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ABSTRACT: In this manuscript we report on a new type of self-assembled plasmonic
nanostructure called gold suprashells, which are assembled around superparamagnetic iron oxide
nanoparticle (SPION) cores. Gold suprashells have multiple surface plasmon resonances over a
broad vis-NIR wavelength range, which makes them useful in applications where broadband
absorption is required. For example, suprashells are efficient substrates that enhance SERS
signals across multiple excitation wavelengths. This unique multi-resonant character is afforded
by the suprashell structure, which comprises anisotropic assemblies of nanoparticles of tunable
length. Furthermore, gold suprashells generate more heat when excited with a laser compared to
the nanoparticle building blocks, therefore making them promising materials for photothermal
applications. The suprashells can potentially be assembled onto any negatively charged core,
which opens up multiple possibilities for the development of multifunctional core/suprashell
nanoparticle designs. Here, we assemble gold suprashells around dextran-coated SPIONs in
order to obtain plasmonic and magnetic nanoparticles. Cells that have internalized the
multifunctional nanoparticles can be accumulated with a magnet and killed with a laser through
the generation of plasmonic heat. This approach shows promise for the development of therapies
aimed at killing circulating tumor cells (CTCs) utilizing the proposed magnetic and plasmonic

nanoparticles.



Gold nanoparticles are becoming indispensable tools in the nanomedicine toolbox due to their
outstanding optical properties.' For example, the collective oscillations of electrons in the
conduction band of these nanoparticles generate electric fields that enhance the Raman signals of
molecules positioned close to their surface.>’ This observation is the basis of the surface-
enhanced Raman scattering (SERS) technique,*” which can be used for studying the intracellular
delivery of nanomedicines,’ tracking the biodistribution of drugs,’” and determining the success of
therapies in vivo.® Gold nanoparticles also generate heat when excited with light that is resonant
with their localized surface plasmon resonance (LSPR).”" Since nanoparticles accumulate easily
in leaky tumors,'* the plasmonic heat generated by gold nanostructures can be utilized to
selectively kill cancer cells. However, great precision is required for in vivo SERS and
photothermal therapy because these approaches require irradiating the tissue with a laser, which
could easily kill healthy cells. Fortunately, the LSPR of gold nanoparticles can be tuned so that
they absorb near infrared (NIR) light. In this spectral region biological components absorb less
and lasers have a greater penetration depth."”” Moreover, if nanoparticles generate highly intense
electric fields, lasers of lower power and shorter irradiation times can be used to excite them.
This makes NIR absorbers containing intense electric fields ideal for nanomedicine because they

reduce side-effects originating from shining a laser on the target tissue.

Two strategies are commonly used to obtain plasmonic nanoparticles resonant in the NIR that
generate highly intense electric fields. The first approach consists in assembling spherical
nanoparticles into compact clusters.'® This shifts their LSPR towards longer wavelengths and
generates plasmonic "hot spots" in which the electric field is several orders of magnitude higher
than in the nanoparticle building blocks (Fig. 1a (i) and (ii))."” The second approach requires

growing anisotropic nanostructures, which generates NIR LSPR’s and intensifies the electric



field at the nanoparticle vertices.”'® The main difference between these two nanostructures is
that nanoparticle aggregates have broad and damped LSPR peaks whereas anisotropic
nanoparticles have sharper resonances. In SERS, overlapping the extinction spectra of the
nanoparticles and the target molecule results in more intense Raman signals.'”*’ This is easier to
achieve when the LSPR is broad. However, sharp peaks allow the nanoparticles to absorb more
light when excited with a laser resonant with their LSPR. In this context, a new nanoparticle
design with efficient broadband absorption could become a versatile platform for SERS because
it would support intense Raman signals of a wide range of molecules absorbing light at different
wavelengths and when excited with different lasers. If the design included abundant hot spots, it
could also improve photothermal applications, since the heat generated by plasmonic

nanoparticles is directly proportional to the square of the electric field inside the metal.”

In this article we report a new self-assembled plasmonic nanostructure called gold suprashells
that possesses multiple surface plasmon resonances over a broad Vis-NIR wavelength range.
This multi-resonant character makes suprashells useful in applications where broadband
absorption is required. Suprashells consist of a collection of anisotropic assemblies of
nanoparticles supported on a negatively charged core (Fig. 1b). The anisotropic assemblies of
gold nanoparticles have coupled surface plasmon resonances more similar to that of the
longitudinal plasmon modes of gold nanorods than that associated with the random aggregation
of spherical particles (Fig. 1a (iii)).”>*° The absorbance wavelength of these coupled plasmon
modes is intimately related to the length of the assemblies.”>*® Suprashells are made of
anisotropic assemblies containing different numbers of nanoparticle building blocks, which
result in multiple surface resonances over a wide range of wavelengths. This makes gold

suprashells a versatile platform for SERS spectroscopy regardless of the absorbance wavelength
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Figure 1. Schematic representation of (a) extinction spectrum of individual 20 nm gold
nanoparticles (i); nanoparticle aggregates of uncontrolled morphology (ii), anisotropic
assemblies of spherical nanoparticles (iii); (b) gold suprashells assembled on dextran-coated
SPION; (c) Cross-sections showing the method used here to obtain gold suprashells. Anisotropic
assemblies of nanoparticles in the suprashells are self-assembled by means of electrostatic
interactions between positively charged PDDA molecules and negatively charged gold
nanoparticles. Suprashells containing assemblies of different length are named with the code
"GX", where X is the number of successive additions of PDDA and gold nanoparticles leading to

more extended assemblies.

of the molecule under study.”” Furthermore, gold suprashells generate more heat when excited
with a laser compared to the individual nanoparticle building blocks, therefore making them
promising materials for photothermal applications. The suprashells can potentially be assembled

onto any negatively charged core, which opens up multiple possibilities for the development of



multifunctional core/suprashell nanoparticle designs. Here we assemble gold suprashells around
dextran-coated superparamagnetic iron oxide nanoparticles (SPIONs) in order to obtain
plasmonic and magnetic nanoparticles.”®>* Cells that have internalized the multifunctional
nanoparticles can be accumulated with a magnet and killed with a laser through the generation of
plasmonic heat. This approach shows promise for the development of therapies aimed at killing

circulating tumor cells (CTCs) utilizing the proposed magnetic and plasmonic nanoparticles.

RESULTS AND DISCUSSION

Figure 1c shows a scheme of the method used for assembling gold suprashells on SPION. The
magnetic cores consist of iron oxide nanoparticles covered with dextran and are obtained from a
commercial source. The dextran is modified with polyethylene glycol molecules (PEG) ending in
carboxylate groups that confer negative charge to the nanoparticles (zeta potential (C) =-21.7
mV). Positively charged poly(diallyl-dimethylammonium) (PDDA) molecules are
electrostatically wrapped around the cores, which changes their surface charge (T =22.3 mV).
After washing away the excess PDDA with water, citrate-capped gold nanoparticles are added
(20 nm diameter, see Fig S1 in ESI). The positively charged PDDA molecules surrounding the
SPION cores promote the adsorption of the negatively charged gold nanoparticles. Repeating
the cycle of PDDA and gold nanoparticle additions promotes the formation of anisotropic
assemblies, which increases the size of the suprashells (Figure S6). A possible mechanism for
this could be based on the concept that following exposure to subsequent PDDA layers, the
resulting PDDA coated nanoparticle forms a preferential adsorption site for the citrate-capped

nanoparticles. Previous reports on the anisotropic assembly of gold nanoparticles with



polycations suggest that a nonuniform distribution of stabilizer ligands at different crystal faces
has a directing role in the formation of such adsorption sites.” Suprashells created with repeat
cycles of PDDA and gold nanoparticle building blocks are named “GX”, where X is the number

of successive additions of PDDA and gold nanoparticles.
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Figure 2. Vis-NIR spectra of GO (brown), G1 (red), G2 (green), G3 (blue), G4 (orange) and G5

(purple); Inset: photographs of G3 in the presence of a magnet (left: t = 0 s, right: t = 90s).

Figure 2 shows vis-NIR spectra of the magnetic gold suprashells obtained with the procedure
detailed in Figure 1c. All suprashells have a resonant peak at 530-540 nm, which corresponds to
the LSPR of the gold nanoparticle building blocks (Fig. S1 in the Supporting Information). As
the number of additional nanoparticle/polymer layers are increased from G1 to G5, new well-
defined LSPR peaks emerge at increasingly red-shifted wavelengths extending into the NIR. The
changing shapes of the extinction spectra with increasing layer number provides evidence of

strong plasmonic coupling'” with anisotropic assemblies of nanoparticles being favored on the



SPION surface rather than simple random aggregation. Recent theoretical and experimental ****
%% studies on quasi-linear or chain-like assemblies of Au nanospheres all demonstrate similar
trends to that observed in Figure 2. As anisotropic assembly occurs, a relatively small ~10-15
nm red-shift and damping of the LSPR peak at ~530 nm is accompanied with the emergence of a
higher intensity extinction peak at longer wavelengths in the >650 nm range. In a manner
analogous to gold nanorods, the relative heights and widths of the LSPR peaks formed on
anisotropic assembly depends on the relative length (number of particles) and width (degree of
linearity, branch formation). In contrast, isotropic 3D assemblies of nanoparticles would not be
expected to exhibit a continual red-shift of a distinct LSPR peak into the NIR with increasing
assembly size.* Additionally, it is possible that the spectral features observed in Figure 2 are also
associated with higher order multipolar resonances. The observation of quadrupoles in far-field
extinction spectra has been reported in non-spherical particles (e.g. cubes, rods™) and
considerably larger spherical particles featuring a low size dispersity.’®* However, the excitation
of multipoles in the smaller (~20 nm) coupled spherical nanoparticles in the bulk-solution
measurements here will much more likely contribute to the broad background of the LSPR

profile observed rather than be associated with distinct peaks.

There are some differences between previous reported studies on anisotropic nanoparticle

assembly****2°

and the measurements reported here. First, it should be pointed out that the close
proximity of the nanoparticles to the larger SPION will have a significant broadening and
damping effect on the LSPR spectrum (compared to assemblies in suspension or on a glass
support), which can be seen by comparing the colloidal and G1 spectra in Figure S1. Also, as the

layer number increases, second and third LSPR peaks emerge, both of which red-shift and

change in relative intensities as the nanoparticle assembly continues. In particular, the latter most



red-shifted peak forms at >900 nm for the G5 sample, with a continued relative decrease in the
~530 nm peak. This behavior is evidence of increasing anisotropy as the layer number increases.
The observation of multiple resonance peaks above a broad background reflects that the
nanoparticle assembly is unlikely to be highly uniform across the entire SPION substrate. This

results in a unique multi-resonant behavior over a wide range of wavelengths.

Figure 3. Electron microscopy images showing suprashells assembled on SPION; (a) In
backscatter mode the contrast of the polymeric matrix is enhanced, which enables visualizing the
overall shape of the dextran-coated SPION cores; (b), (c), (d), (e), and (f) correspond to G1, G2,
G3, G4 and G5 in STEM mode, respectively. In these images the electron-dense gold

nanoparticles can be easily identified by their characteristic size (20 nm). Scale bar: 100 nm.

Next, we studied the morphology of the suprashells with electron microscopy. The dextran
around the SPION cores collapses under the high-vacuum conditions required for electron
microscopy, which makes it challenging to visualize the exact morphology of the suprashells. In

Figure 3a the dextran-coated cores of G3 were imaged in backscatter mode in order to maximize



the contrast of the polymeric matrix. In this image, the polymer-coated particles appear as
undefined globular objects of low electron density. The particles have an average size of 500 nm
as provided by the manufacturers and have irregular shapes. In Figs. 3b-3f, 20 nm gold
nanoparticles can be clearly identified around the cores in scanning transmission electron
microscopy (STEM) mode due to their characteristic size and electron density. In these images
the number of gold nanoparticles per SPION core increases from G1 to G5, in agreement with
the assembly method depicted in Fig. 1c. Although in some cases the nanoparticles seem to be
randomly aggregated due to the collapse of the polymeric matrix, anisotropic assemblies can also
be clearly detected, which are more extended as more nano-building blocks are assembled on the
suprashell. These observations agree well with the plasmonic behavior of anisotropic assemblies

of nanoparticles observed in Figure 2.

The observation of coupled plasmon modes in gold suprashells in Figure 2 demonstrates that
the nanoparticle building blocks are assembled in close contact (the average inter-particle
distance is 1.3 + 0.3 nm, see Figure S2 in the Supporting Information). The presence of
plasmonic hot spots resonant at multiple wavelengths could create a flexible platform capable of
enhancing the Raman signal of molecules across a wide range of incident laser wavelengths,
even when their absorbance wavelength does not match the LSPR of the nanoparticles. To
demonstrate this concept G1, G3 and G5 gold suprashells were modified with 2-
naphthalenethiol, a molecule that does not absorb vis-NIR light. Bulk SERS spectra were
recorded upon excitation at 638 or 785 nm. All colloidal dispersions contained the same
suprashell concentration (1.4-10" particless-mL", calculated by nanoparticle tracking analysis).
The resulting spectra were normalized to account for any instrumental variations in the signal

intensity (see experimental section). In Figure 4, G1, G3 and G5 yield well-defined SERS
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Figure 4. Bulk SERS spectra of G1 (black), G3 (red) and G5 (green) gold suprashells coated
with 2-naphthalenethiol at excitation wavelengths of (a) 638 nm and (b) 785 nm. The
concentration of suprashells in all samples was 1.4-10" particles-mL"'. Spectra were normalized

with respect to an ethanol spectrum taken in identical conditions.
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spectra of 2-naphthalenethiol’” irrespective of the excitation wavelength. Furthermore, the
suprashells modified with the non-resonant Raman reporter can be detected at the single-
suprashell level in SERS maps (Fig. S3 in the Supporting Information). This demonstrates that
suprashells can yield detectable Raman signals even when the absorbance wavelength of the
molecule under study does not match their LSPR. In all cases, the SERS intensities are ca. 10
times higher when the suprashells are excited at 785 nm compared to the same experiments
performed at 638 nm. This observation is in line with previous studies reporting increased SERS

enhancements as the excitation energy moves towards higher wavelengths.™

The G3 and G5 samples always yield SERS signals that are more intense than G1 regardless of
the excitation wavelength. During these measurements the particle densities were monitored (as
determined by nanoparticle tracking analysis) to ensure that the differences in SERS intensities
can be attributed to variation in the nanoparticle shell morphologies rather than the concentration
of the suprashells. Thus, the lower G1 SERS signal can be attributed to a lower surface density
of nanoparticles (and therefore hot spots) compared to G3 and G5. The SERS intensities
obtained with G3 and G5 are very similar at the two wavelengths assayed even though the
concentration of gold per suprashell is higher for G5 than for G3. This observation is in
agreement with previous studies reporting that the enhancement factor in nanoparticle assemblies
is not directly correlated to the number of constituent nanoparticle building blocks .* It also
follows the general trend observed in theoretical studies such as that by Wang et al who report
that the local electric field enhancement in linear particle assemblies is greatest in the central
region of the assembly and the enhancement does not significantly increase further after the
chain length goes beyond four particles in length.” Also, the SERS signal variation of a G5

sample was compared with that from a colloidal solution of individual NP building blocks

12



undergoing salt-induced aggregation. The latter was found to exhibit nearly twice the noise level

of the G5 sample, highlighting the advantage of kinetic stability also provided by the suprashell

approach. In summary, the results in Figure 4 demonstrate that the SERS response of gold
suprashells is dominated by the presence of hot spots.”’ The suprashells generate well-defined
SERS spectra of non-resonant molecules when excited at different wavelengths, even when
measured at the single-suprashell level. These features make gold suprashells excellent

candidates for multiplex analyses using several Raman reporters absorbing light at different

wavelengths and attached to the same suprashell.”’
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Figure S. Increase in temperature measured in suprashell dispersions after irradiating them with

a) a CW green laser (27 mW at the point of incidence) (white bars) or a CW NIR laser (27 mW

at the point of incidence) (gray bars); b) a CW NIR laser (235 mW at the point of incidence). The
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concentration of gold in all experiments was 10 uM. Error bars are the standard deviation (n =

3).

Next we compared the generation of plasmonic heat by gold suprashells. G1, G3 and G5
suprashells were excited with two continuous wave (CW) lasers emitting light at either 514 or
785 nm. At the green excitation light, absorption is mainly related to the LSPR of the
nanoparticle building blocks, whereas the coupled plasmon resonances absorb NIR light. The
incident power was 27 mW for both lasers and focused into the samples. The concentration of
gold, calculated by inductively coupled plasma mass spectrometry (ICP-MS), was 10 uM in all
samples. The samples were irradiated for a short period of time to measure variations in the
photothermal properties of the suprashells in the initial stages when the temperature of the
solution changes linearly with time (see Fig. S4 in the Supporting Information). Figure 5a shows
that, after irradiating the samples with the 514 nm laser for 1 min, the temperature increases
more in the G3 and G5 suprashell dispersions than in G1. This means that G3 and G5 are more
efficient nanoheaters compared to G1. The same trend was observed when exciting the
nanoparticles with the 785 nm laser. It has been proposed that heat generation by plasmonic
nanoparticles is directly proportional to the square of the electric field inside the metal.”! Electric
fields are intensified at hot spots.'” Therefore we propose that the presence of a larger number of
hot spots in G3 and G5 is the key factor for generating higher temperatures with these
nanoheaters. Furthermore, the increase in temperature observed when exciting the suprashells
with the NIR laser was ca. 3 times higher than when using the green laser. These experiments
also suggest that the hot spots are the main contributors to heat generation. However it should be
noted that other factors such as heat diffusion and heat distribution along the nanoparticle

assemblies may also influence the temperature of the suprashell dispersion.”'*'** In Figure 5b the
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785 nm laser power was increased to 235 mW. Under this condition higher increases in
temperature were registered for all suprashells, which indicates that heat generation is also

power-dependent (see also Figure S5 in the Supporting Information).

After studying the plasmonic properties of the gold suprashells we explored potential
applications afforded by the magnetic core. The proposed gold suprashells assembled on SPION
can be easily manipulated with a magnet (Fig. 1, inset). They are also internalized by cells and
show low cytotoxicity in vitro (Figs. 6a-6b). Cells that have internalized the plasmonic and
magnetic nanoparticles can be manipulated with a magnet (see Movie S1 in the Supporting
Information). This led us to reason that gold suprashells assembled on SPION could potentially
be used as nanomedicines for eliminating circulating tumor cells (CTCs). It is well established
that the release of tumor cells into peripheral blood is a cause of cancer recurrence.”* It is also a
crucial factor in cancer metastasis.* In this context it would be desirable to design a therapeutic
approach that could not only kill cancer cells at the primary tumor site but that also destroy
cancer cells being shed into the blood stream. We propose that gold suprashells assembled on
SPION could be used to this end when the CTCs bearing nanoparticles are accumulated with a
magnet and killed with photothermal therapy. To test whether cells bearing suprashells can be
accumulated with a magnet and killed with hyperthermia, suprashells were first dispersed in cell
media followed by overnight incubation with prostate cancer cells. Dispersing the nanoparticles
in cell media did not induce suprashell aggregation, which could affect cell internalization
(Figure S7 in the Supporting Information). The next day cells were trypsinized and counted.
Subsequently 76 + 8% of the cells were accumulated with an external magnet and a cell pellet
was formed. The pellet was then irradiated with a focused CW NIR laser (785 nm, 235 mW at

the point of incidence), which would enable greater penetration depth in real healthcare
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applications than the green laser. In Figure 6c, cells die after irradiating them with the laser for 5

min or longer, and
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Figure 6. Dark-field microscopy images of prostate cancer cells; (a) without suprashells; (b)
incubated with suprashells; nanoparticles are mainly found in the cell cytoplasm rather than in
the nucleus; (c) Percentage of dead cells after irradiating a sample with a CW laser emitting light

at 785 nm (75 mW at the point of incidence). The cells were incubated with magnetic and

plasmonic suprashells and concentrated with a magnet prior to irradiation. Scale bars: 100 pm

he percentage of dead cells increase with irradiation time. This demonstrates the possibility of
killing cancer cells with plasmonic heat after accumulating them with a magnet. Please note that
the aim of these experiments was not killing all the cells in the pellet but rather showing that the
cells can be killed with hyperthermia after magnetic accumulation. Only cells that come in
contact with the laser beam are affected by the photothermal treatment. This means that the
percentage of dead cells in Fig. 6 not only depends on the laser power and irradiation time but

also on the diffusion of cells and relative volumes of the pellet and the laser irradiation, among
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other factors. It should also be noted that the proposed suprashells do not selectively target
cancer cells per se, and therefore that they should be modified with targeting moieties in order to
be useful in cancer research. For example, suprashells could become selective nanomedicines for
cancer research when modified with FDA-approved anti-EpCAM antibodies, which recognize

CTCs.*

CONCLUSIONS

In conclusion, we have reported on a new type of self-assembled nanostructure called gold
suprashells. Suprashells are multi-resonant at different wavelengths in the visible and NIR
spectral range. This makes them versatile materials for applications that require exciting
plasmonic nanoparticles over a wide range of wavelengths. Furthermore, they enable the Raman
detection of molecules with single suprashell sensitivity. Another advantage of gold suprashells
is that there is no need to modify the metal surface with protecting layers in order to prevent their
aggregation in buffered solutions. This, along with their ability to boost SERS signals of
molecules regardless of their absorbance wavelength, makes suprashells good candidates for
identifying molecules by their Raman fingerprint as well.* The presence of hot spots also
enhances the generation of heat by the gold suprashells. The generation of plasmonic heat can be
used to kill cancer cells accumulated with a magnet after they have internalized the
nanoparticles. This paves the way for the utilization of the proposed plasmonic and magnetic
nanoparticles as therapeutic agents that enable ablating tumors and destroying circulating tumor
cells with the same strategy. This is just one example of the many potential applications of the
proposed magnetic and plasmonic nanoparticles. They could also be used in multimodal

bioimaging strategies combining MRI and SERS,* in synergistic photothermal and
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magnetothermal therapies,” or in cell sorting platforms combining magnetic manipulation and

SERS detection.”

EXPERIMENTAL

Suprashell Assembly:

50 uL of dextran-coated SPION modified with PEG ending in carboxylate groups (10 mg-mL"
(5.1-10" particles mL™") micromod Partikeltechnologie GmbH) were added to 950 uL of 1%
PDDA (diluted in Milli-Q water from a 35% stock solution, Sigma). After 20 min the samples
were washed 4 times with water and 500 pL of gold nanoparticles (20 nm diameter, prepared via
the Turkevich method™ and concentrated by centrifugation to a concentration of 10 nM) were
added to the SPIONSs and left for 5 min followed by 4 additional washing steps. The addition of
500 pL of 1% PDDA and 500 pL of gold nanoparticles, each followed by 4 washing steps, was
repeated to obtain G2 to G5 suprashells. The resulting solutions were diluted 5-fold and their vis-

NIR spectra taken with a Cary 5000 spectrophotometer.

SERS

For the SERS experiments, 100 pL. of 0.1 mM 2-napthalenethiol in ethanol (Sigma) was
incubated overnight with 900 uL of the suprashell dispersion. All samples contained the same
concentration of suprashells assembled on SPION, which was calculated via nanoparticle
tracking analysis using a NanoSight LM10 (1.40 x 10" particles mL™"). The samples were then
transferred to a glass vial where SERS spectra were obtained using two different Snowy Range
Raman Spectrometers. The first instrument had an excitation wavelength of 638 nm and a

spectral resolution of 8 cm™ with an incident power set at 15 mW, and an integration time of 10 s

18



was used. The second instrument had an excitation wavelength of 785 nm and spectral
resolution of 4 cm™ with the laser power set to 15 mW and an integration time of 10 s.
Background correction on all spectra was automatically calculated using the operating software
(Peak).” Each spectrum was normalized with respect to an ethanol spectrum taken in identical

conditions. This was done by dividing all spectra by the ethanol Raman peak intensity at 635 cm’

Scanning electron microscopy

2 uL of sample was left to dry on a carbon-coated grid (Agar Scientific). SEM imaging was

then performed with a FEI Quanta 250 FEG-ESEM at an acceleration voltage of 25 kW.

Cell culture and Nanoparticle Internalization

Prostatic small cell carcinoma (PC3) was kindly gifted from Professor Duncan Graham at the
department of Pure and Applied Chemistry, University of Strathclyde. PC3 was grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% Fetal Bovine Serum (FBS). Cells
were maintained at 37°C in a 5% CO, humidified environment. Cells were trypsinized and placed
on glass slides or petri dishes for 2 days prior to imaging or photothermal experiments. For
imaging experiments, cells were incubated with nanoparticles overnight or 36 h with
nanoparticles (10 g1 in 2 mL of medium). Incubations were performed in medium supplemented
with 0.05% FBS. On the day of the experiment, the medium was removed and replaced with new
medium. Cytotoxicity and cell death were studied with trypan blue or ethidium bromide
following common protocols described elsewhere. They were determined to be lower than 5%

after overnight incubation with a particle concentration of 7-10” particles-mL"'. Transmission
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dark-field microscopy images were obtained with a Nikon Eclipse LV 100 with a 20x objective

(Nikon S Plan Fluor ELWD, NA = 0.45).

Cell accumulation and photothermal experiments

To measure the increase in temperature triggered by plasmonic heat in suprashell dispersions,
20 uL of each sample was irradiated for 1 min with a CW laser (514 nm or 785 nm excitation
wavelength, 27 mW at the point of incidence or 235 mW at the point of incidence (785 nm)).
The laser was focused into the sample with a 30 cm focal length PCX lens (514 nm) or with a 50
cm focal length PCX lens (785 nm). The temperature in the drop was measured with a
thermocouple (Digital Meter, model 6802 II), which is a validated method for studying light-to-
heat conversion in solutions of gold nanoparticles.” Cells were killed with plasmonic heat with
the following procedure. The day of the experiments, cells already incubated overnight with
nanoparticles were trypsinized and centrifuged 3 times for 5 min at 96 g. The cells were re-
suspended in fresh complete medium (4 mL) in a 10 mL tube and a magnet was externally
placed in contact with the tube. The tube together with the magnet were placed on an orbital
shaker for 5 min. Then, the medium was removed and recovered cells were re-suspended in 1
mL fresh medium and counted. For photothermal experiments, cancer cell pellets were formed
by centrifugation and the medium was removed. A CW laser (785 nm, 235 mW at the point of
incidence) was used to irradiate the cell pellet for different times (2, 5, 10, 15, 20, 25 and 30
min). Two controls were performed: cells without nanoparticles and 15 min irradiation time and
cells with nanoparticles but no irradiation, which yielded 4.6 + 1% and 4.8 + 1% cell death,
respectively. These controls suggest that the proposed irradiation conditions are suitable for in

vivo models.
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