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Abstract

Cancer is one of the biggest causes of death in the world thus it is becoming increasingly important to improve
cancer treatments and its early diagnosis. In this sense, a lot of research has been made in nanotechnology over the
last few decades towards the implementation of new strategies to fight this disease. In this work, it was intended
to synthesize spherical hybrid magneto-plasmonic nanoparticles, incorporating gold (Au) on the core and both gold
and iron (AuFe) on the shell, that could further be translated into nanorods with the same composition, which
would take advantages of both optical and magnetic properties of Au and Fe, respectively, along with its NIR(Near
Infrared)-responsive feature provided by the rod shape.

Hence, the nanoparticles obtained would be capable of taking tasks such as improve magnetically-based imaging
techniques by enhancing image contrast, improve magnetic hyperthermia treatments and optimize magnetically-
guided drug delivery systems in a non-invasive way provided by its NIR-responsive nature thus providing targeted
treatments and reducing the side-effects of the techniques currently used.

This way, the synthesis of gold nanoparticles was firstly performed aiming to use them as seeds to grow an
AuFe shell afterwards. Throughout all the process, the protocols used were optimized and the nanoparticles were
characterized on every step of the way.

Finally, the main goal of this work seems not to have been achieved, however it was possible to synthesize
colloidally stable nanoparticles with a mean size of 3,3 nm containing 20% of iron and 80% of gold.
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1. Introduction
Through the combination of more than one inorganic
compound in the same nanomaterial it is possible to ob-
tain nanohybrids with potential multifunctional proper-
ties since the coupling of multiple inorganic nanomate-
rials lead to a resulting nanohybrid with better therapeu-
tic efficacy than their individual counterparts: if an indi-
vidual inorganic compound is not suitable for a specific
function into the desired application, it can be combined
with a distinct inorganic compound which can improve
a novel property to the resulting hybrid nanomaterial.

1.1. Hybrid Magneto-Plasmonic Nanoparticles
Particularly, hybrid magneto-plasmonic nanoparticles
provide great interest into the biomedical field, consid-
ering that on one hand, magnetic NPs present the capac-
ity of reacting to an external magnetic field, hence by
manipulating this magnetic field it is possible to enhance
the nanoparticles targeting efficiencies for drug deliv-
ery and imaging applications. On the other hand, plas-

monic nanomaterials (namely, gold nanorods) present
two major advantages on biomedical applications, be-
ing perhaps the most relevant one the fact that it exhibits
strong absorption of an incident light, which is stronger
when localized surface plasmon resonance (LSPR) oc-
curs under the electromagnetic field with the resonance
frequency. The other great interest of gold nanorods
is the fact that the longitudinal plasmon resonance of
rod-shaped nanomaterials can provide the absorption of
wavelength radiation in the near-infrared (NIR) region,1

also called the biological window. The NIR region en-
ables deep penetration into biological tissues,2 provid-
ing a great innovative feature to be implemented on
medical applications, since the rate of absorption of this
type of radiation by the living tissue is relatively low.1

Additionally, the tunability of the LSPR into the
NIR region can overcome limited penetration of optical
imaging systems and achieve efficient penetration into
deep tissues. Therefore, to implement hybrid nanopar-
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ticles with these properties combined would be a great
achievement for its usage in biomedical applications.

In fact, nanoparticles possessing both magnetic and
plasmonic properties in a single nano-object are highly
promising for image-guided therapy, being able to pro-
vide more efficient treatments by incorporating imag-
ing properties into therapeutics (i.e. theranostic applica-
tions).3

Since the improved properties of these hybrid NPs for
biomedical applications are highly dependent on their
shape, it can be changed in order to be NIR responsive,4

which is a crucial and innovative feature concerning
biomedical applications. Among all the possible shapes
and conformations that these NPs can acquire, Janus
NPs (i.e. NPs whose surfaces have two or more distinct
physical properties) have attracted increased scientific
interest in the technological and biomedical fields.

Furthermore, strong magnetic and NIR responsive
plasmonic properties of engineered nanostars can over-
come cellular and physiological barriers, target the en-
tities of tumor environment, and induce physical thera-
peutic effects after being stimulated by a remote signal,
thereby enabling a targeting treatment, which prevents
the damage of surrounding healthy cells and limit the
unwanted side effects of the treatments currently per-
formed.5 This represents an innovative research field
on the implementation of novel drug delivery systems,
since NIR-triggered controlled release of a therapeutic
drug can provide the possibility of releasing the drug at
the right location with the desired time and drug release
rate,3 while providing its protection and increasing its
bioavailability.

Along with drug delivery applications, hybrid
magneto-plasmonic NPs can bring a number of innova-
tions on imaging applications. The combined magnetic
and NIR-responsive plasmonic properties of these type
of nanoparticles enable multimodal quantitative imag-
ing combining advantageous functions of MRI, MPI,
PAI and image guided drug delivery with controllable
drug release,3 thus it can overcome the disadvantages of
each individual imaging technique by combining advan-
tageous features from other imaging techniques. For in-
stance, it has been proved that core-shell nanostars with
SPIONs core and a gold star-shaped plasmonic shell
were bounded to drug molecules and released upon NIR
illumination due to the heat generation from the nanos-
tars.3

Furthermore, it was demonstrated that Janus
magneto-plasmonic nanoparticles, made of gold nanos-
tars and iron oxide nanospheres are not only good
nanoheaters for magnetic hyperthermia but also (and
mostly) for photothermia.5 Its NIR-responsive feature
is advantageous for both optical imaging systems and
laser-assisted biomedical applications6 due to the high
penetration efficiency of NIR light into deep tissues3

without its damaging in a non-invasive way.

1.2. Brief state-of-the-art of Au-Fe based Nanorods
The main purpose of this work is to obtain hybrid
nanoparticles with both gold and metallic iron, which
remains a great challenge, being one of the biggest prob-
lems the fact that it is still very difficult to combine them
without the risk of iron oxidation. This way, there is
not a lot of articles on bibliography regarding this mat-
ter, however a lot of research has been made in the last
decades in relation to hybrid nanoparticles composed by
gold and iron oxide, given the high stability and sim-
plicity of synthesis of iron oxide NPs, and the excel-
lent stability, biosafety and surface modification facil-
ity of AuNPs.7 Most of these hybrid NPs are core-
shell shaped, and it has been showed that the room-
temperature synthesis of core–shell magnetite–gold NPs
are especially attractive if the gold shell completely cov-
ers the magnetic core, consequently protecting it from
oxidation, minimizing possible toxicity, and enabling its
functionalization with ligands.8

A wide variety of synthesis methods have been in-
vestigated when researching different shapes of hybrid
iron oxide and gold NPs. Actually, various morpholo-
gies of these hybrids have already been developed in-
cluding spherical and non-spherical core-shell nanopar-
ticles, nanoflowers, nanorods, etc.,4 leading to new in-
teresting joined magnetic and optical properties.9

Regarding iron-gold alloy NPs, there are just a few
articles published concerning this matter, as the misci-
bility of these two elements is very low. The synthesis
method most commonly used is laser ablation,10 since it
is a relatively simple method in which there is no need
to use capping and stabilizing agents or reductants and
it allows to stabilize metastable phases. However, when
using this technique, the main challenge is to have con-
trol over the shape and size of the synthesized NPs. The
control over its shape is crucial to determine the proper-
ties of the synthesized nanoparticles, hence it is urgent
to find an alternative technique that enables this control.

Regarding this, the protocol used in this work was
based on the protocol developed by Chiang et al.,11

in which monodisperse hybrid iron and gold-based
nanoparticles were obtained by the reduction of gold
acetate with 1,2-hexadecanodiol and thermal decompo-
sition of iron pentacarbonyl with oleic acid and oley-
lamine as stabilizers. This protocol was adapted to in-
corporate gold nanoparticles as seeds to grow the al-
liance between gold and iron, aiming, ultimately to
adapt this template-based protocol and to obtain Au-
AuFe core-shell nanorods.

Besides the protocol developed by Chiang et al.,11

there is also coloidal synthesis published by Kwizera et
al.,7 in which AuNPs smaller than 10 nm can be ab-
sorbed on the surface of SPIONs via electrostatic in-
teractions to serve as nucleation sites to grow a gold
shell and consequently form uniform iron oxide-gold
core–shell NPs.

Thus, the work herein described aims to provide a
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newly innovative synthesis method to obtain spheri-
cal Au-AuFe core-shell nanoparticles, which can sub-
sequently be adapted to the formation of Au-AuFe core-
shell nanorods.

2. Materials and Methodology

In order to obtain the desired core-shell nanoparticles,
firstly small-sized gold NPs were synthesized and sec-
ondly, they were tested to be used as seeds to grow a
gold and metallic iron hybrid shell.

2.1. AuNPs Synthesis

The gold nanoseeds were synthesized by a thermal de-
composition method adapted from the protocol used by
C. Shen et al.,12 in which the solvent 1-octadecene (30
mL, Aldrich, 90%) was added to a 100 mL three neck
flask along with both the oleic acid (4,5 mL, Aldrich,
90%) and oleylamine (6,0 mL, Aldrich, 70%), repre-
senting the surfactant and reducing agent of the gold
precursor, respectively, in the initial part of the proto-
col, with vigorous stirring and heating at 120°C for 20
minutes. In the final part of this synthesis, the gold (III)
chloride trihydrate (120 mg, Alfa Aesar, HAuCl4•H2O,
99.99%) diluted with 7,5 mL of solvent was injected
and the temperature was increased to 150°C for half an
hour. An atmosphere of nitrogen was kept inside the
flask throughout the entire synthesis.

Afterwards, the samples were washed with
isopropanol*, centrifuged for 8 minutes at 6000
RPM and re-dispersed in hexane.

2.2. Au-AuFe Core-Shell NPs Synthesis

The protocol used to synthesize the Au-AuFe core-
shell nanoparticles was adapted from Chiang et al.,11 in
which the AuNPs previously synthesized were used as
seeds to grow a AuFe shell via the reduction of gold
(III) acetate (Alfa Aesar, Au(COOCH3)3, 99.9%) by
1,2-hexadecanediol (Aldrich, C16H34O2, 90%) and the
thermal decomposition of iron pentacarbonyl (ACROS
Organics, Fe(CO)5, 99.5%), using oleic acid (Aldrich,
90%) and oleylamine (Aldrich, 70%) as surfactants.

The first part of the protocol involves keeping the
mixture of AuNPs seeds (0,089 mmol), gold precursor
and its reducing agent, the surfactants and the solvent
(10 mL), on vacuum at 120°C for 30 to 40 minutes until
the hexane contained on the AuNPs sample was totally
evaporated.

Into the second part of the protocol, the iron precursor
was injected under an atmosphere of nitrogen and the
temperature was increased to 250°C for one hour.

The ratio of AuNPs:Au:Fe used in this protocol was
changed from 1:1:1 to 1:2:2, in order to study the in-
fluence of this ratio of the final NPs obtained. Since
the reducing agent of the gold precursor was 1,2-
hexadecanediol, the quantities in mol used for both
reagents were the same. As for the amount of surfac-
tants added, it was the same as the mol of AuNPs.

Afterwards, the samples were washed with iso-
propanol, centrifuged for 8 minutes at 6000RPM and
re-dispersed in toluene.

The protocol was implemented using two differ-
ent solvents with different polarities, 1-octadecene
(Aldrich, 90%) and dioctyl ether (Aldrich, 99%), in or-
der to test their influence on the final NPs obtained.

*The isopropanol was added to the reaction mix-
ture as soon as possible in order to stop the reaction
faster and thus prevent ostwald ripening,13 in which the
smaller NPs in solution would dissolve and deposit on
larger NPs in order to achieve thermodynamic stability,
hence leading to polydispersity rather than monodisper-
sity.

On every synthesis performed in this work, small
amounts of sample at different reaction times were char-
acterized in order to study the reaction progress. How-
ever, the changes observed were not relevant enough to
be reported.

2.3. Characterization Techniques
TEM: The images of TEM were carried out both in
a JEOL JEM-1010 80kV microscope and in a Tecnai
Spirit 120kV microscope, with EMCN copper coated
grids. UV-Vis Spectroscopy: Cary 100 UV-visible
spectrophotometer with Hellma Analytics QS high pre-
cision cells. HRTEM: JEOL JEM-2100 200kV high
resolution microscope, with 200 Mesh agar scientific
holey carbon grids. EDX: Xplore TEM of Oxford In-
struments, with an Aztec control software. XPS: photo-
electron spectrometer (ESCA), from Physical Electron-
ics, model PHI 5500, covering the entire periodic ta-
ble of elements, with the exception of H and He, with
a depth of analysis not exceeding 10 nm and with an
analysis chamber in ultra-high vacuum (UHV) work-
ing in the range of 10-8 Torr to 10-9 Torr of pressure.
XRD: XRD spectrum was obtained with a PANalyti-
cal X’Pert PRO MPD alpha1 powder diffractometer in
Bragg-Brentano θ/2θ geometry of 240 millimetres of
radius, with a work power of 45 kV.

The values used for the distance between crystalline
plans and the 2-θ degrees of both gold14 and mag-
netite15 were the ones published on the indicated bibli-
ography, for the crystalline plan analysis carried out on
the HRTEM images obtained throughout all this work
and the peak analysis performed on the XRD spectrum
obtained, respectively.

3. Results and Discussion

The results of both synthesis protocols used will be dis-
cussed on the following section.

3.1. AuNPs: Synthesis and Characterization
When synthesizing the AuNPs seeds, the main concern
was to obtain colloidally stable NPs, since the presence
of aggregates would lead to the cover up of this same
aggregates on the second step of this work rather than
the formation a shell around each individual particle,
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as intended. Secondly, it was also important to synthe-
size monodisperse NPs with relatively low size, since
they are meant to be implemented on biomedical appli-
cations, and for this purpose small-sized NPs are pre-
ferred, since its diameter should be more than enough to
circulate though out the blood circulatory network for
sustained period of time.16

Figure 1: Characterization results of AuNPs: (A) UV-visible
spectrum with peak calculation and size distribution histogram; (B)

TEM image with 200kX of magnification.

The UV-visible spectra obtained (as represented on
figure 1A) demonstrate high colloidal stability since at
high wavelengths, the absorbance is practically zero.
Also, there was a peak obtained at 526,5 nm, which is
accordingly to the expected since the SPR of spherical
AuNPs creates an absorption peak in the visible region
(from 520 nm to 580 nm).17

Finally, the TEM images obtained (figure 1B) show
high monodispersity and a mean size of about 7,7 nm.

Gold Concentration
In order to use the AuNPs synthesized as seeds to

grow a AuFe-based shell, it is required to know its
gold concentration as a parameter to further calculate
the amount of reagents used on the Au-AuFe core-shell
nanoparticles synthesis protocol described on 2.1. Thus,
it is possible to perform ICP-MS, which is a widely used
technique to determine metal elements, with the inten-
tion of determining the gold concentration existing on
the AuNPs synthesized. Nonetheless, this technique is
highly time-consuming both for the preparation of the
sample as well as for the waiting time of the results (a to-
tal of, minimum, 2 weeks). And, along with the fact that

it leads to the deterioration of the sample, other alterna-
tives were pursued. In this manner, the possibility of
calculating the gold concentration of AuNPs from UV-
visible spectra was explored. From the Lambert Beer’s
law18 represented by equation (1), in which A is the ab-
sorbance, ε the molar absorption coefficient (M-1cm-1),
c the concentration in molar (M) and l the optical path
in cm, it is viable to consider a linear correlation be-
tween the absorbance obtained with UV-visible spec-
troscopy and the concentration of gold in the AuNPs.
Particularly, in the case of gold, there’s the advantage
that its molar absorption coefficient at 400 nm has been
precisely estimated and it’s constant (2400 M-1cm-1) re-
gardless of the shape and size of the NPs.19

A = εcl (1)

Hence, using equation (1) knowing that the optical
path (i.e. cell width) is 1 cm, the AuNPs absorbance
at 400nm and the ε400 of 2400 M-1cm-1, the gold con-
centration can be easily obtained. Furthermore, in order
to obtain a more accurate value of concentration some
dilutions were made in each synthesis and the final Au
concentration was estimated as the average of concen-
trations of the different dilutions.

Stated this, it is possible to calculate the gold con-
centration from UV-visible spectrum as it is an accu-
rate method, and it was performed on every following
AuNPs synthesis as it is a faster, easier and cheaper
method comparing to ICP-MS.

3.2. Au-AuFe Core-Shell NPs: Synthesis and Characteri-
zation

The protocol described on Section 2.2 for the hybrid
NPs was tested in different synthesis conditions, namely
the molar ratio of AuNPs seeds versus the gold and iron
precursors, Au(COOCH3)3 and Fe(CO)5, respectively,
and the usage of two distinct solvents, octadecene and
dioctyl ether.

3.2.1 Synthesis with Au(COOCH3)3

Primarily, the protocol was tested with a molar ratio of
AuNPs seeds in relation to Au(COOCH3)3 and Fe(CO)5
of 1:1:1, both using octadecene and dioctyl ether, lead-
ing to samples SS21 and SS22, respectively. Subse-
quently, the amount of precursors used was increased
to the double of AuNPs, translating into a ratio of 1:2:2,
and it was also tested using octadecene and dioctyl ether
as solvents, leading to samples SS30 and SS33, respec-
tively.

On figure 2, the synthesis parameters and respec-
tive TEM images and UV-vis spectra of both the initial
AuNPs and final NPs obtained are represented.

Characterization:
SS21 TEM images of SS21 (figure 2) present a few
dimers and show three different sizes of nanoparticles.
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Figure 2: TEM images and UV-visible spectra of both AuNPs seeds
and final NPs for the synthesis with gold precursor.

Additionally, comparing to the size of the initial AuNPs,
there is the formation of lower-sized NPs, indicating that
new NPs have been formed, beyond the possible forma-
tion of Au-AuFe core-shell nanoparticles. In the UV-
visible spectra of sample SS21 along with the respec-
tive AuNPs seeds (figure 2), it is noticeable that at high
wavelengths the absorbance in both spectra is null, sug-
gesting good monodispersity and probably the absence
of aggregates. Furthermore, there is a shift of 17,5 nm
from the LSPR peak of the initial AuNPs, implying its
surface modification.

Since TEM images demonstrate the existence of three
different sizes of NPs, it is important to analyze the com-
position of each group size of nanoparticles, in order to
have a better understanding of its composition.

This way, HRTEM was performed and the results are
described on figure 3A, along with an analysis of its
crystalline plans by Digital Microsoft.

The crystalline plan analysis revealed only the pres-
ence of Au in the NPs formed, however it is visible in
the HRTEM images the presence of lighter domains that
suggest the existence of Fe3O4 in the sample, which is
concordant to the fact that the sample is highly magnetic
(as demonstrated on figure 2).

Thus, an EDX analysis was carried out to find out
the percentage of both Fe and Au presented on the sam-
ple. The EDX analysis (figure 3B) was achieved in re-
gions where a group of NPs is visible and in regions
where only a couple of NPs are visible, and the results
demonstrate an Fe percentage of about 9% and 20%, re-
spectively. Nevertheless, the percentage obtained when
a group of NPs are analyzed is a more realistic approach
than the one obtained when only a few NPs are consid-
ered, since it is a global measurement and the risk of
contamination is lower.

Some small grayer domains were observed, although
an analysis by HRTEM was not possible. Hence the
Fe percentage determined by EDX could be due to the
formation of Fe3O4 rather than metallic Fe.

Therefore, an analysis of XPS was taken place to de-
termine the oxidation state of the existing Fe, and the
results for the high resolution XPS spectrum of Fe 2p of
sample SS21 is showed on figure 3C.

Analysing figure 3C, there are no visible peaks on the
XPS spectrum of Fe 2p of sample SS21, which is not in
agreement neither to the EDX analysis (figure 3B), that
shows a considerable Fe percentage, nor to the fact that
the sample has a high response to the magnet. In or-
der to make sure that the XPS data obtained was in fact
correspondent to the sample studied, this measurement
was repeated and the results obtained for the general sur-
face’s measurements indicate, once again, the absence
of Fe, since no peak is visible around 700 eV of binding
energy.

Subsequently, XRD analysis was also performed,
aiming to examine crystalline phases present within the
sample.

The XRD spectrum obtained for sample SS21 to-
gether with the reported crystallographic plans list for
the Au and Fe3O4 phases (0011140 and 00-019-0629,
respectively), along with the respective peak analysis is
represented on figure 3D. The peaks observed seem to
correspond only to Au, thus suggesting the absence of
any Fe-based phase and thus confirming the results ob-
tained by XPS (figure 3C).

The absence of Fe inferred by both XPS and XRD
analysis is not concordant to the high magnetic suscep-
tibility presented by this sample (as referenced on figure
2). A repetition of the synthesis of this sample should
be performed, in order to discard any sample confusion
during the sample’s labeling process.

Figure 3: Characterization results of sample SS21: (A) HRTEM
image and crystalline plan analysis; (B) EDX analysis results; (C)
High resultion XPS spectrum of Fe 2p; (D) XRD results and peak

analysis.

SS22 Concerning the synthesis of SS22, both TEM
images and UV-visible spectrum (figure 2) indicate
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the presence of aggregates. The UV-visible spectrum
presents a shift of 28,5 nm from the initial AuNPs seeds.
On TEM images, it is visible that there are two sizes of
NPs, being the lower-sized nanoparticles smaller than
the original AuNPs seeds used, suggesting the forma-
tion of new smaller nanoparticles.

Due to the great amount of aggregates observed indi-
cating low colloidal stability, no further characterization
techniques were carried out on this sample throughout
this work.

SS30 As demonstrated by figure 2, the UV-visible
spectrum of SS30 compared to the spectrum of the re-
spective AuNPs seeds shows a shift of 58,5 nm on the
LSPR peak of the initial AuNPs. TEM images show
the presence of dimers along with two different sizes of
nanoparticles, suggesting the possibility of the presence
of either a Au-AuFe core-shell NPs or an overgrowth
onto the AuNPs initial seeds, but also of newly formed
Au or AuFe hybrid NPs.

In order to acquire more detailed information about
the existence of the AuFe alloy on either the smaller and
larger NPs observed, HRTEM images were obtained,
which are exhibited on figure 4A, along with the respec-
tive crystalline plan analysis.

The crystalline plan analysis of HRTEM images il-
lustrate the existence of AuNPs with either a shell or
dimers of Fe3O4. In addition, EDX analysis was car-
ried out on the HRTEM images obtained (figure 4B),
and the results demonstrate an iron percentage of about
10%, that is concordant when analysing either a major
group of NPs or just a few NPs. Hence, this quantity
of Fe can probably be attributed to the Fe3O4 shell ob-
served on HRTEM, although an AuFe alloy can exist in
the interface between the Fe3O4 shell and the AuNPs
surface.

This way, to evaluate the degree of oxidation of the
existent iron, an XPS analysis was taken place, and the
high resolution XPS spectrum of Fe 2p of sample SS30
is represented on figure 6A.

Contrarily to the XPS results obtained for the previ-
ous sample (SS21), on sample SS30 two peaks are ob-
servable on the Fe spectrum: one with 711,7 eV and the
other with 726,7 eV of binding energy, being the first
one the most accentuated peak. Consulting the bibliog-
raphy on the binding energies for each material,20 the
first peak observed fits into the published information
for the Fe 2p3/2 and the second one represents the 2p1/2
for the ion Fe3+, which are symmetric peaks and thus
represent the existence of Fe3O4 on this sample.

Although the high width observed on the first peak
can be translated into a mixture of more than one ox-
idized state, in which metallic iron can be included, it
is very difficult to claim the existence of an AuFe alloy
given this data.

Figure 4: Characterization results of sample SS30 (A) HRTEM
image and crystalline plan analysis; (B) EDX analysis.

SS33 Likewise for the samples mentioned above, UV-
visible spectra and TEM images of both sample SS33
and respective AuNPs seeds (figure 2) demonstrate in-
teresting results on colloidal stability, along with the for-
mation of two different sizes of NPs.

Moreover, its UV-visible spectrum (figure 2) exhibits
a shift of 24,5 nm from the original AuNPs, demon-
strating a conformational change in relation to the initial
AuNPs, and according to its TEM images, in which two
different NPs sizes are visible, one of them has a smaller
size comparing to the original AuNPs, thus again infer-
ring the formation of newly formed NPs.

This way, this sample was also submitted to HRTEM
to have a better understanding of its composition, as rep-
resented on figure 5A, and the crystalline plans found
were analysed with Digital Microsoft software.

The crystalline plans analysis suggested only the
presence of Au, which can be a positive data towards
our objective, since the absence of Fe3O4 domains can
be a good indicative for the presence of an AuFe alloy,
considering that upon the formation of an AuFe alloy,
the iron contained within is protected from oxidation.

Since only the Au crystalline plans were detected, an
EDX analysis was also performed in order to determine
the Fe percentage contained in the characterized sample.

The EDX results expressed on figure 5B, consistently
reveal an Fe percentage of about 10% to 90% of Au,
which is concordant to the previous sample analyzed
(SS30), since the only protocol difference between both
samples is the solvent used (figure 2).

Contrarily to what was observed on HRTEM images
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Figure 5: Characterization results of sample SS33 (A) HRTEM
image and crystalline plan analysis; (B) EDX analysis.

for sample SS30, on sample SS33 no Fe3O4 domains
are detected, and along with an Fe percentage of 10%
detected with EDX, it is important to determine whether
the sample contained metallic Fe or Fe3O4, hence the
sample was submitted to an XPS analysis.

The XPS results for the high resolution Fe spectrum
observable on figure 6B reveal the existence of two
peaks, likewise to the previous sample, one accentuated
peak with a value of 711,4 eV and another one with 726
eV of binding energy, which are very similar values to
the ones obtained on sample SS30, meaning that Fe3O4
seems to be predominant on this sample, being the first
peak registered correspondent to Fe 2p3/2 and the second
one Fe 2p1/2.

Again, the Fe3O4 peak observed, as stated above, can
present a wider form due to the existence of a mixture of
different chemical states of iron, which does not exclude
completely the possibility of having an AuFe alloy.

Exceptionally for this sample, the supernatant ob-
tained upon washing had a darker color that the ones
obtained for previous samples, which is translated into
the existence of possibly smaller NPs that were unable
to precipitate. This way, it was decided to characterize
this supernatant obtained as well, in order to determine
its composition.

SS33-Supernatant
The supernatant separated from the precipitate of

Figure 6: High resolution XPS spectra for the energy ranges
corresponding to Fe 2p of (A) sample SS30 and (B) sample SS33.

sample SS33 was firstly characterized with UV-visible
spectroscopy and TEM, comparing its results to the ones
obtained for the initial AuNPs used, as demonstrated by
figure 7.

TEM images (figure 7B) demonstrate that the NPs
contained on the supernatant have a mean size of 3,3
nm, which is smaller than the size of the AuNPs used
as seeds on this synthesis, meaning that these are NPs
formed afterwards and have no relation to the AuNPs
added into the reaction mixture.

This way, HRTEM was also performed in order to re-
alize if these NPs contain Fe and/or Au. The HRTEM
images and correspondent crystalline plan analysis is
represented on figure 8A.

The analysis of the crystalline plans reveals the pres-
ence of peaks corresponding to only Au. Taking into
account that no iron oxide NPs were detected on these
HRTEM images, along with the fact that the supernatant
solution hasn’t showed magnetism (figure 2, which can
also be due to its low concentration), most probably im-
plies that these NPs are either only composed by Au or
the alloy desired has been formed. Thus, an EDX analy-
sis was also performed to make sure that the NPs formed
are only composed by gold.

Interestingly, the EDX results displayed on figure 8B
showed an amount of 20% of Fe in relation to 80% of
Au, which is a considerable quantity of Fe and can be
related to the existence of an AuFe alloy on these small
NPs newly formed. Consequently, an XPS global anal-
ysis was also performed, which suggested the presence
of Fe, since a peak is visible around 700 eV of binding
energy. Even though this peak is less visible than the
ones observed on samples SS30 and SS33, it is possible
to assume the presence of either metallic Fe or Fe3O4 in
this sample.
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Figure 7: Characterization results of supernatant of sample SS33:
(A) UV-visible spectrum with peak calculation of SS33, supernatant
of SS33 and respective AuNPs; (B) TEM images of supernatant of

SS33 and respective AuNPs.

Overall, the shapes obtained were nearly spherical,
except for the sample SS22, in which the NPs formed
suffered coalescence, thus forming irregular shaped par-
ticles and aggregates. Regarding the solvent, the use of
octadecene seems to favor the formation of dimers and
shells, although the usage of dioctyl ether seems to lead
to rounder nanoparticles. The choice of doubling the
amount of Au(COOCH3)3 and Fe(CO)5 in relation to
AuNPs seeds derived from the idea that if there is ex-
cess of precursors in relation to AuNPs, it would facili-
tate the formation of an hybrid AuFe shell, which from
the TEM images obtained it is not possible to confirm
if it worked, since the images were taken by low resolu-
tion TEM and there is not a substantial growth observed
from the samples SS21 and SS30, where the molar ratio
of AuNPs:Au:Fe was 1:1:1, and the samples SS22 and
SS33 in which the same molar ratio was 1:2:2.

As we have observed for all these samples the for-
mation of new Au or AuFe NPs, we have adapted the
synthesis aiming at avoiding the formation of these new
NPs by not adding the Au(COOCH3)3 precursor to the
reaction system.

3.2.2 Synthesis without Au(COOCH3)3

All the synthesis performed without using the gold pre-
cursor, Au(COOCH3)3, were performed using a molar
ratio of AuNPs seeds to Fe(CO)5 (AuNPs:Fe) of 1:1.

At first, the protocol of was tested at higher temper-
atures: after reacting for one hour at 250°C, the tem-

Figure 8: Characterization results of supernatant of sample SS33 (A)
HRTEM image and crystalline plan analysis; (B) EDX analysis.

perature was increased until 290°C (closer to the sol-
vent’s boiling point as possible) for half an hour, us-
ing once again distinct solvents, octadecene and dioctyl
ether, hence leading to samples SS24 and SS25, respec-
tively. Afterwards, the protocol was tested at lower tem-
peratures, and instead of having 250°C for one hour,
the temperature was decreased to 180°C for two hours.
Once again, octadecene and dioctyl ether were used to
perform the same protocol, resulting into samples SS27
and SS28, respectively.

The UV-visible spectra and TEM images resulted on
these synthesis, along with the synthesis parameters
used, are described on figure 9.

Figure 9: TEM images and UV-visible spectra of both AuNPs seeds
and final NPs for the synthesis excluding gold precursor, along with

the respective synthesis parameters.
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Comparing to the synthesis including gold precursor
(figure 2), it is visible that there is only one size of
nanoparticles when excluding the Au(COOCH3)3, sug-
gesting that the formation of smaller AuNPs from the
precursor was avoided, as intended. However, when us-
ing the protocol at lower temperatures for longer (sam-
ples SS27 and SS28, 180°C for 2h), a great amount of
aggregates are observed, meaning that the samples are
not colloidally stable. Thus, more interesting samples
are obtained when using higher temperatures (samples
SS24 and SS25, 250°C for one hour and 290°C for half
an hour), although there is also the formation of what
appears to be Fe3O4 domains.

Comparing the solvent used, the protocol was tested
using both octadecene and dioctyl ether, in which it has
been reported by E. Fantechi et al.21 that the morphol-
ogy can be tuned from dimer to flower-like by increasing
solvent polarity. In this work, when using octadecene,
flower-like NPs are obtained, contrariwise to the dimers
obtained when using dioctyl ether, which is accordingly
to the expected since the different polarities of the sol-
vents lead to NPs with different morphologies.

Additionally, samples SS27 and SS28 present mag-
netism, as described on figure 9 (less than samples SS24
and SS25 (figure 2)), therefore there is the presence of
either metallic Fe or Fe3O4 into the NPs formed, since
Au does not present magnetism.

Regarding the UV-visible spectra obtained (figure 9),
a peak shift between the initial AuNPs and the final NPs
was registered on all the samples mentioned, being 34
nm for sample SS24, 14 nm for sample SS25, 49 nm for
SS27 and 58,5 nm for SS28, which is accordant to the
expected since a higher amount of aggregates leads to a
greater peak shift.

Figure 10: HRTEM image of sample SS24 and respective crystalline
plan analysis.

Overall, UV-visible spectra obtained for all the sam-
ples mentioned above present wider peaks than the ones
observed for the respective AuNPs seeds, meaning that
there are different sizes of NPs in the same sample, and
can be indicative to an AuFe alloy. However, in the
samples where the Au(COOCH3)3 was excluded, the
formation of either aggregates or Fe3O4 domains was

observed. In fact, since in the low resolution TEM im-
ages it is not reliable to claim that the grayer domains
are in fact Fe3O4, the sample SS24 (that present the
biggest grayer domains) was submitted to HRTEM, and
the crystalline plans were then analysed with Digital
Microsoft software. It was confirmed the existence of
AuNPs with Fe3O4 domains on its surface, as demon-
strated on figure 10.

On figures 2 and 9, the magnets beside each sample
represent the experiment that was preformed after each
synthesis in which a powerful magnet was used to test
whether the sample presents magnetic response or not.
In the samples where there are two magnets instead of
only one it means that the sample reacts greatly to the
magnet, resulting in a qualitative analysis of the magni-
tude of its magnetic susceptibility.

Concluding, most probably when excluding the
Au(COOCH3)3, the AuFe alloy is not formed. On the
other hand, when Au(COOCH3)3 was used, new NPs
were formed. In any of the two protocols it cannot be
completely proven the presence of AuFe alloy either as
a shell of the preformed AuNPs or in the form of the
newly NPs arisen.

3.3. UV-Visible Spectroscopy
Since the NPs studied in this work contained gold, the
evaluation of its optical properties was crucial, hence
UV-visible spectroscopy was a widely used technique
throughout all the experiment procedures. Furthermore,
a Cary 100 UV-visible spectrophotometer was used in
this work and it’s designated as a double beam optical
system.22

The UV-visible spectra compare the AuNPs seeds
with the Au-AuFe core-shell NPs, however the gold
nanoseeds solvent is hexane while toluene is the solvent
of the core-shell NPs. Since the base line used to obtain
each spectrum was achieved by using the solvent of each
sample, the spectra that compare both NPs can present
a shift related to the different polarities of the solvents
used, that present different dielectric constants.

In order to evaluate the magnitude of this shift, UV-
visible spectra were obtained with the same sample of
AuNPs, using toluene and hexane as base lines, resulted
on a peak shift of about 3,5-4 nm, which can be trans-
lated into the contribution of polarities differences be-
tween each solvent.

This analysis show that the peak shift observed
on UV-visible spectra is mainly due to reasons other
than the different solvents used, such as different
sized nanoparticles and/or with different compositions.
Hence, the observations concluded on sections above
are considered accurate.

4. Conclusions and Future Work
The main goal of this work was to synthesize multi-
functional Au-AuFe core-shell nanoparticles to be used
on multiple biomedical applications. Although the syn-
thesis of the desired spherical nanoparticles was not
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achieved, it was possible to obtain nanoparticles with
a mean size of 3,3 nm and containing about 20% of iron
and 80% of gold, which is the maximum amount of iron
we would be able to obtain on an AuFe alloy, since it is
accordant to the obtained by the original protocol.

Furthermore, it was possible to conclude that through
a colloidal synthesis it is very difficult to obtain the
AuFe alloy as a shell. Futurely, since higher temper-
atures demonstrated to lead to better results, it would
be interesting to use a non-colloidal synthesis in which
more energy (i.e. higher temperature) is provided in or-
der to promote the binding between gold and iron.

Concluding, even though there are some synthesis
strategies of Au-Fe based hybrids, most studies based on
these hybrids are still in a proof-of-concept stage, high-
lighting a need to establish detailed preclinical studies.
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Gonçalves.

A special thank to Vı́ctor Fernàndez-Altable, Mari-
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