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ARTICLE INFO ABSTRACT

Objective(s): This paper describes the preparation and characterization of rod-

Article History: shape gold nanoshells over Fe O, nanorods. This hybrid nanostructure combines
Received 12 Aug 2021 plasmonic properties of the gold nanoshells and magnetic behavior of the
Accepted 27 Sep 2021 magnetite nanorods in a single platform which turns it into a promising choice for

Published 01 Nov 2021 multi-purpose biomedical applications

Methods: The Fe,O, core was formed via hydrazine reduction of FeOOH rods
synthesized through a simple hydrothermal method. The Fe304 core was then
modified with APTES and underwent gold seeding and plating to form the final

Keywords:
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resonance nanoshell. The formation of FeOOH and Fe O, particels were confirmed through
rod-shaped x-ray diffraction analysis.

gold nanoshell Results: The formed particles showed rode shape morphology based on scanning
magnetite electron microscopy. The Fe,O,/Au (core/shell) particles showed two broad

surface plasmon resonance (SPR) absorption peaks around 750 nm and 930 nm.
Both SPR peaks are in the transmission window for biological entities (skin, tissue,
and hemoglobin).

Conclusions: These combined magnetic and optical properties suggest the rod-
shaped gold nanoshell as a proper theranostic agent for biomedical applications.
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INTRODUCTION

The interaction of free conduction electrons of
noble metals with the electromagnetic radiation, at
the optical range, canlead to an increase in collective
oscillations of the charge density which is typically
known as “surface plasmon” [1]. In the recent years,
a great deal of attention has been attracted to the
metallic nanostructures with plasmon tunability
due to their potential for being an ideal candidate
using in plasmonic photothermal applications [1,
2]. In the case of localized plasmon resonance, as a
geometry-dependent feature, changing of size and
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geometry can finely tune the plasmonic behavior
of metallic nanostructures [3-5]. Among metallic
nanostructures, nanorods and nanoshells most
typically show the size- and geometry-dependent
plasmon resonant properties [6-8].

Gold nanostructures provide a great potential
for using in extensive biomedical applications
owing to their ease of preparation, capability of
bio-conjugation, and unique optical properties
[9]. Additionally, favorable biocompatibility
and tunable photothermal behavior of these
nanostructures turns them into an ideal candidate
for a wide range of diagnostic and therapeutic
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applications (13). To exemplify, rod-shaped gold
nanoparticles have been widely utilized in the
development of biomolecules detection sensors,
targeting drug delivery systems, and laser-based
hyperthermia platforms (14).

In general, altering intrinsic features of
nanostructures such as size, shape (sphere, rod,
or cube), and type of the material, might adjust
the plasmon resonance band through a wide
spectral range [10]. It is assumed that rod-shaped
gold nanostructures represent the strongest
surface plasmon enhancement among the other
shapes [11]. The electrons oscillation along the
longitudinal and transverse axes of gold nanorods
makes two tunable plasmon resonances [12]. The
longitudinal and transverse plasmon resonance can
be regularly tuned by altering the nanorod length
and width respectively.

Asageneral trend, the absorption and scattering
wavelength of gold nanostructures is shifted from
visible to NIR region by changing the shape from
spherical to rod-shaped nanoparticles [13, 14].
From this, Tuning the aspect ratios of rod-shaped
gold nanostructures is a routine approach to enable
them to absorb and scatter drastically in the near-
infrared (NIR) region (680-1100 nm) [15]. It
is worth mentioning that, nanostructures with
plasmonic absorption at the NIR region are more
preferable for in-vivo applications due to their
superior functionality within the depth of body
tissues [16]. The factor that makes NIR plasmonic
nanostructures ideal candidates for a wide variety
of diagnostic and therapeutic puposes.

The tunable plasmon resonances of nanoshells
correspond to the hybridization of the plasmon at
the inner and outer surface of the shell layer with
each other. Accordingly, hanging the relative ratio
of the inner radius to the outer radius in metallic
nanoshells adjust the corresponding plasmon
resonances [5, 17].

Gold nanoshells (GNSs) are typically a thin
coating layer formed on a core nanoparticle with
a low dielectric constant [18]. The thickness of
GNSs might be varied in the range of a few to tens
of nanometers [19]. Analogues to gold nanorods,
GNSs exhibit strong plasmonic absorbance as well
as favorable scattering performance [20]. However,
a major privilege for gold nanoshells is the strong
and tunable extinction they represent in the near-
infrared region of the electromagnetic spectrum
[21]. Accordingly, utilization of rod-shaped gold
nanoshells can be a potentially smart strategy to
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develop functional in order to real-time imaging
simultaneous to localized photothermal therapy.
Interestingly, the relative core/shell ratio of these
nanocomposites can finely tune their surface
plasmon resonance (SPR) over the region of visible
to near-infrared spectrum [22-24].

Owing to the unique physicochemical
capabilities, magnetic nanoparticles have represented
a great potential for using in a wide collection of
applications [25]. As a distinctive characteristic,
magnetic materials can be easily manipulated in
the presence of an external magnetic field. As an
illustration, iron oxide-based materials are capable
of being separated, concentrated, and/or directed by
using an external magnetic field which turns them
into the ideal candidates for various biomedical
applications such as protein separation, targeted
drug delivery, magnetic resonance imaging (MRI),
and magnetic hyperthermia [26].

As a rational approach, versatile and multifu-
nctional biomedical platforms can be developed
using combined nanoscale materials to take
advantage of real-time diagnosis, targeted delivery,
and localized hyperthermia, simultaneously [27-
29]. Accordingly, when the magnetic nanoparticles
are optimally combined with the noble metals in a
single monolith platform, a unique multifunctional
platform with favorable properties could be
represented. For instance, core/shell nanoparticles
comprised of a magnetic core and metallic shell,
such as Fe,O,/Au and Fe O,/Ag nanoparticles, are
desirable platfroms for being utilized in theranostic
applications [30]. These binary platforms are more
stable in corrosive conditions and can be robustly
functionalized using thiol-Au interactions. More
importantly, the gold coating layer can potentially
yielding the system a favorably tunable plasmonic
properties [31].

In the present study, we developed a rod-
shaped gold nanoshell on a rod-like magnetic core.
This hybrid nanostructure combines plasmonic
properties of the gold nanoshells and magnetic
behavior of the magnetite nanorods in a single
platform which turns it into a promising choice
for multi-purpose  biomedical applications.
Inspite of the similar researches, formation of
Fe,O, nanorods, as a magnetic core, was aimed to
be acquired by a particular synthesis procedure
and confirmed through the characterization
tests in this study. Additionally, surface coating
of the magnetite nanorods with a structurally-
optimized gold layer was another distinctive
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factor for our study comparing with the similar
ones. However, some analogues studies have
represented structurally-comparable platforms,
their functionalies are majorly not explicit or
affiramable. From this, in order to investigate the
functionality of our versatile platform, we tried to
provid the distinct corresponding results of the
examination of core magnetic properties and shell
plasmonic characteristic.

MATERIALS AND METHOD
Chemicals

Ferric chloride (FeCl,.6H,O, 97%), hydrazine
(N,H,, 98%), potassium carbonate (K,CO,, 99%),
formaldehyde (2%), 3-aminopropyltriethoxysilane
(APTES), sodium hydroxide (NaOH), absolute
ethanol, gold (III) chloride tri-hydrate
(AuCl,.3H,0) were used as chemicals in this
study. In order to preparation of APTES stock
solution, 12 mM APTES was dissolved in absolute
ethanol/ water (4:1) mixture. All the chemicals
were purchased from Sigma Aldrich (Germany)
and utilized without conducting any further
purification. Ultra-pure water was used throughout
the synthesis process.

Preparation of f-FeOOH and magnetite nanorods

Rod-shaped p-FeOOH nanoparticles were
obtained from hydrolysis of FeCl, aqueous solution
according to the method developed by Yue et
al [32]. In a typical procedure, FeCl.6H,0O was
dissolved in 30 ml of deionized water and stirred
for 1 h for achieving a homogenous solution with
a Fe** concentration of 0.05 M. Subsequently,
the homogeneous FeCl, solution was transferred
into a Teflon-lined stainless steel autoclave. The
autoclave was placed into a laboratory oven and
heated at 80 °C for 12 h. After cooling down the
autoclave to room temperature, the yellow-colored
precipitates, formed at the bottom of container,
were harvested through centrifugation, rinsed by
distilled water, dried in the air, and stored for the
further examinations.

For the preparation of magnetite nanorods, the
B-FeOOH powder was homogeneously dispersed
in 30 ml DI water and then the suspension was
mixed with 150 ul of hydrazine aqueous solution.
Afterward, the tube was sealed and placed in the
oven, and heated for 4 h at 80 °C. The solution
color changed from yellow to black throughout
the reaction. The black product was collected
magnetically, washed by deionized water multiple
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times, and dried at 40 °C.

Surface functionalization of magnetite nanorods
with APTES

The magnetite nanorods were then surface-
functionalized by forming terminal amine groups
on their surface using APTES. The as-prepared
magnetite nanorods powder (0.2 gr) were mixed
with 50 ml APTES solution (12 mM) under constant
heating and vigorous mechanical stirring at 80 °C
for 1 h. The amine grafted magnetite nanorods
were subsequently cooled to room temperature
and washed with at least 7 cycles of magnetically
collecting and re-dispersion in absolute ethanol/
distilled water solution to remove any residual
reactant.

Seeding of magnetite nanorods with gold hydroxide
nanoparticle

In the next step, the amine grafted magnetite
nanorods were seeded with Au(OH), nanoparticles
on the surface using a deposition-precipitation
process. Briefly, 3 ml of 0.1 M NaOH was added
to a 6.25 mM solution of HAuCl, and allowed
stirring for 15 min before the solution becomes
mild yellowish. The gold hydroxide solution was
formed through hydrolysis of HAuCl, solution that
occurred when pH raised to 8 by adding NaOH.
Afterward, 1 ml of the amine grafted magnetite
nanorods was added to the as-prepared gold
hydroxide solution and heated at 70° C for 30
min under vigorous stirring where the mixture
color shifted to orange-brown as an indication for
successful loading of Au(OH), nanoparticle on the
amine-grafted magnetite nanorods. The product
was then collected magnetically and washed with
distilled water at least 5 times.

Growth of gold shell

The deposited Au(OH), nanoparticles acted as
nucleation sites for the growth of a gold layer on the
magnetite nanorods surface. As a general trend, size
of the Au(OH), nucleation sites were allowed to grow
by surplus addition of reduced gold nanoparticles
from HAuCl, solution. The process was followed to
coalesce the nanoparticles and to form a monolith
layer of gold shell around the magnetite nanorod’s
core. Throughout the growth process, the pH of
HAuCl, was adjusted to around 10.1 by the addition
of 50 mg K,CO, to 2 ml of HAuCl, (6 mM) which
was diluted in 50 ml distilled water. The solution
was allowed to stir in the dark overnight at room
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temperature to hydrolyze the HAuCl, solution
and obtain a colorless gold hydroxide solution.
This solution would be subsequently mentined as
k-gold. Then, 50 mg of seeded magnetic nanorods
were added to 20 ml of k-gold solution, where 200
ul of formaldehyde (2%) was added. In this step,
complex gold hydroxide anions are reduced on
the surface of magnetite nanorods and organize an
integral gold shell layer. This reduction resulted in
color changes in the solution from red to purple
depending on the deposited gold shell thickness and
degree of completeness. The Au coated magnetite
nanoparticles were separated by a magnet and
redispered in water.

Characterization

The optical properties of rod-like gold nanoshells
were determined using a UV-Vis spectrophotometer
(Unico, Uv-2100) in the range of 500-1000 nm.

The FTIR analysis was performed to distinguish
functional groups of the magnetite nanorods before
and after functionalization(MNRs and MNRs-
APTES). The procedure was carried out through
the KBr pellet method and in the wavenumber
range of 500-4000 cm™ using an FTIR spectrometer
(PerkinElmer, Spectrum RXI). The FTIR spectra of
the samples were obtained through 32 scans and in
a resolution of 4 cm.

The particle size and morphology of the
magnetic nanorods were determined by a TESCAN
Vega3 SEM. At least 100 nanorods in each
micrograph were analyzed in diameter and length
using Digimizer software.

TEM images were also prepared by a Zeiss
EM10C TEM to distinguish the gold nanoshell
layer from the magnetite core.

The XRD spectra of the FeCl, hydrothermal
precipitates and reduced precipitates  were
recorded at ambient temperature using an X-ray
diffractometer (PW 1710 BASED Philips, the
Netherlands). Samples in powder form were
analyzed using monochromatic Cu/Ka irradiations
(A=1.5406 A) in a two-tetha range of 10° to 80°.

The magnetic properties of magnetite nanorods
were investigated using a VSM (Meghnatis.
Daghigh Kavir) in the magnetic range of -5 to 5
kOe at room temperature.

RESULTS AND DISCUSSION
Fromation of nanorods

Fe,O, nanorods were synthesized through
hydrothermal formation of B-FeOOH and further
reduction by hydrazine. The p-FeOOH suspension
showed yellow-colored precipitation which was
turned into black after reduction by hydrazine
solution (Fig. 1a). The hydrazine-reduced suspension

(b)

500 nm

Fig. 1. (a) FeOOH and Fe O, suspensions, (b) gross magnetic separation of Fe,O, nanorods and (c) SEM images of Fe,O, nanorods
0.05 molar initial concentration of FeCl.6H,0
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Fig.2. XRD patterns of a) FeFOOH and b) Fe,O, nanorods.

was easily capable to be separated through a magnet.
This could be an indication for successful formation
of iron oxide nanoparticles (Fig. 1b).

The size and morphology of the synthesized
magnetite nanorods was investigated by SEM
(Fig. 1c). Iron oxide nanoparticles showed a rod-
shape morphology with the mean diameter and
length of 41.5 + 7.1 nm and 161.6 + 26.33 nm nm,
respectively. The particles represented rice-like
morphology with the aspect ratio of 3.9.

The initial concentration of the precursor is
directly in correlation with the mean diameter
and average longitude of iron oxide nanorods
[33, 34]. Accordingly, the average diameter of
magnetite nanorods reduced dramatically when
the concentration of Iron (IIT) chloride, as the
precursor, decreased. Additionally, the calculated
aspect ratio of obtained nanorods was in the typical
range suggested for magnetic nanorods utilized
in various biomedical applications including
hyperthermia [35-37].

XRD analysis

The crystal structure of the precipitates was
characterized using the XRD technique. XRD
analysis could be a confirming factor for the
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successful reduction of the FeOOH nanoparticles
and forming the magnetite nanoparticles. The
XRD patterns of FeOOH and Fe,O, magnetic
nanoparticles are presented in Fig. 2. FeOOH
sample showed peaks at 20 of 11.8°, 16.8°, 26.7°,
35.1° 39.4°, 46.2°, and 55.9° which were assigned
to (110), (200), (310), (211), (301), (401), and (521)
crystal planes, respectively. This pattern could be the
standard pattern of B-FeOOH nanorods [38-40] that
is in agreement with the JCPDS card No. 34-1266.

The peak positions and relative intensities
changed after the reduction of FeFOOH nanoparticles
using hydrazine. The reduced particles showed
diffraction peaks at 20 of 30.1°, 35.5°, 43.3°, 52.9°,
57°, and 62.8° that can be ascribed to (220), (311),
(400), (422), (511), and (440) crystal planes of
magnetite, respectively. This XRD pattern is in line
with the magnetite standard card (JCPDS card No.
19-0629). These alterations in the peak position and
relative intensities can be a confirming factor for
full conversion of the nanorods from the FeOOH
phase to the Fe O, phase [41, 42].

VSM analysis

Magnetic properties of iron oxide nanorods
were examined at room temperature. As can be
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Fig. 4. FT-IR spectra of APTES-coated and Fe,O, magnetite nanorods.

seen in Fig. 3a, the hysteresis curve of the FeFOOH
nanorods showed a paramagnetic behavior with
a saturation magnetization of 0.53 emu/g. On
the contrary, the Fe O, nanorods represented a
ferrimagnetic behavior with a small coercivity and
remanence (coercivity of 59 Oe and remanence of
0.4 emu/g), along with a saturation magnetization
of about 11.71 emu/g (Fig. 3b). The VSM results
confirmed the successful reduction of the rod-like
FeOOH nanoparticles to the Fe,O, nanorods.

The saturation magnetization of the Fe,O,
nanorods is lower than that of the bulk Fe,O,.
The saturation magnetization of bulk Fe,O, is 89
emu/g. The lower saturation magnetization of the
Fe,O, nanorods is due to the disordered surface
microstructures or the tiny surface uncompensated
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spins[43]. The shape anisotropy can also affect the
magnetic properties. The Fe,O, nanorods with
random orientation could possess different easy
magnetic axes magnetizing in different directions.
Therefore, the low M_ value could be attributed to
the non-collinear spins present on the surface of
the nanorods. Furthermore, surface defects can act
as pinning centers for the magnetic domains and
lead to more decrease in M value[38].

FT-IR

The surface chemical structure of bare Fe,O,
and Fe,O,-APTES magnetic nanorods was
characterized by FTIR spectroscopy (Fig. 4). FTIR
analysis was utilized to investigate the successful
functionalization of Fe, O, nanorods through
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Fig. 5. UV-Vis-NIR Spectra of the rod-shaped gold nanoshells

coating by APTES compound. In the case of
bare and APTES-functionalized Fe,O, nanorods
spectra, strong Fe-O characteristic peaks appeared
at 571 cm™ and 579 cm™ [44]. Shifting of Fe-O
characteristic peak to a higher wavenumber in the
Fe,O,-APTES spectrum might be assigned to the
potentially formed interactions between magnetite
core and amino-propyl groups. Moreover, an
adsorption band around 475 cm™ has emerged
in both samples that could be attributed to Fe-O
vibrations [45]. These characteristic peaks can be
considered as an approval for the existence of the
magnetite core of nanorods. Besides, the Fe,O,
sample represented a stretching vibration, centered
at 3420 cm™, which corresponds to the vibration
band of surface-absorbed O-H groups [46].

However, some newly-emerged peaks could be
distinguished in the FTIR spectrum of the APTES-
magnetite nanorods. Stretching bands centered
at 988, 1040, and 1107 cm™ could be attributed to
the Si-O-Si and Si-OH groups of binding APTES
molecules [45, 47]. The absorbed silica network
(Fe-O-Si bonds), which typically emerged around
584 cm’, could not be distinguished because of
overlapping with the Fe-O characteristic peak
(indicated through the rectangular area) [48, 49].
The adsorption band around 3460 could be also
attributed to the hydrogen-bonded silanols [50].
Additionally, N-H stretching vibrations (1631 cm®
') and bending of free-NH, group (3415 cm™) can
be assigned to the presence of amino-propyl groups
on the magnetite surface that is a supplemental
confirmation for the successful adsorption of
APTES molecules [46, 51].
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Optical Properties

Optical properties of the Au coated Fe,O,
nanorods with two different gold loading ratios were
investigated via UV-Vis-NIR spectroscopy. It is well
known that rod-like gold nanostructures exhibit two
maximum plasmon resonance absorbance peaks
in their UV-Vis-NIR spectra [14]. As indicated
in Fig. 5, the prepared Au nanorode showed two
separate plasmon absorbance peaks. The observed
peaks in Fig. 5 are evidence for the successful
forming of the rod-shaped gold nanoshells on
the magnetite nanorods. As a general trend, two
maximum plasmon resonance absorbance peaks
were appeared at around 723 and 924 nm. The
absorbance peak at 723 nm could be attributed to
the transverse localized plasmon resonances of the
rod-shaped nanoshells. The absorbance at 924 nm
corresponds to the longitudinal band position of
the Au-coated magnetite nanorods [52].

Since both SPR peaks are in the transmission
window for biological entities such as skin tissue
and hemoglobin, the Fe,O, nanorod/ Au nanoshell
platform possesses great potential for in-vivo
imaging/ treatment applications.

Transmission Electron Microscopy

The successful formation of a gold nanoshell
layer on the surface of magnetite nanoparticles
can be studied through transmission electron
microscopy. The morphological feature of the Au-
coated Fe,O, nanorods was evaluated by TEM. As
represented in Fig 6, magnetite nanorods preserved
their rod-shaped morphology after the coating by
gold layer. Additionally, TEM images indicated a
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Fig. 6. TEM images of the bare magnetite nanorods (a) and magnetite nanorods coated by Au nanoshell (b).

total coverage of gold shell on the surface of the
magnetic nanorods with no distinct fragmentation
between magnetite core and gold nanoshell layer.
The average diameter of the Au-coated nanorods
was calculated 50 * 7.6 nm that was slightly higher
than that of the bare magnetite nanorods (47.1
6.9 nm). This increment might be in line with the
formation of the gold nanoshell on the surface. The
obtained size and morphology of the synthesized
nanorods from the TEM micrographs are in
agreement with the findings from SEM images.

CONCLUSION

Gold nanoshells are superior candidates for
localized photothermal therapy applications
owing to the creating surface heat flux upon
NIR light absorption as a consequence of their
strong surface plasmon. In this paper, a versatile
theranostic platform has been represented through
the coating of the magnetite nanorod core via a
rod-shaped gold nanoshell layer. This platform
might be a potentially considerable candidate for
targeted drug delivery, biomedical imaging, and
hyperthermia applications. The Fe,O, core was
obtained from hydrazine reduction of the rode-
like FeOOH particles which has been synthesized
through a facile hydrothermal method. The Fe,O,
core was then modified with APTES, underwent
Au seeding and plating to organize the final gold
nanoshell layer. The formation of magnetite
nanorods, as the core substrate, was confirmed
through SEM, XRD, and VSM analysis. The as-
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synthesized magnetite nanorods had an aspect
ratio of 3.9 with an average diameter of 41.5 *
7.1 nm. Before the Au coating, successful surface
functionalization of the magnetite nanorods by
APTES was evaluated and verified using FT-IR
analysis. The Au-coated magnetite particles showed
two broad plasmon peaks around 723 and 924 nm
in UV-Vis-NIR spectroscopy that was confirmation
for the formation of a rod-shaped gold nanoshell
structure. Additionally, TEM observations further
confirmed the homogeneous arrangement of the
gold nanoshell layer. All findings suggested that
the Fe,O, nanorod/Au nanoshell is a desirable
candidate for targeted drug delivery, in-vivo
imaging, and photothermal therapy applications.
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