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Abstract

Nanomedicine has gained huge attention in recent years with new approaches in
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medical diagnosis and therapy. Particular consideration has been devoted to the
nanoparticles (NPs) in theranostic field with specific interest for magnetic and
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to electromagnetic fields. In this paper, we aim to develop magneto-plasmonic
heterodimer by combining MNPs and GNPs through a facile and reproducible
synthesis and to investigate the influence of different synthesis parameters on
their response to magnetic and optical stimuli. In particular, various syntheses
were performed by changing the functionalization step and using or not a reduc-
ing agent to obtain stable NP suspensions with tailored properties. The obtained
heterodimers were characterized through physical, chemical, optical, and mag-
netic analysis, in order to evaluate their size, shape, plasmonic properties, and
superparamagnetic behavior. The results revealed that the shape and dimensions
of the nanocomposites can be tuned by MNPs surface functionalization, as well
as by the use of a reducing agent, giving rise to nanoplatform suitable for biomed-
ical application, exploiting the gold absorbing peak in the specific gold absorbing
range of GNPs, while maintaining the superparamagnetic behavior typical of the
MNPs. The obtained nanocomposites can be proposed as potential candidates for
cancer theranostics.
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1 | INTRODUCTION

apy significantly more effective. In the theranostic field,
nanoparticles (NPs) can be used, for example, to create

In recent years, nanotechnology has received huge
attention, with particular interest in the medical sector
(nanomedicine),! with new approaches in the field of
imaging, drug administration, and cancer treatment.>
Nanomedicine aims to make medical diagnosis and ther-

alternative drug targeting systems in the body, as contrast
agents in magnetic resonance imaging or in hyperthermic
treatments for tumors.*> In particular, the use of magnetic
NPs (MNPs) in medical applications offers great potential
in the therapeutic field as well as in in vitro and in vivo
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diagnostics.°® In fact, they possess unique magnetic
properties that depend on their size, shape, structure,
crystallinity, method of synthesis, dispersion, and surface
chemistry.”!!

Also gold NPs (GNPs) received huge attention in
biomedical field due to their high biocompatibility and
their peculiar ability to scatter with visible light. In fact,
owing to the surface plasmon resonance (SPR) effect, they
can be exceptionally used as photosensitizers in photother-
mal therapy, since GNPs are able to transform the received
light into thermal energy which could bring the cancer
cells to apoptosis due to their high heat sensitivity.'?

By combining MNPs and GNPs, it is possible to join
the properties of these two nanomaterials by creating
hybrid nanoplatforms. Different approaches have been
proposed in literature to synthesize magneto-plasmonic
nanoplatforms, that can be assembled into two strategies:
(i) the separate synthesis of iron oxide NPs and GNPs
and their subsequent combination using different linkers
(e.g., molecule, polymers)"*~'; (ii) the in situ reduction of
GNPs directly on iron-oxide surface.'®'® On the basis of
procedure, different structures can be obtained, such as
core/shell, core/satellite, or nanodumbells.”

In order to reduce the GNPs on iron oxide NPs sur-
face, different strategies have been investigated, by exploit-
ing several chelating and reducing agents.'>??-?! Recently,
the authors proposed a simple in situ reduction process
of a soluble gold salt on (3-Aminopropyl)triethoxysilane
(APTES)-functionalized magnetite NPs tailoring the molar
ratio of the reagents, the pH and temperature of the pro-
cess and avoiding the use of a specific reducing agent.”? In
an additional study published by the authors, hybrid gold-
magnetite nanoplatforms was obtained through a facile
and reproducible synthesis method in which tannic acid
(TA) was used as eco-friendly reducing agent.”* Another in
situ reduction was proposed by Sood et al., in which gold-
coated magnetite NPs were synthesized by reduction of
gold chloride onto the iron oxide NPs surface, using ascor-
bic acid as reducing and capping agent.’’ Dizaji et al., pro-
posed an environmentally friendly procedure to generate
hybrid NPs by reducing Ag or Auions directly on the MNPs
surface by using plant extracts as reducing and stabilizing
agents.?!

The purpose of this work is the development of magneto-
plasmonic heterodimer through a facile and reproducible
synthesis and the investigation of the influence of syn-
thesis parameters (e.g., the use of reducing agent and the
synthesis steps sequence) on their response to magnetic
and optical stimuli. In particular, different syntheses were
investigated by changing the conditions of the function-
alization step and using or not a reducing agent. Finally,
the NPs were characterized through physical, chemical,
optical, and magnetic analysis, in order to evaluate their

size, shape, plasmonic properties, and superparamagnetic
behavior.

2 | MATERIALS AND METHODS

2.1 | Synthesis of magnetite-based NPs
Magnetite-based NPs (MNPs) were produced by co-
precipitation process as described in our previous
articles.””?*?> Briefly, appropriate amount of 0.01 M
FeCl,*4H,0 and 0.01 M FeCl;*6H,0 were mechanically
mixed in bi-distilled in water to reach a stoichiometric
ratio Fe?* /Fe** of 1:2. To allow the formation of magnetic
NPs, NaOH was added dropwise up to a pH = 10, and
the solution was placed in an ultrasound bath for 20 min.
Subsequently, MNPs were magnetically separated and
washed using bi-distilled water. Then, MNPs were func-
tionalized with citric acid (CA) to improve their dispersion
in water. MNPs were suspended in a CA solution 0.05 M,
the pH was adjusted at 5.2 by dropwise NH,OH, and
the suspension was placed 90 min at room temperature
in orbital shaker (KS 4000i control, IKA) at 150 rpm to
allow the deprotonation of two CA carboxylic groups
and the bond to the -OH groups exposed by MNPs.?
Afterward, MNPs were washed with bi-distilled water
using an ultrafiltration device (Solvent Resistant Stirred
Cells - Merck Millipore) and re-suspended in bi-distilled
water. The pH of the suspension was fixed at 10.1 to induce
the deprotonation of the third carboxylic group of CA, to
reach MNPs dispersion through electrostatic stabilization.
All chemicals were purchased from Sigma-Aldrich.

2.2 | Synthesis of magnetite-gold
magneto-plasmonic heterodimer (M-A-Au)

CA-stabilized MNPs were functionalized with APTES to
expose -NH, group and enhance the interaction between
MNPs and GNPs.?>?”?® MNPs were diluted in absolute
ethanol and sonicated for few minutes; then two amounts
of APTES were added, using an MNPs (ml)/APTES (ul)
ratios of 0.3 and 0.09. The obtained suspensions were
heated at 80°C and stirred at 150 rpm for 3 h; at the end
of incubation, the functionalized MNPs were magnetically
separated and centrifuged for three times at 7500 rpm for
20 min in a mixture of water:ethanol 1:1 in volume. Lastly,
the pH of the suspension containing MNPs functionalized
with APTES (M-A) was stabilized at about 5-6 by adding
dropwise a diluted HNOj; solution (0.05 ml of 6 M HNO;
with 20 ml of ethanol), to induce a positive charge at the
M-A surface, useful to the subsequent GNPs grafting.?’*®
Colloidal GNPs were synthesized by reduction of
soluble gold salt (HAuCl,): 4 ml of HAuCl, (12.7 mM)
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TABLE 1 Listof parameters used in the various synthesis. (x)
indicates the adopted reagents

APTES HAuCl,
(u1) HAuCl, TA +TA
Synthesis 1la 30 X
Synthesis 2a 30 X
Synthesis 3a 30 X X
Synthesis 1b 100 X
Synthesis 2b 100 X
Synthesis 3b 100 X X

was prepared, and the pH of the solution was adjusted at
about 8 by adding NaOH 0.1 M, to allow the formation
of gold hydroxide suspension (Au(OH);).?> Subsequently,
M-A-Au NPs were developed by grafting Au(OH); col-
loidal seeds to the surface of M-A NPs and promoting their
reduction to GNPs by using or not TAas reducing agent.
The different adopted parameters are resumed in Table 1
(“x” indicates the adopted reagents for each synthesis).
For synthesis 1a and 1b, colloidal Au(OH); seeds were
directly mixed with M-A NPs suspension as described
in our previous work,?? but using two different APTES
amount: 30 ul and 100 ul. For synthesis 2a, 3a, 2b, and 3b, a

TA solution 1.25 mM was prepared, and a volume ratio of 10
between Au(OH); colloidal solution and TA one was used.
In synthesis 2a and 2b, Au(OH); and TA were pre-mixed
together 5 min at 70°C and added to the M-A NPs suspen-
sion, then all the mixtures were heated at a 70°C for 3 min
under stirring. In synthesis 3a and 3b, Au(OH); and TA
solutions were added in sequence to the M-A NPs suspen-
sion and then heated at a 70°C for 5 min under stirring, as
reported in a previous paper.”* In order to remove the unre-
acted reagents and the excess of unloaded GNPs, all the
suspensions were washed and centrifuged in bi-distilled
water five times for 20 min at 40 rpm and re-suspended
in bi-distilled water.

In Figure 1, a schematic representation of the three dif-
ferent synthesis procedures is reported.

2.3 | NPscharacterization

All the obtained NPs were characterized from morpho-
logical and compositional point of view by means of
scanning and transmission electron microscopy (STEM)
(Merlin Gemini Zeiss) equipped with energy dispersive
spectroscopy; TEM analysis was performed with an FEI

. + I [ -
HO” 1>~ “oH
OH
MNPs CA
OH o o]
SN \Si/\/‘\NH2 .
OH == oo 0 Si NH,
OH /" A o
APTES
CA-MNPs M-A NPs
l 4 ] ) S
Synthesis 1 Synthesis 2 a4 Synthesis 3 N
HAuCL, HAuCL,
HAuCL, heg -
pH=8 P -+ TA —- + pH=8 + TA
+ | —_—
AU(OH) ; AU(OH) 5 GNPs M-aNps AU(OH)
M-A NPs M-A-Au NPs 1
- @
S M-A-Au NPs _A-
\_ M-A NPs GNPs u 3 \ M-A-Au NPs /
FIGURE 1 Schematic representation of the three synthesis procedures
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TABLE 2 List of FT-IR spectra main peaks of magnetic
nanoparticles (MNPs), citric acid (CA)-grafted MNPs, and M-A
nanoparticles (NPs)

Wave-
number
Sample (cm?) Assignments
MNPs 550 Fe;0, stretching vibrational mode
MNPs + 550 Fe;0, stretching vibrational mode
AC 1330 -CO asymmetric stretching
1550 C = O vibration
2660 CH, group stretching
MNPs+ 550 Fe;0, stretching vibrational mode
AC+ 840 Si-O stretching
APTES 1100 Si-O-Si stretching
1550 N-H stretching vibration

Abbreviation: APTES, (3-Aminopropyl)triethoxysilane.

Tecnai F20 TWIN TEM with a Schottky emitter operated
at 200 KV. For STEM and TEM analyses, a drop of diluted
NPs suspension was deposited on a copper TEM grid with
carbon film (SPI Supplies Brand Lacey Carbon Coated 200
Mesh Copper Grids - JEOL S.p.A.). FT-IR measurements
were carried out using a Hyperion 2000 FT/IR (Tensor
27, Bruker Optics S.p.A, Ettlingen, Germany) from 4000
to 400 cm™ and with 2 cm™ resolution. OPUS software
(v. 6.5, Bruker S.p.A) was used for instrumental control
and spectral acquisition.

The optical properties of M-A-Au NPs were investigated
by means of UV-Vis spectroscopy (PerkinElmer Lambda
950 spectrometer); the spectra were evaluated by mea-
suring the suspension absorbance between 300 nm and
800 nm by using DI water as a reference.

The magnetic properties of all obtained NPs were
investigated using a DC magnetometer/AC susceptometer
(Lakeshore 7225) equipped with a Cryogen-Freemagnet at
room temperature in quasi static condition. Magnetic hys-
teresis cycle measurements were performed using a mag-
netic field up to 800 kA/m, in order to estimate the main
magnetic parameters of the materials and the influence of
the synthesis process. To perform this analysis, the NPs
were dried at room temperature for 24 h.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of MNPs

Table 2 and Figure 2 show the list of the main peaks
revealed from FT-IR analysis of MNPs, CA-stabilized
MNPs, and M-A NPs. In all spectra, a peak at about
550 cm™ ascribable to Fe;0, stretching vibrational mode
was observed?’; the spectrum of CA-stabilized magnetite

American Ceramic Society

1100 840 5:50

2660 1550 1330

— M+AC+APTES
— M+AC

—_—M

3400 2400 1400 400

FIGURE 2 FT-IR spectra of magnetic nanoparticles (MNPs)
(M), citric acid (CA)-grafted MNPs (M + AC) and M-A nanoparticles
(NPs) (M + AC + (3-Aminopropyl)triethoxysilane [APTES])
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FIGURE 3 Hysteresis loop of magnetic nanoparticles (MNPs)

(black curve) and M-A nanoparticles (green curve)

NPs shows a peak at about 1330 cm’, ascribable to the
asymmetric stretching of -CO of CA-COOH group, at about
1550 cm’! the peak due to the vibration of C = O of CA
-COOH group and at 2660 cm™ the stretching of CH,
group.”” The effective APTES functionalization was con-
firmed by the presence of the band at 840-1100 cm™, due to
the Si-O and Si-O-Si stretching,*” and by the peak at about
1550 cm! ascribable to the N-H stretching vibration,!
which is indicative of the free amino group of APTES.
Figure 3 shows the magnetic measurements of MNPs
and M-A NPs (functionalized with 100 ul APTES) which
provide information on their magnetic response and the
saturation magnetization. As it can be observed, both
samples exhibit a superparamagnetic behavior, as con-
firmed by the magnetization versus applied magnetic field.
Observing the curves, it is possible to notice that bare mag-
netite (MNPs) shows higher saturation magnetization in



=0 | Journal

MIOLA ET AL.

Frequency

2 4 6 8101214161820222426

Size (nm)
>
O
[ =
]
S
o
12
|19
-6 8§ 10 12 14 16 18 20 22

Size (nm)

FIGURE 4 Transmission electron microscopy (TEM) image (4A) and graph size distribution (4B) of magnetic nanoparticles (MNPs);

TEM image (4C) and graph size distribution (4D) of M-A NPs

comparison with M-A, this is due to its absence of APTES
external coating that could affect this property. In fact, out
of the total quantity, the magnetite will be much lower in
the sample in which the APTES is also present, and this
could lower the magnetic response. Anyway, both samples
show no hysteresis, which is characteristic of superpara-
magnetic behaviour and confirms the nanometric size of
MNPs.

The morphology and distribution size of MNPs and M-
A NPs are reported in Figure 4. The TEM image of MNPs
(Figure 4A) shows an approximately spherical shape and
a size range between 10 and 15 nm as confirmed by the
size distribution plot, which revealed an average diameter
of 12 + 4 nm (Figure 4B). As shown in TEM image (Fig-
ure 4C), the morphology was not affected by the addition
of APTES, and the size distribution plot (Figure 4D) shows
an average diameter of M-A NPs of 14 + 3 nm.

3.2 | Characterization of composite
nanoplatforms

Figure 5 reports the UV-Visible spectra and the STEM
analysis of synthesis 1a, 2a, and 3a. In particular, in the

synthesis 1la (Figure 5D) only few bright spots ascribable
to GNPs on MNPs surface are visible, this could indicate
that the HAuCl, reduction in the presence of the lower
amount of APTES and without the action of a specific
reducing agent only induced the nucleation of GNPs,
and few of them reached the crytical radius to grow up
to a size detectable with STEM analisys. This is also
confirmed from UV-Vis spectra (Figure 5A), in which
only a weak signal is visible in the typical gold absorbing
window between 500 nm and 600 nm, as evidenced in
figure. Similar results have been previously reported by
the authors in a preliminar investigation.?

On the contrary, in synthesis 2a (Figure 5E) and synthe-
sis 3a (Figure 5F), GNPs with bigger size are detected in
both STEM images, and their presence is also confirmed
by the UV-Vis analysis (Figure 5B,C respectively), which
shows in both cases a strong signal in the gold absorbing
range. In particular, the nanoplatforms obtained in synthe-
sis 2a gave rise to an intense peak of absorption centered
in corresponsdance of the gold absorbing window, while
for the nanoplatforms obtained in synthesis 3a, a broader
peak with a sort of plateau was recorded, according to the
presence, in this case, of some rod-shaped GNPs together
with spherical ones with heterogeneous dimension.*?3*
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FIGURE 5

UV-visible spectra of samples obtained with synthesis 1a (A), synthesis 2a (B), and synthesis 3a (C). Scanning and

transmission electron microscopy (STEM) images of samples obtained with synthesis 1a (D), synthesis 2a (E), and synthesis 3a (F)

According to the literature,**** the optical properties of
plasmonic NPs can be tuned by controlling the size of
gold NPs and thus the synthesis parameters and particles
funcionalization. However, the synthesis of magneto-
plasmonic NPs with controllable size remains a great
challenge.

Figure 6 shows the UV-visible spectra and STEM anal-
ysis of the nanoplatforms obtained with synthesis 1b, 2b,
and 3b. The synthesis 1b shows only few spots ascribable
to GNPs (Figure 6D) confirmed in the UV-Vis spectrum
(Figure 6A), in which it is not possible to observe a well-
defined peak but a slight curvature in the typical absorbing
range. As previously observed, the absence of a specific
reducing agent probably leads only to the nucleation
of Au NPs, and few of them were able to grow. On the
contrary, in synthesis 2b and 3b, a higher concentration
of GNPs reached the critical size, as confirmed also by
the UV-Vis analysis showed in Figure 6B,C, in which it
is possible to observe in both cases a high signal in the
GNPs absorbing window. The wide curve generated from
synthesis 2b is probably due to the heterogeneous shape of
GNPs as visible in the STEM image (Figure 6E), as already
observed for synthesis 3a. We cannot explain, with the
data collected in this work, the reason of the growth of
some rod-shaped GNPs randomly observed in presence
of TA, but this issue seems likely to be related to local
fluctuations in the reagent concentrations, rather than
to the sequence of chemicals addiction, in consideration

that various factors, including molar ratio of metal salts
to TA, have been found in literature to play a role in the
generation of NPs of various shapes.®

TEM analysis was performed on the samples obtained
with synthesis 1b, 2b, and 3b in which the higher amount of
APTES was used for the functionalization (Figure 7A-C).
All the figures confirm the composite nature of the
obtained nanoplatforms: Figure 7A, related to synthesis 1b,
shows few dark particles ascribable to GNPs with a homo-
geneous dimension below 10-15 nm and lots of spots even
smaller, whose dimension is difficult to be assessed, prob-
ably under 5 nm (as evidenced in figure); Figure 7B con-
firms the STEM results of the synthesis 2b showing the het-
erogeneous shape and dimension up to 100 nm of GNPs;
Figure 7C shows homogenous shape and dimension
around 20 nm of GNPs with some exception of larger par-
ticles that can reach 100 nm.

In summary, the nanoplatform morphologies reported
in Figures 5, 6, and 7 are consistent with the optical prop-
erties detected by UV-visible measurements. The very low
(almost absent) absorption curve for the samples obtained
without reducing agent (synthesis 1a and 1b), in particu-
lar for lower APTES functionalization (synthesis 1a) can
be due both to the GNPs small size, undetected by STEM
observation but visible by TEM observation on sample
1b, and to the low concentration of GNPs above the crit-
ical size to give plasmon signals: it is well known that
for NPs smaller than 5 nm the plasmon oscillation is
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FIGURE 6 UV-visible spectra of samples obtained with synthesis 1b (A), synthesis 2b (B) and synthesis 3b (C). Scanning and
transmission electron microscopy (STEM) images of samples obtained with synthesis 1b (D), synthesis 2b (E) and synthesis 3b (F)

strongly damped, resulting in a broad and low intensity
plasmon signal.36 On the contrary, samples 2a, 3a, 2b, and
3b revealed high amounts of GNPs with size and distribu-
tion correlated to a more intense peak in the absorption
spectra or a plateau.3>33:37-40

The magnetic response measurements of nanoplatforms
obtained with syntheses 1a, 2a, and 3a and those related
to syntheses 1b, 2b, and 3b are reported in Figure 8A,B,
respectively. In particular, in both images, the red curves
are related to the syntheses in which the Au(OH); seeds
were directly added to the M-A NPs suspension without
using TA as reducing agent; the green curves are related
to the syntheses in which HAuCl, and TA solutions were
pre-mixed together and then added to the M-A NPs sus-
pension; the blue curves are related to the syntheses per-
formed adding HAuCl, and TA in sequence to the M-A NPs
suspension. In both Figure 8A,B, all the samples show no
hysteresis, no remanence, or coercivity, which is in agree-
ment with superparamagnetic behavior of magnetite. All
samples show a magnetic response, evidencing a decrease
in saturation magnetization respect the bare MNPs and
M-A NPs, probably due in part to the presence of APTES
and, above all, to the diamagnetic nature of gold (satu-
ration magnetization is given by the mass of the whole
sample). The NPs obtained using the greatest amount of
APTES (syntheses 1b, 2b, and 3b) show the same trend
of synthesis 1a, 2a, and 3a, but with a more pronounced
decrease of Ms. This result can be explained consider-

ing the great affinity that amine groups have to gold NPs
and their ability to immobilize them through electrostatic
interactions.**?

It is also evident that among the three synthesis condi-
tions, both for Figure 8A than for 8B, the higher satura-
tion magnetization is presented by the sample in which
Au(OH); suspension and TA solution were pre-mixed
together and then added to the M-A NPs suspension (syn-
theses 2a and 2b), the intermediate one is presented by the
samples in which HAuCl, and TA solutions were added to
the MNPs suspension in sequence (syntheses 3a and 3b),
and the lowest one is presented by the samples in which
no TA has been used (syntheses 1a and 1b). This trend is
particularly evident for syntheses b (the ones in which the
highest amount of APTES has been used for the function-
alization of MNPs).

As said before, the decrease in the magnetic response
could be generically attributed to the increase in the weight
ratio of gold, as a consequence of GNPs loading on MNPs.
The above reported particular trend of the Ms values could
be related to a different yield of a reaction of the various
reduction mechanisms, as follows.

Samples obtained by syntheses 1a and 1b are mainly
characterized by very small GNPs, not able to produce a
sharp plasmon signal, but able to strongly weaken the mag-
netization. Their fast nucleation is explainable, as reported
in a previous work,?* taking into account that during the
early stages of the synthesis, the HAuCl, hydrolysis takes
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FIGURE 7 Transmission electron microscopy (TEM) images

of synthesis 1b (A), synthesis 2b (B), and synthesis 3b (C)

place to form lots of gold hydroxide seeds (Au(OH);),
which are strongly attracted by the amine groups on the
surface of APTES-functionalized MNPs. Without the use
of TA as reducing agent, the reduction of these numer-
ous Au(OH); seeds to metallic GNPs can only be weakly
promoted by the reaction environment, such as by the
hydroxyl groups of ethanol, or by Fe II ions, as well as by
the CA used to improve the MNPs suspension stability, so
many GNPs nucleate, but their growth is hampered. For
this reason, samples 1a and 1b show very weak plasmon
signals (due to small size of GNPs) and a very strong reduc-
tion of Ms (due to their fast nucleation in contact with the
MNPs). Due to the poor SPR response and the negative
effect on the magnetic properties, these syntheses are con-
sidered the less promising.

In syntheses 2a and 2b, the reduction of GNPs takes
place in the solution before seeding on the MNPs, because
the HAuCl, hydrolysis to form Au(OH); seeds is concur-
rent with the addition of TA. So the nucleation of GNPs
competes with their growth due to the presence of a strong
reducing agent, and only after this step they are exposed
to the amine groups of APTES-functionalized MNPs. In
these conditions, since the Au(OH); seeds are not exposed

FIGURE 8 Magnetic measurement of sample 1a, 2a, and 3a
(A) and sample 1B, 2B, and 3B (B)

directly to the MNPs surface, the obtained nanoplatforms
originate from the attraction of already formed GNPs
by the APTES-functionalized MNPs, being able to give
a strong plasmon signal (due to their high dimensions),
without hampering the Ms of the MNPs (since they are
not originated in direct contact with MNPs). Although
both SPR effect and magnetic response are not negatively
affected, these syntheses produced very large and hetero-
geneous nanoplatforms, due to a nucleation and growth
of GNPs not mediated by the MNPs surface. However, in
future works, the size of GNPs could be optimized by vary-
ing the chloroauric acid/TA ratio.

In the synthesis 3a and 3b, an intermediate behavior is
plausible, since the sequential addition of Au(OH); and TA
let suppose that, at first, Au(OH); clusters are attracted on
the APTES-functionalized MNPs surface, and the nucle-
ation of GNPs starts on it, but it is suddenly overcome
by the addition of TA, which promotes their growth. In
this case, the obtained nanoplatforms are able to give a
strong plasmon signal (due to the GNPs size), hampering
only in a moderate way the Ms of the MNPs, since the
metallic GNPs nucleate on the MNPs in competition with
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their growth. In these syntheses, a more controlled nucle-
ation and growth of GNPs takes place on the surface of
MNPs, resulting in more homogeneous size and shape and
the best compromise between plasmonic and magnetic
properties.

In summary, the obtained results confirm that the use
of TA as a reducing agent allowed a fast growth of GNPs.
This is true both for the synthesis in which Au(OH); col-
loidal suspension was previously mixed with TA and for
the synthesis in which Au(OH); and TA were added in
sequence, but only in the second case, the nucleation and
growth of the GNPs took place on the surface of the MNPs,
affecting the magnetic response. The syntheses in which
TA was not used produced nanoplatforms with highly hin-
dered Ms and very weak plasmon signals.

4 | CONCLUSIONS

This work was aimed to develop magneto-plasmonic het-
erodimers made of MNPs-GNPs composite nanoplatforms,
obtained by MNPs co-precipitation synthesis followed by
dispersion in CA, APTES functionalization and grafting
with GNPs, for a potential use in cancer theranostics. A
specific challenge was to immobilize GNPs onto chemi-
cally modified surface of MNPs using or not TA as reducing
agent, in order to obtain well dispersed M-A-Au nanocom-
posites, with both magnetic and plasmonic properties. In
particular, the work was focused on the investigation of the
influence, on the final nanocomposite properties, of vari-
ous synthesis parameters, such as the APTES amount and
the different sequences of addition of TA as reducing agent
for GNPs precursors.

Indeed, the functionalization with APTES allowed the
grafting of GNPs onto previously dispersed CA-M NPs. The
morphological characterization confirmed that the shape
and dimensions of M-A-Au nanocomposites can be tuned
by the concentration of APTES used for the functionaliza-
tion, which assure the GNPs grafting to the MNPs surface,
as well as by the use of TA as reducing agent, which pro-
motes the growth of GNPs. Moreover, it was demonstrated
that the sequence of addition of the GNPs precursors and
of the TA is crucial to guide the nucleation and growth
of GNPs, tailoring their size and shape and, in turn, the
magneto-plasmonic properties of the obtained nanoplat-
forms, which were able to maintain the peculiar properties
of both the GNPs and the MNPs.

It is possible to attest that in order to maintain the
peculiar properties of both the GNPs and the MNPs and
to exploit the gold absorbing peak in the specific gold
absorbing range, while maintaining the superparamag-
netic behavior typical of the magnetite NPs, a proper
optimization of the synthesis steps should be planned,

taking into account the role of MNPs surface (functional-
ized with APTES) as preferential site of GNPs nucleation
and growth. Furthermore, it can also be assessed that the
APTES amount used for the MNPs functionalization can
significantly influence the fate of the process, in terms of
magnetic properties of the heterodimers, amplifying the
differences among the various synthesis routes.
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