrid
nanoparticles, the energy conversion experiments
were carried out under an alternating magnetic field
of 80 Oe with a frequency of 178 kHz created by a
commercial generator UHF-20A and infrared light
having wavelength of 532 nm with a maximum
power density of 25 Wicm% In a typical
measurement, pure water was used as the control.

3. RESULTS AND DISCUSSION

3.1. Synthesis and characterization of Fe:O.@Ag
hybrid NPs

The synthesis of Fe;O.s@Ag hybrid nanoparticles
was depicted in figure 1. In the early stage, the FesO4
NPs were prepared by the decomposition of the
Fe(acac); precursor in ODE solvent at high
temperature. The second step was the preparation of
Fes04@Ag hybrid NPs by the seeded-growth method
using Fes0O. as seeds, AgNOs precursor, OCD-ol as
reducing agent, and OLA as surfactant and ligand. In
solution, Ag-oleylamine complex was formed and
then reduced by OCD-ol to generate Fe;0.@Ag
core-shell hybrid NPs.

The morphology of NPs was observed using a
transmission electron microscope (TEM). Figure 2
showed the TEM images and size distribution chart
of Fes04 seeds and FesO,@Ag hybrid NPs which
were synthesized at different molar ratios of
AgNO3/OLA. The results indicated that the FesO,
particles were spherical, monodisperse, uniform in
size and shape with an average size of 8.5+0.9 nm
(figure 2a). It can be seen that the morphology of
FesO4s@Ag hybrid NPs depends on the molar ratios
of precursors and surfactants (AgNOs/OLA). In
detail, with AgNOs/OLA = 0.15:1 (figure 2b) the
obtained core-shell structure was not uniform
including both small and large spherical particles.

Fe;0,@Ag@OA/OLA
(Core — shell)

Figure 1: Schematic illustration of the formation process of Fes0.s@Ag hybrid NPs
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Figure 2: TEM images and the corresponding size distribution histograms of Fe;04, Ag, and Fes0.@Ag
hybrid NPs (a-€); UV-Vis absorption spectra of Fe;O4, Ag, and FesO.@Ag hybrid NPs (f); EDS data of
FAO0.45 sample (g)

The small NPs could be original FesO4 NPs or Fe;04
coated with a very thin Ag shell. The large particles
with an average diameter of 13.4+1.4 nm were
supposed to be FesOs@Ag core-shell hybrid NPs.
The uneven shell thickness may be due to the low
Ag precursor concentration. Nonetheless, when the
AgNO3/OLA ratio was 0.3:1, the free FesO4 particles
were not observed, however, the Fes0s@Ag hybrid
NPs were not uniform in shape and size (figure 2c).
Markedly, at the molar ratio of AgNOs/OLA =
0.45:1, the formed Fe;0.@Ag hybrid NPs were
uniform in size and shape with the average size of
16.0+0.9 nm (figure 2d). By continuously raising the
ratios of AgNOs/OLA, the size of FesO,@Ag hybrid
NPs significantly increased (figure 2e). These results
can be explained as follows: Through the growth
reaction, the Ag atoms first started depositing on the
surface of FezO4 seeds. Then, the positions with the
presence of Ag atoms became more active,
facilitating a large amount of Ag to continue
depositing. Hence, the Ag shell was formed
gradually through the formation of Ag nanocrystals.
However, when the concentration of the Ag
precursor was low (the molar ratio of AgNO3/OLA
was low), both active sites with many Ag atoms and
vacant positions on the surface of the FesO, cores
would simultaneously appear, resulting in the
competition and dominance of the Ostwald ripening
effect. This led to an uneven formation of the Ag
shell.129

The formation of Fe;0.@Ag hybrid nanostructures
was also confirmed through the UV-Vis absorption

spectra. As presented in figure 2f, in the wavelength
range of 300-800 nm, the Fe;Os NPs had no
absorption peak, while Ag NPs showed a surface
plasmon resonance (SPR) peak at 405 nm, the
FesO.@Ag hybrid NPs showed peaks in the
wavelength range of 410-415 nm. The SPR peaks of
FesO.@Ag were red-shifted with different degrees
compared to those of Ag NPs. This change was due
to the local dielectric effect according to Mie
theory.?) Moreover, the presence of an SPR band in
the UV-Vis spectrum of Fe;0.@Ag hybrid
nanostructures was also an indicator of the silver
shell layer formation on the FesO, totally in
agreement with the results observed from TEM
image. In addition, the energy-dispersive X-ray
spectroscopy (EDS) analysis of a representative
sample FAQ.45 further confirmed the coexistence of
Fe, Ag, and O elements in the hybrid structure
(figure 2g). Altogether, these results demonstrated
that FesO.@Ag hybrid NPs with core-shell structure
had been successfully fabricated. Due to its high
uniformity, the FA0.45 sample was used to further
study the properties of Fe;O.@Ag hybrid
nanostructure.

Figure 3 showed the X-ray diffraction patterns of
Fes04, Ag, and FesO.@Ag hybrid nanostructures.
Obviously, the diffraction peaks at 2-theta angles of
30.16° 35.49° 43.01° 53.78° 57.21° and 62.73°
corresponding to the reflection planes of (2 2 0),
(311),(400),(422),(511),and (44 0) indicated
the fcc inverse-spinel structure of FesO4 (JCPDS no.
19-0629). The XRD pattern of Ag NPs matched the
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face-centered cubic (fcc) structure with peaks at the
positions of 38.21°, 43.61°, and 64.21°
corresponding to (1 1 1), (2 0 0), and (2 2 0) crystal
planes of Ag standard pattern (JCPDS no. 004-
0783). For Fes0.@Ag core-shell structure (FA0.45
sample), it can be only seen the characteristic peaks
of Ag structure, while the typical peaks of Fes3O4
structure were not observed. A plausible explanation
for this phenomenon was that FesOs cores were
completely coated by Ag shell (as observed by TEM
image - figure 2d).

(220)

. (111)

(311)

(440)

(511)
(422) (\ f l,

20 30 40 50 60
2-theta (degree)

Feq0, (220) (400)

Figure 3: XRD patterns of Fes04 NPs (black), Ag NPs
(red), and Fes0.@Ag hybrid NPs (blue)

40 + =—Fe,0,
®— FA0.45
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-10000 -5000
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Applied field (Oe)
Figure 4: Magnetization curves of Fes04 NPs and

Fes0.@Ag hybrid NPs

The magnetic properties of materials were
analyzed using vibrating sample magnetometry
(VSM). The results showed that the synthesized
FesOs NPs and FesO.@Ag hybrid NPs were
superparamagnetic at room temperature (figure 4).
The saturation magnetization of Fe;O. particles was
58.7 emu/g, higher than that of FA0.45 (15.2
emu/g). Additionally, the coercivity (Hc) decreased

Fabrication of FesOs@Ag hybrid nanoparticles...

from 10 Oe for FesO4; seeds to O Oe for hybrid
nanoparticles. This result could be explained by the
existence of the non-magnetic Ag component in the
hybrid structure.

3.2. Fes04s@Ag hybrid NPs are coated by PMAO

The Fes0.@Ag hybrid NPs were covered by a
hydrophobic layer of OA and OLA, such that they
can be dispersed in non-polar organic solvents. For
biological application purposes, they must be
dispersible in water. Therefore, FA0.45 sample was
transferred into the water by the amphiphilic PMAO
polymer. It is clear that the original hybrid
nanoparticles were dispersible in n-hexane and
non-dispersible in water. After being coated by
PMAOQO, the surface of the hybrid nanoparticles
became hydrophilic, thus making them well-
dispersed in water (figure 5a). The TEM image of
PMAOQ encapsulated FesO.@Ag hybrid NPs was
shown in figure 5b. As illustrated, the hybrid
nanoparticles were well isolated without any
agglomeration.

To apply FesOs@Ag hybrid NPs in living
systems, it is crucial to evaluate their stability. For
this reason, a dynamic light scattering (DLS) was
performed to measure the hydrodynamic diameters
of Fe;0.@Ag NPs in water. As demonstrated in
figure 5c, the sample FA0.45 showed only one peak
at 25.85 nm with the width of the narrow bottom,
implying that the PMAO-encapsulated particles
were relatively uniform with an average size of
25.85 nm. Besides, the fluids of hybrid NPs were
high stability with zeta potential value of -42.5 mV
(figure 5d).

The PMAO-capped hybrid NPs were well-
dispersed and stable in the solutions of NaCl at a
concentration up to 250 mM. However, the higher
concentration of NaCl (for example, 275 mM) led to
the aggregation and precipitation of the nanoparticles
(figure 6a). Likewise, the colloid of the PMAO-
modified hybrid NPs was stable within a wide range
of pH from 2 to 11. The precipitation appeared at a
low pH of 1 (figure 6b).

The FT-IR spectra of OA/OLA-capped and
PMAO-modified hybrid NPs could be evidence of
the PMAO occurrence on the surface of the
FesO.@Ag hybrid NPs (figure 7a). For both
samples, there were characteristic peaks, indicating
the presence of CH, groups in OA, OLA, and
PMAO molecules. In the sample after phase transfer,
there was a band at 3441 cm that could be assigned
to the oscillation of hydroxyl groups in water
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Figure 5: Photographs of FesO,@Ag hybrid NPs before (1) and after (2) the surface modification by PMAO (a),
TEM images of PMAQ encapsulated FesO.@Ag hybrid NPs (b), hydrodynamic size distribution (c)
and zeta potential (d) of PMAO encapsulated Fe;Os@Ag hybrid NPs
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concentrations (a) and different pH values (b)
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Figure 7: FT-IR spectra (a) and TGA scans (b) of OA/OLA and of PMAO
encapsulated FesO4s@Ag hybrid NPs
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molecules absorbed by the PMAO layer
encapsulating the hybrid NPs. Meanwhile, the
spectrum of the sample before PMAO surface
modification showed a band in the range of 1384-
1500 cm™ and a peak at 1630 cm? that can be
attributed to the carboxylate group of OA and the
amine group of the OLA, respectively. Nevertheless,
a strong peak at 1570 cm™ represented the ionized
carboxylic acid created by the open of the anhydride
rings of PMAO molecules in the alkaline medium,
once again detecting the presence of PMAO on the
hybrid particle surface. No doubt that these
carboxylic groups helped to enhance the aqueous
dispersion ability of hybrid NPs capped by PMAO.
Investigation of TGA diagram (Figure 7b) was
consistent with the above observation. Particularly, the
sample before phase transfer (FA0.45@0OA/OLA) had
lost approximately 10 % by weight when the
temperature raised from 70 to 550 °C, corresponding
to the evaporation of organic solvent absorbed onto
the surface of NPs and the decomposition of
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surfactants (OA and OLA). Whilst, the sample after
phase transfer (FA0.45@O0A/OLA-PMAO) showed a
significant decrease of 60 % in weight within the same
temperature range. The weight loss had resulted from
the water evaporation (= 10 %), the decomposition of
OA/OLA (= 10 %), and the destruction of PMAO
(= 40 %).

3.3. The magneto-photo-thermal conversion
efficiency of FesOs@Ag hybrid NPs

The heating effect of the Fes0.@Ag hybrid NPs was
investigated with the FA0.45 sample after phase
transfer (FA0.45@OA/OLA-PMAO) at a
concentration of 0.2 mg/mL Fe. Experiments were
conducted under 3 conditions: (i) Magnetic
hyperthermia (MHT) at a magnetic field of 80 Oe
and frequency of 178 kHz, (ii) Photothermal
therapy (PTT) under 532 nm laser at a power density
of 0.3 W/cm?, and (iii) Combined magnetic field and
laser (MHT + PTT) at the same conditions.

i

MHT +PTT

Fe0,@Ag

PTT

3001

b)

(]
(=]
(=]

SLP (Wig)

[y
(=
(=)

Figure 8: (a) Heating curves for the FesO.@Ag hybrid NPs solution and H.O under MHT alone
(80 Oe, 178 kHz), PTT alone (532 nm, 0.3 W/cm?) and bimodal MHT+PTT (same parameters), and
(b) SLP values vs. heating curves obtained from (a) for the FesO4s@Ag hybrid NPs solution
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Figure 9: Heating curves (a), and SLP values (b) for the Fes0.@Ag hybrid NPs solution under
the combination of a magnetic field of 80 Oe and 178 kHz, and 532 nm laser for values of the power density
ranging from 0.1 to 0.3 W/cm?

As shown in figure 8, the temperature elevations
of FA0.45 sample under three heating modalities
MHT, PTT, and (MHT + PTT) were 10.2, 15.5, and

22.0 °C, respectively. The specific loss power (SLP)
values were 158, 272, and 317 WI/g, respectively,
after 900 s of the experiment. Pure water as the
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control showed only a negligible temperature
increase (1.0-2.5 °C) under MHT, PTT, and (MHT +
PTT), indicating that the temperature rise of the
hybrid solution was due to the heating effect of the
Fes0.@Ag hybrid NPs. The results also suggested
that the heating effect of the FesO.@Ag NPs could
be greatly enhanced under the dual magnetic/photo
heating mode (MHT + PTT).

To further investigate the heating effect of
Fes0.@Ag hybrid NPs, the heating efficiency of
FA0.45 sample was studied under the combined
exposure to the constant magnetic field of 80 Oe and
178 kHz, and varying irradiation of 532 nm laser at
different power density from 0.1 to 0.3 W/cm?
(figure 9). The results showed that the temperature
change induced by the hybrid sample during the
measurement. When laser power density increased
from around 0.1 to 0.3 W/cm?, the temperature
elevation increased from 10 to 22 °C and SLP values
increased from 196 to 317 WI/g, respectively, after
900 s of the treatment. In addition, we observed
that in order to reach the expected temperatures
(42-46 °C), the magnetic field of 80 Oe and 178
kHz required a power density of 0.15 W/cm?
(figure 9a), while in the absence of a magnetic field,
the laser irradiation of 0.3 W/cm? was needed (PTT
FAO0.45, Figure 8a). Obviously, the combination of
magnetic field and laser irradiation could achieve
therapeutic temperatures while minimizing exposure
intensities. Undoubtedly, the research results showed
the potential application of the Fes0.@Ag hybrid
NPs in cancer treatment.

4. CONCLUSIONS

The Fes0.@Ag core-shell hybrid NPs with an
average size of 16.0 nm were successfully fabricated
in organic solvent using the seeded-growth method.
The uniformity of hybrid nanostructures depended
on the molar ratio of AGNO3/OLA. The hydrophobic
Fes0.@Ag hybrid NPs were successfully transferred
into the water using poly (maleic anhydride-alt-1-
octadecene) (PMAO). The PMAO coated
Fes0.@Ag nanoparticles were well dispersed and
stable in water over a wide range of pH from 2 to 11
as well as reasonable electrolyte concentration. The
FesO.@Ag hybrid nanostructure could act as dual
hyperthermia agents. The heating effect of the
hybrid NPs could be greatly enhanced when the
magnetic and plasmonic modalities were applied
simultaneously. All things considered, this study
demonstrated a highly applicable potential of
FesO.@Ag hybrid  nanostructure  for  dual
magnetic/photo heating in cancer treatment.

Nguyen Thi Ngoc Linh et al.
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