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We report here on the fabrication of a new example of nano-object that combines magnetic and plas-
monic properties. The strategy is based on the electrostatic assembly of negatively charged gold nanorods
(NIR-resonant) on positively charged silica-coated iron oxide nanoparticles. Silica coating of magnetic
nanoparticles prevented iron oxide nanoparticles irreversible aggregation in water environment.
Finally the stability of the nanocomposite in biological medium has been improved through a protein
coating (BSA, bovine serum albumin). Morphological, optical and magnetic properties of the hybrid nano-
materials have been evaluated as well as its ability to be manipulated by an external magnetic field.
Furthermore, temperature characterization upon NIR laser excitation has been performed in order to
assess nanocomposite capability of increasing local environmental temperature. This nanomaterial could
be used as a smart tool for photothermal treatment of cancerous lesions in order to maximize precision
and efficacy of tissue heating upon laser stimulation by magnetically accumulating nanoparticles nearby
the cancerous lesion, avoiding dispersion of the nanomaterial.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Surface Plasmons (SPs) are collective oscillations of surface
electrons of a metal that possess an energy, a momentum and a
propagation direction. Light can interact with SPs and being either
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reflected or absorbed by the material if its frequency is below or
above the plasma oscillation frequency, respectively. For materials
such as gold and silver, when the wavelength of the incident radi-
ation is higher than their dimensions, light interaction with SPs
produces a resonance condition characterized by intense light scat-
tering, appearance of surface plasmon absorption bands and
enhancement of the local electric fields [1]. In the case of a material
with a planar surface this phenomenon is called Surface Plasmon
Resonance (SPR), whereas for nanostructured materials, such as a
nanoparticle, this occurrence is named Localized Surface Plasmon
Resonance (LSPR). SPs are strongly influenced by either the nature
or the geometry and size of the material. Therefore by tailoring the
shape and dimension of the nanoparticles one can finely tune their
optical properties, such as plasmon resonance frequency and
absorption efficiency [2].

In the last decades nanoplasmonics has paved the way to the
possibility to fabricate metallic nanoparticles with finely tunable
optical properties. Several examples of different shape nanomate-
rials such as gold nanospheres, nanocubes, nanostars, nanorods
and nanowires have been presented [3–8] and their plasmonic
properties have been exploited for various biomedical applications,
such as diagnosis, detection and cancer photothermal therapy
[9,10]. As an example, detection of biomolecules can be carried
out by Surface Enhanced Raman Scattering (SERS) spectroscopy
using gold or silver colloids as plasmonic platforms that directly
bind the target analyte. Plasmonic platforms generates a huge near
electric field which produces a strong enhancement (up to 1014

factor) of the biomolecule Raman signal allowing its detection even
at relative low concentrations [11,12]. Gold nanostars have
demonstrated to be particularly efficient for SERS-based detection
because of the confinement of the electric field at the nanoparticles
tips which greatly increases the sensibility for analyte detection via
SERS [13].

LSPRs centered in the Near Infrared (NIR) region is a very
promising tool for biomedical application, such as molecule detec-
tion and for photothermal therapy, thanks to high tissue penetra-
tion and low absorption coefficient of NIR photons. Regarding
photothermal therapy, high absorption cross section of NIR pho-
tons by gold nanoshells allows energy conversion into heat upon
laser irradiation of the tissue portion where particles are located
[14–20]. This technique ensures complete cancer cell destruction
by irreversible membrane stress of even deeply located lesions,
since low NIR absorption by biological tissue that allows larger
light penetration. However, difficulties of particles localization in
the desired area and lack of efficient cancer cell targeting limit
the clinical use of photothermal therapy for cancer ablation, since
either unpredictable and inefficient heat transfer occurs in corre-
spondence of the region of particles localization [21,22].

A possible solution to this issue could be adding magnetic prop-
erties to plasmonic nanoparticles in order to be able to control
their accumulation in a desired area of the body through an exter-
nal static magnetic field gradient upon intravenous injection. In
this scenario, a plasmonic/magnetic PlasMag nanocomposite com-
bining plasmonic and magnetic nanoparticles could be a promising
solution to the issue of inefficient tissue heating, since it could
enhance particles accumulation nearby the tumor region. In litera-
ture, examples of the possibility to coupling magnetic and plas-
monic properties have been reported. For instance Heyon et al. in
2006 reported the fabrication of magnetic gold nanoshells by func-
tionalizing silica nanoparticles with iron oxide nanoparticles and
then growing a gold shell onto this assembly [23]. Superparamag-
netic behavior and NIR-resonant optical properties have been
demonstrated, as well as, the possibility to kill cancer cell
in vitro by NIR laser stimulation. A similar approach was adopted
by Haam et al., where iron oxide nanoclusters were first silica-
coated and then a gold shell was further growth [24]. However,
Mie-based calculations performed for various gold nanoparticles
reported by M. El-Sayed showed higher NIR absorption coefficient
for gold nanorods (AuNRs) with respect to gold nanoshells at var-
ious dimensions, concluding that gold nanorods seems more effi-
cient particles for photothermal application [25]. Therefore, in
our work we present a new concept of PlasMag made by silica-
coated iron oxide nanoparticles assembled with NIR-resonant gold
nanorods. AuNRs have been selected because of their small dimen-
sions and higher absorbance efficiency with respect to nanoshells.
It allows the fabrication of small nanocomposites combining mag-
netic drivability and good optical properties. Electrostatic attrac-
tion between negatively charged gold nanorods and positively
charged silica-coated nanoparticles has been used as driving force
for nanoparticles assembly. Apart from its fabrication and its opti-
cal and magnetic properties we have also investigated the ability to
increase local temperature upon NIR laser stimulation. This mate-
rial could be used as promising tool for photothermal ablation of
deeply located tumor masses upon magnetic accumulation nearby
the targeted area.

2. Materials and methods

2.1. Materials

Tetrachloroauric acid (HAuCl4�3H2O), tetraethylorthosilicate
(TEOS), ammonium hydroxide (NH4OH, 28%) were purchased from
Aldrich. Ascorbic acid, silver nitrate (AgNO3), sodium borohydride
(NaBH4) and poly(styrenesulfonate) (PSS, MW 70,000) polyethylen-
imine (PEI, Fluka, 50% (w/v)) were supplied by Sigma.
Cetyltrimethylammonium bromide (CTAB) was procured from
Fluka. HCl (37%) was supplied by Panreac. All chemicals were used
as received. Pure grade ethanol and Milli-Q grade water were used
in all preparations.

2.2. PlasMag nanocomposite fabrication

2.2.1. Gold nanorods fabrication and polyelectrolyte functionalization
Gold nanorods (AuNRs) have been produced as previously

reported [26], introducing some modifications. Briefly, small gold
seeds were prepared by gently mixing 250 mL of 0.01 M HAuCl4
in water and 10 mL of an aqueous solution of 0.1 M CTAB. Next,
600 mL of 0.01 M NaBH4 in water was quickly added at room tem-
perature and vigorously stirred for 2 min, after which a change in
the solution color from orange to gold-plated was observed. The
resulting growth solution was left undisturbed at room tempera-
ture for 2 h before use it.

A growth solution was then prepared as follows: 20 mL of an
aqueous 0.01 M HAuCl4 solution and 4.25 mL of an aqueous
0.01 M AgNO3 solution were added in 400 mL of 0.1 M CTAB in
water, mixed vigorously and left undisturbed at room temperature
for 15 min. After that 3.2 mL of 0.1 M ascorbic acid and 8 mL of 1 M
hydrochloric acid (both inwater)were added and vigorouslymixed.
Finally, 960 mL of seed solution were added in the so prepared
growth solution, vigorously mixed and left overnight at room tem-
perature. The obtained Au NRs were washed by centrifugation at
7000 rpm for 30 min and redispersed in an aqueous CTAB (1 mM)
solution and conserved at room temperature for further use.

Surface functionalization of Au NRs with polyelectrolyte was
performed using a layer by layer approach based on electrostatic
interactions [27]. Briefly, a PSS (2 mg/mL, 6 mM NaCl) aqueous
solution was prepared and sonicated for at least 15 min to allow
polymer chains complete distension. Then 25 mL of Au NRs solu-
tion was washed by centrifugation at 4500 rpm for 45 min, redis-
persed in 25 mL water and finally added dropwise to 25 mL of
PSS solution under stirring. After 3 h under stirring PSS-coated
Au NRs were washed twice by centrifugation (first cycle:
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3500 rpm for 45 min; second cycle: 2800 rpm for 45 min) and
redispersed in water. Supernatant was recollected and subse-
quently centrifuged at 4000 rpm for 15 min to recover the remain-
ing gold nanoparticles.

2.2.2. Silica coating and polyelectrolyte functionalization of magnetic
nanoparticles

(3-Aminopropyl)triethoxysilane (APTES)-coated iron oxide
nanoparticles (MagNPs) were purchased from Chemicell at the
concentration of 25 mg/mL. Silica coating of MagNPs was per-
formed following the Stöber method [28] with some modifications.
Briefly 680 mL of MagNPs were sonicated for 10 min and then
mixed with 2.75 mL of EtOH and 485 mL of NH4OH (28%). Under
sonication 3 mL of ethanol containing 50 mL of TEOS was added
dropwise to the mixture. It was allowed to react for 90 min under
sonication. Then silica-coated MagNPs, Mag@SiO2 NPs, were
washed three times (three cycles of centrifugation at 3500 rpm
for 30 min and redispersed in the same volume of water).

In a next step, Mag@SiO2 NPs were functionalized with
polyethylenimine (PEI) to provide a positive charge to the nanopar-
ticles surface. Briefly, 1 mL of Mag@SiO2 NPs were added dropwise
at the same volume of a PEI (2 mg/mL, 1 M NaCl) aqueous solution
and left overnight under stirring. After that NPs were centrifuged
three times at 3500 rpm for 30 min and finally redispersed in
water to obtain MagNPs@SiO2@PEI NPs. Finally a standard curve
was made to calculate particle concentration by checking absor-
bance at 375 nm. Particle concentration has been reported as mg/
mL or as number particles per mL of medium (part/mL).

2.2.3. Electrostatic assembly of gold nanorods on silica-coated
magnetic nanoparticles

Electrostatic deposition of negatively charged AuNRs@PSS on
positively charged Mag@SiO2@PEI NPs was performed by mixing
this two type of particles in water under sonication. Briefly, 1 mL
of 1 mM AuNRs@PSS was added dropwise under sonication to a
0.9 mg/mL Mag@SiO2@PEI colloids in water to obtain the desired
complexation between AuNRs and silica-coated MagNPs. The mix-
ture was left first under sonication for 15 min and then under
mechanic agitation for other 15 min, in order to allow electrostatic
assembly between nanoparticles. After this, protein coating of the
material was performed using bovine serum albumin (BSA). Thus,
2 mL of the nanocomposite solution were added under sonication
to 2 mL of a phosphate buffered saline (PBS) solution containing
4 mg of BSA. The resulting solution was left under sonication for
15 min and then under gentle mechanical agitation overnight.
Finally, the PlasMag@BSA sample was centrifugated at 3500 rpm
for 15 min and resuspended in fresh PBS in order to remove free
BSA and not assembled AuNRs from the solution.

2.3. PlasMag characterization

2.3.1. Nanoparticles characterization
Optical properties of AuNRs and PlasMag nanocomposites were

measured with an Agilent 8453 UV–vis spectrophotometer. Trans-
mission electron microscopy (TEM) was carried out with a JEOL
JEM1010 transmission electronmicroscope operating at an acceler-
ation voltage of 100 kV. Size (and thickness) distributions and stan-
dard deviations were determined by analyzing TEM images.
Concentration of AuNRs in each batch was evaluated by checking
the absorbance value of AuNRs solution, taking into account that
experimentally an absorbance value of 0.12 at 400 nm corresponds
to a gold concentration of 0.5 mM. Furthermore, number of particles
per mL of solution was calculated using nanoparticles dimensions
calculatedbyTEM imagingandgold concentration in1 mLofAuNRs.
Surface charge of nanoparticles was evaluated by checking Zeta-
potential by Dynamic Light Scattering (Malvern Zetasizer Nano ZS).
Particles stability was always checked after each centrifugation
cycle by light spectroscopy and was confirmed if no changes in the
shape of particles longitudinal plasmon band was evidenced. For
further experiment particles were dialyzed with using plastic tube
with a porous membrane with 3500 kDa pore size (Pur-a-Lyzer
Dyalisis Kit, Sigma-Aldrich) and lyophilized in order to determine
the exact concentration of nanomaterial in solution. Magnetic
behavior under external magnetic force of PlasMag nanocompos-
ites has been assessed using a 6 mm diameter permanent Nd-Fe-
B magnet (Br = 1.32 T) placed on the bottom of a plastic slide with
a built channel filled with 500 mL. The process of accumulation of
PlasMag nanocomposites has been recorded in time lapse with a
videocamera.

Moreover, magnetic properties of MagNPs, Mag@SiO2 NPs and
PlasMag nanocomposites were measured using an ever-cooled
Magnetic Property Measurement System (MPMS-XL, Quantum
Design). Magnetization versus magnetic field M-H hysteresis loops
were recorded from �7 T to 7 T at 310 and 10 K. Zero-field-cooled
(ZFC) and field-cooled (FC) magnetization curves were recorded at
a cooling field of 50 Oe. Diamagnetic contributions were removed
by performing the background measurement and subtraction. All
magnetization data were normalized to the iron mass of
nanoparticles.
2.3.2. Photothermal behavior of PlasMag@BSA nanocomposites under
NIR laser stimulation

Environmental temperature rises upon laser stimulation of
PlasMag@BSA nanocomposites has been assessed with the use of
an IR thermocamera (A325sc, FLIR) and temperature profile has
been analyzed with FLIR ResearchIR MAX Software (FLIR Systems).
Temperature recording has been performed in two different con-
figuration schematized in Supporting Information (Fig. S1) using
a RLTMDL-808-500 NIR laser source (k = 808 nm Roithner
Lasertechnik, Vienna, Austra) collimated and focused with an out-
put power of 70 mW. A three lens system (lenses from Thorlabs,
Inc.) composed of an ACN254-050-B and an AC254-075-B (sepa-
rated by a 28 mm air gap and forming a collimating system with
an effective focal length of approximately 300 mm) and an
AC254-050-B (as focusing element), was designed to focus the
radiation output by the fiber into a 100 mm diameter spot on the
sample. Laser power measurement and scattered/reflected power
estimation were performed by means of a calibrated S121C Photo-
diode coupled to a PM100D power meter (Thorlabs Inc.).

In the first configuration (Fig. S1a) the collimated laser beam
was focused on a 2 mL drop of PlasMag@BSA solution in PBS
(2 mg/mL) deposited onto a plastic slide and temperature record-
ing was performed in side view with respect to the drop. In the sec-
ond configuration (Fig. S1b) the same NIR laser beam was focused
on an area of a plastic slide where magnetically accumulated Plas-
Mag@BSA colloids were previously deposited. NIR laser beam was
shined after excess PBS removal resulted by nanocomposite mag-
netic accumulation on the bottom of the plastic slide. Temperature
recording has been performed in top view of the area of Plas-
Mag@BSA magnetic accumulation. Negative control experiments
of temperature recording were performed in both the configura-
tion shining NIR laser onto Mag@SiO2 nanoparticles.
3. Results and discussions

Plasmonic/Magnetic (PlasMag) nanocomposite has been fabri-
cated by deposition of PSS-functionalized AuNRs onto PEI-
functionalized Mag@SiO2 nanocomposites. A summary of the
whole fabrication process is illustrated in Scheme 1. It involves
the silica coating of MagNPs (I), PEI-functionalization of Mag@SiO2

NPs (II), electrostatic assembly of PSS-functionalized AuNRs
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(AuNRs@PSS) onto the Mag@SiO2@PEI NPs (III) and finally the BSA
coating of the resulting PlasMag nanocomposite.

In the following sections all the fabrication steps of this nano-
material concerning nanoparticles synthesis and polyelectrolyte
functionalization will be presented.
3.1. Gold nanorods synthesis and polyelectrolyte functionalization

Fig. 1 reports TEM images and corresponding UV–Vis-NIR
absorption spectrum of AuNRs prepared for the study. The analysis
of TEM images indicated that AuNRs presented 60.8 ± 10.3 nm in
length (l) and 11.7 ± 3.2 nm in width (d) with a average aspect
ratio, l/d, of about 5.2. Their optical properties show a narrow lon-
gitudinal plasmon band centered in the near infrared region
(844 nm).

In order to favor the AuNRs assembly onto the magnetic
nanoparticles, the plasmonic nanoparticles were functionalized
with a negatively charged polyelectrolyte, PSS. It resulted in a dras-
tic change in the AuNRs zeta potential from +41 mV to �47 mV. It
is explained in terms of PSS adsorption on the positively charged
CTAB-stabilized nanoparticles due to electrostatic forces. As shown
in Fig. 1c, the PSS functionalization of Au NRs just produces a slight
blue-shift of the longitudinal LSPR band from 844 nm to 823 nm
without perturbing the stability of the nanoparticles (even after
15 days at room temperature.
3.2. Silica coating and polyelectrolyte functionalization of magnetic
nanoparticles

Amino-functionalized iron oxide nanoparticles, MagNPs, with
an average size of 17.7 ± 8.3 nm were selected as magnetic core,
see Fig. 2a. DLS analysis revealed an average zeta potential of
Scheme 1. Fabrication procedure of the plasmonic/magnetic nanocomposites involvi
electrostatic assembly of PSS-functionalized AuNRs (AuNRs@PSS) onto the Mag@SiO2@P
+46 mV due to the amino functionality. Before their combination
with AuNRs, MagNPs were coated with silica via Stöber to prevent
their aggregation in liquid, induced by their slight magnetization,
and improve their chemical stability. TEM characterization of
MagNPs after the silica coating, Mag@SiO2 NPs, (Fig. 2b) shows
the multiple encapsulation of magnetic nanoparticles inside well-
defined silica shells which results in rather uniform Mag@SiO2

NPs. Moreover after the coating the Mag@SiO2 NPs are well sepa-
rated each other which corroborates the improved stability of the
magnetic nanoparticles at room temperature explained in terms
of decrease of the saturation magnetization due to the silica coat-
ing [29]. As expected silica coating drastically changed average
zeta potential, from +46 mV to �42.5 mV. In order to promote
the deposition of the negatively charged AuNRs@PSS onto the mag-
netic nanoparticles, the silica surface was wrapped with a posi-
tively charged polyelectrolyte, PEI. The substantial change of the
zeta potential from �42.5 mV to 40.7 mV confirmed the successful
PEI coating without altering nanoparticles stability in water, since
no aggregation was observed during time.
3.3. PlasMag nanocomposite fabrication and magnetic
characterization

The deposition of PSS-functionalized AuNRs onto the PEI-
functionalized Mag@SiO2 NPs was done by simple mixing both
types of colloids (AuNRs in excess) due to their oppositely charged
surface, see Scheme 1. TEM confirmed the electrostatic assembly
between AuNRs and MagNPs@SiO2 nanoparticles. Fig. 3 shows
the multiple deposition of AuNRs on Mag@SiO2 NPs surface.
Regarding the optical properties of the hybrid nanocomposties
(Fig. 4) Vis-NIR spectra show a broadening of the longitudinal plas-
mon band and a slight red-shift respect to AuNRs. This occurrence
ng the silica coating of MagNPs (I), PEI-functionalization of Mag@SiO2 NPs (II),
EI NPs (III) and finally the BSA coating of the resulting PlasMag nanocomposite.



Fig. 1. (a and b) TEM images of AuNRs at different magnifications. (c) UV–Vis-NIR
spectra of as prepared AuNRs (black line), PSS functionalized AuNRs (AuNRs@PSS,
red line) and AuNRs@PSS after 15 days at room temperature (blue line). All the
spectra have been normalized to the same value of absorbance at 400 nm to better
highlight their differences. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. TEM images of MagNPs (a) and silica-coated MagNPs, Mag@SiO2 NPs (b).

Fig. 3. TEM images of PlasMag nanocomposites at different magnifications show
successful AuNRs deposition onto Mag@SiO2 NPs.
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could be explained in terms of a change in the refractive index
nearby the AuNRs surface as well as the plasmon coupling occur-
ring among Au NRs.

Furthermore, the colloidal stability in biological medium was
analyzed. As showed, in Supporting Information (Fig. S2), PlasMag
nanocomposites displayed poor stability in a medium such as PBS,
since they aggregated and precipitated in solution even after few
minutes at room temperature. To enhance the colloidal stability
in PBS, the nanocomposites were coated with BSA protein. The
attachment of the protein onto nanocomposite surface was con-
firmed by measuring the zeta-potential which changed from
14.86 ± 1.45 mV for to �9.76 ± 3.31 mV after BSA coating. BSA
adsorption onto PlasMag nanocomposites probably occurs through
primarily electrostatic interaction with positively charged poly-
electrolyte (PEI) deposited on silica surface [30]. BSA coating pro-
vided stability to nanocomposites in biological medium even
after days of storage at room temperature (see Fig. S2). The
improvement of the stability is reflected in the optical response
of the nanocomposites, thus the UV–vis-NIR spectra is similar to
the PlasMag in water (see Fig. 4).



Fig. 4. Vis-NIR spectra of AuNRs@PSS (light blue line) in water, PlasMag (red line)
and PlasMag@BSA (blue line) in PBS. All spectra are normalized at the same value of
maximum absorbance. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Finally, the magnetic response of the PlasMag nanocomposites
was investigated. At first, we tested the magnetic character of
the nanocomposite to an external magnetic field using a handmade
plastic holder for either the permanent magnet and a plastic slide
with a microchannel containing 500 mL of PlasMag@BSA nanocom-
posites in PBS. As shown in Fig. 5 the nanocomposites respond to a
permanent magnetic field (1.34 T) located at the bottom of the
plastic slide, demonstrating the possibility to enhance particles
accumulation nearby the region of application of a permanent
magnet. Nanocomposite stability is not perturbed even after mag-
netic accumulation, since just pipetting the PBS solution contained
in the plastic channel was enough to completely redisperse them.

Moreover, magnetization vs. magnetic field (M-H) curves were
recorded at 310 K for MagNPs, Mag@SiO2 NPs and PlasMag
nanocomposites to assess their magnetic response at the body
temperature, relevant for in vivo assays. As shown in
Fig. 6a and b, all three particle systems show a similar magnetiza-
tion curves with saturation magnetization (Ms) of 94 emu/gFe. This
indicates that silica coating and AuNRs deposition have not influ-
enced the magnetic properties of the initial MagNPs (amino-
Fig. 5. Magnetic behavior of PlasMag@BSA nanocomposites recorded in time-lapse. Alm
magnet application at the bottom of the plastic slide. Successful particles resuspension
functionalized iron oxide NPs). Besides, all particles show coercive
fields (Hc) of 4.5–5 mT at 310 K. As expected, the particles exhibit a
higher magnetization at 10 K as a result of a better alignment along
the field at lower temperatures (Fig. 6c). Note that the blocking
temperature (Tb) of the particles, estimated from ZFC-FC curves
(Fig. 6d), was not affected by silica coating and AuNRs assembly
processes as it remains around 225 K for all the samples. This, also
implies that the pristine magnetic properties are preserved once
encapsulated in the final plasmonic-magnetic nanostructures.
Finally, the final nanostructures are superparamagnetic at room
temperature with a remarkably high magnetic response and a
great potential for magnetic manipulation.

3.4. Photothermal behavior of PlasMag@BSA nanocomposites

Photothermal behavior by PlasMag@BSA nanocomposites has
been investigated in order to evaluate their possible use for abla-
tive cancer therapy. Thus, liquid samples containing a defined con-
centration of PlasMAg@BSA nanocomposites have been irradiated
witha NIR laser source (70 mW, k = 808 nm, which overlaps with
the LSPR of the nanocomposites) and thermal images were
recorded with an IR thermocamera. As shown in Fig. 7, NIR laser
stimulation determines an increase in sample temperature that
spreads over the spot of the focused NIR laser. In particular, when
laser is focused on the top of a 2 lL drop of PlasMag@BSA nanopar-
ticles in PBS, an instantaneous temperature rise is detected and
temperature spreading towards the drop volume and the underly-
ing plastic slide is observed (Fig. 7a). Temperature recorded at the
centre of the drop rises from 24.5 �C up to 40 �C after around 40 s of
laser stimulation, and decreases exponentially after laser switching
OFF. Heating effect is due to the dissipation of the absorbed light
energy guaranteed by strong NIR photons absorption of complexed
AuNRs onto silica-coated magnetic nanoparticles. Interestingly, the
temperature distribution reaches a steady state after around 30 s
of laser action onto the nanoparticles drops. This effect is a result
of the thermal exchange among PlasMag@BSA nanoparticles, the
aqueous medium and the surrounding environment, that reaches
equilibrium after few seconds of laser action. Conversely, laser
stimulation of a drop of Mag@SiO2 or PBS resulted in a very small
temperature increase, around 2 �C, (see Supporting Information,
Fig. S3), due to very low absorption cross section of Mag@SiO2
ost complete nanoparticles accumulation was possible after 2 min of permanent
was possible after magnetic accumulation (see also Supplementary Video).



Fig. 6. (a–c) Magnetization versus magnetic field recorded at 310 K (full range in a; zoomed view in b) and 10 K (c) for MagNPs, Mag@SiO2 NPs and PlasMag nanocomposites.
(d) zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves recorded at 50 Oe cooling fields for MagNPs, Mag@SiO2 NPs and PlasMag nanocomposites. All values
are normalized to the particle iron concentration.

Fig. 7. Photothermal behavior of PlasMag@BSA nanocomposites. (a) Thermal images (lateral view) of a 2 lL drop of 2 mg/mL PlasMag@BSA nanocomposites in PBS placed
onto a Plexiglas support at different time frames (k = 808 nm, 70 mW) and relative plot of temperature vs irradiation time. (b) Thermal images (top view) and plot of
temperature vs irradiation time of PlasMag@BSA nanocomposites under NIR laser stimulation (k = 808 nm, 70 mW) after magnetic accumulation and excess PBS solution
removal.

E. Redolfi Riva et al. / Journal of Colloid and Interface Science 502 (2017) 201–209 207
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NPs and PBS. This demonstrates that the thermal effect is substan-
tially given by Au nanorods contained in the PlasMag@BSA
nanocomposites.

Finally, in order to verify the influence of magnetic accumula-
tion on thermal properties of a nanoparticle dispersion we also
investigated the effect of laser stimulation on a concentrated sam-
ple of PlasMag@BSA nanoparticles, obtained by magnetic accumu-
lation (Fig. 7b). Magnetic accumulation is performed with the set-
up shown in Fig. 5. Besides we measured the temperature during
irradiation time at the laser spot (Point A, in Fig. 7b) and at
1 mm far away from the centre of temperature distribution (Point
B, in Fig. 7b). The results reveal a sharp increase of maximum tem-
perature at Point A almost instantaneously, since temperature
reaches 104 �C in less than one second. Then a constant decrease
of maximum temperature at the laser spot is observed and
explained in terms of residual PBS evaporation. Temperature
recording at Point B showed a less drastic rise and evidenced the
achievement of a steady state of temperature rise after around
30 s of laser action. Exponential temperature decrease has been
observed at Point A and B after laser switching OFF. Furthermore,
thermal images revealed a localized temperature spreading during
laser action, with temperature that exponentially diminishes
below 40 �C at 1.05 mm far away from the edge of maximum
recorded temperature. Finally, laser excitation of magnetically
accumulated Mag@SiO2 NPs (without Au nanorods) determined
an almost negligible temperature rise of 1 �C confirming the very
poor NIR photon absorption of these nanoparticles.

These results demonstrated that attachment of gold nanorods
onto silica-coated magnetic nanoparticles plays a central role in
NIR photon absorption and consequent environmental tempera-
ture rise during laser stimulation of PlasMag@BSA NPs. A small
amount of AuNRs onto silica surface resulted to be enough to
increase local temperature using an output laser power of
70 mW. Although a remarkable photothermal response is observed
either with or without magnetic accumulation of hybrids, the
effect is stronger through the magnetic accumulation of Plas-
Mag@BSA NPs. This occurrence showed that, in the optic of a clin-
ical use of these nanoparticles, magnetic accumulation could not
only affect nanoparticles cellular uptake, but also drastically influ-
ence photothermal behavior, allowing to obtain a much more
intense and controlled localized heating compared to generic
nanoparticles active targeting.

4. Conclusions

In this work the possibility to fabricate a nanocomposite assem-
bly that could couple plasmonic and magnetic characteristic has
been demonstrated. Silica coating onto magnetic nanoparticles
has been provided in order to improve surface chemistry of mag-
netic nanoparticles thus preventing aggregation. Polyelectrolyte
coating of either silica-coated magnetic nanoparticles and gold
nanorods has been used to exploit electrostatic interactions that
allowed PlasMag formations. BSA coating of the nanocomposite
provided good colloidal stability in biological medium that pre-
vented nanoparticles irreversible aggregation, which were stable
at room temperature for several days. Optical characterization
showed the presence of a plasmonic band in the near infrared
region of light spectrum with the maximum absorbance value
around at 840 nm. Moreover, the possibility to increase nanocom-
posite concentration was demonstrated by using an external mag-
netic field of around 1.32 T. Magnetic characterization of
PlasMag@BSA showed a superparamagnetic behavior at room tem-
perature and a saturation magnetization value that lead good
potential for magnetic manipulation for our nanocomposite. Fur-
thermore, photothermal behavior of our nanocomposite revealed
localized and strong absorbed energy conversion and subsequent
environmental heating with respect to control experiments,
demonstrating that AuNRs complexation onto silica-coated
nanoparticles plays the central role in photothermal energy con-
version. Temperature recording upon magnetic accumulation of
PlasMag@BSA showed intense heating with maximum tempera-
tures that exceeded 100 �C in a few milliseconds with an output
laser power of 70 mW. This occurrence demonstrated that
nanocomposite local increased concentration due to magnetic
accumulation could be an advantageous strategy to influence pho-
tothermal energy conversion and nanoparticles targeting during
systemic administration of PlasMag@BSA.

These evidences displayed the formation of a stable nanocom-
posite that could be used for photothermal ablation of tumor
masses upon intravenous injection and magnetic accumulation.
Further in vivo experiments will be required in order to test the
possibility to destroy a tumor mass upon NIR laser stimulation
after magnetic accumulation of the nanomaterial.
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