Document downloaded from:

http://hdl.handle.net/10251/143118
This paper must be cited as:

Hernandez-Montoto, A.; Montes-Robles, R.; Samadi, A.; Gorbe, M.; Terrés-Haro, JM.; Cao
Milan, R.; Aznar, E.... (08-2). Gold Nanostars Coated with Mesoporous Silica Are Effective
and Nontoxic Photothermal Agents Capable of Gate Keeping and Laser Induced Drug
Release. ACS Applied Materials & Interfaces. 10(33):27644-27656.
https://doi.org/10.1021/acsami.8b08395

The final publication is available at

https://doi.org/10.1021/acsami.8b08395

Copyright  American Chemical Society

Additional Information



Gold Nanostars Coated with Mesoporous Silica are
Effective and Non-Toxic Photothermal Agents
Capable of Gate Keeping and Laser Induced Drug

Release

Andy Herndndez Mom‘oto,;f Roberto Montes,;f Akbar Samadi, T Ménica Gorbe,*’ ! José Manuel

, b o I L1 ]
Terrés,” Roberto Cao-Milan, © Elena Aznar,

) .t 4 ,

Javier Ibariez,” Rafael Masot,” Maria Dolores
L) A RN ¥ , ,

Marcos, Mar Orzaez,” Félix Sancenon, Lene B. Oddershede " and Ramon Martinez-

i~ ®ET ]
Mariez

t Instituto Interuniversitario de Investigacion de Reconocimiento Molecular y Desarrollo
Tecnoldgico (IDM). Universitat Politecnica de Valencia, Universitat de Valencia, Camino de

Vera s/n, 46022 Valencia, Spain
I CIBER de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN)

1 Departamento de Quimica, Universitat Politécnica de Valéncia, Camino de Vera s/n, 46022

Valencia, Spain



1 Unidad Mixta UPV-CIPF de Investigacion en Mecanismos de Enfermedades y Nanomedicina,
Valencia, Universitat Politécnica de Valéncia, Centro de Investigacion Principe Felipe, Valéncia,

Spain.

I" Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen, Denmark.

U Facultad de Quimica, Universidad de La Habana, 10400 La Habana, Cuba.

KEYWORDS: gold nanostars, mesoporous silica shell, thermo-sensitive molecular gates, optical

heating, drug photo-release

ABSTRACT

Herein, a novel drug photo-release system based on gold nanostars (AuNSts) coated with a
mesoporous silica shell and capped with paraffin as thermo-sensitive molecular gate, is reported.
Direct measurements of the surface temperature of a single gold nanostar irradiated by a tightly
focused laser beam, are performed via a heat-sensitive biological matrix. The surface
temperature of an AuNSt increases by hundreds of degrees Celsius even at low laser powers.
AuNSts coated with a mesoporous silica shell using a surfactant-templated synthesis are used as
chemotherapeutic nanocarriers. Synthetic parameters are optimized to avoid AuNSts reshaping,
thus to obtain nanoparticles with suitable and stable plasmonic properties for near-infrared (NIR)
laser triggered cargo delivery. The mesoporous silica coated nanostars are loaded with
doxorubicin (Dox) and coated with octadecyltrimethoxysilane and the paraffin heneicosane. The
paraffin molecules set up a hydrophobic layer that blocks the pores, impeding the release of the

cargo. This hybrid nanosystem exhibits a well-defined photo-delivery profile using NIR



radiations, even at low power density, whereas the non-irradiated sample shows a negligible
payload release. Dox loaded nanoparticles displayed no cytotoxicity toward HeLa cells, until
they are irradiated with 808 nm laser, provoking paraffin melting and drug release. Hence, these
novel, functional and bio-compatible nanoparticles display adequate plasmonic properties for

NIR triggered drug photo-release applications.

INTRODUCTION

Drug release systems remotely controlled by near-infrared (NIR) light irradiation have
received increasing attention in cancer therapy because cargo release can be defined spatially and
temporally by fine-tuning the area and time of the light stimulus.'” Moreover, the use of NIR
radiation (700-1100 nm) is especially appealing for biological applications due to its deeper
tissue penetration and minimal damage to healthy tissues.’ Currently, studies have been focused
on finding different ways to create complex systems based on nanoparticles which can
simultaneously store drugs efficiently and activate a mechanism for its delivery using NIR light
irradiation.*®

Because of their pronounced localized surface plasmon resonance (LSPR), anisotropic gold
nanoparticles efficiently absorb NIR radiation and convert it to thermal energy.”” Among
anisotropic gold nanoparticles, AuNSts, with multiple sharp branches, have superior light-to-heat
conversion efficiency'’'? due to the strong electromagnetic field enhancement taking place at

their sharp tips, acting as multiple hot spots.'*"*

In order to evaluate and compare the heating
efficiency of individual nanoparticles and thereby their potential for cancer therapy applications

(such as hyperthermia and photothermal triggered drug delivery), it is crucial to know the exact

temperature profile around a single irradiated nanoparticle. For direct quantification of the



temperature profile of an irradiated nanoparticle, one can use a biological matrix with a well-
defined phase transition temperature as sensor as demonstrated for various types of
nanoparticles,'”'” however, not yet for AuNSts.

On the other hand, mesoporous silica (MS) supports are especially appealing as drug
nanocarriers because of their unique properties, such as chemical stability, high loading capacity,
low cost, and biocompatibility. MS can be prepared in different forms ranging from micrometric
to nanometric and have tailor-made pores (2—10 nm in diameter) and large specific surface areas
(up to 1200 m* g™') and volumes. Moreover, MS can be functionalized with (bio)chemical or
supramolecular ensembles than act as “molecular gates” for the development of stimuli-
responsive systems able to release an entrapped cargo in the presence of certain and well-defined
stimuli.'

There are few photo-delivery systems reported in the literature that combine plasmonic gold
nanoparticles and gated mesoporous materials." These reported systems are based on gold

18-23

nanorods or nanocages>' coated with a mesoporous silica shell and capped with thermo-

19, 24

sensible gatekeepers, such as smart polymers, phase changing materials,'® oligonucleotides

2022 and supramolecular switches.”> However, AuNSts coated with gated mesoporous silica shell

have not yet been employed for NIR laser triggered photo-release applications in spite of their

10-12 25-26

superior plasmonic properties, and their use in intracellular imaging and photo-thermal

therapy applications.*’®
We report herein an optimization of the synthesis of AuNSts coated with a mesoporous silica
shell (AuNSt@mSi0,). Also, we quantify the heating and drug release capabilities of the MS-

coated AuNSts relevant for controlled release applications using NIR irradiation. To this end,

AuNSt@mSiO, nanoparticles were loaded with Dox and capped with the paraffin heneicosane
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(AuNSt@mSiO@Dox@paraffin). We found that un-irradiated AuNSt@mSiO,@Dox@paraffin
nanoparticles remained capped with a negligible leak of cargo. Irradiation with 808 nm light
produces a temperature increase in the surroundings of the AuNSts, melting of the gating
paraffin, and induces the cargo release. Dox loaded nanoparticles shows no cytotoxicity toward
HeLa cells until they are irradiated with 808 nm laser, corroborating the gating efficiency of
paraffin and the activation mechanism of drug release due to the photothermal conversion by
AuNSts. Also, using a biological matrix we quantified the temperature profile around NIR
irradiated single bare or polymer (PVP) coated AuNSt. The heating associated with NIR
irradiation of AuNSts is dependent on laser power and on whether or not the AuNSt is coated
with the polymer. Both with and without coating temperatures up to 100 Celsius, more than
sufficient for cancer treatment, could be reached at relatively low laser powers (less than 50

mW).

EXPERIMENTAL SECTION

Chemicals. Tetrachloroauric acid aqueous solution 30%, sodium citrate trihydrate,
polyvinylpyrrolidone (PVP, M,,=10000), N,N-dimethylformamide (DMF),
hexadecyltrimethylammonium bromide (CTAB), tetraethoxysilane, ammonia aqueous solution
32%, ammonium nitrate, octadecyltrimethoxysilane and heneicosane were purchased from
Aldrich. Doxorubicin hydrochloride was purchased from Carbosynth Limited. Analytical grade
solvents were purchased from Scharlau. HeLa cells were purchased from the German Resource
Center for Biological Materials. Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine
Serum (FBS), Dulbecco’s Phosphate Buffer Saline (PBS), trypsin, Hoechst 33342 and cell

proliferation reagent WST-1 were purchased from Sigma-Aldrich.
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Instrumentation. Transmission electron microscopy (TEM) images were collected using a
JEOL JEM-1010 microscope operating at 100 kV. Dark-field scanning transmission electron
microscopy (HAADF-STEM) images, energy dispersive X-ray spectroscopy (EDXS) and energy
dispersive X-ray spectroscopy element mapping were performed on JEOL JEM-2100F
microscope operating at 200 kV. Field-emission scanning electron microscopy (FE-SEM)
images were obtained on a ZEISS ULTRAS5S microscope. Optical extinction spectra were
recorded using a JASCO V-650 UV/vis spectrophotometer. Fluorescence spectroscopy was
carried out on a JASCO FP-8300 spectrofluorometer (Hitachi High Technologies). Fourier
transform infrared (FT-IR) spectra were recorded using a Bruker TENSOR27 spectrometer. X-
ray measurements were performed on a Bruker AXS D8 Advance diffractometer using Cu-Ka
radiation. Thermo-gravimetric analyses were carried out on a TGA/SDTA 851e Mettler Toledo
equipment, using an oxidant atmosphere (Air, 80 ml min™') with a heating program consisting on
a heating step from 298 K to 373 K at heating rate of 10 °C per minute, then an isothermal
heating step at 373 K during 30 minutes, a third heating step from 373 K to 1273 K at heating
rate of 10 °C per minute and finally an isothermal heating step at 1273 K during 30 minutes. N,
adsorption-desorption isotherms were recorded on a Micromeritics ASAP2010 automated
sorption analyzer. The samples were degassed at 120 °C under vacuum overnight. The specific
surface areas were calculated from the adsorption data in the low pressures range using the
Brunauer-Emmett-Teller (BET) method. Pore size was determined by following the
Barrett—Joyner—Halenda (BJH) model. Hydrodynamic diameter and zeta potential measurements
were performed by dynamic light scattering using a Malvern Zeta sizer Nano ZS instrument.

Synthesis of 15 nm and 40 nm gold nanospheres seeds. Citrate coated gold nanoparticles

with the diameter of 15 and 40 nm were obtained by Turkevich-Frens method*>' and Bastis
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protocol,”® respectively. Both nanoparticle samples were coated with PVP according to

1'33

procedure reported by Graf et al.”” The concentration of Au in all colloids was obtained from

their extinction spectra (absorbance at 400 nm).>*™

Synthesis of bare gold nanostars (AuNSt). AuNSts were synthesized by seeded growth
method using PVP solution in DMF with minor modification.*®* At 25°C, an aqueous solution
of HAuCly (750 pL; 166 mM) was mixed with a PVP solution in DMF (150 mL; 10 mM). After
5 min, a preformed seed dispersion (100 pL; 15 nm gold nanospheres coated with PVP in
ethanol, ¢(Au) = 6.5 mM) was added and allowed to react for 24 h without stirring. Gold
nanoparticles were recovered by centrifugation (20 min; 9500 rpm) and washed five times with
water by centrifugation and redispersion. Nanoparticle concentration in AuNSt sample was
calculated using the number of Au atoms per particle that can be estimated assuming AuNSt
have quasi-spherical morphology in order to determine nanoparticle volume from TEM images.
The detailed calculation procedure of nanoparticle concentration in AuNSt is included in the
Supporting Information.

Synthesis of PVP-coated AuNSt (AuNSt@PVP). AuNSts were synthesized by seeded
growth method using PVP solution in DMF with minor modification.’*>* At 25 °C, an aqueous
solution of HAuCly (750 puL; 166 mM) was mixed with a PVP solution in DMF (150 mL; 10
mM). After 5 min, a preformed seed dispersion (100 puL; 40 nm Au nanospheres coated with
PVP in ethanol, c(Au) = 8.5 mM) was added and allowed to react for 24 h without stirring. Au
nanoparticles were recovered by centrifugation (20 min; 9500 rpm) and washed one time with
water by centrifugation and redispersion.

Synthesis of mesoporous silica shell-coated AuNSt (AuNSt@mSiO;). At 25 °C, a CTAB

aqueous solution (50 mL; 6.6 mM) was mixed with ethanol (20 mL) in a round bottom flask (250
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mL) under magnetic stirring (400 rpm). Ar gas was bubbled into solution for 1 h and then inert
atmosphere was kept until the reaction was completed. Once the solution was free of Ar bubbles,
an ammonia aqueous solution (50 puL; 32%) was added. Subsequently; a bare AuNSt dispersion
(3 mL; ¢c(Au) = 5 mM) was poured into the synthesis solution. After 5 min, a predetermined
volume of TEOS (30-40 pL) was added dropwise. TEOS amount in the reaction mixture was
varied in order to obtain the desired nanoparticle size. After 24 hours the particles were
recovered (10 min, 9500 rpm) and washed twice in ethanol. Finally, the CTAB template was
removed by extraction process dispersing nanoparticles in a NH4NO; solution in ethanol (50 mL;
10 mg mL™). The mixture was stirred for 8 hours and particles were recovered by centrifugation.
This extraction process was repeated three times in order to achieve the removal of higher
amount of CTAB from mesoporous channels.

Cargo loading. The loading of Dox within the mesopores of AuNSt@mSiO, nanoparticles
and its subsequent functionalization with octadecyl chains was performed following a procedure
previously reported by our group with minor modification.”® Briefly, AuNSt@mSiO,
nanoparticles (2 mg) was dispersed in ethanol (2 mL). Subsequently, doxorubicin hydrochloride
(1 mg) and octadecyltrimethoxysilane (20 L) were added. The mixture was stirred for 12 h at 25
°C. The nanoparticles were recovered by centrifugation and dried under vacuum. Then, Dox
loaded nanoparticles were dispersed in n-hexane (10 mL) and a heneicosane solution in n-hexane
(1 mL; 20 mg mL™") was added. The mixture was dispersed for short periods (1 min) during 30
min using ultrasonic bath and the nanoparticles were recovered by centrifugation and dried under
vacuum. The overall fraction of organic materials was estimated by TGA measurements. The
amount of loaded Dox was determined spectrophotometrically by dispersing

AuNSt@mSiO,@Dox@paraffin nanoparticles (1 mg) in water (1 mL). Then, nanoparticle
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suspension was stirred at 60 °C for 48 h in order to extract and transfer Dox into the water.
Finally, after centrifugation of nanoparticles, the absorbance at 480 nm of supernatant was used
to determine the amount of Dox employing a predetermined calibration curve. The detailed
calculation procedure of Dox content in nanoparticles is included in the Supporting Information.

Cargo photo-release. Before cargo photo-release experiment was performed,
AuNSt@mSiO,@Dox@paraffin nanoparticles were washed several times with water by
centrifugation and redispersion. The NIR laser-triggered drug release experiments were
performed with a laser diode (808 nm)*” that was set at 1 cm above the liquid surface. A well in
the 96-well plate was filled with nanoparticles suspensions (250 uL; 100 pg mL™). In this way
30 % of the total sample volume was irradiated at a predetermined power density (0.4 and 4 W
cm™?). This well and another containing a control sample were placed in an air chamber at 37 °C.
At a predetermined interval upon NIR irradiation, the samples were centrifuged (3 min, 9500
rpm) and the released cargo from supernatant was determined through the measurement of the
fluorescence emission of Dox at 555 nm (A = 488 nm). Temperature changes of control and
irradiated samples were monitored using a fiber-optic thermosensor.

Cell viability assays. HeLa cells were grown at 37 °C under humidified air containing CO, (5
vol.%) in Dulbecco’s Modified Eagle Medium (DMEM), which was supplemented with fetal
bovine serum (10 vol.% FBS, Gibco), penicillin/streptomycin (1 vol.% ;10000 units of both per
mL). After 24 h of incubation, cells were rinsed with PBS, and then detached with trypsin (0.2
vol.%)/PBS. The HeLa cells were seeded in 96-well plates with a density of 5-10° cells per well
and grown in DMEM for another 24 h. The cells were then treated with the nanoparticle
suspensions in DMEM at different concentrations. Then the designated cells were exposed to a

NIR laser irradiation (808 nm, 1 to 4 W cm™, 10-15 min). Upon the switching-off of the laser,
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the treated cells were incubated for another 24 or 48 h. After a predetermined incubation period,
the cells were rinsed with PBS, and the cell viabilities were evaluated via the WST-1 assay.
Typically, cell proliferation reagent WST-1 (7 uL) was added, and then the cells were incubated
for another 1 h at 37 °C. The absorbance at 450 nm was measured using a micro-plate reader
(Perkin Elmer Wallac 1420 Victor2). Percentage of cell viabilities were determined relative to
the untreated cells (control, 100 % viability). Three replicates were done for each treatment
groups.

For NIR light triggered delivery of Dox experiments using confocal laser scanning microscopy
(CLSM), cells were seeded over glass coverslips in 6-well plate with a density of 5-10° cells per
well and grown in DMEM for 24 h. Cells were incubated with AuNSt@mSiO,@Dox@paraftin
nanoparticles at 10 and 50 pg mL™' for 2 h. Then, the designated cells were irradiated with 808
nm laser at 4 W ¢m™ for 10 min and were incubated for another 2 h. Then, cells were rinsed with
PBS, and freshly DMEM was added. Finally, DNA marker Hoechst 33342 (2 pg mL™") was
added, and cells were incubated for 5 min before CLSM analysis. CLSM image were recorded
using a Leica TCS SP8 (Leica Microsystems CMS GmbH) confocal laser scanning microscope.

Cell internalization of nanoparticles was tested by TEM. TEM images were acquired using a
microscope FEI Tecnai Spirit G2 operating at 80 kV with a digital camera (Soft Image System,
Morada). Hela cells were incubated with nanoparticle suspension in DMEM at 30 ug mL™' for 24
h. Then, cells were fixed with glutaraldehyde (3 %) in sodium phosphate buffer (0.1 mol L™,
dehydrated in ethanol and stained with osmium tetroxide (1 %) and uranyl acetate (1 %). Finally,
the samples were embedded in epoxy resin (Araldite) and sectioned for analysis.

Direct measurements of the temperature surrounding single AuNSt. Direct measurements

of the temperature surrounding single irradiated AuNSt were carried out following a protocol
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described by Bendix et al."> For the lipid bilayer assay where fluorophores partitioned in the gel
phase we used 1,2-dipentadecanoyl-sn-glycero-3-phosphocholine (DC;sPC, Avanti Polar lipids)
with 3,3'-dilinoleyloxacarbocyanine perchlorate (0.75 mol % DiOC,g,) fluorophores (The
fluorophores were excited at 488 nm and imaged in the spectral range of 496587 nm).'® Lipids
suspended in chloroform were dried on glass under nitrogen flow and further dried in vacuum for
2 h. The lipid film was hydrated in PBS buffer at 37 °C. To form small unilamellar vesicles, we
extruded the hydrated lipid mass through 50 nm filters at 37 °C. Small unilamellar vesicles were
allowed to fuse to a hydrophilic glass surface for 3 h at 37 °C above the gel-to-fluid phase
transition. Subsequently, the surfaces were thoroughly washed using Milli-Q water with the
surface and fluid held at 37 °C. Nanoparticles suspended in Milli-Q water were added and
allowed to adhere to the bilayer. Only nanoparticles that were stuck to the bilayer were used for
experiments. Glass surfaces were etched in piranha solution (3:1 sulfuric acid and hydrogen
peroxide) for 30 min.

The laser employed for quantifying the temperature profile of irradiated AuNSts was an
Nd:YVOg4 (5 W Spectra Physics Millennia A=1064 nm, TEMOO0) laser coupled into the back port
of a Leica confocal laser scanning microscope (SP5/TCS). The laser was focused through a high
numerical aperture oil immersion objective (HC, PL, APO, 63.X, NA=1.20 WATER). To
improve trapping, the collimated beam slightly overfilled the back aperture of the objective. The
position of the focus was accurately positioned, with nanometer precision, relative to the surface
using a three-dimensional piezoelectric stage (PI 731.20, Physik Instrumente, Germany). The
laser focus was displaced in the axial direction from the optical focus of the microscope to
simulate the configuration while trapping a gold nanoparticle in solution. The nanoparticles were

imaged in reflection mode (excited by A = 594 nm). Scattered light from the particle and
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fluorescent light from the bilayer were collected simultaneously using two photomultiplier tubes.
The chambers were heated using a custom-built stage with water circulating from a temperature-
controlled water bath with a temperature stability of approximately 0.5 °C. The laser power
reaching the objective was measured using a power meter and the transmission through the
objective was measured with the dual objective method. The spot size in the plane of the lipid
bilayer was measured to be dy,,; = 1.95 pm by bleaching an area on a fluorescently labeled gel
phase bilayer cooled to 13 °C below the phase transition temperature. We used the maximum
output to bleach the molecules in the focal region. The frozen bilayer exhibits very slow

diffusion of fluorophores, and hence the bleached area represents the approximate extent of the

4-00-000002, where P is the total power delivered at the sample.

RESULTS AND DISCUSSION

Although the use of AuNSts coated with gated mesoporous silica shell is an interesting and
novel approach for NIR laser triggered drug delivery applications, the preparation of these
nanodevices can be challenging due to reshaping or partial oxidation the tips of AuNSts with

corresponding loss of their optical properties.*®*'***

For this reason, a tight control of each
synthetic step (Figure 1) is necessary to obtain nanoparticles with a homogeneous silica shell and
mesopores, and suitable plasmonic properties. Several synthetic conditions including
surfactant/TEOS ratio, temperature, inert atmosphere, etc. were tested in order to finally prepare

AuNSt@mSi0O; nanoparticles with minimum changes in the shape and absorption properties of

the AuNSt core (vide infra).
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1- CTAB, TEOS, H,0/EtOH, Ar
o PVP, DMF, HAuC, 2- NH,NO,, EtOH

AuNP seed AuNSt AuNSt@mSiO,

l Dox, EtOH

1-ODTMS, EtOH

2- Heneicosane,
Hexane

Gate opening and Ay Gated AuNSt@mSio, AuNSt@msio, loaded
Dox release loaded with Dox with Dox

Figure 1. Representation of the drug photo-release system AuNSt@mSiO,@Dox@paraffin
based on AuNSts coated with a mesoporous silica shell and paraffin as a thermo-sensitive

molecular gate. The delivery of the entrapped guest (Dox) is triggered by NIR laser irradiation.

AuNSts were obtained by the seeded growth method using polyvinylpyrrolidone (PVP)
solution in N,N-dimethylformamide (DMF). This procedure is based on the chemical reduction
of AuCly complexes by DMF, and the subsequent deposition of gold atoms in the presence of
PVP on the gold nanoparticles, acting as seeds. Nanoparticle size and morphology can be tuned
varying the [HAuCls]/[seed] molar ratio and the size of the seed.*® Nanostars with sizes of 120
and 250 nm were synthesized using seeds (AuNPs) of 15 and 40 nm, respectively (Figure S1).
The average hydrodynamic diameters of these nanoparticles were consistent with TEM
measurements (Figure 2a). The optical extinction spectra of an aqueous suspension of both sizes

of AuNSts (Figure 2b) showed an absorption band/shoulder in the visible region, corresponding
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to LSPR of core electrons, and another band associated with LSPR of tip electrons,” whose
position varied from 835 to 1050 nm when the AuNSt size increased.

In the first step of this research, characterization of the heating ability of uncoated AuNSts
(120 nm) and PVP-coated AuNSts (250 nm) was carried out quantifying both single nanoparticle
and bulk heating associated with electromagnetic irradiation. Using a temperature sensitive lipid
matrix, we directly assessed the plasmonic heating of single uncoated AuNSts and PVP-coated
AuNSts and the thermoplasmonic associated temperature increase was measured. In the
experiments, AuNSts were immobilized on a lipid bilayer with a well-known phase transition
temperature incorporating fluorescent dyes with a preference for the liquid phase. The chamber
was held at a temperature below the phase transition temperature, and by measuring the size of
the melted area around the irradiated nanostructure (seen as the bright spots in the upper panels
on Figure 2c-f), the temperature profile was quantified. More details on this technique can be
found in Materials and Methods section and in Refs.">"” In the experiments, the particles were
irradiated by a tightly focused NIR laser (A=1064 nm). The phase sensitive lipid fluorophore was
FAST-DiO with a preference for the liquid state. During the experiment, the sample chamber
was mounted on a temperature controller and kept at 28 °C. The phase transition temperature of
the lipid bilayer was 33 °C.'°

A quantitative description of the temperature increase around a particle placed in an infinite

medium is under steady state conditions given by**

o=0-00(1)

where C is a constant, including the intensity distribution at the laser focus, and physical
parameters describing the nanoparticle such as its absorption cross section and the surrounding

medium’s thermal conductivity. The distance from the particle’s center is » and Equation 1 is
14



valid for 7>R, R being the radius of the nanoparticle. P is the laser power."> Hence, the distance
from the particle to the rim of the melted area, r,, where the temperature is exactly the phase
transition temperature, 7(r,) = T,, = 33 °C, is linearly related to the power incident on the
particle, P. Using image analysis, 7, was quantified and Figure 2c shows 7, as a function of laser
power. Fitting Equation S1 to the data shown in Figure 2c and using the inverse relationship
between AT and r the entire temperature profile surrounding the irradiated particle can be
quantified.

The temperature increase at the surface of the nanoparticle as a function of laser power is
shown in Figure 2d. To find the temperature increase, we assumed that the average radius of the
uncoated AuNSt was 60 nm (Figure 2a, S1). The error bars show one standard deviation for
measurements of 10 different AuNSts. The surface temperature of uncoated AuNSt increased up
to 400 °C at the applied laser powers without showing signs of deterioration of the particles.

Based on the experimental data we also inferred the absorption cross-section of gold nanostars

using the following equation®
0000=4-0°0°A7a+00 (2)
A[ is the increase of the nanoparticle’s surface temperature, R is the radius of the AuNSt and

is the heat conductivity of the combined glass and water system at 300 K which we approximate
oogooz= 1.1 W m™ K and g00000= 0.61 W m™ K *© as suggested in reference, and I is the

oooo=101241745 nm2 (assuming a laser focal spot diameter of 1.95 pm).

We also measured the temperature increase of individual irradiated AuNSt with a PVP coating

(Figure 2e, f). To find the temperature increase, we assumed that the average radius of a PVP-
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coated AuNSt was 125 nm (Figure 2a, S1). Using Equation 2, we find absorption cross-section

aoog=13763 #2588 nm2, which is 14 times larger than that of uncoated AuNSt and 2.5

times larger than that of silica-gold nanoshells (core diameter = 120 nm, shell thickness = 15
nm)."” These results agree well with previous work demonstrating large energy conversion
efficiency of AuNSts.'"'? Above a certain laser power (~40 mW), however, the temperature does
not increase with increasing laser power for the PVP-coated AuNSt. The surface temperature
remains at ~120 °C + ambient temperature, hence at ~145 °C. This temperature is consistent with
the melting temperature of PVP (150 °C). Hence, the flattening of the temperature curve
probably indicates melting of the PVP coating. Hence, for a PVP coated AuNSt the temperature
increases steeply as a function of laser power, until the surface temperature reaches the melting
temperature of PVP coating. When melting is initiated, the plasmonic properties of the particle
change tremendously. It is relatively normal that the plasmonic nanoparticles undergo structural
changes following heating. The plasmonic nanoparticle itself reaches a steady state temperature
within nano-seconds of irradiation. Moreover, the presence of a plateau (or maybe a slight
decrease) in AT as a function of laser power in Fig 2f indicates a continuous loss of plasmonic
properties. Also, the temperature at which this happens is consistent with the known melting
temperature of PVP.

These results show that by a careful choice of the irradiating electromagnetic field power, it is
possible to control the particle’s temperature profile. For instance, at a laser power of 30 mW the
surface temperature of a PVP coated nanostar reaches 120 °C, which should be high enough to
produce cargo release from the AuNSt@mSiO, nanocarrier (vide infra).

To analyze the heating capabilities of the nanoparticles in bulk, we irradiated aqueous

suspensions of uncoated AuNSts (120 nm) with a home-made NIR laser at 808 nm,* which
16



match the LSPR band of the nanoparticles (Figure 2b) and measured the bulk temperature using
a fiber-optic thermosensor. The temperature in nanoparticle suspensions (5.7-10° nanoparticles
ml™) upon 15 min of 808 nm laser irradiation at different laser power densities, /, is shown in

Figure 2g. The temperature rapidly increased and reached 70 °C at laser power density of 4 W

0o0rn) and the maximum temperature in the solution decreased when lower laser power densities

o0 and I was linear (Figure 2h). The absorption cross section of uncoated AuNSts can be

inferred using the experimental data and the Equation 3 and 4.

oaeooeoooa (3)
o-oooa-oa (4)
[0 are the specific heat capacity and the density of the suspension, respectively. N is the number

oooo=16000 002, For a comparison, in the experiments with single PVP coated AuNSts

2588 nm?, which is comparable to the bulk value of uncoated AuNSts. These values are larger
than that reported for other plasmonic gold nanoparticles, demonstrating larger energy

conversion efficiency of AuNSts upon laser irradiation at LSPR wavelengths.'®"'?
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Figure 2. The hydrodynamic diameter of uncoated and PVP-coated AuNSts by DLS (a) and
optical extinction spectra of both AuNSts with different diameters (b). Quantification of the
surface temperature of irradiated uncoated (c, d) and PVP-coated (e, f) AuNSts. ¢, ) Symbols
show the experimentally measured radius of the melted area around a laser irradiated AuNSt as a
function of laser power at the sample. d, f) Experimentally extracted temperature increases on the
surface of an irradiated AuNSt as a function of laser power. The upper panels show
representative and corresponding confocal images of the melted area for laser power, the scale
bar is 10 um. The error bars show one standard deviation, for measurements of n=10 different
AuNSts and the dashed lines show a linear fit to the data. NIR laser (808 nm) induced bulk
heating (g) and initial heating rate (h) of uncoated AuNSt (120 nm) suspensions at different laser
power densities. Insets: TEM images of uncoated (c, d, g, h) and PVP-coated AuNSts (e, f).

Scale bars: 20 nm.

After analyzing the heating ability of AuNSts, AuNSt@mSiO; nanoparticles were obtained by
directly coating bare AuNSts (120 nm) with a mesoporous silica shell. The preparation protocol
is based on a surfactant-templated synthesis.* The formation of the mesoporous silica shell over
the AuNSts proceeds via four main steps that involve adsorption of cationic surfactant and
formation of micelle assemblies on the nanoparticle’s surface, hydrolysis of tetracthoxysilane
(TEOS), a subsequent condensation reaction to form silica oligomers and deposition of silica
oligomers on the micelle’s surface and controlled silica growth. The mesoporous coating is a
critical process because AuNSts can be easily reshaped due to oxidation of tip gold atoms (for

4748

instance in the presence of CTAB) resulting in a decreased light absorption at 808 nm (laser

wavelength), and a reduction of the light-to-heat conversion efficiency (Figure S2, S3).
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In the current study several synthetic parameters, such as temperature, reaction media, base
used in the preparation of the MS shell, and CTAB/TEOS molar ratio, were identified as crucial
to produce AuNSt@mSiO; nanoparticles with a suitable silica shell coating (in terms of pore
organization and size) while minimizing reshaping of the gold core. In the final preparation of
the AuNSt@mSiO, nanoparticles: (i) the shell coating processes were carried out at 25 °C , (ii)
the reaction medium was purged with argon to eliminate oxygen; (iii) a water/ethanol mixture
was used as reaction medium to achieve a more controllable hydrolysis rate of the silica
precursor (i.e. TEOS); (iv) ammonia was used instead of other bases; (v) the CTAB/TEOS molar
ratio was adjusted in the 1.8-2.5 range and AuNSts concentration was set at ca. 7-14:10"2 M
(c(Au)=1-2-10"* M).

Figure 3a-d and S4 shows the obtained AuNSt@mSiO, nanoparticles following this procedure
with diameters that can vary between 150-200 nm. Fine adjustments of the thickness of the silica
shell can be obtained by adjusting the amount of silica precursor in the reaction mixture. The
optical extinction spectrum of aqueous suspension of the AuNSt@mSiO; nanoparticles showed
that the NIR LSPR band slightly shifted to higher wavelengths due to the presence of the silica
shell, which changes the surface refractive index (Figure 3e).'**

Surfactant molecules from AuNSt@mSiO, were completely removed by an ion-exchange
extraction process using ammonium nitrate solution in ethanol. The removal of CTAB from the
nanoparticles was monitored by FT-IR spectroscopy and zeta potential measurements (Figure
S5). The characteristic peaks of CTAB at 2923, 2853 (C-H stretch) and 1478 cm™ (C-H bending)
were absent in the spectrum of the AuNSt@mSi0; nanoparticles after the extraction process. The
change of the zeta potential of nanoparticles from +32.5 mV to -45.3 mV also confirmed the

removal of CTAB.
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A detailed analysis of the nanoparticle’s morphology was carried out using High Resolution
Transmission Electron Microscopy (HR-TEM), Dark Field Scanning Transmission Electron
Microscopy (DF-STEM) and Field Emission Scanning Electron Microscopy (FE-SEM).
AuNSt@mSiO, nanoparticles contain a multi-branched gold core and a mesoporous silica shell
with pores extending radially (Figure 3b-d, S6). The geometry of the mesoporous channels of the
silica shell is an important parameter which may determine the efficiency of drug loading and
release behavior as it affects the diffusion of the drug within the mesoporous channels. Small
angle powder X-ray diffraction (PXRD) patterns of AuNSt@mSiO, nanoparticles exhibited a
clear peak at 20 = 2.20°, which could be indexed to the (100) diffraction plane of a hexagonal
unit cell.* This peak also suggested the presence of radial mesopore channels and an ordered
mesostructure (Figure 3f). In the wide-angle PXRD pattern, four Au diffraction peaks were
clearly discerned at 20 = 38.16, 44.35, 64.60 and 77.61°, which can be assigned to (111), (200),
(220), and (311) reflections of the face-centered cubic gold lattice, respectively.”® Moreover, N,
adsorption-desorption isotherms of AuNSt@mSiO; nanoparticles showed a Type IV curve for
mesoporous materials. The average pore size was 2.6 nm, whereas the BET surface area and total
pore volume were calculated to be 241 m® g and 0.25 cm® g”', respectively (Figure 3g).*' %>

AuNSt@mSiO, nanoparticles were loaded with the anticancer drug Dox, which can be easily
detected using absorption (maximum absorption at A = 480 nm) and fluorescence spectroscopy
(maximum emission at A = 555 nm; A = 488 nm). The external surface of Dox-loaded
AuNSt@mSi0; was functionalized with a monolayer of octadecyltrimethoxysilane (ODTMS)
and capped with a heneicosane coating. The hydrophobic ODTMS was used to facilitate the
coating process of the thermosensitive paraftin layer. The paraffin coating set up a hydrophobic

layer that blocked the pores and avoided leaks of the cargo (Figure 3h-k, S7, S8). Drug loading
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and external surface functionalization of AuNSt@mSiO, to obtain
AuNSt@mSiO@Dox@paraffin were also optimized to prepare a hybrid nanosystem with
suitable plasmonic properties. The Dox concentration in the loading solution and the loading
time were adjusted to be 500 pg ml™ and 12 h, respectively, in order to obtain nanoparticles with
LSPR band near to 808 nm (Figure 31).

The average hydrodynamic diameter of the nanoparticles increased from 228 to 300 nm after
drug loading and paraffin coating processes, whereas the zeta potential changed from -45.3 to -
17.0 mV due to the presence of Dox in the mesoporous channels and the functionalization of
silanol groups at the external surface of nanoparticle with octadecyltrimethoxysilane (Figure S9).
The overall fraction of organic material in the AuNSt@mSiO,@Dox@paraffin was estimated to
be 25 % by TGA measurement (Figure S10), while the loaded amount of Dox was 2.4 % by
spectrophotometric determination (Figure S11).

Although, the nanocomposite surface was coated with a hydrophobic layer of paraffin, the
surface charge remains high enough to form stable aqueous suspensions for bioapplications. The
stability of nanoparticle suspension was improved in DMEM for in vitro experiments with cells.
The adsorption of different species (molecules and ions) onto nanoparticle surface can avoid
nanoparticle flocculation and enhance suspension stability in DMEM. The nanoparticles properly
interact with cells and can be internalized (vide infra). Moreover, the hybrid nanoparticles are
stable in solid state and aqueous suspensions at room temperature. However, when nanoparticle
suspension was heated at 60 °C during 48 h (for determination of Dox loading content), the silica
shell was damaged, and gold core was reshaped due to hydrolysis of silica and oxidation of gold,
both processes favoured at high temperatures. Furthermore, the LSPR band position shifted to

lower wavelengths due to gold core reshaping (Figure S12).
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Regarding the photothermal conversion efficiency of hybrid nanoparticles, Equation 4 shows
that the photothermal conversion efficiency is proportional to the used laser intensity and
nanomaterial’s absorption cross-section. Basically, at constant laser power (intensity), the
photothermal conversion efficiency of different nanomaterials can be assessed comparing their
absorption cross-sections. Comparing absorbance of AuNSt@mSiO, (Figure 3e) with the
absorbance of AuNSt@mSiO,@Dox@paraffin (Figure 31) at 808 nm reveals that their
absorbance, and thereby their photothermal conversion efficiency, are nearly the same.
Moreover, as the absorption of Dox in water (Figure S11 b) at 808 nm is very low, the cargo
could be considered as transparent at this wavelength. This explains why there is essentially no
difference in the photothermal conversion efficiency for nanomaterials with or without Dox at

808 nm.
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Figure 3. TEM (a), HR-TEM (b), FE-SEM (c) and DF-STEM (d) images of AuNSt@mSiO,
nanoparticles. Scale bars: 100 nm (a), 50 nm (d), 20 nm (c). Optical extinction spectra (e) of
AuNSt and AuNSt@mSiO, nanoparticles. PXRD patterns (f) and N, adsorption-desorption
isotherms (g) of AuNSt@mSiO, nanoparticles (Inset: pore size distribution). TEM images (h, i,
j) of AuNSt@mSiO,@Dox@paraffin nanoparticles and EDXS element mapping of Au, Si, and
C (k); scale bars: 100 nm (h, i, k), 20 nm (j). Optical extinction spectrum of

AuNSt@mSiO,@Dox@paraffin nanoparticles (1).

Aqueous suspensions of AuNSt@mSiO,@Dox@paraffin nanoparticles were irradiated using a
home-made NIR laser at 808 nm,*’ which matches the LSPR band of the nanoparticles (Figure
31). Cumulative release of Dox was determined using fluorescence spectroscopy. Irradiated
AuNSt@mSiO0,@Dox@paraffin samples showed a well-defined photo-delivery profile. Around
30 % of the total loaded drug was delivered in the first 20 min upon NIR light irradiation at
power density of 4 W cm™, whereas the non-irradiated control sample showed a negligible
release, corroborating the gating efficacy of the paraffin and the photothermal conversion
efficiency of the gold nanostars (Figure 4a). Using these experimental conditions, a clear heating
of the water within which the nanoparticles were suspended was observed (Figure 4b). The
temperature of the bulk suspension under NIR irradiation was measured to be 49 °C while the
temperature of the control sample (without NIR irradiation) was 30 °C. An increase of the
temperature above the paraffin melting point (7,=39°C) provoked uncapping of the mesopores
and dye release. These results are similar to those previously reported for drug photo-delivery

systems based on plasmonic Au nanoparticles with mesoporous gated silica shell, employing Au
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nanocages >* and nanorods as photothermal energy generators and polymers,
tetradecanol,'® DNA,?** and supramolecular switches ** as thermo-sensible gatekeepers.

The NIR-induced heating profile and consequently the drug release can be modulated using
different laser power densities (Figure 4a, b). For instance, the temperature increase (AT) of NIR
laser irradiated suspensions of AuNSt@mSiO,@Dox@paraffin at 15 min was lower when
irradiated by lower laser power densities (24 °C at 4 W cm™, 17 °C at 2 W cm™, 11 °C at 1 W
cm” and 8 °C at 0.4 W cm™). In addition, the photothermal conversion efficiencies of hybrid
nanoparticles are lower than that of AuNSts at the same mass concentration due to the fact that
hybrid nanoparticles have a lower gold content. In Figures 4b and 2g we could see the NIR laser

(808 nm) induced bulk heating of AuNSt@mSiO,@Dox@paraffin and AuNSt suspensions,

respectively, both at 100 pg mL™. Both the initial bulk temperature increase rate (initial slope of

0000) and the maximum temperature in the solution at the same laser power density were lower

for hybrid nanoparticles. However, the photothermal conversion -efficiency of hybrid
nanoparticles was high enough for cancer therapy applications (hyperthermia and photothermal
triggered drug delivery) (vide infra).

Moreover, it is possible to induce Dox release even when an aqueous suspension of the
AuNSt@mSi0,@Dox@paraffin nanoparticles was irradiated at a low laser power density that
produced only a slight increase of the suspension temperature. This result is consistent with a
large temperature increase near the nanoparticle surface due to the high photothermal conversion
efficiency of AuNSts that result in local paraffin melting and subsequent drug release. This
observation agrees with the results found in the direct measurements of the local heating of
AuNSt under laser irradiation (vide ante) in which it was found that the temperature around the

AuNSt easily increases over the melting point of paraffin, even at low laser powers. This
26



supports the fact that Dox release from hybrid nanoparticles irradiated at low laser power density

was observed, although the bulk temperature of the nanoparticle suspensions did not increase

above the melting point of paraffin (Figure 2c, d, 4a
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AuNSt@mSiO,@Dox@paraffin and AuNSt@mSiO,@paraffin nanoparticles upon 808 nm laser

irradiation at different laser power densities for 10 min (d).

NIR light triggered drug release from AuNSt@mSiO,@Dox@paraffin nanoparticles in HeLa
cells was performed to evaluate the potential application of nanoparticles in cancer therapy. The
underlying idea is to design a system that could store drugs, with minimal leakage, and with the
capability of releasing it upon irradiation. The therapeutic use of such system is based on the
quantity of Dox released upon irradiation. In order to find the critical concentration of
AuNSt@mSiO,@Dox@paraffin that can exert some therapeutic effect over cells, in a first step
we decided to use the irradiation conditions that ensured the maximum drug release (Figure 4c).
Once the optimal AuNSt@mSiO,@Dox@paraffin concentration was set, we then decided to
study the effect of laser power (Figure 4d). Moreover, the interaction of hybrid nanoparticles
with cancer cells was tested monitoring the cell internalization of nanoparticles by TEM (Figure
5). Efficient nanoparticle uptake by cells was observed after incubation of cells with nanoparticle
suspension in DMEM. Cells were incubated with nanoparticles at different concentrations and
then they were irradiated at 4 W cm™ for 15 min and finally incubated for 24 h or 48 h. Cell
viability was determined using a WST-1 assay after the incubation period (Figure 4c). In these
experiments the irradiation at 4 W cm™ did not damage the cells. As can be seen in Figure 4c, the
viability of cells without nanoparticles did not decrease after laser irradiation and incubation for
24 and 48 h (black bars in groups 2 and 4). In fact, there are some reports in which higher laser
power densities were employed for in vitro and in vivo photothermal therapy experiments.®
Moreover, non-irradiated nanoparticles showed almost no cytotoxicity toward HeLa cells, thus

demonstrating that Dox was efficiently encapsulated inside the mesoporous shell due to the
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paraffin shell that prohibits leaking of the drug, even at high nanocarrier concentrations and
incubation times. However, cell viability decreased when the nanoparticles were irradiated with a
808 nm laser. This effect was most remarkable at larger nanoparticle concentrations and
incubation times. NIR light provoked an increase of nanoparticle’s surface temperature leading
to paraffin melting and Dox delivery. Larger amounts of Dox were released at higher nanocarrier
concentrations and incubation times, producing consequently an enhanced cell killing effect.

To evaluate the independent effects of hyperthermia and Dox release, cells were incubated
with  AuNSt@mSiO,@Dox@paraffin nanoparticles or with similar nanoparticles without
payload (AuNSt@mSiO,@paraffin). Cells were irradiated at different laser power densities and
then incubated for 48 h. A significant difference of the cell-killing efficiency for these two types
of nanoparticles upon NIR irradiation at I W cm™ was evidenced (Figure 4d). The viability of
cells treated with AuNSt@mSiO,@paraffin (without payload) decreased to 80 % upon NIR
irradiation at 1 W cm™. NIR light induced heating of bulk AuNSt@mSiO,@Dox@paraffin
nanoparticle suspensions at different laser power densities is shown in Figure 4b. The
temperature in nanoparticle suspensions (100 pg mL™) reached 36 °C (the temperature increase
(AT) was 11 °C) upon 15 min of 808 nm laser irradiation at I W cm™. Although, temperature of
nanoparticle suspension did not increase above 42 °C upon irradiation, the temperature at
nanoparticle surface can reach higher values inside the cells provoking the reduction of cell
viability. Then, the decrease of cell viability (20%) is attributed to the effect of hyperthermia
alone. Besides, a more pronounced decrease of the cell viability was observed when cells were
treated with Dox loaded nanoparticles upon NIR irradiation at 1 W e¢m™. This effect could be

attributed to the activation of Dox released from nanoparticles, since there is essentially no
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difference in the photothermal conversion efficiency for nanomaterials with or without Dox at

808 nm, thus allowing for a synergistic combination of hyperthermia and chemotherapy.

—————— 200 nm

Figure 5. TEM images of HeLa cells after incubation with AuNSt@mSiO,@Dox@paraffin

nanoparticles.
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Also, NIR light triggered release of Dox from hybrid nanocarriers in HeLa cells was tested
using confocal laser scanning microscopy (Figure 6). Cells were stained with the DNA-marker
dye Hoechst 33342 and the intracellular delivery of Dox after laser irradiation was monitored by
measuring the fluorescence signals of both dyes. Whereas a negligible Dox fluorescence signal
can be observed in non-irradiated samples, an increase of Dox fluorescence in cells after laser
irradiation was evidenced, corroborating the intracellular cargo release from nanocarrier
activated by NIR light irradiation. These results show that paraffin capped AuNSt@mSiO,
nanoparticles are an excellent platform for NIR light triggered drug delivery in cancer therapy
applications. Moreover, the method presented allows for obtaining nanoparticles with a good
quality of the silica shell while maintaining adequate and stable plasmonic properties of AuNSts

for NIR triggered drug photo-release applications.
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Figure 6. NIR light triggered release of Dox from AuNSt@mSiO,@Dox@paraffin nanoparticles
in HeLa cells monitored by confocal laser scanning microscopy (e). From left to right: DNA
marker (Hoechst 33342), Dox and combined (merge) fluorescence channels. From top to down:
control cells (control), non-irradiated cells after incubation with nanoparticles at 10 pg mL™
(nanocarrier 10 pg mL™), NIR light irradiated cells after incubation with nanoparticles at 10 pg
mL™" (nanocarrier 10 pg mL™ + laser), non-irradiated cells after incubation with nanoparticles at
50 ug mL" (nanocarrier 50 ug mL™") and NIR light irradiated cells after incubation with

nanoparticles at 50 pg mL™ (nanocarrier 50 pg mL™ + laser). Scale bars: 50 pm.

CONCLUSIONS

In summary, we have described a novel drug photo-release system based on AuNSts coated
with a mesoporous silica shell and capped with paraffin as a suitable thermo-sensitive molecular
gate. The heating ability of AuNSts upon electromagnetic irradiation was quantified by
irradiating single AuNSt on a temperature sensitive biological matrix. The surface temperature of
uncoated AuNSts could easily reached hundreds of degrees Celsius, even at relatively low laser
powers. Using larger PVP coated AuNSts caused the temperature to increase even faster with
laser power, probably because the increase of nanoparticle size causes a red shift, thus displacing
the LSPR peak further towards the irradiating laser wavelength. AuNSts were coated with a
mesoporous silica shell using a surfactant-templated synthesis at 25 °C. Several synthetic
conditions including surfactant/TEOS ratio, temperature, inert atmosphere etc., were tested in
order to finally prepare AuNSt@mSiO, nanoparticles with minimum changes in the shape and
absorption properties of the AuNSt core. AuNSt@mSi0O, were loaded with Dox and capped with

paraffin heneicosane. AuNSt@mSiO,@Dox@paraffin nanoparticles showed no leak of cargo in
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aqueous solutions, whereas a significant payload delivery was observed upon NIR irradiation
even at 0.4 W cm™. Dox loaded nanoparticles showed no cytotoxicity toward HeLa cells, until
they were irradiated with 808 nm laser, provoking paraffin melting and drug release. We believe
the method here reported for the preparation of AuNSt@mSiO,@paraffin system can be of
general use for the fabrication of new drug photo-delivery systems containing AuNSts, with
minimal leaks and low laser power requirements, two characteristics highly required for their

implementation in enhanced chemotherapy.
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