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Thesis Scope

This PhD thesis focuses on the preparation and stabilization of star-shaped gold
nanoparticles (nanostars), and their use in various applications based on surface-

enhanced Raman scattering (SERS) spectroscopy.

A general introduction is presented in Chapter 1 where basic concepts about the
synthesis of gold nanoparticles, surface functionalization and optical properties of metal

nanoparticles, as well as the SERS phenomenon are introduced.

Chapter 2 describes the stabilization of gold nanostars using a combination of an
aromatic dithiol and a surfactant. Further gold nanostar-seeded growth leads to a series
of exotic nanostructures containing an internal gap in which the aromatic thiol is
trapped. Due to the presence of hot-spots at these gaps, the new structures are excellent

SERS-encoded probes for sensing and imaging applications.

Gold nanostars can be also stabilized using a mixture of a thiolated polyethylene glycol
(PEG-SH) and smaller thiol molecules such as dodecanethiol (DDT) or SERS-active
thiols. Functionalization with PEG and DDT is achieved through a solvent-exchange
method, not only for gold nanostars but also for other nanoparticles including silver and
gold spheres and gold nanorods. In Chapter 3, this general phase-transfer method for
obtaining hydrophobic plasmonic nanoparticles with high stability is detailed. The self-
assembly of these nanoparticles leads to SERS-active substrates, that can be compared
according to their SERS efficiency. Chapter 4 describes the preparation of SERS-
encoded gold nanostars using the same strategy, yet employing Raman-active thiols in
this case to induce the phase-transfer. These SERS-active nanostars are applied as

SERS-tags for cell differentiation.



Chapter 5 deals with the optical response from PEG-stabilized gold nanostars
assembled onto colloidal substrates. More specifically, polystyrene beads were loaded

with gold nanostars and SERS-labelling was also applied for in vivo cell imaging.

In summary, this PhD thesis is expected to contribute to the design of different
plasmonic nanomaterials with tailored surface functionality, high colloidal stability,
biocompatibility and a huge potential for SERS applications. Star-shaped gold
nanoparticles are the most prominent candidates in this direction. In particular, SERS-
nanoprobes show great promise for biomedical applications and the results presented
here could have enormous implications towards the engineering of new SERS-based

multifunctional nanoplatforms.



CHAPTER 1

General Introduction

Light-driven technologies have contributed for centuries to improve our quality of life
by means of numerous advances in medicine, communications, culture and energy.
During the past few decades, a large effort has been made to advance such light based
technologies through a precise control over the employed materials. In this context, a
new research field called “Plasmonics” has emerged. Plasmons are coherent oscillations
of charges in free-electron materials such as metals, in response to incoming light.'
When such oscillations are restricted to a metal-dielectric interface,” and light interacts
with particles that are much smaller than its wavelength, a local charge oscillation
around the particle is produced, which is known as localized surface plasmon resonance
(LSPR).? This ability of confining light at nanoscale dimensions provides plasmonic
nanoparticles with numerous unique properties, including large electromagnetic field
enhancements, high photothermal conversion efficiencies and rich spectral responses.
These properties are extremely useful for applications across many different fields, such
as biomedicine and biotechnology,” biosensing,” solar energy technology,’

.7 . .
nanocatalysis’ or computacional sciences,® among others.

Despite the wide range of existing plasmonic materials (copper,” aluminum'®, heavily
doped semiconductors and metal oxides,'" chalcogenides'? and graphene'” have been
recently used), the most commonly utilized materials are still the noble metals gold and
silver. Although LSPRs are more efficient in silver, gold nanoparticles (AuNPs) have
received special attention due to their superior chemical inertness and synthetic

14,15

accessibility. The use of nanosized gold can be traced back to illustrious ancient
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examples such as the Lycurgus cup'® and Faraday’s pioneering colloids.!” Although the
preparation of monodisperse gold spherical particles is well known since the mid 20™
century,'® a tremendous progress has been achieved during the last decade in the

synthesis of AuNPs with anisotropic morphologies.'” ™'

Anisotropic AuNPs are of special interest due to their structural, optical and catalytic
properties, which are different and most often superior to those of spherical AuNPs.*
For example, the high electric field enhancements that anisotropic nanoparticles (rods,
cubes, prisms or stars, among others) present at sharp edges and tips, render them
extremely attractive as plasmonic enhancers for surface enhanced Raman scattering (see
Section 1.4). Among many existing anisotropic gold nanostructures star-shaped
nanoparticles (gold nanostars) have achieved a huge interest. These novel
nanoplatforms have numerous applications in various fields, mainly due to their
plasmon tunability into the near infrared (NIR) region and the multiple hot-spots
generated at their branches (see Section 1.3).2 In this context, this thesis focuses on

gold nanostars as functional plasmonic nanoparticles.

The following sections of this introduction introduce basic aspects on the preparation of
gold nanoparticles, highlighting the synthesis of anisotropic gold nanostructures.
General aspects of surface functionalization are also considered. An overview of the
different materials and strategies for obtaining nanostructures with the desired surface
properties is provided. The optical properties of plasmonic nanoparticles and the surface
enhanced Raman scattering effect will be also briefly introduced. Finally, a general
outlook on some relevant applications of plasmonic nanoparticles is provided. Special

attention is devoted to bioapplications including sensing, imaging and therapy.
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1.1 Synthesis of Gold Nanoparticles

In 1857 Michael Faraday described the first scientific method for the production of
colloidal gold nanoparticles. Fine particles were formed by the aqueous reduction of a
gold salt by white phosphorous and stabilization with carbon disulfide. Some years
later, Zsimondy noticed the existence of anisotropic nanoparticles and he received the
Nobel Prize in 1925 “for his demonstration of the heterogeneous nature of colloidal
solutions and for the methods he used”. He invented the ultramicroscope, which
allowed him to visualize the shape of the AuNPs.” In 1951, Turkevich ef al. studied the
growth and nucleation processes to generate gold spheres by citrate reduction.'® In this
now widespread method, a gold salt and sodium citrate are stirred in water and the
temperature, the ratio of gold to citrate, and the order of addition of the reagents control
the size distribution of the obtained particles. Some fifty years later, seed-mediated
growth methods were developed for the synthesis of large spherical as well as non-
spherical AuNPs,** which allow control over the nucleation and growth processes,
thereby obtaining improved monodispersity. Seed-mediated growth usually comprises
two steps. First, small spherical nanoparticles (seeds) are prepared and then added to a
“growth” solution that contains Au’" ions, surfactants and a chemical reducing agent to
induce anisotropic growth. While the seeds are synthesized using a strong reducing
agent, such as sodium borohydride, the growth solution contains a milder reducing
agent (often ascorbic acid, AA). The metal salt is reduced to an intermediate state so
that only catalyzed reduction on the nanoparticle surface is allowed, avoiding the
nucleation of new particles in the solution. Size, shape and surface properties are
controlled by the amount and nature of reducing agent and stabilizer, as well as by their

ratio to the Au precursor.

Murphy et al.> and Nikoobakht and El-Sayed™® were pioneers in developing modern
concepts of seed-mediated synthesis of rod-shaped nanoparticles. HAuCly is first
converted to HAuBrs and subsequently reduced to HAuBr; by AA in the presence of
cetyltrimethylammonium bromide (CTAB) and silver nitrate (AgNO;). AuNRs are
formed after adding small citrate AuNPs to the growth solution, catalyzing the reduction
of Au”to Au’.* The yield can be increased up to 99% and monodispersity improved
when the seeds are formed upon reduction of HAuCls; with NaBH4 at 0 °C in the
presence of CTAB, followed by the addition of AgNOs.”° Numerous reports describe
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the effect on the shape, yield and dispersity of the obtained AuNRs of the following
parameters: seed concentration, size and structure, ascorbic acid concentration,
temperature, pH or gold precursor and surfactant concentrations.”**’>' The AuNR
growth mechanism was explained in the first studies assuming that the cationic
surfactant micelles could act as a “soft template”, directing nanoparticle growth.”
However, the concentrations of AuNP seeds and silver ions (Ag") have been proved to
also play a critical role in AuNR synthesis.”’ While single-crystalline CTAB-capped
seeds lead to single-crystalline AuNRs with {520} faces on the side and a mixture of
{111} and {100} faces on the ends,”>* multiply twinned crystalline citrate-capped
seeds grow into multiply twinned rod structures with {100} faces on the sides and
{111} facets at the tips.** When seeded growth is carried out on single crystal seeds but
in the absence of Ag' nanospheres are obtained, suggesting that silver ions are adsorbed
at the gold nanoparticle surface in the form of AgBr, then restricting the growth and
stabilizing the surface of the nanorod.”> The role of Ag" is not only crucial for the
formation of AuNRs, but also for other nanoparticle shapes, such as concave cubic Au

nanocrystals, {730} -faceted bypiramids®>~° or high-index AuNRs.?*?"*

Gold nanostructures with star-like shapes are particularly exotic. Gold nanostars
(AuNSs) consisting of a central core from which multiple sharp arms protrude have
been successfully prepared following a wide variety of wet-based synthetic routes.”
One of first the methods developed for the synthesis of branched gold nanoparticles was
inspired by the seeded-growth process described above (Figure 1.1a).*° Different
capping agents have been studied, including surfactants and polymers. The preferential
adsorption of the capping molecules on certain crystalline facets of the metal seed
surface has been suggested to trigger the anisotropic growth process, by modifying the
growth rates along specific crystallographic directions. The influence of additives such
as AgNOj has been also reported to affect the growth of AuNSs, so that a higher degree
of control on the nanoparticle star-shape can be achieved by the addition of silver ions

at different stages of the growth process.**™*

The reducing agent also plays a significant role on the resulting shape of the
nanoparticles. For instance, hydroxylamine has been used to grow three-dimensional
thorny nanoparticles from 14 nm citrate seeds in the present of silver ions but without
the need of templates and surfactants (Figure 1.1c).** A different but particularly

efficient reduction protocol was developed on the basis of previous work on the

6
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synthesis of particles with smooth surfaces and well defined shapes, including spheres,
wires, decahedrons, octahedrons, among others*>*® High yield production of
monodisperse branched nanoparticles from 15 nm PVP-coated Au seeds was obtained
when HAuCl, was reduced using N,N-dimethylformamide (DMF) in combination with
poly(vinylpyrrolidone) (PVP) as stabilizer. The reduction kinetics of AuCl; on the Au
seed surface can be controlled using the combined reducing ability of DMF and PVP,
which also plays a role in the anisotropic growth. When intermediate concentrations of
PVP were used, much more uniform nanoparticles were obtained compared to those
nanoparticles obtained with a high concentration of PVP. Therefore, a rapid, kinetically
controlled and preferential growth along various crystal faces that enables the formation
of nanparticles with stable star/flower-like shapes (Figure 1.1d) was proposed. This
synthetic procedure also allows tuning both the size and the optical properties of the
obtained nanostars. With decreasing [HAuCl4]/[Au seed] ratio the obtained
nanoparticles get smaller with shorter and lower number of spikes. The smaller
nanoparticles display a significant blue-shift of the main plasmon band, with a higher
intensity of the band-to-shoulder ratio corresponding to the core (see Figure 1.3c in
Section 1.3)."” The same method has also been employed to grow tips on other

nanostructures such as AuNWs* or AuNRs,” as templates.

The formation of multiple branches is promoted by blocking certain crystal facets of the
Au seeds by the surfactants and the silver ions. However, the use of these chemicals
hinders the application of the obtained nanostars due to: (i) the toxicity of CTAB, (ii)
aggregation after required washing steps, and (iii) the difficulty of replacing the
surfactant with biorelevant molecules. Therefore, surfactant-free gold nanostars are of
particular interest for the development of further applications. Vo-Dinh et al
demonstrated a simple and surfactant-free wet chemistry method for the production of
monodisperse gold nanostars in high yield (Figure 1.1b).”° This synthesis is fast and
employs similar reagents to those of the well-known silver-assisted seed-mediated
syntheses of AuNRs and AuNSs.”****! HAuCl, is reduced using AA in the presence
of AgNO; and Au seeds under acidic conditions. Ag” has been reported to be necessary
for the formation of Au nanostars, enhancing the anisotropic growth of the certain
crystal facets on multi-twinned seeds, but not on single crystalline CTAB-seeds.’
However, in absence of Ag", polydisperse spheres and rods are obtained. Hydrochloric

acid (HCI) is also necessary for the formation of Au nanostars, meaning that chloride
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ions might play a similar role to other halides influencing the anisotropic growth.’®
Replacing HCl with HNOj leads to absence of branches. Moreover, size control can
also be achieved by varying seed concentration. The same strategy has been
demonstrated to yield unusual geometries using various hybrid nanostructures as seeds.
Thus, gold spikes were grown onto Au-silica Janus particles, leading to Janus
nanostars,”® whereas gold nanoparticles of different shapes protected by radial

mesoporous silica shells were used as templates for the growth multiple gold tips.”

Figure 1. 1 Examples of AuNSs produced using synthetic procedures. (a) SEM image of AuNSs
synthesized using CTAB as template). (b-d) TEM images of AuNSs synthesized with no surfactants (b),
using hydroxylamine as reducing agent (c¢) and following the PVP-DMF assisted-method (d). Reproduced
with permissions from ref *> Copyright © 2006 American Chemical Society and ref * Copyright © 2007

American Chemical Society.

Beyond AuNRs and AuNSs, other remarkable morphologies including nanoparticles
with the structure of one of the Platonic solids (tetrahedron, hexahedron, octahedron,
dodecahedron and icosahedron),’®”’ flat platelets (usually with triangular or hexagonal

%59 nanowires (synthesized by the tip-selective growth of AuNRs),”

shapes),
nanodumbbells (formed when tiny amounts of iodide influence AuNR growth)>® or

1 .
nanocages,’' among others, have been achieved.
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1.2 Surface Functionality of Metal Nanoparticles

Surface modification and functionalization of the as-synthesized nanoparticles
constitutes an essential requisite in order to provide them not only with superior
stability, but also with biocompatibility and specificity.'**® Ligand molecules are
required to bind the metal surface by either chemisorption, electrostatic attraction or
hydrophobic interactions. Gold surfaces may form strong and stable bonds (Au-S,~ 50
Kcal mol™) to molecules with thiols (-SH) or disulfide groups (S-S), which are common
anchoring groups utilized for the attachment of other molecules.** Other functional
ligands such as amines (i.e. dodecylamine or oleyamine) also interact with gold
surfaces; however the binding forces are comparatively weak. Particle solubility is
provided by the interactions of the ligand molecules with the solvent. Thus, charged or
polar ligands provide solubility in polar or aqueous media, while particles coated with
hydrophobic ligands are also soluble in non-polar organic solvents, such as hexane,
chloroform or toluene. Certain amphiphilic ligand molecules, e.g. poly(ethylene) glycol
(PEG), provide nanoparticles with solubility in a number of solvents, with intermediate

polarity.®?

A common strategy for improving the colloidal stability of the nanoparticles after
synthesis is the so-called “ligand exchange”. A representative example is the
functionalization of citrate-capped AuNPs with thiolated ligands (i.e.
mercaptoundecanoic acid, MUA; mercaptopropionic acid, MPA) where the negatively
charged citrate ions adsorbed on the particle surface are readily replaced by thiolated
ligands, with stronger binding to the Au surface.”® On the other hand, CTAB cationic
surfactant, which is highly relevant for the shape control of Au nanoparticles, appears to
be toxic to the cells at micromolar concentrations on its own. Therefore, replacement or
overcoating of the surfactant bilayer adsorbed on the nanoparticles surface is required to

get biocompatible nanoparticles.®

Ligand exchange is also a popular strategy for phase transfer from organic solvents into
aqueous solutions (or vice versa).”” In this case, the molecules stabilizing the
nanoparticles in the starting phase are replaced by other ligands with stronger binding
features, inducing the transfer to the second phase with high colloidal stability. While
transfer between organic solvents can spontaneously occur (ligands such as

mercaptocarboxylic acid are soluble in both organic and aqueous media), transfer from

9
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water to organic solvent is hindered by the poor solubility of the hydrophobic ligands in
aqueous solutions. Additionally, different agents can be used to facilitate the phase
transfer process. For instance, acetone decreases the surface tension at the interface,
while strong acids or bases protonate negatively charged groups (or deprotonate
positively charged amino groups), leading to particles with lower surface charge and

thus less stable in aqueous media.

Coating with polymers is another highly versatile tool to solubilize hydrophobic
nanoparticles in physiological media and including surface functionality.®® The use of
amphiphilic polymers containing reactive groups such as maleimide is a typical
example of nanoparticle functionalization via hydrophobic interactions. The
hydrophobic side chains of the polymer intercalate the hydrophobic ligand molecules of
the nanoparticles, while the hydrophobic backbone is exposed to the outer aqueous
environment. Besides the weak interactions between particle and polymer (van der
Waals forces between the aliphatic chains), the number of contact points leads to a very

stable coating.®

Furthermore, the physico-chemical characteristics of nanoparticles (e.g. hydrophobicity,
surface charge, drug-release properties, and biological behavior) can also be modulated
by coating with synthetic polymers such as polylactic acid (PLA), polyethylene glycol
(PEG), polyvinyl alcohol (PVA), polylactic-co-glycolic acid (PLGA), poly-3-
caprolactone (PCL), polyvinylpyrrolidone (PVP), polymethyl methacrylate (PMMA),
and polyalkylcyanoacrylates (PACA). For example, surface-modified sulfonic groups
help to improve blood compatibility and positively charged polyelectrolytes such as
poly(ethyleneimine) (PEI) facilitate non-viral gene delivery applications. Currently, the
most common functionalization coatings include the use of PEG, PEI, polyacrylic acid
(PAA) and amphiphilic block co-polymers with or without PEG.” The linear synthetic
polyether PEG is one of the most used ligands for in situ coating and grafting of
nanoparticles. It is highly soluble in a number of organic polar and apolar solvents, as
well as in water. PEG coated nanoparticles are more stable in solvents with high ionic
strength and in biological environments, and they present less non-specific binding to

protein and cells.”

Alternatively, nanoparticles can also be modified with coating shells such as silica,

which can be considered as an inorganic polymer. Different methods have been

10
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developed for the preparation of nanoparticles with core@silica geometry. Generally,
gold nanoparticles are coated with a silica shell by means of the well-known Stober
process, using tetracthylorthosilicate (TEOS) as a silica source.”' Besides, the porous
silica shell can be coated by hydrolysis and subsequent condensation of TEOS and
octadecyltrimethoxysilane (C;sTMS), as a pore generator.”” In general, silica coating
can be considered an excellent tool leading to hybrid functional materials with enhanced

stability and biocompatibility.”

Among all the strategies for particle solubilization and stabilization, ligand exchange
methods usually lead to NPs with limited colloidal stability, while polymer
encapsulation appears to be a versatile method and does not depend on the chemical
nature of the underlying NP core.®® The important role of the modification of the
nanoparticle surface in many biological applications is highlighted, e.g. by the strong
effect that surface charge has on both cellular uptake and biodistribution of
nanoparticles. Positively charged nanostructures have enhanced affinity to negatively
charged cell surfaces, thereby being the most likely candidates to cross cellular
membranes and enter the cytoplasm of cells, an important aspect to consider in drug
delivery applications.”* Furthermore, nanostructures with active targeting capability
binding to specific cancer cells can be synthesized, thus increasing the local
concentration at the desired region in a living organism. The binding of the target
moiety (e.g. antibody, peptide, folate) can occur either directly to the NP surface or to

the terminal end of an attached polymer chain, such as carboxylic acid-modified PEG.”

In conclusion, surface functionalization of nanoparticles is a key requisite to provide
stability in physiological enviorements, biocompatibility, impart functionality, amplify
sensitivity and create cellular targeting effects, while maintaining the original properties

. 70
of nanomaterials.

11
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1.3 Optical Properties of Plasmonic Nanoparticles

When light interacts with metal nanoparticles much smaller than its wavelength, a
coherent oscillation of the surface conduction electrons around the particle, known as
localized surface plasmon resonance (LSPR), is generated (Figure 1. 2).”%”” As a result,
metal NPs exhibit strong absorption and scattering in the UV-Visible (UV-Vis) range,

which confer them with bright colours that have intrigued scientists for centuries.

Figure 1. 2 Illustration of the localized surface plasmon resonance effect.

Michael Faraday recognized in 1857 that the intense red colour of gold solutions was
actually due to its state of tenuity and division."” Later in 1905, Gustave Mie presented a
general solution to Maxwell’s equations that describes the extinction of spherical
particles of arbitrary size. ">’ Gans was able to extend this theory to ellipsoidal

geometries.™

In the case of particle sizes much smaller than the wavelength of light, the following
equation applies: *'

3/2

m Ej .
Equation 1.1
[(£r+)(sm)2+si2] q

24m%N 4a3e

E(/l) - A 1n(10)

where E(4) is the extinction (sum of absorption and scattering), N, is the density of
nanoparticles, a is the radius of the sphere, ¢, is the dielectric constant of the medium
surrounding the sphere, A is the wavelength of the incident radiation, ¢; and &, are the

imaginary and real components of the nanoparticle’s dielectric function, respectively,

12
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and y is the term that describes the aspect ratio of the nanoparticle (equal to 2 for a
sphere). The LSPR spectrum of an isolated metallic nanosphere in an external dielectric
medium thus depends on the nanoparticle radius a, the nanoparticle material (&; and &)
and the dielectric constant of the nanoenvironment &,,. Thus, 20 nm gold and silver
nanoparticles are primarily absorbers whereas 80 nm nanospheres are also very good at
scattering the incident electromagnetic radiation in all directions,* see the calculated

spectra shown in Figure 1. 3.

Figure 1. 3 Calculated extinction (green), absorption (red) and scattering (blue) spectra of: 20 (a), 40 (b)
and 80 nm (¢), silver nanoparticles and 20 (d), 40 (e) and 80 nm (f), gold nanoparticles. Calculations were

carried out by means of the boundary element method (BEM).*

During the last decades, tremendous progress in the understanding of the optical
features of anisotropic nanoparticles has been made. This development has enforced the
development of computational tools such as the discrete dipole approximation (DDA),*
the boundary element method (BEM)® or, more recently, the finite difference time
domain method (FDTD).*® In addition, novel and sophisticated synthetic procedures
have allowed the preparation of nanoparticles with controllable sizes and shapes.?**"**
Figure 1.4 shows experimental Vis-NIR spectra of gold nanoparticles of different

shapes: gold nanospheres (AuNPs), nanorods (AuNRs) and nanostars (AuNSs). For

AuNRs two plasmon bands are observed, corresponding to longitudinal and transverse

13
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plasmon resonance modes and related to light absorption and scattering along the long
axis and the short axis of the particles, respectively.®® It should be noted that the
wavelength of the plasmon band varies with the refraction index of the surrounding
media.* For AuNSs, the spiky shape gives rise to a main LSPR band and a less intense
shoulder that correspond to the tip and core plasmon modes, respectively. As the
nanostar diameter decreases, the main plasmon band blue shifts and gets narrower,
while the band/shoulder corresponding to the core becomes more intense.”’ The
possibility of tuning the plasmon band of anisotropic nanoparticles to be in resonance
with common Vis-NIR light sources is an essential feature, affording excellent

opportunities toward biological applications.'**°

Figure 1. 4 Vis-NIR spectra of 30 nm AuNPs (a), AuNRs in H,O (red) and in CHCI; (green) (b), and
AuNSs of different sizes (c).

1.4 Surface enhanced Raman Scattering

Surface enhaced Raman Scattering (SERS) is an ultrasensitive vibrational spectroscopic
technique that allows the detection of molecules on or nearby the surface of plasmonic
nanostructures.”’ The signal levels observed in SERS are many orders of magnitude
higher than those in conventional Raman scattering. Enhancements up to 10'* have been
reported under special conditions where single molecules are being studied.”*” Since
its discovery in 1977,”* there has been discussion regarding the principal mechanism
contributing to the SERS phenomenon. Nowadays, it is commonly accepted that there
are two main contributions resulting from electromagnetic and chemical interactions

between the adsorbate and the particle. It is well known that the most drastic signal
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increase is mainly due to the electromagnetic enhancement (EM) mechanism (~10%),°12

while the chemical mechanism (CE) provides a minor enhancement (~102).957%

The excitation of an LSPR is therefore a necessary condition for the observation of
SERS since it leads to an increased local electric field relative to the incident electric
field in the vicinity of the metal nanoparticle, which then acts as a nanoantenna.
Therefore, a molecule near a nanostructured metal surface will experience a
significantly enhanced incident intensity that excites its Raman scattering modes and the
scattered Raman signal will thus be greatly magnified. When both the incident light and
the scattered signal of molecules are in resonance the plasmon frequency, the SERS
signal is maximized, leading to the |E|* enhancement.”” Such high electric near fields
are responsible for the significantly increased signal observed in SERS relative to
standard Raman scattering. This is a brief description of the EM enhancement, which is
the same for any type of molecule, but has a strong analyte distance-dependency: only

molecules on or very close to the metal surface can experience the enhanced field.”’

While the EM enhacement depends on the inherent properties of the metal surface
(material, size, shape...), the CE enhacement is achieved via changes in the scattering
cross section of the analyte, mainly due to charge transfer processes between the metal
surface and the adsorbate. Generally, enhancement due to both mechanisms is reported
as an enhacement factor(EF), a fundamental metric that is calculated as a ratio between
the SERS intensity and the normal Raman intensity of the analyte and can be expressed

as:

IsERs/NSERS
EF = ———==="=

Equation 2.1
INRs /NNRs 1

where Ispps and Iygs are the SERS and normal Raman scattering intensities,
respectively, and Nggrs and Nygps are the number of molecules contributing to the

scattering intensity.

During the last decades, researchers have attempted to develop new plasmonic
nanostructures for SERS (usually known as SERS substrates). Gold, silver or copper are
the most widely used materials since they have their LSPRs covering most of the visible
and NIR wavelength range.”® In particular, gold nanoparticles are extensively used as

SERS substrates due to their easy synthesis, long-term stability and high
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biocompatibility.” The ideal SERS substrate needs to be prepared in a reproducible
way, be chemically stable and exhibit high and spatially uniform EF. Higher SERS
efficiency is obtained when metal nanospheres are partially aggregated, since junctions
between nanoparticles function as SERS hot spots where larger EM fields occur.'®
Such aggregation can be easily promoted by changing the solvent, increasing the ionic
strength of the suspension or decreasing the pH of the solution, or just spontaneously
induced by the adsorption of the analyte. Notwithstanding, aggregation processes are
hard to control and the production of controlled and reproducible SERS substrates still
remains a challenge. Alternatively, anisotropic nanoparticles have been used to generate
hot spots. Gold nanorods, nanowires, nanotriangles or nanostars, can sustain high EM

fields at their “sharp tips” upon excitation with light of appropriated energy,'’" '

rendering them ideal substrates for SERS applications.*®'*

Among these
nanostructures, AuNSs are of especial interest. The spikes can act as efficient
nanoantennas so that EM field is expected to be very high at the edge of each tip, giving
rise to multiple intrinsic SERS hot spots within a single nanoparticle. Advances in
electron microscopy techniques such as electron energy loss spectroscopy (EELS) in
scanning transmission electron microscopy (STEM), have allowed mapping the spatial
distribution of the low energy plasmon mode in gold nanostars, showing its high

103 Even more, SERS EFs can be calculated

localization at the tips (Figure 1.5b,c).
using BEM and the results for a gold nanoparticle with one or two tips (mimicking a
nanostar) show that the EF at the tip resonance wavelength can be even higher (10°)
than those for a sphere dimer (Figure 1.5e). Consequently, large Raman signal
amplification can occur with no need for the formation of hot spots within nanoparticle
aggregates in solution, which ultimately makes this system extremely appealing for

SERS, especially for Raman imaging applications.**'%>"'%7

16



CHAPTER 1 — GENERAL INTRODUCTION

Figure 1. 5 (a) High resolution STEM dark-field image of a single Au nanostar. (b) EELS intensity
mapping over the same particle. (¢) Calculated EELS intensity map of the plasmon resonance in a particle
tip, showing high localization near the tip apex, in agreement with the observed EELS image. (e) Left:
calculated Raman enhancement in a two-tip gold particle in air. The excitations involved in the Raman
process are assumed to be localized 2 nm away from the gold surface. Right: scattering cross section of
the same particle. The particle shape and geometrical parameters are shown in the insets, where L is the
tip length, a is the core sphere radius, and « is the semi-angle of aperture of the tip. Reproduced with
permissions from ref '®® Copyright © 2009, American Chemical Society and ref *® Copyright © 2008,
IOP Publishing.

17



CHAPTER 1 — GENERAL INTRODUCTION

1.5 Applications of Plasmonic Nanoparticles

As discussed above, plasmonic nanostructures display unique and fascinating optical
properties that are related to their plasmon resonances and can be used for many
applications, including sensing, imaging or even therapeutic purposes. The intense local
electric field can enhance not only the scattering of molecules nearby the surface,”’ but
also their photoluminescence properties.'” The sensitivity of the LSPR to the medium
dielectric constant and the inter-nanoparticle interactions has also been exploited for the
optical detection of chemical and biological species.'” In addition, LSPR also enhances
the photothermal transduction process, which can be exploited for biomedical
therapeutics such as photothermal therapy (PTT) or light-controlled drug delivery,

4,110,111
among others.™

1.5.1 LSPR Sensing

The strong plasmon absorption and sensitivity to the local environment make metal
nanoparticles appealing candidates as colorimetric sensors. Depending on the origin of
the LSPR changes, two types of sensors can be distinguished: aggregation sensors and

o 109
refractive index sensors.

The read-out signal of aggregation sensors is based on the drastic color change
produced by NP aggregation triggered by a target analyte. For example, metal ions can
be detected using AuNPs that incorporate chelating agents onto their surface. Thus,
AuNPs functionalized with phenanthroline can be used to effectively detect Li". Upon
Li" binding, NP aggregation is induced, giving a linear response of color shift with the
ion concentration.''? Heavy metal ions, such as Pb2+, Cd* and Hg2+, can be also
detected using 13 nm AuNPs that are functionalized with 11-mercaptoundecanoic acid
(MUA). The surface carboxylate groups act as metal ion receptors. Mirkin and co-
workers also employed DNA-functionalized AuNPs for the selective and sensitive
detection of Hg®" based on the thymidine-Hg” -thymidine coordination chemistry.'"
Following the same principle, the detection of other interesting chemical species,
including avariety of anions (F', CI', Br, I', NOs’, among others) or small organic

molecules (glucose, adrenaline, glutathione), has also been reported.'"

AuNP based colorimetric tests are a highly competitive technology for the detection of

oligonucleotides.''>'"® In this approach, two different ssDNA-modified AuNP probes
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that present complementary bases to both ends of the target oligonucleotide are
employed. AuNP aggregation is triggered by the presence of the target as a result of the
hybridization of the DNA strands. Anisotropic NPs have been employed in DNA
biosensing experiments as well. In particular, because thiolated oligonucleotides tend to
bind to the tips of gold nanorods, end-to-end nanorod assembly takes place through

hybridization of complementary ssDNA.'"’

Apart from DNA, protein recognition has
also been achieved using nanoparticle aggregation. For example, carbohydrate binding
proteins, such as concanavalin A (Con-A) have been detected with carbohydrate

(mannose) functionalized AuNPs.'"®

Refractive index sensors are based on the shift of the LSPR band. Local refractive index
changes, such as those induced by biomolecular interactions at the surface of the
nanostructures, can be monitored by LSPR peak shift. To sense chemical/biological
species, the nanoparticles are also conjugated with recognition molecules specifically
binding the target analyte and causing a plasmon band shift. The sensitivity is largely
influenced by the particle size and shape. In this respect, AuNRs appear to be very
suitable for plasmon sensing,'"” or biosensing as demonstrated for model biomolecules
like streptavidin/biotin.'*® Other nanostructures, such as silver nanoprisms, also present
high sensitivity and they have been used to sense important biomarkers, e.g. from

. . 121
Alzheimer’s disease.

1.5.2 SERS Sensing and Imaging

Raman spectroscopy is a powerful technique capable to provide rich molecular structure
information. However, the direct application of this technique in sensitive detection and
identification of analyte molecules is restricted by the low efficiency of inelastic photon
scattering by molecules, which leads to a weak signal. As mentioned above, in the
presence of plasmonic nanostructures such as AuNPs, the Raman scattering intensity
from a molecule can be enhanced up to 10'* orders of magnitude.”® Thereby, SERS can
be applied to detect molecules at extremely low concentration, becoming of great

interest not only in analytical chemistry but also in diagnostics.”””®

Two main strategies have been used for SERS detection using metal nanoparticles,
using either label-free or Raman-reporter coated nanoparticles. Using label-free
nanoparticles, the analyte molecules are directly adsorbed onto the nanoparticles and

recognized by their enhanced Raman signal, so that no external label needs to be
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attached to the analyte of interest. For instance, by this approach TNT recognition in 2
pico molar (pM) level has been demonstrated using cysteine modified AuNPs. Due to
the complex between cysteine and TNT, AuNP undergo aggregation leading to hot
spots that enhance the Raman signal of the TNT molecules.'** Zeptomolar detection of
different chemisorbing and non-chemisorbing analytes (biomakers), can be achieved by
sandwiching a drop-cast thin film of the analyte solution between a gold film and a sub-

sequently drop-cast film of gold nanostars.'®

Molecular information about target cells
can also be obtained using this label-free method. For example, head and neck cancer
cells can be differentiated from normal cells by the assembly of immunogold nanorods

12
on the surface of cancer cells.'?

In the approach based on Raman-reporter coated nanoparticles, molecules with large
Raman cross sections are adsorbed or covalently attached to the nanoparticles. These
Raman reporters offer an intense and specific SERS spectrum, which is necessary for
the indirect identification of the target molecule. SERS labeling represents a novel and
attractive tool that shows extraordinary features for bioanalysis and presents many
advantages over other optical probes (e.g. quantum dots (QDs) and organic fluorescent
dyes). These advantages are mainly related to the high sensitivity, the narrow line
widths of the vibrational spectral bands (offering multiplexing capability) and the high
photostability of the SERS labels (also referred to as SERS-tags).” Ideal Raman labels
exhibit the following properties: (i) high Raman scattering cross sections for high signal
levels, (i1) a small number of atoms and high symmetry, leading to a minimal number of
Raman bands for spectral multiplexing, (iii) low or no photobleaching for signal
stability, and (iv) groups with high affinity for metallic surfaces, prone to
chemisorption.'** Common dyes reporters include Indocyanine Green, Crystal Violet,
Methylene Blue, or Rhodamine 6G. “Colorless” molecules have also been used as
Raman reporters, often thiolated molecules such as benzenethiol, mercaptopyridine,

aminothiophenol or 4-mercaptobenzoic acid, among others.

SERS labels can be divided into two large groups. In the first group, the SERS-label
(metal nanoparticle plus reporter) is covered by a protective layer that confers them with
physical robustness, stable signals and immunity to their biological and chemical
environment. The second group comprises SERS-tags, also known as SERS-probes, in
which no protective layer is used and therefore has drawbacks related to the possibility

of leaching of the Raman-molecule as well as the adsorption of interfering molecules.”
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Using this last approach, Mirkin and co-workers demonstrated the multiplexed detection
of oligonucleotide targets with gold nanoparticles labeled with oligonucleotides and
commercially available dyes (Cy3, Cy3.5, Cy5, Rhodamine 6G, tetramethyl rhodamine

and Texas red) in conjunction with subsequent silver staining (Figure 1.6).'%

Figure 1. 6 (a) Raman spectra of six dye-labeled nanoparticle probes after Ag enhancing on a chip. (b)
Six DNA sandwich assays with corresponding target analysis systems. Reproduced with permission from

ref '* Copyright © 2002, American Association for the Advancement of Science.

Notwithstanding, for other practical applications encapsulation of the SERS-probes is
required. The protective shell usually improves colloidal stability, water solubility and
biocompatibility, and provides the functional groups for further bioconjugation.
Different encapsulation strategies include the use of proteins, organic polymers or silica.
For instance, Nie and co-workers used polyethylene glycol (PEG) to protect 60 nm
AuNPs labeled with crystal violated and they showed the first use of SERS tags for in
vivo tumor targeting. When the particles were conjugated to tumor-targeting ligands and
by 785 illumination, they obtained the highest SERS signal at the tumor site.'*® Chen
and co-workers also reported a facile preparation of SERS-tags using an amphiphilic
diblock copolymer, polystyrene block-poly(acrylic acid). The NP surface was coated via
thermodynamically controlled self-assembly.'?” Poly(N-isopropylacrylamide) was used
to prepare dye-encoded gold octahedrons, which were then employed as SERS tags for
the detection and imaging of tumor biomarkers.'*® Bovine serum albumin (BSA) is also

commonly used for surface coating. BSA can absorb on the surface of the metal
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nanoparticles via weak interaction and produce a protective shell. Vo-Dinh ef al. used
BSA-protected NIR SERRS (surface enhanced resonance Raman scattering) probes
made of gold nanostars for quantitative multiplexing in vivo and in vitro.'"” Another
attractive encapsulation method is the silica coating, which provides high mechanical
stability and the option for long-term storage. Natan and co-workers introduced the
concept of silica encapsulation for analyte-tagged nanoparticles.”*® Later on,
Schliicker’s group designed an alternative method to prepared silica-encapsulated SERS
probes that comprised a self-assembled monolayer (SAM) of Raman labels,
demonstrating that SAM leads to higher sensitivity compared to sub-monolayer Raman

131

reporter covering. = Encoded gold nanostars were also encapsulated with silica,

showing notably higher SERS efficiency, as compared to encoded spherical particles.'>

In general, SERS-labels have been widely used for the detection of biomarkers in cancer

133 . 134 1
and other diseases,

cells as well as viral and bacterial microorganisms,'** and also
for in vivo imaging of cells, tissues and organs.”” In this respect, Raman imaging has
emerged as a novel and powerful tool for optical in vivo imaging analysis that offers
several advantages over other imaging methods."”® The proof of principle for SERS
imaging using SERS-labeled primary antibody for target localization in tissue was first

demonstrated by Schliicker et al. in 2006."’

They targeted prostate-specific antigen
(PSA) and after incubation of the prostate tissue sections with antibody-modified Au/Ag
SERS-labeled nanoshells, the characteristic Raman spectra of the SERS tags only for
the PSA (+) epithelium were obtained. Multiplexed in vivo SERS imaging was also

138 The authors demonstrated

demonstrated in mice using labeled silica-coated AuNPs.
the ability of Raman spectroscopy to separate the spectral fingerprints of up to ten
different subcutaneously injected tags (Figure 1.7). In addition, SERS nanotags with
novel NIR Raman reporters were used for in vivo multiplex targeted imaging. The
authors also performed SERS mapping at tumor and liver areas, proving the selective

targeting of positive nanotags in tumor site.'>
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Figure 1. 7 (a) Evaluation of multiplexing 10 different SERS NPs in vivo. Raman map of 10 different
SERS particles injected subcutaneously in a nude mouse. Arbitrary colors have been assigned to each
unique SERS NP batch injected. Panels below depict separate channels associated with each of the
injected SERS NPs. Grayscale bar to the right depicts the Raman intensity, where white represents the
maximum intensity and black represents no intensity. (b and ¢) Demonstration of deep-tissue multiplexed
imaging 24 h after intravenous injection of five unique SERS NP batches simultaneously. (b) Graph
depicting five unique Raman spectra, each associated with its own SERS batch. (¢) Raman image of liver
overlaid on digital photo of mouse, showing accumulation of all five SERS batches accumulating in the
liver after 24 h post injection. Panels below depict separate channels associated with each of the injected

SERS NP batches (ref **).

1.5.3 Two-Photon Photoluminescence Imaging

An outstanding property of plasmonic nanoparticles, especially for non-spherical
morphologies (e.g. nanorods, nanocages, nanoshells, nanostars), is the efficient
plasmon-enhanced two-photon photoluminescence (TPL). TPL has also become as a
powerful technique for cellular imaging. The resonant coupling of the plasmon band
with the incident laser greatly amplifies the nanoparticles TPL as result of the
recombination of electron-hole pairs. Furthermore, non-spherical nanoparticles display
plasmon bands that can be tuned to NIR wavelengths, where biological tissues exhibit
relatively small extinction coefficients, what is preferable for in vivo imaging.'*" The
effective use of AuNRs as high contrast agent for TPL imaging was demonstrated by
labeling cancer cells with anti-EGFR nanorod conjugates, allowing the noninvasive
three-dimensional imaging of a variety of molecular signatures.'*' The TPL contrast of
nanostars functionalized with wheat-germ agglutinin has also been used to image the

nanoparticle uptake in breast cancer cells as well as nanostars circulating in the
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. . 50 . .
vasculature of in vivo models.”” Besides, other plasmonic structures such as Au

% or Au nanoshells,'” have also been exploited as strong TLP contrast

nanocages'’
agents. However, TPL imaging is currently limited by its broad photoluminescence
band. Unlike SERS, which has distinct spectral information capable of multiplex
detection, TLP has only one broad band, which hinders its use for multiplex detection.
Still, this new powerful TLP imaging using multi-photon microscopy, results in high

resolution cellular imaging of plasmonic nanoparticles.

1.5.4 Plasmonic Nanoparticles as Therapeutic Agents

The use of plasmonic nanoparticles as therapeutic actuators has given rise to new
opportunities for alternative treatments. The current trends go beyond the mere use of
plasmonic nanoparticles as diagnostic agents and therapeutic actuators, in the direction
of theranostics,™ i.e. the combination of therapy and diagnostics functionalities in a
single nanostructure. Nanoparticles exhibit passive accumulation at tumor sites, through

a process known as enhanced permeability and retention (EPR),'"

which provides the
possibility to release a drug once the target is reached'*® or to photothermally destroy
cancer cells. Nanoparticles can additionally protect drugs from degradation inside the
body before they actually reach their target, thereby leading to a better control over the
therapeutic timing by means of a slower release.'*’ In addition, particle surfaces can be
functionalized with multiple molecules, acting as useful multifunctional elements,®*'**

with the potential of active targeting.

Photothermal Therapy (PTT)

The use of plasmonic nanoparticles as photoabsorbing agents can enhance the efficiency
of visible and NIR light absorption by several orders of magnitude as compared to
conventional phototherapy agents, with the additional advantage of a high
photostability.' "

Gold nanoparticles are excellent candidates as nanoheaters. The wide variety of
available dimensions and morphologies allow us to optimize the photothermal response,
as the spectral location of the LSPR wavelength depends on the particle dimensions and

14
shape.®'*

Additionally, conjugation chemistry has been largely developed
to functionalize AuNPs with specific biorecognition elements for different kinds of
cancer cells. Whereas the availability of nanomaterials with LSPR in the second NIR
region (1000-1350 nm) is still limited, LSPR tunability from the UV up to the first

transparency window (650-950 nm) has been readily achieved. Therefore, nanoparticle
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morphologies with the optimum LSPR wavelength matching the 808 nm optimum value
for biological applications can be easily selected. Optimal transmission of light in the
first transparency window through the tissue is achieved because of a combination of
low scattering and low energy absorption, providing a maximum penetration of the

radiation and minimizing the autofluorescence.'”"”!

With this in mind, gold nanoshells comprising a silica core and a thin Au shell, were
reported as the first viable plasmonic phototherapy.'”* Their photothermal
response,'>"">* surface modification for specific targeting'>* and potential as theranostic
agents,'> have been extensively investigated. Currently, these particles are under FDA-
trials as AuroLase® Therapy for “Refractory Head and Neck Cancer” and “Primary
and/or Metastatic Lung Tumors”."”® Other shapes, including gold nanocages, have been
designed for different biomedical applications including PTT, with positive results for
the treatment.’"'>” AuNRs have also been demonstrated as effective nanoheaters for
PTT, e.g. anti-EGFR-conjugated NRs are highly efficient toward cancer cell diagnosis

158

and selective PTT. Also TAT-functionalized AuNSs were recently reported to

display efficient photothermolysis using 0.2 W/cm? irradiance, which proved to be an

ultra-effective PTT for prostate cancer treatment.'™

Even if all the different particle geometries have been demonstrated to be effective as
photoactivated nanoheaters, it is still challenging to identify the most efficient particle
size and morphology for selective local heating. Recent studies have allowed comparing
the heating efficiency for particles of different shapes.'®® For example, using quantum
dot (QD) based double-beam fluorescence thermometry, the heating efficiency of five
different geometries (AuNRs, AuNSs with long and short tips, AuNCs and Au
nanoshells) was analyzed, resulting the most efficient heaters the long-tip AuNSs.'®’
Thus, from the point of view of cancer therapeutics, plasmonic nanostructures
presenting strong absorptions can ensure the effective laser therapy, rendering a

minimal invasive treatment and emerging as a new generation of photothermal

agents. Ho
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Drug Delivery

The use of plasmonic nanoparticles for delivering chemotherapeutic drugs, both in vitro
and in vivo, has recently gained much attention. Again, gold nanomaterials can be
considered as ideal nanocarriers, since they can be easily functionalized with targeting
ligands and cytotoxic drugs and deliver the therapeutic cargo to cancer cells, reducing to
the minimum the toxicity of the healthy cells.* The release of the drug from the gold
nanoparticle can be regulated through two different approaches: i) via internal stimuli,
where the physicochemical characteristics of the cellular microenvironment (such as
pH, ions) biologically enables the controlled release, and ii) via external stimuli, which
employs the support of an exogenous process such as increasing the temperature or light
irradiation. Particularly, photo-active drug release using plasmonic nanoparticles has
been widely studied. This case is similar to PTT, yet requiring lower laser power and
shorter irradiation time, but the light-induced plasmonic heating can be exploited to
release the chemical payload.'®

Different strategies have been studied, aiming at efficient binding or encapsulation
followed by selective release with high spatial and temporal resolution. One of them
comprises the functionalization of the NP surface with a molecule that can bind the drug
of interest, so that upon temperature change, a conformational change enables release of
the drug. For example, 4',6-diamidino-2-phenylindole (DAPI) reversibly binds to
double stranded DNA, thereby allowing its release from DNA modified Au nanoshells
upon irradiation at the LSPR wavelength and DNA dehybridization (Figure 1.6a).'®
Another alternative is the use of thermo-responsive polymers, such as poly(N-iso-
propylacrylamide) (pNIPAM) or poly(lactic-co—glycolic acid) (PLGA),'** where the
application of light can cause rapid shrinkage of the hydrogels and released the drug
(Figure 1.6b). For example, Xia and co-workers used AuNCs coated with pNIPAM to
modulate drug release at temperatures slightly above the lower critical solution
temperature (LCST) of the polymer (32 °C).'® Other approaches include the use of
polyelectrolyte multilayers, which are loaded with a drug in the inner cavity and contain

166 as well as the use of

plasmonic nanoparticles at the multilayer wall (Figure 1. 6c¢),
liposomes that contain hydrophobic particles embedded at the lipid bilayer (Figure 1.
6d) or hydrophilic particles encapsulated inside the cavity.'®’ In all cases, the release of

the drug can be induced upon irradiation under NIR light.
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Figure 1. 8 Examples of different nanocarriers and drug release mechanisms: (a) a plasmonic
nanoparticle is functionalized with double stranded DNA chains that can bind a drug. Upon irradiation,
the temperature increases, DNA dehybridizes and the drug is released. (b) A plasmonic nanoparticle is
modified with a smart polymer that shrinks upon a temperature increase, inducing the release of the drug.
(¢) Polyelectrolyte multilayer capsules loaded with a drug in the inner cavity and plasmonic nanoparticles
at the wall, which induce the release of the drug once they are irradiated under NIR light. (d) Liposomes
with Au NPs embedded in the bilayer with encapsulated drug, so that optical energy converts into

localized heat, inducing a phase transition of the liposome and drug release.

In general, the load of gold nanoparticles with drugs, or other cargos such as genes,
prevents the degradation of the drug prior to reaching the target, thereby minimizing
premature releasing in the circulating system and enhancing the efficiency of the drug.
Although this field is still in its early days, these new nanovehicles have the potential to

produce ultimate and useful therapeutic benefits.'®*
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CHAPTER 2

Stabilization and Encapsulation of Gold

Nanostars Mediated by Dithiols

ABSTRACT

Surface chemistry plays a pivotal role in regulating the morphology of
nanoparticles, maintaining colloidal stability and mediating the interaction with
target analytes towards practical applications such as surface enhanced Raman
scattering (SERS)-based sensing and imaging. We report the use of a binary ligand
mixture composed of 1,4-benzenedithiol (BDT) and hexadecyltrimethylammonium
chloride (CTAC), to provide gold nanostars with long-term stability. This is despite
of BDT being a bifunctional ligand, which usually leads to bridging and loss of
colloidal stability. We found however that neither BDT nor CTAC alone are able to
provide sufficient colloidal and chemical stability. BDT-coated Au nanostars were
additionally used as seeds to direct the encapsulation with a gold outer shell,
leading to the formation of unusual gold nanostructures. Furthermore, BDT was
exploited as a probe to reveal the enhanced local electric fields in the different
nanostructures, showing that semishell configurations provide significantly high
SERS signals as compared to other core-shell configurations obtained during

seeded growth.
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2.1 Introduction

Among a variety of possible nanoparticle morphologies, colloidal gold nanostars have
been pinpointed as highly efficient SERS substrates due to their mentioned tunable
LSPR and nanoantenna effects by controlling core size, along with tip length and
sharpness. *¢8¢-104168169 Aymono the reported syntheses of AuNSs, surfactant-free AuNSs
are of high interest. The bare surfaces are more suitable for surface functionalization
and effective analyte chemisorption (usually hindered when using PVP or CTAB
capped AuNSs'”) and therefore higher SERS signal can be ensured. Additionally,
toxicity issues derived from the surfactant are also avoided.'’"'’? However, these
AuNSs typically display poor stability, resulting in changes of the morphology of the
nanoparticles (reshaping) and corresponding LSPR blueshifts, which has also been

reported for other nanostructures with sharp ‘[ips.m’174

In the absence of capping
molecules, colloidal stability is also compromised, as van der Waals attractions become
dominant, eventually leading to particle aggregation. These observations clearly
indicate that the surface properties of AuNSs play a critical role on the colloidal and

chemical stability, which is crucial for SERS-relevant applications.'”

Various strategies have been developed to functionalize the AuNS surface, mediating
the interaction of the nanoparticles with target analytes towards practical SERS
applications. For instance, the introduction of capping molecules like polymer

129,176

stabilizers,46 thiolated PEG,50 surfactants, and proteins such as bovine serum

. 12 . . . 132,1
albumin,'”’ as well as protective inorganic shells,**'"”’

were used to improve colloidal
stability prior to eventual application. A conceptually different strategy concerns the use
of reduced-graphene oxide (rGO) as support, with no need for additional polymer
stabilizer or surfactant during AuNS synthesis.'”® Alternatively, an additional metal
layer directly coated on the AuNS surface has been recently employed to develop stable
SERS probes. Additional NS-templated silver overgrowth produces hybrid particles and
enables stronger SERS signal upon adsorption of Raman tags on the outer surface.'’®
However, few attempts have been directed toward incorporating the Raman tag between
metal layers within the same particle, so as to generate plasmonic hotspots for the

development of highly efficient SERS probes.'”'*
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We herein propose the use of 1,4-benzenedithiol (BDT) together with
hexadecyltrimethylammonium chloride (CTAC), with the aim of stabilizing AuNSs by
avoiding both reshaping and aggregation, as well as directing the seeded growth of a
gold shell around BDT-primed AuNS seeds, which may incorporate intrinsic hot spots.
Electron tomography, SERS and UV-Vis spectroscopy show that various exotic
nanostructures were obtained, all of them containing embedded BDT Raman tags.
Interestingly, we find that semishell-coated nanostars display significantly enhanced

SERS, as compared to other coated nanostructures and to nanostars with no coating

shell.

2.2 Experimental Section

Materials

Hydrogen tetrachloroaurate (III) trihydrate (HAuCls-3H,O, > 99.9%), silver nitrate
(AgNOs3, > 99.0%), L-ascorbic acid (AA, > 99%), sodium citrate tribasic dihydrate
(>98%), 1,4-benzenedithiol (BDT), hexadecyltrimethylammonium chloride (CTAC), O-
[2-(3-Mercaptopropionylamino)ethyl]-O -methylpolyethylene glycol (PEG-SH, 5000
Mw), 4-mercaptobenzoic acid (MBA), 4-aminothiophenol (ATP) and bis(p-
sulfonatophenyl) phenylphosphine dihydrate dipotassium salt (BSPP), were all
purchased from Sigma-Aldrich. Hydrochloric acid solution (37 wt%) was purchased

from Panreac. Milli-Q water (18.2 MQ-cm) was used in all experiments

Synthesis of gold nanostars and incubation with different capping agents

AuNSs were prepared by a modified seed-mediated growth method.”” Briefly, the seed
solution was prepared by adding 5 mL of 1% citrate solution to 95 mL of boiling 0.5
mM HAuCly solution under vigorous stirring. After 15 min of boiling, the solution was
cooled down to room temperature and then kept at 4 °C for long-term storage. The as-
synthesized Au nanoparticle seeds had an average size of 14.8£1.5 nm, with an LSPR
maximum at 519 nm. For gold nanostar synthesis, different amounts of the citrate-
stabilized seed solution (final [Au0] = 0.05 mM for small AuNSs with core/overall size
ratio of 23nm/39nm, and 5 uM for larger AuNSs with core/overall size ratio of
55nm/98nm) were added to 10 mL of HAuCly (0.25 mM) solution containing 10 pL of

HCI (1.0 M) in a 20 mL glass vial at room temperature under moderate stirring.
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Quickly, 100 puL of AgNO; (3 mM) and 50 pL of AA (100 mM) were added
simultaneously to the above solution. The solution rapidly turns from light red to blue or
greenish-black, depending on the final concentration of Au’. Specifically, 1 mL and 100
uL of gold nanoparticle seeds were added to the growth solution to obtain the small and
the large AuNSs, respectively. Immediately after synthesis, equal amounts of AuNSs
solution were transferred to different capping molecule solutions: BDT (10 uM), CTAC
(1 mM), mixture of BDT (10 uM) and CTAC (1 mM), ATP (10 uM), MBA (10 uM),
PEG-SH (10 uM), and BSPP (10 mM), and incubated for 30 minutes. Afterwards, all
sample solutions together with a control sample (AuNSs without capping molecule
incubation) were centrifuged twice, washed to remove the supernatant and redispersed
in CTAC solution (5 mM for BDT, CTAC, (BDT+CTAC), MBA, and ATP) and water
(PEG-SH, BSPP and bare). Corresponding UV-Vis spectra were obtained after washing.
Kinetic studies were performed by monitoring the UV-Vis spectra of freshly prepared
AuNSs (~23 nm core size), incubated with different capping molecules for different

times ranging from ~1 min to 24 h, immediately after synthesis and without washing.

Gold shell growth using AuNS-BDT as seeds

The as-prepared AuNS modified by the BDT+CTAC binary mixture were used as seeds
for gold shell growth. Typically, a growth solution containing CTAC (310 pL, 0.1 M),
HAuCly, and AA (20 pL, 1.0 M) was first prepared to obtain a transparent solution.
Afterwards, Au NS-BDT seed solution ([Au’] = 0.48 mM) was added to the growth
solution under vigorous mixing. The reaction solutions were left undisturbed overnight
and then the product was washed twice by centrifugation and redispersion in CTAC
solution (5 mM). The morphology of the nanostructures obtained by seeded growth was

tuned by changing the R value (R = [Au’]/ [Au"]) during the synthesis.

Instrumentation and characterization

UV-Vis spectroscopy (Agilent UV-Visible, ChemStation) was used to collect extinction
spectra of colloidal solutions in 1 mm quartz cuvettes or 10 mm plastic cuvettes (kinetic
studies). Conventional transmission electron microscopy (TEM) images were obtained
using a JEOL JEM-2010 operating at 120 kV. Tilt series for electron tomography were
acquired using a FEI Tecnai G2 electron microscope operated at 200 kV, in
combination with a Fischione 2020 single tilt holder. Projection images were collected
over an angular range of +£74° with 3° tilt increments. The tilt series were aligned using

the FEI INSPECT 3D software and subsequently reconstructed via the simultaneously
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iterative reconstruction technique (SIRT) implemented in the ASTRA tomography
toolbox. High resolution high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) micrographs were acquired using a double corrected
Titan 50-80 microscope operated at 300 kV. A Raman-IR microscope (Renishaw in Via
Raman spectrometer) was used for solution SERS studies under 785 nm laser excitation,
using ethanol as the calibration sample. Glass vials (Thermo Scientific, National C4015-
96, 1 mL clear sepcap vials, 8 X 40 mm) were used for all solution Raman

measurements.

2.3 Results and Discussion

2.3.1 Morphological and Colloidal Stability of Gold Nanostars

Surfactant-free AuNSs were prepared following a seeded-growth protocol reported by
Vo-Dinh and co-workers using citrate-coated spheres as seeds.”® The stability of the as-
synthesized colloidal system was studied by comparing the effect of different capping
molecules on the optical and morphological features of the particles. Figure 2.1 shows
the UV-Vis spectra of AuNS (~23 nm core size) after incubation (30 min) with different
capping molecules, including cetyltrimethylammonium chloride (CTAC), 1,4-
benzenedithiol (BDT), and a CTAC/BDT mixture. The first observation from this graph
is that uncapped AuNSs undergo rapid transformation as indicated by a strong blueshift
of the LSPR band, which was confirmed by TEM analysis showing that aged particles
feature rounded tips (Figure 2.1b). A similar effect (though not so pronounced) was
found for AuNSs that were incubated with CTAC (LSPR maximum ~660 nm), whereas
BDT leads to a broadened LSPR band centered around 830 nm, indicating aggregation
that was confirmed by visual observation (see photograph in the inset of Figure 2.1a).
In contrast, upon incubation with a BDT/CTAC mixture, the width of the LSPR band
was preserved, which is in agreement with TEM observation of sharp nanostar spikes

(Figure 2. 1b).
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Figure 2. 1 (a) UV-Vis spectra of gold nanostars (~23 nm core size) after incubation with different
capping molecules (CTAC, BDT, and BDT/CTAC mixture) and control samples (Bare: without capping
but similar processing; Fresh: spectrum recorded ~40 seconds after the growth reaction without washing).
Inset: Photographs taken 3 hours after vortex shaking and gentle sonication of the corresponding colloids.

(b) TEM images of gold nanostars in the presence and in the absence of the BDT/CTAC mixture.

Comparison with other common capping ligands such as thiolated polyethylene glycol
(PEG-SH, O-[2-(3-Mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol), 4-
aminothiophenol (ATP), 4-mercaptobenzoic acid (MBA), and bis(p-sulfonatophenyl)
phenylphosphine dihydrate dipotassium salt (BSPP) (Figure 2.2) resulted in significant
blue shifts and reshaping for all of these ligands.
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Figure 2. 2 UV-Vis spectra of freshly prepared Au nanostars (~23 nm core size) after incubation with
different capping molecules followed by washing (bare, CTAC, PEG-SH, ATP, MBA, BSPP, a mixture
of BDT and CTAC, BDT only).

The evolution of the different samples was monitored by UV-Vis spectroscopy (Figure
2.3), which confirms that, whereas the LSPR band of the colloid comprising bare gold
nanostars rapidly blueshifts, along with a decrease in extinction intensity and a dramatic
change after 24 hours, introduction of CTAC slows down the blue shift rate. When a
mixture of BDT and CTAC was added, the blue shift of the LSPR band was
immediately quenched and the LSPR peak intensity was maintained. Such a significant
improvement of AuNSs stability upon addition of a thiolated molecule is likely due to
the formation of Au—S bonds that limit the mobility of Au surface atoms, as recently
reported for mercaptopropionic acid.”® Note that, as compared with monothiolated
molecules (e.g. ATP and MBA, Figure 2.2), the dithiolated BDT was found to provide
the longest LSPR stability, possibly because of the higher probability of Au-thiol
interaction. We postulate that the role of CTAC is the effective stabilization of the
colloidal system, since AuNSs capped with CTAC only display a narrow LSPR band
(no aggregation) but significantly blue-shifted because of reshaping (Figure 2.1). This
synergistic effect combining the higher stability provided by the thiolated ligand and the
surfactant was observed not only for gold nanostars, but also for gold nanospheres,'®’
arrowhead gold nanorods (polypeptide-SH and CTAB),'™
SH and CTAB).'® The stability of BDT-modified AuNSs in CTAC is in fact surprising,

or standard nanorods (PEG-

given that usually disulfide ligands are likely to promote bridging of Au NPs into
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aggregates. In this case the presence of CTAC screens the potential binding of BDT
with AuNSs, and ultimately endows significant colloidal stability to the system. We
thus conclude that, the binary mixture comprising BDT and CTAC shows an excellent

capability to stabilize the freshly prepared gold nanostars.
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Figure 2. 3 Kinetic study of AuNS incubated with different capping molecules. UV-Vis spectra of freshly
prepared AuNS (~23 nm core size) after introducing capping molecules from 1 min to 24 h: a) bare

AuNS, b) AuNS with a BDT/CTAC mixture, ¢) AuNS with BDT only, d) AuNS with CTAC only.

2.3.2 Encapsulation via Seeded Growth

BDT-modified gold nanostars were used as seeds to direct further encapsulation within
gold shells, considering that the strong binding between thiol groups and reduced gold
atoms should affect the shell growth mode. Indeed, we found that standard seeded
growth did not occur, but instead a series of exotic gold nanostructures were obtained
with distinct LSPR features (Figure 2.4), by simply tuning the concentration ratio
(R=[Au”"/[Au’]). Chemical reduction by ascorbic acid (AA) of increasing amounts of
HAuCly on the capped AuNS led to a gradual decrease of the intensity of the band
corresponding to the LSPR tip mode (~785 nm), while a higher energy band near the
core mode emerged and progressively redshifted and increased in intensity. More
specifically, for R values higher than 4.8, the tip band was completely damped, with a

dominant band centered at 560 nm. The corresponding TEM images in Figure 2.4b
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indicate that for increasing R values the gold nanostars get gradually encapsulated
within an external gold shell. For R = 4.8 a small number of spikes are exposed outside
of the shell and when the R value increases up to 19.1, the gold nanostars seem to be
fully covered by the shells (Figure 2.4b). The morphological evolution can thus explain
the changes in the UV-Vis spectra, which were also observed when using larger AuNSs
as seeds (core size ~55 nm) (Figure 2.5), both regarding morphological and optical
changes. In this case however, at small R values satellite nanostructures (big nanostar
decorated with multiple gold spheres) were dominant, in contrast to the core-shell
geometry obtained using small nanostars as seeds. For large R values however, similar

core-shell configurations were obtained for larger nanostars.

Figure 2. 4 (a) UV—Vis extinction spectra of Au nanostars (~23 nm core size) during BDT-mediated
seeded growth at different R values (R = [Au’")/[Au’] = 0, 0.6, 1.2, 2.4, 4.8, 9.6, 19.1). The inset is a
schematic illustration of the expected seeded growth, where CTAC and AA act as surfactant and reducing
agent, respectively. (b) TEM images of representative Au nanostructures formed by reduction at different

R values.
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Figure 2. 5 (a) UV—Vis extinction spectra of Au nanostars (~55 nm core size) via BDT-mediated shell
growth at different R values (R =0, 0.6, 1.2, 2.4, 4.9, 9.7, and 19.5). The inset shows TEM images of
AuNS-BDT seeds. (b) TEM images of coated AuNS at different R values.

HAADF-STEM tomography analysis was additionally carried out to reveal the three-
dimensional morphology of the coated particles, aiming to discern potential internal
gaps and connecting bridges between the nanostar seed and the shell. Note the intensity
of HAADF-STEM images scales with the square of the atomic number of the elements
present in the particle and with the sample thickness. Hence, the internal gaps within the
particle decrease the intensity level in these regions of the HAADF-STEM images and
therefore can be clearly recognized. For consistency, six different nanoparticles were
investigated using HAADF-STEM tomography. A representative visualization of a 3D
reconstruction and a 2D slice through it are depicted in Figure 2.6. The 3D
visualization displays the internal gaps as bubble-like regions highlighted with an arrow
(Figure 2.6a). The internal gaps can also be clearly observed in the 2D slice image,
corresponding to dark regions between the seed and shell (Figure 2.6b), while the same
image also shows the presence of linking bridges between the nanostar seed and the
shell. An estimate of the internal gap distances from electron tomography images
yielded an average value of 4.5 nm, though obviously narrower gaps are also present at
some areas. Incidentally, electron tomography confirmed that the seed was not located
at the center of the encapsulated shell but rather at the edge. This observation indicates

that the shell growth started from one or more of the AuNS tips and then
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asymmetrically continued, gradually surrounding the seed. This model is consistent
with the autocatalytic nature of seeded growth as well as with the electron tomography
images obtained for NS-seeded nanostructures at different growth stages (R values),

which include dimer, semishell and full shell morphologies (Figure 2.7).

Figure 2. 6 (a) 3D rendering of an electron tomography reconstruction for a semishell covered Au
nanostar (~23 nm core size, R = 9.6). The gaps between the nanostar seed and the semishell can be clearly
identified (example indicated by an arrow). (b) A slice through the reconstruction reveals both the

connections (highlighted with a dashed circle) and gaps between seed and shell.

Figure 2. 7 3D rendering of electron tomography reconstructions of core-shell gold nanostars with
increasing R values: (a) AuNS-sphere dimer (R = 4.8), (b) semishell-coated AuNS (R = 9.6), (¢)
encapsulated AuNS (R =19.1).

Further information regarding the growth pathway of the shell on AuNS is provided by
the crystalline structure, which was investigated for selected particles by means of high
resolution HAADF-STEM imaging at atomic resolution. High resolution images and
their corresponding fast Fourier transform (FFT) spot patterns obtained from 6 different

positions on a semishell-coated Au nanostar (Figure 2.8) revealed that the crystalline

39



CHAPTER 2 — STABILIZATION AND ENCAPSULATION MEDIATED BY DITHIOLS

orientations are not identical, meaning that the particle was tilted to a different zone axis
for each of the high resolution images. This observation indicates that the growth of the
shell may start from more than one spot on the original AuNS (likely several tips). It
should however be noted that overlapping regions between parts of the seed and shell
make it difficult to precisely determine where on the seed the shell growth started.
Compared with previous work on core-shell particles with internal gaps mediated by

: 179,184,18 18 181,1
ligands, such as DNA,'”*"®®pJock copolymers'™ or other small molecules,'®"'* w

e
show for the first time this type of seeded growth at atomic resolution and in 3D, which

helps us to better understand this unusual growth mode.
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Figure 2. 8 (a) HAADF-STEM image providing an overview of a semishell-coated Au nanostar and (b-
g) high-resolution HAADF-STEM images collected from several regions highlighted in (a). The
corresponding FFT patterns of the high-resolution HAADF-STEM images are displayed in the insets.
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2.3.3 Surface-enhanced Raman Scattering (SERS)

One of the attractive features of this intriguing morphology is the presence of internal
gaps, which are likely to display enhanced electric fields, therefore acting as intrinsic
hot spots for SERS.'®® Since BDT has a reasonably high Raman scattering cross section
and it should be located precisely at the gaps between the AuNS core and the outer
shell, it is suitable as an internal standard to test the efficiency of such intrinsic hot
spots. SERS spectra from stable colloids (785 nm excitation wavelength) were collected
at constant BDT-modified AuNS concentration (based on particle number). Comparison
of the CH bending mode (1072 cm™) SERS intensity after background subtraction
showed a gradual increase up to an R value of 9.6, which yields a four-fold higher
intensity as compared to the bare gold nanostar seeds (R = 0), even though the LSPR
band of the seeds is in resonance with the laser excitation (785nm) (Figure 2.9). A
decrease in SERS intensity was however observed for R values above 9.6. Interestingly,
the maximum SERS intensity does not correspond to fully coated AuNS, even though
the largest number molecular nanogaps between the core and the shell should be
available. This discrepancy may be due to damping of light transmission through the
outer shell or to additional contributions to E-field enhancement in anisotropic
morphologies such as partly coated AuNSs. It thus appears that the morphology
yielding the highest SERS intensity is the semishell-coated nanostar, which was also
found for larger coated AuNSs (~55 nm core size) (Figure 2.10). Nanostructures
comprising sharp tips generate intense electric near field by concentrating light onto the
tips (‘nanoanntena effect’), leading to a significant SERS enhancement.'®*'*7'® In the
case of semishell-coated AuNS, the semishell may direct the light toward the exposed

core tips, further contributing to the overall near field enhancement.

42



CHAPTER 2 — STABILIZATION AND ENCAPSULATION MEDIATED BY DITHIOLS

a) b) 1078
~12K 1 R -@-Raman Intensity
:i 3 ":‘12K =[J=Raman Shift
= — o § - —
© 2K . ° =
e w m E
g = | — 11076 S
= 8K (£ 4| :SK\ o =
g @ 8K} U =
g | s | Y o| 3
S| e EaE | = | P L
c 4K} S 4K _/ \ 0 ©
@ © s
e |‘ = . D_D/
o l < 11072
(a4 , ' o
0K E el Dl & e ...LJ uy KW 2 1 1 2 1
600 900 1200 1500 0 4 8 12 16 20
Raman Shift (cm™) R=[Au"]/[Au"]

Figure 2. 9 (a) SERS spectra of BDT located within coated Au nanostars, synthesized at different R
values (R = 0.0, 0.6, 1.2,2.4, 4.8, 9.6, 19.1). All samples have the same concentration of BDT-modified
AuNS seeds. (b) SERS intensity and position of BDT CH bending mode at different R values

(background was subtracted).
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Figure 2. 10 (a) SERS spectra of BDT interfacing AuNS (~55 nm core size) synthesized at different R
values (R = 0.0, 0.6, 1.2, 2.4, 4.9, 9.7, and 19.5). All samples have the same concentration of BDT-
modified Au nanostars seeds. (b) Raman peak intensity and position of BDT (CH bending mode) at
different R values at different stages of gold shell growth, after background subtraction.

Apart from intensity differences, the Raman shift of the CH bending mode peak (~1072
cm™) shows differences of ~4 cm™ for growing shells up to R = 4.8, then shifting back
to higher wavenumbers, as shown in Figure 2.9b. A similar behavior was observed for
the phenyl ring stretching mode, where the peak at ~1572 cm™ for AuNS seeds (R = 0)
shifts to ~1563 cm™ when the SERS intensity is close to the maximum value, then

shifting back to 1573 cm™ for fully encapsulated AuNS (R = 19.1) (Figure 2.11a). A
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similar trend was observed for the larger AuNS (~55 nm core size) (Figure 2.11b). The
variation in Raman scattering frequency likely reflects the change of local environment
around the BDT molecules interfacing different gold nanostructures. In a related

report,189

the orientation of 1,4-BDT relative to a gold surface was shown to affect the
position of the phenyl ring stretching mode in the SERS spectrum, with lower
wavenumbers for flat as compared to perpendicular orientation, due to different gold
surface-ring m-orbital interactions. In our system, the growth of gold shells may
generate a compression force that changes the BDT orientation from perpendicular to
parallel relative to the gold seed surface, resulting in a shift of the Raman band (phenyl
ring stretching mode) toward lower wavenumbers as the shell growth progresses.
However, further growth of the gold shell would result in the uncovered BDT layer
becoming more rigid and hard to bend or change the original orientation. Accordingly,
BDT perpendicular orientation, even after full shell growth, plays a major effect on the
Raman peak (phenyl ring stretching mode) and shifts back to higher wavenumbers.
These data show that these particles comprising Raman tags interfacing gold

nanostructures can probe the local E-field enhancement, as well as local environment

changes.
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Figure 2. 11 SERS band of the phenyl ring stretching mode (~1570 cm™) at different stages of AuNS-
BDT encapsulation: (a) encapsulation of AuNS (~23 nm core size) at different R values (R =0, 0.6, 1.2,
2.4,4.8,9.6, and 19.1). (b) encapsulation of AuNS (~55 nm core size) at different R values (R = 0, 0.6,
1.2,2.4,4.9,9.7, and 19.5). BGD means background signal. All samples have the same concentration of
BDT-modified AuNS seeds.
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2.4 Conclusions

In summary, we report a new strategy that combines an aromatic dithiol (BDT) and a
surfactant (CTAC) to stabilize and encapsulate surfactant-free gold nanostars, even
though the individual components cannot perform a comparable stabilizing effect.
Seeded growth in the presence of BDT leads to a series of exotic nanostructures, in
which internal gaps are consistently present, as confirmed by electron tomography.
Optical characterization showed that semishell-coated nanostars show significant SERS
intensity as compared to other geometries obtained along the seeded growth process.
The roles of bifunctional ligand and surfactant in the gold nanostar-seeded growth are
thus: 1) protecting the initial gold nanostars from reshaping and aggregation, 2)
directing Au shell growth around the core, and 3) generating significantly enhanced
SERS activity. Additionally, partially encapsulated nanostars display a Janus nature,
with bare gold on one side and a thiol-modified surface on the other, which could be
further modified with different functional groups/additional Raman active molecules,
thus showing promise as functional SERS-coded probes for various applications such as

sensing or imaging.
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CHAPTER 3

Hydrophobic Plasmonic Nanoparticles:
Stability and Self-Assembly into SERS-
Active Monolayers

ABSTRACT

We present a general route for the transfer of Au and Ag nanoparticles of different
shapes and sizes, from water into various organic solvents. Optimization of the
experimental conditions for each type of nanoparticles is based on a combination of
thiolated polyethylene glycol and a stabilizing agent for organic media such as
dodecanethiol (DDT). The functionalized nanoparticles were effectively transferred
into organic dispersions with long-term stability (months). Taking advantage of the
excellent spreading of such organic dispersions on water, self-assembly of all
nanoparticle types was achieved at the air/liquid interface, leading to extended
nanoparticle arrays that could be in turn transferred onto solid substrates. The
nanoparticle close packing achieved with this method provides extensive plasmon
coupling, rendering these nanoparticle assemblies efficient substrates for surface-

enhanced Raman scattering spectroscopy.
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3.1 Introduction

Phase transfer of metallic nanoparticles represents a key aspect in the development of
nanoscience and nanotechnology, since many specific applications require the transfer
of the as-synthesized nanoparticles from polar to non-polar solvents, or vice versa.®” A
wide range of methods have been developed for the preparation of (mainly) water-based
dispersions of noble metal nanoparticles (NPs) with well-defined morphologies and

19,52

uniform sizes. In particular, the synthesis of anisotropic nanoparticles is usually

carried out in water, and their dispersion in organic solvents represents an important

190,191

strategy to improve their processing into self-assembled nanostructures or to

successfully coat them with amphiphilic polymers.'** Since previously reported phase-
transfer methods are strongly limited to small particle dimensions (< 25 nm),'”>'*
additional efforts are required for larger and/or anisotropic nanoparticles. Thus,
akylamines were used to transfer Au and Ag nanoparticles with sizes up to 100 nm,
octadecylamine being the most efficient one.'”® Tailor made ligands such as bidentated
thiols'” have also been designed to achieved this goal, as well as polymers such as
thiolated polystyrene,'”® but the large amount of polymer required significantly hinders
further application of the nanoparticles. PEGylation has also been employed to transfer

199 6r mechanical

large gold nanoparticles and nanorods, but either a common solvent
forces®® are needed for a successful transfer. Recently, a method that combines PEG-
SH and dodecylamine has been reported'®* for the transfer of gold nanoparticles up to
60 nm, including CTAB-capped gold nanorods and silver nanoprims, which can be
subsequently coated with an amphiphilic polymer, but this phase transfer process has

been reported to be rather time consuming.

We propose a simple and rapid procedure based on a combination of commercially
available PEG-SH and 1-dodecanethiol (DDT), as a general method to transfer gold
nanostars of different sizes from aqueous dispersion into chloroform. In order to
demonstrate the versatility of the method developed here, other nanoparticles such as
gold and silver spheres as well as gold rods were studied. Due to the strong affinity of
thiol groups to metal particle surfaces, complete transfer can be completed in a very
short time and long-term stability is readily obtained. Although the combined use of
PEG-SH and DDT readily leads to transfer of the nanoparticles, when DDT alone was
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used aggregation occurred, meaning that pre-stabilization with PEG-SH is a critical step
to preserve the stability of large NPs, avoiding aggregation during phase transfer, which
has been previously reported.'**?*! DDT was selected as an efficient stabilizer in non-
polar solvents because the long aliphatic chain provides hydrophobic interactions
between particles (steric repulsion). Notwithstanding, complete phase transfer from
water can be achieved by means of other hydrophobic thiols that are soluble in
chloroform, leading to dispersions that remain unaltered for several months, can be
dried and redispersed in different solvents. Hydrophobic coatings are effective
mediators for inducing the self-assembly of metal nanoparticles. Therefore, the phase
transfer method presented here allows obtaining stable hydrophobic plasmonic NPs that
can be redispersed in ethanol/hexane mixtures and effectively assembled at the liquid-
air interface. Extended compact monolayers have been fabricated and easily transferred
onto solid substrates that can be directly applied as plasmonic substrates for optical
sensing applications. In particular, the obtained monolayers were used as SERS
substrates with great potential toward ultra-sensitive (and selective) molecular

. 93.103,202-206
detection.””

These novel substrates offer advantages such as high
reproducibility, robustness, and reliable signal generation. Because different particle
sizes, shapes and materials can be used, a high flexibility is achieved in the design of

substrates that can be tailored for specific applications.

3.2 Experimental Section

Materials

Milli-Q water (resistivity = 18.2 MQ-cm) was used in all experiments. Hydrogen
tetrachloroaurate trihydrate (HAuCly-3H,0, >99.9%), sodium citrate tribasic dihydrate
(>98%), hexadecyltrimethylammonium bromide (CTAB, >99%), 5-bromosalicylic acid
(90%), silver nitrate (AgNO3, >99%), L-ascorbic acid (AA, >99%), tannic acid, 1-
dodecanethiol  (DDT, >98%), O-[2-(3-mercaptopropionylamino)  ethyl]-O’-
methylpolyethylene glycol (PEG-SH, MW 5,000 g/mol), 4-mercaptobenzoic acid
(MBA, 90%), poly(isobutylene-alt-maleic anhydride), (average Mw ~6,000 g/mol),
dodecylamine (98%) and chloroform (CHCI;, >99.8%) were purchased from Sigma-
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Aldrich. Hydrochloric acid solution (37%) was purchased from Panreac. All glassware

was washed with aqua regia, rinsed 3-fold with Milli-Q water and dried before use.

Synthesis of Nanoparticles

Gold nanoparticle seed solution (Au seed) comprised an aqueous colloid (av. diameter
13+£3 nm) that was prepared by adding 5 mL of 1wt% sodium citrate solution to 95 mL
of boiling 0.5 mM HAuCl, under vigorous stirring. After 15 min of boiling, the solution
was cooled down to room temperature and then stored at 4 °C for long-term storage.
Spherical gold nanoparticles (AuNPs) with average diameters of 30+4 nm (Au 30),
50£5 nm (Au 50) and 100+£10 nm (Au 100) were synthesized according to a previously
reported seeded growth method.”” As-synthesized AuNPs featured LSPR bands
centered at 521, 530 and 555 nm, respectively, and they were used without further
purification. AuNPs of 20448 nm with LSPR peaks at 567 nm (dipole) and ~796 nm
(quadrupole) were purchased from BBI solutions and washed using several
centrifugation steps (870 g; 10 min) before use.

Gold nanostars (AuNSs) of different sizes were synthesized by a modified seed-
mediated growth method.”® Different amounts of citrate-stabilized gold nanoparticle
seed solution were added to 10 mL of 0.25 mM HAuCly containing 10 pL of 1.0 M HCl
in a 20 mL glass vial at room temperature, under moderate stirring. Quickly, 100 puL of
AgNO; (3 mM) and 50 pL of ascorbic acid (100 mM) were simultaneously added to the
above solution, which rapidly turned from light red to blue or greenish-black, depending
on the added amount of Au’. Specifically, 1 mL, 500 pL and 100 pL of gold
nanoparticle seeds were added to obtain small (sAuNS), middle (mAuNS) and big gold
nanostars (bAuNS) with LSPR bands at 725, 770 and 884 nm and core/overall sizes of
2342 / 3444 nm, 3543 / 63+£7 nm and 56+4 / 98+7 nm, respectively. Immediately after
growth, the solutions were stirred with PEG-SH (see PEG-SH concentrations in Table
3.1) for 15 min, washed by centrifugation at 1190 g, 25 min, 10 °C and redispersed in

water.

Single-crystalline gold nanorods (AuNRs) (61£5 nm length; 1542 nm width) were
synthesized through a seed-mediated method involving the prereduction of HAuCly
with salicylic acid.’’** Nanorods with an absorbance maximum at 735 nm were

obtained within 4 h after seed addition. The AuNRs were then washed by centrifugation
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(4760 g, 40 min, 29 °C), and the pellet was redispersed in 0.05 M CTAB to remove

excess reactants.

Silver nanoparticles (AgNPs) with average diameters of 2846 nm (Ag 30), 51£8 nm
(Ag 50) and 94+12 nm (Ag 100) were synthesized as reported.*”” The prepared AgNPs
displayed LSPR bands centered at 420, 439 and 487 nm. The nanoparticle solutions
were centrifuged after synthesis (7870 g, 20 °C, 40 min for Ag 30 Ag 50; 20 min for Ag

100) to remove the excess of tannic acid used in the synthesis.

Phase Transfer

Gold and silver nanoparticles of different shapes and sizes were transferred from water
to chloroform. The aqueous nanoparticle colloids were first stabilized with a suitable
amount of PEG-SH, calculated to be between 0.6 and 1.4 molecules per nm? depending
of each type of particle (Table 1). AuNPs and AuNSs were PEGylated directly without
purification from the synthesis, whereas AuNRs and AgNPs were washed twice by
centrifugation (4760 g, 40 min, 29 °C) and redispersed in water to remove excess
CTAB. Subsequently, a DDT solution (adjusted between 113 and 204 molecules per
nm’ to each NP) in CHCI; was added to the aqueous phase containing the NPs. Phase
transfer occurred upon vigorous stirring for periods between 15 min and 1 hour for
different nanoparticles. The transfer was assisted by addition of 20 - 40 pL HCI conc. to
5 mL of NPs solution (see Table 1) for AuNPs, AuNRs and AgNPs."”” Upon transfer
into CHCIs, the organosols were purified by centrifugation and washing to remove
excess of free DDT. Precipitation was facilitated by adding ethanol to the chloroform
solution (1:5) and centrifugation conditions were optimized for each particle type

(Table 3.1). For stability studies and further use, all samples were stored at 4 °C.
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PEG-SH

Molecules of DDT  Centrifugation after
Nanoparticle [NP] /M molecules )

) per nm phase transfer
per nm

Au seeds 48107 0.8 148 3900 g; 30 min; 20°C
Au 30 9.5-107"° 0.6 150 2430 g; 15 min; 20°C
Au 50 2.0-1071° 0.6 155 1550 g; 15 min; 20°C
Au 100 2.0-107 0.6 165 600 g; 15 min; 20°C
Au 200 6.2:10" 1.4 125 470 g; 10 min; 20°C
Ag 30 7.8-107! 0.9 113 1550 g; 15 min; 20°C
Ag 50 2.5-101 1.0 130 1190 g; 15 min; 20°C
Ag 100 3.9-107"" 2.1 204 870 g; 15 min; 20°C
AuNRs 3.3-10™° 1.4 133 2430 g; 15 min; 20°C
SAUNSs* 3.5-107° 1.4 155 1730 g; 25 min; 10°C
mAuNSs* 6.5:107"" 1.4 155 1320 g; 25 min; 10°C
bAUNSs* 8-10712 1.4 155 970 g; 25 min; 10°C

Table 3.1 Phase transfer conditions

* The diameter of small, middle and big AuNSs was estimated considering the diameter of a sphere of

30, 50 and 100 nm, respectively.

Self-assembly at the air/liquid interface and fabrication of plasmonic
substrates

The dispersions of plasmonic nanoparticles in chloroform were dried under a gentle
flow of dry nitrogen. The dry nanoparticles were then redispersed in an ethanol:hexane
solvent mixture at 1:4 volume ratio to facilitate monolayer formation at the air/water
interface. Ethanol was added first, immediately followed by addition of hexane. The
resulting dispersions were immersed in an ultrasonic bath for 5s to ensure the absence
of aggregates prior to spreading at the air/water interface. Plastic Petri dishes with a
diameter of ca. 3 cm were used as water containers. For self-assembly of the
nanoparticles at the air/water interface, the nanoparticle dispersions were gently spread
drop-wise on top of the surface of pure water. Upon evaporation of the organic solvents,
the water surface was covered by a monolayer of nanoparticles. In each case, the
concentration of the dispersion was adjusted to obtain complete coverage of the water
surface with a single monolayer of the nanoparticles. The monolayer was then
transferred onto a substrate by gently touching the monolayer with the substrate parallel
to the surface, which is known as “horizontal lifting”, or “Langmuir-Schaeffer”

technique. Transfer onto transmission electron microscopy (TEM) grids was performed
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to acquire TEM images; transfer onto glass substrates was performed for UV-Vis
spectroscopy and SERS. Glass slides (24x24 mm?* Menzel-Gliser, Thermo Scientific,
Germany) were thoroughly cleaned by sonication in water with soap, ethanol, and
acetone, 15 min for each solvent. After this cleaning procedure, the glass slides were
thoroughly rinsed with Milli-Q ultrapure water and gently blow-dried with a stream of

N, gas. Substrates were stored in sealed Petri dishes.

Sample Preparation for SERS

Prior to using self-assembled monolayers for SERS experiments the organic ligands
were removed from the nanoparticle surface by UV/ozone cleaning (UV/ozone
ProCleaner, Bioforce Nanoscience) for 1h. The substrates were cut into equal pieces
with a surface area of ca. 5x2.5 mm” and immediately incubated in 300 mL of a 10 pM
4-MBA aqueous solution for 1 h, freshly prepared from a ImM stock in ethanol. The
samples were then extensively washed with Milli-Q water to remove unbound 4-MBA
molecules, dried under moderate nitrogen flow and SERS spectra were collected,
typically within 1-5 hours. In particular, AgNP assemblies were measured immediately

after drying to avoid oxidation.

Polymer coating

For polymer coating and transfer back to water, 250 pL of mAuNS solution ([NP]
~1.5x10"" M) in CHCl; were mixed with the prepared amphiphilic polymer (PMA)
dissolved in CHCl; (Vp = 10 uL, cp = 0.05 M, Ryjarea = 150 nm™) in a 25 mL round
bottom flask. The mixture was stirred and the solvent was slowly evaporated. The
resulting solid film containing the NPs was dissolved in 28 mM sodium borate buffer at
pH = 12 (SBB 12). After polymer coating the particles were purified, concentrated and

characterized by different techniques.

Characterization

TEM images were collected with a JEOL JEM-1400PLUS transmission electron
microscope operating at 120 kV, using carbon coated 400 square mesh copper grids.
Scanning electron microscopy (SEM) images were obtained using an ESEM Quanta250
FEG (FEI, The Netherlands). UV-Vis optical extinction spectra were recorded using an
Agilent 8453 UV-Vis diode-array spectrophotometer and an Agilent Cary 5000 UV-
Vis-NIR spectrophotometer. 'H NMR spectra were acquired using a Bruker 500MHz
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spectrometer. SERS experiments were performed with a confocal Raman microscope
(Renishaw InVia) equipped with a motorized scan stage, two Peltier-cooled CCD
detectors and three excitation lasers of 532, 633 and 785 nm (maximum output powers
of 41, 13 and 157 mW, respectively). The laser beam was focused onto the solid sample
surface under ambient air conditions through a 100x objective with a numerical aperture
of 0.85 and set to effective irradiation powers of 120 uW (@532nm), 100 uW (@633
nm) and 180 uW (@785 nm) as measured by a photodiode power sensor (PD300-3W,
Ophir), or through an immersion 40x objective with NA 0.8 and set to effective powers
of 250 uW (@532nm), 110 uW (@633 nm) and 1200 uW (@785 nm) when working in
solution. The scattered light was collected with an integration time of 1 s. All SERS
spectra presented here were averaged over 100 single spectra measured at different
points on the substrate. Typically, a 20x20 pm?” area was chosen and single spectra were
collected with a point distance of 2 um in x- and y-direction (= 10x10 spectra). The
averaged spectra were baseline corrected using the Wire 3.4 software. Two-dimensional
SERS maps were generated by plotting the baseline corrected intensity of the 4-MBA

ring stretch mode at 1078 cm™" as a function of the position on the defined grid.

3.3 Results and Discussion

Complete transfer of Au and Ag nanoparticles of different shapes and sizes was
achieved using DDT as hydrophobic capping agent, with PEG-SH as pre-stabilizer (see
Experimental Section for details). In order to confirm the presence of both ligands on
the particle surface upon transfer into chloroform, NMR analysis was carried out
(Figure 3.1). Comparison of the "H NMR spectra of the functionalized nanoparticles
with those of solutions of both ligands confirms that the ligands are attached to the
nanoparticles, as indicated by observed chemical shifts and broadening of signals,*'**"!
and the perfect fit in the assignment of the number of protons for DDT. Moreover, the

peaks for functional groups located near the metal are not observed, confirming the

absence of free ligands.
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Figure 3.1. '"H NMR spectra of: (a) PEG-DDT "H NMR (500 MHz, Chloroform-d) & 3.64 (s, PEG-SH),
2.51 (q, 2H, CH,SH), 1.64 — 1.55 (m, 2H, CH,CH,SH), 1.39 — 1.21 (m, 18H, 9CH,), 0.88 (t, 3H, CHj;).
(b) 50nm AuNPs (PEG-DDT) in Methanol-d4, acquisition time 1h. The peaks of the ligands on the NP
correspond to the ones observed in the spectra (a). (¢) PEG-DDT ligands in Chloroform-d after the

decomposition of 50nm AuNPs with cyanide, acquisition time 40 min.

Successful phase transfer was additionally indicated by the concomitant transfer of red,
blue and yellow colors for AuNPs (and NRs), AuNSs and AgNPs respectively, from

water to chloroform (Figure 3.2).
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Figure 3.2. Phase transfer of pegylated Au 50 (a), mAuNSs (b), AuNRs (¢) and Ag 100 (d) from water
(upper phase) into DDT chloroform solution (lower phase). Left and right tubes correspond to
nanoparticle solutions before and after phase transfer, respectively. Pictures were taken within an hour of

each other.

On the other hand, both the redshift of the LSPR band without broadening and the well
separated particles found in TEM images confirmed the absence of aggregation, as well
as the preservation of particle size and shape upon phase transfer (Figs. 3.3-3.6). The
strong affinity between the thiol group and the metallic surfaces was essential to ensure
rapid phase transfer, so that all the nanoparticles were transferred from water into

chloroform within less than one hour, just 15 min in the case of AuNSs.
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Figure 3.3. Vis-NIR spectra of NPs in water (red lines), after adding PEG-SH in water (blue lines) and
after coating with PEG/DDT and transfer into CHCI; (green lines), and TEM images for Au 100 (a, e),
bAuNS:s (b, f), AuNRs (¢, g) and Ag 100 (d, h).

Figure 3.4. Vis-NIR spectra of AuNPs in water (red lines), after adding PEG-SH in water (blue lines) and
after coating with PEG/DDT and transfer into CHCl; (green lines) (a-e). TEM images of the PEG/DDT
coated nanoparticles (f-j) and size distribution histograms (k-0) of: AuNP seeds (f, k), Au 30 (g, 1), Au 50
(h, m), Au 100 (i, n) and Au 200 (j, 0), respectively.
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Figure 3.5. (a-c¢) Vis-NIR spectra of Ag 30 (a), Ag 50 (b) and Ag 100 (¢) in water (red lines), after
adding PEG-SH in water (blue lines) and after coating with PEG/DDT and transfer into CHCl; (green
lines); (d-f) TEM images of the PEG/DDT coated Ag 30 (d), Ag 50 (e) and Ag 100 (f) nanoparticles in

chloroform.
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Figure 3.6. (a-c) Vis-NIR spectra of sAuNSs (a), mAuNSs (b) and bAuNSs (c¢) in water (red lines), after
adding PEG-SH in water (blue lines) and after coating with PEG/DDT and transfer into CHCI; (green
lines); (d-f) TEM images of the PEG/DDT coated sAuNSs (d), mAuNS (e) and bAuNSs (f) in CHCI.
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Figure 3.7. Normalized Vis-NIR spectra in water (black lines) and in chloroform (colored lines), after

selected periods of time as labeled, for Au 100 (a), Ag 50 (b), AuNRs (¢) and bAuNSs (d).

The pre-stabilization with PEG-SH was needed in all cases to avoid aggregation and
facilitate the transfer of single (non-aggregated) particles. Addition of HCI further
facilitated the process, in agreement with previous reports."””*'* The obtained
hydrophobic nanoparticles displayed a remarkable colloidal stability in chloroform,
which was monitored by recording the corresponding Vis-NIR spectra during 2 months

(Figure 3.7).

As shown in Figs. 3.4-3.7 no trace of aggregation or sedimentation of the particles
could be observed, either in the first step (pre-stabilization with PEG-SH) or in the
second one (transfer into chloroform via DDT addition). Regarding the stability of
AuNSs, upon storage in water the tips were observed to become more rounded as the
LSPR band significantly blueshifted over time, in agreement with previous reports, but
after PEG/DDT capping and phase transfer into chloroform, no LSPR shift was
observed and the tips remained sharp, which is likely due to surface passivation through

Au-S bonds®* (Figure 3.8).
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Figure 3.8. Vis-NIR spectral evolution (a-b) and TEM images (c-d) of bare (a, ¢) and PEG/DDT coated
mAuNSs (b, d) after 5 days of nanoparticle synthesis. After synthesis and no particle coating the LSPR
band significantly blueshifted (a) and the nanostars become more rounded over time (¢). After PEG/DDT
capping and phase transfer into chloroform, no LSPR shift was observed (b) and the tips remained sharp

due to surface passivation through Au-S bonds (d).

Once the nanoparticles are transferred into chloroform they can be washed by
centrifugation, dried and redispersed in different organic solvents. As an example, we
show in Figure 3.9 Vis-NIR spectra of AuNRs and mAuNSs dispersed in various
solvents. The registered LSPR shifts are in agreement with the respective refractive
indexes, except for hexane, where the particles present lower stability due to the lack of
solubility of PEG-SH. PEG can be easily dissolved in organic solvents that display
hydrogen bond donating capacity such as chloroform, but this does not apply to
hexane.'” Interestingly, when reducing the amount of PEG-SH and keeping a constant
DDT concentration the colloidal stability in hexane or other non-polar solvents such as
toluene can be notably improved, as confirmed by less broadened LSPR bands. A
different strategy to improve NP solubility includes the selection of different thiolated
hydrophobic molecules. For example, combining 11-mercaptoundecanol with DDT in a
1:1 ratio and adding a shorter PEG-SH molecule (750 Da) the solubility and stability of

particles in slightly polar solvents such as ethyl acetate can be significant increased.
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Other thiolated ligands soluble in chloroform were tested (not shown), confirming the

wide versatility of the method presented here.

Figure 3.9. Vis-NIR spectra of mAuNSs (a) and AuNRs (b) dispersed in different organic solvents. (¢)
Maximum LSPR wavelength as a function of the refractive index of the solvents associated with the

spectra in (b).

Ethanol:hexane mixtures (1:4) were used as spreading solvent. This mixture of solvents
allowed us to obtain extensive nanoparticle monolayers, which were then transferred

29213214 Note that alternative solvents with larger

onto solid substrates (Figure 3.10).
spreading coefficient, i.e., mixtures of chloroform and isopropanol might be beneficial
for the spreading of the nanoparticles. In all cases, long-range order was achieved, with
dense packing of the plasmonic nanoparticles, which therefore leave very small

interparticle gaps.
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Figure 3. 10 (a) Vis-NIR spectra of different plasmonic nanoparticles dispersed in ethanol:hexane (1:4).
(b) Vis-NIR spectra of plasmonic nanoparticle monolayers transferred onto transparent glass substrates.
(c-f) TEM images of Au 50 (¢), mAuNSs (d), AuNRs (e), and Ag 50 (f) monolayers upon transfer onto
TEM grids.

High magnification TEM images from monolayers transferred onto carbon-coated
copper grids show high packing density over large areas (Figure 3.10 c-f). As expected,
such short interparticle distances lead to plasmon coupling, which is reflected in
significant redshift and broadening of LSPR bands (Figs. 3.10 b and 3.11). Plasmon
coupling has been demonstrated to enhance the plasmonic features in 2D SERS-active

platforms.?"
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Figure 3. 11 Vis-NIR spectra of plasmonic substrates made of AuNPs (a), AgNPs (b) and AuNSs (c¢) of

different sizes.

In the case of AuNSs, dense packing leads to a high degree of spike interdigitation,

216 and leads to a

which is rarely achieved using chemical immobilization methods,
particularly large extent of plasmon coupling as compared to nanospheres. Remarkably,
these monolayers present several advantages for the fabrication of plasmonic substrates,
such as readily achieved homogeneous large areas on the square centimeter range,
whilst “coffee ring” or similar local effects are avoided. Formation of dense monolayers
was therefore achieved through a simple experimental procedure for both phase transfer

and assembly, which can be scaled up to arbitrarily large areas by simply selecting the

appropriate amount of nanoparticles (Figure 3. 12).

Figure 3.12. Large scale TEM (a) and SEM (b) images of bAuNS monolayers fabricated after the self-
assembly of the PEG/DDT coated nanoparticles at the air-liquid interface.
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Since phase transfer, self-assembly and cleaning processes are identical for all
nanoparticles, regardless of size, shape, and composition, we can readily compare their
relative performances as SERS substrates. We selected 4-mercaptobenzoic acid (4-
MBA) as a covalently binding probe molecule, at a concentration of 10 uM, to probe
the SERS activity using three different laser excitation wavelengths of 532, 633 and 785
nm. Figs. 3.12, 3.13 and 3.14 depict SERS spectra obtained with illumination at 785
nm, showing in all cases the characteristic vibrational fingerprint of (mainly

deprotonated) 4-MBA, as assigned in previous works.?'” %%

Figure 3.13. (a) Averaged SERS spectra of 4-MBA (10 uM) on Au 100 (b), AuNRs (c¢), Ag 50 (d) and
bAuUNSs (e). The corresponding SERS maps for the signal at 1078 cm™ (red-shaded area in (a) as a
function of the deviation from the average intensity dI (in %), together with representative SEM images
of the assemblies before analyte incubation. The black SERS spectrum in (a) corresponds to the average
of three 4-MBA spectra on the AuNR sample measured with a portable Raman spectrometer. Black,

white and yellow scale bars: 10pum, 1pm and 100 nm, respectively.
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The most prominent peaks at 1078 and 1587 cm™ correspond to the excitation of ring
breathing and axial ring deformation modes.”'’*"” Several peaks with lower intensities
were observed at 1484, 1180, 1142, 720 and 696 cm™ and can be assigned as the 19a

221,222

and 9b modes (based on the nomenclature for benzene), in-plane CH

219222 5ut-of-plane ring hydrogen wagging and a mixture of OCO bending + in-

bending,
plane ring compression + C-S stretching, respectively.””’ The broad bands around 1400
cm” and 845 cm™ correspond to the COO™ symmetric stretch mode and the bending
mode, respectively.?'7*'®** An additional high signal around 920 cm™, which was
exclusively registered from the Ag 50 sample, originates from organic residues formed

during synthesis and plasma cleaning.

The highest SERS signal was observed from AuNR (Figure 3.13c¢) and AuNP films
(Figure 3.13b), where the intensity was found to increase with increasing sphere
diameter (Figure 3.14). The SERS performance of AgNP and in particular AuNS
monolayers (Figure 3.13d,e) was significantly lower, with intensities one order of
magnitude smaller than those from AuNP and AuNR films. This behavior can be
explained taking into account that the highest enhancement is obtained on substrates
with LSPR bands located between excitation the scattered frequencies.””* At an
excitation wavelength of 785 nm, this condition complies best with the AuNP and

AuNR samples (Figs. 3. 10b and 3. 11).
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Figure 3.14. (a) Characteristic SERS spectra of 4-MBA (10 uM) on self-assembled AuNPs with different
diameters, as labeled. Individual SERS spectra were measured with excitation at 785 nm, power of 200
mW and 1s collection time. SERS spectra were generated by averaging 100 single spectra from a 20x20
pm’ grid within a point distance of 2 pm in x- and y- direction. (b-d) Optical and SEM images of self-
assembled AuNP monolayers, as labeled. The white bar in the optical images corresponds to 10 um, the
black bar in the SEM images to 200 nm. SERS mappings show the spatial homogeneity by plotting the 4-
MBA vibration at 1078 cm™ for each sample (red-shaded peaks in a), presented as function of the

deviation dI (in %) from the average signal.

The SERS signal intensity also depends on several additional surface specific factors,

170,175,225 .
T or contaminants and

e.g. analyte binding affinity, presence of surfactants
surface defects.”® Additionally, potential applications require reliability of the
measured signal as a key factor. Due to the relatively large laser spot size (>1 pm?),
defects on the atomic scale do not play a significant role but shape imperfections, a
small degree of disorder within the assembly and remaining organic residues may cause
significant point-to-point intensity fluctuations. To avoid large errors and to statistically
improve the signal, we averaged SERS spectra over 100 points located on a 20x20 pm®
grid. To probe the local homogeneity we analyzed intensity fluctuations of single-point
spectra presented as SERS maps in Figs. 3.13, 3.14 and 3.15. The lowest signal

variation from the averaged value (dI in %) was observed for the AuNR sample with

12% (Figure 3.13c).
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Figure 3.15. (a) Averaged SERS spectra of 4-MBA (10 pM) on assemblies of AuNSs with different
diameters, as labeled. The corresponding SERS mappings for the signal at 1078 cm™ (red-shaded peaks in
(a) as a function of the deviation from the average signal dI (in %) of sAuNSs (b), mAuNSs (¢) and
bAuUNSs (d), and representative SEM images of the assemblies before analyte incubation. Black, white

and yellow scale bars: 10um, 1pm and 100 nm, respectively.

The AuNP samples showed fluctuations ranging from 15% to 34% for increasing
particle diameters (Figs. 3.13b and 3.14), whereas the SERS signal from small, middle
and big AuNSs was found to scatter within ca. 30% (Figs. 3.13e and 3.15). The weakest
homogeneity was found for Ag 50 (Figure 3.13d), with signal deviations up to 50%.
These results are directly related to the degree of disorder within the assemblies, as well
as with larger inter-particle contact area for smaller nanoparticles. The relatively high
disorder of the Ag 50 substrate accompanied by the presence of organics which could
prevent the effective binding of the analyte are likely to be responsible for the high
signal fluctuations on the Ag substrate. Ag particles are additionally sensitive to
oxidation, so the formation of a thin oxide layer can affect the SERS performance. To
probe homogeneity over large areas, SERS maps were recorded from at least three

different areas distributed over the substrate. The intra-sample average signal variation
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did not exceed 5% for AuNRs, but amounted 7%, 10% and 13% for Au 30, 50 and 100,
respectively. In small, middle, and big AuNSs the SERS signal fluctuated less than
15%. Reproducibility of the SERS response was studied by repeating sample
preparation with different nanoparticle batches, finding average batch-to-batch intensity
fluctuations lower than 5% for AuNRs and 15% for AuNPs. When 4-MBA SERS
spectra were recorded using 532 and 633 nm excitations, different results were obtained,
as at 532 nm the most intense signals were obtained from Ag 50, reaching intensities
two orders of magnitude higher than those from AuNP substrates (Figure 3.16e). In line
with the SERS electromagnetic mechanism, recorded intensities were lower from Ag 50
at 633 nm but higher from AuNPs (Figure 3.16f). AuNS substrates did not show SERS

activity when excited with both high energy laser lines.

As additional advantages of this system, we show that detection can be performed
directly from solution and using a portable Raman spectrometer. Thus, we measured
SERS from substrates immersed in 10 uM 4-MBA solutions. Exemplarily, the spectrum
and map for the AuNR sample are shown in Figure 3.17. The average SERS intensity
(at 785 nm) only varies by 2.5%. For other nanoparticle assemblies we recorded in
solution the same average intensity deviations and point-to point fluctuations as

measured in air.
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Figure 3.16 Averaged 4-MBA SERS spectra (10 uM) on Au 30 (a), Au 50 (b), Au 100 (c) and Ag 50 (d)
substrates with excitation at 532 and 633 nm, and corresponding SERS mappings at 1585 cm™ (green
scale, green-shaded peaks in e) for 532 nm and 1078 cm™ (red scale, red-shaded peaks in (f) for 633nm,
as a function of the average intensity deviation dI (in %). Corresponding averaged SERS spectra at 532

nm and 633 nm were plotted in (e) and (f), respectively. The scale bar is 4 pm.

Figure 3.17 Averaged SERS spectrum of 4-MBA (10 pM) on a AuNR substrate immersed in water (a) at
785 nm, and corresponding SERS mapping at 1078 cm™ (red scale, red-shaded peaks in a, as function of

the average intensity deviation dI in % (b).
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Applicability outside the laboratory will also require using easy to handle standard
analytical equipment for rapid detection, instead of sophisticated scientific set-ups. We
measured 4-MBA on the AuNR substrate using a portable Raman spectrometer
(BWTEK, i-Raman-785S) working at a fixed 785 nm excitation wavelength. P, and
tine Were adjusted so that the 4-MBA SERS intensities in both set-ups were of the same
order of magnitude without damaging the substrate, e.g. through high power exposition.
To reach these conditions, Pj,g.r = 19 mW measured at sample and t;,; = 15 were
needed (laser spot size of about 80 um). We thus measured at 3 randomly chosen points
distributed over the whole surface and the average is shown in Figure 3.13a, with a

standard deviation of 7%.

SERS enhancement factors (EF) were calculated by means of the frequently used

.22
equation, !

Isers  Npuik
EF = . C

Equation 3.1
Nsgrs Iraman

where Iggrs and Ipgman represent the 4-MBA signal intensities recorded from the
probed number of molecules absorbed on the substrate (Ngggrs) and from the number of
molecules within the scattering volume (Np,;;) of a solid powder, respectively. For
determination of the scattering volume from the bulk material the depth of field
approach presented by Khan et al.”*® was used, resulting in Nj, (785 nm) ~ 1013 -
Ngers(785 nm) was estimated to be 108 assuming formation of a 4-MBA monolayer.
Iraman and Iggrs were measured with 95 and 3517 cps, respectively, leading to an EF
(785 nm) of approx. 3.7-10%in the case of the AuNR substrate. This value is of the same

order of magnitude as previously reported values.?*®

We finally show that the obtained nanoparticle organosols can also be used for
secondary coating with an amphiphilic polymer that has been previously reported as
suitable for biological applications.ég’192 After removal of excess DDT by centrifugation
of the dispersion in chloroform, the reported polymer coating procedure was applied
using dodecylamine modified polyisobutylene-alt-maleic anhydride (PMA). The
hydrophopic nanoparticles were thus wrapped with the polymer via hydrophobic
interactions between the side chains of the polymer (dodecylamine) and the NP ligands.

The particles could then be transferred into water, where the charged polymer shell
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provides sufficient stability in biofluids. Representative Vis-NIR spectra and TEM
images (Figure 3.18) of PMA coated AuNSs confirm the colloidal stability of the
particles upon polymer coating. TEM images of negatively stained, polymer coated Au
NSs confirm the presence of an organic layer wrapping the particles in water. A white
shell surrounding the NPs can be clearly appreciated for PMA-coated particles (Figure
3.18b, ¢).

Figure 3.18. (a) UV-Vis spectra of PEG-SH stabilized Au NSs in water (red), after transfer into CHCl;
with PEG/DDT (green), and again in water after PMA coating (blue). TEM image (b) and TEM focus

series (¢) of negatively stained polymer coated Au NSs.
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3.4 Conclusions

A general route for transferring AuNSs from aqueous dispersions into chloroform and
other organic solvents has been developed. The method can be also applied to Ag and
Au nanoparticles of arbitrary sizes and shapes, such as spheres or nanorods. The
transferred particles are stable in chloroform for months and can be readily dried,
purified, and redispersed in various organic solvents. This efficient phase transfer
procedure is based on functionalization of the nanoparticles’ surface with a mixture of
PEG-SH and DDT. Whilst DDT provides the required hydrophobicity for the
nanoparticles to reach the organic phase, PEG-SH provides enough stability to avoid
aggregation during phase transfer. Using ethanol:hexane 1:4 mixtures as spreading
solvent, homogeneous extended self-assembled nanoparticle monolayers were obtained
on the centimeter scale. Whereas the self-assembly of plasmonic nanoparticles at liquid
interfaces has been traditionally restricted due to limited size of nanoparticles available
in organic solvents, limited stability, and complicated experimental procedures, the
method proposed here allows us to obtain plasmonic nanoparticles in organic solvents
with no restriction in size, shape or surface chemical composition, readily forming
nanoparticle assemblies. The close packing of the plasmonic nanoparticles favors
plasmon coupling, thus providing enhanced plasmonic features. We compared the
SERS activity between the different plasmonic substrates fabricated by detection of 4-
MBA, finding that AuNP and AuNR self-assembled monolayers displayed optimum
SERS performance in air and in solution for 785 and 633 nm excitation lasers, with high
signal reproducibility, robustness and relatively low point-to-point fluctuations. We also
showed that high-end experimental set-ups are not necessary to obtain intense and
reproducible SERS signals from our assemblies. Additionally, the obtained hydrophobic
nanoparticles proved suitable for additional polymer coating, thereby broadening

potential applications due to the obtained high stability under biological conditions.
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CHAPTER 4

Encoded-Gold Nanostars for Multiplexed
SERS Cell Differentiation

ABSTRACT

Surface enhanced Raman scattering nanotags are appealing contrast agents that
offer important advantages over classical (bio)labeling methods. They present high
photostability, sensitivity and superior multiplexed capacity due to the small line
width of vibrational Raman bands. In addition, the enhanced optical contrast and
tissue penetration achieved by using NIR light render them excellent candidates for
in vivo Raman imaging. The synthesis of new SERS-codes suitable for biological
applications requires the use of metal nanoparticles with high plasmonic enhancing
efficiency. In this regard, anisotropic nanostructures such as Au nanostars, which
present optical responses in the tissue optical transparency window, are attractive
platforms for the design of SERS-encoded nanoparticles. We report in this chapter
a general method to prepare highly stable SERS-encoded Au nanostars, based on
the procedure described in Chapter 3. Using a combination of thiolated
polyethylene glycol and a Raman-active molecule, SERS nanotags were obtained
in organic solvents and subsequently polymer wrapped and transferred into water
with high colloidal stability and biocompatibility. These SERS nanoplatform are
ideal candidates for use with live cells, as we demonstrate through multiplex

bioimaging of different cell lines.

75



CHAPTER 4 — ENCODED-GOLD NANOSTARS FOR SERS CELL DIFERENTIATION

4.1 Introduction

Surface enhanced Raman scattering encoded nanoparticles are presented as alternative
contrast agents that offer multiple possibilities toward a variety of biological
applications.'*>'***** As the intrinsic Raman cross section of most biomolecules, such
as proteins and lipids, is extremely low, often compounds (i.e., codes) with
comparatively high cross sections are commonly used as Raman reporters (RaRs) to
monitor specific events at the molecular level. Thus, a typical SERS label (also called
SERS nanotag) is composed of a noble metal nanoparticle (NP) as Raman signal
amplifier, covered with a monolayer of RaR molecules as fingerprint marker and an
external coating.'** Flexibility in size and shape, high photostability,”*’ low cytotoxicity
due to the use of gold NPs (AuNPs),” and the narrow spectral width (~ 1 nm)®'
compared e.g. with quantum dots (~ 30-50 nm) and conventional dyes (~ 50 nm),>**
offer great advantages over common fluorescence-active probes, rendering them

particularly attractive for in vitro and in vivo multiplexing and bioimaging. '***** %

In the design of biocompatible SERS labels the coating layer plays an important role as
it acts as a protective shell, preventing the possible leaching of RaR molecules, NP
contamination from interfering molecules in the medium, and plasmon coupling
induced by NP-NP interactions. Therefore, the resulting surfaces are suitable for
chemical functionalization and provide high colloidal NP stability. In addition, the
external shell can also support specific sites for biological recognition.”” Among the

different encapsulation strategies, the most employed ones include the use of bovine

129,238-242 243-245 130,132,230,246-249

serum albumin, liposomes, silica or

polymers.*%127:128:192:250°254 Although silica as a cheap and well-known coating has been

132,233,247 138,235

successfully applied to different in vitro and in vivo targets, its stability is
known to be strongly dependent on the specific synthesis and morphology. For instance,
amorphous silica particles were shown to agglomerate fast within standard buffer and
cell medium such as phosphate buffer saline (PBS) and Dulbecco's modified Eagle's
medium (DMEM) when concentrations of 10> mL™" were used.”> As silica growth is
kinetically controlled, the exclusive encapsulation of individual NPs (and not of dimers
or trimers by uncontrolled aggregation) and the formation of a defect-free uniform shell,
require slow and precisely selected growth conditions."****** The stability of

mesoporous silica is dependent on different factors such as temperature, medium and

76



CHAPTER 4 — ENCODED-GOLD NANOSTARS FOR SERS CELL DIFERENTIATION

256-258

surface modification, and the material is also degradable within body fluids as

well as in cytoplasm and lysosomes®**° On the other hand, thiolated polyethylene
glycol (PEG) has been used to prepare AuNP tags for in vivo tumor targeting.”>*>
Dye-encoded gold octahedrons were encapsulated with poly(N-isopropylacrylamide)
and used as SERS tags for the detection and imaging of tumor biomarkers.'*® SERS-
labeled AuNPs were also coated with mixed amphiphilic polymer brushes, assembled
into vesicles and conjugated to target cancer cells.”>* Moreover, amphiphilic polymers,
such as dodecylamine modified polyisobutylene-alt-maleic anhydride (PMA), have
been extensively employed for the encapsulation of different kinds of NPs providing
high colloidal stability and making them suitable for use under biological

ce: 127,192
conditions.®®127?

Another crucial factor when designing a SERS nanotag is the choice of plasmonic NP-
RaR combination. For in vitro and in vivo SERS applications, excitation with
wavelengths ranging from the red to the near infrared (NIR), the so-called “biological
transparency window”, provides optimal transmission through tissues due to both low

261,262
% and

scattering and low absorption, thereby minimizing tissue auto-fluorescence
maximizing penetration of the radiation."”*?®® Thus, during the past decade large
progress has been done concerning the synthesis and design of SERS-labeled

nanostructures that absorb in the NIR range.gg’124

Development of ultrasensitive NIR
RaRs*!' as well as the fine-tuning of localized surface plasmon resonances (LSPRs) are
the most common strategies to improve the sensitivity of the SERS label. It has been
shown that LSPRs of branched AuNPs such as Au nanostars (AuNSs) can be easily
tuned over a wide wavelength range down to the NIR by simply changing the aspect
ratio.*® Furthermore, AuNSs are superior Raman-enhancing materials compared to
isolated spherical AuNPs due to the high electromagnetic field enhancements at their

sharp tips.' 2%

In the previous chapter we showed that AuNPs of different sizes and shapes can be
functionalized with a mixture of dodecanethiol (DDT) and PEG, transferred into organic
solvents and subsequently coated with an additional layer of the hydrophilic polymer
PMA.**>% Following a similar strategy, we describe here the synthesis of a new class
of SERS tags based on PMA encapsulated AuNSs. This novel approach combines the

use of aromatic hydrophobic thiols which, on one hand strongly bind to the gold surface
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generating a strong Raman signal and on the other hand act as a capping agent that fully
covers PEG pre-stabilized AuNSs. Once Raman labeled AuNSs are obtained, further
PMA coating leads to SERS tags that are highly stable in water and therefore suited for
multiplexed SERS cellular imaging.'*®*%*>* In this way, breast cancer cells could be
identified with simple and multiplex SERS labels either by different SERS signal
intensities due to variation of the targeting efficiency, the deconvolution of the
superimposed multiplexed signal or the detection of separated signals due to highly
specific targeting.”®’ % We first characterized these new NIR-sensitive SERS tags in
aqueous solution, using highly phagocytic macrophages as test cells. We then applied
them for bio-imaging of different types of cancer and endothelial cells. Finally, in a
proof of concept experiment, single breast cancer cells of five different lines were
distinguished by SERS imaging from a unique quintuple cell co-culture, thereby
highlighting the stability and strong signal that can be detected from these PMA-coated
labels.

4.2 Experimental Section

Materials

Milli-Q water (resistivity 18.2 MQ-cm) was used in all experiments. Hydrogen
tetrachloroaurate trihydrate (HAuClys-3H,0, >99.9%), sodium citrate tribasic dihydrate
(>98%), silver nitrate (AgNO;3;, >99%), L-ascorbic acid (AA, >99%), O-[2-(3-
mercaptopropionylamino) ethyl]-O’-methylpolyethylene glycol (PEG, MW 5,000
g/mol), Benzenethiol (BT, 2>98%), 1-Naphthalenethiol (1-NaT, 99%), 2-
Naphthalenethiol (2-NaT, 99%), 4-Methylbenzenethiol (4-MBT, 98%), Biphenyl-4-
thiol (4-BPT, 97%), 4-Mercaptopyridine (4-MP, 95%), 9-Mercaptofluorene (MF,
>96.5%), poly(isobutylene-alt-maleic anhydride), (average Mw ~6,000 g/mol),
dodecylamine (98%) and chloroform (CHCI;, >99.8%) were purchased from Sigma-
Aldrich. Tetramethylrhodamine cadaverine (TAMRA, Ay =544 nm, Aey =571 nm,
#A1318) was purchased from Life Technologies (Invitrogen). Hydrochloric acid
solution (37%) was purchased from Panreac. All glassware was washed with aqua regia,

rinsed 3-fold with Milli-Q water and dried before use.
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Synthesis of Gold Nanostars

AuNSs were prepared by a seed-mediated growth method.”” The seed solution was
prepared by adding 5 mL of 1% citrate solution to 95 mL of boiling 0.5 mM HAuCly
solution under vigorous stirring. After 15 min of boiling, the solution was left to cool
and then kept at 4 °C for long-term storage. For the synthesis of AuNSs of
approximately 50 nm diameter and with an LSPR maximum located around 750 nm, 2.5
mL of the above citrate-stabilized seed solution was added to 50 mL of 0.25 mM
HAuCly solution (with 50 pL of 1M HCI) in a 20 mL glass vial at room temperature
under moderate stirring. Quickly, 500 pL of silver nitrate (AgNO3) 3 mM and 250 pL of
ascorbic acid (AA) 100 mM were added simultaneously. The solution rapidly turned
from light red to greenish, indicating the formation of AuNSs. Immediately after
growth, the solution was stirred with 410 uL of PEG-SH 0.1 mM for 15 min, washed by

centrifugation at 1190 g, 25 min, 10 °C and redispersed in water.

Polymer preparation

The synthetic procedure followed to prepare the amphiphilic polymer, PMA, was
adapted from previous publications.®*”" During preparation, 75% of the anhydride
rings from the polyisobutylene-alt-maleic anhydride hydrophilic backbone were reacted
with dodecylamine ligand, leaving 25% free. For fluorescence imaging of cells with

AuNSs, 2% of these anhydride rings were modified with TAMRA dye.

Gold nanostar codification

AuNSs were fully coated with the corresponding Raman-reporter (RaR) molecule (4-
MP, 1-NaT, BT, 4-MBT, 2-NaT, 4-BPT, TAMRA and MF) via organic phase transfer,
following a modification of a previously reported method.**> Raman-active molecules
were incorporated as capping ligands. 2.5 mL of PEG pre-stabilized AuNSs 1.5 mM
(Au’ concentration) was stirred with a CHCl; solution of the Raman-active molecule.
The amount of Raman-active molecules present on the AuNSs surface was calculated to
be 155 molecules per nm?, assuming that the AuNS diameter is 50 nm. Phase transfer
occurred after vigorous stirring for periods between 15 min and 1 hour. Only the
transfer with 4-MP was assisted by addition of 250 pL NaOH IM and required
overnight stirring. Upon transfer to CHCls, the organosols were purified by

centrifugation (1320 g; 25 min; 10 °C) and washing to remove excess of free thiols.
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Precipitation was facilitated by adding ethanol to the chloroform solution (1:5). For

further use, the samples were stored at 4 °C.

Polymer encapsulation

For secondary coating of the SERS encoded NPs with PMA, 2.5 mL of the AuNS
solutions ([NP] ~ 1.5 x 107" M) in CHCl; were mixed with the prepared amphiphilic
polymer dissolved in CHCl; (Vp = 10 pL, cp = 0.05 M, Ryjarea = 150 nm'z) in a25 mL
round bottom flask. The mixtures were stirred and the solvent was slowly evaporated.
The resulting solid films containing the NPs were dissolved in 28 mM sodium borate
0

buffer at pH 12.°*° After polymer coating the particles were purified and the Au

concentration was adjusted to 0.5 mM.

Cell cultures

SK-BR3 and HCC1395 were purchased from ATCC (LGC Standards, Barcelona).
MDA.MB.435S cells were kindly provided by Prof. Wolfgang Parak’s group. SK-BR3
cells were grown in McCoys media, HCC1395 and CAMA-1 cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) media supplemented with 1% sodium
pyruvate, MDA.MB.435S, A549 and J774 cells were grown in DMEM media, and
MCEF-7 cells were grown in DMEM supplemented with insulin (0.01 mg/mL). HUVEC
cells were grown in F12-K media supplemented with endothelial cell growth factor
(ECGF, 30 pg/mL and heparin (0.1 mg/mL). All cell media were supplemented with
10% FBS and 1% PS. All cells were passaged using Trypsin-EDTA and were grown in
a humidified atmosphere at 37 °C with 5% CO,. All media and supplements were

purchased from Invitrogen.

Cell preparation for SERS imaging

Cell uptake of PMAramra-coated NPs was imaged using fluorescence (confocal or
normal), and dark field microscopy. In some cases cells were counterstained with DAPI
and wheat germ agglutinin (WGA)-Alexa Fluor 647 (WGA-AF647) (both from
Invitrogen). For dark field imaging, cells were grown in glass-bottomed dishes with an
etched grid (Ibidi, Germany) so that the same cells could be identified using
fluorescence and dark field microscopy. As an oil condenser was used for dark field
imaging, the cells had to be fixed and mounted with a glass coverslip, and the whole
sample inverted. Cells were detached from growth flasks, counted and plated in 96-well

cell culture plates at 1-10° cells/mL, 100 pL/well. HUVEC cells were plated at
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approximately a 10-fold lower concentration. In the case of J774 or MCF-7 cells, cells
were plated directly at the same concentration in a specially made cell slide formed of a
2 cm diameter ring glued onto a quartz microscope 75x25 mm? slide (Electron
Microcopy Sciences). Dentist glue (Twinsil, Germany) was used as it is non-toxic and
can easily be removed. The total volume was approximately 200 pL. Cells were allowed
to adhere for a few hours before addition of SERS tags. Prior to this experiment various
trials using TAMRA-labelled SERS tags at the same concentration and with equivalent
properties were used to determine levels of uptake (Figure 4.9). The results suggested
that a final NP concentration of 0.1 mM resulted in a high level of NP uptake. Whilst
some cells showed higher levels of uptake than others, these could not be altered by
increasing the NP concentration. Cells were incubated with SERS tags for
approximately 18 h, followed by extensive washing with PBS to remove non-
endocytosed NPs. HCC, SK-BR3, MDA.MB.435S and CAMA-1 cells were removed
from the 96-well plate using trypsin-EDTA and split into two batches. One batch,
equivalent to 1 well of a 96-well plate (initial cell number 10,000 cells), was plated in a
specialised well made using a cut 1.5 mL Eppendorf tube, with lid removed and a ring
cut measuring a few mm, glued onto a quartz microscope slide (Electron Microcopy
Sciences or Helma), using the above mentioned dentist glue. The second batch of cells
was combined, centrifuged and resuspended in a total volume of 200 puL complete
DMEM media. These cells were added to the single MCF-7 culture (2 cm diameter
dish) to obtain a quintuple culture, each cell line containing NPs with a specific Raman

tag. Wells were covered lightly with Parafilm to prevent evaporation.

SERS measurements

SERS was measured with a confocal Raman microscope (Renishaw inVia) equipped
with 1024x512 CCD detectors using a 785 nm laser excitation source (maximum output
of 270 mW) and a 1200 I/mm diffraction grating. For reference and performance test
SERS experiments, 500 uL of encoded AuNSs in aqueous solution ([Au’] = 0.5 mM)
was pored in 1 mL glass vials (ThermoFisher) and spectra were collected using a 10x
objective (numerical aperture NA=0.35) in expanded scan mode with an integration
time of 10 s and a laser power of 18.3 mW. SERS measurements in cells were carried
out in static mode (center of scattered wavenumber 1200 cm™) with an integration time
of 1 s and a laser power of 15.6 mW. For SERS imaging of cells the spectra were

measured on a selected grid with a point distance of 2 pum in x- and y direction. The
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maps were then created by plotting the intensity of a component-specific SERS signal
as a function of grid position. The average laser powers were experimentally determined

by means of a thermal laser sensor and a power meter (both from Ophir) in air.

Characterization

TEM images were collected with a JEOL JEM-1400PLUS transmission electron
microscope operating at 120 kV, using carbon coated 400 square mesh copper grids.
UV-Vis optical extinction spectra were recorded using an Agilent 8453 UV-Vis diode-
array spectrophotometer. The fluorescence of the NPs was measured with a Horiba
Jovin-Ivon Fluorolog fluorimeter upon excitation at Ae =530 nm. Imaging was
performed with a confocal laser scanning microscope (LSM510, Zeiss), equipped with
lasers allowing excitation at 544 nm (TAMRA) and 405 nm (DAPI), and an Axio Cell
observer (Zeiss) with LED excitation at 365 nm and 570 nm for DAPI and TAMRA,
respectively. Details regarding imaging are given in the descriptions of the

corresponding assays.

4.3 Results and Discussion

4.3.1 Preparation of SERS-encoded nanostars

A schematic illustration of the preparation of the SERS-encoded AuNSs is presented in
Figure 4.1. The procedure can be divided in various steps. First AuNSs are synthesized
and stabilized via PEG functionalization. Afterwards, phase transfer from water into
CHCI; is induced during which the AuNS solution is vigorously stirred with a CHCI;
solution of the corresponding Raman reporter (RaR). Finally, these particles were

overcoated with the amphiphilic polymer PMA.
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Figure 4. 1 Representation of the Raman encoded-AuNSs preparation. AuNSs pre-stabilized with PEG
are coated with the Raman-tag during phase transfer from water into CHCI;. The formed hydrophobic
AuNSs are then wrapped with PMA, leading to stable and water soluble encoded AuNSs.

Two main conditions are essential to ensure successful phase transfer and codification
of AuNSs: (i) the Raman active molecules must be highly soluble in CHCls, otherwise
complete transfer is hard to achieve as the RaR molecules also act as stabilizing agents;
(i1) the use of thiol or amine-terminated molecules that can strongly bind to gold
facilities the fast phase transfer and avoids leaching of the SERS molecule form the Au
surface during the application. The codification strategy presented here favors all these
conditions while allowing us to optimize the SERS signal by providing maximum
accessibility of the molecule to the NP surface. BT, 1-NaT, 2-NaT, 4-MBT and 4-BPT,
are all SERS-active thiols with high solubility in CHCls. 4-MP presents poorer
solubility, so complete phase transfer requires longer incubation times, as well as the
addition of a base to deprotonate the pyridine ring and decrease its aqueous solubility.
TAMRA can also promote phase transfer since it is soluble in CHCI; and its free amino
group can also bind the gold surface. The method can be applied to any other Raman-
active molecules that are sufficiently soluble in CHCl; and display affinity toward gold.
To avoid any undesirable nanoparticle aggregation, pre-stabilization of AuNSs with
PEG appears to be a critical step, as previously repor‘[ed.lgz’265 The addition of the RaR
molecule without previous PEG stabilization was found to lead to irreversible
aggregation. However, when AuNSs are functionalized with PEG, the RaR molecule
surface coverage can be adjusted and high values achieved, thereby ensuring maximum
SERS efficiency of the codes. Saturation of the RaR molecules on the AuNS surface

can be achieved by decreasing the PEG concentration, however colloidal stability is
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then compromised. Upon transfer into CHCl3, a red shift of the LSPR maximum can be
observed for all the AuNS codes, due to an increase in the local refractive index. The
absence of plasmon band broadening (Figs. 2a-f, 4.3 and 4.6) reflects the high colloidal
stability of the AuNS codes favored by steric repulsion between the hydrophobic

ligands. Besides, in agreement with previous reports,***%

the strong aging process that
takes place after synthesis of surfactant free AuNS can be prevented by surface capping

with thiolated compounds. Therefore, codification also guarantees surface passivation.

Because biological applications demand the use of water soluble nanoparticles with
high stability, after SERS codification the particles were encapsulated with PMA, which
provides aqueous solubility due to its hydrophilic backbone. The hydrophobic AuNS
codes were thus wrapped with the polymer via hydrophobic interactions between the
multiple aliphatic chains of the polymer (dodecylamines) and the AuNS capping
ligands. After coating and dispersion in water, a slight blueshift of the LSPR maximum
was observed (Figs. 4.2a-f, 4.4 and 4.5). Figure 2g-1 shows representative TEM images
of PMA coated RaR-AuNSs (AuNS-RaR@PMA). Well dispersed particles that
preserve sharp tips were obtained. Negative staining confirmed the presence of the
organic layer wrapping the particles, since a light halo surrounding the star-shaped

particles can be clearly observed in TEM (Figure 2g-1 inset).
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Figure 4.2. (a-f) Normalized Vis-NIR spectra of PEG-AuNSs before codification (red), and after coating
with the corresponding Raman-active molecules (RaR-AuNSs; green) and after PMA encapsulation
(AuNS-RaR@PMA; blue) using the following Raman reporters: from left to right, 4-methylbenzenethiol
(4-MBT), biphenyl-4-thiol (4-BPT), 2-naphthalenethiol (2-NaT), benzenethiol (BT), 1-naphthalenethiol
(1-NaT) and 4-Mercaptopyridine (4-MP). Molecular structures are included as insets. (g-1) TEM images
of AuNS-RaR@PMA for 4-MBT, 4-BPT, 2-NaT, BT, 1-NaT, and 4-MP, respectively. Inset, TEM

images of negatively stained particles (scale bars: 50 nm).
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The charged coating shell addiotionally provides the AuNS codes with long-term
colloidal stability. Figure 4.3a,b shows the evolution of Vis-NIR spectra for bare
AuNSs and RaR-AuNS@PMA, respectively. As expected, a significant LSPR blueshift
is observed for as-synthesized AuNSs, resulting in particle reshaping where the tips
become rounded, as previously reported (Figure 4.3c). Importantly, for PMA coated
AuNSs the plasmon band remains essentially unaltered for long periods of time due to
the anti-aging effect of the thiolated capping ligands, as described in Chapter 2.
Meanwhile, the charged polymer shell provides sufficient stability in water that no

LSPR shift nor particle reshaping are observed (Figure 4.3 d).

Figure 4.3. (a, b) Evolution of (normalized) Vis-NIR spectra for of bare (a) and AuNS-RaR@PMA (b).
(¢, d) Corresponding TEM images after two month of particle synthesis (¢) and coating (d).
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4.3.2 Surface Enhanced Raman Scattering

SERS efficiency of AuNP codes vs. AuNS codes

It is worth noting that preserving the spiky structure of the SERS encoded particles is
extremely important. As NIR light is required for biological applications,'™ plasmonic
nanoparticles with tip plasmon modes at such frequencies are highly efficient Raman
enhancers. Although the formation of aggregates could be a strategy to increase the
SERS intensity of spherical AuNPs due to hot spot formation, control over the
aggregation process is usually hard to achieve. To prove the SERS efficiency of star-
shaped as compared to spherical nanoparticles, AuNSs of two different sizes and 100
nm AuNPs were prepared and encoded with 1-NaT as RaR. The SERS spectra of 1-NaT
(Figure 4.4) clearly shows that star-shaped particles with LSPR band peaking at 750
nm are necessary to obtain a meaningful SERS signal from polymer-coated
nanoparticles using an excitation wavelength of 785 nm. Meanwhile, no SERS was
obtained from spherical AuNPs, from which strong SERS at 785 nm can be only
observed when the NPs were strongly aggregated, e.g. upon drop-casting onto a solid
support (not shown) or at least partially aggregated.””"*’* Such partial aggregation is
sometimes difficult to determine by standard UV-vis measurements because the far-

field behavior does not necessarily reflect the SERS related near-field response.”” 1

n
our case, the absence of SERS signal indicates that the PMA polymer coating efficiently
suppresses NP aggregation in solution and therefore confirms that the intrinsic field
enhancement of isolated AuNPs is too weak to result in a detectable SERS signal.*”* As
expected, the PMA polymer coating protects the nanoparticle against aggregation in
solution and therefore the intrinsic SERS effect of AuNPs with LSPR maximum around
550 nm is too low to result in a detectable signal. Therefore, AuNSs with NIR LSPRs"*

35,36,43

and strong field enhancement at their tips appear to be excellent candidates for the

fabrication of SERS tags.
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Figure 4.4. SERS spectra of 1-NaT encoded 50 nm AuNS@PMA (a) and 100 nm AuNP@PMA
nanopheres (b) at 785 nm excitation. Also shown are the Vis-NIR spectra of the bare particles (blue),
after 1-NaT functionalization in CH;3Cl (green) and after PMA coating (magenta) and the corresponding
TEM images of the NPs codes.

In order to optimize the plasmonic nanoparticles, larger AuNSs of ~100 nm diameter
and AuNSs synthesized by the PVP method*® (Figure 4.5) were also studied. However,
the intensity of the 1-NaT SERS spectrum was not significantly improved and therefore
these different AuNSs were not used and all SERS experiments were performed using

the original (~ 50 nm in diameter) AuNSs.
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Figure 4.5. Normalized Vis-NIR spectra of AuNSs synthesized by the PVP method (a) and 100 nm
surfactant free AuNSs (b) before codification and PEG stabilization (red), after coating with 1-NaT in
CHCI; (green) and after PMA encapsulation in H,O (blue). (¢, d) Respective TEM images of
AuUNS@PMA.
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SERS imaging of individual cell lines
Six AuNS@PMA samples were prepared, each encoded with a different thiolated dye
as RaR (all concentrations were adjusted to [Au”] = 0.5 mM). Shown in Figure 4.6 are

the SERS spectra of the AuNS-RaR@PMA labels represented by a corresponding color.

Figure 4.6. SERS spectra of six differently encoded SERS tags AuNS-RaR@PMA measured in solution
under the following conditions: [AuO] = 0.5 mM, Pir = 18.4 mW for A, = 785 nm and t;,; = 10s with a
10x objective (NA = 0.35). Five scans were accumulated and averaged and an off-set applied for more
convenient data representation. RaR 3D molecular structures created using the Avogadro Software

package are presented on top of the figure and highlighted with the corresponding color.

SERS measurements of the AuNS-RaR@PMA tags reveal the complete fingerprint of
the corresponding encoded RaR. It is important to note that no additional signals
originating from the polymer were detected. A set of the most dominant vibrations
together with the assignment for each RaR is despicted in Table 4.1. We observed in
general that the highest SERS signal was generated by AuNS-4-BPT@PMA, followed

by 2-NaT and 4-MBT codes, whereas one order of magnitude lower intensities were
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recorded from BT, 1-NaT and 4-MP. These differences are probably not only related to
different molecular Raman cross sections, but also to variations of the density of
molecules bound to the AuNS surface because of different RaR binding affinities to Au

metal and to the different stability in the apolar organic medium.

v,/ em’ v,/ em’ .
mode assignment
RaR code (i solution) (in cell)
1005 1015 Ring breathing
1099 Trigonal ring breathing with C=S
1131 C-H deformation
4-MP 1227 C-H in plane deformation
1279 C-H in plane deformation
1311 Not assigned
1581 Ring stretch with nitrogen
820 822 Ring breathing
967 965 C-H twist
1070 1072 C-H bending
1-NaT 1200 1200 C-H bending
1367/1380 1365/1382 Ring stretching
1505 1505 Ring stretching
1560 1560 Ring stretching
1002 1002 Ring out-of-plane deformation
BT 1025 1025 C—C symmetric stretching
1077 1079 Ring in plane deformation
1578 1578 C-C assimetric stretching
1083 1084 Ring breathing and C-H in plane bending combination
4-MBT 1488 1487 Not assigned
1597 1598 Ring stretching
640 641 Ring deformation
769 770 Ring deformation
846 850 C-H twist
1070 1070 C-H bending
2-NaT 383 1382 Ring stretching
1453 1454 Ring stretching
1586 1587 Ring stretching
1626 1625 Ring stretching
1084 1083 C-H bending
4-BPT 1285 1284 Ring stretching

1593/1604 1593/1603 Ring stretching

Table 4.1. Characteristic vibrations of 4-MP, 1-NaT, BT, 4-MBT, 2-NaT and 4-BPT measured from the

SERS label in aqueous solution and after cell incubation and its assignment.
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As a proof of concept for the applicability of our SERS tags for cell detection and
differentiation, we studied the SERS performance of the AuNS-RaR@PMA labels in
cells, namely in a macrophage continuous cell line with known phagocytotic abilities.
J774 macrophages were individually treated with all six AuNS-RaR@PMA labels,
keeping the NP concentration and incubation time constant for each system. After
several washing steps the SERS spectra in the J774 cultures were analyzed, thereby
providing an estimate of the uptake efficiency of AuNS-RaR@PMA. The observation
of black dots within J744 in the transmission light images in Figure 4.7 suggest the
successful uptake of all SERS tags.

Figure 4.7. Optical and SERS images combined with the corresponding vibrational fingerprint spectra,
for six different SERS tags incubated with J774 macrophages. The arrows indicate the specific signal
used for the 2D SERS map generation: 1080 cm™ (4-MBT), 1280 cm™ (4-BPT), 1380 cm™ (2-NaT), 1004
cm™ (BT), 1580 cm™ (1-NaT), and 1120 cm™ (4-MP).

The images shown in Figure 4.7 were obtained from samples individually incubated
with each AuNS-RaR@PMA tag, and overlapped with RaR SERS images (colored
map) of the same area and the corresponding vibrational fingerprint spectrum (curve of
the same color). SERS maps were created by plotting the intensity of a specific
vibration for each RaR, which is typically the most intense one (except for 4-BPT),
namely 1080 cm™ (4-MBT), 1280 cm™ (4-BPT), 1380 cm™ (2-NaT), 1004 cm™ (BT)
1580 cm™ (1-NaT), and 1120 cm™ (4-MP). The same molecule-specific vibrations were
applied for all subsequent SERS maps within this chapter, always using the same color

for each code. From the SERS images we conclude that: i) the SERS signal is only
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detected from those areas where cells are present and no signal is found from free tags
in solution or attached to the glass support; ii) although the intensity can strongly vary
due to the distribution of accumulated tags, SERS signal can be detected from all the
measured cells indicating efficient uptake; iii) the SERS spectra of the RaRs are not
affected by attachment to the cell surface or by endocytosis (except 4-MP); iv) the
variation of RaR intensity measured from J744 follows the same trend as that detected
from free NPs in solution, with one exception (4-MBT exhibits the strongest signal
from J744); and v) the SERS tag signal is stable over a time span of at least 3 h after
addition to cells. The application of AuNS-RaR@PMA labels is not only restricted to
J774 cells but can also be used with other cell lines. RaR signals were successfully
detected in cells of different tissue origin, for example, A549, MCF-7 and HUVEC
combined with BT, 2-NaT and 4-BPT, respectively (Figure 4.8)

Figure 4.8. SERS imaging of cancer cells by mapping one characteristic vibrational frequency: A549,

MCF-7 and HUVEC using AuNS@PMA loaded with BT, 2-NaT and 4-BPT, respectively.

Differentiation of breast cancer cells

The final goal of this work is to differentiate various types of breast cancer cells by
SERS bio-imaging. As the successful detection of the cell is strongly dependent on the
nanotag loading, we first studied the uptake of SERS tags by means of (confocal)
fluorescence imaging using PMA fluorescently labeled with TAMRA (PMAramgra),
during AuNS-code preparation. Breast cancer cells from the lines HCC1395, SK-BR3,
MDA.MB.435S, CAMA-1 and MCF-7 were incubated overnight with BT-
AuNS@PMATAMRA, at a final Au’ concentration of 0.1 mM. All cells showed strong
levels of uptake and z-stacks confirmed intracellular presence, with limited membrane

bound AuNSs after intensive washing of non-endocytosed material (Figure 4.9).
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Figure 4.9. Z-stack images taken using a Zeiss confocal to show nanoparticle uptake in MCF-7 (a),
MDA.MB.435S (b), CAMA-1 (¢), HCC1395 (d) and SK-BR3 (e). Cells are stained with DAPI (blue;
nucleus) and WGA647 (pink; membrane). AuNS-BT@PMAramra particles were false-colored green to

show contrast. Scale bars 20pum.

As some cells appeared to show higher levels of uptake, these were paired post-analysis
with SERS tags expressing weaker Raman signals, and vice versa. At this time, breast
cancer cells were incubated with non-fluorescent AuNS-RaR@PMA tags under the
same conditions and after thorough washing of non-endocytosed particles, cells were
transferred to quartz glass slides for both single and quintuple SERS measurements,
meaning single-call and five-cell co-cultures respectively. To demonstrate the all-
purpose application of these SERS nanotags, we used two different sets of cell-RaR
combinations (herein called C1 and C2) for bioimaging and for cell differentiation

experiments (see Table 4.2).

Cell type
Set SK-BR3 HCC1395 MCF-7 CAMAl1 MDA.MB.435S
C1  1-NaT BT 4-BPT  4-MBT 2-NaT
C2 4-BPT 4-MBT  2-NaT BT 1-NaT

Table 4.2. Sets C1 and C2 for the combination of breast cancer cells with AuNS-RaR@PMA.
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Figure 4.10 shows the 2D SERS maps for C1. We clearly see that the RaR SERS is
present for the five cell types but the intensity can strongly vary for each cell and each
RaR molecule. In a few cases unbalanced nanotag uptake can lead to some cells being
(almost) undetectable by SERS (see SK-BR3 with the low-intensity 1-NaT and CAMA-
1 with the high-intensity 4-MBT in Figure 4.10). To evaluate the detection probability
of specific cell lines, statistical SERS measurements (one spectrum per cell = single-
point maps) of at least 30 individual cells per line were performed. The blue-colored
dots shown in the bottom-right image of Figure 4.10 indicate that 4-BPT was detected
from 98% of measured MCF-7 cells, with SERS intensities ranging from 0 (black) to
200 cps (bright blue).

Figure 4.10 Correlated transmited light and SERS images of breast cancer cells corresponding to the cell-
RaR combination C1. Statistical SERS measurements by single-point SERS mapping (last image) allow a
fast analysis of cell detection efficiency (here: 4-BPT is found in 98% of measured MCF-7 cells).

SERS imaging of the single-cell C2 cultures is found to be qualitatively similar to that
for S1 (Figs. 4.11a, 4.12a and 4.13a). Single point SERS mappings with more than 30
cells per culture analyzed for the complete set C2 revealed that, 48% of SK-BR3, 94%
of CAMAL, 97% of HCC1395, and 78% of both MCF-7 and MDA.MB.435S, could be
identified by the characteristic label vibrations previously selected from J744 test

samples in Figure 4.7 (selected images in Figs. 4.11b, 4.12b and 4.13b). The
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corresponding reference spectra were taken from the single cell measurements of C2
(Figure 4.13c). Subsequently, the cells were observed to survive for at least 48 h under
optimal conditions (medium, 37 °C, 2% CO,), indicating the low toxicity of the tags.
Interestingly, no RaR signal was detected outside of the cells even after 24 h, suggesting
high AuNS-RaR@PMA and RaR stability, as well as a low rate of digestion or
exocytosis of AuNS-RaR@PMA.

Figure 4.11. (a) SERS imaging of individual MCF-7 and CAMAI1 using 2-NaT and BT encoded
AuNS@PMA tags, respectively. (b) Corresponding large area point mappings. Note that the black dot in

the CAMA1 sample in (b) is not measured outside of the cell area.
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Figure 4.12. (a) SERS imaging of individual HCC1395 and SK-BR3 cells using 4-MBT and 4-BPT
encoded AuUNS@PMA tags, respectively. (b) Corresponding large area point mappings.
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Figure 4.13. SERS imaging of an individual MDA.MD.435S cell using 1-NaT encoded AuNS@PMA
tags. (b) Corresponding large area point mapping. (¢) Typical single SERS spectrum of each RaR
obtained from samples in Figs. 4.11 - 4.13.

The ultimate challenge in this work was imaging of a quintuple breast cancer cell co-
culture, aiming at differentiation of all different cells on the basis on their AuNS-
RaR@PMA uptake. A large-scale SERS map of a sample containing ca. equal parts of
the five cell types, preincubated with their relevant encoded AuNS-RaR@PMA tags,
was recorded and the spectra were analyzed using the Wire 3.4 software provided by
Renishaw. In contrast to the single cell images, each spectrum was compared with the
whole fingerprint spectrum obtained from the single cell samples as references (Figure
4.14c¢), assigned to the relevant RaR compound and plotted with the previously defined
RaR color code. In Figure 4.14a, the so-created SERS image shows then the
composition of the scanned area. We can clearly differentiate five RaRs corresponding
to the presence of the different breast cancer cells within the scanned area. As observed
from the single-cell cultures, the SERS signal was detected exclusively in the areas

occupied by cells.

To evaluate the reliability of the differentiation method and to quantify larger areas of
the cell mixture, we analyzed three different positions of the sample measuring

individual cells by single-point SERS mapping. The result of the SERS composition
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image of the largest area (0.12 mm?) containing 250 cells is shown in Figure 4.14b.
The detailed conclusion of quantitative composition is given in Table 4.3, which shows
that 87% of the total amount of measured cells could be unambiguously differentiated,
whereas 2% show a SERS signature corresponding to a superposition of two different
RaR codes (see white- and red-encircled blue dots in Figure 4.14b) This could happen
when two cells are not well separated or one cell sits on top of another. The exocytosis
of nanotags by one cell and the endocytosis by another cell type is another possible but
less likely scenario because a critical tag accumulation is required for SERS signal
generation. Finally, 11% of the cells do not show assignable SERS signal due to

ineffective nanoparticle loading.
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Figure 4.14 Compositional assignment of a quintuple cell mixture using RaR labelled SERS nanotags.
Bioimaging of the cell mixture (a), large-scale SERS point mapping to quantify the composition of 250
cells within an area of 0.12 mm” (b) using the reference RaR fingerprints obtained from single cell

cultures (c).

Assigned cell type (87%) Not assigned cell type (13%)
SK-BR3 MCF-7 CAMA1 MDA.MB.435S  Ambiogous No Signal
37% 19% 4% 20% 6% 2% 11%

Table 4.3 Quantitative SERS analysis of the percentage of cells containing RaR-AuNS@PMA, using the
combination C2 detailed in Table 4.1.
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4.4 Conclusions

We report a straightforward protocol for the preparation of highly stable and
biocompatible SERS-encoded AuNSs. The codification method is based on the general
solvent-exchange procedure explained in the previous chapter of this thesis. Therefore,
it can be extended to nanoparticles of different sizes, shapes and composition, and to the
use of different Raman active molecules. PMA is employed to confer particle solubility
and stability under biological conditions, whereas the spiky AuNS structure is preserved
upon passivation of the gold surface via thilated RaR binding. NIR absorbing AuNS
codes appear to be ideal SERS-labels in bioapplications, as we demonstrated by
performing SERS bioimaging of different cells lines incubated with different encoded
AuNS@PMA. Furthermore, we successfully distinguished between five types of breast
cancer cells that were mixed after internatization of the highly efficient SERS tags. The
results confirm the reliability and multiplexing capability of the SERS-encoded AuNSs.
This rapid and feasible SERS-based method could be applied to specifically target

different cancer cells, thereby allowing and improving disease dectection at early stages.
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CHAPTER 5

Gold Nanostar-coated Polystyrene Beads
as Bifunctional Nanoprobes for in vivo

Cell Multimodal Imaging

ABSTRACT

Hybrid colloidal nanocomposites comprising fluorescent polystyrene beads and
gold nanostars are reported as bifunctional nanoprobes for bioimaging. These
assembled nanostructures are excellent Raman enhancers due to plasmon features
in the near infrared biological transparency window region. Using 4-
mercaptobenzoic acid as a Raman-active molecule, we compared the SERS
response of polystyrene beads loaded with different Au nanostar densities and
showed that intermediate nanostar loadings lead to superior SERS performance,
which could be readily detected in vitro in cell cultures. In addition, the efficient
combination of both fluorescence and SERS activity in the same nanostructured

particle opens up possibilities for application in multimodal bioimaging.
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5.1 Introduction

Surface enhanced Raman scattering (SERS) imaging is a novel modality of Raman
microscopy that is gaining increasing attention due to its numerous advantages, as
described in the previous chapter of this PhD. thesis. This technique merges well known
concepts from both fluorescence and conventional Raman imaging, but overcomes the
limitations (e.g. photobleaching, narrow excitation with broad emission profiles and
peak overlap) of using conventional dyes or quantum dots (QDs).””"*® Therefore, the
design of new and multifunctional SERS nanoprobes that combine metal nanoparticles
and specific Raman labels/reporter molecules is an important research area that is
gaining popularity in the biological field."***’* Besides the many studies reported to
date, the fabrication of multifunctional nanoprobes that integrate two of more
functionalities still remains challenging. For instance, fluorescence is often quenched
when a dye is adsorbed very close to the metal surface, often giving rise to surface
enhanced resonance Raman scattering (SERRS).?”> Plasmon enhanced fluorescence can
also occur, but it is affected by multiple parameters such as metal nanoparticle size, and
shape as well as the distance between the fluorophore and the plasmonic surface.?’®*”’
The incorporation of fluorescence and SERS activity in the same nanostructure entity
constitutes an elegant approach that allows independent tracking and imaging of objects
using these two different optical tools. Depending on the application, important issues
such as the slow SERS imaging speed could be successfully resolved.”” Fluorescent-
SERS tags can be generated in various ways. For example, Cho and co-workers
developed specific fluorescent-SERS dots composed of silica spheres containing silver
nanoparticles, fluorescent dyes and specific Raman labels. Silica encapsulated SERS
nanoparticles were labeled with organic dyes and by adjusting the silica shell thickness
so that fluorescence quenching was prevented.””’ Au NP aggregates tagged with Raman
reporters were also coated with silica and water-soluble CdTe QDs, and then used as
fluorescent-SERS switchable probes for imaging of living cells.”™ Interestingly, in vivo
imaging was first demonstrated using Au nanorods (AuNRs) functionalized with NIR

281
fluorescent dyes.

In general, these bimodal imaging methods have significant
advantages such as real-time, high contrast imaging and deep detection ability in

tissues.
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We developed a simple method to fabricate fluorescent-SERS nanoprobes that can be
employed to image living cells. Such bifunctional probes are colloidal nanocomposites
made of a fluorescent polystyrene (PS) particle as matrix, onto which star-shaped gold
nanoparticles (Au nanostars, AuNSs) were assembled. Similar hybrid nanomaterials
have been used in the past to achieve enhanced optical, magnetic and catalytic
properties.”**2*> PS-based are known as plasmonic supports with high robustness, easy
manipulation, resistance to particle aggregation and they can additionally display high
SERS activity.”® PS is additionally one of the most commonly used polymeric
materials due to its low toxicity, high stability in water and easy synthesis and surface
functionalization.”®” The synthetic procedure for the preparation of PS spheres coated
with metal nanoparticles usually involves two different approaches. Metal particles can
be grown in situ onto the PS microsphere surface, yielding gold nanoparticles of
different sizes by simply adjusting the amount and type of reducing agent, or the
concentration of PS microspheres.”®® A similar strategy employs aniline-modified PS
beads where not only the size but also the morphology of the AuNPs can be tuned, by
modifying the gold salt concentration.”® Silver nanoparticle-PS composites can also be
prepared by the reduction of [Ag(NH3),]" complex ions onto poly-dopamine modified
PS surfaces.””” Differently charged PS beads have been used to deposit AgNPs by
reduction with ascorbic acid,””’ whereas poly(styrene-co-acrylic acid) (PSA)
microspheres were covered with AgNPs using polyvinylpyrrolidone (PVP) as a
reducing agent, which additionally facilitated further encapsulation with silica shells.*
Various structures of semishell, nano-crescent or nanoshells can be obtained with the
direct overgrowth of gold on hybrid colloidal dimers consisting of Au and PS

nanoparticles.””

The second approach for the preparation of metal NPs-PS composites requires to
synthesize first the NPs and then assemble them onto a modified PS surface, which
typically allows better control over the desired size and shape of the NPs. Thus, to
specifically attach AuNPs with sizes ranging from 1 to 20 nm, PS beads have been
functionalized with thiol-terminated groups.””* Amino-functionalized PS spheres have
also be coated with different PVP-stabilized metal nanoparticles (Pd, Pt and FePt NPs)

.. .. 295
under acidic conditions.

The same approach was applied to assemble AuNRs capped
with PVP and sodium dodecyl sulfate (SDS), with a fine control over the obtained

surface coverage.”® Therefore, taking advantage of the enormous possibilities of this
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approach, complex anisotropic gold nanostructures, such as AuNSs have been
successfully adsorbed onto fluorescent PS bead surfaces. The Raman reporter molecule
4-mercaptobenzoic acid (4-MBA) was used to compare the relative SERS response for
nanocolloids presenting different AuNS loading densities. As an example of
application, multimodal imaging of live human lung cancer cells was performed using
SERS, fluorescence and dark field optical microscopy. Furthermore we observed that
the SERS signal inside the cells could be further increased by incorporating a particular
type of small AuNP carrying two different capping ligands, known as rippled AuNP
(rAuNP), which have been reported to increase cell uptake due to their high cell
membrane affinity.”’’ We present these novel nanostructures as non-toxic and
biocompatible imaging contrast agents with interesting properties regarding SERS
applications that notably improve the capabilities of isolated AuNSs for in vitro cell

imaging.

5.2 Experimental Section

Materials

Milli-Q water (resistivity 18.2 MQ-cm) was used in all experiments. Hydrogen
tetrachloroaurate trihydrate (HAuCly-3H,0, >99.9%), sodium citrate tribasic dihydrate
(>98%), silver nitrate (AgNO;, >99%), L-ascorbic acid (AA, >99%), O-[2-(3-
mercaptopropionylamino)ethyl]-O’methylpolyethylene glycol (PEG-SH, Mw 5,000
g/mol), 4-mercaptobenzoic acid (4-MBA, 90%), were purchased from Sigma-Aldrich.
Hydrochloric acid solution (HCl, 37%) was purchased from Panreac. Fluorescently
labeled amino-functionalized PS beads (Aex/Aem= 477nm/519nm; NP size 48343 nm)
were purchased from IKERLAT polymers. Non-labeled carboxylic acid-functionalized
PS beads were a gift from the same company. All glassware was washed with aqua
regia, rinsed 3-fold with milli-Q water and dried before use. A549 cells were kindly
provided by Dr. Sergio Moya (CIC biomaGUNE, Donostia-San Sebastian). Dulbecco’s
Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS), 1% Penicillin-
Streptomycin (PStrep), Trypsin-EDTA, Wheat Germ Agglutinin-AF647 (WGA647) and
4',6-Diamidine-2'-phenylindole  dihydrochloride (DAPI) were purchased from

Invitrogen. MTT cell proliferation kit was purchased from Roche.
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Sample characterization

Transmission electron microscopy (TEM) images were collected with a JEOL JEM-
1400PLUS microscope operating at 120 kV, using carbon coated 400 square mesh
copper grids. HAADF-STEM images and electron tomography tilt series were acquired
at the University of Antwerp by the group of Prof. Sara Bals, using a double aberration
corrected cubed FEI Titan 50-80 electron microscope operated at 300 kV. For the
reconstruction of the series we used the SIRT algorithm, as implemented in the ASTRA
toolbox.””® Vis-NIR optical extinction spectra were recorded using an Agilent 8453 UV-

Vis diode-array spectrophotometer.

Synthesis and assembly of gold nanostars

AuNSs were prepared by a modified seed-mediated growth method.”® Briefly, the seed
solution was prepared by adding 5 mL of a 1 % citrate solution to 95 mL of boiling 0.5
mM HAuCly solution under vigorous stirring. After 15 min of boiling, the solution was
cooled down to room temperature and then kept at 4 °C for long-term storage. The as-
synthesized Au nanoparticle seeds had an LSPR maximum at 519 nm. For Au NS
synthesis, 500 pL of the citrate-stabilized seed solution were added to 10 mL of HAuCl,
(0.25 mM) solution containing 10 pL of HCI (1.0 M) in a 20 mL glass vial at room
temperature under moderate stirring. Quickly, 100 pL of AgNO;3 (3 mM) and 50 pL of
AA (100 mM) were added simultaneously to the above solution, which rapidly turned
from light red to greenish indicating the formation of AuNSs. Immediately after
synthesis, the solution was stirred with PEG-SH (final concentration 7-107 M) for 15
min, washed by centrifugation (1190 g, 25 min, 10 °C) and redispersed in water. The
Au’ concentration of the AuNS solution was adjusted to 0.5 mM. To form AuNS-PS
assemblies, ImL of PEG-stabilized AuNS solution 0.5 mM was added dropwise onto
100 pL of PS colloid in an eppendorf tube under sonication and the particle mixture was
incubated overnight. Three different initial PS concentrations (0.15, 0.3 and 1.0 % in
solids) were used to obtain high, medium and low AuNS loading, respectively. The
unbound AuNSs were removed by two centrifugation steps (1770 g, 3 min, 20 °C) and
the samples were redispersed in Milli-Q water adjusting the concentrations to 1.5-107

(PS, % in solids).
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Synthesis and assembly of rAuNP

Amphiphilic small gold nanoparticles co-functionalized with hydrophobic and
hydrophilic thiolated alkanes, known as rippled AuNPs (rAuNP), were synthesized
using a slightly modified version of the Brust-Schriffin method.”” 0.9 mmol of HAuCl,
was dissolved in 150 mL of ethanol and then 0.9 mmol of a mixture of
mercaptoundecane sulfonate and 1-octanethiol (2:1) was added while stirring the
reaction mixture, then a saturated ethanol solution of NaBH4 was added dropwise for 2
h. The solution was stirred for 3 h and the reaction vessel was then placed in a
refrigerator overnight. Precipitated particles were collected via vacuum filtration with
quantitative filter paper. NPs were washed with ethanol, methanol and acetone and dried
under vacuum. To completely remove unbound ligands, particles were dialyzed using
59 segments of cellulose ester dialysis membrane (Pierce, SnakeSkin, MWCO 3500)
that were placed in 1 L beakers of Milli-Q water and stirred slowly. The beakers were
recharged with fresh water ca. every 8 h over the course of 72 h. The NP solutions were
collected from the dialysis tubes, and the solvent was removed under vacuum at <45 °C.
For AuNS-rAuNP-PS assembly, 1 mL of the as-assembled AuNS-PS beads was
incubated overnight with 0.25 mL of rAuNP 0.8 mM. The particles were centrifuged
twice (1770 g, 5 min, 20 °C) to remove free rAuNP and the concentration of PS was

adjusted to be 1.5-107 (% in solids).

Synthesis and assembly of citrate gold nanoparticles (AuNP). Growth of
gold tips on AuNP-PS particles

Small citrate gold nanoparticles (AuNPs) displaying LSPR maximum at 519 nm and
average size around 14 nm were prepared by adding 5 mL of 1% citrate solution to 95
mL of boiling 0.5 mM HAuCly solution under vigorous stirring. After 15 min of boiling,
the solution was cooled down to room temperature and then kept at 4 °C for long-term
storage.>® 1mL of the as-synthesized AuNPs was added onto 0.1mL of PS beads (2.5%
in solids). Unbound AuNPs were removed by two centrifugation steps (1770 g, 5 min,
20 °C) and the precipitate was redispersed in 1 mL of milli-Q water. 100 pL of these
AuNP-coated PS beads was used in a typical 10 mL nanostar synthesis as seeds to

growth Au tips.>
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Synthesis and assembly of PVP-coated gold nanostars and silver
nanoparticles (AgNPs)

PVP-coated AuNSs were synthesized as previously reported.*® In a typical synthesis 82
1L of an aqueous solution of 50 mM HAuCls was mixed with 15 mL of 10 mM PVP
solution in DMF. After 20 minutes, 43 uL of a preformed dispersion of 15 nm PVP-
coated Au seeds in ethanol ([Au’] = 4.2 mM) was added and within five minutes the
solution color changed from pink to blue, indicating the formation of gold nanostars.
The particles were purified by centrifugation (4 times, 1770 g, 60 min, 20 °C) and
redispersed in water. The concentration of Au’ was adjusted to 0.5 mM and the
assembly onto the PS surface was carried out as explained above. AgNPs with LSPR at

d.?® A 100 mL volume of an

420 nm were synthesized following a published metho
aqueous solution containing sodium citrate (5 mM) and tannic acid (TA) 2 mM was
prepared and heated with a heating mantle in a three-neck round bottomed flask for 15
min under vigorous stirring. A condenser was used to prevent evaporation of the
solvent. After boiling had commenced, 1 mL of AgNO; (25 mM) was injected into this
solution. The solution became bright yellow immediately. The particles were washed by
centrifugation (2 times, 6000 rpm, 30 min, 20 °C) to remove excess TA and then
redispersed in sodium citrate 1.1 mM. 1 mL of as-purified AgNPs was added dropwise
onto 100 pL of PS beads (0.15 % in solids) under sonication and the samples were

incubated overnight. Unbound AgNPs were removed by two centrifugation steps (1770
g, Smin, 20 °C).

Cell culture

Human lung epithelial cancer cells (A549) were grown in DMEM supplemented with
10% FBS and 1% PSstrep (known as cDMEM). Cells were passaged using Trypsin-
EDTA. For SERS, confocal and dark field microscopy, between 5-10* to 2:10° cells
were plated in glass bottomed dishes with marked grids (“Grid-50”, Ibidi) and allowed
to adhere overnight. Fluorescently labeled AuNS-PS particles were added to cells at a
final concentration of PS (% in solids) from 7.5-10 to 3.75-10", depending on the

experiment setup, and left for various timepoints at 37 °C to allow particle uptake.
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Confocal and dark field microscopy

Particle uptake in A549 cells was imaged using a Zeiss LSM Confocal microscope with
477 nm excitation and a 500-550 nm BP filter. Either 40x (numerical aperture, NA=1.3)
or 63x (NA=1.4) objectives were used. Multichannel (transmission and fluorescence) Z-
stacks were taken using ZEN software. For darkfield images, cells were fixed using 4%
formaldehyde (20 min, room temperature) and mounted using a #1.5 coverslip and
mounting fluid (Dako). Once dry, the dish was inverted and viewed using a Nikon
Eclipse Ti-U microscope equipped with a 60x (NA=0.7) objective and oil condenser. A
neutral density (ND) and neutral colour balance (NCB) filter were inserted. Photos were
taken using 0.1 s exposure and light intensity levels and other variables were unchanged

for the different samples.

Cell viability

Nanoparticle induced cytotoxicity was measured using the MTT assay. A549 cells were
plated in 96 well plates at 1-10* cells/well and allowed to adhere before adding NPs at
final PS concentrations ranging from 1.5-107 to 9.4:10° % in solids Cells were
incubated for 66 h before removal of the cell media and addition of MTT reagent (1/20
dilution in cDMEM). Cells were incubated for 1.5 h at 37 °C followed by removal of the
supernatant and addition of DMSO to lyse cells. Absorbance was read at 550 nm and

cell viability calculated as a percentage of the control.

SERS measurements

SERS was measured with a confocal Raman microscope (Renishaw inVia) equipped
with 1024x512 CCD detectors using a 785 nm laser excitation source (maximum output
of 250 mW) and a 1200 I/mm diffraction grating. For reference and test SERS
experiments, 1 mL of 4-MBA labeled AuNS-PS beads (low, medium and high AuNS
loading, final 4-MBA concentration 1 mM) was placed in a 1 mL glass vial
(ThermoFisher) and spectra were collected using a 10x objective (NA=0.35) in
expanded scan mode with an integration time of 10 s and a laser power of 11 mW.
SERS measurements in cells were carried out in static mode (center of scattered
wavenumber 1200 cm™) with an integration time of 1s and a laser power of 15 mW
using a water immersion 40x objective (NA=0.85). For SERS imaging of cells the
spectra were measured on a grid with a point distance of 2 um in x- and y directions.

The maps were generated by plotting the intensity of the 4-MBA ring stretch vibration
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at 1080 or 1580 cm™ as a function of grid position. The average laser powers were
measured in air after passing the laser beam through the objectives used in the
corresponding experiments by means of a photodiode sensor (PD300-3W) and a power

meter (Nova, both from Ophir).

5.3 Results and Discussion

Monodispersed PS beads coated with AuNSs were prepared using a two-step procedure:
first, PEG-coated AuNS were synthesized through a well-known seed-mediated growth
method and were subsequently assembled onto the PS beads surface. This strategy leads
to particularly stable nanostructures and allows suitable control over the final plasmonic
performace. It is important to mention that, when Au nanosphere-coated PS beads were
use as seeds to directly growth gold tips, aggregated and non-uniform particles were
obtained whereby branched structures of different sizes and shapes protrude from the
polymer surface (Figure 5.1a). Therefore, production of a homogeneous assembly with
a high degree of monodispersity required the attachment of pre-synthesized AuNSs onto
the amine-functionalized PS bead surface (Figure 5.2). As previously reported, when
carboxylic acid-functionalized PS spheres were used, AuNSs did not interact with the

polymer surface (Figure 5.1b).*°

Figure 5. 1 TEM images of gold nanoparticle-coated PS bead used as seeds and non-uniform “spiky”
particles obtained after in sifu tip growth (a). (b) TEM image of COOH-functionalized PS beads showing
lack of attachment of AuNSs.
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Figure S. 2 Top panel: Schematic illustration of the gold nanostar synthesis (i) and assembly process (ii).
Bottom panel: TEM image of an AuNS-PS bead (a) and Vis-NIR spectra (b) of AuNS (black) and
AuNS-PS (red) particles.

Due to the strong affinity of amino groups with the gold surface, polymer beads were
fully covered with AuNSs, as confirmed by TEM (Figure 5.2a). In addition, annular
dark-field scanning TEM (ADF-STEM) analysis was carried out for detailed analysis of
individual assembled particles. As shown in Figure 5.3a the central polymer particle
was found to be homogeneously surrounded by smaller and brighter objects that
correspond to AuNSs. Electron tomography and three dimensional (3D) reconstruction
of the same sample provided additional information about the AuNS distribution 3D.
The 3D reconstruction image (Figure 5.3b) shows that AuNSs (in yellow) are found

around the whole polystyrene surface (in blue).
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Figure 5. 3 ADF-STEM (a) and 3D reconstruction (b) images of an individual AuNS-PS bead.

Interestingly, we carried out a similar strategy for the assembly of other metallic
nanoparticles such as PVP-stabilized AuNSs*® or AgNPs**® and found that these NPs
can also be assembled onto the colloidal polymer substrates (Figure 5.4). Extensive
washing was required for PVP-coated AuNSs prior to assembly on beads, to remove
much of the polymer from the gold surface, allowing a better interaction between Au
and the amino groups at the PS surface. Cleaning of AgNPs was also necessary
followed by redispersion in citrate solution after synthesis to remove excess of reactants

from the synthesis and thereby ensure suitable interaction with the PS surface.
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Figure 5.4 Vis-NIR spectra (left) and TEM images (right) of PS assembled with PVP-coated AuNSs (a)
and AgNPs (b). The Vis-NIR spectra in black correspond to the dispersed plasmonic particles.

Another advantage of this process is that the amount of AuNS per PS bead could be
readily controlled by changing the concentration of PS and keeping constant the AuNS
concentration. Thus, PS spheres can be loaded with /ow (Figure 5.5a), medium (Figure
5.5b) or high AuNS densities (Figure 5.5¢). However, we observed that excessive
increase of AuNS concentration induced AuNS aggregation and uniform coatings could

not be obtained.

As initially targeted, the plasmonic coating provides interesting optical properties to the
PS cores. The spiky shape of the AuNSs alone gives rise to a localized surface plasmon
resonance (LSPR) band corresponds to localized modes at the tips, as well as a less
intense shoulder that corresponds to the core plasmon mode.*” A similar optical
response was found for the AuNS-coated PS spheres, however with a clear LSPR
redshift which is likely due to a combination of plasmon coupling due to close
proximity between some AuNSs on the PS surface, and the local increase of refractive

index near the AuNSs because of binding to PS (Figures 5.2b and 5.4)."°® Whilst
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AuNSs and PVP coated AuNSs dispersed in H,O present maximum plasmon bands
located at 747 and 775 nm, respectively, after assembly onto the PS surface,
corresponding redshifts of 26 and 49 nm. For AgNPs, the LSPR maximum shifts from
420 to 438 nm when the particles are covering the PS surface (Figure 5.4b). When the
AuNS density was increased, the intensity of the AuNSs LSPR band was
correspondingly increased, as reflected in the Vis-NIR spectra of the different AuNS-
coated PS beads (Figure 5.5d).

When targeting applications in SERS, high electromagnetic fields are required, which
may arise either from tip plasmons in sharp NPs****** or from the generation of nm-
sized gaps between neighboring NPs,***>* forming so-called hot-spots. In this respect
our system can be considered as particulary interesting since AuNSs with a large
number of sharp tips are located close to one another when assembled onto the PS
surface. Therefore, we studied the SERS response from these hybrid plasmonic
assemblies using 4-MBA as a Raman probe molecule. Figure 5.5e depicts
representative SERS spectra of 4-MBA when PS beads are loaded with high, medium
and low AuNS densities. The most prominent peaks appear at 1580 and 1078 cm™,
corresponding to v(C—C) ring stretch and ring breathing modes of the molecule,
respectively.”?>% Interestingly, the sample with the highest density of AuNS (high
AuNS) did not result in the highest SERS intensity. This unexpected result can be
explained by the possibility of plasmon deactivation due to the overlap of the particle
branches. Previous studies have demonstrated that contrarily to what happens with
particles of other shapes (i.e. spheres), the interaction between tips with different
orientations and geometries leads to distroying rather than generating active hot
spots.”® In fact, it has also been observed in Chapter 3 of this thesis that a monolayer
of densely packed spherical NPs generates a much higher SERS signal than a dense
monolayer of AuNSs. Recent theoretical studies®”’ demonstrated that increasing the
AuNS concentration on flat supports until the formation of a high density monolayer

does not significantly increase the intensity of the expected SERS signal.

115



CHAPTER 5 — GOLD NANOSTAR-COATED PS BEADS FOR MULTIMODAL CELL IMAGING

Figure 5.5 TEM images (a-c), Vis-NIR spectra (d) and SERS spectra (e) of PS beads loaded with
different AuNS densities (orange=/ow, blue= medium and black=high) and subsequently labeled with 4-
MBA. The SERS spectra were background corrected and plotted after applying an offset for more

convenient data presentation.

Since application to biological imaging requires highly efficient SERS probes, we
selected the most efficient assembly configuration (medium AuNS density) together
with living A549 cells. In an attempt to further increase the SERS signal intensity from
the nanostructured colloids we additionally incorporated small Au nanoparticles (ca. 5
nm) that are capped with a mixture of hydrophobic and hydrophilic thiolated alkanes
(known as rippled AuNP, rAuNP), and which have been reported to display high

affinity toward binding onto cell membranes.*”’

We therefore hypothesized that the
adsorption of such rAuNPs on AuNS-PS beads would aid in bead-cell membrane
association and also potentially in the SERS response due to the presence of a higher
density of AuNPs. Medium loaded nanocomposites were thus decorated with rAuNPs

using the same self-assembly strategy as that for adsorption of AuNS onto PS beads
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(Figure 5.6a). Interestingly, the new rAuNP coating was found to increase the stability
of the composite nanostructures, as confirmed by zeta potential measurements (Figure
5.6b). Prior to incubation with cells, we tested the stability of AuNS-rAuNP-PS
particles in cDMEM media. Composites were dispersed in cDMEM and incubated for
24 hours. Figure 5.6¢ displays the Vis-NIR spectra of the particles before and after
incubation in cDMEM. It can be clearly observed that the LSPR band was not altered
after dispersion in cell medium and TEM analysis confirmed the absence the
aggregation. It is worth noting that even under biological conditions we found no sign
of nanoparticle detachment from the PS surface and the sharp tips of AuNSs were also

preserved (Figure 5.6¢, inset).

Figure 5. 6 (a) TEM image of a PS bead decorated with AuNS and rAuNP. (b) Zeta potential of PS beads
and PS beads coated with AuNSs and AuNS-rAuNP. (¢) Vis-NIR spectra of AuNS-rAuNP-PS particles
before (black) and after (red) incubation for 24h in cDMEM. Inset: TEM image of AuNS-rAuNPs-PS
beads after 24h incubation in cDMEM.

For SERS experiments in cells, 4-MBA was again used as a reporter, since it provides a
strong SERS signal under 785 nm excitation (biological transparency window), it
strongly adsorbs onto the Au surface, prevents AuNS reshaping, and the negative
charges of carboxylic groups notably increase nanoparticle stability. Figure 5.7
illustrates the SERS spectra of 4-MBA-encoded free AuNSs, AuNS-PS and AuNS-
rAuNP-PS beads internalized by A549 living cells. The obtained SERS spectra
perfectly reflect the fingerprint of the probe molecule and no interference peaks were
observed from the cells or the buffer solution under the present experimental conditions.
For both types of self-assembled structures, AuNS-rAuNP-PS and AuNS-PS, a
remarkably higher SERS intensity was observed as compared to isolated AuNSs.

Remarkably, an additional 2-fold improvement in SERS signal intensity could be
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obtained by including rAuNPs on AuNS-PS bead assemblies (Figure 5.7b,c¢). This
behavior was found to be highly reproducible for various cells and also different particle
batches. These results suggest a higher level of uptake of AuNS- rAuNP-PS beads as

compared to their non-rAuNP containing counterparts.

Figure 5. 7 2D-SERS map for the color-shaded vibration at 1078 cm™ and corresponding single-point
SERS spectrum (typically selected from the highest intensity) of A549 cells incubated with 4-MBA
labeled free AuNS (a), AuNS-PS beads (b) and AuNS-rAuNP-PS beads (¢). The concentration of
incubated AuNS was constant in all samples; the SERS spectra presented were baseline corrected. The
same intensity color scale was used for single-point SERS spectra and 2D maps. The white scale bars

correspond to 20 pm.

To verify this hypothesis, we incubated both types of assemblies with two additional
cells lines. Whilst we noted that the improvement in the SERS signal was not the same
in absolute numbers as compared toA549 cell uptake, we observed the same trend when
incubating the particles with human MCF-7 breast cancer cells and murine J774
macrophages (Figure 5.8). Therefore, interpretation of this observation requires taking
into consideration different factors that affect cell-particle interactions. For instance,
cellular uptake strongly depends on the size, shape and surface chemistry of the
particles.”*®*® It has also been reported that nanoparticle clustering can facilitate cell

319 In this respect, we propose that our system notably improves the use of

uptake.
AuNSs for SERS bio-imaging, since higher SERS efficiency in living cells is observed
when the nanoparticles are assembled onto a colloidal support, as compared to the

corresponding free encoded plasmonic particles.
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Figure 5. 8 Bright-field optical micrographs overlaid with SERS mapping images of the 1078 cm™
vibration for the 4-MBA tag, using medium-loaded AuNS-PS incubated with MCF-7 (a) and J774 (¢) in
comparison with medium-loaded AuNS-rAuNP-PS also incubated with MCF-7 (b) and J774 (d). The
intensity scales were normalized (see cell-dependent color scale). For both cell lines, AuNS-rAuNP-PS
lead to more intense SERS signals. In the case of MCF-7 the intensity difference is lower than for J774,
but it is remarkable that a high signal was obtained from a larger and more homogeneous cell area. Scale

bars 20pum.

In order to understand better the relationship between cellular uptake of composite
nanotags and the measured SERS signal, we incubated cells with fluorescently labeled
PS beads, also containing AuNPs, and monitored their uptake by correlated confocal
fluorescence and SERS microscopy. Importantly, the green fluorescent dye was selected
to avoid overlap of its emission wavelength with the excitation wavelength for the
SERS reporter molecule. Using a numbered grid, the emission of the PS beads (in the
500-550 nm window) and the SERS intensity map of the 1078 cm™ signal of 4-MBA-
encoded AuNS-rAuNP-PS assemblies could be visualized for the very same A549 cells
(Figure 5.9). Bright green fluorescence from individual beads located inside cells
(Figure 5.9a, z-stack) as well as intense SERS (Figure 5.9b) was clearly observed
using this simple setup. While SERS imaging is relatively time consuming, fluorescence

imaging appears to be more intuitive and acquisition was faster. Thus, the integration of
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both functionalities in the same composite particle allows us to perform complementary

imaging, thereby compensating the main deficiencies of both techniques.

Figure 5.9 Confocal fluorescence correlated with SERS microscopy for living A549 cells using medium-
AuNS-rAuNP-PS beads. (a) Map of the emission between 500-550 nm of the fluorescent dye in PS
beads; (b) bright-field optical image (left) and 3D-intensity map of the 1078 cm™ vibration of 4-MBA tag
excited at 785 nm (right). The red border in a and b indicates the area used for SERS imaging. The color
represents the background-corrected and fitted intensity at 1078 cm™. Conditions for SERS spectra: laser

power 16 mW, integration time 1s, 40 x immersion objective.

Regardless of the fluorescence of the PS particle support and the SERS of the tag, the
scattering properties of the used nanoparticles allow for additional cell imaging
modalities using conventional dark-field (DF) optical microscopy. Depending on the
size, shape and material, nanoparticles can strongly scatter light, which can be detected
under DF illumination conditions.’'' Shown in Figure 5.10 are correlated fluorescence
and DF images for AuNS-rAuNP-PS particles internalized by A549 cells. Bright objects
and green dots match for both DF and fluorescence images. We therefore demonstrate
the high versatility of our composite particle system to separately track nanoobjects

within living cells by means of different and complementary imaging tools.
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Figure 5.10 Correlated fluorescence (left) and dark-field images (right) of AuNS-rAuNP-PS beads
internalized by A549 cells (scale bars are 10 um).

We finally conducted cell viability assays whereby A549 cells were incubated with
different concentration of AuNSs, AuNS-PS and PS particles for 66 h (Figure 5.11).
Very low levels of toxicity were appreciated, mainly at the highest particle
concentrations. Bearing in mind the long incubation time this may be due to a reduction
in cell proliferation and not due to toxic effects of the corresponding nanoparticle

system, which is also supported by visual observation of the cells.
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Figure 5.11 MTT assay results for A459 cells incubated during 66 hours with different concentrations of
AuNSs (black), PS (red) and AuNS-PS (blue) particles. The initial particle solutions (AuNSs 0.5mM and
PS and AuNS-PS 1.5-10-2 % PS in solids) were diluted from 20 to 160 times (i.e. concentration increases
from right to left).

5.3 Conclusions

We have prepared SERS-encoded AuNS-decorated PS beads that can be used as
nanoprobes for multimodal bioimaging. AuNS are excellent Raman-enhancing
materials displaying LSPRs peaking in the biological transparency window. When
AuNs are assembled onto fluorescent PS beads high cell permeability was observed and
the integration of multiple functionalities in the same nanostructure allows imaging of
living cells using different microscopy tools such as (confocal) fluorescence, SERS and
DF microscopy. We additionally showed that PS beads with intermediate AuNS
loadings show the highest SERS response. Using 4-MBA as reporter molecule we
successfully imaged A459, MCF-7 and J774 cells by SERS mapping. Through
additional rAuNP co-adsorption the SERS performance of the composite PS beads was
further improved. Our assembled nanostructures combining fluorescent and SERS

activity can be considered as promising nanoprobes for future biological applications.
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Altogheter this thesis represents a significant advancement in the preparation,
functionalization and stabilization of gold nanostars for application as SERS tags.
Different approaches have been developed to prepare highly stable and biocompatible
gold nanostars and gold nanostar-based hybrid materials, which display plasmon
resonances within the “biological transparency window”, as well as great Raman
enhancing activity. We also demonstrated the excellent ability of these engineered
nanostructures for in vitro SERS bioimaging. We expect that these novel optical
nanoprobes will represent an important contribution in the biomedical field, not only for
in vitro applications also for the progress of new in vivo diagnostic and therapeutic
tools. Even though specific conclusions have been included at the end of each chapter,
the most relevant, overall conclusions of the research described in this thesis are

presented herein.

1. Gold nanostars have been successfully functionalized with a mixture of two ligands
that act as stabilizers and can direct the growth of an outer gold shell leading to

exotic nanostructures presenting intrinsic hot spots.

a. A mixture of BDT and CTAC has been used to stabilize AuNSs, avoiding
aggregation and particle reshaping. Other common capping ligands, such as
CTAC, 4-MBA, PEG-SH, ATP or BSPP have been tested, resulting in strong

LSPR blueshift and broadening due to nanoparticle oxidation and aggregation.
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b. BDT modified AuNSs of different sizes were used as seeds to futher direct
encapsulation with a gold shell. Unusual nanostructures were obtained for
different [Au’"]/[Au’] ratios employed in shell growth. TEM images showed
that high R values lead to fully encapsulated AuNSs, while Janus-like particles
were obtained when decreasing R. These morphological changes are in
agreement with the recorded changes in the Vis-NIR spectra. HAADF-STEM
tomography analysis further confirmed the presence of internal nanometric

gaps where BDT molecules are trapped.

¢. Since BDT has a high Raman cross section and is located in the internal gaps
where enhanced EM fields are expected, we compared the efficiency of the
intrinc hot spots. The results showed that semishell-coated AuNSs displayed
the highest SERS intensity.

d. These SERS-encoded particles are considered promising nanoprobes that can

be used for futures applications such as sensing and imaging.

2. Gold nanostars and other plasmonic nanoparticles, such as silver, gold nanoparticles
and gold nanorods, were stabilized in hydrophobic solvents and assembled into

SERS-active monolayers.

a. Using PEG-SH as pre-stabilizer and DDT as hydrophobic capping ligand, all
the plasmonic nanoparticles were succesfully transferred into organic media
(such as chloroform). TEM and Vis-NIR spectroscopy confirmed the absence
of aggregation and the long-term stability (months) of the obtained particles.
In particular for AuNSs, thiol coating prevents particle reshaping, preserving

the sharpness of the gold tips.
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b. The obtained organic colloids can be dispersed in several organic solvents.
Using mixtures of ethanol and hexane the nanoparticles were assembled into
extensive monolayers, so that short interparticle distances lead to significant
plasmon coupling, as reflected in the Vis-NIR spectra of the plasmonic
substrates obtained. Using 4-MBA as probe molecule, the SERS performance
of the different plasmonic substrates was also compared. AuNR and AuNP
films showed the highest SERS signal, which can be explained considering

that they support LSPR bands in resonance with the excitation wavelength.

c. The phase transfer of plasmonic nanoparticles represents an important strategy
for many applications in nanotechnology. The obtained hydrophobic
nanoparticles were also suitable for further polymer coating. Therefore, water
solubility and stabilization in biological conditions, which is imperative for

bioapplications, was achieved.

3. SERS-encoded gold nanostars have been prepared and successfully used to image

and differenciate breast cancer cells.

a. PEG-stabized AuNSs were functionalized with a variety of SERS-active
thiolated molecules. These Raman reporters (RaR) are soluble in organic
solvents and can readily induce the phase transfer of AuNSs. Additional
polymer coating allows obtaining SERS-encoded AuNSs, which are highly

stable in biological conditions.

b. The SERS efficiency of encoded-AuNPs and AuNSs was compared.
Interestingly, we observed no SERS signal for spherical particles under NIR
illumination, which confirmed that isolated AuNPs are not SERS-active so
that spiky nanoparticles with LSPRs in the NIR and high EM fields at their
tips should be used as SERS-tags.

¢. The prepared SERS-tags were internalized by different cell lines. An effective
SERS bioimaging system was demonstrated by succesfully distinguishing

between breast cancer cells within a complex culture.
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d. We have proved the reliability and multiplexing capability of SERS-encoded
AuNSs, which could be applied for specific targeting of cancer cells as well as

for in vivo SERS imaging.

4. Bifunctional probes made of fluorescent PS beads and Au nanostars were fabricated

and demonstrated their huge potential as tags for multimodal bioimaging.

a. PEG-SH stabilized AuNSs were assembled onto amino-functionalized PS
beads via complexation with —-NH, groups. Adjusting the AuNSs/PS ratio it

was possible to tune the AuNS loading onto the PS surface.

b. Using 4-MBA as probe molecule, the SERS response of the different
assembled structures was studied as a function of AuNS loading, showing that

intermediate AuNS concentrations lead to higher SERS intensities.

¢. Fluorescent and SERS-active nanoprobes were internalized by A459 cells, so
that using confocal fluorescence-SERS microscopy correlative imaging of
living cells could be performed. Additionally, the scattering properties of these
particles allow for additional cell imaging using dark-field microscopy,
confirming the high versatility of our system towards biological multimodal

imaging.
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RESUMEN

Nanoestrellas de Oro: Sintesis,
Estabilizacion y Aplicaciones como

Nanomarcadores SERS

Objetivos

El trabajo presentado en esta tesis esta centrado en la sintesis y estabilizacion de
nanoparticulas de oro con forma de estrella (nanoestrellas de oro), asi como en sus
aplicaciones relacionadas con la espectroscopia por dispersion Raman aumentada en
superficie, (SERS). Esta tesis ha sido desarrollada en el Grupo de BioNanoPlasmonica
del Centro de Investigacion Cooperativa en Biomateriales (CIC biomaGUNE, Donostia-
San Sebastian). Las principales lineas de investigacion en el BioNanoPlasmonic Lab
estan relacionadas con la sintesis y ensamblaje de nanoparticulas plasmonicas de
composicién, tamafio y forma controlada, donde la gran cantidad de estudios
fundamentales realizados ha permitido desarrollar multitud de aplicaciones practicas,
destancando especialmente aquellas relacionadas con la biodeteccion mediante SERS.
En relacion con su etapa anterior ligada al grupo de investigacion de Quimica Coloidal
en el Departamento de Quimica Fisica de la Universidad de Vigo, el grupo de

BioNanoPlasmonica posee gran experiencia sobre el estudio de nanoparticulas de oro de
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geometria anisotropica. En concreto, se han desarrollado estudios pioneros sobre
nanostrellas de oro. Siguiendo esta direccion, esta tesis se ha enfocado en la
preparacion de marcadores SERS basados en nanoestrellas de oro. El contenido de cada

capitulo se describe brevemente a continuacion:

En el Capitulo 1 se presenta una introduccion general, donde conceptos basicos como
la sintesis de nanoparticulas de oro, propiedades Opicas y funcionalizacion de
nanoparticulas metélicas, aplicaciones practicas o el origen del fenomeno SERS, son

tratados.

En el Capitulo 2 se describe la estabilizacion de nanoestrellas de oro usando una
mezcla de ligandos compuesta por un ditiol y un surfactante. Estas nanoestrellas a su
vez son empleadas como semillas para dirigir el crecimiento de una concha de oro
externa. De esta forma se obtienen particulas de diversas y exoticas morfologias que
presentan huecos internos nanométricos donde se generan altos campos

eléctromagnéticos y la molécula de ditiol esta atrapada.

Las nanoestrellas de oro también pueden ser estabilizadas usando una mezcla de
polietilenglicol tiolado y moléculas tioladas més pequeiias, como dodecanotiol (DDT) o
compuestos aromaticos activos en SERS. Asi, en el Capitulo 3 se presenta un método
general para transferir de fase nanoestrellas de oro y otras particulas plasmonicas, como
nanoesferas de oro y plata, y nanorods de oro. Usando DDT como ligando hidrofébico
capaz de inducir la transferencia a fase organica, se obtienen nanocoloides hidrofobicos
que son ensamblados en monocapas activas en SERS. En el Capitulo 4 se describe la
preparacion de nanoestrellas de oro codificadas usando la misma estrategia pero
empleando tioles SERS-activos. A su vez, mediante recubrimientos poliméricos, estos
nanomarcadores pueden ser solubilizados en agua y empleados para aplicaciones
biologicas, tal como se demuestra al analizar diferentes lineas celulares mediante bio-

imagen SERS.

Por tultimo, el Capitulo S trata sobre el ensamblaje de nanoestrellas de oro sobre
substratos coloidales. En concreto, microesferas de poliestireno fluorescente han sido
cargadas de nanoestrellas de oro y empleadas como nanomarcadores SERS

bifuncionales.
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En resumen, se espera que esta tesis contribuya de forma significativa al disefio y la
preparacion de nanomateriales plasmonicos funcionalizados a medida, altamente
estables, biocompatibles y con gran potencial para SERS. En concreto, estudios
biomédicos realizados con nanomarcadores SERS muestran resultados prometedores.
Por tanto, el trabajo presentado en esta tesis podria contribuir de forma muy importante

a la fabricacion de nuevas y mas sofisticadas nanoplataformas SERS.

6.1 Introduccién

A pesar de que el concepto es relativamente reciente, el uso de los nanomateriales se
remonta a tiempos remotos. Un buen ejemplo de ello es la famosa Copa de Licurgo,
fabricada en la época de los romanos (siglo IV a.C.) y que se exhibe en el Museo
Britanico de Londres.'® La presencia de nanoparticulas de oro y plata en dicha copa es
responsables de su tonalidad verde, cuando refleja la luz incidente, pero roja cuando la
luz es transmitida a través del vidrio que la forma. Hoy sabemos que los colores
brillantes caracteristicos de nanoparticulas de metales como la plata, el oro o el cobre, se
deben a las resonancias plasmonicas que estos presentan y que se corresponden con los
modos de oscilacion de los electrones de conduccion en resonancia con radiaciones
electromagnéticas incidentes.” Cuando dichos modos estan confinados en la interfase
metal-dieléctrico y la luz interacciona con particulas mucho menores que su longitud de
onda (nanoparticulas), se produce lo que se conoce como resonancia de plasmon
superficial localizada (LSPR, del nombre en inglés).'” Debido a este fendmeno, las
nanoparticulas metalicas presentan propiedades unicas que han permitido numerosos e
increibles avances cientificos en diversas areas tales como la biomedicina y la
biotecnologia,4 la biodeteccion,’ la energia solar® o las ciencias de la computaci(')n,8

entre otras.

Las propiedades opticas de las nanoparticulas plasmoénicas pueden ser ajustadas a lo
largo del espectro visible (Vis) e infrarrojo (IR) en funcion de su tamafio, forma, estado
de agregacion y de las propiedades dieléctricas del medio que las rodea.” En este
sentido, el desarrollo de la Quimica Coloidal ha permitido disefiar y obtener materiales
con la respuesta Optica adecuada para cada aplicacion practica. Aunque la preparacion
de nanoparticulas esféricas y monodispersas de oro se conoce desde mediados de siglo
XX,'"® durante las tltimas décadas la comunidad cientifica se ha interesado

. . , ’ s 19—
especialmente en el estudio de nanoparticulas que presentan morfologias anisétropas.'’
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2l Esto se debe fundamentalmente a que sus propiedades Opticas, electronicas,

magnéticas o cataliticas son diferentes, y muchos casos superiores, a las que presentan
nanoparticulas con geometria esférica. Por ejemplo, se pueden generar campos
electromagnéticos de alta intensidad en las aristas y vértices agudos de nanoparticulas
anisotropas con geometria triangular, cilindrica o estrellada, siendo por tanto estas
particulas particularmente atractivas para la espectroscopia por dispersion Raman

101194 Bh concreto, las nanoestrellas de oro (AuNSs)

aumentada en superficie (SERS).
resultan de enorme interés, ya que presentan LSPRs en la region del infrarrojo cercano
(NIR) del espectro electromagnético asi como multiples puntos calientes (campos
electromagnéticos de muy alta intensidad) en los extremos de sus afiladas puntas.'®'%
Esta tesis estd centrada en el estudio de las nanoestrellas de oro como particulas

plasmonicas funcionales que poseen un gran potencial para aplicaciones en SERS.

Se han desarrollado diversos protocolos para preparar nanoparticulas de oro con forma
de estrella, la mayoria de ellos basados en el conocido método de crecimiento de
nanoparticulas a partir de semillas metalicas previamente preparadas. Esta estrategia
permite obtener un mejor control sobre los procesos de nucleacion y crecimiento y por
lo tanto mejorar la dispersion de tamafios en las particulas obtenidas. Asi, uno de los
métodos desarrollados para la obtencion de AuNSs con alto rendimiento y
monodispersidad combina el poder reductor del polimero polivinipirrolidona (PVP) y el
disolvente dimetilformamida (DMF).*® Se obtienen asi nanoestrellas de oro que
presentan multiples puntas cuando se reducen iones Au’" en presencia de semillas de
oro previamente recubiertas con PVP. Ademas, el tamafio de las nanoestrellas se puede
ajustar facilmente modificando la concentracion de semillas. El mismo método se ha
empleado también para crecer puntas sobre “semillas” que presentan otras geometrias
tales como nanocables™ o nanobastones.”” Especialmente interesante resulta la sintesis
“sin surfactante” publicada por Vo-Dinh y colaboradores, ya que al no utilizar
polimeros o surfactantes como estabilizantes, se facilita la funcionalizacion de las
nanoparticulas para aplicaciones posteriores.”” Para la reduccion de HAuCly se emplea
acido ascorbico (AA) en presencia de nitrato de plata (AgNOs) y AuNPs (13 nm de
diametro) estabilizadas con citrato como semillas. Para evitar la oxidacion de las
semillas y obtener alta monodispersidad en la sintesis, es necesario trabajar bajo
condiciones 4cidas empleando 4cido chloridrico. Los iones Ag' vy cl parecen

desempetiar un papel clave en la formacion de las puntas y por tanto en la obtencion de
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AuNSs. Nanoestructuras hibridas, tales como nanoesferas tipo Janus de Au,5 4 y AuNPs,
NTs y NRs rodeados de silice mesoporosa,” se han empleado también como semillas
para crecer puntas de oro obteniendo nanoparticulas con propiedades plasmoénicas muy

particulares.

En cuanto a las propiedades opticas de las AuNSs, tal como se aprecia en la Figura
6.1a, la geometria estrellada da lugar a una ancha banda plasmoénica principal y un
hombro de menor intensidad que se corresponden con los modos plasmonicos de las
puntas y el nucleo, respectivamente.*’ De hecho, las puntas actiian como una especie de
“nanoantena” intensificando de forma extraordinaria el campo electromagnético en sus
extremos. Mediante espectroscopia por pérdida de energia de electrones (EELS) en un
microscopio de transmision y barrido (STEM) se ha podido demostrar la presencia de
dichos campos electromagnéticos localizados justamente en los extremos de las puntas
de las nanoestrellas, lo cual ademas esta de acuerdo con predicciones tedricas realizadas

para el mismo sistema (Figura 6.1b-d).'”

Es por ello que las nanoestrellas de oro se
consideran particularmente interesantes para SERS, ya que no se requiere inducir su

agregacion para la formacion de puntos calientes.

Figura 6.1. (a) Espectros Vis-NIR de AuNSs de diferentes tamaiios. (b) Imagen de alta resolucion STEM
en campo oscuro de una nanoestrella de oro individual. (¢) Mapa de intensidad de EELS de la misma
particula. (d) Mapa de intensidad de EELS calculado de la resonancia plasmonica en el extremo de una

punta de nanoparticula.

Las nanoparticulas plasmonicas pueden emplearse para SERS bajo configuraciones muy
diversas. En cualquier caso, el sustrato ideal para SERS debe cumplir varios requisitos,
como son reproducibilidad en su preparacion, estabilidad quimica y alto factor de

aumento de la sefial Raman (enhancement factor, EF). Este ultimo, que puede llegar a
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alcanzar magnitudes del orden 10", viene dado por el cociente entre la intensidad SERS
y la intensidad Raman convencional y por tanto ofrece una estimacion de clianto se
amplifica la sefial Raman en SERS.’'? Para implementar la deteccién por SERS, se
pueden distinguir dos estrategias principales segin se usen o no nanoparticulas
plasmonicas marcadas con moléculas activas en SERS. Por ejemplo, se han dectectado
concentraciones zeptomolares de diferentes analitos empleando substratos basados en

. 103,171
AuNSs que no estan marcadas. 03,17

Por otra parte, nanoparticulas plasmonicas
modificadas con moléculas que presentan una alta seccion eficaz de SERS (también
conocidos como nanocodigos SERS), pueden emplearse para la deteccion indirecta de
diferentes moléculas diana. En este sentido, la microscopia SERS es considerada como
una nueva herramienta analitica muy apta para bioandlisis y que presenta numerosas
ventajas comparada con otras técnicas Opticas como la microscopia de fluorescencia, la
cual emplea puntos cudnticos y fluoréforos organicos.” Entre estas ventajas destacan la
alta sensitividad, la presencia de bandas espectrales muy estrechas que permiten
simultanear varios analisis y la alta fotoestabilidad que presentan los marcadores

124
Raman.

Normalmente, aparte de la nanoparticula plasmonica y la molécula activa en
SERS, se requiere la encapsulacion del marcador SERS usando una capa externa que
puede estar formada por un polimero u otro material como la silice o un material
proteico, por ejemplo. De esta forma se confiere a la particula codificada una mayor
robustez fisica, estabilidad de la sefial Raman y se evita la contaminacién quimica y
biologica procedente del medio. La microscopia SERS se ha empleado ampliamente

. , , 1 . . .
para la detectar biomarcadores en células cancerigenas,'*® microorganimos como virus o

.1 ., ., . . ’ .. ,
bacterias'> y también para obtener imagenes in vivo de células, tejidos y érganos.”

6.2 Estabilizacion y Encapsulacion de Nanoestrellas de Oro

mediante Ditioles

En el Capitulo 2 se describe la utilizacion de una mezcla de ligandos organicos (1,4
dimercaptobenceno, BDT, y cloruro de cetiltrimetilamonio, CTAC) para estabilizar de
forma eficiente nanoestrellas de oro que han sido sintetizadas sin otro surfactante, de
forma que los ligandos evitan la agregacion coloidal y la oxidacion de las particulas. A
su vez, estas nanoestrellas recubiertas con BDT han sido utilizadas como “semillas”

para dirigir el crecimiento de una capa de oro a su alrededor, dando lugar a geometrias
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muy particulares que presentan huecos internos donde se generan campos
electromagnéticos son muy intensos (puntos calientes) y las moléculas de BDT se

encuentran atrapadas.

En primer lugar, se estudi6 la estabilidad de AuNSs de 25 nm (didmetro aproximado del
nucleo) inmediatamente después de su sintesis. Se emplearon como estabilizates CTAC
(1 mM), BDT (10 uM) y una mezcla CTAC-BDT (10 mM - 10 uM). Para AuNSs no
recubiertas (desnudas) y para CTAC-AuNSs se observa un desplazamiento significativo
de la banda plasmonica hacia longitudes de onda mas bajas, lo cual indica que la
superficie de la nanoestrella no estd pasivada y por lo tanto se oxida rapidamente.
Cuando se usa BDT sin embargo, no se observa dicha oxidacion aunque la banda
plasmoénica aparece mas ancha debido a que el ligando induce agregacion. Solamente
con la mezcla CTAC-BDT la banda plasménica permanece inalterada y conserva su
forma original (Figura 6.2a). Esto se refleja en las correspondientes imagenes de
microscopia electronica de transmision (TEM). Mientras que las AuNSs desnudas
adquieren formas redondeadas debido a su oxidacion, las nanoestrellas estabilizadas con

CTAC-BDT conservan su estructura puntiaguda inicial (Figure 6.2b).

Figura 6.2. (a) Espectros UV-Vis de AuNSs inmediatamente después de la sintesis (“fresh”), después de
ser estabilizadas con diferentes ligandos (CTAC, BDT y mezcla CTAC-BDT) y sin estabilizar (“bare”).
Se incluye una fotografia de los diferentes coloides después de 3 horas. (b) Imagenes TEM a distintos

aumentos de las AuNSs en presencia y en ausencia de la mezcla CTAC-BDT.

AuNSs estabilizadas con CTAC-BDT fueron empleadas a su vez como “semillas” para

su encapsulacion con una capa de oro. Curiosamente, cuando se modifica la relacion
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entre [Au’] y [Au’] (R), se obtienen nanoparticulas con morfologias diversas e
intrigantes. Al aumentar R, se observa una disminucién gradual la banda
correspondiente a los modos plasmoénicos de las puntas (Figura 6.3a). Efectivamente,
segun las imagenes de TEM analizadas, al aumentar R aumenta la encapsulacion de las
nanoestrellas, de forma que se obtienen particulas Janus nanoestrella-nanoesfera
(R=4.8), nanoestrellas parcialmente encapsuladas en las cuales solo algunas puntas
sobresalen (R=9.6) y nanoestrellas completamente encapsuladas (R=19.1) (Figura
6.3b). La Figura 6.3¢c muestra la estructura tridimensional de una de las particulas
encapsuladas formada a partir de imagenes de microscopia electronica de barrido por
transmision acoplado a un detector de campo oscuro anular de alto angulo (HAADF-
STEM). En la imagen, los huecos internos presentes en la estructura aparecen como una
especie de “burbujas” (indicadas mediante una flecha). En una seccion transversal de la
reconstruccion 3D, dichos huecos se aprecian como zonas oscuras entre la nanoestrella

(semilla) y la semiconcha de oro formada (Figura 6.3d, circulo blanco).

Figura 6.3. (a) Espectros UV-Vis de las nanoestructuras formadas usando diferentes valores de R y
AuNSs estabilizadas con BDT como semillas. En el interior, esquema representativo del crecimiento. (b)
Iméagenes TEM de las nanoestructuras formadas a R = 4.8, 9.6 y 19.1. (¢) Reconstruccion tridimensional
de una nanoestrella parcialmente encapsulada (R = 9.6) a partir de imagenes de HAADF-STEM. La
flecha blanca sefiala los huecos formados entre la AuNS original (semilla) y la semiconcha de Au
formada. (d) Seccion transversal de la reconstruccion 3D que muestra la conexion entre semilla y

semiconcha (circulo blanco), asi como los huecos internos formados.

Precisamente, una de las propiedades mas interesantes que presentan estas

nanoestrucuturas esta relacionada con la presencia de estos huecos nanométricos en su
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interior (~4.5 nm de tamafno medio), los cuales contienen BDT (molécula Raman activa)
y ademas se espera que localizen campos electromagnéticos de muy alta intensidad. Asi,
mediante SERS se compar6 la eficiencia de los puntos calientes intrinsecos de las
diferentes nanoestructuras formadas. En la Figura 6.4 se aprecia como al aumentar el
valor de R la intensidad SERS para la vibracion a 1072 cm™ del BDT también aumenta
hasta alcanzar un valor maximo para R = 9.8, correspondiente a AuNSs parcialmente
encapsuladas. Los resultados obtenidos sugieren que estas nanoestructuras podrian

emplarese en multitud de aplicaciones como marcadores SERS muy eficientes.

Figura 6.4. (a) Espectros SERS del BDT atrapado en el interior de las nanoestructuras formadas a
diferentes valores de R. Todas las muestras presentan la misma concentracion original de BDT usada para
estabilizar las AuNSs. (b) Intensidad SERS y posicion del modo de vibracion “CH bending” del BDT

para diferentes valores de R.

6.3 Nanoparticulas Plasménicas Hidréfobas: Estabilidad y Auto-

ensamblaje de Monocapas Activas en SERS

En el Capitulo 3 se desarrolla un método general para la transferencia de nanoparticulas
plasmonicas desde una fase acuosa a un medio organico. Para ello se emplea una
mezcla de los ligandos polietilenglicol (PEG) y 1-dodecanotiol (DDT), en la cual PEG
actia como preestabilizante y DDT como agente hidrofobo capaz de inducir la
transferencia de agua a cloroformo. Ademas de nanoestrellas de oro, este método se ha
empleado también para estabilizar y transferir particulas esféricas (AuNPs),

nanobastones (AuNRs) y nanoparticulas de plata (AgNPs) sintetizadas en medio
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acuoso. Los espectros UV-Vis y las imagenes TEM analizadas confirman la ausencia de

agregacion (Figura 6.5).

Figura 6.5. Espectros Vis-NIR en agua (lineas rojas), tras la funcionalizacion con PEG (lineas azules) y
después de la transferencia a CHCl; con DDT (lineas verdes), e imagenes TEM de AuNPs (a, e), AuNSs
(b, f), AuNRs (¢, g) y AgNPs (d, h).

Los coloides hidréfobos obtenidos resultan estables durante meses y ademds pueden ser
redispersados en diferentes disolventes organicos. Usando una mezcla etanol-hexano
(1:4) se obtuvieron asimismo extensas monocapas de nanoparticulas, que una vez
transferidas a soportes solidos fueron analizadas por TEM, SEM, Vis-NIR y empleadas

como substratos para SERS.

La eficiencia SERS de los diferentes substratos se compard usando acido 4-
mercaptobenzoico (4-MBA) como analito a una concentracion de 10 uM. En la Figura
6.6a se muestran los espectros SERS obtenidos para los diferentes substratos
plasmoénicos. Las intensidades mdas altas corresponden a monocapas de AuNPs y
AuNRs, mostrando los substratos de AuNSs y AgNPs intensidades significativamente
mas bajas. Este comportamiento puede explicarse teniendo en cuenta que, tal como
predice el mecanismo electromagnético (EM), los mayores factores de aumento SERS
se obtienen al excitar la correspondiente resonancia plasmoénica. Debido al
acoplamiento plasmonico entre nanoparticulas muy proximas, se produce un
desplazamiento al rojo de la banda plasmonica cuando las nanoparticulas estan
ensambladas. Precisamente para los subtratos de AuNPs y AuNRs el méximo de la

banda plasmonica se encuentra alrededor de 785 nm, que coincide con longitud de onda
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del laser usado para excitar la muestra. El maximo acoplamiento plasmoénico ocurre
para los substratos de nanoestrellas, que presentan bandas plasménicas muy anchas en
la zona del IR. Por otro lado, cuando la muestra se ilumina usando otras longitudes de
onda los resultados obtenidos son diferentes. De acuerdo otra vez con el mecanismo
electromagnético, a 532 y 633 nm las intensidades mas altas registradas corresponden a
los subtratos AgNPs y AuNPs, respectivamente, no observandose ninguna sefial para la

muestra de AuNSs.

Figure 6.6. (a) Espectros SERS de 4-MBA obtenidos usando los distintos sustratos. (b-e) Mapas SERS
de la vibracién a 1078 cm™ (banda sombreada en rojo en a) e imagenes SEM representativas de cada
ensamblaje antes de la incubacion con el analito, para AuNPs 100 nm (b), AuNRs (¢), AgNPs 50 nm (d)
y AuNSs (big diameter, €). El espectro en negro en a fue obtenido sobre la muestra de AuNRs usando un

equipo Raman portatil. Escalas en negro, blanco y amarillo: 10 pm, 1pm y 100 nm, respectivamente.

Asimismo, las nanoparticulas hidrofobas obtenidas se pueden solubilizar de nuevo en
agua mediante recubrimiento con polimeros anfifilos. PMA (anhidrido maleico de
poliisobutileno modificado con dodecilamina) es un polimero ampliamente utilizado
para estabilizar nanoparticulas hidréfobas en medios bioldgicos. Por lo tanto, AuNSs
estabilizadas con dodecanotiol y disueltas en cloroformo fueron recubiertas con PMA y
redispersadas en agua gracias a las interacciones hidroéfobas entre las cadenas laterales
alifaticas del polimero y las moléculas de dodecanotiol que estabilizan la nanoestrella.

En la Figura 6.7 se muestra el espectro Vis-NIR de las nanoestrellas de oro antes y
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después de la encapsulacion polimérica. Se muestra ademas una imagen de TEM de una
muestra con tincion negativa, en la que se puede observar la capa de PMA rodeando a la
nanoparticula. Se ha demostrado que este tipo de recubrimientos aporta alta estabilidad
coloidal en medios celulares e impide la agregacion de las nanoparticulas incluso en

condiciones extremas de pH y fuerza idnica.

Figura 6.7. (a) Espectros Vis-NIR de AuNSs estabilizadas con PEG (rojo), después de ser tranferidas a
cloroformo con DDT (verde) y tras ser encapsuladas con el polimero PMA (azul). (b) Imagen TEM de

AuNSs encapsuladas con PMA tras tincion negativa.

6.4 Nanoestrellas de Oro Codificadas para Multianilisis y

Diferenciacién de Células Tumorales mediante SERS

En el Capitulo 4 se describe la preparacion de nanomarcadores SERS basados en
nanoestrellas de oro y su aplicacion para la detecion y diferenciacion de células
tumorales. Para ello, se emplea una estrategia analoga a la desarrollada en el Capitulo 3.
AuNSs estabilizadas con PEG fueron tranferidas a cloroformo empleando en este caso
ligandos tiolados que son activos en Raman. Se obtuvieron asi particulas hidrofobas y
codificadas en SERS, que a su vez pueden ser recubiertas con PMA y solubilizadas en
agua. Estos nanocodigos SERS se consideran especialmente interesantes para
aplicaciones bioldgicas™ en las que es necesario iluminar dentro de la llamada “ventana
de transparencia bioldgica”.’”® De este modo, utilizando seis moléculas diferentes
activas en Raman (4-MBT, 4-Metilbencenotiol; 4-BPT, 4-fenilbencenotiol; 2-NaT, 2-
Naftalenotiol; BT, Bencenotiol; 1-NaT, 1-Naftalenotiol y 4-MP, 4-Mercaptopiridina)

se han preparado seis nanomarcadores diferentes que pueden ser claramente
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diferenciados mediante SERS. Dichos nanomarcadores se utilizaron a continuacion para
identificar diferentes lineas celulares. En la Figura 6.8 puede observarse una imagen
SERS de macréfagos J774 tras ser incubados individualmente con los diferentes
nanocodigos SERS. De la misma forma, usando un co-cultivo mas complejo como el
formado por 5 lineas diferentes de células tumorales mamarias (HCC1395, MCF-7,
CAMA-1, SKBR3 y MDA.MB435S), se ha comprobado el alto potencial de estos
nanomarcadores para diferenciar células de forma rapida y eficaz mediante bio-imagen

SERS (Figura 6.9).

Figura 6.8. Imagenes SERS superpuestas sobre imagenes opticas de campo claro y combinadas con el
espectro SERS de los diferentes nanomarcadores incubados con macrofagos J774. Las flechas indican la

vibracidn especifica empleada para generar los correspondientes mapas SERS.
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Figura 6.9. (a) Imagen SERS de una mezcla quintuple de células tumorales mamarias. (b) Imagen a gran
escala (0.12 mm?®) mostrando la diferenciacién de 250 células tras medir en cada punto el espectro de

referencia de cada nanomarcador, mostrados en (c).

6.5 Sistemas de Bio-Imagen Multimodal basados en

Microsesferas de Poliestireno Recubiertas con Nanoestrellas
de Oro

En el Capitulo 5 se describe la preparacion de particulas plasmoénicas hibridas
compuestas de una particula central de poliestireno (PS) fluorescente rodeada de
nanoestrellas de oro, las cuales se han aplicado como sistemas de bio-imagen
multimodal. Microesferas de poliestireno (didmetro ~475 nm) funcionalizadas con
grupos amino han sido empleadas como soportes coloidales para ensamblar AuNSs
estabilizadas con PEG. Modificando la relacion PS/AuNS se ha conseguido controlar la
densidad de AuNSs sobre la superficie polimérica. El recubrimiento plasmonico

confiere nuevas propiedades Opticas al nucleo polimérico y se ha demostrado que este
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tipo de ensamblajes son particularmente interesantes para aplicaciones de SERS.
Usando 4-MBA como molécula activa en Raman, se ha comparado la respuesta SERS
de diferentes particulas compuestas cuando la densidad de AuNSs es baja, media y alta
(Figura 6.10). Se ha observado que la muestra con densidad media de estrellas presenta
la mayor actividad SERS. Esto podria explicarse teniendo en cuenta que procesos de
desactivacion de puntos calientes pueden tener lugar cuando hay interacciones punta-
punta entre estrellas de distinta geometria y orientacion.’”® Ademas, tal como se explica
en el Capitulo 3, monocapas densas de AuNSs generan menor intensidad SERS que
aquellas formadas por otras particulas plasmonicas (por ejemplo, nanoesferas o

2
nanobastones de oro).*®’

AuNSs y particulas ensambladas codificadas con 4-MBA han sido internalizadas en
células A459. Ademas, con objeto de aumentar la interacién con la membrana celular,
se han coadsorbido sobre la superficie polimérica particulas de oro pequenas
funcionalizadas con una mezcla de alcanos (conocidas como rippled AuNP, rAuNP).*"’
Los resultados muestran intensidades SERS mas altas cuando las AuNSs se encuentran
ensambladas y también cuando se emplean los nanohibridos AuNS-rAuNP-PS, lo cual

sugiere una mayor internalizacion celular de estas particulas.
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Figura 6.10 Imagenes TEM (a-c¢), espectros Vis-NIR (d) y SERS de esferas de PS cargadas con
diferentes densidades de AuNSs (naranja=densidad de AuNSs baja, azul=media y negra=alta) y marcadas

con 4-MBA.

Por otra parte, se han tomado imdgenes celulares correlativas usando microscopia

confocal-SERS y de campo oscuro (Figura 6.11).
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Figura 6. 11 Imagenes correlativas de microscopia confocal-SERS y confocal-campo oscuro de células
A4509 tras la internalizacion de particulas AuNS-rAuNP-PS. La imagen (a) muestra la emision entre 500-
550 nm del marcador fluorescente incorporado en el PS y (b) la transmision y el mapa 3D de intensidades
SERS de la vibracion a 1078 cm™ del marcador 4-MBA a 785 nm. (¢) y (d) muestran imagenes
correlativas de la misma muestra obtenidas mediante microscopia confocal y de campo oscuro,

respectivamente.

En definitiva, la integracion de diferentes funcionalidades en una misma particula ha
permitido obtener imagenes de cultivos celulares usando técnicas microscdopicas
diferentes, pero complementarias entre si. Los resultados obtenidos confirman la

versatilidad de estas particulas como sistemas de bio-imagen multimodal.

6.6 Conclusiones

El desarrollo de esta tesis supone un importante avance en la preparacion,
funcionalizacion y estabilizacion de nanoestrellas de oro, asi como en su aplicacion
como nanomarcadores SERS. Diferentes estrategias han sido desarrolladas para obtener
nanoestrellas de oro altamente eficientes en SERS, coloidalmente estables,

3

biocompatibles y con resonancias plasmonicas situadas en la llamada “ventana de
transparencia bioldgica”. Se ha demostrado el alto potencial de estos nanomateriales
para realizar bio-imagen SERS in vitro. De igual forma, futuras aplicaciones biomédicas
dirigidas al diagnostico y tratamiento de enfermedades podrian desarrollarse también in
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vivo. Las conclusiones mas relevantes que se pueden extraer de la investigacion llevada

a cabo durante esta tesis se detallan a continuacion.

1. Nanoestrellas de oro han sido funcionalizadas usando una mezcla de ligandos,
los cuales estabilizan y ademas dirigen el crecimiento de una capa de oro
externa, formandose asi nanoestructuras de geometria muy particular y que

presentan puntos calientes internos.

a. BDT y CTAC se han empleado para estabilizar de forma eficiente AuNSs,
evitando la agregacion de las particulas asi como la oxidacion de la superficie

de oro.

b. BDT-AuNSs de diferentes tamafos han sido empleadas como semillas y
encapsuladas bajo una cubierta de oro. Se han obtenido diferentes geometrias
al variar la relacién [Au’")/ [Au’], R, utilizada. Asi, valores altos de R dan
lugar a AuNSs totalmente encapsuladas, mientras que se obtienen
semiconchas y estructuras tipo Janus al disminuir R. Estos cambios
morfologicos se reflejan en los espectros Vis-NIR de las correspondientes
nanoestructuras. Ademas, imagenes de tomografia mediante HAADF-STEM

muestran la presencia de huecos nanométricos internos.

¢. Se ha comparado la eficiencia en SERS de las diferentes nanoestructuras.
BDT presenta una alta seccion eficaz de SERS y ademas se encuentra atrapada
en huecos nanométricos donde se generan campos electromagnéticos de alta
intensidad. Los resultados muestran una mayor eficiencia SERS para las

nanoestructuras obtenidas con forma de semiconcha.

d. Estas particulas codificadas podrian utilizarse como nanomarcadores

eficientes en futuras aplicaciones de bio-imagen y deteccion por SERS.

2. Nanoestrellas de oro asi como otras particulas plasmoénicas (nanobastones de oro
y nanoesferas de oro y plata) han sido estabilizadas en medio orgédnico y

ensambladas en monocapas activas en SERS.
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RESUMEN

a. Usando PEG-SH como pre-estabilizante y DDT como ligando hidréfobo se ha
conseguido transferir con éxito a medio organico las diferentes particulas
plasmoénicas. De acuerdo con las imagenes TEM y los espectros Vis-NIR de
los organosoles obtenidos, las nanoparticulas permanecen estables y bien
dispersas después de la transferencia de fase. En el caso de las AuNSs, gracias
al recubrimiento tiolado, se consigue evitar la oxidacion de las puntas de oro y

mantener asi la geometria estrellada.

b. Estas particulas hidrofobas pueden dispersarse en diferentes solventes
organicos y ser ensambladas en extensas monocapas cuando se emplean
mezclas de etanol-hexano. De esta forma, se han podido fabricar diferentes
substratos plasmoénicos para SERS. Usando como analito la molécula de 4-
MBA, se ha comprobado que peliculas formadas por nanoesferas y
nanobastones de oro dan lugar a intensidades SERS mas altas. Esto puede
explicarse considerando el fuerte acoplamiento plasmoénico que se produce
cuando las particulas se encuentran muy proximas entre si, lo cual provoca en
ciertas estructuras (nanoestrellas principalmente) un notable desplazamiento
de la banda plasmonica hacia el IR, de forma que deja de estar en resonancia

con la longitud de onda de excitacion.

c¢. Por otra parte, estas particulas hidréfobas pueden recubrirse también con
polimiros anfifilicos. PMA ha sido empleado para obtener AuNSs solubles en

agua y estables en condidiones biologicas.

3. Se han preparado nanoestrellas de oro codificadas, las cuales se han utilizado

como nanomarcadores para diferenciar células tumorales mediante SERS.

a. AuNSs estabilizadas con PEG-SH han sido funcionalizadas con diferentes
ligandos tiolados activos en SERS. Estos marcadores Raman, todos ellos
solubles en medio organico, pueden inducir la tranferencia de fase de las
AuNSs. El recubrimiento adicional con PMA permite obtener AuNSs
codificadas, las cuales son nanomarcadores-SERS ideales para aplicaciones

bioldgicas.
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RESUMEN

b. Se ha comparado la eficiencia SERS de nanomarcadores basados en AuNPs y
AuNSs. Se ha confirmado que particulas esféricas aisladas no son activas en
SERS cuando se emplea radiacion NIR. Por tanto, AuNSs cuyas respuestas
opticas se encuentran en el NIR y que presentan altos campos EM localizados

en sus puntas, pueden ser utilizadas para aplicaciones de SERS en biologia.

¢. Se han empleado siferentes AuNSs codificadas para obtener bio-imagenes
SERS de diferentes lineas celulares, demostrandose ademas la eficacia de este
sistema para diferenciar cultivos celulares complejos, como el formado por

una mezcla quintuple de células tumorales mamarias.

4. Se han fabricado marcadores bifuncionales compuestos de microesferas
fluorescentes de poliestireno y nanoestrellas de oro, los cuales poseen un alto

potencial para aplicaciones en bio-imagen multimodal.

a. AuNSs estabilizadas con PEG-SH han sido ensambladas sobre microesferas
de PS fluorescente funcionalizadas con grupos amino. Debido a la interaccion
favorable entre el oro y los grupos —NHy, se ha conseguido decorar totalmente
la superficie de PS con particulas estrelladas. Ademas, ajustando la relacién
AuNS/PS se ha podido controlar la densidad de AuNSs sobre la superfice

polimérica.

b. La eficiencia en SERS de los diferentes ensamblajes se ha comparado usando
4-MBA. Los resultados muestran que densidades intermedias de AuNSs son

mas favorables para SERS.

c. Estos nanomarcadores fluorescentes y SERS-activos han sido internalizados
en células A459. Utilizando microscopia confocal y SERS se han podido
obtener bio-imagenes correlativas de células vivas. Ademas, debido a que
estas particulas dispersan fuertemente la luz, también se han podido obtener
imagenes de células usando microscopia de campo oscuro, lo cual confirma la
alta versatilidad de estos nanomarcadores como sistemas de bio-imagen

multimodal.
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