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Photothermal Killing of Cancer Cells by the Controlled
Plasmonic Coupling of Silica-Coated Au/Fe,O;

Nanoaggregates

Georgios A. Sotiriou, Fabian Starsich, Athanasia Dasargyri, Moritz C. Wurnig,
Frank Krumeich, Andreas Boss, Jean-Christophe Leroux, and Sotiris E. Pratsinis*

Tumor ablation by thermal energy via the irradiation of plasmonic nano-
particles is a relatively new oncology treatment. Hybrid plasmonic-superpara-
magnetic nanoaggregates (50-100 nm in diameter) consisting of SiO,-coated
Fe,O3 and Au (=30 nm) nanoparticles were fabricated using scalable flame
aerosol technology. By finely tuning the Au interparticle distance using the
SiO, film thickness (or content), the plasmonic coupling of Au nanoparticles
can be finely controlled bringing their optical absorption to the near-IR that
is most important for human tissue transmittance. The SiO, shell facilitates
also dispersion and prevents the reshaping or coalescence of Au particles
during laser irradiation, thereby allowing their use in multiple treatments.
These nanoaggregates have magnetic resonance imaging (MRI) capability

as shown by measuring their r2 relaxivity while their effectiveness as photo-
thermal agents is demonstrated by killing human breast cancer cells with a
short, four minute near-IR laser irradiation (785 nm) at low flux (4.9 W cm~2).

1. Introduction

Plasmonic materials such as Au and Ag show great potential for
use in energy,l! catalysis,?! optoelectronics,l®! and biomedical
applications, to name a few.l) When these metals are brought
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to the nanoscale, they exhibit a drastic
increase in light absorption.’! This effect
originates from the interaction of the nan-
oparticles with electromagnetic radiation,
which gives rise to collective oscillations
of the metal surface electrons. These oscil-
lations depend on the wavelength of the
incident light and reach a maximum when
the electrons are in their resonance state:
the so-called localized surface plasmon
resonance frequency.”! Part of the oscilla-
tion energy is converted into heat via relax-
ation processes.[®) These processes depend
on various factors, such as the particle size
and shape, the aggregation state, the sur-
rounding dielectric medium and the prop-
erties of the particle surfaces.”®l

The potential of this efficient conver-
sion of light into heat has been investigated
for the treatment of cancer by in-vivo photothermal tumor abla-
tion.”) When such nanoparticles are irradiated at an appropriate
wavelength, they convert light into heat and kill the cancer cells.
This phenomenon has been demonstrated with spherical gold
nanoparticles of approximately 40 nm in diameter that were
selectively taken up by epithelial carcinoma cells.'”) Upon laser
irradiation at 514 nm, which is close to the plasmon resonance
frequency of these Au nanoparticles at 530 nm, the cells were
killed. Furthermore, gold nanoparticles can also be employed for
drug delivery from temperature-responsive polymers upon laser
irradiation.!'!]

Human tissue, however, exhibits a high transmittance of
electromagnetic irradiation in the near-IR region (i.e., wave-
lengths between 700 and 900 nm).['2l Therefore, such a process
would be more efficient if the plasmonic particles absorbed
light in this spectral region. One way to shift the absorption of
plasmonic particles to higher wavelengths is to change their
shape. For example, gold nanoshells®) and nanorods!™! exhibit
high light absorption in the near-IR region. As such, they have
shown promising results for the photothermal ablation of
cancer cells, both in-vitro'*l and in-vivo.>!*] The fabrication
of such nanoparticles, however, involves a multistep, tedious
and expensive process, and its limited scalability and reproduc-
ibility hinder the commercialization of such nanoparticles.!'l
Furthermore, gold nanoshells are rather large (>120 nm),
which might hinder their biodistribution, and their absorption
cross section is lower than that of solid gold nanoparticles,
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thus requiring a higher laser power to kill cancer cells.’% In
contrast, gold nanorods may show strong absorption in their
longitudinal mode in the near-IR spectral region; this behavior,
however, depends on their spatial orientation.l'”] Furthermore,
the rods may melt and reshape into spheres during laser irra-
diation,["®! which would decrease their near-IR absorption and
may inhibit subsequent in-vivo therapeutic sessions.

Another way to influence the light absorption (and color) of
plasmonic materials is to tune their spatial configuration.™! As
two or more plasmonic particles are brought closer together,
the field enhancement between them increases (hot spots).2"!
This plasmonic coupling gives rise to specific interparticle
interactions?!l that can broaden their optical absorption.?? This
effect can be exploited in broadband energy applications!?*! or
surface-enhanced Raman scattering.2

An ideal bionanoprobe for theranostics should exhibit
multiple functionalities.?! In particular, superparamagnetism
is an attractive characteristic, as it facilitates placement and
manipulation of the probe.?®l Hybrid, multifunctional plas-
monic-magnetic nanoparticlesi?”) offer several advantages,
including multiple imaging techniques such as magnetic reso-
nance imaging (MRI).2%% Superparamagnetic nanoparticles
can also be guided by an external magnetic field?® to enhance
the specific targeting of tumors in combination with antibody-
mediated receptor binding.? An additional mode of thera-
peutic action can be exploited by magnetic hyperthermia, in
which the temperature rises due to rapid switching of the
external magnetic field.}!] Additionally, such nanoparticles can
be coated with amorphous SiO, that offers facile surface func-
tionalization.’?l Such a hermetic coating can also reduce any
toxicity of the core nanoparticle®* and make it hydrophilic and
easy to functionalize with (bio)molecules.[34]

Here, we create novel hybrid multifunctional plasmonic
bionanoprobes that are suitable for photothermal tumor abla-
tion using a single-step, fast and high-purity gas-phase process
with high reproducibility and proven scalability.*] Aggregates
(<100 nm in diameter) consisting of multiple gold and iron-
oxide nanoparticles are coated in situ during their synthesis
with an amorphous and nanothin silica shell of closely con-
trolled thickness. This allows for fine tuning of their optical
absorption in the near-IR region, thereby facilitating the nano-
particles’ use in photothermal tumor treatment.

2. Results and Discussion

2.1. Morphology

Figure 1a shows a high-resolution transmission electron micros-
copy (TEM) image of Au/Fe,O; nanoparticles coated with 2.6-nm
amorphous SiO, shells.’”l The darker spherical particles corre-
spond to Au, while the Fe,0; particles appear gray. The energy-
dispersive X-ray (EDX) spectrum of the nanoparticles (Figure 1b)
confirms the elemental composition (Au, Fe, Si, and O). The Cu
signal originates from the copper grid that was used during the
electron microscopy analysis. Beyond this, no other elements
are detected, indicating that the nanoparticles are impurity-free.
From the high-resolution TEM results (Figure 1a), it is possible
to distinguish the amorphous SiO, shell from the crystalline Au
and Fe, 03, in which some crystal planes are detectable.
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An aberration-corrected scanning transmission electron
microscope (STEM) was employed to obtain detailed images
of these nanoparticles. Figure 1 shows the same area of these
SiO,-coated Au/Fe,O; nanoparticles imaged with Z-contrast
using a high-angle annular dark field (HAADF) detector (c), a
phase-contrast detector (d) and a secondary electron detector
(e). In Figure 1c, the bright spheres correspond to the Au nano-
particles because they have the highest atomic number (Z) of all
elements present. The faint gray areas in the Z-contrast image
indicate the presence of less heavy scatterers (e.g., the dotted
circles in Figure 1c), which are inferred to be Fe,0; and SiO,.
The crystalline Fe,O3 is also detectable as areas that exhibit lat-
tice fringes in the phase-contrast STEM images (the dotted cir-
cles in Figure 1d). In this image, the contrast is inverted, as in
a conventional HRTEM image, showing the Au particles with a
darker color. The surface of the entire nanoaggregate is visible
in the secondary electron image, revealing the ball-like mor-
phology of the aggregates of silica-coated Au and Fe,O; nano-
particles (Figure 1e).

Figure 1 also shows a HAADF-STEM (Z-contrast) image (f)
and the corresponding elemental mappings obtained by EDX
spectroscopy for Au (g), Fe (h), Si (i) and all three elements
together in a merged image (j). The Si map (Figure 1i) con-
tains the most noise because of the relatively small amount
of SiO; (5.7 wt%). Comparison between the Au and Fe maps
(Figures 1g,h) clearly reveals that these elements are separated,
as previously shown in Figure 1la. The Au and Fe,03; nano-
particles are located predominantly next to each other, forming
Janus- or dumbbell-like nanoaggregates, as in the case of Ag/
Fe,03.17) By comparing the Si map (Figure 1i) and the merged
image (Figure 1j), it can be seen that the SiO, encapsulates
both the Au and Fe,O; nanoparticles.’®l This result is con-
firmed by {-potential measurements, which show a complete
SiO, coating for the Au/Fe,03, with theoretical thicknesses of
> 1.4 nm (Figure S1, Supporting Information).>”!

The SiO, shell is formed in situ in the gas phase by swirl
injection of the Si precursor vapor following the formation
of the core nanoparticle (here Au/Fe,05).3% In this way, the
presence of the SiO, does not influence the inherent proper-
ties of the core materials, as in the cases of pure TiO,,34 Agl!
and Fe,0;.08 This lack of influence due to SiO, is verified
here by monitoring the magnetic properties of the Au/Fe,0;
nanoparticles.

2.2. Superparamagnetism

Figure 2 shows the magnetic hysteresis for SiO, shells of theo-
retical thicknesses ranging from 0 to 5.9 nm. The maximum
magnetization for all samples is in agreement with that of
flame-made =20 nm ¥Fe,0;.38 Furthermore, all samples
exhibit near-superparamagnetic behavior, as there is minimal
coercivity.’¥ In fact, the bare Au/Fe,0; nanoparticles (orange
line) exhibit the largest coercivity of =50 T (Figure 2, inset dia-
gram). As the SiO, shell thickness increases, the coercivity pro-
gressively decreases to =20 T for a 5.9-nm-thick shell (red line).
This reduction could be attributed to the minimization of Fe,0;
magnetic interactions for the thicker SiO, shells, causing the
sample to become more superparamagnetic.>®!
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Figure 1. a) High-resolution TEM image of Au/Fe,O5 nanoparticles coated with 2.6-nm-thick amorphous SiO, shells (5.7 wt% SiO,). b) EDX spectrum
of the same sample, verifying its elemental composition. STEM images of a nanoaggregate of SiO,-coated Au/Fe,O3 nanoparticles recorded with
different detectors: c) HAADF (Z-contrast), d) bright-field (phase-contrast), and e) secondary electron. f) HAADF-STEM Z-contrast image and the
corresponding elemental EDXS mappings for g) Au, h) Fe, i) Si, and j) all three elements together in a merged image.

Furthermore, the Fe,O; component of these hybrid plas-  which would remain after the application of the magnetic field,
monic-superparamagnetic nanoaggregates (Figure le) allows  as has been shown for similar Ag/Fe,0; nanosuspensions.’]

for their external magnetic manipulation and placement. The Figure 2b shows the relaxation rate R2 (calculated from the
inset image of Figure 2 shows aqueous suspensions of bare T2 transverse relaxation time) of the hybrid Au/Fe,O; nano-
Au/Fe,03 (0 nm SiO, shell) nanoparticles in the absence (B =  aggregates with a 1.4-nm-thick SiO, shell dispersed in agar gel

0) and presence (B > 0) of a magnetic field. Upon the applica-  as a function of the Fe,0; concentration. The relaxation rate R2
tion of this field, all the nanoparticles (highlighted by the dotted  increases linearly for higher Fe,O; concentrations, as expected.
ellipse) are attracted to the side of the cuvette that is adjacent =~ From this graph, the relaxivity rate r2, which is an indicator of
to the magnet, making the suspension transparent.?’] This the MRI-agent performance, can be calculated. The observed
finding further verifies the formation of hybrid nanoaggregates  value of r2 = 325 mm™* s7! at 4.7 T is comparable to that of
(Au/Fe,03) and the absence of any “free” Au nanoparticles, other hybrid Janus-like (121 mum~' s7! at 3 T)B% and core-shell
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Figure 2. a) Magnetic hysteresis curves for Au/Fe,O3 nanoparticles with
different SiO, shell thicknesses. The inset diagram shows a magnification
of the region of the graph at low magnetic fields, which highlights the
coercivity and remanence of the particles, thereby establishing their near-
superparamagnetic behavior. The inset image shows aqueous suspen-
sions of bare (0-nm SiO, shell thickness) Au/Fe,O; nanoparticles before
(B = 0) and after (B > 0) the application of an external magnetic field,
which clears the suspension and proves that all the Au nanoparticles are
attached to superparamagnetic Fe,O3 nanoparticles. b) The relaxation
rate R2 of Au/Fe,O; nanoparticles coated with 1.4-nm-thick SiO, shells
in agar gel as a function of the Fe,O; concentration. The relaxivity r2 is
also shown.

gold/iron-oxide nanoparticles (390 mm~! s7! at 9.4 T)*¥ and that
of commercial inorganic MRI agents (59-358 mm~! s71).[1 The
nanothin hydrophilic SiO, shell surrounding the core Au/Fe,05
nanoparticles facilitates the interaction between the contrast
agent and the neighboring water protons, resulting in MRI
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contrast enhancement and allowing these nanoparticles to be
employed as MRI agents.*!]

The average Au crystal size of these hybrid nanoaggregates
is =30 nm, as verified by X-ray diffraction (Figure S2, Sup-
porting Information). It should be noted that Fe,0; is present
in its crystalline form, as verified by the electron microscopy
analysis (Figure 1), but the characteristic y-Fe,O; diffrac-
tion peaks are too weak to be detected in the presence of Au
(Figure S2, Supporting Information) because of the low Fe,0;
content (12.9-14.8 wt% depending on the SiO, content). The
hydrophilic SiO, shell facilitates nanoaggregate dispersion
and, at the same time, prevents the formation of micron-sized
flocs.1?3! The average hydrodynamic size of these SiO,-coated
nanoaggregates when dispersed in deionized water and phos-
phate-buffered saline solution is about 50-100 nm (Figure S1,
Supporting Information), which is within the desired range
for efficient biodistribution upon their employment as thera-
peutic agents.[*0#2 Therefore, each nanoaggregate consists of
stochastically distributed multiple Au and Fe, O3 nanoparticles,
while the encapsulating SiO, shell acts as a dielectric spacer.*’]
At the closest possible proximity of two Au nanoparticles, their
interparticle distance x is twice the thickness of the SiO, shell
(inset in Figure 3a). Therefore, as the SiO, shell thickness
increases, the Au interparticle distance x also increases.

2.3. Plasmonic Properties and Photothermal Effect

The interparticle distance of plasmonic particles strongly
affects their optical properties.I') Figure 3a shows the optical
absorption spectra of aqueous suspensions of the Au/Fe,03;
nanoparticles (each containing an identical Au concentration
of 10 mg L) for varying interparticle distance x (and dif
ferent SiO, shell thicknesses). The characteristic Au plasmon
absorption band near 550 nm is present (red dotted line) for
all samples. The absorption in the 530- to 550-nm range is
typical for Au nanospheres of approximately 40 nm in dia-
meterl!®* and is attributed to the dipole-type electron reso-
nance.®l However, as the Au nanospheres come closer to each
other with decreasing interparticle distance x, the induced
plasmonic coupling/?? broadens the optical absorption up to
~800 nm (purple dotted line at 785 nm). Furthermore, the
plasmonic peak becomes sharper and stronger for the largest
x = 11.8 nm. This result indicates that for x > 10 nm, there is
little, if any, interparticle interaction or plasmonic coupling, in
agreement with the literature.?”l The inset of Figure 3a shows
the aqueous suspensions of these samples. The color ranges
from dark gray (x = 0) to bright purple (x = 11.8 nm), con-
sistent with the corresponding absorption spectra presented in
this figure.

In fact, if the absolute absorption intensities at 550 (trian-
gles) and 785 nm (circles) are plotted as a function of inter-
particle distance x (Figure 3b; the SiO, content in units of
wt% is also shown on the top axis), the intensity at 550 nm
decreases for smaller x, in agreement with the literature.l®!
With increasing plasmonic coupling (decreasing x), the
main peak attributed to the dipole resonances becomes
weaker. In contrast, the absolute intensity in the biomedi-
cally important near-IR region (700-800 nm) increases with
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Figure 3. a) Optical absorption spectra of SiO,-coated Au/Fe,O3 nano-
aggregates for various average interparticle distances x (twice the SiO,
shell thickness). An interparticle plasmonic coupling occurs that broadens
the spectra, which becomes stronger as x decreases. b) Absolute absorp-
tion intensities at 550 (triangles) and 785 nm (circles) as a function
of the interparticle distance x (or the SiO, content, which is shown in
units of wt% on the top axis). The spectra at 550 nm demonstrate that
for thicker coatings, the Au nanoaggregates behave like single, non-
interacting Au nanospheres. The spectra at 785 nm indicate that thinly
coated Au nanoparticles in a highly aggregated state are most attractive
for the photothermal treatment of cancer cells.

increasing plasmonic coupling. The absorption intensity pro-
vides a good estimate of the photothermal efficiency upon
irradiation at these wavelengths, especially for nanospheres
smaller than 40 nm, which have high absorption coefficients
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and minimal scattering.*¥) Gold nanorods also have high
absorption coefficients, while nanoshells exhibit high scat-
tering coefficients.*’]

Indeed, upon the near-IR (785 nm) laser irradiation of these
hybrid Au/Fe,0; nanoaggregates immobilized in agar gel (Au
concentration of 30 mg L), there is a gradual temperature
increase, AT (Figure 4a, inset). The final AT depends on the
applied laser radiation flux (power per unit area, blue and red
lines). For example, the sample with an interparticle distance of
x = 1.4 nm reached AT, = 30 °C at the highest laser radiation
flux of 4.9 W cm™2, with a plateau after 180 s (Figure 4a). After
the irradiation stops, the temperature rapidly decreases to the
initial conditions.

When the AT,,,, values of the SiO,-coated Au/Fe,O; nano-
aggregates are plotted as a function of the interparticle distance
x (Figure 4b), it can be seen that the highest AT, values are
obtained at the lowest x. In fact, as expected, the observed trend is
identical to that of the absolute absorption intensities at 785 nm
(Figure 3b, circles, and Figure S3, Supporting Information). This
further corroborates that these Au nanospheres exhibit high
absorption cross sections and cause minimal light scattering,!*!
and therefore, they efficiently convert the laser light into heat.

We also examined the photothermal performance of state-
of-the-art gold nanoshells (=150 nm in diameter) and gold
nanorods (10 nm x 40 nm) immobilized in agar for identical
Au concentrations (30 mg L7!) and laser-irradiation conditions
(4.9 W cm™2), following literature protocols.[*l The nanoshells
reached a comparable AT, = 38.8 °C, while the nanorods
exhibited the highest AT, of 71 °C. Furthermore, we explored
the thermal stability of the hybrid nanoaggregates and com-
pared it to that of the nanoshells and nanorods. Figure 4c
shows the optical absorption spectra of nanoaggregates (x =
2.8 nm, green line), nanoshells (red line) and nanorods (blue
line) deposited on glass slides (72 pg of Au) before (solid
line) and after (broken line) near-IR (785 nm) laser exposure
(15 W cm™?) for 30 min.

After laser irradiation, the absorption spectrum of the
nanoaggregates (broken green line) remains rather stable
and quite high in the near-IR region. In contrast, the absorp-
tion spectra of both the nanoshells (red broken line) and the
nanorods (blue broken line) drastically decrease after the laser
irradiation due to particle melting and reshaping. More spe-
cifically, the longitudinal mode (the peak at 808 nm) of the
nanorod absorption (blue line) completely disappears. This
indicates that the nanorods have been reshaped and formed
into spheres, as is further indicated by the increase in the
525-nm peak (Figure 4c). Similarly, the near-IR absorption of
the nanoshells drastically decreases, indicating their reshaping.
In contrast, the thermally stable SiO, shell inhibits Au particle
growth and reshaping. Although the photothermal efficiency of
the hybrid nanoaggregates is lower than that of the nanorods
and nanoshells, the nanoaggregates maintain their near-IR
absorption, which should facilitate their employment in mul-
tiple thermal treatments.

2.4. Cell Uptake and Photothermal Treatment

The uptake of plasmonic nanoparticles by cells can be
verified by hyperspectral microscopy.*’! Hybrid Au/Fe,0,

Adv. Funct. Mater. 2014, 24, 2818-2827
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Figure 4. a) Evolution of the temperature difference, AT, of agar gel con-
taining aggregates of Au/Fe,O3 nanoparticles (30 mg L™! of Au) with an
average interparticle distance of x = 1.4 nm upon subjection to a near-IR
laser irradiation flux of 4.9 W cm2. When the laser is turned on, the agar
temperature increases, as detected by an infrared camera (inset). b) The
maximum temperature increase, AT, of the above agar gel after 3 min of
laser irradiation as a function of the interparticle distance x. The photo-
thermal effect is stronger for smaller x. c) The optical absorption spectra
of Au/Fe,03 nanoaggregates (x = 2.8 nm, green lines), nanoshells (red
lines) and nanorods (blue lines) deposited on glass slides before (solid
lines) and after (broken lines) laser irradiation (15 W cm2 for 30 min).
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nanoparticles (interparticle distance x = 2.8 nm) were incu-
bated with human breast cancer cells (MDA-MB-231) at Au
concentrations of 0-20 mg L' Figure 5 shows dark-field
microscopy images of pure cells (a) and cells incubated with
10 (b) and 20 mg L™! (¢) of Au nanoparticles, along with cor-
responding hyperspectral images (d—f) after the application
of a spectral classification algorithm for each case (see Figure
S4 for the nanoparticle spectral library). The presence of Au
nanoparticles is detected in the cells as bright spots in the
hyperspectral images for both Au concentrations (Figure 5Se,f),
confirming the nanoparticle uptake. In contrast, the hyper-
spectral image of the control cells alone (d) does not show the
Au nanoparticle signal.

As a proof of concept for the feasibility of using these flame-
made plasmonic nanostructures as photothermal tumor-abla-
tion agents, the above nanoparticle-cell cultures were irra-
diated using a near-IR laser (785 nm, spot size of 5 mm) at
4.9 W cm™ for 4 min. The cell viability was evaluated using a
fluorescent assay that labels live cells in green and dead cells
in red. Figure 6 shows the resultant fluorescent microscopy
images of glass slides with cells alone (a), cells incubated with
particles (20 mg L2 of Au) without any laser irradiation (b),
cells alone irradiated with the laser (c) and cells incubated with
particles and irradiated with the laser (d). The temperature
of each glass slide after 4 min of laser irradiation is also dis-
played in Figure 6.

The cell viability is not influenced by the mere presence of
the particles (Figure 6b) for concentrations up to 50 mg L!
(not shown), as expected, because none of the employed mate-
rials exhibits strong toxicity. Furthermore, laser irradiation of
the glass slides with the cells alone (without any particles) does
not induce any significant temperature increase or cell damage
(green cells, Figure 6¢). Only in the presence of particles are
the human breast cancer cells killed by the laser (red cells,
Figure 6d), in which case the slide temperature is increased to
71.8 °C.

Such selective photothermal cancer cell destruction is con-
sistent with those of gold nanoshells (140 nm in diameter) and
a 820-nm laser at 80 W cm2,1* nanospheres (30 nm in diam-
eter)! and nanorods (=10 nm x 40 nm)™! with an 800-nm
laser at 10-20 W cm2, gold nanoshells (45 nm in diameter)
with magnetic iron-oxide cores upon irradiation with a 700-nm
pulsed laser*® and gold nanorods (=20 nm x 90 nm) attached
to iron-oxide nanoparticles (15 nm) with a 785-nm laser!*”) at
4.5 W cm™2. However, here, for the first time, cancer cells are
killed photothermally using hybrid SiO,-coated Au/Fe,O; nano-
aggregates by exploiting their controlled plasmonic coupling,
which also have the potential to be magnetically manipulated
and detected.

3. Conclusions

Biocompatible, hybrid, nanothinly SiO,-coated nanoaggregates
(<100 nm) of multiple Au and Fe,0; nanoparticles that are suit-
able for the in-vivo photothermal ablation of tumors via near-
IR laser irradiation were prepared using a scalable gas-phase
process. The interparticle distance among the Au nanoparticles
is finely tuned by closely controlling the SiO, shell thickness
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Figure 5. a—c) Dark-field and d—f) hyperspectral images of human breast cancer cells, a,d) alone and incubated with b,e) 10 and c,f) 20 mg L™ Au/
Fe,03 nanoparticles. The hyperspectral images verify the presence of Au nanoparticles (bright spots in (e,f)) in the cell cultures. In the absence of any
nanoparticles, there is no signal in the hyperspectral image (d).

to give rise to plasmonic interparticle cou-
pling. This interaction broadens the absorp-
tion of these plasmonic nanoparticles to the
near-IR spectral region. Therefore, when
subjected to near-IR laser irradiation, these
hybrid bionanoprobes exhibit a photothermal
effect similar to that of state-of-the-art gold
nanoshells and nanorods but with superior
thermal stability and resistance to reshaping
(through melting), which allows for their
use in multiple treatments. The feasibility of
using such multifunctional plasmonic nano-
particles for photothermal tumor ablation
is demonstrated in-vitro with human breast
cancer cells.

For successful in-vivo tumor ablation, a
tissue temperature of at least 48-50 °C must
be achieved.P! However, the sensitivity of
different tissues to heat exposure varies.P!
Therefore, a systematic investigation on the
pharmacokinetics of such hybrid nanoparti-

cles must be conducted to ensure maximum
Figure 6. Fluorescent images of breast cancer cells on glass slides stained with LIVE/DEAD  3ccumulation to the tumor site in-vivo. The
dye (green = live, red = dead). a) Cells alone, b) cells incubated with 20 mg L™' Au/Fe,O;
nanoparticles without any laser irradiation, c) cells alone irradiated with a laser, and d) cells b " . . .
X . : 4 o X R : e achieved by passive and active targeting;
incubated with particles (20 mg L") and irradiated with a laser. The irradiation was applied at . . L c

a flux (power per area) of 4.9 W cm™' for 4 min. The increase in temperature AT, of the glass therefore, surface blofuncjclonah.zatlor} 18
slides after 4 min of laser irradiation is also shown. Only in the presence of particles are the ~necessary to ensure long circulation times
cells killed by the laser. The scale bars are identical in all images. and to bypass the reticuloendothelial system.

a T, =181°C

i Y8»S N

delivery of such agents to the tumor site can
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The presence of SiO, facilitates this biofunctionalization step
because its surface chemistry is well understood.

The presence of the hydrophilic SiO, shell also promotes
the facile dispersion of such nanoparticles in aqueous solu-
tions and biologically relevant media. Furthermore, the SiO,
shell does not influence the Fe,O; superparamagnetic proper-
ties, which offer additional functionality to the bionanoprobe,
while the MRI capability of such hybrid nanoparticles is dem-
onstrated by the 12 relaxivity, thereby verifying that the particles
can be detected in-vivo.

4. Experimental Section

Multifunctional ~ Au/Fe;O;  Nanoparticles  with  SiO, Coating:
Multifunctional bare and SiO,-coated Au/Fe,O; nanoparticles were
produced via enclosed flame spray pyrolysis. This dry and scalable
synthesis method has been described in detail elsewhere.’? In brief,
a liquid precursor solution was fed at 5 mL min~' into the reactor via
a capillary. The solution was then dispersed and sheathed with O, gas
(5 L min™" and 40 L min™', respectively; Pan Gas, purity >99%) and
ignited by a premixed CH4/O, flame (1.5/3.2 L min™'). The flame was
enclosed by a 30-cm quartz glass tube (ID = 45 mm). The SiO, coating
was applied by swirl injection of N, carrying hexamethyldisiloxane
(HMDSO) vapor (total flow rate 16 L min~', Sigma-Aldrich, purity >
99%) through a ring with 16 equidistant openings that was placed
on top of the quartz tube. The HMDSO was fed through a bubbler
operating at 10 °C. On top of this ring, another 25-cm quartz glass tube
was placed. The freshly formed particles were collected on a glass fiber
filter with the aid of a vacuum pump. The entire reactor was preheated
for 3 min prior to the nanoparticle synthesis using a particle-free solvent
(e.g., xylene). The SiO, content for the coating was adjusted to values
of 0, 1.5, 2.9, 5.7, 9.1, and 13 wt% (SiO; Wt% = Msioa/ (May+ Mee,0,+
Msio,)) by varying the nitrogen flow through the bubbler (under HMDSO
saturation conditions).32

Liquid Precursor Solution: The Au precursor (gold Il acetate, Alfa
Aesar, purity = 99%) was kept at a constant concentration of Ca, =
0.25 M. The Fe precursor (iron (lll) acetylacetonate, Sigma-Aldrich,
purity > 97%) atomic content was also kept constant at 30 at% Fe (at%
Fe = mol Fe/(mol Fe + mol Au)) of the core particles. Acetonitrile and
2-ethylhexanoic acid (both Sigma-Aldrich, purity > 97%) were used
as solvents at a volume ratio of 1:1. During preparation, the Au and
Fe precursors were first separately dissolved in 15 mL of the above
solvents. The Fe-containing solution was maintained under constant
magnetic stirring, whereas the Au-containing solution was heated
in an oil bath at 100 °C for 30 min followed by 10 min of cooling.
Thereafter, the two solutions were slowly mixed together under
constant stirring and were then immediately sprayed through the
FSP unit to avoid any sedimentation. Gold nanoshells (120-nm silica
core, 15-nm gold shell, PEG-coated) and gold nanorods (10 nm x
40 nm, CTAB-coated) were purchased from Nanocomposix and
Sigma-Aldrich, respectively.

Particle Characterization: Crystal sizes were measured by X-ray
diffraction (XRD; Bruker AXS D8 Advanced spectrometer, Cu Ko, 40 kV,
40 mA) and processed using the TOPAS 4 software by fitting the main
diffraction peaks to standards. The specific surface area (SSA) was
determined by the Brunauer-Emmett-Teller (BET) method (Micrometrics
Tristar 3000) at 77 K with N, after 1 h of degassing at 150 °C.

Optical absorption measurements were performed via UV/Vis
spectroscopy (Cary Varian 500) in aqueous solutions at a concentration
of 100 mg/L Au. The samples were analyzed after ultrasonication
(Sonics Vibra Cell, 8 kJ, power 70%, pulse on/off 1 s/1 s). Hydrodynamic
sizes were obtained by dynamic light scattering (DLS, Zetasizer, Malvern
Instruments). The particles were diluted in water at 10 mg L™ and
ultrasonicated (Sonics Vibra Cell, 8 kJ, power 70%, pulse on/off 1 s/1 s).
The same DLS device was used for (-potential measurements by
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varying the pH through titration (Multi Purpose Titrator — 2, Malvern
Instruments) from 4 to 9 with a step size of 1. Particle images were
obtained by high-resolution transmission electron microscopy (HRTEM)
on a Tecnai F30 microscope (FEl; FEG cathode, at 300 kV, point
resolution approx. 2 A). Scanning transmission electron microscopy
(STEM) studies were performed using an aberration-corrected, dedicated
STEM (Hitachi HD-2700CS) apparatus equipped with a probe corrector
(CEOS). STEM was performed at an acceleration potential of 200 kV
(electron gun: cold-field emitter) in the ultra-high resolution mode of
this microscope.’2%% Various detectors can be chosen for imaging in
bright-field (BF) and dark-field modes (HAADF). The collection angle
in BF mode is selected in such a way that the direct beam and the
diffracted beams interfere with one another, generating an interference
pattern (phase contrast).’ A secondary electron detector and an EDX
spectrometer (Gemini system, EDAX) were mounted in the electron
column above the sample. Magnetic measurements were collected on
a Princeton Measurements Corporation vibrating sample magnetometer
(VSM).

Relaxivity Measurements: To assess the magnetic characteristics of the
nanoparticles with respect to their potential use as MRI contrast agents,
their r2 relaxivity (relaxation of transverse magnetization, “spin-spin
interaction”) was measured. The decay of the transverse relaxation can
be characterized by the transverse relaxation time T2, which is the time
at which the transverse magnetization has decayed to 37% (e™") of its
initial value after spin excitation. The relaxation rate R2 is defined as the
inverse of the relaxation time (R2 = 1/T2). Increasing the concentration
of the contrast agent decreases the T2 relaxation time, as described by
the following equation:

1 1

ﬁ = ﬂ +r2%c (])
where T2 refers to the intrinsic T2 time of the tissue/sample, T2’ is the
reduced T2 time resulting from the contrast agent, r2 is the transverse
relaxivity of the contrast agent, and ¢ is the concentration of the
contrast-agent. Thus, the relaxivity r2 of a contrast agent is defined as
the potential of the contrast agent to reduce the T2 time, depending on
its concentration.

The relaxation times T2 of different concentrations of nanoparticles
(0.001-0.1 mg mL™", 0.0009-0.09 mm Fe,O;) diluted in agar gel were
quantified with a 2D fast spin-echo sequence with multiple echoes (TE
11/33/55/77/99 ms; TR 4500 ms; echo train length, 2; FOV 2 cm x
2 cm; matrix 128 x 128; slice thickness 1.5 mm) on a 4.7-T small-animal
MRI (PharmaScan 47/16 US; Bruker, Ettlingen, Germany) with a linearly
polarized whole-body mouse coil at room temperature. The samples
were prepared by first diluting 0.0375 g of agar (Sigma-Aldrich) in 2.5 mL
of H,0 followed by heating at 100 °C for 15 min. Thereafter, 2.5 mL of
the freshly sonicated aqueous particle suspension was added and briefly
mixed. The T2 relaxation time was calculated from the signal intensities
by applying custom-written MATLAB computer scripts. A linear least-
squares fit to the equation

s(TE):s(o)*e’% +n )

was performed using an algorithm based on the interior-reflective
Newton method. S(0) denotes the signal intensity at zero echo-time
and n denotes the thermal noise. The fitting variables of the algorithm
were S(0) and T2. The noise term n was not fitted but estimated from
the mean signal intensity in a ROl selected in the image background
outside the object, which appeared to result in better stability of the fit
parameters. The relaxivity r2 was calculated as the slope of the linear fit of
the inverse T2 relaxation times obtained for the different concentrations
of nanoparticles and MRI contrast agent using Equation 1.
Laser-Heating Experiments: To investigate the heat ablation properties
of the produced multifunctional plasmonic particles, a near-IR laser
(IRM785TA-3000FC, SLOC Lasers) with a wavelength of 785 nm and
absolute powers of 0.18 W and 0.96 W was used as a light source. The
temperature was measured by an IR thermal camera (Fluke, Ti110) every
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2 s, and final temperatures were obtained after 180 s of heating. The
samples were prepared in agar gel, as described above for the relaxivity
measurements. The complete (5 mL) resulting agar-gel/nanoparticle
mixture was dispersed on Petri dishes (d = 50 mm) to form layers of
=2 mm in thickness. UV/Vis spectroscopy data (Cary Varian 500) of the
cooled, solid, gel-like samples were obtained.

The thermal stability was evaluated by monitoring the optical
absorption of nanoaggregates, nanoshells and nanorods deposited on
glass slides for identical Au mass (72 pg) and laser irradiation conditions
(15 W cm~2 for 30 min). For this purpose, 2.4 mL of a 30 mg/L aqueous
solution of each sample was deposited on a glass slide, which was then
placed on a mildly heated hot plate (80 °C) for 2 h to allow for water
evaporation. The absorption of the slides was measured before and after
laser treatment.

Cell Culture: MDA-MB-231 cells (ATCC, cell line of metastatic
adenocarcinoma of the breast) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Invitrogen) supplemented with 10% fetal bovine
serum (FBS, Invitrogen) containing 1% penicillin-streptomycin solution
(Invitrogen) in a humidified atmosphere containing 5% CO,. The cells
were grown on round glass cover slips (18 mm in diameter) in 12-well
tissue culture plates (TPP) at a concentration of 150 000 cells well™ in
1 mL DMEM and were allowed to grow for 24 h.

Hyperspectral Microscopy: The nanoparticle cell uptake was
assessed via hyperspectral microscopy. This imaging system is
based on the characteristic scattering profile of gold nanoparticles.
Confluent MDA-MB-231 cells on cover slips were incubated with
nanoparticles at different concentrations (10, 20, and 50 pg mL™") in
1 mL HBSS. After 2 h, the nanoparticles were removed, and the cells
were washed three times with HBSS before cover slips were placed
on the glass slides and sealed with clear nail polish. The slides were
imaged using the Cytoviva Hyperspectral Imaging System (Cytoviva
Inc.). This system consists of an Olympus BX53 dark-field microscope
equipped with a high-resolution Cytoviva 150 adapter, a motorized
stage, a visible/near-infrared hyperspectral camera system and a
150-W halogen light source. The diffraction spectrum of the sample at
visible and near-IR wavelengths (400-1000 nm) was recorded at each
pixel in the images, thereby allowing for a subsequent analysis of the
scattered light at any location within the sample. Ten dark-current
images were collected at the beginning of each hyperspectral image
acquisition and were subtracted from the hyperspectral image data. A
spectral classification algorithm (Spectral Angle Mapper) that uses an
n-dimensional angle (equal to the number of wavelengths analyzed)
was applied to match the pixels on the hyperspectral image to
reference libraries that were acquired by analyzing gold nanoparticle
samples dispersed in water. The data were obtained and analyzed
using ENVI 4.4 software.

Photothermal Therapy: The confluent cells on the cover slips were
incubated with different concentrations of nanoparticles (10, 20, and
50 pg mL™") in 1 mL HBSS for 2 h. The cell monolayers were washed
three times with HBSS and irradiated with a near-IR laser (785 nm,
4.9 W cm™2, spot size 5 mm). The cells were then incubated with 200 pL
of fresh LIVE/DEAD reagent solution (LIVE/DEAD Viability/Cytotoxicity
Kit, Molecular Probes) for 30 min in the dark. The cover slips were
mounted on glass microscope slides, sealed with clear nail polish and
imaged using an Axioskop 2 MOT Plus microscope equipped with
5/0.16 Plan-Apochromat, 10/0.45 Plan-Apochromat and 20/0.50 Plan-
Neofluar objectives and an AxioCam MRc color camera (Carl Zeiss). The
images were acquired using AxioVision 4.8 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author. It includes the XRD analysis of the as-prepared nanoparticles,
their dynamic light scattering and {-potential measurements and
results, the correlation between the absolute absorption intensity and
the maximum achieved temperature difference of the agar/nanoparticle
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gels and a dark-field image of the Au/Fe20; nanoparticles dispersed in
water, along with their scattering profiles.
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