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resumo

nanoestruturas plasmaénicas, ouro, modificacédo e funcionalizacéo de
superficies, polimerizacdo RAFT, biodetec¢éo.

Este trabalho descreve a preparacao e caracterizacdo de nanoestruturas
funcionais de ouro do tipo coroa@nucleo para aplicacdes em biodetecdo. O
trabalho foi desenvolvido considerando duas abordagens principais na
preparacdo de nanoestruturas polimero@Au (coroa@nucleo), nomeadamente
utilizando: (i) polimeros disponiveis comercialmente e (ii) polimeros
sintetizados por polimerizagéo radicalar controlada, mais especificamente por
polimerizagéo de transferéncia de cadeia reversivel por adi¢do-fragmentacao
(RAFT). Foram também exploradas estratégias para a funcionalizacéo destas
nanoestruturas a fim de avaliar a sua potencialidade e especificidade em
biodetecdo. Neste sentido, o sistema modelo utilizado para estudar a resposta
a biodetecao foi o de biotina-avidina (receptor —analito) e, como controlo, a
albumina do soro de bovino (BSA).

No primeiro capitulo apresenta-se uma revisdo bibliogréfica dos topicos
abordados ao longo desta tese. Inicialmente é apresentada uma
contextualizagdo do trabalho onde é realgcada a importancia das propriedades
Gticas das nanoparticulas (NPs) de ouro em aplica¢des biolégicas.
Seguidamente é dada énfase a modificacéo e funcionalizacdo de NPs de ouro
tendo em vista precisamente este tipo de aplicagcdes. Nesse sentido, foram
analisadas criticamente as duas principais abordagens consideradas no ambito
desta tese. Uma primeira em que foram usados polimeros iénicos
(polielectrolitos) disponiveis comercialmente para a modificagdo de NPs
através de interacdes electrostaticas usando o método camada a camada
(LbL). Numa segunda abordagem, com maior relevancia neste trabalho, foram
revistas estratégias para prepara¢édo de nanoestruturas de ouro utilizando o
mecanismo de polimerizacdo RAFT. Finalmente foi abordada a técnica
Langmuir Blodgett (LB) no estudo de moléculas anfifilicas na interface ar/agua
e na preparacao de filmes LB.

No segundo capitulo apresentam-se os resultados obtidos relativos a utilizacéo
do método LbL na preparacao das nanoestruturas de ouro. Assim, foram
preparadas nanoestruturas do tipo coroa@nucleo usando o policatido
hidrocloreto de polialilamina (PAH) e o polianido sulfonato de poliestireno
(PSS), funcionalizadas com biotina e um fluoréforo (isotiocianato de
fluoresceina — FITC) e utilizando duas vias destintas. As nanoestruturas foram
caracterizadas por espectroscopia no UV-Visivel e de fluorescéncia, por
medidas de potencial zeta e microscopia eletrénica. Por fim, a resposta 6tica e
a especificidade da resposta das nanoestruturas funcionalizadas a presenga
de avidina foi estudada por espectroscopia no UV-Visivel e fluorescéncia.

No terceiro capitulo foram exploradas trés estratégias para a preparacao de
nanoestruturas do tipo coroa@nucleo usando polimeros sintetizados por
polimerizacdo RAFT. Primeiramente foram polimerizados monémeros
hidrofilicos (acrilato de poli(etileno glicol) metil éter (PEGA) e acido acrilico
(AA) em solucéo, usando o mecanismo de polimerizacdo RAFT, obtendo-se
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polimeros que contém o agente RAFT e por isso designados de agente
macroRAFT (MR). Seguidamente, foi sintetizado um segundo bloco a partir do
agente macroRAFT por polimerizacdo RAFT em emulsdo de mondémeros
hidrofébicos (metacrilato de metilo (MMA) e acrilato de butilo (BA)), obtendo-se
0s respetivos copolimeros de bloco. Estes copolimeros foram depois utilizados
nas duas primeiras estratégias: no caso da estratégia pés-modificacéo, as NPs
de Au, também previamente preparadas, foram misturadas com o copolimero,
enguanto que na estratégia in situ as NPs de ouro foram sintetizadas na
presenca do copolimero. Na terceira estratégia, o segundo bloco (bloco
hidrofébico) foi preparado a partir do agente macroRAFT previamente
adsorvido a superficie das NPs de Au (MR@Au NPs). Nesta Ultima estratégia
foram identificados e otimizados alguns parametros que permitiram obter
nanoestruturas do tipo copolimero@Au, como por exemplo a adi¢cdo controlada
dos mondmeros hidrofébicos, bem como a concentracéo de MR.

No quarto capitulo selecionou-se o tipo de nanoestrutura de copolimero@Au
mais promissor obtido no capitulo anterior para ser funcionalizado e utilizado
em ensaios de bioreconhecimento. As nanoestruturas de copolimero@Au
foram funcionalizadas com biotina utilizando a quimica click e avaliou-se a
resposta o6tica e especificidade na presenca de avidina. Visando compreender
0 modo de interagdo ao nivel molecular entre o copolimero (funcionalizado, ou
ndo, com biotina) e o bioanalito, foram realizados alguns estudos preliminares
sobre o comportamento destes polimeros na interface ar/agua utilizando a
técnica Langmuir-Blodgett (LB). Adicionalmente, foram ainda preparadas
nanoestruturas fluorescentes de copolimero@Au por polimerizacdo RAFT de
um mondmero fluorescente (monémero modificado com FITC) a partir da
superficie das MR@Au NPs e seguidamente de monémeros hidrofébicos
(MMA:BA), de modo a avaliar o efeito da distancia entre o nucleo e o fluor6foro
sobre a resposta Gtica deste tipo de nanoestruturas.

As diferentes estratégias de preparagdo de nanoestruturas de ouro
desenvolvidas ao longo desta tese permitiram estabelecer solu¢des para
diversos aspetos criticos tais como a robustez, o controlo da morfologia e a
estabilidade coloidal de nanoestruturas do tipo polimero@Au para aplicacdes
em biodetecdo, bem como estabelecer procedimentos com vista a sua
funcionalizag&o. A utilizagdo do mecanismo RAFT utilizando a estratégia de
polimerizagéo a partir da superficie demonstrou ser particularmente Util para a
encapsulacéo e (multi)funcionalizacdo de NPs de ouro, e apresenta-se como
estratégia promissora na aplicacdo a outros hanomateriais.
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This thesis describes the preparation and characterization of multifunctional
gold shell@core nanostructures towards biosensing applications. The work was
developed following two different approaches for the preparation of the
polymer@Au (shell@core) nanostructures, using (i) commercially available
polymers and (ii) polymers synthesized via reversible deactivation radical
polymerization, specifically reversible addition fragmentation chain transfer
(RAFT). Strategies aiming at the functionalization of these nanostructures were
also explored in order to assess their potential use in biosensing using the
biotin-avidin (bioreceptor-bioanalyte) system as model and bovine serum
albumin (BSA) as control.

In the first chapter, a literature review concerning the main topics discussed in
this thesis is presented. Initially, the work developed in this thesis is put in
context highlighting the optical properties of gold nanoparticles (NPs) in
biological applications and the strategies available for the modification and
functionalization of Au NPs aiming at this type of applications. In that sense,
two main approaches were reviewed considering the work developed in the
thesis namely: the use of commercially available ionic polymers
(polyelectrolytes) to modify NPs surface via electrostatic interactions using the
Layer-by-Layer (LbL) method, and the preparation of gold nanostructures
mediated by RAFT polymerization. Finally, the Langmuir Blodgett (LB)
technique was a briefly presented for the study of amphiphilic molecules at
air/water interface and in the preparation of LB films.

In the second chapter, the results obtained regarding the preparation of Au
nanostructures using the LbL method are presented. The shell@core type
nanostructures were prepared using the polycation poly(allylamine
hydrochloride) (PAH) and the polyanion poly(sodium styrene sulfonate) (PSS)
and were functionalized with biotin and a fluorophore (fluorescein
isothiocyanate — FITC) following two distinct paths. The nanostructures were
characterized by UV-Visible and fluorescence spectroscopy, zeta potential
measurements and electron microscopy. Finally, the optical response and
specificity of the functionalized NPs towards avidin was evaluated by optical
measurements.

In the third chapter three strategies were explored for the preparation of the
shell@core nanostructures using polymers synthesized via RAFT
polymerization. First, hydrophilic monomers (poly(ethylene glycol) methyl ether
acrylate (PEGA) and acrylic acid (AA)) were polymerized in solution via RAFT
polymerization, yielding polymers containing the RAFT agent thus named
macroRAFT (MR) agents. Then a second block was synthesized from the MR
agent via RAFT emulsion polymerization of the hydrophobic monomers methyl
methacrylate (MMA) and butyl acrylate (BA), yielding a block copolymer. This
block copolymer was used in the two first strategies: for the preparation of the
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Au nanostructures. In the case of the post-modification strategy, previously
prepared Au NPs were mixed with the copolymer, and in the case of in situ
strategy Au NPs were generated in the presence of the block copolymer. In the
third strategy, the second block (hydrophobic block) was grown from the MR
agent previously adsorbed on the Au NPs surface (MR@Au NPs). In this last
strategy, some parameters that allow obtaining copolymer@Au nanostructures
were identified and optimized, such as the controlled addition of the
hydrophobic monomers as well as the concentration of MR.

In the fourth chapter, the most promising type of copolymer@Au
nanostructures obtained in the previous chapter was selected to be
functionalized and used in biosensing tests. Copolymer@Au nanostrucures
were functionalized with biotin using the click chemistry reaction and the optical
response and specificity of the functionalized NPs towards avidin was
evaluated by optical measurements. In order to get a better understanding of
the interactions between the copolymer (functionalized, or not with biotin) and
the bioanalyte at molecular level, preliminary studies have been carried out at
the air-water interface using the Langmuir-Blodgett technique. Additionally,
fluorescent-copolymer@Au nanostructures were also prepared via RAFT
polymerization of a fluorescent monomer (monomer modified with FITC) from
MR@Au NPs and subsequent polymerization of MMA:BA monomers in order to
assess the effect of the distance between the core and the fluorophore on the
optical response of this type of nanostructures.

The different strategies developed during this thesis to prepare gold
nanostructures allowed to establish solutions for different critical aspects such
as robustness, control of morphology and colloidal stability of polymer@Au
nanostructures for applications in biodetection as well as procedures for
functionalization. The use of the RAFT mechanism, in particular the grafting
from strategy, proved very promising for the encapsulation and
(multi)functionalization of AUNPs and can potentially be extended to other types
of nanomaterials.
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CHAPTER 1. General Introduction

Part of this chapter was published in Colloid and Polymer Science (2014) Biofunctionalisation of

colloidal gold nanoparticles via polyelectrolytes assemblies, 292: 33-50.






General Introduction

1.1. Introduction

Nanotechnology and Nanoscience are areas that have attracted a great deal of interest within the
scientific community namely because nanomaterials (typically materials with at least one dimension
from 1 to 100 nm) have distinct properties/characteristics from their bulk analogues. The great
diversity of inorganic nanoparticles (e.g. quantum dots, carbon-based materials, metal oxides and
noble metal nanoparticles) and the possibility to modify and functionalize their surface allows a wide

range of applications, namely in (bio)applications. [1, 2]

In particular gold nanoparticles (Au NPs) have been exhaustively studied due to the Localized
Surface Plasmon Resonance (LSPR) that is very sensitive to the size, shape and the surrounding
environment (such as interparticle interaction and surface modification), which make these NPs of
high interest in bioapplications, namely biosensing applications. However, the use of nanoparticles
in such bioapplications requires their surface modification in order to confer colloidal stability and
specific functionalities. There are already a large number of publications regarding the modification
and functionalization of NPs, even so these topics continue to be a challenge namely regarding
multifunctionality, specificity, stability in complex biological medium and biocompability. [3-6]

The main focus of this work was to explore different strategies of surface modification and
functionalization of Au NPs with polymers towards biosensing applications. First, a revision
regarding the optical properties, synthesis and stabilization of Au NPs will be presented which is

followed by an overview of available routes to prepare Au nanostructures also comprising polymers.

1.2. Gold nanoparticles

1.2.1. Optical properties of gold nanoparticles

Gold nanoparticles (Au NPs) have been exhaustively studied for applications in biomedicine,
biosensing, imaging and therapy due to their biocompatibility, dimensions, easy of characterization
and surface modification mainly due to their optical properties associated with the Localized Surface
Plasmon Resonance (LSPR) [3, 7-9].

The LSPR results from the interaction between the electromagnetic radiation and the Au nanoparticle
which results in an oscillation frequency of the conduction electrons forming a dipole, as shown in
Figure 1.1, resulting a strong absorption of light in the visible spectrum that explains the colour of
the colloidal solutions. The LSPR of Au NPs is influenced by the size and shape of particles, by the

refractive index of the surrounding medium and the distance between neighbouring nanoparticles [7,
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10-12]. For instance, Au nanospheres (NSs), as represented in Figure 1.1-A, show one band in the
visible spectrum, typically at 520 nm. However, Au nanorods (NRs) (Figure 1.1-B) show one band
(transversal band) as similar to the NSs corresponding to the electron oscillation along the short axis
(diameter) and one band (longitudinal band) in the visible/near-infrared region corresponding to the
electron cloud oscillation along the long axis.
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Figure 1.1. Schematic illustration of the interaction of polarized light and gold nanospheres (A) and
nanorods (B) to form the electronic coherent localized surface plasmon resonance (LSPR) oscillation
[10].

Moreover, the size of the Au NSs and NRs also has influence on the location of the LSPR band. For
Au NSs, by increasing the nanoparticles diameter shifts the LSPR to higher wavelengths as shown
in Figure 1.2-A [11]. In the case of Au NRs, increasing the aspect ratio (AR = length/width) shifts
the longitudinal band to higher wavelengths, in some cases reaching the near-infrared region (Figure
1.2-B) [12].
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Figure 1.2. Absorbance spectra, photographs and TEM micrographs of gold nanospheres with different
sizes (A) and gold nanorods with different aspect ratios (B). Adapted from Zhong et al. 2007 [11] and
Pérez-Juste et al. 2005 [12], respectively.

As mentioned before, Au NPs due to their optical properties associated to the LSPR are very
interesting and largely studied for bioapplications, namely biosensing application. The LSPR allows
the use of Au NPs to monitor interactions between an analyte and the specific receptor, because Au
NPs aggregation results in changes on the LSPR band. Indeed, this phenomenon can be observed by
visual inspection: Au NSs dispersed in water present a red colour, but when aggregation is induced
the colour changes to purple or blue depending on the aggregation state. Examples of the use of this
property include the recognition of a specific DNA strand, as well as protein-ligand systems, for

example avidin-biotin, which will be later revised (1.2.3.).

Additionally the presence of a fluorophore within the vicinity of Au NPs might experience
fluorescence quenching which is a phenomenon attributed to FRET (Forster resonance energy
transfer) as well as NSET (Nanoparticle Surface Energy Transfer), in which the latter results from
distances nearly twice as far as FRET [13-17]. These phenomena further potentiate the use of Au
NPs in biosensing. In FRET effect, the emission spectrum of the donor overlaps with the absorption
spectrum of the acceptor resulting in several vibronic transitions in the donor that have practically
the same energy as the corresponding transitions in the acceptor. In conventional FRET the critical
distance between donor and acceptor (e.g. using organic dyes) is up to 10 nm. However, this

phenomenon between a dye and a NP has been described to allow energy transfer within larger
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distances due to the so called NSET. For distances between 2-30 nm an efficient energy transfer
occurs between the dye and the NP, while for longer distances (> 50 nm) the energy transfer can
suffer oscillations [17-21]. As a result, this fluorescence quenching effect can be used to monitor
receptor/ligand binding and release events through changes in fluorescence intensity or lifetime of
the fluorophore, reflecting binding and unbinding states of analytes to sensors [19, 22-25], which
will also be reviewed below (1.2.3.).

1.2.2. Synthesis and stabilization of colloid gold nanoparticles

There are several well-established methods to synthesize Au NPs, most of them are based on the
reduction of a gold (l1) salt using a reducing agent in the presence of a stabilizing agent which leads
to different sizes and shapes in agueous or organic medium. Well-known and established methods
have been largely used but, with the increasing interest in Au NPs, several novel methods have been
reported, using reducing agents that can also work as stabilizers to obtain different coatings and that
are more environmentally friendly reagents [26-28]. The most relevant methods that have been
reported regarding the synthesis of Au NSs will be presented, and some methods to prepare

anisotropic nanoparticles will be briefly reviewed.

Gold nanospheres

The most popular method for synthesizing Au NSs is the citrate method introduced by Turkevich et
al. [29], which involves Au NSs formation by the reduction of boiling tetrachloroauric acid (HAuUCly)
with sodium citrate (Nas[(COO)sCsHsQO]) in aqueous medium. The citrate method allows control
over the average particle diameter within a wide range (~10-50 nm) varying the concentration ratio
between the gold salt and the sodium citrate. This method yields NSs stabilized by the citrate anion
adsorbed at the surface of NPs conferring a negative charge to the Au NSs thus, providing colloidal
stability in agueous medium due to repulsive electrostatic forces of the particles surface double-layers
[30, 31]. Monodisperse and quasi-spherical NPs with higher diameters, up to 300 nm, can also be

synthesized via a seeded growth method using the citrate-Au NPs as seeds [32, 33].

Smaller NPs can be synthesized by the method discovered by Brust and Schiffrin in 1994 [34], also
known as the two-phase synthesis. HAuCly is transferred from aqueous solution to organic medium
(e.g. toluene) via a phase-transfer reagent and reduced with aqueous sodium borohydride in the
presence of a long chain thiol (e.g. dodecanethiol) yielding highly stable hydrophobic thiol capped
Au NSs. In this case, the different sizes are obtained by varying the alkanethiol:HAuCls molar ratio

from 0:1 (8 nm) to 2:1 (2 nm), although the mechanism is not well understood, increasing the amount
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of alkanethiol the NPs size decreases independently of the amount of reducing agent. [35] For
bioapplications aqueous stable Au NSs are required and therefore methods of phase exchange are
particularly relevant. Noteworthy, hydrophobic Au NSs can be transferred from organic to aqueous
medium using for example DMAP (4-(dimethylamino)pyridine) which acts as stabilizer and transfer
agent [36, 37]. Methods using borohydride as a reducing agent in one-phase synthesis, namely
aqueous medium, have also been reported but unlike the Turkevich method a stabilizing agent is
required. Usually, ligands with a thiol group are used as stabilizer and the NSs size can be controlled
by varying the ratio between the ligand, the Au(lll) species and the reducing agent [38, 39]. Also,
sodium citrate can be used in this case only as stabilizer since it does not reduce Au (l11) extensively
at room temperature [40]. However, others groups reported the synthesis of agueous stable Au NSs
using borohydride as a reducing agent without the addition of a stabilizing agent during the synthesis,
in this case the reaction pH is 8 [41, 42].

In fact, HAUCI, can be hydrolyzed depending on the pH of the solution, as schematized in equation

1, forming other gold (111) complexes, in this case with OH , which has influence in the UV-Vis
spectrum, as shown in Figure 1.3. [43]

increasing pH

[AuCl,]™ > [AuCl,(OH) 4]~ (equation 1)

(pH between 2.9 — 5.0: x = 2 — 4; pH between 6.2 and 10.3:x =0 —1)

— PH=2.91

— PH=5.01

— PH=10.35

Figure 1.3. UV-Vis spectra of HAuUCl4 at various pH. Adapted from [43].

The same authors [43] have reported that different Au(l11) species have different chemical reactivity
with direct impact on the nucleation and growth of Au NPs. For instance [AuCls] and [AuCls(OH)]
are more easily reduced than [AuCI(OH)s] and [Au(OH).] . The authors reduced the HAuCl4 at
different pH values using ascorbic acid as a reducing agent and sodium benzenesulfonate as a

protecting agent. At lower pH values, the nucleation was fast leading to smaller NPs with narrower

size distributions. In contrast, at higher pH values, nucleation occurred slowly and growth of a less
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number of nuclei occurs, resulting in bigger NSs with larger size distributions. The influence of pH
on the particle size distribution and evolution of Au NSs had already been studied by Peng et al. [44]
by using sodium citrate as reducing agent. As summarized in Figure 1.4, the authors reported that at
low pH values (pH < 6.5) the nucleation is fast, aggregation of the Au nuclei occurs forming wire-
like NPs, which is followed by intraparticle ripening leading to spherical NPs. However, using high
pH values (pH > 6.5) the nucleation occurs slowly as well as the growth, thus leading to NSs with

narrower size distribution.

intra-particle
) (1)fast random Intra-{
[AuCI4(OH))- |nucleation .. ~ attachment } npeningctd... @ @

REA — o®
+ H,Ct/HCY | < 10sec % (2)intra-particle o & o0

ripening
Na,Ct | pH=3.7-6.5
Na,Ct | [AuCl(OH)];" .. slow o8 e
Bl .| [[AUCI(OH)],- Pucleation 3., growth , qe ¢f,
boiling water pH=657.7| + HCt/Ct> | ~60sec ~*<F o

Figure 1.4. Schematic illustration of two reaction pathways for synthesis of gold nanocrystals by citrate
reduction. [44]

On the other hand, Yang et al. [45] using both citrate and borohydride anions as reducing agents

have reported that the concentration of chloride ions also has a major influence on the Au NSs size.

The authors argued that by increasing the CI concentration aggregation of the primary NSs is

promoted, due to the decrease of surface charge, leading to bigger NSs. Actually, controlling the pH
and the CI concentration, NSs with diameters in the range of 19 to 47 nm could be obtained using
sodium citrate as reducing agent. Also, varying the CI concentration NSs with diameters from 3 to
12 nm can be obtained using sodium borohydride as reducing agent.

In summary, the size of Au NSs can be controlled by varying not only the reducing agent but also

several parameters such as the [stabilizer]:[Au(l11)]:[reducing agent] ratio, Cl concentration, pH and

temperature.

Anisotropic gold nanoparticles

Au NPs with morphologies, such as rods, prisms, wires and stars, have also been explored in order
to get different optical properties. In the last years, several works were published reporting the
controlled generation of Au NPs with the morphologies mentioned before, however the mechanism

to promote the anisotropic growth is not fully understood. In general, the anisotropic growth occurs
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from Au(0) seeds usually prepared using the borohydride method (d < 10 nm), which are placed in a
growth solution containing Au(lll), a soft reducing agent (e.g. ascorbic acid) and shape-directing

agent. The latter has been largely studied and it was found that halide counterions (CI, Br and I)

play an important role in shaping the different Au NPs morphologies. [46, 47]

For example, NPs with rod shape (NRs) have been prepared using the seed-mediated growth method
introduced by Murphy et al. 2001 [48] which was later improved, in order to obtain a better control
over the AR and thus allowing the synthesis of NRs with higher AR [49-51]. The first step of this
method concerns the preparation of gold seeds (1.5 — 5 nm in diameter) using borohydride as
reducing agent and then the seeds are mixed with a growth solution. The growth solution contains
gold (I11) salt, ascorbic acid, the surfactant CTAB (hexadecyltrimethylammonium bromide) and in
some cases AgNOs. The ascorbic acid is used as reducing agent but since it is a mild reducing agent
it only promotes the growth, i.e. further nucleation events are not promoted. CTAB is used as
stabilizing agent but most importantly it is used as a soft template for the rod shape. CTAB has
preferential adsorption for the {110} or {100} faces that exist along the length of the NR, so in these
faces deposition of gold is blocked and the growth is promoted in the {111} direction. Additionally
the presence of silver ions helps the shape induction. According to Murphy et al. Ag* is adsorbed at
the Au NPs surface in the form of AgBr restricting the growth in that specific facet (Br- ions come
from the CTAB). It is worth to note in this case Ag NPs are not generated [48-52]. A review about
the parameters that influence the growth of Au NRs can be found in [53]. Although controversial,
the presence of bromide ions seems to be essential to control the synthesis of Au NRs. Nevertheless,

the synthesis of monodispersed Au NRs using bromide-free surfactants has also been described [54].

1.2.3. Biosensing applications of gold nanoparticles

As mentioned before, the leading interest of Au NPs in bioapplications is mainly due to the LSPR,
which is very sensitive to variation of the surrounding environment, including the state of aggregation
of the NPs and their behaviour in the presence of fluorophores. More specifically, these features
allow the use of gold NPs in systems to identify specific (bio)analytes that induce the aggregation of
NPs or, induce or cancel fluorescence (quenching fluoresce effect) in the presence of a fluorophore.
These systems can be used in the identification of a specific strand of DNA, antibody-antigen or
proteins-ligand [5, 8, 55-58].

For example, biosensors based on the LSPR allow the identification of biomolecules such DNA and

proteins because when aggregation of Au NPs is induced due to specific recognition, the LSPR band
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shifts and the color changes from red to blue-purple (precipitation may also occur) [59-62]. Figure
1.5 shows a schematic representation of a biosensing based on the LSPR.

(A)

(B)

Figure 1.5. Schematic representation of Au NPs biosensor based on LSPR. Specific recognition of DNA
(A) and of a specific ligand (B).

Regarding biosensing based on fluorescence quenching, the fluorescence intensity is dependent on

the distance between the Au NP (quencher) and the fluorophore. Specific recognition of the

biomolecules changes this distance allowing their identification [19, 22-25, 56, 63], as schematized

A) ?
Q

in Figure 1.6.

l

A 4

(B)

Figure 1.6. Schematic representation of Au NPs biosensor based on quenching fluorescence. Specific
recognition of DNA (A) and of a specific ligand (B).
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1.2.4. Surface modification and functionalization of colloidal gold nanoparticles

Typically, nanoparticles are synthesized in a medium containing a stabilizing agent however,
additional surface modification is necessary to ensure adequate stabilization and functionalization of
nanoparticles allowing their application in areas such as pharmaceutical, biomedical diagnosis, drug
deliver and gene delivery [3, 64]. The functionalization of NPs is an area of major interest due to the
possibility of controlling the chemical behaviour of the NPs, namely the surface charge and
functional groups (e.g. carboxyl or amine groups) which in turn allows the labelling of the NPs with

molecules, such as antibodies or DNA.

In the case of the citrate method, the reducing agent also acts as a stabilizer (citrate ions) but in other
methods, a stabilizing agent is added during the Au NPs synthesis to avoid agglomeration and
precipitation. For example, DMAP (4-(dimethylamino)pyridine) that confers positive charge [65] or
thiol ligands (Figure 1.7-A). Thiol groups are well known to have high affinity to gold surfaces
because gold is a soft Lewis acid and thiol containing molecules are soft bases. Therefore, thiol
ligands such as sodium 10-mercaptodecanesulfonate [66] or polymers containing thiol groups can
also be used as stabilizers. Others polymers namely polyelectrolytes can be used for surface
modification via electrostatic interactions [66—71], see Figure 1.7-B. Regarding the functionalization
of the NPs with biomolecules (Figure 1.7-C) two main strategies can be used. One involves
electrostatic interactions between surface charged Au NP and charged biomolecule and the other one
involves formation of covalent bonds between functional group at the surface of Au NP and
functional groups of the biomolecules. Alternatively, a biomolecule modified with a thiol group is
directly used for ligand exchange providing, in one step, stability and functionalization. This last

strategy is commonly used for functionalization of DNA [59, 72].
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Figure 1.7. Schematic representation of surface stabilization and or functionalization of Au NPs,
followed by surface (bio)functionalization.

There is a large number of publications regarding the surface modification and functionalization of
Au NPs. Amongst those the use of polymers has received considerable interest because this type of
materials not only offer the possibility to prepare stable, robust and multifunctional polymeric shells
keeping the optical properties of the Au core, but also the polymeric shell can be responsive to an
external stimulus, such as pH or temperature. [73, 74] Having in mind the objective of this thesis two
strategies will be reviewed here. The first strategy encompasses the use of polyelectrolytes combined
with the Layer-by-Layer method (1.3.). The second strategy is based on the reversible-deactivation
radical polymerization (RDRP), specifically reversible addition fragmentation chain transfer (RAFT)

polymerization (1.4.).

1.3. Layer-by-Layer method to prepared colloidal gold nanostructures via electrostatic

interactions

The Layer-by-Layer (LbL) method for the deposition of ionic polymers (polyelectrolyte, PE) through
electrostatic self-assembly was first described for the surface modification of microparticles [75]. It
is an easy and simple method that is based on the sequential deposition of PE layers via electrostatic

interactions, so the deposition of a PE layer (e.g. positive charge) is followed by the deposition of a

12



General Introduction

layer with opposite charge (negative charge). Washing steps are performed between each deposition
step in order to remove excess of polyelectrolyte. The deposition cycles can be repeated until the
required number of layers is obtained, as shown in the Figure 1.8. The final result is a multi-layered
stratified shell which can be multifunctional, i.e. each layer can provide a specific function to the

nanostructure.

5 A
Polycation e
wash i ’a

¥ ) E+ wash

Figure 1.8. Surface modification of nanoparticles using PE treatment (n represents the number of
cycles). [76]

This method was extended to Au NPs by Caruso et al [77], which because of their size led to several
drawbacks due to their high surface curvature which can limit the adsorption of the PE layer. In fact,
the LbL method and the parameters that influence the electrostatic assembly of the PE layers onto
Au NPs was recently reviewed by us [76]. Accordingly, it was established that the final stability of
the well-coated PE@Au (shell@core) nanostructures depends on several parameters: the particle size
(surface curvature), concentration and surface charge density of Au NPs, the PE molecular weight
and the nature of the repeating units (e.g. amine and its pKa), the molar ratio between the PE and the
Au NPs and the pH and ionic strength of the medium. For instance, PE with low molecular weight
should be used avoiding bridging between coated particles which in turn leads to agglomeration and
aggregation. [76]

The easy implementation of this method and its versatility regarding the use of a wide range of
polyelectrolytes makes this method a powerful technique to modify and functionalize Au NPs.
Moreover, the thickness of the polymer shell as well as the chemical function and surface charge can
be tailored, which are features of major relevance for bioapplications. In addition, another advantage
of this technique is the possibility to (bio)functionalize each layer, with a (bio)receptor, drug,
fluorophore or an antibody/protein, in order to provide a specific function to the multilayer shell

envisaging a specific (bio)application of the Au nanostructure. [76]

The LbL method driven by electrostatic interactions has also been implemented for the preparation
of films incorporating several charged materials. [78-80]. This method was firstly applied on the

preparation of films by Decher et al. [81, 82]. Due to its simplicity and versatility a wide variability
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of materials have been explored for the preparation of well-ordered nanostructured functional films.
Examples of those materials are polyelectrolytes, water-soluble proteins, enzymes, DNA, charged
polysaccharides, charged inorganic nanoparticles thus, enabling the preparation of new and easier
handling devices that can be used for example as biosensors. [69, 83-87]

1.4. RAFT polymerization in the preparation of gold nanostructures

Reversible addition fragmentation chain transfer (RAFT) polymerization is a reversible-deactivation
radical polymerization (RDRP) that has proven to be a powerful and versatile mechanism in the
preparation of polymers with well-controlled molecular weights and architectures and consequently
it has been widely studied [88, 89]. Here, some general polymerization concepts (1.4.1.) and
specifically the RAFT polymerization mechanism (1.4.2.) is first reviewed. Then the preparation of
polymer/Au nanocomposites using RAFT polymerization is presented (1.4.3.). Finally, the use of
“click chemistry” in connection with the functionalization of the polymer/Au nanostructures

prepared via RAFT polymerization is surveyed (1.4.4.).

1.4.1. Polymerization concepts

Polymers are macromolecules formed by repeating units covalently bonded, nhamed monomers.
Polymers can be classified regarding their composition and structure. Homopolymers are composed
by just one type of repeating unit whilst on the other hand, copolymers have at least two types of
repeating units [88, 90, 91]. As the complexity of the polymer increases, more difficult or even
impossible is its synthesis via conventional polymerization mechanisms. Fortunately, in the last
decades new mechanisms, namely reversible-deactivation radical polymerization (RDRP), have
been developed and improved in order to be possible the synthesis of new polymers with new

composition and architectures and consequently new applications. [88, 89]

Polymerizations can be carried out using different techniques. In bulk polymerization, monomers are
not diluted in solvents and the initiator should be soluble in the monomer. The advantage of this
technique is that the resulting polymer is pure however, during the polymerization the viscosity
increases hindering chain termination and dissipation of heat can lead to autoacceleration which can
be dangerous namely for large scale production. In the case of solution polymerization, monomer
and initiator are dissolved in a non-reactive solvent and the resulting polymer is also soluble in this

solvent. This technique can solve the problem of bulk polymerization but at the same time has some
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drawbacks, such as the presence of impurities in solvents which can inhibit or retard the
polymerization, chain transfer to solvent and also environmental problems since organic solvents are

used. Furthermore, to obtain the pure polymer the solvent should be removed [90, 91].

Regarding multiphasic systems (e.g. two liquid phases), polymerization can be performed in
suspension, emulsion or miniemulsion. Usually, one is the continuous phase — water and the other
phase corresponds to the monomer or monomer dissolved in an organic medium. In suspension
polymerization a stabilizer is used and the initiator is water insoluble. The stabilizer has the function
to form a protective shell around the polymer particles (beads) during their formation, thus preventing
their coagulation and fusion during the polymerization. In this technique polymer particles are
produced with diameters ranging from 1 um to 1 mm. In emulsion polymerization an initiator soluble
in water and a surfactant are used. The surfactant, above the critical micelle concentration (CMC)
allows the formation of nanoreactors suspended in the aqueous phase where the polymerization
occurs and provides colloidal stability for the growing particles, yielding a colloidal dispersion of
polymer particles known as latex. Water is a key aspect, although it does not participate in the
polymerization, as it maintains the low viscosity, provides a good heat transfer and also acts as
medium for the diffusion of the monomer. Thus, emulsion polymerization can be divided in three
intervals: in interval | (Figure 1.19-1) the surfactant forms micelles with their hydrophobic cores
being swollen with the monomer (monomer droplets) and particle nucleation occurs (oligomers
formed in the aqueous phase are stabilized by the surfactant); in interval 1l (Figure 1.19-I1) the
nucleated particles in the interval | start to grow by diffusion of the monomer from monomer droplets
to polymer particles; and in interval 111 (Figure 1.19-111) occurs exhaustion of the monomer droplets
and the remaining monomers in the particle are polymerized. The size of the polymer particles can
reach diameters up to 1 um. Miniemulsion polymerization is similar to emulsion polymerization but
smaller particles, in the nanometric scale, can be obtained. In this technique, a highly insoluble co-
stabilizer is used to avoid Ostwald ripening and the dispersion is sonicated in order to get smaller
droplets. Similarly to the suspension polymerization, the particle formation occurs in the droplets
nucleation. [90-93]
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Figure 1.9. Schematic representation of the stages in a typical emulsion polymerization reaction.
Adapted from [93].

Concerning the polymerization mechanisms, the chain-growth polymerization, also known as
addition polymerization, results from reactions between monomers (usually vinyl monomers)
without losses of by-products. This polymerization mechanism occurs via three stages: (1) chain
initiation, where a reactive species is formed and the polymerization is started; (2) chain
propagation, once the polymerization is initiated the monomers are added one by one to the active
chain and the polymer grows; and (3) chain termination is the final step where the polymerization is
terminated and the polymer stops growing. The termination involves radical-radical termination

which could be due to combination of two growing chains or by disproportion. [88, 90, 91]

Regarding the chain initiation stage, there are several initiators available which also characterize the
polymerization: free radical and ionic (cationic and anionic). The choice of the initiator depends of
the monomer and the reactions conditions, i.e. while the free radical polymerization can polymerize
a large range of monomers in the presence of water and oxygen tolerating impurities, the ionic
polymerization requires strict conditions, water and oxygen can not be present in the polymerization
reaction for example. The range of monomers is limited and reaction temperature is critical. [88, 90,
91]

In the context of this work only the free-radical addition polymerization will be explored. In
conventional free-radical polymerization irreversible termination occurs which prevents
polymerization control. Furthermore, block copolymers and polymers with complex structures are
difficult or impossible to prepare. Alternatively, polymerization methods that enable control over the

molecular weight distribution, structure and architecture of a polymer have been developed. These
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methods known as RDRP, historically know as living or controlled radical polymerization (CRP)
[94], have reversible termination. This means that the polymerization stops when all the monomer is
consumed and it can be restarted anytime upon addition of more monomer, which allows the
synthesis of block copolymers and complex polymer structures, as shown in Figure 1.10. [88, 95]
Contrary to the conventional process where chains are continuously propagating and the termination
occurs by radical-radical reaction, the RDRP uses reagents that act as polymerization mediators
which help propagating radicals whilst the majority of the chains are maintained in a dormant form.
Equilibrium between the active and dormant chains is achieved which is fundamental to obtain a
linear chain growth, yielding narrower molecular weight distributions. Moreover, the initiation step

should be rapid compared to the propagation step [88, 95-98].

Homopoly mer Block Copolymer ABA Triblock Copolymer

Popt LTI pagpatseag s IO Pagreaanc e

ABC Triblock Copolymer Gradient Copolymer Statistical Copolymer
Alternating Copolymer Graft Copolymer Star Polymer

Figure 1.10. Polymer architectures available through RDRP [98].

The most known and widely used RDRP technologies are: nitroxide mediated polymerization
(NMP), atom transfer radical polymerization (ATRP) and reversible addition fragmentation chain
transfer (RAFT) polymerization. All of these controlled polymerization mechanisms are mediated
by a transfer agent which during the propagation step helps to control the equilibrium between the
dormant and active species [88, 95]. Amongst these mechanisms, reversible addition fragmentation
chain transfer (RAFT) polymerization has shown to be the most powerful mechanism due to its
versatility associated with mild reaction conditions, no use of transition metals, the possibility of
using several types of monomers, including monomers with functional groups (e.g. OH, NRz, CO-H,

SO;H, CONR2) and allows well-controlled polymer architectures. Moreover, hydrophilic and
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amphiphilic polymers can be synthesized which is important for bioapplications [89, 95-98].
Moreover, RAFT polymerization has been successfully used for controlled functionalization of
planar surfaces as well as micro- and nano- particles which is of major interest for a wide range of

applications [89, 99], namely concerning the aims of this work.

1.4.2. RAFT polymerization concepts

Reversible addition fragmentation chain transfer (RAFT) polymerization was introduced in 1998 by
two distinct research groups who described identical mechanisms but using different controlling
agents. The Common-wealth Scientific and Industrial Research Organization (CSIRO) in
Melbourne, Australia, which gave the name RAFT polymerization [100, 101], and the research group
Rhodia Chim, from France, which patented a process that they named macromolecules design via

the interchange xanthates (MADIX) which use xanthates as controlling agents [102].

The control over the composition and architecture of RAFT polymers depends on the kinetics of the
reaction and the elimination/minimization of radical-radical terminations which is due to the use of
a chain transfer agent (CTA), also known as RAFT agent. The CTA, with the structure shown in
Figure 1.11, confers a “living” character to the polymerization since it mediates the polymerization
via reversible chain-transfer process and its efficiency depends on the nature of the groups X, Z and
R (Figure 1.11 — 1). Although CTAs where X=CH; (Figure 1.11 — 3) have been used, the most
efficient CTA are thiocarbonylthio compounds (Figure 1.11 — 2). [96, 97, 103]

XYX—R SYS—R HZCYCH2—R
Z Z Z
1) (2) 3)
Figure 1.11. Structure of CTA/RAFT agent.

In turn, the Z and R groups are crucial for the efficiency of the addition-fragmentation reactions. The
Z group controls the reactivity of the C=S double bond, influencing the rate of radical addition and
fragmentation. The R group is the radical leaving group which also has to be able to reinitiate the
polymerization for chain transfer. For an ideal RAFT agent, see Figure 1.12, the dormant species
should have a reactive C=S double bond, the intermediate radical should fragment rapidly and give
no side reaction and lastly radicals (R") should efficiently re-initiate polymerization [89, 96, 97, 99,
103-105].
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Figure 1.12. Structural features of thiocarbonylthio RAFT agent and intermediate formed on radical
addition. Adapted from [96].

The most commonly used CTAs are the thiocarbonylthio compounds, with a general structure Z-
(C=S)-S-R (e.g. dithioesters, xanthates, dithiocarbamates and trithiocarbonates - Figure 1.13), which
have been used for the synthesis of different homopolymers and copolymers. Moad et al. 2005 and
2006 [96, 97] summarized a wide range of these CTAs that were used until then, and Lowe et al.

2007 [104] focus on CTAs used in the synthesis of water-soluble copolymers.

S S S S
7 S/ (|) S/ \T S/ T S/
R' R’ R'
Dithioester Xanthate Dithiocarbamate Trithiocarbonate

Figure 1.13. Generic structures of RAFT chain-transfer agents.

The choice of the CTA is a key aspect for a successful RAFT polymerization and it depends not only
on the properties of the R and Z groups but also on the monomer that will be polymerized, as well
as reactions conditions. Indeed, Moad et al.[96, 97] related the efficiency of the Z an R groups in the
polymerization of some monomers such as methyl methacrylate (MMA), vinylacetate (Vac), styrene

(S), methyl acrylate (MA), acrylamide (AM), and acrylonitrile (AN), see a resume in Figure 1.14.
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Figure 1.14 Guidelines for selection of RAFT agents for various polymerizations. For Z, addition rates
decrease and fragmentation rates increase from left to right. For R, fragmentation rates decrease from
left to right. Dashed line indicates partial control (i.e. control of molecular weight but poor polydispersity
or substantial retardation in the case of VAc) [96].

The RAFT polymerization mechanism is based on a cycle of active and dormant chains, as can be
observed in Figure 1.15- I and I1. First occurs the initiation step where a polymeric active chain (Pr")
is formed. Then the primary radical formed reacts with the CTA forming an intermediate radical. In
turn, this intermediate radical suffers fragmentation resulting in a dormant polymeric chain (which
contains the —S-C(=S)-Z of the CTA) and a radical specie (R’). The radical species reacts with
monomer (M) to form an active polymeric chain (Pn?). The rapid equilibrium between the
propagating radical (active chain) and the macroCTA (dormant chain) is fundamental to control the
molecular weight, as well as to ensure that the concentration of dormant chains is greater than the
active chains. [89, 96-99, 104]
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Figure 1.15. Proposed mechanism of RAFT polymerization; ( I and I1) homopolymerization and (I111)
chain extension of a macroCTA. Adapted from [98].

The molecular weight of chain and its distribution, the composition and the architecture of the
resulting polymers can be controlled due to the fact that the termination step is minimized.
Suppression, or at least significant reduction of termination is due to the equilibrium that is
established between the propagating polymeric chains and a macroCTA, also named macroRAFT
agent (i.e. a polymeric chain which contains the CTA). The CTA is preserved in the chain giving a
“living” character to the macrochain which can be extended by adding a second monomer, as
illustrated in Figure 1.15- 111. In fact, the resulting macroCTA can be isolated and subsequently used
in another batch under other reaction conditions, for instance aqueous medium. [89, 96-98] For
example, Destarac et al. [106] synthesized the macroRAFT - poly(n-butylacrylate) (PBA) and then
polymerized the NiPAM obtaining the amphiphilic diblock copolymer PBA-b-PNiPAM.
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Beyond the high importance on the choice of the RAFT agent, experimental aspects should be also
considered. For instance, RAFT polymerization started to be performed in organic medium being
compatible with a wide range of organic solvents, but the solubility of the RAFT agent in the solvent
should be a concern as well as the hydrolytic sensitivity of some RAFT agents to some solvents.
Generally, RAFT polymerization in organic medium can be carried out in a range of temperature
from room temperature to 140°C, usually higher temperatures gives better results but can also
promote conventional radical polymerization. Moreover, in RAFT polymerization any source of free
radicals can be used as in the conventional radical polymerization. The most used initiators are
thermal initiators such as AIBN (2,2’-azoisobutyronitrile), ACPA (4,4'-azobis(4-cyanopentanoic
acid)) and K,S,0s (Figure 1.16), however other types of initiation can be used such as UV irradiation,
y-source, plasma field and thermal initiation in the case of styrene. There are additional aspects
related to the initiator that need to be taken into consideration: one is the concentration of initiator
which is important to achieve a balance between the polymerization rate and dead chains, usually the
[CTA]o/[1]o ratio is greater than one ensuring that there is a greater number of CTA molecules in
solution than free radicals. The other aspect is related to the initiator-derived radical which should
be a good leaving group regarding the propagating radical. [89, 96-98]

N —=N HO N

P =

="K NN/ N
0 CN

AIBN ACPA

Figure 1.16. Structure of commonly used initiators in RAFT polymerization.

Another advantage of RAFT polymerization is the possibility to perform the polymerization in
aqueous medium contrary to other RDRP mechanisms. Thus it enables polymerization of anionic,
cationic, zwitterionic and neutral monomers leading to hydrophilic and functional polymers. In
homogenous aqueous polymerization, the RAFT agents that have shown higher versatility are the
dithioesters and trithiocarbonates. Concerning the initiators, the most used in aqueous medium are

water soluble azo initiators. [89, 98, 104]

The first communication on RAFT polymerization in aqueous solution was reported by McCormick
et al. 2001 [107] regarding the polymerization of sodium 4-styrenesulfonate using the CTA 4-
cyanopentanoic acid dithiobenzoate and ACPA as initiator. Then this homopolymer was used as
macroCTA to polymerize in aqueous conditions sodium 4-vinylbenzoate yielding the copolymer
poly(sodium 4-styrenesulfonate-block-sodium 4-vinylbenzoate). Using a similar methodology, the

authors have also prepared a block copolymer of (ar-vinylbenzyl)trimethylammonium chloride and
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N,N-dimethylvinylbenzylamine. In the beginning, RAFT polymerization in agueous solution showed
some drawbacks concerning the hydrolysis of the RAFT agent, as well as the incompatibility of the
RAFT agent with some functional groups such as primary and secondary amines, thiols and reducing
agents. Later, in 2004, McCormick and Lowe [108] discussed the difficulties of RAFT
polymerization in aqueous medium stating that choosing appropriate conditions (i.e. CTA, initiator,
monomer, pH, temperature) a successfully water polymerization is possible and control over the
molecular weight is achieved. Hence, the theoretical number-average molecular weight (M, «) and
the theoretical number fraction of living chains (L) are given by the equations 2 and 3, respectively
[109].

[M ]0 X M monomer X p
Mnth = .I:
[CTA], +2f[1]1—e " {1— 2)

+Mcr, (equation 2)

[CTA],

L=
[CTA], +2f[1],(1—e* (1— fzj

(equation 3)

Where the [M]o, [CTA]o and [1]o are the initial concentration (mol/L) of the monomer, the CTA and
the initiator, respectively; the Mmonomer and Mcra are the molar masses of the monomer and the CTA
(g/mol), and the p is the monomer conversion; factor “2” accounts for the fact that one molecule of
azoinitiator yields two primary radicals with the efficiency f; kq is the decomposition rate constant
(s1) of the azoinitiator and t represents the polymerization time (in seconds); the term “I — (f/2)”
represents the number of chains produced in a radical— radical termination event with fc representing
the coupling factor (a f. value of 1 means that all bimolecular terminations occur by combination,

whereas a value of 0 indicates that 100% of bimolecular terminations result from disproportionation).

Although, a simplification of the equation 2 is commonly used, equation 4:

o = [M]O X Ivlmonomerxp + MCTA
’ [CTA],

(equation 4)

Water soluble copolymers prepared via RAFT polymerization can be synthesized under homogenous
conditions (aqueous and organic media) as well as in heterogeneous conditions, namely in emulsion
[89, 104]. Despite of the fact that many works have been published using the conventional emulsion
technique, RAFT polymerization gives the opportunity to perform RAFT emulsion polymerization
without surfactant. This surfactant-free emulsion was firstly reported in 2002 by Hawkett et al. [110].

First, the authors polymerized a water soluble monomer (acrylic acid, AA) using the RAFT agent 2-
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{[(butylsulfanyl)carbonothioyl]sulfanyl}propanoic acid and the initiator ACPA, in aqueous medium,
obtaining (AA)x-RAFT - macroRAFT agent. Then a hydrophobic monomer (butyl acrylate, BA) was
polymerized yielding (AA)x-(BA),-RAFT which forms micelles during the polymerization, where
further polymerization can occur. Figure 1.17 shows a schematic representation of surfactant-free
emulsion RAFT polymerization.

S S—( :’ S S—F hydrophilic block
Y hydrophilic monomer Y &

(e.g. AA) (macroRAFT agent)
Z Z
(RAFT agent)
H,0 hydrophobic monomer
? (e.g. BA)
> / self-assembly S S— hydrophobic block hydrophilic block @
o=/ =0
micelle

o (5 \o Z
Figure 1.17. Schematic representation of surfactant-free emulsion RAFT polymerization.

This RAFT emulsion polymerization has been explored in the last years, since problems regarding
colloidal stability and hydrophobicity/hydrophilicity of the RAFT agent usually were raised. One
way to control this drawback was found by carrying the emulsion polymerization under starved
conditions, i.e. the monomer is added in a controlled way and no monomer droplets are formed.
Alternatively, adjusting the hydrophobicity of the RAFT agent or even the pH, in the case of
macroRAFT agents based on acrylic acid, it is possible to control the micellar nucleation and
therefore the molecular weight of the polymer particle. [111] For instance, Charleux et al. [112]
modified the RAFT agent 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (TTC-A) with
poly(ethylene oxide) (PEO) with different molecular weights. The authors found that the size of the
PEO chain had influence in the polymer particle size independently of the length of the hydrophobic
extended chain, in this case n-butyl acrylate was polymerized. In addition, RAFT emulsion
polymerization allows the preparation of polymeric nano-objects (e.g. spheres, vesicles, fibers)
through controlling the experimental conditions, such as pH and hydrophobic monomers, during the

chain extension of macroRAFT agent. [113, 114]

24



General Introduction

1.4.3. Preparation of polymer/gold nanostructures based on RAFT polymerization

Composites are described as materials constituted by distinct components that retain their chemical
identity combining their properties which can sometimes result in a synergistic effect. For
nanocomposites one of the components should have at least one dimension in the nanometric scale
(from 1 to 100 nm). Polymer/gold nanocomposites have been widely explored because of the optical
properties of gold NPs (core) can be combined with polymeric shells that in turn can confer
robustness, stability, functionality, responsiveness and biocompatibility to the nanocomposite. This
leads to new materials for new applications or improving materials for existing applications (Figure
1.18). Additionally, RAFT polymerization allows control over molecular weight, molecular weight

distribution, composition and architecture of these novel functional polymer shells.
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Figure 1.18 Properties and functions of Au NP core and polymer shell on polymer/Au nanocomposite.

The surface modification of inorganic nanoparticles using RAFT polymerization has been explored
following four main approaches that are schematized in Figure 1.19. In “in situ preparation” and in
the “post-modification” or “grafting to” a previously prepared polymer is used (Figure 1.19 top). In
the former, NPs are synthesized using an inorganic precursor in the presence of the polymer, whilst
in the second strategy the polymer and the NPs are mixed and the polymer chains adsorb or bind
covalently onto the NPs surface, respectively. Regarding the other strategies (Figure 1.19 bottom),
in “grafting from” the polymerization is carried out from the inorganic surface which is previously
functionalized with the polymerization mediator (e.g. CTA) or the initiator. The “grafting through”
is not so explored because it requires polymerizable moieties (e.g. vinylic moieties) on the NPs
surface [89, 99].
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Figure 1.19. Common preparation methods of polymer/inorganic nanohybrids [99].
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In the context of the preparation of polymer/Au nanocomposites, RAFT polymerization presents an
advantage related with the use of CTA. CTA is usually a thiocarbonylthio compound, therefore has
high affinity to gold surfaces due to the presence of sulfur atoms. Hence, polymers based on di-and
tri-thio CTA agents have been used in the surface modification of gold nanoparticles due to the

possibility of forming a strong linkage between the polymer and the NP surface [89, 99].

In fact, back in 2003 McCormick et al. [115] have reported the immobilization of polymers prepared
by RAFT polymerization onto gold films. After the preparation of the polymers, poly(sodium 4-
styrenesulfonate), poly((ar-vinylbenzytrimethylammoniumchloride), poly(N,N-dimethyl-
acrylamide), and poly(3-[2-(N-methylacrylamido)-ethyldimethyl ammonio] propane sulfonate-b-
N,N- dimethylacrylamide), the authors reduced the dithioester end group of the CTA to thiol using
NaBH.. Then the thiol containing polymers were immobilized onto gold surfaces due to the high

affinity of thiol to gold, as depicted in Figure 1.20.
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Figure 1.20. Mechanism describing the immobilization of a RAFT-prepared copolymer onto gold surface
[115].
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However, in 2006 Fustin et al.[116] demonstrated that CTA (dithioesters and trithiocarbonates) are
also able to chemisorb onto gold surfaces, consequently their reduction into thiols is not mandatory.
This demonstration was very helpful to increase the range of RAFT polymers that can be used for
surface modification of gold, since some RAFT polymers are incompatible with NaBHj.

Regarding the four strategies schematized in Figure 1.18, all of them present advantages and
disadvantages in the preparation of polymer/Au nanocomposite, which are next presented. The post-
modification or grafting to is the most easy and straightforward methodology since each component,
the inorganic nanoparticle and the polymer, are previously prepared and then mixed together leading
to the nanocomposite. So, in this methodology each component is synthesized individually allowing
control over the size and shape of the inorganic particle as well as the molecular weight, structure
and composition of the polymer [89, 99]. In addition, as mentioned before, chemisorption of the
polymer onto Au NPs can be promoted through the thiol group, by removal of the of the RAFT [117-
121] or can be carried out maintaining the RAFT agent (di- or tri-thio group), next some examples
of the latter are shown. Hydrophilic polymers prepared by RAFT polymerization have been used to
coat Au NPs. For example, Davis et al.[122] 2010, reported the stabilization of previously prepared
Au NPs (d = 20 nm) using temperature and pH responsive polymers prepared via RAFT
polymerization: poly(2-aminoethylmethacrylamide) (PAEA), poly(acrylic acid) (PAA), poly(N,N-
diemthylaminoethyl acrylate) (PDMAEA), poly(oligoethylene oxide) acrylate (P(OEG-A)),
poly(oligoethylene oxide acrylate-co-diethylene oxide acrylate) (P(OEG-A-co-DEG-A)) and
poly(N-isopropyl acrylamide) (PNiPAM). Only the cationic polymers required special care during
mixing with Au NPs to avoid aggregation due to the interactions with the citrate anions at the Au
NPs surface. Destarac et al. coated Au NPs with 8 nm with three polymers synthesized by MADIX/
RAFT polymerization which in aqueous solutions have different behaviors: a cationic polymer,
poly[(3-acryl- amidopropyl) trimethylammonium chloride] (PAPTAC), a thermoresponsive polymer
PNiPAM, and a pH-responsive polymer PAA [123], and also reported the used of poly(N-vinyl
caprolactam) [70]. Klok et al.[124] in 2010 prepared Au NPs with different sizes from 5 nm to 47
nm which then were coated, in aqueous solution, with the polymers poly(ethylene
glycol)monomethylether)methacrylate (Mn= 16 800g/mol) and also poly(pentafluorophenyl
methacrylate) (Mn= 12 400g/mol synthesized via RAFT polymerization using 4-cyanopentanoic acid
dithiobenzoate as CTA [125].

Concerning anisotropic nanoparticles, in 2007 Boyes et al.[126] reported the surface modification of

gold nanorods with polymers prepared via RAFT. Gold nanorods (AR = 10) were firstly synthesized
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and subsequently modified with hydrophilic polymers poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) or poly(acrylic acid) (PAA), in aqueous solution, and with hydrophobic polymer PS
in DMF. The authors demonstrated that the polymers were grafted to the Au nanorods surface by the
di- or tri-thio group of the RAFT agent but also when these groups were reduced to a thiol, see Figure
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Figure 1.21. Proposed mechanisms describing synthesis, reduction, and immobilization onto a gold
surface of RAFT-prepared PAA and PS [126].

Destarac et al. [106] 2010 described the stabilization of previously prepared Au NPs (d = 8 nm) using
not only hydrophilic polymer (poly(N-isopropyl-acrylamide), PNiPAM) but also amphiphilic
diblock copolymer prepared by RAFT polymerization — poly(n-butyl acrylate-b-N-isopropyl-
acrylamide) (PBA-b-PNiPAM). Interestingly, when PNiPAM was used to stabilize the NPs
shell@core type NPs were obtained but when PBA-b-PNiPAMg, was used free polymer globules
were also obtained. Actually, this last example demonstrate a disadvantage of the post-modification
strategy in the preparation of polymer/Au nanocomposites. The amphiphilic block copolymers in
aqueous solutions can form well-organized aggregates, such as micelles, depending on their
concentration in solution which difficult the adsorption of the polymer onto the Au surface. In fact,

what concerns the coating of Au NPs using the amphiphilic block copolymers, the methodology
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normally involves the use of organic solvents, such as THF or DMF, where this well-organized
aggregates are not formed. [127-129]

In situ preparation of this type of nanocomposites seems to be a very simple approach since it occurs
in one-pot procedure, i.e. the polymer with the desired molecular weight and structure is prepared
and the metal nanoparticles are generated in situ, usually using sodium borohydride (NaBH4) to
reduce the inorganic precursor. However, this reducing agent can also reduce the dithioester- or
trithiocarbonate-end groups of polymer chains leading to a thiol-ended polymer. This method
involves several challenges such as the control over the size and shape of the nanoparticles [89, 99].
Nevertheless, in 2002 McCormick et al.[130], demonstrated a novel route for the preparation of
copolymer stabilized gold nanoparticles via in situ preparation. The authors prepared four water
soluble copolymers (anionic, cationic, neutral, and zwitterionic (betaine) species): poly(sodium 2-
acrylamido-2-methyl propane sulfonate) (PAMPS), poly((ar-vinylbenzyl)-trimethylammonium
chloride) (PVBTAC), poly(N,N-dimethyl- acrylamide) (PDMAm), and poly(3-[2-N-
methylacrylamido]-ethyl dimethyl ammonio propane sulfonate-block-N,N-dimethylacrylamide)
(PMAEDAPS-b-PDMAM). The metal salt (HAuUCls) was mixed with the dithioester end-capped
copolymer and after addition of the reducing agent (NaBH4) copolymer-stabilized gold nanoparticles
were obtained, as schematized in Figure 1.22. This procedure was also performed using the metal
salts AgNOs, NasPtCls-6H,O and NasRhClg resulting in the respective copolymer-stabilized
nanoparticles. Here the authors proved that it is possible to synthesize stable metal nanoparticles in
the presence of different RAFT polymers but concerning the particle size control studies have not

been performed.
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Figure 1.22 (left) Preparation of (co)polymer-stabilized transition metal nanoparticles, (right) UV-Vis
spectra for HAuCls sols and polymer-stabilized Au- NPs. P1 - PAMPS, P2 - PVBTAC, P3-PDMA, and
P4 - PMAEDAPS-b-PDMAmM. Adapted from [130].

Kim et al. [131] in 2008, prepared poly(ethylene oxide-b-N-isopropylacrylamide) by RAFT
polymerization of NiPAM using PEO-based RAFT agent, varying the PNiPAM size block. The

copolymer was mixed with HAuCl., in THF, and reduced using NaBHa dissolved in ethanol, yielding
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Au NPs with 5 to 30 nm in diameter regardless the concentration and the length of PNiPAM block.
Fan et al. [132] in 2011 reported the synthesis in situ of Au NPs in DMF using poly(styrene)-b-
poly(ethylene oxide) (PS-b-PEO) block copolymer with a trithiocarbonate group located between the
two blocks. The resulting Au NPs presented a diameter between 5 and 10 nm with A, spr at 530 nm.

On the other hand, Destarac et al. [106] in 2010 reported the in situ synthesis of Au NPs, in water at
pH= 8, using an amphiphilic diblock copolymer prepared by RAFT polymerization — poly(n-butyl
acrylate-b-N-isopropyl-acrylamide) (PBA-b-PNIPAM). First, the authors observed that when a
higher amount of polymer was used the reduction of the gold precursor was slower. Also the color
of the colloidal solution varied from dark brown to light orange depending on the polymer
concentration, as shown in Figure 1.23. This is directly correlated with the size of the Au NPs
generated: without polymer d = 6 + 3 nm; for lower concentration (2.5 x 10 wt %) d= 8 + 6 nm, and
for higher concentration 1.5 wt % d= 1.6 + 0.4 nm. Note that the critical aggregation concentration

of this copolymer is 3 x 10* wt %.

[PBA,-b-PNIPAN, ]

Figure 1.23. Image of the final NPs solutions 5 min after reduction at 20 °C. The polymer concentration
increases from left to right (0 to 0.15 wt.%b). [106]

In addition, in 2013 Marty et al. [133] demonstrated that the molecular weight of the polymer also
influences the size of the Au NPs as well as the end-group of the polymer. Thereby, the authors
prepared PNIPAM by RAFT polymerization with three different molecular weights and then the
terminal xanthate group was reduced to a thiol or a hydrogen, as shown in Figure 1.24. An aqueous

solution of HAuUCI4 was added to the polymer at pH = 8 and reduced with NaBH..
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HN"™0 HNTNO ﬁ (o}
PNIPAM-H PNIPAM-SH PNIPAM-X

Figure 1.24. Scheme of the chemical structures of PNIPAMSs used featuring the three types of end groups.
[133]

Indeed, as others had reported before, increasing the concentration of the polymer leads to a decrease

in NPs diameter. Additionally, small differences in the size were also found when different molecular
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weights were used. But significant differences in the size of the NPs, and consequently in the A.ser,
were observed as function of the type of end-group. For instance, using higher PNIPAM
concentration (0.1 wt%) diameters obtained are: dx.end = 6.8 = 3.0 NM, dshend = 3.2 £ 0.4 nm, and dx-
end = 1.3 £ 0.8 nm; and the respective Aispr are 545nm, 521 nm and no plasmon band. These results
clearly show that the presence of sulphur atoms has an important role during the generation of the
gold nuclei and in the growth of the NPs. The authors referred that the xanthate group strongly binds
to gold blocking the growth of the NPs. It is important to remember that the reducing agent (NaBH.)
could also reduce the xanthate into thiol although the authors believe that in their case it did not

happen.

Although the in situ synthesis seems to be a very simple strategy occurring in one-pot procedure,
several parameters influence the generation of the NPs in the presence of the polymers. The
molecular weight, the concentration and the functional groups of the polymer influence the size of
the NPs. Besides, the chemical nature of the polymer (hydrophilic, hydrophobic or amphiphilic) and
their configuration/organization in the solvent (aqueous or organic medium) has also influence.
However, the parameter that has the major impact is the functional groups containing sulfur, which
strongly binds to gold and can be block the growth of the NP. In general, for polymers containing
sulfur, increasing the polymer concentration (consequently higher amount of sulfur atoms) the size
of the NP decreases. Therefore, for each polymer, studies of the experimental conditions must be
done in order to obtain the desired NP size in the nanocomposite.

Grafting from approach also known as surface-initiated controlled radical polymerization is an
elegant method which allows the well-controlled synthesis of the polymer from the surface of a
previously prepared nanoparticle. Here, the nanoparticle is previously prepared, so the size and the
shape are controlled, being a methodology very attractive for coating anisotropic nanoparticles (e.g.
nanorods). The grafting from methodology, requires two steps: (i) anchoring of the CTA onto the
NPs surface and, (ii) the polymerization from NPs surface. [89, 99]. The former can be a challenge

since the CTA grafting density could influence the second step, the polymerization.

Surface-initiated RAFT polymerization has been more explored using silica NPs, as recently
reviewed in [134], where the CTA is covalently bonded to the silica surface and then the monomer
is polymerized, in organic medium (e.g. DMF or THF) from the surface of the silica particle. Also
using organic medium, back in 2003, Tenhu et al. [135] reported the RAFT polymerization of
PNiPAM from RAFT agent covalently grafted onto the Au NPs (d = 3.2 nm) surface containing 11-
mercapto-1-undecanol in DMF. Surprisingly, in aqueous media there are no reports regarding the

surface modification of Au NPs.
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However, the grafting from strategy in aqueous media has been used to modify the surface of other
NPs either via covalent bonding of a RAFT agent onto the surface of NPs and subsequent
polymerization, or using a macroRAFT (MR) agent adsorbed onto NP surface. In the latter case chain
extension by emulsion copolymerization is carried out from the MR agent on surface of the NP. This
approach was first reported in 2008 by Hawkett et al [136] for the encapsulation of pigment NPs. A
MR agent based on acrylic acid and butyl acrylate was used to stabilize the pigment and then a
mixture of hydrophobic monomer (butyl acrylate and methyl methacrylate) was added in a control
way, as illustrated in Figure 1.25. The MR agent acts as a surfactant during the RAFT emulsion
polymerization thus allowing to emulsion polymerization without additional surfactants. Similar
methodologies have been applied to several other particulates, such as clay platelets [137, 138],
carbon nanotubes [139, 140], graphene oxide [141] and cerium oxide (CeO2) NPs [142-144].
Nevertheless, in some methodologies additional surfactant was used, for example in the
encapsulation of quantum dots (QDs) [145, 146] and cerium oxide (CeO2) NPs [147].
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Figure 1.25. (A) Schematic representation of the dispersion and encapsulation of pigment particles using
RAFT mediated emulsion polymerization. (B) Encapsulated titanium dioxide pigment particles.
Adapted from [136].

Concerning the RAFT mediated emulsion polymerization to encapsulate spherical NPs with
diameters below 10 nm (e.g. cadmium sulfide (CdS) quantum dots (QDs) [145], lead sulphide (PbS)
QDs [146] and cerium oxide (CeO,) NPs [142-144, 147]), due to the small size of the NPs and the
poor stability of macroRAFT/NP hybrid more than one inorganic NP was encapsulated per polymer
particle. van Herk et al [144] were able to control the number of CeO, NPs per polymer particle by
tailoring the chemical composition the MR agent. The MR agents were prepared using the RAFT
agent dibenzyltrithiocarbonate, which has a symmetric structure, via RAFT polymerization of acrylic
acid (AA), butyl acrylate (BA) and/or 2-acrylamido-2-methyl propane sulfonic acid (AMPS),
yielding the MR agent poly(BA-co-AA), poly(BA-co-AMPS) and poly(BA-co-AA-co-AMPS). The
authors demonstrated that the affinity of the repeating units in the MR agent influences its adsorption

in the CeO NPs surface and subsequently the encapsulation via RAFT emulsion polymerization. For
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instance, AA showed to have high affinity with CeO, NPs surface, contrary the AMPS has weak
affinity. Therefore in the preparation of CeO./poly(styrene-co-methyl acrylate) hybrid latex in the
presence of the MR agents poly(BA-co-AA) and poly(BA-co-AMPS), latex NPs with several or
without CeO, NPs were found, respectively, see Figure 1.26-A and B. However, when the authors
used the macroRAFT containing the three monomers, CeOa/poly(styrene-co-methyl acrylate) hybrid
latex with one or two CeO; NP per latex NP was obtained (Figure 1.26-C).

Figure 1.26. Cryo-TEM picture of the CeO2/poly(styrene-co-methyl acrylate) hybrid latex obtained in
the presence of (A) poly(BA73-co-AAgsg), (B) poly(BA72-co-AMPSz6) and (C) poly(BAs.o-co-AAss-CO-
AMPS36) macroRAFT agents. Adapted from [144].

However, to the best of our knowledge there are no publications regarding the encapsulation of Au

NPs using RAFT mediated emulsion polymerization.

1.4.4. Click Chemistry

As mentioned previously, functionalization of polymer@Au NPs is required in order to provide a
specific functionality towards a specific application. “Click chemistry”, namely azide alkyne 1,3-
cycloaddition catalyzed by Cu(l) - CuAAC reactions, has been successfully combined with
polymerization, namely with RDRP, allowing the preparation of terminal- and pendant functional
polymers, functional block copolymers and of complex architectures such as stars and hyperbranched
polymers [148-150]. The first report combining CUAAC and polymers was published in 2005 using
PS, PMMA and PEG, synthesized via ATRP and functionalized with azide- and alkyne- moieties, to
prepare block copolymers [151]. One year later, the combination of RAFT polymerization and
CuAAC to prepare block copolymers was reported. [152] Although early publications had more
focus in the combination of “click chemistry”” and ATRP, in the last years the number of publications
combining “click chemistry”” and RAFT polymerization has been increasing. This increase is mainly
due to the advantages of RAFT polymerization, namely mild conditions, the wide range of monomers
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that can be polymerized and the fact that it does not require a catalyst. Further, in the scope of the

present work only “click chemistry” combined with RAFT polymerization will be discussed.

The concept “Click Chemistry” was introduced by Sharpless et al. [153] in 2001, and it refers to high
yielding reactions to bond two specific functional groups, an azide group and an alkyne by
cycloaddition forming a triazole at elevated temperatures resulting in a mixture of two regioisomers.
However, the use of catalysts, such as copper and ruthenium, allow the preparation of each isomer
even at room temperatures: the 1,4-regioisomer and the 1,5-regioisomer, respectively, see Figure
1.27. [154, 155]
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Figure 1.27. Representation of the azide-alkyne reaction catalyzed with Cu(l) and ruthenium complex.

The reaction catalyzed by Cu(l) is insensitive to solvents thus can be performed in aqueous media at
room temperature, as well as physiological conditions, and is highly tolerant to functional groups. In
fact, CUAAC has been proven to be a powerful tool in polymer science due to its efficiency,
selectivity, versatility and simplicity. [148-150] Yet there are others such as copper-free azide—
alkyne cycloadditions and thiol-ene ““click’’ reactions, which do not use the copper catalyst. Indeed,
in biological applications, copper is potentially toxic for living organism (in vitro and in vivo),
therefore these metal-free “click” reaction have been developed. [156] The copper-free azide—alkyne
cycloadditions involve the chemical reaction between an azide and a strained cycloalkyne, more
specifically derivatives of cyclooctyne, also leading to a triazole. This reaction without the catalyst
is possible due to the geometric deformation of the alkyne, although the cycloaddition kinetics is
slower in comparison with the CUAAC. The main disadvantage of this reaction is the demanding
synthesis of the cyclooctyne. [157] Alternatively, thiol-ene *“click’’ reactions, consists in the addition
of a thiol to an ene bond, also without the need of a catalyst. Here the reaction can occur via the
radical and base/nucleophilic forms of the thiol. In the former, the hydrothiolation is initiated forming
the thiyl radical, RSe, using a photoinitiator, under irradiation, or by thermal lysis of the RS-H. In
the second, a base such as trimethylamine can be use to promote the formation of the nucleophile
thiolate (R-S™). This reaction has been largely used in polymer chemistry due to the possibility of

being performed at low temperatures (even at room temperature) in solvents such as water or DMF.
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Moreover it tolerates the presence of oxygen and it is a specific and fast reaction (seconds). Several
thiol as well as several ene bonds can be used although the reactivity depends on the substituents.
[158]

Since CUAAC reactions are undoubtedly the most used, it is often referred as “click chemistry”. Its
application in polymerization, namely RAFT polymerization, can be performed via two strategies:
using “clickable” RAFT agents, or incorporating “clickable” monomers in the polymerization
(Figure 1.28). This second strategy allows the preparation of polymers with high functional group
densities. Polymers can be also post-modified with azide groups for subsequent “click” reaction.
[150]
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Figure 1.28 Schematic representation of “click chemistry” combined with polymers.

The first mentioned strategy can be used for post-functionalization of polymers (see some examples
in Table 1.1) as well as for attaching the alkyne-RAFT agents in azide-surfaces (e.g. azide-silica NP

[159]) and subsequently the polymerization occurs from the surface.

Table 1.1 Combination of “click chemistry” with RAFT polymerization using “clickable” RAFT agents

Azide group Alkyne group Ref
1 y. Y =HorSi
. O o S, SAUANNANNAS
b | s = n
Mu—s; ANTNEN m l.r [160]
# Y..-O NH,
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(PgMA- propargyl methacrylate; PgA - propargyl acrylate; PgOH- propargyl alcohol)
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Regarding the second strategy mentioned before, i.e. using “clickable monomers” several works have
also been published, Table 1.2 shows some examples of “clickable” monomers and the RAFT agents
used for the polymerization.

Table 1.2 Combination of “click chemistry” with RAFT polymerization using “clickable” monomers

“clickable” monomer RAFT agent Ref

o
RO ~o S
3 [166]
deprotected

monomer

protected
polymerizable

monomer (S)-methoxycarbonylphenylmethyldithiobenzoate

o *(a) o
S
2 \\S. /\ ‘\§ NX \n/© [165]
S

protected polymerlzable monomer deprotected monomer CPDB
O\/\
3 N [167]
3
o CBDN

*(CBDN - a-Cyanobenzyl dithionaphthalate)

*(a) the alkyne monomers should be protected to avoid crosslinking reaction. After polymerization the alkyne is deprotected
via acid catalyzed hydrolysis. [166]

An interesting feature of “click chemistry” is the fact that as demonstrated by Benicewicz et al.[167]
there are no significance changes in the molecular weight distribution by performing the “click”
functionalization either pre- or post- RAFT polymerization of 2-azidoethyl methacrylate (AzMA),

as schematized in Figure 1.29.
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Figure 1.29. Preparation of polyAzMA and polyAzMA derivatives by combining RAFT polymerization
and “click chemistry”. [167]

“Click chemistry” has proven to be an interesting technique to prepare functional ligands, polymers,
surfaces as well as nanoparticles. This “click” functionalization involves the linkage of organic dyes
[163, 168-172], specific ligands of proteins (e.g. biotin [164, 173, 174]), proteins (e.g. lipases [175]),
peptides [176], oligonucleotides [177, 178] and saccharides [179, 180].

1.5. Langmuir-Blodgett technique

The Langmuir-Blodgett (LB) technique has proven to be an interesting technique to study
conformational alterations of amphiphilic block copolymers, obtained via RAFT polymerization, at
air/water interface as well as to investigate molecular biorecognition processes which is an asset for

the use of these nanostructures in biosensing applications. [181, 182]

The Langmuir-Blodgett technique is performed in a Langmuir-Blodgett trough as shown in Figure

1.30. This equipment consists of a Teflon trough, two movable barriers and a surface pressure sensor

38



General Introduction

which measures the surface pressure as a function of the area of water surface available for each
molecule, i.e. surface pressure vs. area per molecule isotherm. [183, 184]

surface pressure sensor
Wilhelmy plate

motorized dipper

substrate
temperature probe

Teflon trough

dipping well

motorized barriers

recirculating water ports
for temperature control

Figure 1.30 Schematic representation of a typically Langmuir-Blodgett trough [184].

The surface pressure-area isotherm gives information about the stability of the monolayer at the
air/water interface, the orientation of the molecule, phase transitions and conformational
transformations. After spreading a known amount of amphiphilic molecules on the water surface,
experiments can be performed to study the isotherms of amphiphilic molecules. During compression
three phases can be observed, as represented in Figure 1.31. When the barriers are open a gaseous
phase is observed, where the molecules have a random motion at the water surface mimicking the
behavior of a gas. Then, by closing the barriers, a liquid-expanded phase is observed where the
molecules have a lower degree of freedom, due to the decrease of intermolecular distance, and start
to have some organization. On further compression, the molecules achieve the liquid-condensed
phase where the molecules are closely packed and well-oriented forming a monolayer. If this
monolayer is further compressed it collapses and the surface pressure decreases rapidly, as observed
in Figure 1.31. During the barriers compression, in some cases, transition phases are observed, such
as liquid-condensed/liquid-expanded phase. [183, 185, 186]
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Figure 1.31. Schematic representation of surface pressure vs area per molecule isotherm.

The surface pressure-area isotherm is characteristic of each amphiphilic molecule, thus studies at the
air/water interface can be performed in order to understand the interaction of the amphiphilic
monolayer in the interface and (bio)molecules in the water subphase, namely towards biorecognition
studies [181, 182]. Several works have already been published, using phospholipids monolayers as
models of cell membranes in order to understand how biomolecules, such as proteins and
polysaccharides, or nanoparticles dispersed in the subphase interact with the phospholipidic
monolayer [187]. For instance, Oliveira Jr. et al studied the interaction of chitosan [188] and gold
nanoparticles [189] with phospholipidic monolayers as models of cell membranes. Other amphiphilic
molecules can also be used to study the specific recognition, i.e. using in the air/water interface

functional amphiphilic molecules and adding to the subphase the specific target. [182, 190]

In addition to the surface pressure measurements, complementary surface characterization techniques
can be used to help in a better understanding of the chemical interactions and/or organization of the
molecules in the air/water interface, such as surface potential, fluorescence microscopy, Brewster
angle microscopy and polarization modulation infrared reflection adsorption spectroscopy (PM-
IRRAS). [187, 191]

Another interesting aspect of this technique is the possibility of preparing well-ordered thin-films.
This technique, which was developed in the 30°s by Irving Langmuir and his assistant Katharina
Blodgett [183], is being developed in Nanotechnology aiming the preparation of simple and easy

handling biosensing devices.

LB films are prepared using the Langmuir-Blodgett trough by transferring vertically a compressed

and highly dense monolayer at the air/water interface to a substrate. Each monolayer is transferred
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by dipping down and up the solid substrate. Repeating this procedure a well-ordered stratified
multilayer film can be obtained, as depicted in Figure 1.32. If the substrate is hydrophilic, the first
layer is transferred by dipping up the substrate. The opposite happens when hydrophobic substrates
are used. [183, 184]
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Figure 1.32. Schematic representation of LB deposition process on a hydrophilic substrate resulting in
a three layer film. The hydrophilic molecular headgroups are represented by circles and the
hydrophobic tails are represented by the attached “sticks”. Note that layers are deposited in alternating
orientations on upstrokes (b and d) and downstroke (c) resulting in a multi-bilayer structure (e) [184].

Although very promising, the LB technique is limited in terms of scale up and the need of amphiphilic
materials. On the contrary, the LbL technique has proven to be a scalable, easy and simple technique

for the preparation of thin-film incorporating several charged nanomaterials and polymers.
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1.6. Motivation and aims of the work

Despite the increasing number of contributions that have been reported in the past years concerning
the preparation of Au nanostructured assemblies, some issues still need to be addressed in order to
take full advantage of the unique and tunable properties of such materials. Among these challenges,
the preparation of multifunctional and robust Au nanostructures stable in physiological medium
appears has a very important topic for biosensing applications and their immobilization to design

novel devices.

The general objective of this thesis was to develop new pathways towards functional Au
nanostructured assemblies containing polymers in their composition. For that purpose two distinct
approaches have been explored during this research. In the first approach, fluorescent biofunctional
polymer@Au nanostructures were prepared via electrostatic assembly of polyelectrolytes onto Au
nanostructures (Chapter 2), whilst in the second approach, biofunctional polymer@Au
nanostructures were prepared using block copolymers synthesized via RAFT polymerization
(Chapter 3 and Chapter 4). The selection of the most efficient strategy and parameters optimization
required a number of experimental procedures, which appear themselves as a new contribution to the
field of Au nanocomposites formulations. Furthermore, in order to get a better understanding of the
molecular interactions between the copolymer (functionalized, or not with biotin) and the bioanalyte,
preliminary studies have been carried out at the air-water interface of such systems by using the
Langmuir-Blodgett technique. Fluorescent copolymer@Au NPs were also prepared via RAFT
polymerization of a fluorescent monomer (monomer modified with FITC) from MR@Au NPs and
subsequent polymerization of MMA:BA monomers. In particular, the latter approach aimed to
investigate the effect of the distance between the core and the fluorophore on the optical response of
this type of Au nanostructures. The optical response of biofunctional shell@core nanostructures to
the presence of a specific bioanalyte was evaluated using the biotin-avidin (bioreceptor-bioanalyte)
system as model to evaluate the biosensing response, in which avidin is well known to have high
affinity towards biotin. As a final remark, it should be noted that the research performed in two
distinct assembly methods, either by using the layer-by-layer method (Chapter 2) and the Langmuir
technique (Chapter 4), paved the way to the future fabrication of thin films comprising the above

mentioned Au nanostructures.
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CHAPTER 2. Functional gold nanostructures

prepared via electrostatic self-assembly

The work reported in this chapter was published in Gold Bulletin (2015) Biotinylation of optically

responsive gold/polyelectrolyte nanostructures, 48: 3-11.






Functional gold nanostructures prepared via electrostatic self-assembly

2.1. Introduction

This chapter focuses on the surface modification and functionalization of Au NPs using
polyelectrolytes (PE) and the electrostatic self-assembly method to confer fluorescence and
biospecificity to the resulting colloids. As such, a variety of procedures has been investigated that
combine the use of an organic dye (fluorescein isothiocyanate, FITC) and a specific bioanalyte
(biotin). Scheme 2.1 shows the strategy followed in this work towards the biotinylation of Au/PE
assemblies. The ensuing functionalized Au/PE assemblies were used in biosensing experiments to

explore their optical properties as quencher when aggregation of Au NPs was induced.

Scheme 2.1. Preparation of AU/PE hybrid nanostructures: (A) Synthesis of Au NPs; (B)
Functionalization of Au/Citrate NPs with poly(allylamine hydrochloride) (PAH) and
poly(styrenesulfonic acid sodium salt) (PSS); (C) Functionalization of Aun with the outermost layer.
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2.2. Preparation of gold nanostructures prepared via electrostatic self-assembly

method

AU/PE assemblies were prepared using the polycation poly(allylamine hydrochloride) (PAH) and the
polyanion poly(styrenesulfonic acid sodium salt) (PSS), as depicted in Scheme 2.1. The colloidal
stability of the Au/PE nanostructures was monitored by UV-Vis spectroscopy (Figure 2.1-A), and
the spectra collected for all the samples have shown the typical LSPR band of colloidal Au, peaked
at about 525 nm. The small shift of the LSPR maximum from 524.5 to 526.5 nm after PE treatment
of the Au NPs is attributed to slight changes of the dielectric constant of the particles surrounding
medium [67]. Also noticeable is the fact that the Au/PE nanostructures containing PSS exhibit a

strong optical absorption in the UV region (peaked at 225 nm) which is due to wn-z* electronic
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transitions of the benzene ring in the polyelectrolyte [67]. The zeta potential measurements (Figure
2.1-B) performed on colloidal Au treated with oppositely charged polyelectrolytes agree with the
results obtained by UV-Vis spectroscopy. Whilst, the starting Au NPs show a negative ¢ potential (
—55mV) due to the citrate anions adsorbed at their surfaces, upon surface modification with the
cationic polyelectrolyte PAH it changes to +62 mV, at the same pH value. Conversely, the treatment
of the resulting colloids with the anionic polyelectrolyte PSS led to a negative value of zeta potential
(—84mV), and finally, the deposition of the third layer of PAH confers the colloidal particles a highly

positive surface charge (+73 mV), that renders colloidal stability to the Au/PE dispersed in water.
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Figure 2.1. (A) UV-Vis spectra of Auo)PAH and Au.PAH nanostructures and (B) zeta potential of
Au/Citrate colloids and after their treatment with PAH and PSS (straight lines to guide the eye).

The morphologies of the Au/PE particles during the functionalization process were probed by TEM,
and a systematic analysis of a number of TEM images has shown Au/PE core/shell structures whose
cores have an average diameter of 17.7+2.7 nm that did not change significantly after PE treatment.
On the other hand, as illustrated in Figure 2.2, the TEM images suggest an increase of the shell
thickness from AuPAH to Au,PAH in line with the increase in the number of PE layers deposited
onto the Au cores. From these results, the PE shell thickness was estimated to be about 2-4 nm,
which is close to the value reported previously of 1.5 nm thickness for PAH/PSS bi-layers coating
colloidal Au NPs [192]. Figure 2.2 also shows a set of three Au NPs wrapped by PAH layers, but it
must be emphasized that this type of clustered structures was not predominant in the several samples
analyzed. Instead, the surface-modified Au samples appeared mainly as discrete particles coated with
PE.
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Functional gold nanostructures prepared via electrostatic self-assembly

Figure 2.2. TEM images of (A) AuoPAH nanostructures and (B) Au2PAH nanostructures.

2.3. Functionalization gold nanostructures prepared via electrostatic self-assembly
method

The biotinylation of the Au/PE nanostructures was monitored by optical absorption and fluorescence
emission measurements for the diverse strategies employed. In general, the visible spectra have
shown that biotinylation did not lead to significant changes of the LSPR band for the surface-
modified samples, namely by comparison with the starting colloid shown in Figure 2.3.
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Figure 2.3. Visible spectra of (A) AuoPAH and (B) AuzPAH nanostrutures (the spectra were normalized
at 450 nm)
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However, an exception was observed for the Auo,PAH+B sample, in which the biotinylation of
AuoPAH resulted in a colloid whose visible spectrum also shows an absorption band peaked at 650
nm (Figure 2.3-A). Even though this effect is slightly detected for sample AusPAHB, it is hardly
significant. This new band is probably associated with interparticle plasmon coupling resulting from
the loss of colloidal stability during the biotinylation of AusPAH colloids. Interestingly, the
nanostructures having an extra PE bilayer (Au,PAH+B) did not show such optical behavior upon a
similar biotinylation treatment, as illustrated in Figure 2.3-B. Although there is a slight red shift of
the LSPR band (AA=2.5 nm) observed in the spectra of the Au,PAH colloid and of the corresponding
biotinylated sample (Au.PAH+B), both visible spectra are similar. These results indicate that the
intermediate PAH/PSS coating confers more robustness towards a posteriori treatment with biotin
(or post-biotinylation), as opposed to what was observed for the biotinylation of the AusPAH sample,

in which the PE monolayer was not capable of preventing the formation of aggregates.

Fluorescent Au/PE assemblies were prepared by labelling the outermost PE layers with a fluorescent
organic dye. For that purpose, the PAH chains were first functionalized with FITC to afford PAHF
which was then used in the coating of the Au NPs yielding FITC labelled Au,PAHF and Au,PAHF
assemblies. Similarly to the FITC non-labelled systems described above, these fluorescent
nanostructures were used as starting colloids in biotinylation procedures. As expected, the FITC
labelled AU/PE nanostructures showed a broader absorption band that takes into account the
contribution of both the LSPR band (Amax=526.5 hm) of the Au NPs and the absorption due to FITC
molecules (Amax=497 nm). The visible spectra of biotinylated FITC labelled assemblies were similar

regardless of the biotinylation procedure used (Figure 2.4).

48



Functional gold nanostructures prepared via electrostatic self-assembly

A) Q)

3 s

8 8

S ]

= =

< <

= =

T T

= <

2 2

< <

AugPAHF Au,PAHF

—»— AugPAHFB —— Au,PAHFB
—=— AugPAHF+B —a— Au,PAHF+B

v T T v T v T v T v 1 v T v T v T T v T v 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700

Wavelength (nm) Wavelength (nm)
B) . D) .
g fexe P om AugPAHF 3 dexg™ 404 1m AuPAHF
—— Au(PAHFB —— Au,PAHFB
3 —=—AugPAHF+B 3 —=— Au,PAHF+B
« «
o N
% 21 L
£ £
£ &
S 2
= =
@ @
£ 1- g 1-
9 <
Z $
S S
= =
= =
0 . . ; — = = 0 . r v r - ———=
550 600 650 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 2.4. (A and C) visible spectra and (B and D) fluorescence spectra (hexc=494nm) of AUOPAHF and
Au2PAHF nanostructures. The visible spectra were normalized at 450nm.

However, as previously observed for the FITC unlabelled analogues, post-biotinylation of the
AuoPAHF nanostructures caused significant changes on the respective visible spectrum, which is
ascribed to the loss of colloidal stability during the biotinylation step. However, this was not observed
for the Au,PAHF+B assemblies. These results confirm that the presence of an extra PE bilayer leads
to more robust colloids, thereby providing enhanced colloidal stability during post-biotinylation
(Figure 2.4-A,C).

The fluorescence emission measurements (Figure 2.4-B,D) are in agreement with the results
discussed above regarding the stability of each colloidal system. The fluorescence emission intensity
depends on the biotinylation path followed and on the presence of the extra PE bilayer. Regarding
the Au nanostructures with the extra PE bilayer, the presence of biotin has an incremental effect on
the fluorescence emission intensity. For Au,PAHFB, the increase of the fluorescence intensity is

more pronounced when compared to the sample obtained via post-biotinylation (sample
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Au,PAHF+B). This is attributed to the fact that in sample Au,PAHFB, the biotinylated
polyelectrolyte may adopt a conformation around the Au NP that provides a longer distance between
the fluorophore molecules and the metal surface, when compared to the non-biotinylated sample. In
this situation, the fluorophore molecules being further away from the Au surfaces limit the FITC
fluorescence quenching as a result of the fact that the process of energy transfer from FTIC (the
donor) to Au (the acceptor) is dependent on the distance between them [192]. This explanation is in
line with the observation that the Au,PAHFB assemblies are more stable with subsequent increase
of the FITC fluorescence emission (Figure 2.4-D). As regards the sample Au,PAHF+B, the
increment on the fluorescence intensity was not so pronounced after biotinylation. This may be
associated with the reduction of the number of protonated aminic groups available for colloidal
electrostatic stabilization. As a result, the colloidal stability of the nanostructures is compromised
causing a detrimental effect on the FITC fluorescence emission due to the reduced distance between
the fluorophore and the Au surfaces. Note that this explanation is consistent with the visible spectrum
of Au NPs modified with a single PE layer shown in Figure 2.4-A for the same sample. Indeed, the
fluorescent intensity for the AuoPAHF+B sample is even smaller than that recorded for the sample
without biotin (AuoPAHF) as shown in Figure 2.4-B. However, when an extra PE bilayer was used,

the detrimental effect of the post-biotinylation process was less pronounced.

2.4. Response of the gold nanostructures towards avidin

In order to assess the optical response of the biotinylated Au/PE nanostructures for biosensing, avidin
was added to all of the nanostructures prepared including the Au nanostructures without the extra PE
bilayer. The nanostructures without biotin were used as blanks regarding the response to avidin under
the same experimental conditions. Then the effect of time and analyte concentration was assessed by
exposing the samples to solutions of avidin of two distinct concentrations and for different periods
of time. All the results have been compiled and plotted in Figure 2.5 and Figure 2.6 as described in

Experimental procedures chapter (6.3.5.)
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Figure 2.5. AA(avidin/colloid) of (A) AuoPAH and (B) Au2PAH nanostructures in the presence of avidin.
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Figure 2.6. (A and C) AA(avidin/colloid) and (B and D) Isiz(avidin)/Isiz(colloid) of AuoPAH and AuzPAH
nanostructures in the presence of avidin, respectively.
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As regards the optical response of these assemblies towards the presence of avidin in terms of the
absorbance of the LSPR band, a general trend towards its reduction is observed as illustrated in
Figure 2.5 and Figure 2.6-A,C, which suggests that all the nanostructures respond to the presence of
avidin, including those without biotin. This is an indication that both specific and non-specific
interactions between avidin and the functionalized Au/PE assemblies took place. The reason for non-
specific interactions seems to be associated with changes of the surrounding medium that affects
colloidal stability which is particularly evident for the non-labelled assemblies submitted to the post-
biotinylation method (namely those prepared with only one layer of PAH—see Figure 2.5-A). Indeed,
He et al. have reported that non-specific interactions of streptavidin with uncoated Au NPs occurred
via uncertain group binding [193]. Therefore, these nonspecific interactions may result from deficient
surface protection associated with changes of composition of the surrounding medium. In view of
the susceptibility of the Au assemblies prepared with only one PE layer (AugNPs), it is difficult to
ascertain the formation of any specific interactions; thus, focus was given to the more robust
assemblies prepared using the extra PE bilayer (Au:NPs). As regards the biotinylated Au
nanostructures, only the Au,PAH+B seem to show a distinct response towards the presence of avidin
(Figure 2.5-B), whilst the samples labelled with FITC, i.e., Au,PAHFB and Au,PAHF+B, have both
shown specific response when compared to the control sample Au,PAHF (Figure 2.6-C). In fact,
when 100 pL of avidin were used, the reduction of AA4(avidin/colloid) was only noticeable upon 1
week. Yet, when 200 pL of avidin were used, that reduction was almost immediate.

Whilst the optical spectra provide some information regarding the behavior of this type of Au
assemblies towards the presence of avidin, more expressive results were obtained when fluorescence
spectroscopy was used (Figure 2.6-D), which may indicate specific interaction between the biotin
and the avidin. Although the observed decrease in the Isiz(avidin)/lIsiz(colloid) might be caused by
particle aggregation following the addition of avidin, the optical response for the biotinylated
samples was more pronounced which might be associated with their specific molecular recognition
for avidin and associated quenching effects. Moreover, comparison with the results shown in Figure
2.6-B for the FITC labelled samples prepared with one single layer, it is clear that the effect of non-
specific interactions leads to a distinct response associated with their poor colloidal stability but that

cannot be discerned by optical spectroscopy.
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2.5. Conclusions

Surface functionalization of gold nanoparticles was accomplished using functionalized
polyelectrolytes and the electrostatic self-assembly method. The use of an extra PE bilayer between
the Au core and the outermost functional layer proved to be crucial to provide robustness and stability
to the ensuing nanostructures. Strategies to functionalize PAH led to the preparation of
multifunctional Au nanostructures with fluorescence and biorecognition properties, which combine
an organic fluorophore (FITC) and a biolinker (biotin). The functionalized Au nanostructures have
shown potential for biosensing applications due to their optical response in forming biotin-avidin
conjugates. Worth noting is the fact that in these tests, the analyte was not labelled with a fluorophore,
as reported by others [22]. Moreover, whilst small changes due to particle aggregation during the
bioassays caused a small reduction of AA(avidin/colloid), similar changes caused a pronounced
decrease of the FITC emission band in the fluorescence emission spectra (Isiz(avidin)/lIsiz(colloid)).
Thus, fluorescence emission spectroscopy emerged here as an interesting tool to assess the ability of

biotinylated Au assemblies to recognize avidin.
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Gold nanostructures prepared via RAFT polymerization

3.1. Introduction

In this chapter the preparation and characterization of MR agents (3.2.) and of the corresponding
diblock copolymers (3.3.) is discussed. Next, three main strategies to prepare gold nanocomposites
via RAFT assisted emulsion polymerization are discussed. Scheme 3.1 summarizes the work carried
out in this context. First, the macroRAFT (MR) agents were synthesized in solution via RAFT
polymerization and then a hydrophobic block was grown via RAFT emulsion polymerization. This
block copolymer was used in the two first strategies: (3.4.1.) Post-modification strategy — which
consisted in mixing previously prepared Au NPs with the block copolymer and (3.4.2.) In situ
strategy — in which case Au NPs were generated in the presence of the block copolymer using
sodium borohydride as reducing agent and HAUCI, as gold salt. In the third strategy, (3.4.3.) Grafting
from strategy, the hydrophobic block was grown from Au NPs that were coated with the MR agent.

Scheme 3.1. Strategies to prepare gold nanocomposites via RAFT assisted emulsion polymerization
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3.2. Preparation and characterization of macroRAFT agents

MacroRAFT (MR) agents were synthesized in solution via RAFT polymerization using the RAFT
agent 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (TTC-A) and as initiator the 4,4'-
azobis(4-cyanovaleric acid) (ACPA). The chemical structures are represented in Figure 3.1.
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Figure 3.1. Chemical structures of TTC-A and ACPA

The MR agents studied in this work were prepared using two distinct hydrophilic monomers:
poly(ethylene glycol) methyl ether acrylate (PEGA) and acrylic acid (AA). Figure 3.2 shows the
chemical structures of the monomers and of the macroRAFT agent. The choice of these monomers
is based on the fact that polymers such as poly(ethylene glycol) or poly(ethylene oxide) are known
to have high biocompability and minimize interaction with proteins [194-196] which could be very
important for the application of these nanocomposites as biosensors, thus eliminating possible
nonspecific interactions with proteins. Furthermore this type of moiety is also associated with
thermal responsiveness [121]. In turn, the acrylic acid monomer could confer to the nanocomposite

pH responsiveness [123].
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Figure 3.2. Chemical structures of the hydrophilic monomers PEGA and AA and representation of the
chemical structure of the macroRAFT agent. R depends on the monomer used.

Theoretical and experimental molecular weight values of the MR agents are shown in Table 3.1.
Conversion of monomer (%Conversion) was determined by H-NMR analysis of the withdrawn

aliquots during the polymerization using 1,3,5-trioxane as internal standard. In Annex A a detailed
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explanation of the calculation and the %Conversion profile of the polymerization of each MR agent
can be found.

Table 3.1. Theoretical and experimental data of %Conversion, molecular weight and degree of
polymerization (DP) of MR agents, determined by H:-NMR.

Sample name pPEGATTC pAATTC
macroRAFT agent P(PEGA4)-TTC P(AAyn)-TTC
M, (theoreticary §/mol 21387 3598
DP (theoretical) 44 45
%Conversion (*H-NMR) 94% 95%
M exp_nmr) g/mol 20104 3436
DP (exp_NMR) 41 43

Table 3.1 shows that the monomer conversion (%Conversion) for both MR agents is high and the
experimental M, is very close to the theoretical M,. Although the M, values of the MR agents are
different, they were prepared with similar DP (~40) which is important to compare MR agents with
different repeating units, i.e. with different chemical natures, but with the same degree of

polymerization.

3.3. Preparation and characterization of copolymers derived from the macroRAFT

agents

Block copolymers were synthesized via RAFT emulsion polymerization using the MR agents
prepared in 3.2.: P(PEGA4)-TTC and P(AA4)-TTC. As discussed in the introduction chapter, since
the MR agent contains the RAFT agent in its structure, it is possible to use it as chain transfer agent
for further polymerization. Moreover due to its amphiphilic character, emulsion polymerization can
be carry out without the need of using additional surfactant. A mixture of two hydrophobic monomers
was copolymerized: methyl methacrylate (MMA) and butyl acrylate (BA) in a ratio of 10:1 (w/w),
and ACPA was used as initiator. The choice of these monomers for the hydrophobic chain is a
commitment between the stiffness offered by MMA and also some flexibility afforded by BA, thus

allowing to obtain a rigid structure capable of responsiveness to an external stimulus.
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Figure 3.3 shows the chemical structures of MMA and BA and Figure 3.4 shows the chemical
structures of the copolymers.

MMA

Figure 3.3. Chemical structures of MMA and BA.

P(PEGA)19-b-(MMA-co-BA); 4o-TTC P(AA)45-b-(MMA-co-BA) ;- TTC

Figure 3.4. Chemical structures of block copolymers derived from (left) P(PEGA40)-TTC and (right)
P(AA4)-TTC, and photographs of the corresponding latex.

Table 3.2 shows the theoretical and experimental molecular weight values of the block copolymers.
Conversion of monomer was determined by gravimetric analysis of the withdrawn aliquots during
the polymerization. In Annex B a detailed explanation of the calculation and the %Conversion profile
of the polymerization can be found.

Table 3.2. Theoretical and experimental data of %Conversion, molecular weight and degree of
polymerization (DP) of block copolymers, determined by gravimetric analysis and GPC-SEC.

Sample name COpPEGATTC COpAATTC
copolymer P(PEGA0)-b-(MMA-c0-BA)140-TTC P(AA0)-b-(MMA-co-BA)160-TTC
Mn gheoreticaly g/mol 35332 20726
DP (theoretical) 173 168
%Conversion 81 % 95%
M (exp_grav) g/mol™ 31971 19862
DP (exp_grav) * 140 160

* Mn and DP estimated using the %Conversion determined by gravimetric analyzes.
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RAFT emulsion polymerization allowed to grow a hydrophobic chain from the previously prepared
macroRAFT agents, yielding the diblock copolymers P(PEGA40)-b-(MMA-c0-BA)140-TTC (named
COopPEGATTC) and P(AA4)-b-(MMA-co-BA)16-TTC (named copAATTC). Table 3.2 shows that

good monomer conversion were obtained, yielding experimental M, near the theoretical value.

These block copolymers have an amphiphilic character which self-assemble forming well-defined
spherical micelles in water. Table 3.3 shows the results obtained from DLS measurements and in
both cases, low values of Pdl were achieved indicating that the samples are almost homogeneous,
i.e. the spherical polymeric micelles have a narrow average size distribution. P(PEGAu)-b-(MMA-
€0-BA)14,0-TTC has an average hydrodynamic diameter (daverage) Of 98.8 nm and a negative zeta
potential. As expected, P(AA4)-b-(MMA-co-BA)16-TTC has a higher negative zeta potential and
the daverage IS also a little higher (125.1 nm). This could be due to the higher conversion of monomer
which increases the hydrophobic chain and hence the diameter of the spherical micelle is bigger
and/or due to the repulsive interactions inter- and intra- MR chains, thus making the hydrophilic

chains more stretched and separated.

Table 3.3. DLS and zeta potential measurements of the block copolymers*.

daverage (NM) dnumber (NM) PDI c(mv) pH
COpPEGATTC 98.8 74.7 0.057 -305+£129 4.9
COpAATTC 125.1 91.9 0.083 -595+11.1 7.5

*Note: the measurements performed for the copolymers are from a dilution of the latex (~25uL of latex dispersed in 5 mL
of ultra-pure water).

3.4. Preparation of gold nanocomposites via RAFT polymerization

As explained before, in this work three main strategies were explored in order to prepare gold
nanocomposites using the block copolymers prepared via RAFT emulsion polymerization. The
strategies is presented and discussed according to the following order: first (3.4.1.) the post-
modification strategy, second (3.4.2.) the in situ generation of Au NPs in the presence of previously
prepared copolymer, and third (3.4.3.) grafting from strategy. The last one is divided in two distinct

pathways as discussed below.
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3.4.1. Post-modification strategy

The post-modification strategy involves mixing of the diblock copolymer and Au NPs, prepared via
the citrate method, at room temperature for 2 hours followed by centrifugation. The precipitate
obtained was redispersed in ultra-pure water. This straightforward strategy was applied for the
copolymers P(PEGA40)-b-(MMA-c0-BA)14-TTC and P(AAs4)-b-(MMA-c0-BA)16-TTC, and the
Au nanocomposites were named pm-copPEGATTC/Au and pm-copAATTC/Au, respectively. Note
that for comparison, a diluted suspension of copolymer was also centrifuged and redispersed in the

same conditions as the polymer/Au nanocomposites.

The resulting nanocomposites showed a pink color (Figure 3.5 - insets) due to the presence of the Au
NPs.The optical properties of the nanocomposites were monitored by UV-Vis spectroscopy (Figure
3.5) and the characteristic LSPR band of Au NPs observed. As expected, a very small red-shift in the
ALser (AA= 0.5 nm) is observed for the pm-copPEGATTC/Au, which can be due to the presence of
the polymer that causes changes in the dielectric constant of the surrounding medium. However, in
the case of pm-copAATTC/Au, a blue-shift (AA= - 4 nm) is observed.
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Figure 3.5. UV-Vis spectra and (insets) photographs of polymer/Au nanocomposites prepared via post-
modification strategy. Polymer/Au nanocomposite prepared with (A) copPEGATTC and (B)
COpAATTC.

The morphology of the polymer/Au nanocomposites was probed by electron microscopy (Figure
3.6). In the case of pm-copPEGATTC/Au (Figure 3.6 - A), it is observed that the polymer spheres
(indicated in the SEM images) are not well-defined which can be due to the soft character of the
PEGA. Nevertheless, it is possible to conclude that the Au NPs are at the surface of the polymer,
maybe interacting with the ether groups of the repeating unit PEGA. In fact, Au NPs are not observed
isolated outside the polymer. Conversely, in the case of pm-copAATTC/Au (Figure 3.6 - B) most of

Au NPs can be found in small aggregates outside of the polymer. This can be due to repulsive
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electrostatic interactions between the Au NPs ({= - 46 mV at pH 5.6) and the diblock copolymer,
whose hydrophilic block consists in repeating units of acrylic acid, that confer a negative surface
charge at pH above 4.25 (see Table 3.3). copAATTC also presents a spherical morphology, but here
the polymeric spheres are more defined, which can be assigned to the rigid character of AA, in
comparison to PEGA, so it is possible to measure the diameter using the SEM images: 68.7 + 10.1
nm. This diameter value is in accordance with the dnumwer but much smaller than the daverage (Table
3.4), where aggregates and coalesced polymeric NPs contribute for the average diameter result.
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Figure 3.6. SEM images, in transmission mode, of polymer/Au nanocomposites prepared via post-
modification strategy. Polymer/Au nanocomposites prepared using (A) copPEGATTC and (B)
COpAATTC.

Nevertheless, DLS measurements (Table 3.4) performed for both nanocomposites show only one
peak in each case, for intensity and number distribution, suggesting that the Au NPs and the
copolymer behave as one system during DLS measurements, but by SEM imaging in transmission
mode, namely for pm-copAATTC/Au nanocomposites, phase separation seems to occur as a result
of solvent evaporation. This suggests that in the colloidal dispersion it is thermodynamically
favorable for the Au NPs to be interacting with the copolymer yet, upon water evaporation

segregation is more favorable.
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Table 3.4. DLS measurements of polymer/Au nanocomposites.

daverage (nm) dintensity (nm) Onumber (nm) PDI
pm-copPEGATTC/Au 84.1 93.6 62.8 0.102
pm-copAATTC/Au 106.9 119.9 75.51 0.105

The Post-modification strategy is a straightforward route because it basically involves mixing
previously prepared Au NPs with the desired size and a copolymer that was prepared in a well-
controlled manner via RAFT emulsion polymerization. The copolymers prepared here have the
trithio moiety, which have high affinity to gold, but these copolymers form well-defined micelles in
water and the trithio moiety stays in the hydrophobic core, thus it is not available to interact with the
Au NPs. On the other hand, Au NPs can interact with the hydrophilic part of the copolymer
(hydrophilic shell of the copolymer micelles). Here, the interaction of Au NPs with the copolymer
containing PEGA is observed. In the case of the copolymer containing AA, repulsive electrostatic
interactions seem to occur between the Au-Cit NPs (negative surface due to the citrate anions) and
carboxylate groups from the repeating unit AA, yielding a colloid where the interactions between Au

NPs and the copolymer result in phase separation upon solvent evaporation.

3.4.2. In situ generation of Au NPs in previously prepared copolymers

In this strategy, Au NPs were generated in the presence of the block copolymer. The gold precursor
(HAuCIl,) was reduced using NaBH4, and after stirring overnight, at room temperature, the mixture
was centrifuged and the precipitate was redispersed in ultra-pure water; this sample was termed here
as washed colloid. This strategy was explored using both copolymers P(PEGAu)-b-(MMA-co-
BA)140-TTC and P(AAx)-b-(MMA-co-BA)16-TTC, and the polymer/Au nanocomposites were
named is-copPEGATTC/Au and is-copAATTC/Au, respectively. Note that for comparison, a diluted
suspension of copolymer was also centrifuged and redispersed in the same conditions as the
polymer/Au nanocomposite. The reduction of HAuCIl. was performed in variable conditions of
concentration of copolymer/HAuCls and pH, in order to understand how these parameters could

influence the generation of the Au NPs in the presence of the copolymer.

Concerning, the nanocomposites prepared using P(PEGAu4)-b-(MMA-c0-BA)140-TTC (is-
COpPEGATTC/Au), the photographs and the corresponding UV-Vis spectra (Figure 3.7) clearly
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show that the [HAuCI4]/[copPEGATTC] ratio influences the NP generation, indicating that there is
interaction between the copolymer and the gold precursor. In fact, using a ratio of
[HAuCl,)/[copPEGATTC]=2.4 (Figure 3.7-A) a golden brown colloid is observed which is
indicative of the presence of Au NPs smaller than 3 nm [38, 39]. Subsequent centrifugation of the
colloid (washed colloid) led to a colorless solid composed of copolymer but not containing Au NPs.
This indicates that the Au NPs are too small to be isolated by centrifugation at 156009 during for 30
minutes and have not been embedded in the copolymer. By decreasing the copPEGATTC
concentration ([HAuUCI4]/[copPEGATTC]=4.8, Figure 3.7-B), the colloid exhibit a pink color (ALspr
534.5 nm), however after centrifugation, the precipitate did not redisperse because it was irreversible
aggregated. This could indicate that NPs were generated outside the copolymer and in the absence
of surface stabilizers became prone to irreversible aggregation. Alternatively, in another experiment
the HAUCI, concentration was increased ([HAuUCls]/[copPEGATTC]=6.0, Figure 3.7-C) and a dark
pink colored colloid (ALspr 528.5 nm) was obtained. In this case, after centrifugation, the precipitate
was redispersed in water but the supernatant still showed a pink color, which could indicate two
situations. In the first situation, Au NPs with two average diameters were generated, i.e. Au NPs that
did not precipitate by centrifugation at 15600g for 30 minutes, remained in the supernatant, and
bigger Au NPs that precipitated by centrifugation. In the second situation, one can consider the
generation of small NPs with and without copolymer, in which the NPs without copolymer are not
isolated by centrifugation (at 156009 for 30 minutes) and the NPs with copolymer are. In fact, the
size of the NPs in this colloid was confirmed by electron microscopy (Figure 3.8). Through SEM
observation, it is concluded that Au NPs are dispersed outside the copolymer, and some NPs that
seem to be at the surface of the polymeric sphere. These Au NPs have an average diameter of 8.1 +
1.4 nm, which corroborates what was referred before in the second situation. Furthermore the
observation of the Au NPs at the surface and outside the copolymer indicates that stabilizing
interactions between gold species and the trithio group in the hydrophobic core of the polymer sphere
were not present, instead interactions via the ether groups of the hydrophilic PEGA shell have
probably  occurred. One last experiment was performed using the ratio
[HAUCL,]/[copPEGATTC]=6.0, but in this case the pH of the mixture of HAuCl, with copPEGATTC
was increased to 8 before adding the reducing agent (NaBH,). Figure 3.7-C,D clearly show the pH
influence on the Au NPs generation. When the pH was raised from 4 to 8 a slight brown color

appeared and the characteristic LSPR band of Au NPs is not observed, even after 16h of reaction

(Figure 3.7-D). In fact, as referred in the introduction, [AuCI(OH)s] and [Au(OH).] are the species

present in solution at pH 8, which have low reactivity and slow nucleation kinetics. [43, 44]
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Figure 3.7. UV-Vis spectra of is-copPEGATTC/Au nanostructures, varying (A, B and C) copPEGATTC
and HAuUCI4 concentration and (C and D) pH. The insets show the corresponding photographs of the

colloids.

SU70 15.0kV 5.4mm x90.0k TE

Figure 3.8. SEM image, in transmission mode, of is-copPEGATTC/Au nanocomposites, after stirring,
prepared using the ratio [HAuCl4]/[copPEGATTC]=6 at pH=4.
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Similarly, nanocomposites of P(AAug)-b-(MMA-co-BA)1s-TTC were prepared by varying the
[HAuCI,)/[copAATTC] ratio. As the best results using the previously discussed copolymer were
obtained using the ratio [HAuUCI4]/[copPEGATTC]=6, in this case a value below 6 was also
considered as well as a couple of higher [HAUCI4]/[copAATTC] ratios. Specifically, the values 4.0,
6.0, 12.0 and 30.0 have been tested in order to better understand the influence of the amount of
copolymer on Au NPs generation. Actually, using the ratio [HAUCI4]/[copAATTC]= 30 (Figure 3.9-
A,B) a blue/purple colloid was obtained with a broad LSPR band, indicating that NPs with a large
particle size distribution, anisotropic shapes and/or aggregates were generated. After centrifugation
(Figure 3.9-C1), redispersion of this colloid was not possible since it aggregated irreversibly. Also
the UV-Vis spectra of supernatant showed a peak at 225 nm assigned to HAuCl,4 suggesting that the
gold salt was not completely reduced to Au®. By increasing the copAATTC concentration (Figure
3.9-A,B) the color of the colloid turns from the purple/blue to a more purple-brownish color.
Centrifugation of these colloids indicated that two populations of Au NPs were generated. Small Au
NPs (< 10 nm) that did not precipitate by centrifugation at 15 600g, 30 min (as observed before when
COpPEGATTC was used) and Au NPs with bigger diameters or that are associated with the
copolymer and were centrifuged together. Through visual and UV-Vis spectra observation of the
washed colloids (Figure 3.9-C), it is possible to assert that using [HAuCl4]/[copAATTC]= 12, the
amount of copolymer still was not enough to obtain a stable colloid since the precipitate was not
totally redispersed and it also presented a purple color thus indicating aggregation. Regarding
[HAUCI4]/[copAATTC]= 4 (Figure 3.9-C4), the supernatant presented a strong brown color and the
UV-Vis spectrum does not show a LSPR band which could indicate that Au NPs have an average
diameter below 3 nm. Using a ratio of [HAUCI4]/[copAATTC]= 6, the supernatant also presented that
brown color (Figure 3.9-C3), also indicating that NPs with diameter below 3 nm were generated.
Yet, the redispersed precipitate had a pink color with a well-defined LSPR band at 523.5 nm, which
indicates that bigger and stable NPs were generated, contrary to the ones prepared with
[HAUCI4]/[copAATTC]= 12 and 30.
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Figure 3.9. (A) UV-Vis spectra and (B) the corresponding photographs of is-copAATTC/Au
nanocomposites, after stirring, varying the copAATTC concentration. (C) UV-Vis spectra and (inset)
the corresponding photographs of is-copAATTC/Au nanocomposites shown in A and B, after being
precipitated by centrifugation and redispersed (washed) and the supernatant, respectively.

The influence of pH in the generation of NPs was also studied. For that, the pH of a solution
containing HAuCls and copAATTC ([HAuCl.)/[copAATTC]= 6, which have pH=4) was raised to
pH 6 and 8 using NaOH. Figure 3.10-A,B show that with the increase of pH the absorbance of the
LSPR band increases and the colloid is less brown, which could indicate that there is an increase of
NP size with the increase of the pH. In fact, this was confirmed after centrifugation (Figure 3.10-C).
By increasing the pH, the supernatant is less brown, indicating that less NPs below 3 nm were
generated, and the precipitate redispersed is more purple/pink indicating that more NPs with bigger
sizes were generated. In particularly, the washed nanocomposite prepared at pH 8 presented A spr at

522.5 nm.

68



Gold nanostructures prepared via RAFT polymerization

[HAuCl 4] :[copAATTC]=6

4.0 4.
3.5 :?
3.0
g 254
=
]
£ 204
5 !
2 15
1.0
0.54
0.0 ; r ' . : r , increasing pH
200 300 400 500 600 700 800 900
Wavelength (nm)
C1) C2) C3)
4.0+, | 4.0+, . 4.0 -
——pH4 i \ y ——pHS8
a5y | o 35 =
304 304 3.0-
: L : t
g 254% g 254 g 254
= 3 = d =
= ] ! ] q
£ 2.0 2 2.0 2 204
2 2 2 :
2 154 2 154 2 154;
1.0 1.0- 104 ¢
0.5+ 0.5+ 0.5
0.0 ’ — S 0.0 Y ' e, 0.0
200 400 600 800 200 400 600 800 200 400 600 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)
increasing pH 5

Figure 3.10. (A) UV-Vis spectra and (B) the corresponding photographs of is-copAATTC/Au
nanocomposites, after stirring, varying pH. (C) UV-Vis spectra and (inset) the corresponding
photographs of is-copAATTC/Au nanocomposites shown in A and B, after being precipitated by
centrifugation and redispersed (washed) and the supernatant, respectively.

The morphology and the size of the Au NPs at pH 4 and 8 were probed by electron microscopy.
Figure 3.11 shows that in both cases NPs seem to be at the surface of the polymeric spheres and have
a spheroidal morphology. Although at pH 4 (Figure 3.11-A), some NPs seem to be inside the
hydrophilic shell, namely in Figure 3.11-Al where two Au NPs can be observed inside the
copolymer, probably in the hydrophilic AA shell. The average diameter of the generated Au NPs is
4.5+1.1 nm and 5.9+1.6 nm for pH 4 and 8, respectively. In this case, the variation of pH influences
not only the Au(lll) species in solution but also the protonation of the carboxylic groups of

hydrophilic AA shell. Thus on one hand, at pH 8, the [AuUCI(OH)s] and [Au(OH)4] species have
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low reactivity contributing for a slower nucleation, and on the other hand Au®* ion can form

complexes with the deprotonated carboxylic groups from AA.

pH 4 pH 8
‘: ) : 1)
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SU70 15.0kV 15.6mm x90.0k TE 500nm SU70 15.0kV 15.6mm x70.0k TE

Figure 3.11. SEM images, in transmission mode, of is-copAATTC/Au nanostructures prepared at (A)
pH 4 and (B) pH 8.

In situ generation of Au NPs in the presence of the diblock copolymers is very attractive since it
occurs in a one-step synthesis. The block copolymer is previously well-tailored via RAFT emulsion
polymerization and then the Au NPs are generated. In this sub-chapter the effect of several aspects,
such as [HAuUCI4]/[copolymer] ratio, pH and the chemical nature of the copolymer, namely the
hydrophilic part of the copolymer, on the size and size distribution of the NPs was demostrated. On
one hand, using CopPEGATTC the best results were found at pH = 4 using the ratio
[HAUCI4]/[copPEGATTC]=6, on the other hand, using copAATTC the best results were found using
the same ratio ([HAUCI4]/[copPEGATTC]=6) but at pH= 8. However, in both cases, Au NPs were
generated on the surface of the copolymer and not in the hydrophobic core where the trithio moiety

is located.
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3.4.3. Grafting from strategy

The grafting from strategy involves the growth of a polymer from a surface. In this case the RAFT
agents have the advantage to be able to form a strong interaction with gold due to the presence of the
trithio group. Thus it is possible to immobilize the RAFT agent onto the surface of Au NPs and then
grow the polymer chains in a controlled way via RAFT polymerization.

Here, the grafting from strategy requires two main distinct steps: 1% the preparation of well-coated
Au NPs with MR; and 2™ the growth of a hydrophobic chain via RAFT emulsion polymerization
from MR@AUNPs yielding stable and robust copolymer@AuNPs - shell@core type nanostructures.
Actually, in the first step of the grafting from strategy, the preparation of MR@AUNPs was explored
following two pathways which is discussed in the next sub-chapters: 3.4.3.2. in situ generation of
Au NPs in the presence of previously prepared macroRAFT agents, and 3.4.3.3. adsorption of

macroRAFT agents onto Au NPs.

Three macroRAFT agents were explored in this grafting from strategy: P(PEGA4)-TTC, P(AA4)-
TTC and P(AA2-co-PEGA)-TTC. The first two were already studied in the post-modification
strategy and in the in situ generation of the Au NPs in the presence of the copolymer. The later was
introduced here since it consists in a mixture of AA and PEGA (theoretical DP = 20 AA and 20
PEGA), M, (experimental, *H-NMR) of 12869 g/mol which was available in the group. As these MR
agents are amphiphilic their critical micelle concentration (CMC) was determined. The results are
presented and discussed in the sub-chapter 3.4.3.1.

3.4.3.1. Determination of Critical Micelle Concentration (CMC) of MR agents

The MR agents studied in this work have an a amphiphilic character since they have two main
moieties: a hydrophobic C12 chain, which consists in the Z-group of the RAFT agent, and the R-
group that consists in a hydrophilic chain containing repeating units of acrylic acid (AA) or/and
poly(ethylene glycol) methyl ether acrylate (PEGA). Therefore, depending on their concentration in
water, micelle structures can be formed, which may influence the generation of the Au NPs in the
presence of the MR agent, as well as the MR agent adsorption onto Au NPs. In this sub-chapter, it
is presented and discussed the results for the determination of the critical micelle concentration
(CMC) of P(PEGA4)-TTC, P(AA4)-TTC and also of a third MR agent P(AA2-co-PEGA)-TTC.

The determination of CMC was performed using conductivity measurements and also dynamic light
scattering (DLS) measurements [197-199]. In the latter method, an increase in the intensity counts

(kcps) indicates the formation of particles, additionally the hydrodynamic diameter of the formed
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particles is measured. For each MR agent (P(PEGA40)-TTC, P(AA4)-TTC and P(AA2-co-PEGA2)-
TTC), a set of different concentrations in ultra-pure water was prepared and conductivity and DLS
measurements were performed. In another experiment the same set of solutions was prepared but the
pH was adjusted using NaOH solution (pH 7.5-8). In this case, the conductivity measurements were
not performed because the ionic strength has a strong influence in the results. The results were
compiled and are shown in Figure 3.12, Figure 3.13 and Figure C.5 (in Annex C).
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Figure 3.12. (A1, B1, C1) Conductivity and (A2, B2, C2) DLS measurements as a function of
concentration of (A) P(PEGA4)-TTC, (B) P(AA4)-TTC and (C) P(AA20-co-PEGA20)-TTC, prepared in
ultra-pure water. In Al, B1 and C1 the intensity counts (kcps) from DLS measurements are also
overlapped.
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Figure 3.13. Zeta potential and pH measurements of (A) P(PEGA40)-TTC, (B) P(AA4)-TTC and (C)
P(AA20-c0-PEGA20)-TTC, prepared in ultra-pure water.

Regarding the samples prepared in ultra-pure water, the MR P(PEGA4)-TTC presents low
conductivity and therefore the conductivity profile is inconclusive for the determination of the CMC
(Figure 3.12-Al). Still DLS measurements (Figure 3.12-A) seem to indicate the presence of three
CMC values (at around 0.025, 0.1 and 0.25 mM). In fact, at concentration 0.1 mM the conductivity
increases and Pdl presented the lowest value which could indicate that this concentration corresponds
to a CMC. DLS measurements also show that the hydrodynamic diameter, in average, stabilizes
around 10 nm from the concentration 0.2 mM onwards whilst for all MR agent concentrations the
hydrodynamic diameter, in number (dnumeer) is around 5 nm. Moreover, in Figure 3.13-A is observed
that the pH decreased slightly with the increase of concentration and stabilizes around pH 4.5, and

the zeta potential is negative for all concentrations with values around -10 to -20 mV.

Unlike the previously case, the MR agent P(AA4)-TTC has in its structure repeating units containing

carboxylic acid groups, so it was possible calculate a CMC at 0.15 mM by conductivity
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measurements, see Figure 3.12-B1. Furthermore, overlapping the intensity counts (kcps) (from DLS
measurements) it seems that a second CMC may exist at 0.54 mM. Figure 3.13-B shows that the pH
decreased slightly as the concentration increased and stabilized around pH 3, whilst the zeta potential
is negative for all concentrations, around -25 mV.

Concerning P(AAx-c0-PEGA)-TTC, which also contains carboxylic acid groups in its structure, it
was possible to calculate a CMC at 0.19 mM by conductivity measurements. Indeed, this value was
confirmed by DLS measurements, see Figure 3.12-C1, where an increase of intensity counts is
observed for the concentration 0.18 mM. pH measurements show that this MR agent behaves
similarly to P(AA4)-TTC (pH ~3), but zeta potential measurements are more alike the P(PEGA40)-
TTC ({around -10 mV).

In summary, by conductivity measurements it was possible to determine the CMC of P(AA4)-TTC
and P(AA2-CO-PEGA)-TTC but for P(PEGA4)-TTC it was not possible due to its low
conductivity. P(AA4)-TTC and P(AA2-co-PEGA)-TTC have carboxylic acid groups on the
repeating unit (acrylic acid) that confer some conductivity to the MR agent, but P(PEGA4)-TTC
only has one carboxyl group per chain which belongs to the R terminal of the RAFT agent. These
CMC values were confirmed using intensity counts of DLS measurements. Additionally, DLS
measurements suggest that a second CMC value could exist for P(AA43)-TTC and P(PEGA4)-TTC

but without certainties. Table 3.5 summarizes the CMC values determined for each MR agent.

Table 3.5. Results of critical micelle concentration (CMC) determination.

CMC CMC

MR by conductivity by DLS Z;—p(or;e\r))tlal
(mM) (mM)
P(PEGA4)-TTC --- 01-0.3 ~-10
P(AA)-TTC 0.15 0.1-0.2 ~ 25
P(AA2-CO-PEGAL)-TTC 0.19 0.15-0.25 ~-10

As referred before, the CMC was also determined for MR agent solutions at pH between 7.5 and 8.
The results are shown in Annex C, Figure C.5, since it seems that the pH does not have a significant
influence on the CMC. Nevertheless, for P(PEGA4)-TTC (Figure C.5-A) and P(AAx-c0-PEGA)-
TTC (Figure C.5-C) the count rate intensity (kcps) as well as the hydrodynamic diameter are similar
at both pH values. In the case of P(AA4)-TTC (Figure C.5-B), the count rate intensity (kcps) shows
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a different profile at pH 7.5 in comparison to that observed at pH 3. In this case, there is the indication
of formation of micelles above concentration 0.1mM, which is in the same range of the CMC at pH
3. Although, DLS measurements suggest that the micelles at this pH have a higher hydrodynamic
diameter, this can be explained by the increase of repulsive electrostatic interaction inter- and intra-
MR chains since at this pH all the carboxylic acid groups are deprotonated. In addition, zeta potential
decreases for higher negative values from the concentration 0.1 mM (at 0.1mM ¢~ - 30 mV; at 0.7
mM ¢~ -60 mV).

3.4.3.2. Grafting from strategy via in situ generation of Au NPs in previously prepared

macroRAFT agents

Here, the MR@AuU NPs were prepared by generation of Au NPs in the presence of the macroRAFT
agents using sodium borohydride (NaBH,) as reducing agent. In this sub-chapter, parameters such
as the pH, the chemical nature of MR agent and the [HAuUCI4]:[MR] ratio is studied in order to

understand their influence in the preparation of MR@AuU NPs.

3.4.3.2.1. In situ generation of Au NPs in previously prepared macroRAFT agents

Gold salt (HAuCl,) was reduced in the presence of P(AA4)-TTC, P(PEGA4)-TTC and P(AAx-co-
PEGA0)-TTC using sodium borohydride (NaBH,) and varying the [HAuUCl.]:[MR] ratio and the pH.
All the colloids were prepared using the same amount of HAuCls and using a ratio of
[HAuCls]:[NaBH4] =1. By naked eye, photographs in Figure 3.14 clearly show that pH,
[HAuCl,]:[MR] ratio and also the chemical nature of the MR agent used influence the Au NPs
generation. The different colors of the colloids indicate that different sizes and/or morphologies of
Au NPs were generated.
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pPEGATTC pAAPEGATTC

Figure 3.14. Photographs of the resulting colloids after stirring overnight. The ratio [HAUCI4]:[MR] is
5.9 for pAATTC and 6.9 for pPEGATTC and pAAPEGATTC.

Focusing on P(AA4)-TTC, Figure 3.14 shows that at pH 3 a purple-brownish color was observed
and at pH 7 the colloid had a red-brownish color. This has already been observed before for the
copolymer derived from the MR agent P(AA40)-TTC, which at pH 8 originated a well-defined LSPR
band and a more pinkish colloid than at pH 3. Therefore, for this MR agent we focused on the study
of the variation of MR concentration, at pH 7, as shown in Figure 3.15. Increasing the MR
concentration the colloidal solutions were browner indicating the formation of NPs with smaller
diameters (Figure 3.15-B). In fact, observing the UV-Vis spectra in Figure 3.15-A, increasing MR
concentration the LSPR band decreases and the maximum of LSPR appears at lower wavelengths
(ALsPR, [HAUCI]MR]= 13.7 = 516.5 NM, ALspr, [HAuCL]MR]= 6.9 = 515.0 NM, ALspR, [HAuCIAMR])= 3.4 = 506.0 nm).
After stirring overnight the colloids were washed by centrifugation and the resulting precipitate
redispersed (washed colloid) as well as the supernatant were analyzed by UV-Vis spectroscopy,
Figure 3.15-C. Using the higher concentration of MR agent, [HAuCl4]:[MR]= 3.4, precipitation of
the NPs was not possible which indicated that NPs have a diameter below 10 nm. Concerning the
other colloids, after centrifugation the supernatant also showed a pink coloration indicating the
generation of two sizes of Au NPs. Indeed, UV-Vis spectra show that the washed colloid prepared
using the ratio [HAuCl4]:[MR]= 6.9 (Figure 3.15-C2) has the A ser at 519.0 nm and the intensity of
this peak is very weak whilst the absorbance of the supernatant peaked at 514.0 nm is much higher.
The same is observed for the colloid prepared using [HAuCl,]:[MR]= 13.7, whose the supernatant
(Mspr = 515.5 nm) has higher absorbance than the washed colloid (Aser = 519.0 nm). Moreover, it
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seems that more NPs with higher average diameter were generated in this last case, when compared
with the colloid prepared using [HAuCls]:[MR]= 6.9.
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Figure 3.15. (A) UV-Vis spectra of colloids preparedusing P(AA40)-TTC at pH 7 after stirring overnight
and (B) the corresponding photographs. (C) UV-Vis spectra of colloids prepared using [HAuCl4]:[MR]
ratios of 13.7 and 6.9, C1 and C2 respectively, after being centrifuged.

The color of the colloids and the UV-Vis measurements indicate that increasing the concentration of
MR agent reduces the diameter of the NP. In fact, the concentrations of MR agents used here are
below to the CMC value, although using the [HAuCl.]:[MR]= 3.4 ratio the MR agent concentration
(0.1 mM) is very closed to the CMC (CMCpaarrc = 0.1- 0.2 mM). Moreover, it is worth to remember
that the triothio moiety is available to interact with the gold. Therefore, after reduction of the Au(lll)
species, Au® nuclei are generated but the growth depends on the amount of MR chains that will
confine Au® nuclei. Hence, higher concentrations of MR agent prevents the growth therefore the NPs
are smaller. Moreover, nucleation and growth of Au NPs are also affected by the pH of the medium,
as illustrated in Scheme 3.2. In fact this scheme depicts the Au(l11) species in solution as well as the
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protonation state of AA at each pH. Although the Au NPs generation was not fully studied under
these conditions, it seems that the protonation state of the AA plays an important role in the Au NPs
stabilization. At low pH values, the AA repeating units are protonated therefore the ability of the MR
agent to stabilize the Au NPs is limited. In turn at higher pH values, the deprotonated carboxy! groups
of the MR agent confer high stability to the Au NPs as a result of the repulsive electrostatic

interactions.

Scheme 3.2. Schematic representation of the influence of pH on the generation of Au NPs in the presence
of P(AA4)-TTC.

pH=4 pH=8
HAuCly AuOH),
HAuCl, AuCl(OH); . 4
Aul’®
\0\\ N . 'I’ 5 .\' \6
o0 HAuCl, 8 & Q
IS S Oy~ ) -
e/ T o0 o/ T 0 0 AuCl(OH);
HAuCl, S s S ] )
%1, HAuCl, Au(OH); AuCl(OH);
HAuCl,
l NaBH,

Likewise, the preparation of Au NPs in the presence of P(PEGA4)-TTC and P(AA2-Co-PEGAx)-
TTC also indicates that not only the concentration of MR agent and pH influence the generation of
Au NPs but also the chemical composition of the MR used, as shown in Figure 3.16. Contrary to
P(AA4)-TTC, the synthesis of Au NPs in the presence of P(PEGA4)-TTC, at pH 3, leads to NPs
with a pink color and a well-defined LSPR band (ALser, [HAucla:MR]= 13.9 = 534.0 NM, ALspR, [HAUCIA]:[MR]=
6.0 = 530.0 nm), Figure 3.16-A. Also at pH=7 using [HAuCl.]:[MR]= 13.9, a pink hue was observed
but the LSPR band appears at lower wavelength (ALser = 514 nm) indicating that these NPs should
be smaller. Yet, when the MR concentration was increased, [HAuCl:]:[MR]= 6.9 at pH 7, the
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solution showed a purple hue and aggregates, indicating that this colloid is not stable. Alexandridis

et al [200] described that AuCls ion can form a complex with the ether groups from PEGA, which
the authors referred as pseudocrown ether structures like cavities. Thus, these complexes may have

an important role in the generation and stabilization of Au NPs as well as the trithio group. However,

increasing the pH, [AuCI(OH)s] and [Au(OH)s] species present in solution which have low
reactivity and in the presence of the ether groups could also form complexes with low reactivity. [43,

44]

In turn, the MR agent P(AA2-c0-PEGA2)-TTC has in its chemical structure the repeating units of
P(PEGA)-TTC and P(AA4)-TTC. For all the cases shown in Figure 3.16-B, the colloid exhibited
a brown color, although at pH 3 a slightly pink tone can be detected, namely for the one prepared
using less MR - [HAuCl4]:[MR]= 13.8. This colloid has a LSPR band peaked at 520.0 nm. These
results show that the influence of the pH in the generation of Au NPs is associated with the chemical
nature of the repeating units of the MR used. In the case of P(AAx-C0-PEGA2)-TTC, the protonation
or deprotonation of the carboxyl group of AA as well as the pseudocrown ether structure are

influencing the generation of Au NPs.
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Figure 3.16. UV-Vis spectra and photographs of colloids prepared with (A) P(PEGA)-TTC and (B)
P(AA20-c0-PEGA20)-TTC after stirring overnight. (dash lines) UV-Vis spectra of the MR agents at the
concentration used in the preparation of the Au NPs (0.022 mM and 0.043 mM).
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Additionally, it was also observed that the reduction of the gold precursor was not complete after one
night (ca. 16h) and/or NPs are still evolving, namely for the colloids prepared at pH 3. In fact, in the
spectrum of the colloid prepared using [HAUCI.]:[copPEGATTC]= 13.9 (Figure 3.16-Al), it is
possible to observe a peak at ~220 nm which is assigned to HAUCl.. In view of this the colloids were
characterized over 4 weeks. The colloids prepared at pH 7 did not show any significant change in the
LSPR band as well as in the color over time, see the UV-Vis spectra in Figure D.6, Annex D,

However for the colloids prepared using P(AA20-C0-PEGA2)-TTC at pH 3 (Figure 3.17) the
brownish-pink color observed after one night changed to a more intense pink color after 4 weeks and
the UV-Vis spectra show that the LSPR band is better defined after this time. Using the ratio
[HAUCLL]:[MR]= 6.9, the increase of the LSPR band peaked at 550 nm after 4 weeks is clear.
However, using the ratio [HAuUCl.]:[MR]= 13.8, which has less amount of MR agent, after the third

week some aggregates started to form and so the absorbance is lower.
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Figure 3.17. UV-Vis spectra of colloids prepared using P(AA20-co-PEGA2)-TTC, at pH 3. Insets show
the photograph of the colloid after one night and 3 weeks.

Although the values of Aispr (550 nm and 537 nm for [HAuUCl,]:[MR]=6.9 and 13.8, respectively)
indicate that the diameter of the NPs could be higher than 15 nm, SEM images (Figure 3.18) show
NPs with diameters smaller than 10 nm. After 4 weeks the samples prepared using
[HAUCL4]:[MR]=6.9 present two average sizes of AuNPs—3.6 + 0.1 nmand 8.6 £ 0.2 nm, and those
prepared using [HAUCI4]:[MR]=13.8 present a larger size distribution - diameter of 5.0 £ 2.0 nm.
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Figure 3.18. SEM images, in transmission mode, of colloids after 4 weeks of synthesis. Colloids prepared
at pH 3 wusing P(AA2-cO-PEGA2)-TTC: (A) [HAUCI]:[pAAPEGATTC]=6.9 and (B)
[HAUCIs]:[pPAAPEGATTC]=13.8.

These results over time can indicate that the Au® nuclei generated (maybe ca. 3 nm due to the brown
hue) after one night, started to aggregate leading to bigger NPs after some time. When the
[HAuUCl,]:[pPAAPEGATTC]=6.9 ratio was used it seems that some primary nuclei are stable and did
not aggregate but other nuclei aggregated yielding NPs with an average diameter of 8.6 + 0.2 nm. In
contrast, decreasing the concentration of MR agent ([HAuCl4]:[pPAAPEGATTC]=13.8), less MR
agent is available to stabilize the primary Au® nuclei so they grow during the first week. However,
after this first week some aggregation starts to occur, as can be seen in the UV-Vis spectra (Figure
3.17-B) where the intensity of the LSPR band decreases.

Concerning the colloids prepared with P(PEGA40)-TTC at pH 3, a more detailed study was performed
to better understand the evolution of the Au NPs over time in a larger range of [HAuCl,]:[MR] ratios.
For that, Au NPs were prepared using the ratios [HAuCl4]:[MR]= 18.5, 9.2, 6.1, 4.6, 3.7, and 1.4,
whilst the amount of HAuUCI, was kept the same. The evolution of these colloids was followed by
UV-Vis spectroscopy each week over four weeks, and DLS measurements and SEM were performed

after one night and after the four weeks.

As already stated, the generation of the Au NPs is influenced by the [HAuUCl.]:[MR] ratio, as can be
seen by the color of the colloids in Figure 3.19-A. Moreover, it can be observed that the intensity of
the colloid color changes over the time, which is in agreement with the UV-Vis spectra shown in

Figure 3.19-B and C, after one night and after 4 weeks, respectively.
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Figure 3.19. (A) Photographs and (B, C) UV-Vis spectra of Au NPs generated in the presence of
P(PEGAu40)-TTC varying [HAUCIls]:[MR] ratios over four weeks. UV-Vis spectra (B) after one night and

(C) after 4 weeks.

After one night, 1 week and 4 weeks, each colloid was centrifuged, and both redispersed precipitate
and the supernatant were characterized by UV-Vis spectroscopy. The results are compiled in Figure
3.20. In general, the absorbance of the LSPR band, of the redispersed precipitate, increases over time,

indicating that Au NPs are growing. Next, these results will be discussed together with DLS

measurements and SEM images, for each case.
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Figure 3.20. UV-Vis spectra of Au NPs generated varying the ratio [HAuCl4]:[pPEGATTC] over four weeks. (solid line) colloid before centrifugation; (dash line)

precipitate redispersed; and (dot line) supernatant of centrifugation.

Notes: colloids were centrifuged (a, b) 5 min at 154009 and (f, k) 2 min at 6000g, and a golden precipitate was formed; colloid was centrifuged (c) 5 min at 154009 (g)

5 min at 6000g, () 7min at 6000g (m) 7 min at 6000g, (h) 10 min at 15400g. The other colloids (d, e, i, j, m, n, 0) were centrifuged 30 min at 15400g.
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As regards the [HAuCl.] :[MR]=18.5 ratio, the absorbance of the LSPR band increases overtime and
the peak at 220 nm, assigned for HAuCl., decreases, indicating that the reduction reaction continues
over the time, Figure 3.20-(a,f,k). Moreover, after one night the colloid was centrifuged (5min,
15400q) but a golden precipitate was formed in the eppendorf, so it was not possible to redisperse
the Au NPs. This can be due to the size of the NPs and the lack of surface coverage and stability,
yielding this irreversible golden aggregate. Indeed, SEM images in Figure 3.21 show a wide particle
size distribution of Au NPs after one night, d = 28.7 + 12.5 nm, and also after 4 weeks, d = 33.2 £
12.4 nm. By DLS measurements, Table 3.6, an increase in the average hydrodynamic diameter
(daverage) is Observed that could be due to the increase of the NPs size associated with the consumption
of gold precursor and/or coalescence of existing NPs. For this reason, the MR agent available to
stabilize the resulting NPs is able to provide a better surface coverage thus leading to more stable
NPs.

Counts

20 30
. Dismeter (nm)

Diameter (nm)

SU70 15.0kV 5.6mm x150k TE

300nm

SU70 15.0kV 6.5mm x100k TE

Figure 3.21. SEM images, in transmission mode, of Au NPs generated using the ratio
[HAUCI4]:[pPEGATTC]=18.5. (A) after one night and (B) after 4 weeks.

Table 3.6. DLS measurements of Au NPs generated using the ratio [HAuUCl4]:[pPEGATTC]=18.5.

after one night after 4 weeks

colloid®  washed® supernatant | colloid® washed®  supernatant
Gaverage 37.9 -- 26.4 60.4 62.9 46.1
(nm)

0 0,

Anumber 331'23((1570520/3) ~ L5 (74.2%) | 10 gégoﬁg 13.0 (59.6%)  39.8 (80.0%)

: : 0, * ) 0 0,
(nm) 5.4 (17.3%) 3.2 (25.8%) 50.1 (20.7%) 49.0 (40.4%) 5.3 (20.0%)

PDI 0.253 - 0.469 0.213 0.247 0.246

(a) colloid before centrifugation; (b) precipitate redispersed.

For the [HAuUCIl4]:[MR]=9.2 ratio, Figure 3.20-(b,g,l) also shows a peak associated with the presence

of HAuCl, (A~220nm) that decreases over time. This colloid, also formed a golden precipitate after
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being centrifuged at 15400g during 5 min. However after 1 and 4 weeks, no golden precipitate was
observed. SEM images in Figure 3.22 show that after one night the NPs have an average diameter of
9.8 £ 3.8 nm, and after 4 weeks 6.6 £ 2.1 nm although DLS measurements present higher daverage,
Table 3.7. In fact, using this [HAuCl4]:[pPPEGATTC] ratio, which corresponds to twice of MR agent
concentration, in comparison to the [HAuCls]:[pPEGATTC]=18.5, it can be observed that the
increase of MR agent concentration is already confining the growth of the Au NPs. Even so, note
that a few NPs with diameters between 20 and 30 nm are observed. In this case it seems that
nucleation and growth occur leading to a large size distribution (below 10 nm) but after some time
intraparticle digestive ripening takes place and probably the MR agent also re-organizes itself which
leads to stable Au NPs with a lower average size. [35, 201] The higher daverage, from DLS

measurements can be explained by the contribution of the larger NPs generated.
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Figure 3.22. SEM images, in transmission mode, of Au NPs generated using the ratio
[HAUCI4]:[pPEGATTC]=9.2. (A) after one night and (B) after 4 weeks.

Table 3.7. DLS measurements of Au NPs generated using the ratio [HAuCls]:[pPEGATTC]=9.2.

after one night after 4 weeks
colloid® washed®  supernatant | colloid® washed®  supernatant
Gaverage 38.6 29.7 49.8 47.9 51.9 34.1
(nm)
Onumber | 31.0 (81.0%) o 10.6 (66.7%) | 39.6 (86.6%) 0 0
m) | 105@9.0%) 281O0%) 5 33306) | 17.0(13.40¢) 430 (100%) 2.3 (100%)
PDI 0.249 0.513 0.101 0.233 0.241 0.407

(a) colloid before centrifugation; (b) precipitate of centrifugation redispersed.

When the [HAuCIl4]:[MR]=6.1 ratio was used, spectra in Figure 3.20-(c,h,m) show that the
absorbance of the LSPR band increases over time but the maximum shifts to lower wavelengths,

indicating that smaller NPs were formed. SEM images show that the size distribution overtime is
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similar to those prepared using the ratio presented before ([HAUCI4]:[MR]=9.2), as well as the daverage
in DLS measurements (Table 3.8).

Ll ,

SU70 15.0kV 5.4mm x120k TE

400nm

Figure 3.23. SEM images, in transmission mode, of Au NPs generated using the ratio
[HAUCI4]:[pPEGATTC]=6.1. (A) after one night and (B) after 4 weeks.

Table 3.8. DLS measurements of Au NPs generated using the ratio [HAuUCl4]:[pPEGATTC]=6.1.

after one night after 4 weeks
colloid®  washed®  supernatant | colloid® washed®  supernatant
d(agerrna‘j‘e 421 53.9 58.6 70.3 40.7 38.0
0,
G 150wy BZEIDY rocony | FAEDY dnaon 276859
PDI 0.253 0.316 0.232 0.529 0.337 0.218

(a) colloid before centrifugation; (b) precipitate of centrifugation redispersed.

By increasing the MR agent concentration, [HAUCls]:[MR]=4.6, UV-Vis spectra of the ensuing
colloid in Figure 3.20-(d,i,n) seem to be similar to those obtained using the ratio discussed before. In
particular the colloid after the 4 weeks also has ALspr at 526nm. However, SEM images clearly show
that two populations of Au NPs were generated: one in the same size range of those obtained using
the ratio [HAuCl4]:[MR]=6.1, which is 8.5 £ 1.6 nm that change to 7.5 £ 2.1 nm after 4weeks, and
the other one which is even smaller: after one night 3.6 = 0.9 nm and after 4 weeks 2.3 £ 0.5 nm.
Yet, DLS measurements (Table 3.9) present high daverage Values that do not correspond to the SEM
images. This can be due to the fact that higher concentration of MR agent can form MR aggregates
thus contributing to the hydrodynamic average diameter.
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Figure 3.24. SEM images, in transmission mode, of Au NPs generated using the ratio
[HAUCI4]:[pPEGATTC]=4.6. (A) after one night and (B) after 4 weeks.

Table 3.9. DLS measurements of Au NPs generated using the ratio [HAuUCls]:[pPEGATTC]=4.6.

after one night after 4 weeks
colloid® washed®  supernatant | colloid® washed®  supernatant
Gaverage 31.3 42.1 21.2 127.4 106.2 142.2

(nm)
d 1.5 (59.2%)
number | 193 (100%)  2.5(26.6%) 159 (100%) | 16.5(100%) 1.9 (100%)  14.3 (100%)
(nm) 0.9 (14.2%)

PDI 0.370 0.275 0.286 0.328 0.216 0.259

(a) colloid before centrifugation; (b) precipitate of centrifugation redispersed.

Concerning the [HAuCl,]:[MR]=3.7 ratio, the A_spr Of the corresponding colloid after 4 weeks is
also peaked at 526 nm (Figure 3.20-(e,j,0). SEM images, in Figure 3.25, show that the average
diameter is even smaller, i.e. around 5 nm. Herein, the daumser OF the supernatant after one night and
4 weeks corresponds to what is observed by SEM, see Table 3.10. However, it is necessary to
remember that increasing P(PEGA4)-TTC concentration, micelles/aggregates around 5 nm are
formed, as observed during the determination of the CMC, which will contribute for the results

obtained by DLS measurements of the colloid.
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of Au NPs generated using the ratio
[HAUCI4]:[pPEGATTC]=3.7. (A) after one night and (B) after 4 weeks.

Table 3.10. DLS measurements of Au NPs generated using the ratio [HAuCl4]:[pPEGATTC]=3.7.

after one night after 4 weeks
colloid® washed®  supernatant | colloid® washed®  supernatant
Gaverage 45.3 73.3 21.7 60.2 60.8 23.7
(nm)
19.0 (53.2%)
dnumber 95 (667%) 68 (756%)
1.9 (100%) 9.6 (26.1%) 2.0 (100%) 6.5 (100%)
0, 0,
(nm) | 2.7 (33.3.%) 3.4 (244%) | o1 (20.7%)
PDI 0.270 0.196 0.404 0.253 0.209 0.280

(a) colloid before centrifugation; (b) precipitate of centrifugation redispersed.

Finally, using the [HAUCL,]:[pPEGATTC]=1.4 ratio, the LSPR band of the colloid is not detected
and a brown color was observed instead (Figure 3.19). Indeed, at this ratio the concentration of MR
(0.143 mM) agent is already in the CMC range (0.1-0.3 mM), which means that the MR agent is
organized in micelles. This result suggest that, after the reduction the Au® nuclei (Au clusters)
generated were confined in the MR agent micelles and the growth of the particles did not occur

leading to NPs with a diameter below to 3 nm. [38, 39]

As a final remark, it was observed by UV-Vis spectroscopy, SEM and DLS measurements that the
concentration of P(PEGA4)-TTC has strong influence on the size and size distribution of the Au
NPs, as can be seen in Scheme 3.3. In fact, lower concentrations of MR agent afford colloids with
bigger dimensions and higher polydispersity ranging from 10 to 60 nm. Increasing the MR

concentration, the average size of NPs decreases to around 10 nm, and for even higher MR
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concentrations the average size decreases to 4 nm. For the most concentrated colloid, which
corresponds to a concentration above the CMC, the colloid does not show any LSPR band having a
brown coloration which is typical for NPs smaller than 2 nm. At these concentration values, the Au
nuclei are generated inside the MR agent micelles which confine their size and prevents their growth.

Scheme 3.3. Schematic representation of the influence of MR agent concentration on the size and size
distribution of Au NPs obtained in the presence of MR agent and using NaBH4 as reducing agent.
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3.4.3.2.2. Copolymerization from macroRAFT@Au nanostructures

Having selected the P(PEGA4)-TTC MR agent for the systematic study of the influence of the
[HAuUCl,] on the particle size of Au NPs, three of these ratios were considered to proceed with the
second step of the grafting from strategy, during which the hydrophobic chain is grown from the
surface of MR@AuU NPs. The ratios considered (3.7, 6.1 and 9.2) correspond to concentrations below
the MR agent CMC in order to minimize the formation of free polymer particles. In fact, at this stage
to issues had to be kept in mind: (i) the location of the MR agent in the colloid solution as there is no

evidence whether it covers the surface of the NPs or if it is in solution and (ii) the effect of NaBH4
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on the MR agent as this reducing agent has been frequently used to reduce the trithio- or dithio- group
from the RAFT agent to thiol in order to eliminate the Z-group of RAFT agent and link the polymer
prepared by RAFT polymerization to gold surface via thiol-Au interaction [133]. Nevertheless, the
reduction of the gold precursor was clearly observed, so the extension of this second reaction should
not have impact on the RAFT emulsion polymerization to grow the hydrophobic chain. Moreover,
the colloids were used after four weeks of being prepared to ensure that the Au NPs were fully
formed. Note that the optimization of the copolymerization will be discuss in the copolymerization
from the MR@AuU NPs prepared by adsorption of the MR onto Au NPs, in 3.4.3.3.2..

For all the cases, stable colloids with pink coloration were obtained, after the RAFT emulsion
copolymerization. UV-Vis spectra (Figure 3.26-A, Figure 3.27-A, Figure 3.28-A) reveal that
polymerization occurred since it is possible to observe an increase in the absorbance near 200 nm.
However, the expected shift of the A_spr to higher wavelengths due to the copolymerization onto the
NPs was not observed. However, SEM images of the colloids after copolymerization (Figure 3.26-
B, Figure 3.27-B, Figure 3.28-B) showed that the copolymerization occur essentially in the free MR

in solution and no evidence was found of growth of the polymeric shell around the Au NPs.

[HAUCL]:|copPEGATTC]=9.2

A Y e before copolymerization (Agpp=530 nm)

after copolymerization (Agpp=529 nm)

Absorbance

0.0 T T T T 1
200 300 400 500 600 700

Wavelength (nm) SU70 15.0kV 4.5mm x200k TE 200nm

y ‘ 20

Figure 3.26. (A) UV-Vis spectra and (B) SEM image, in transmission mode, of copolymerized Au NPs
generated using the ratio [HAuCl4]:[pPEGATTC]=9.2.
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Figure 3.27. (A) UV-Vis spectra and (B) SEM image, in transmission mode, of copolymerized Au NPs
generated using the ratio [HAuCI4]:[pPEGATTC]=6.1.

[HAUCL]:[copPEGATTC|=3.7

A) WL e before copolymerization (Agpp=526 nm)

after copolymerization (Agpr=522 nm)
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Figure 3.28. (A) UV-Vis spectra and (B) SEM image, in transmission mode, of copolymerized Au NPs
generated using the ratio [HAuCI4]:[pPEGATTC]=3.7.

Table 3.11 summarizes the size of the Au NPs before and after the RAFT emulsion copolymerization

and highlights the changes upon polymerization.
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Table 3.11. Summary of the average diameter determined by SEM images, before and after RAFT
emulsion copolymerization from MR@AuU NPs.

[HAuCl,] N o
W Before copolymerization After copolymerization
7.7+25nm
9.2 6.6+2.1nm 344+ 115 nm
6.1 6.3+2.8nm 8.1x27nm
2.6 £0.02 nm
3.7 48+2.1nm 8.7+ 014 nm

These changes can be attributed to the fact that the starting colloids were not centrifuged hence, the
excess of free MR agent in solution was not removed. Moreover, the reaction temperature (70°C)
may also have contributed to changes of the Au NPs diameter. Aggregation and growing of primary
and secondary Au NPs and also ripening effects are still taking place enhanced by the reaction

temperature.

3.4.3.3. Grafting from strategy via macroRAFT adsorption onto previously prepared Au NPs

As already explained, an alternative path for the grafting from strategy explored before, is to adsorb
the macroRAFT (MR) onto Au NPs surface that were previously prepared via the citrate method.
The second step, is the same as in the previous strategy, during which a hydrophobic chain is grown
from the surface of these MR coated NPs via RAFT emulsion polymerization. These two steps are

discussed in two sub-chapters.

3.4.3.3.1. Adsorption of macroRAFT agents onto Au NPs

MR adsorption onto the surface of Au NPs is a critical step and optimal experimental conditions,
namely the [MR]/[AuNPs] ratio, should be found in order to obtain well-coated NPs and few free
chains of MR in solution. These aspects are important for the second step (copolymerization from
MR@AuU NPs) in order to obtain stable and well-coated copolymer@Au NPs and preventing the
copolymerization from free MR agent in solution. In fact, one aspect that could influence the MR
adsorption onto Au NPs is the critical micelle concentration (CMC). This is a very important aspect

since the way the MR is organized in water, i.e. single chains, aggregates or micelles, will have an
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impact on how the MR interacts with the NP surface and if the trithio group is available to link to the
gold surface.

Some preliminary adsorption studies onto Au NPs were performed for the MR agents P(PEGAu)-
TTC and P(AA4)-TTC before the determination of the CMC of each MR agent. In these adsorption
studies concentrations of MR agent from 0 to 1mM were used, which are concentrations much higher
than the CMC value. The amount of MR agent adsorbed onto Au NPs was followed by UV-Vis
spectroscopy, since MR agents have an absorption peak around 300-310 nm due to the trithio moiety
of the RAFT agent. However, the reproducibility of the results was poor, at least in this range of
concentrations. Just for the record, these preliminary adsorption results as well as the UV-Vis spectra
of the colloids obtained using P(PEGA40)-TTC and P(AA4)-TTC are display in Annex E. In view
of this, MR agents P(PEGA4)-TTC, P(AA4,)-TTC and P(AA2-c0-PEGA)-TTC were adsorbed
onto Au NPs using a concentration below and above the CMC value, as will be presented and discuss

in the next sub-sections.

Preparation of the Au nanocomposites after CMC determination

After the CMC determination of each MR, the adsorption of the MR was performed below and above
the critical micelle concentration. The concentration below to CMC leads to free and random MR
chains in solution that, in theory, can easily interact and adsorb onto the surface of Au NPs. On the
other hand, above CMC the organized micellar structures can limit the interaction and adsorption of
the MR with the NP surface. The MR agent P(PEGA40)-TTC, P(AA4)-TTC or P(AA2-c0-PEGAx)-
TTC was added dropwise to a dispersion of Au NPs and the corresponding mixtures stirred overnight.
After that, the colloids were centrifuged to remove excess of MR that did not adsorb onto NPs
surface, yielding the colloids named gf-PEGATTC@AuU NPs, g-AATTC@Au NPs and gf-
AAPEGATTC@AuU NPs, respectively. Table 3.12 shows the experimental conditions used for the
MR adsorption onto Au NPs. The ratio of initial concentration of MR agent per Au NPs concentration
(Cinitia/ Cnis) Was kept the same for the three MR agents, using MR agent concentrations below and
above the CMC. The colloids obtained were characterized by UV-Vis spectroscopy and electron

microscopy.
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Table 3.12. Experimental conditions for the adsorption of MR onto Au NPs, below and above CMC.

H Cinitial CNP Cinitial/CNPs
colloid (mM) (mol NPZ/L) (mmol MR/mol NPs)
<CMC 0.056 6.0E-10 9.4E+07
gf-PEGATTC@AuU NPs
>CMC 14 1.3E-09 1.0E+09
<CMC 0.050 6.0E-10 8.2E+07
of-AATTC@AuU NPs
> CMC 0.5 5.0E-10 9.4E+08
<CMC 0.068 6.0E-10 1.1E+08
gf-AAPEGATTC@AuU NPs
>CMC 1.2 1.2E-09 9.7E+08

In general UV-Vis spectra, in Figure 3.29, do not show any sign of aggregation and the A spr red-
shifted, as expected, due to the presence of the MR agent around the NPs. This shift is higher for the
colloids prepared using a concentration of MR agent above the CMC. In addition, the presence of
the MR in the colloid was proven by the presence of the band around 300 nm, which is more
noticeable for the colloids prepared using the higher concentration of MR agent. This can be due to
a higher amount of free MR agent, i.e. MR agent that is not covering the NPs, and that was not totally
removed by centrifugation. Indeed, in SEM images (Figure 3.30) a higher amount of MR agent that
is spread on the copper grid can be observed. The MR around the NPs is not clearly observed, but in
the case of the colloids containing the monomer PEGA is possible to observe a slight grey
background around the NPs. In the specific case of the use of P(PEGA4)-TTC above CMC (Figure
3.30-A2) aggregates of MR agent are observed.
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Figure 3.29. UV-Vis spectra of (A) ¢f-PEGATTC@AuU,
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SU70 30.0kV 5.5mm x150k TE 300nm

Figure 3.30. SEM images, in transmission mode, of (A) gf-PEGATTC@Au, (B) gf-r-AATTC@Au and (C)
gf-AAPEGATTC@Au nanocomposites prepared (Al, B1, C1) below the CMC and (A2, B2, C2) above
the CMC.

3.4.3.3.2. Copolymerization from macroRAFT@Au nanostructures

The adsorption of MR agent on the surface of Au NPs is important to have control over the
copolymerization in the second step. In other words, to have control of the molecular weight and
kinetics during RAFT polymerization it is important to have control over the ratio of monomer (M)
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and initiator (ACPA) in relation to the RAFT agent (in this case MR agent), i.e. [M]/[MR] and
[MR]/[ACPA]. As explained in the introduction (1.4.2.), [MR]/[ACPA] should be higher than one,
but not too high, in order to ensure a higher number of dormant chains than active chains. Moreover,
the amount of monomer added in the reaction vessel ([M]/[MR]) will determine the size of the
hydrophobic chain, and consequently the width of the polymeric shell. Furthermore, this second step
occurs in emulsion so it is necessary to guarantee the stability of the system. Stenzel has actually
reported the importance of a balance between the free MR in solution and the MR adsorbed on the
NPs surface during the polymerization from NPs surface [202]. An additional advantage of this

strategy is that the MR agent acts as surfactant due to its amphiphilic character.

Optimization of the copolymerization was first performed using P(PEGA40)-TTC@Au NPs prepared
above the CMC. The mixture of hydrophobic monomers (10MMA:1BA w/w) was copolymerized
from freshly prepared MR@Au colloid and the mixture of hydrophobic monomers was added to the
reaction vessel via two ways. In the first case, it was added in one shot before purging the mixture
(MR@Au NPs and initiator) with N; in the second experiment it was added in a controlled way

during the copolymerization.

Both experiments above led to colloidal stable Au colloids whose UV-Vis spectra are depicted in
Figure 3.31, showing a red-shift for the A spr as expected due to the presence of the polymer shells.
Moreover, a high absorbance is observed between 200 and 250 nm for the colloid prepared by adding
the mixture of monomers in one shot, which corresponds to the formation of the copolymer.
Noteworthy, the DLS measurements (Table 3.13) show that the hydrodynamic average diameter of
the particulates increased only for the case where the monomer was added in a controlled way. In
fact, SEM images of the Au colloids obtained after one-shot addition of the monomers show fiber-
like copolymer particles (Figure 3.32-A1) as well as polymer coated Au NPs (Figure 3.32-A2). This
type of polymer nanostructures can be formed in emulsion under specific reaction conditions as
already reported by Charleux et al. [203]. On the other hand, when the mixture of hydrophobic
monomers was added drop-wise only well-defined copolymer@Au nanostructures have been
observed (Figure 3.32-B).

Table 3.13. daverage from DLS measurements of gf-copPEGATTC@Au NPs.

One shot of M Controlled addition of M
33.2 34.5nm
MR@AUNPs (PdI=0.328) (Pdl=0.256)
33.2 40.1 nm
copolymer@AuNPs (PdI=0.317) (Pd1=0.262)
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-------- MR@Au NPs (A gpp =528 nm) [
—— gf-copPEGATTC@Au NPs (one shot of M) (A gpg =530 nm)
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Figure 3.31. UV-Vis spectra of gf-copPEGATTC@Au NPs prepared by adding the mixture of monomers
(M) in one shot at the beginning and in a controlled way during the polymerization.
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Figure 3.32. SEM images, in transmission mode, of gf-copPEGATTC@Au NPs prepared by adding the
mixture of monomers (A) in one shot at the beginning and (B) in a controlled way during the
polymerization.
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These results highlight the relevance of the addition step of hydrophobic monomers on the
morphology of the final colloidal nanocomposites. Although, the monomer added in one step is
stabilized by the amphiphilic free MR agent (monomer droplet), thus keeping the Au colloid stable,
free polymer particles are also formed. In fact, similarly to conventional RAFT emulsion
polymerization, the monomer diffuses from the monomer droplet to the growing polymer particle
stabilized by the MR agent, thus leading to the formation of fiber-like polymer particles. Hence, by
adding small amounts of the hydrophobic monomers during the polymerization, the growth from the
MR agent occurs preferentially from MR@Au NPs, which results in morphological well-defined

polymer coated Au NPs.

In the next experiments, the copolymerization was performed from MR@Au NPs prepared using the
three MR agents, P(PEGA4)-TTC, P(AA4)-TTC and P(AA2-c0-PEGA)-TTC, in concentrations
above and below the CMC, and the mixture of hydrophobic monomers was added to the
polymerization vessels in a control way. Figure 3.33 shows the UV-Vis spectra of the colloids
prepared with the three MR agents, before and after RAFT emulsion copolymerization of the mixture
MMA:BA (10:1 w/w). In general, stable colloids were obtained after the copolymerization and a red-
shift in the ALser Was observed, as expected due to the increase to the shell thickness. DLS
measurements also showed this increase in the hydrodynamic average diameter of the shell@core,
as can be observed in Table 3.14.
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Figure 3.33. UV-Vis spectra of (A) gf-copPEGATTC@Au, (B) gf-copAATTC@Au and (C) gf-
COpAAPEGATTC@AuU nanocomposites prepared (Al, B1, C1) below the CMC and (A2, B2, C2) above
the CMC.
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Table 3.14. daverage from DLS measurements before and after emulsion copolymerization.

MR used <CMC >CMC
CO OIBrfgrriiaﬂon 355 nm (PdI= 0.246) 345 nm (PdI= 0.256)
PEGATTC P yAﬁ
o 362nm(PdI=0277)  40.1nm (PdI= 0.262)
copolymerization
Before 3 5nm(PdI=0541)  36.9 nm (PdI= 0.442)
copolymerization
AATTC At
e * 47.1 nm (PdI= 0.374)
copolymerization
. OIBr‘;f:Ifiezaﬁon 21.8nm (PdI=0.522)  30.6 nm (PdI= 0.351)
AAPEGATTC P yAﬂer

copolymerization

50.5 nm (PdI= 0.290)

36.4 nm (PdI= 0.326)

*limitations in the equipment did not allow to measure this colloid.

SEM images in transmission mode (Figure 3.34) show that for both situations, below and above the
CMC, the presence of a slight grey background around the Au NPs indicating the presence of the
polymeric shell. Moreover, unlike the SEM images of MR@Au NPs (Figure 3.30), no free polymer
was observed for the colloids prepared above CMC.
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Figure 3.34. SEM images, in transmission mode, of (A) gf-copPEGATTC@AuU, (B) gf-copAATTC@AuU
and (C) gf-copAAPEGATTC@Au nanocomposites prepared (Al, B1, C1) below the CMC and (A2, B2,
C2) above the CMC. Insets: secondary electrons and/or transmission imaging showing in detail some
core@shell nanoparticles.
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3.4. Conclusions

Reversible addition-fragmentation chain transfer (RAFT) polymerization offers the possibility of full
control over the composition and architecture of polymers. Moreover, RAFT agent contains sulfur
atoms (trithio group) that have high affinity to Au surface, enabling a strong interaction between the
RAFT agent and the Au NP. In this chapter, three distinct strategies to prepare Au nanocomposites
were explored: post-modification strategy, in situ generation of Au NPs in previously prepared
copolymer and grafting from strategy. In the first two strategies, a copolymer was prepared via RAFT
emulsion polymerization using previously prepared macroRAFT agents P(PEGA4)-TTC and
P(AA4)-TTC. The post-modification strategy, which seems the most straightforward strategy,
consisting in mixing the copolymer with previously prepared Au NPs, however due to the well-
defined micelle structures of diblock copolymer formed in water, the Au NPs are not able to migrate
to the core of these polymer NPs. In the case of P(PEGA4)-b-(MMA-c0-BA)140-TTC, it seems that
Au NPs interact with the ether groups of PEGA in the hydrophilic shell of the polymeric NP. In
contrast, using P(AA4)-b-(MMA-co-BA)16-TTC it seems that repulsive electrostatic interactions
occur between the Au-Cit NPs and the carboxylic acid of AA in the hydrophilic shell of the polymeric
NP. In situ generation of Au NPs in the previous prepared copolymer is very attractive since it occurs
in one step synthesis. However, this strategy lead to the formation of Au NPs on the surface of the
well-defined diblock polymeric NPs. Moreover, it was found that the generation of the NPs depends
on the pH, the amount the copolymer, the [HAuCl.]/[copolymer] ratio and also on the chemical
nature of the repeating units, namely the acrylic acid and the poly(ethylene glycol) that compose the
hydrophilic block. These two strategies did not lead to shell@core type-structures and do not seem

promising to be used in biosensing applications.

The third strategy, grafting from strategy, required two main steps to yield stable and robust
copolymer@AUuNPs - shell@core type nanostructures. For the first step two pathways were followed
for the preparation of MR@AUNPSs: in situ generation of Au NPs in previously prepared macroRAFT
agents, and adsorption of macroRAFT agents onto Au NPs. Again, in situ strategy is very attractive
since it occurs in one step. However, the generation of Au NPs depends on the pH, the amount the
MR, the ratio [HAUCI4]/[MR] and also the chemical nature of repeating units. Therefore, it is not
easy to control the size of the NPs and obtain a narrow particle size distribution. In general, it was
observed that increasing the MR agent concentration the size of the NPs decreases, namely when a
MR agent concentration above the CMC was used a brown colloid was generated and the LSPR band
was not detected, indicating that only Au clusters (d < 3 nm) were formed. Regarding the generation
of Au NPs using P(AA4)-TTC the best results were obtained at pH 7. Alternatively, using the
P(PEGA4)-TTC at pH=3 led to colloids with well-defined LSPR band. Moreover, in these cases it

was found that the evolution of the NPs continued over time and after copolymerization at 70°C the
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size of the Au NPs changed. These results are very interesting and can be very promising in the
synthesis of new polymer@Au nanocomposite. However, further studies should be done in order to
correlate all the parameters and further understand the kinetics of nucleation and growth of the Au
NPs.

Adsorption of the MR onto Au NPs allows to previously define the size and the shape of the Au NPs,
although in this work only spherical Au NPs with ~15 nm were explored. It was found that UV-Vis
spectroscopy is not the best technique to quantify the MR adsorbed since an adsorption profile was
not possible to obtain, but this could be due to the concentration range considered (i.e. above the
CMC). After determination of CMC, adsorption of the MR agent onto Au NPs was performed below
and above CMC. Both situations led to Au NPs covered with MR agent but it seems that the ones
carried out above CMC afforded more free MR chains. Concerning the second step, the
copolymerization of the hydrophobic block was successfully performed below and above CMC,

leading the polymer@Au shell@core-type nanostructures.

In summary, the preparation of Au nanocomposites following the grafting from strategy via
macroRAFT adsorption onto previously prepared Au NPs seems to be the most interesting strategy
to be explored for biosensing applications since well-defined shell@core nanostructures were
produced. Therefore, in the next chapter (Chapter 4 — Functionalization of gold nanostructures
prepared via RAFT polymerization) this strategy was applied. Moreover, the MR agent P(PEGAu)-
TTC was the MR agent chosen to be explored in the next chapter since it is known to be have high
biocompability and no interaction with proteins which are important characteristics for

bioapplications.
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Functionalization of gold nanostructures prepared via RAFT polymerization

4.1. Introduction

In this chapter, shell@core type nanostructures are be prepared following a grafting from strategy
via macroRAFT agent adsorption onto previously prepared Au NPs. In fact this type of structure is
important in biosensing, namely having a Au NP as core, in order that all the recognition moieties at
the surface of the nanostructure are at the same distance from the Au core. Hence, the interaction
between the biotarget and the bioreceptor (recognition moiety) at the nanostructure will lead to a
uniform response, in this case an optical response. Therefore, the main objective in this chapter is
the preparation of biofunctional copolymer@Au NPs that can be used as a biosensor. Based on the
results obtained in Chapter 3, the nanostructures will be prepared using the MR agent P(PEGA0)-

TTC since it is known that PEGA has little interaction with proteins.

As discussed, RAFT polymerization was selected not only because it allows control over the
molecular weight of the polymer but also because it allows to introduce functional monomers that
will be important for the biofunctionalization. The combination of RAFT polymerization with click
chemistry is very attractive and has been largely explored in the literature, as reviewed in the
introduction. For example, a monomer containing an azide can be polymerized and can be placed at
a specific length from the core, in the polymer, that afterwards using the specific click chemistry
reaction with an alkyne group will allow to design a (bio)functional polymer. However, click
chemistry together with RAFT polymerization is not as easy and straightforward as reported in the
literature which led us to face several drawbacks. Specifically, rigorous safety issues should be
present, such as azides should not be handled at temperatures above 50°C, due to explosive risk [167].
Still there are some works reporting polymerization of monomers containing the azide moiety at
higher temperatures (65°C-70°C). [204—-206]

In Chapter 3, the synthesis of MR agents as well as the growth of the hydrophobic chain were carried
out at 70°C using ACPA as initiator (10h half-life (ty2) in water at 69°C [207]) which for the
polymerization of a monomer containing an azide moiety is too high. In turn, a monomer containing
the alkyne moiety, instead of the azide moiety, could be polymerized but also several issues regarding
side reactions are raised. In this sense, monomers containing alkyne moieties are usually protected
before polymerization and after that these repeating units are deprotected yielding alkylated
polymers. [208]. But the deprotection procedures could be aggressive for the final copolymer@Au

nanostructure leading to unstable colloids and aggregation.

An alternative method could be the modification of the copolymer@Au NPs with an azide function
after the preparation of the nanostructure. However, this strategy is not viable in this case since it
would involve a reaction between the carboxylate ion at the surface of the nanostructure and the

hydroxyl from the 3-azido-1-propanol in aqueous solution, using the intermediate N-(3-
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dimethylaminopropyl)-N’'-ethylcarbodiimide (EDC), as shown in Scheme 4.1. EDC is widely used
to promote amide linkages as well as ester linkages in organic media, but in agueous solutions the
ensuing ester linkages are easily hydrolyzed. Consequently this strategy was not followed here.

Scheme 4.1 Schematic representation of the reaction between the carboxylate ion at the surface of
copolymer@Au nanostructure and the hydroxyl group from the 3-azido-1-propanol using EDC as
intermediate.

é&‘ =N
O e i
11 11,0 0 N3

H,0

Therefore, a macroRAFT agent was first prepared via RAFT polymerization, at 70°C, and then it
was functionalized with the azide moiety (sub-chapter 4.2.). Next, the azide-MR agent was
copolymerized with the mixture of MMA:BA (10:1 w/w) via RAFT emulsion polymerization at a
lower temperature (44°C), as is discussed in sub-chapter 4.3.. Afterwards, these functional
copolymer@Au nanostructures were explored towards biosensing applications, sub-chapter 4.4.. In
sub-chapter 4.5., complementary studies to better understand the interaction between the copolymer,
biotin and avidin were performed using Langmuir monolayers of the copolymer at air/water
interface. Finally, sub-chapter 4.6. describes an approach to prepare fluorescent copolymer@Au

nanostructures.

4.2. Preparation and characterization of functionalized macroRAFT agent

The initial idea was to prepare a MR agent containing the azide moiety, i.e. to polymerize an azide-
monomer. However, due to the temperature of polymerization (70°C) of the MR agents studied in
Chapter 3, the azide moiety was covalently bonded to the MR agent after its synthesis. Thus, a MR
agent based on PEGA was synthesized in solution via RAFT polymerization at 70°C using the same
initiator (ACPA). In this case, two units of AA were polymerized per chain before the polymerization
of PEGA with the purpose to increase the number of carboxylic acids where the functionalization
with the azide group occurs, obtaining the MR agent P(AA2-b-PEGA4)-TTC. In other words, the

polymerization occurred in one batch: first AA was polymerized during 3 hours and then PEGA was
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added to the reaction vessel and the polymerization continued for further 4 hours, following the
procedure used to prepare the MR agent P(PEGA)-TTC discussed in Chapter 3..

The monomer conversion (%Conversion) was monitor by *H-NMR spectroscopy of withdrawn
aliquots using the 1,3,5-trioxane as internal standard. However, %Conversion of AA (Figure 4.1)
was not easy to determine due to the low amount of monomer in the reaction vessel, i.e. internal
standard was added in a molar ratio of 1/6 related to PEGA. So the integration of the vinylic protons
of the AA monomer did not show significant changes during the polymerization in comparison with
the protons integration of the internal standard. After adding PEGA the polymerization continued
during 4 hours, obtaining a PEGA conversion of 91.5% (Mn (exp_nmr) = 18291 g/mol, DPpeca=37)
determined by *H-NMR.
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Figure 4.1. %Conversion of AA and PEGA during the synthesis of the MR agent P(AA2-b-PEGAu4o)-
TTC.

Next, the macroRAFT agent P(AA»-b-PEGA4)-TTC was functionalized with an azide moiety,
yielding the N3-MR agent. Although, the AA conversion was not conclusive, each MR agent chain
has already one carboxylic acid group, that belongs to the R-group (hydrophilic moiety) of the RAFT
agent, where the azide moiety can be linked. For this, the MR agent was dispersed in dichloromethane
and EDC was added to activate the carboxylic acid, in the presence of 4-(dimethylamino)pyridine
(DMAP). The 3-azido-1-propanol was added to the reaction vessel and stirred at room temperature
over two days. Typical esterification reactions procedures, in organic media, are carried out during
one day but to ensure that all the carboxyl groups from MR agents were modified and also following
the procedure used in the preparation of the alkylated biotin [209] (described later), the esterification
reaction occurred during two days. This esterification reaction is represented in Figure 4.2. Although

the ester linkage can be formed between the hydroxyl group and the carboxylic acid from the R-
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group of the RAFT agent, here only the chemical reaction with the carboxylic acid from AA repeating

unit was represented.

o
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Figure 4.2. Preparation of N3-MR agent by esterification reaction between the carboxyl group from the
MR agent and the hydroxyl from the 3-azido-1-propanol.

The N3-MR agent was characterized by ATR-FTIR and *H-NMR spectroscopies. The new ester bond

was difficult to identify by ATR-FTIR spectroscopy since its vibration frequency (1730 cm?)

overlaps with the ones from ester bonds of each repeating unit of the MR agent. Nevertheless, the

vibrational mode characteristic of the azide at 2097 cm™ was observed, as indicated in Figure 4.3.

By 'H-NMR spectroscopy (Figure 4.4), the chemical shifts corresponding to the protons from two

carbons of 3-azido-1-propanol were also identified [161]. The integration of these signals, using CH3

from Z-group as reference (marked in the spectrum with *, 6=0.8 ppm), indicates that there is one or

two azide moieties per polymer chain (see Annexe F).
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Figure 4.3. ATR-FTIR spectra of MR agent P(AAz-b-PEGAu40)-TTC before and after functionalization

with the azide moiety.
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Figure 4.4. 'H-NMR spectra of MR agent P(AA2-b-PEGA4)-TTC before and after functionalization with
the azide moiety. (inset) Chemical structure of the N3-MR agent.

The functionalization of the MR agent P(AA:-b-PEGA4)-TTC with an azide group was successful
achieved. Therefore, in the next sub-chapter the N3-MR agent will be used to prepare the functional

azide-copolymer@Au NPs.

4.3. Preparation of functionalized gold nanocomposites via RAFT polymerization using

the grafting from strategy

The preparation of copolymer@Au NPs involves first the adsorption of the MR agent at room
temperature (MR@AuU NPs) and then the growth of the hydrophobic chain using temperature. The
macroRAFT agent (N3-MR agent) prepared in sub-chapter 4.2. has a similar %Conversion and
Mexp_nmR) iN cOmparison to the P(PEGA4)-TTC described in Chapter 3, hence even with the AA
repeating units (DPaa < 2), the adsorption behavior of these MR agents onto Au NPs should be
similar. Moreover, in Chapter 3, the second step was performed at 70°C, but using the N3-MR agent
lower temperatures should be used. For that reason an initiator with a half-time (ti2) at lower
temperature was chosen - 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044, ty, =
10h at 44°C) [109]. Consequently, the polymerization conditions to growth the hydrophobic chain
via RAFT emulsion polymerization were studied at 70°C and 44°C (without Au NPs). The
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copolymers were characterized by gravimetric analysis (to determine the monomer conversion),
GPC-SEC analysis and DLS measurements (4.3.1.). After that the copolymerization from MR@Au
NPs at 44°C was carried out (4.3.2.).

4.3.1. Study of RAFT emulsion polymerization using VA-044 as initiator

The temperature of polymerization as well as the initiator were changed, which consequently
influenced the polymerization rate of the copolymers. Therefore, a study was performed in order to
adjust the polymerization conditions to obtain a copolymer with similar %Conversion and M, in

comparison to the copolymer prepared using ACPA at 70°C.

P(PEGA)-TTC was first copolymerized with the hydrophobic monomers (10 MMA: 1 BA w/w) at
70°C using VA-044, as initiator, and keeping the polymerization conditions used in the
copolymerization where ACPA was used as initiator. Figure 4.5 shows a comparison of the monomer
conversion (%Conversion) using the initiator ACPA and VA-044 at 70°C. Using VA-044, after one
hour of copolymerization the %Conversion is already close to the monomer conversion using the
ACPA after 4 hours. Moreover after the 4 hours (using VA-044), 100% of monomer conversion was
obtained, by gravimetric analysis. Differences in the rate of polymerization using ACPA and VA-
044 at 70°C were already reported by Perrier et al. [109, 210], since VA-044 has a higher
decomposition rate coefficient (kq) which allows to speed up the polymerization without affecting its

livingness.
1004 B =% 100%
G
- L
804 W g Q
05 81%
o
g ! ¢
Z 60 ,‘
Ed
2
=
S
* 40 4 , )
! 2
204/
L -0+ 70°C, pH = 8, [MR]/[ACPA] =9
--u--70°C, pH = 8, [MR|/[VA-044] = 9
04~ . r . . . T v :
0 1 2 3 4

Time (h)

Figure 4.5. %Conversion during the copolymerization of MMA:BA (10:1 w/w) in the presence of
P(PEGAu40)-TTC, using initiators ACPA and VA-044 at 70°C.
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In addition to the gravimetry results, GPC-SEC analysis were also performed, see Table 4.1. The
GPC-SEC chromatograms (Figure 4.6) show that using both initiators at 70°C, polymers with two
molecular average weights were synthesized. This result suggests that besides controlled RAFT
polymerization (Mp (exp_goc) OF 11 485 and 12 135 g/mol, by using ACPA and VVA-044 respectively)
conventional free radical polymerization also occurred, which corresponds to the highest molecular
weights identified. Furthermore, the dispersity (D) is in agreement with what was discussed, i.e. B
values close to 1 correspond to the peaks of controlled polymerization and B > 1.3 corresponds to
the conventional free radical polymerization. However, the M, determined by GPC-SEC (Mn (exp_gpc)
of 11 485 and 12 135 g/mol) is much lower than the molecular weight determined for the MR agent
P(PEGA4)-TTC by 'H-NMR spectroscopy, which was 20104 g/mol. Yet, previous experience in the
group revealed that with the conditions used for GPC-SEC analysis (THF as mobile phase) of
polymers based on PEGA, the M exp_gpc) has been much lower than the value expected. In turn, DLS
measurements (Table 4.1) show a low Pdl value using both initiators and just one peak in the

hydrodynamic diameter in intensity (dinensity) and number (dnumser) distribution.

Table 4.1. Theoretical and experimental data of gravimetry and GPC-SEC analysis of block copolymers
P(PEGAu0)-b-(MMA-co-BA)-TTC prepared with ACPA or VA-044 at 70°C.

Experimental conditions 70°C, pH=8, 4h, 70°C, pH=8, 4h,
P [MR]/[ACPA]=9 [MR]/[VA-044]=9
M, (theoretical) g/m0| 35332 34 457
DP (theoretical) 173 168
> %Conversion 81 100
D
% Mo (exp._gray) g/mol* 31971 34 457
o DP* 140 168
O M., g/mol (peak 1; peak 2) 467 293 ; 13 530 244930 ; 13 370
w _
W M (exp_gpe) g/mol . )
8 (peak 1; peak 2) 341660 ; 11 485 171616 ; 12 135
© b (peak 1; peak 2) 1.37;1.18 1.43;1.01
daverage (nm) 98-8 74.1
3 dintensity / dnumber (nm) 1065 / 747 775 / 622
o Pdl 0.057 0.057

* M and DP estimated using the %Conversion determined by gravimetric analyzes.
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Figure 4.6. GPC-SEC chromatograms of P(PEGAu)-b-(MMA-co-BA)a-TTC copolymers prepared with
ACPA or VA-044 at 70°C.

The identification of two molecular weights, using ACPA and VA-044 at 70°C, was not expected
and the GPC-SEC analysis was only possible to perform after the preparation of the copolymer@Au
nanostructures. Furthermore, this result confirms the need of RAFT emulsion polymerization be
carried out in starved conditions, i.e. controlled addition of monomer, that should be taken into

consideration for future work.

Then, VA-044 was used as initiator in the copolymerization of the mixture of hydrophobic monomers
(10 MMA: 1 BA wi/w) in the presence of the MR agent P(PEGA4)-TTC at 44°C. Parameters such
as pH, the [MR]/[initiator] ratio and the polymerization time were studied in order to optimize the
RAFT emulsion polymerization at 44°C. Figure 4.7 shows the monomer conversion determined by
gravimetric analysis as a function of time, varying those parameters. At first, the copolymerization
of the MR agent was carried out using the same polymerization conditions, i.e. pH=8 and
[MR]/[1]=9, but at a lower temperature (44°C). After 22h of polymerization only 33% of monomer
conversion was obtained. In the literature, the initiator VA-044 is usually used at a pH around 6,
therefore the copolymerization was also performed at this pH. However, the polymerization was only
carried out during 7h and a monomer conversion of 15% was obtained. This %Conversion is similar
to the monomer conversion (16%) in the polymerization conditions mentioned before, after the 7
hours of reaction (see the inset in Figure 4.7). Hence, pH was maintained at 8. Then the [MR]/[1]
ratio was reduced to 5 because it was expected that the decrease of the [MR]/[I] ratio would allow

to have more active chains, so the polymerization should occur faster, even in a control way
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(IMR}/[1]>1). Although, after 23h of polymerization only 21% of monomer conversion was
obtained, which is less than in the last polymerization conditions used at pH=8. Nevertheless, as
justified in 4.3.2., these were the polymerization conditions (pH = 8, 24h) selected for the preparation
of copolymer@Au nanostructures. Later, aiming further optimization, the copolymerization was
repeated with the initial experimental conditions (pH=8 and [MR]/[I] = 9) but the polymerization
was carried out over a longer period of time. After 53 hours, 51% of monomer conversion was

achieved.

3
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Figure 4.7. %Conversion during the copolymerization of MMA:BA (10:1 w/w) in the presence of

P(PEGA4)-TTC using the initiator VA-044 at 44°C, varying the pH, [MR]/[initiator] ratio and
polymerization time. Inset shows an amplification of the first 8h of polymerization.

GPC-SEC analysis (Table 4.2) and chromatograms (Figure 4.8) of the copolymers prepared at 44°C
revealed that the copolymers have one molecular weight, indicating that at this temperature just the
controlled polymerization (RAFT polymerization) took place. As mentioned above, the molecular
weight of the copolymers determined by GPC-SEC analysis is lower than the molecular weight of
the MR agent (M exp_nviry = 20104 g/mol). Even so the comparison between the results from GPC-
SEC is possible since all the copolymers were prepared using the same MR agent. In general, the My
and M, (Table 4.2) are very close for all the copolymers and reasonably b values were obtained,
except for the copolymer prepared during 53h. This suggests that although low monomer conversion
was achieved the copolymerization occurred in a controlled way. In addition, with the 53h of
polymerization a higher M, was obtained in comparison with the M, values of the other copolymers,
which is in agreement with the monomer conversion (51%). However, the peak in the chromatogram

presented a shoulder contributing to a higher M., value and hence higher b (1.63).
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Table 4.2. Theoretical and experimental data of gravimetry and GPC-SEC analysis of block copolymers
P(PEGA)-b-(MMA-co-BA)s-TTC prepared with VA-044 at 44°C.

. pH=6 pH=8 pH=8 pH=8
E’égﬁ;'irgggga' [MRJ[11=10  [MR]/[I]=9 [MR]/[1]=5 [MR]/[1]=9
7h 22h 23h 53h
M theoreticary g/Mol 33936 34 906 34782 34714
DP (theoretical 163 172 171 170
> %Conversion 15 33 21 51
5
% Mn (exp_grav) g/m0|* 19 641 23 119 20 982 26 187
O DP* 23 56 36 86
O M., g/mol 15522 15522 15 101 21 836
L
S| Ma expope g/mol 12 670 12 216 12 064 13395
o
O p 1.23 1.27 1.25 1.63

* M and DP estimated using the %Conversion determined by gravimetric analyzes.
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Figure 4.8. GPC-SEC chromatograms of P(PEGAu40)-b-(MMA-co-BA)-TTC copolymers prepared with
the initiator VA-044 at 44°C, varying the pH, [MR]/[initiator] ratio, and polymerization time.

The macroRAFT P(AA2-b-PEGAL)-TTC (M exp_nmr) = 18291 g/mol), that was synthesized to be
functionalized with the azide moiety (sub-chapter 4.2.), was also copolymerized with the
hydrophobic monomers (10 MMA: 1 BA w/w). In this case, the polymerization conditions of pH=8
and [MR]/[1]=9 were used at 70°C and 44°C using ACPA and VA-044 as initiators, respectively.

Likewise, %Conversion by gravimetric analysis as well as the GPC-SEC results are in agreement
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with what was observed and discussed for the macroRAFT P(PEGA4)-TTC, see Figure 4.9 and
Table 4.3. High monomer conversion was obtained after 4h and 2 peaks were found in GPC-SEC
chromatogram, using ACPA as initiator at 70°C. Concerning, the use of VA-044 at 44°C, a lower
monomer conversion (20%) was achieved after 23h, and also one peak was found (P=1.21) by GPC-
SEC analysis. Indeed higher monomer conversion, around 30%, was expected as observed for the
copolymerization of the P(PEGA4o)-TTC under the same conditions. This result can be explained by
the presence of the AA repeating units which in fact can influence the number and size of formed

micelles that stabilizes the growing polymer, and subsequently change the rate of polymerization.

A) 1004 o ACPAat70°C  B) 1200 pH=S, [MR}/[1]=9
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Figure 4.9. (A) %Conversion and (B) GPC-SEC chromatograms of the copolymerization of MMA:BA
(10:1 w/w) in the presence of P(AA2-b-PEGA40)-TTC using the initiator ACPA at 70°C and VA-044 at
44°C. At pH= 8 and [MR]/[initiator]=9.

Table 4.3. Theoretical and experimental data of gravimetry and GPC-SEC analysis. Copolymers were
prepared with P(AA2-b-PEGA40)-TTC using ACPA at 70°C and VA-044 at 44°C.

Experimental conditions 70°C, 4h, pH=_8, A#°C, 24h, pH:_8,
[MR]/[ACPA]=9 [MR]/[VA-044]=9
M (theoreticaly §/mol 35 840 35 820
DP (theoretical) 175 174
z %Conversion 89 20
-% M (exp_grav) g/mMol* 34 055 21557
G DP* 156 35
%) M., g/mol (peak 1; peak 2) 269 044 ; 13 684 13 740
g 12‘;2 gﬁpig;pgegg&“;)' 184 498 ; 12 388 11337
© D (peak 1; peak 2) 1.46;1.10 1.21

* Mn and DP estimated using the %Conversion determined by gravimetric analyzes.
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The optimization of the RAFT emulsion polymerization conditions at 44°C using the VA-044 as
initiator was performed for the free MR agent, i.e. without the presence of Au NPs. In other words,
in spite of the optimization of the polymerization conditions for the MR agent, the polymerization
from MR@Au NPs could not strictly follow the same behavior and the same monomer conversions.
Also the copolymerization carried out during 53h (high monomer conversion obtained, 51%) was
performed after and/or in parallel with the preparation of the Au nanostructures, where
polymerization from the MR@Au NPs was performed during 24h. Moreover, in Chapter 3 it was
demonstrated the importance of adding the mixture of hydrophobic monomers in a controlled way
during the preparation of copolymer@Au NPs, at 70°C. Here, the GPC-SEC analysis, for the
copolymers prepared at 70°C, also reinforced the influence of the controlled addition of the

monomers during the RAFT emulsion polymerization.

Therefore, the next sub-chapter presents and discusses the copolymerization of MMA:BA (10:1
w/w), added in a controlled way, from MR@Au NPs at 44°C, during 24h, using the VA-044 as

initiator, without further optimization to achieve higher monomer conversions.

4.3.2. Preparation and characterization of biofunctional copolymer@Au nanostructures

The preparation of the biofunctional copolymer@Au nanostructures was performed following the
grafting from strategy via adsorption of the MR agent. In the first step the MR was adsorbed at the
Au NPs surface using a concentration below the CMC. Then, in the second step, hydrophobic
monomers were polymerized from the surface of MR@Au NPs at 44°C during 24h, the mixture of
monomers (10 MMA : 1 BA w/w) was added in a controlled way in the first 5h of emulsion
polymerization. Here, two Au nanostructures were prepared: one using the MR agent P(PEGA)-
TTC, yielding the copolymer@Au NPs, and the other one prepared using a mixture of this MR agent
with the MR agent modified with the azide group (2 MR : 1 N3-MR), yielding N3-copolymer@Au
NPs. This [2MR:1N3-MR] molar ratio was chosen in order to add the azide functionality to the
nanostructure without significant perturbation of the emulsion copolymerization (i.e. polymerization
conditions were just studied for the MR agent P(PEGA4)-TTC). The Au nanostructures were
characterized by UV-Vis spectroscopy, DLS and zeta potential measurements and electron

microscopy.

UV-Vis spectra, in Figure 4.10, show that in both cases the A ser shifted to higher wavelengths (AL
~3nm, see Table 4.4) as had been observed in the copolymerization from MR@AuU NPs at 70°C,
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using ACPA as initiator. Moreover, the increase of the absorbance around 200-250 nm indicates the

presence of the copolymer as observed before.
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Figure 4.10. UV-Vis spectra of Au nanostructures before and after emulsion copolymerization at 44°C.
Au nanostructure (A) without and (B) with azide function.

Table 4.4. Aspr and daverage AU Nanostructures, without and with azide function, before and after
emulsion copolymerization at 44°C.

MR USEd )\nLSPR (nm) daverage Pdl
Before 525 25.8 0.586
MR copolymerization
agent After 528 273 0.546
copolymerization
Before 526 26.6 0.561
N3-MR  copolymerization
agent After 529 27.9 0.531
copolymerization

Note: Au NPs: ALspr (M) = 523 nmM, daverage = 16.3 nm (Pd1=0.573).

Table 4.4 shows DLS results in which the hydrodynamic average diameter increased around 2 nm.
This small increase of the daverage Was also observed in the previous case when the copolymerization
from MR@AuU NPs was performed at 70°C. Electron microscopy images (Figure 4.11) show that
after the copolymerization the polymer shell is well-defined, namely in the case of N3-
copolymer@Au NPs (Figure 4.11-B2). In the case of copolymer@Au NPs (Figure 4.11-A2), a slight
grey background around the Au NPs was observed, as also observed in the samples obtained by

copolymerization at 70°C (see Figure 3.34-Al).
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Concerning the surface charge of these nanostructures, zeta potential measurements were performed
using a batch of nanostructures prepared following the same procedure. The results showed that after
adsorption of the MR agent and the mixture [2 MR : 1 N3-MR] of MR agents onto Au NPs the zeta
potential decreased from -49.3 = 19.0 mV (Au NPs, pH 5.6) to -25.7 + 12.6 mV and -25.1 + 14.1
mV, at pH=6.9, respectively. After the copolymerization the zeta potential slightly increased to ¢
copolymer@aunps = -31.8 = 12.5 mV (pH = 5.6) and £ n3-copolymer@aunps = -26.4 + 10.2 mV (pH = 5.7).
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Figure 4.11. SEM images (transmission mode) of Au nanostructures prepared with (A) MR agent and
with (B) the mixture 2MR:1 N3-MR agents. (Al and B1l) before and (A2 and B2) after emulsion
copolymerization. (B2-inset) secondary electron imaging showing in detail the shell@core nanostructure.

The copolymerization from MR@Au NPs was successfully performed at 44°C using the initiator
VA-044, just as the copolymerization at 70°C using ACPA as initiator. However, at 44°C, 24 hours
are required for the copolymerization instead of the 4 hours at 70°C. Moreover, the results obtained
demonstrate that the presence of the azide modified repeating units does not affect (at least
significantly) the formation of Au nanostructures. Although, the determination of the amount of azide

moiety per NP was not possible, even by elemental analysis, during the adsorption step the solution
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of N3-MR agent was added dropwise to the Au NPs colloid and stirred 2h prior the solution of MR
agent (without azide) be added to ensure functionalized MR was adsorbed.

4.4. Response of the gold nanostructures towards avidin

In order to evaluate the use of the copolymer@Au NPs in biosensing applications, the well-known
model biotin-avidin (bioreceptor-biotarget) was used. The N3-copolymer@Au nanostructures
prepared as described above (4.3.2.) were first biotinylated using the specific click chemistry
reaction. Then, the optical response of the biotinylated and non-biotinylated copolymer@Au NPs
was assessed by adding avidin to the colloidal nanostructures, which is a protein that has high affinity

towards biotin. BSA was used as control, which is a protein that does not have affinity to biotin.

Regarding the biotinylation step, the alkylated biotin (biotin-CCH) was prepared following the
procedure described in [209]. An esterification reaction was promoted in DMF, using EDC and
DMAP, between the carboxylic acid group from biotin and the hydroxyl group from 3-butyn-1-ol
(Figure 4.12). The alkylated biotin was characterized by *H-NMR, see Figure G.11 (Annex G).

O O,
(0] (0

YNH H // EDC.CI + DMAP }/NH H g

) + S —— N /\//
HN OH DMF HN O

1T, 2d
H S HO H S
Biotin 3-Butyn-1-ol Alkylated biotin (Biotin-CCH)

Figure 4.12. Preparation of alkylated biotin.

Afterwards, biotin-CCH was covalently bound to the N3-copolymer@Au nanostructures in the
presence of CuSO4 and sodium ascorbate thus forming a covalent 1,2,3-triazole linkage via click
chemistry thus yielding biotin-copolymer@Au NPs (Figure 4.13). The role of sodium ascorbate is to
reduce Cu(ll) to Cu(l) which in turn catalyzes this reaction. After biotinylation, the UV-Vis spectrum
showed a small shift in the A spr (AX ~ +1 nm) and no sign of aggregation, but the formation of the
1,2,3-triazole linkage was not confirmed by any further characterization technique. By FTIR
spectroscopy, due to the small amount of azide/triazole group (consumption of azide and
subsequently formation of triazole during the click reaction) in the copolymer@Au nanostructure is

not possible to visualize the characteristic vibrational frequency of the azide neither the triazole in
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the spectrum. However, CUAAC is known to be a very specific and highly efficient reaction [154],
therefore it is believed that the reaction occurred yielding stable biotin-copolymer@Au NPs obtained
via click chemistry.

Biotin
Biotin ..z

NH y CuSO,5H,0
HN L ™ Sodium ascorbate
! 24h, rT
H S

Biotin-CCH N3-copolymer@Au NP

Figure 4.13. Schematic representation of biotinylation of N3-copolymer@Au NPs via click chemistry
reaction.

Concerning the response of the biotinylated gold nanostructures towards avidin, the neat
copolymer@Au nanostructures were used in order to evaluate the interaction of avidin with the Au
nanostructures but without biotin. Hence, in a first experiment, a solution of avidin and BSA in
phosphate buffer saline (PBS) were added to copolymer@Au NPs or biotin-copolymer@Au NPs. As
a control of the dilution, PBS was also added to both types of Au nanostructures. After 10 minutes
the colloids were characterized by UV-Vis spectroscopy. Figure 4.14 shows the UV-Vis spectra of
the interaction between the Au nanostructures and the proteins, indeed non-specific interactions
could also occurred, as shown in Figure 4.14-A where a small decrease of the absorbance and a small
shift in the Aiser (AL = + 1 nm) were observed, especially in the presence of avidin. These non-
specific interactions can be assigned to a variety of interactions (electrostatic, H bonding, van der
Waals, etc.) between the nanostructures and the proteins [211, 212]. As regards specific interactions,
one of the most frequently referred are electrostatic interactions. In fact, at this pH (around 7) BSA
presents a negative surface charge (pl = 4.7) while avidin is positively charged (pl=10), hence the
stronger response. Concerning the biotin-copolymer@Au NPs (Figure 4.14-B), a strong decrease of
absorbance, a broadening and a shift of the LSPR band (AA =+ 7 nm) revealed aggregation of the
nanostructures resulting from the strong interaction between avidin and the biotinylated

nanostructure. These results make these Au nanostructures very promising to be used in biosensing.
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***** copolymer@AuNPs + BSA ----- biotin-copolymer@AuNPs + BSA
copolymer@AuNPs + Avidin

biotin-copolymer@AuNPs + Avidin

Absorbance (a.u.)
Absorbance (a.u.)

: L) ~ T & L) b3 1 ) ) ) L 1
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4.14. Visible spectra of copolymer@Au NPs and biotin-copolymer@Au NPs in the presence of
Avidin and BSA. The spectra were normalized at 450nm.

In view of the limited evidence that the click reaction had actually taken place, a second experiment
was carried out to assess the role of the covalently bound biotin towards the presence of avidin. For
that purpose, the reagents of the “click” reaction (alkylated biotin, CuSO4 and the sodium ascorbate)
were added to copolymer@Au NPs (without azide function) and stirred overnight. In parallel, in
order to allow a direct comparison the same procedure was followed using N3-copolymer@Au NPs.
Additionally, BSA was mixed with the nanostructures during 30 min before adding avidin to evaluate

the possibility of minimizing non-specific interactions, as already reported by others [23].

After 10 min in the presence of the proteins, the optical properties of the Au nanostructures were
evaluated by visible spectroscopy (Figure 4.15). The UV-Vis spectroscopy showed that the presence
of BSA did not shoed influence in the LSPR band. Even for a high amount of BSA (60 uL) used, the
LSPR band just suffered a small decrease in the absorbance. Instead, avidin in the presence of both
nanostructures caused a decrease, broadening and shift (AA~ +5nm) in the LSPR band, indicating
that aggregation occurred. This result was not expected for the nanostructures without azide because
the colloid had been rinsed to remove unreacted species (Figure 4.15-A). This indicates that alkylated
biotin was not only covalently linked to the nanostructure by the specific click chemistry reaction
with the azide but also it was adsorbed and/or trapped in the polymer shell contributing to the
aggregation in the presence of avidin. When BSA was added to the nanostructures before adding the
avidin (Figure 4.15 and Table 4.5), there was no broadening of the LSPR band, suggesting a different
aggregation profile. In other words, BSA interacted with the Au nanostructures, via non-specific
interactions without inducing aggregation, and stayed at the surface of the nanostructures. Hence
when avidin was added, aggregation was induced due to specific interaction with biotin. However,
due to the presence of BSA (dimensions: 4 x 4 x 14 nm [213]) at the surface of the nanostructures,

the gold cores in the aggregates were more apart from each other so the A spr did not shift neither
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suffered a broadening, as was observed in the colloids without BSA, even so some aggregation

occurred.
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Figure 4.15. Visible spectra of copolymer@Au NPs and N3-copolymer@Au NPs after “click” reaction
with alkylated biotin, CuSO4 and sodium ascorbate, in the presence of BSA and/or Avidin. The spectra
were normalized at 450nm.

Table 4.5. Aspr values of copolymer@Au NPs and N3-copolymer@Au NPs after “click” reaction in the
presence of BSA and/or avidin.

ALser (NM)
copolymer@Au NPs + “click” N3-copolymer@Au NPs + “click
+10 pL PBS 532.0 530.5
+10 puL BSA 531.0 530.0
+10 pL Avidin 536.5 535.0
+ 60 puL BSA 531.0 530.0
++1%Ou‘|*_"A'i?dAin 535.0 530.0

Concerning the fact that biotin could be adsorbed and/or trapped in the polymer shell, experiments
were performed in order to remove the biotin that was not covalently linked to the nanostructure. In
fact, the low solubility of biotin in water (0.2 mg/mL) can prevent non-linked biotin to be removed
by centrifugation, thus remaining with the nanostructure that was precipitated and not in the
supernatant. Note that for the click chemistry reaction, in order to increase the solubility of biotin in
solution, alkylated biotin was dissolved in aqueous solution containing 10% of DMSO (solubility of
biotin in DMSO is 50mg/mL). So, copolymer@Au NPs were mixed with alkylated biotin, CuSO,

124



Functionalization of gold nanostructures prepared via RAFT polymerization

and sodium ascorbate and stirred overnight, then the mixture was centrifuged and the precipitate
redispersed with ultra-pure water or an aqueous solution containing DMSO (1DMSO:10 H20 v/v).
The procedure was repeated twice and in the last centrifugation step all the colloids were redispersed
with ultra-pure water (see the Scheme 6.1). Afterwards, BSA and avidin were added to these Au
nanostructures and their optical response was followed by UV-Vis spectroscopy, as shown in Figure
4.16, in order to assess if biotin had been removed. However, in spite of all the washing steps
performed, all the Au nanostructures aggregated in the presence of avidin indicating that biotin was
not removed by centrifugation steps, even by increasing the solubility of biotin in the supernatant

with an aqueous solution containing DMSO (1DMS0:10 H,0 v/v).
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Figure 4.16. Visible spectra of copolymer@Au NPs submitted to the click chemistry reaction, and with
several washing steps performed by centrifugation, in the presence of BSA or Avidin.

In order to understand if any reaction occurred between the alkyne group and the polymer shell, the
same procedure was followed as described above, but using biotin (without the alkyne function). So,

copolymer@Au NPs were mixed with biotin and stirred overnight, then washing steps were also
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performed by centrifugation and after that BSA and avidin were added to the colloids. The optical
response of the Au nanostructures to the proteins was also followed by UV-Vis spectroscopy and
similar results were found, i.e. all the nanostructures had aggregated in the presence of avidin. This
result confirms that no reaction occurred between the alkyne and the polymer but most probably the
biotin was adsorbed or trapped in the polymer shell.

As a final remark, the biofunctionalization of polymer@Au nanostructures via click chemistry is a
very interesting strategy to be explored using a panoply of (bio)receptors. However, for the specific
case of bioreceptor-biotarget (biotin-avidin) model followed here, the low solubility of biotin in
water revealed some drawbacks. On the other hand, these results have shown that copolymer@Au
NPs, i.e. without using click chemistry reaction, can be used to recognize biotin and have potential
to be applied to other (bio)molecules with low solubility in water. Moreover, other applications for
these copolymer@Au nanostructures could be explored, e.g. for drug carrier/delivery systems since
PEG is also known to have thermoresponsiveness. Nevertheless, and as future work, strategies to
minimize the adsorption of biotin in the polymer shell should be studied. For instance, by performing
the click chemistry reaction at lower temperatures (4°C) biotin adsorption in the polymer shell could
be avoided. Alternatively the use of bioreceptors with higher solubility in water should be considered
for the functionalization of N3-copolymer@Au nanostructures via click chemistry in order to ensure

complete removal of unbound material.

4.5. Langmuir monolayers of copolymers at air/water interface

The copolymers prepared in this work have an amphiphilic character. Resulting from the presence
of the repeating units of PEGA and the hydrophobic character given by the C12 chain of the RAFT
agent together with the hydrophobic repeating units of MMA and BA (Figure 4.17). Therefore,
Langmuir monolayers of these copolymers at the air/water interface could be prepared in order to

get a better understanding of the interaction between the copolymer, biotin and avidin.

Hydrophilic moiety Hydrophobic moiety

HO

Figure 4.17. Chemical structure of the copolymer P(PEGA40)-b-(MMA-co-BA)r-TTC.
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As discussed in sub-chapter 4.3.1., the RAFT emulsion polymerization conditions used to prepare
copolymer P(PEGAu4)-b-(MMA-co-BA),-TTC at 44°C using VA-044 initiator were studied. Here,
the behavior at the air/water interface of the copolymers prepared at 70°C using ACPA and VA-044,
as well as of the copolymers obtained with higher monomer conversions prepared at 44°C using VA-
044 were studied (4.5.1.). Then the monolayer of the selected copolymer was used to assess
copolymer-biotin-avidin interactions (4.5.2.).

4.5.1. Langmuir monolayers of copolymers prepared via RAFT emulsion polymerization using
VA-044 as initiator

First, a comparison of the copolymers prepared at 70°C was performed. A solution of these
copolymers was prepared in ethanol:chloroform (1:10) and spread (50 L) on the water surface. After
15 min of solvent evaporation the Langmuir monolayers were prepared by compressing the barriers
at 15 cm?/min. Figure 4.18 shows that both copolymers presented a similar profile at the air/water
interface with three well-defined regions (i, ii and iii indicated in the figure). First, note that both
presented a high surface pressure after spreading the copolymer solution (around 11 mN/m) at the
water surface. This is because, using this amount of copolymer, there is already proximity and
interactions between copolymer chains, which suggested that a liquid-expanded/gaseous phase is
already present (region i) before the compression of the barriers starts. Then a second phase (region
ii) was observed which correspond to a liquid-expanded phase, where hydrophilic and hydrophobic
chains started to self-organize. Finally, a liquid-condensed phase (region iii) was observed which
corresponds to an organized monolayer of the copolymer, however the way that these monolayers
are organized at the air/water interface was not studied. The extrapolation of the linear portion (region
iii) of the isotherm at zero surface pressure allowed to determine the mean molecular area at zero
surface pressure (MMA,) which was 1655 A%/molecule and 1688 A%/molecule for the copolymers
prepared using ACPA and VA-044, respectively. This small difference can be attributed to
differences in monomer conversion. In fact, when VA-044 was used the conversion was higher,
therefore the hydrophobic chain has a higher DP: DPacpa, 70oc= 140 and DPyva-os44, 70:.c= 168, see Table
4.1 in sub-chapter 4.3.1..
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Figure 4.18. Langmuir surface pressure-area isotherms of the copolymers after RAFT emulsion
copolymerization of MMA:BA (10:1 w/w) in the presence of P(PEGA4)-TTC at 70°C, using ACPA and
VA-044.

A comparison between the copolymers prepared during 22h and 53h by using VA-044 at 44°C, was
performed (Figure 4.19). For comparative purposes the isotherm obtained with the copolymer
prepared at 70°C using VA-044 (50 uL) is also presented. Notice that in this case 200 L of solution
were necessary to obtain a monolayer whilst in the previous case 50 pL of copolymer solution
sufficed. Unlike the isotherms of the copolymers prepared at 70°C, the isotherms of the copolymers
prepared at 44°C did not present well-defined regions. For the copolymer prepared at 44°C during
22h (%Conversion = 33% and DP = 56) during the compression of the barriers the surface pressure
increased slightly suggesting that the copolymer started to have some organization but also migrated
to the water subphase and the liquid-condensed phase was not formed. Probably the length of the
hydrophobic chain in this copolymer is not long enough to stabilize the hydrophilic chain at the
air/water interface. Consequently, the copolymer migrates to the water subphase driven by the
hydrophilic chain and copolymer micelles are formed in the subphase [214, 215]. Regarding the
copolymer obtained after 53h (%Conversion = 51% and DP = 86) the longer hydrophobic chain
resulted in a higher stability at the air/water interface as demonstrated by the Langmuir surface
pressure-area isotherm in Figure 4.19 where a liquid-condensed phase was observed. Even so, the
isotherm profile of this copolymer is quite different from the one prepared at 70°C, which can be
assigned to the large difference in the DP of the hydrophobic chain (DPasc, s3n = 86 and DP7gec, 2n =
168), different length of the hydrophobic chain and consequently different air/water interface

organization.
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Figure 4.19. Langmuir surface pressure-area isotherms of the copolymers after RAFT emulsion
copolymerization of MMA:BA (10:1 w/w) in the presence of P(PEGAu4)-TTC using VA-044 at 44°C,
during 22h and 53h, and at 70°C during 4h.

Concerning the copolymer prepared using the macroRAFT agent P(AA-b-PEGA4)-TTC, which
was synthesized to be functionalized with the azide moiety, a comparison was made with the
copolymer prepared using P(PEGA4)-TTC, in the same conditions (70°C using ACPA). These
copolymers had a similar behavior at the air/water interface as shown in Figure 4.20. However, a
lower MMA, value was obtained (1478 A?/molecule) for the copolymer derived from P(AA;-b-
PEGA40)-TTC, even though the monomer conversion and DP of the hydrophobic chain is higher, in
comparison with the copolymer derived from P(PEGA4)-TTC (1655 A?/molecule). Therefore, these
results highlight the fact that small differences in the composition of the macroRAFT agents
hydrophilic chain, as well as in the chain length of the hydrophobic block affect their organization

of the monolayer.
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Figure 4.20. Comparison of Langmuir surface pressure-area isotherms of the copolymer derived from
the MR agent P(AA2-b-PEGA)-TTC and P(PEGA)-TTC prepared at 70°C using ACPA.
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As a final remark, the hydrophobic length of the copolymer has a high impact in the stability of the
copolymer at the air/water surface. Hence, for the studies of the interaction of the copolymer with
biotin and avidin, the copolymer chosen was that one showing the highest stability, i.e. a well-defined
surface pressure-area isotherm, which is the copolymer prepared with P(PEGA4)-TTC at 70°C using
VA-044. The stability of the monolayer was proven by five consecutive compression/expansion
cycles as illustrated in Figure 4.21. Despite of the hysteresis upon 5 isocycles there was hardly any
shift to smaller areas. The copolymer containing the acrylic acid units was not considered for this

study as the objective was to assess the interactions between the PEGA block and biotin as discussed.
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Figure 4.21. Compression/expansion cycles of the copolymer P(PEGAu0)-b-(MMA-c0-BA)1es-TTC
prepared using VA-044 at 70°C during 4h.

4.5.2. Langmuir monolayers to study copolymer-biotin-avidin interactions

Having assessed the behavior of the copolymer at the air/water interface the next step was to evaluate
the copolymer-biotin interactions, namely the biotin-copolymer interactions that were observed in
the gold colloids. As discussed before in sub-chapter 4.4., biotin was adsorbed/trapped in the
polymeric shell and was not remove even after several centrifugation steps. Here, biotin (without
alkyne function) was mixed with the copolymer (without the azide moiety) before spreading it on
the water surface in order to study its influence on the copolymer monolayer in air/water interface.
Note that in the colloids, the monomer conversion and DP of the copolymerization of MMA:BA
(10:1 w/w) from MR@AuU NPs were not possible to determine. Therefore, the length of the
hydrophobic chains in the nanostructure and the copolymer used for the preparation of the Langmuir
monolayer could be different. The copolymer@Au NPs were prepared at 44°C using the VA-044
during 24h and the copolymer used here was the one prepared at 70°C using VA-044 during 4h.

A solution of copolymer (2.0 mg/mL) and a solution of copolymer (2mg/mL) containing 0.2 mM

(1x10° mol) of biotin were prepared in ethanol:chloroform (1:10). 50 uL of copolymer solution or
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copolymer solution containing biotin were spread on the water surface and after 15 min of solvent
evaporation the Langmuir monolayers were prepared by compressing the barriers at 15 cm?/min. For
the assay with avidin, instead of using ultra-pure water as subphase, a solution containing avidin (0.5
mg/L) was added to the Langmuir trough before spreading the copolymer solution containing biotin.
The Langmuir surface pressure-area isotherm (Figure 4.22) of the copolymer mixed with biotin
showed a similar isotherm profile in comparison with the copolymer (without biotin), however the
liquid-condensed phase was formed at higher mean molecular areas, see Table 4.6. This result
suggests that the biotin is at the air/water interface and not just interacting with the hydrophilic PEGA
chains, thus occupying space between the copolymer chains which made the liquid-condensed phase
to be formed at higher mean molecular areas. No significant changes have been observed using an
avidin solution in the subphase in comparison with the same situation but using ultra-pure water in
the subphase. This could indicate that biotin was not available to interact with avidin, i.e. avidin is
not able to reach the biotin at the air/water interface. Therefore, avidin did not migrate to the air/water

interface, interacting with biotin, neither biotin migrated to the subphase to interact with avidin.
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Figure 4.22. Langmuir surface pressure-area isotherms of the copolymer P(PEGA40)-b-(MMA-co-BA)-
TTC (VA-044 at 70°C) mixed with biotin before spreading and using ultra-pure water as subphase or
an avidin solution (0.5mg/L in ultra-pure water).

Table 4.6. Mean molecular area at surface pressure = 0 mN/m (MMAy) for the copolymer P(PEGA40)-
b-(MMA-co-BA)-TTC (VA-044 at 70°C) mixed with biotin before spreading and using ultra-pure water
as subphase or an avidin solution.

Spreading solution Copolymer Copolymer with biotin ~ Copolymer with biotin
Subphase Ultra-pure water Ultra-pure water Avidin (0.5 mg/L)
MMA, (A?) 1670 1752 1731
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It was possible to perform further studies using a Langmuir trough with a different size equipped
with a polarization modulation-infrared reflection-adsorption spectrometer (PM-IRRAS) which
allows the identification of the functional groups involved in the interactions established at the
interface, in a controlled environment (clean room). The adsorption of avidin was monitored as a
function of time and the results are shown in Figure 4.23.

80 -

w/out avidin

70_’ - - - -w/ avidin + 20 min

] - ---w/avidin + 1h
604 X w/ avidin + 2h
------ w/ avidin + 3h

504
404

30

Surface pressure (mN/m)

204

104

0

.4 L] 4 Ll g ) ) 1 N T X T % 1 L 1
0 1000 2000 3000 4000 5000 6000 7000 8000

Mean Molecular Area (A%)

Figure 4.23. Langmuir surface pressure-area isotherm of P(PEGAu0)-b-(MMA-co-BA)-TTC (VA-044 at
70°C, 4h) mixed with biotin, using avidin solution as subphase and varying the contact time before
barriers compression starts.

Although only a small difference can be observed after 20 minutes of contact with the suphase, upon
1 hour the isotherms showed a distinct profile indicating that avidin is being adsorbed onto the
monolayer causing its expansion, especially when the monolayer was compressed to values smaller
than 3000 A2. Due to time constraints the identification of the type of interactions was not possible

as the resolution of the IR obtained required further optimization studies.

4.6. Preparation of fluorescence gold nanocomposites via RAFT polymerization using
the grafting from strategy

Au NPs can also be used as fluorescence quenchers and the quenching effect depends on the distance
between the Au NP and the fluorophore. Hence, changes in that distance due to the presence of a
specific biomolecule might allow its specific recognition by fluorescence spectroscopy, as revised in
the introduction (see Figure 1.6 which illustrates the use of Au NPs as biosensor based on quenching
fluorescence). With this principle in mind, a fluorescent copolymer@Au nanostructure was prepared

in order to demonstrate that functional monomers can be used towards the preparation of
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multifunctional copolymer@Au nanostructures by using the grafting from strategy. Additionally,
these nanostructures were assessed towards biosensing applications using the model biotin-avidin.
The click chemistry reaction was not used in this study because as observed previously biotin became
adsorbed/trapped in the polymer shell. Although, it is known that fluorescence quenching can occur
when the excitation wavelength of the fluorophore overlaps with the absorbance band of RAFT agent
[216], in this work the RAFT agent absorbs at Amax ~ 310 nm and the fluorophore used (fluorescein
isothiocyanate, FITC) has a Aexc at 495 nm, which precludes such process.

Fluorescent copolymer@Au nanostructures were prepared following the grafting from strategy via
adsorption of the MR agent P(PEGA4o)-TTC onto colloidal Au NPs. The fluorescent monomer was
polymerized from MR@AuU NPs before adding the mixture of hydrophobic monomers (1 MMA : 10
BA w/w) to the reaction vessel. The fluorescent monomer was prepared using the monomer 2-
aminoethyl methacrylate hydrochloride (AEM) and the fluorophore fluorescein isothiocyanate
(FITC), adapting the procedure described in [217]. A thiourea linkage was formed via the reaction
between the amine group from the AEM and the isothiocyanate group from FITC, in the presence of
triethylamine at room temperature, as shown in Figure 4.24. AEM-FITC was characterized by 'H-
NMR (Figure H.12, Annex H) and also by UV-Vis and photoluminescence (PL) spectroscopy, as
shown in Figure 4.25. The modified monomer (AEM-FITC) presented the absorbance and

fluorescence band of the FITC moiety.

triethylamine

THF
1T, 2h

H
N—C—NH
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Figure 4.24. Preparation of fluorescent monomer (AEM-FITC).
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Figure 4.25. UV-Vis and PL spectra of AEM-FITC.

In a first attempt, an aqueous solution of AEM-FTIC was added to the MR@Au colloid (to) and the
polymerization was carried out at 70°C using the VA-044 as initiator, during 2h (t1). As observed in
4.3.1, this initiator was able to polymerize the hydrophobic monomers more rapidly at 70°C (1h,
~80%) then ACPA (1h, ~30%). In addition Perrier et al. 2015 [218] have also reported a ultrafast
and one batch RAFT polymerization of a multiblock copolymer using VA-044 at 100°C during few
minutes per monomer (3 min, DP per monomer = 10). Therefore, here the polymerization was
performed at 70°C, since the azide moiety was not present which allowed reducing the time of
polymerization. Afterwards, the MMA:BA (10:1 w/w) mixture was added to the reaction vessel and
polymerized for 4h (t2), then more MMA:BA mixture was added and the polymerization continued
for further 2h (t3). Aliquots were withdrawn during the polymerization at the times mentioned above.
Once the polymerization was stopped, the aliquots and the final colloid were centrifuged and
redispersed twice in ultra-pure water. The ensuing colloids were characterized by DLS and zeta

potential measurements, UV-Vis and PL spectroscopy and electron microscopy.

As expected the DLS measurements (Table 4.7), showed an increase of the hydrodynamic average
diameter (daverage) OF the nanostructures during the copolymerization corresponding to the growth of
the hydrophobic chain. However, a small decrease of daverage Was observed from to to t; which can be
associated with some MR agent reorganization due to the incorporation of the AEM-FITC and/or
miscibility of the functionalized repeating units in the MR agent. As regards the zeta potential
measurements, all the nanostructures presented a negative surface charge and this value increased

slightly, in module, for longer reaction times suggesting some increase in colloidal stability.
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Table 4.7. DLS and zeta potential measurements of the aliquots withdrawn during the preparation of
the fluorescent copolymer@Au NPs.

aliguot dsem AU NPs (nNM)*  daverage (NM) Pdl ¢ (mV) pH
Au NPs 16.2+4.4 17.3 0.597 -39.6 £19.9 5.7
MR@Au NPs 16.8 £ 3.3 26.5 0.573 -25.9+13.4 6.6
to 16.1+£34 26.9 0.546 -29.1+£16.0 6.3

t1 16.2+35 24.9 0.554 -29.5+13.1 6.0

t2 16.9+3.6 39.9 0.476 -32.3+13.3 5.7

ts 16.3+3.2 42.3 0.447 -35.5 + 13.8 5.6

* The diameter of Au core nanostructures was measured in the SEM images using the software ImageJ.

The visible spectra in Figure 4.26-A show that all the colloids presented the LSPR characteristic
band of the Au NPs. Yet, its intensity, shape and absorption maximum changed for samples collected
during the polymerization. For the aliquot taken at to a small Aspr shift (AA=2 nm) was registered
which can be assigned to changes in the surrounding environment, specifically the reaction mixture,
i.e. the presence of the initiator solution and the AEM-FITC solution. During the polymerization the
ALser Shifted to higher wavelengths due to the growth of the new chain and a broadening of the LSPR
band at t, and tzwas observed.

As regards the PL measurements (Figure 4.26-B), all the aliquots withdrawn presented the
fluorescence peak characteristic of the FITC. However, the direct comparison of the fluorescence
intensity of aliquots proved to be very difficult because FITC is a pH sensitive fluorophore and the
pH was not constant during the course of the polymerization (Table 4.7). Indeed, the pH-sensitivity
of fluorescein and fluorescein derivatives (e.g. FITC) is well documented [219]. The fluorescence
intensity increases with increasing pH values due to the different ionized species that fluorescein can
originate at all pH range. Figure H.13 (Annex H) illustrates the pH-dependent fluorescein structures
and corresponding UV-Vis and PL spectra. Moreover, notice should be made that the aliquot taken
at to (mixture of MR@AuU NPs with AEM-FITC before starting the copolymerization), exhibits the
fluorescence of FITC which indicates that the fluorescent monomer stayed adsorbed on the polymer
shell despite of the two centrifugation-redispersion cycles using water. Therefore, the fluorescence
intensity of each aliquot can be the contribution not only of the copolymerized AEM-FITC but also
of the AEM-FITC that stayed adsorbed. Yet, considering that pH values of the aliquots taken at t,
and tz are almost the same, it is interesting to observe that the PL intensity increased as a result of the

chain growth and subsequent increase of the distance between the Au core and the fluorophore.
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Figure 4.26. Visible and PL spectra (ex=495 nm) of the aliquots withdrawn during the copolymerization
of AEM-FITC after 2h (t1) and of MMA:BA (10:1 w/w) (after 4h - t2 and further 2h - t3) from MR@AuU
NPs. to corresponds to the mixture of MR@Au NPs with FITC-AEM before placing the reaction vessel
at 70°C.

Nevertheless, taking into account the pH sensitivity of FITC tagged nanostructures all the aliquots
were diluted 1:1 (v/v) with PBS (1M, pH= 7.4) and the spectra collected are shown in Figure 4.27.
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Figure 4.27. Visible and PL spectra (Aex=495 nm) of the aliquots withdrawn during the copolymerization
of AEM-FITC and MMA:BA (10:1 w/w) (to, t1, tzand ts) diluted 1:1 (v/v) with PBS (1M, pH=7.4).

The PL spectra of the aliquots shown in Figure 4.27-B clearly highlight the pH sensitivity of FITC.
Despite dilution in the buffer, the fluorescence intensity of the colloids diluted in PBS is stronger
than that observed the as prepared colloids (Figure 4.26-B). For instance, the fluorescence intensity
for the aliquot taken at to increased from ~325 (at pH 6.3) to ~1500 (at pH 7.3). Regarding the

variation of PL intensity during the copolymerization of AEM-FITC, the fluorescence intensity
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decreased for the sample taken at t;, which can be assigned to AEM-FITC copolymerized. In this
case, the fluorophore is closer to the Au core and consequently quenching of the fluorescence is
observed. As for the other aliquots, an increase of fluorescence intensity was observed from t; to t,
as expected, due to the increase of the polymer shell. Unexpectedly a decrease in the fluorescence
intensity, from t, to ts, was observed thought more hydrophobic monomers were added to increase
the polymer shell. In fact, as discussed above, an intensity increase was observed for the colloids that
were not diluted in the buffer, (Figure 4.26-B). Even though the use of a buffer can be very useful to
overcome the pH sensitivity of FITC, the stability of colloids is also sensitive to the ionic strength.
Interestingly, both UV-Visible and PL spectra show distinct intensities for the aliquot taken at t,
whilst the spectra of aliquots taken at t; and t; are very similar. Besides the difficulties associated
with the pH sensitivity of FITC, and the ionic strength sensitivity of colloidal nanostructures, there
is still the possibility that the fluorescent monomer (AEM-FITC) may not be fully incorporated in
the growing chain during the first couple of hours. In this case, it is reasonable to admit that unreacted
fluorescent monomer had been incorporated later in the growing chain thus altering the expected
variation of PL intensity. Additionally, it is also possible that some free polymer particles containing
the fluorescent monomer may also be present and affect the results obtained. In view of all these
variables, these PL results should be critically interpreted though indicate the potential usefulness of
this strategy.

In SEM in transmission mode images (Figure 4.28) a slight grey background around the Au NPs
indicates the presence of the polymeric shell in all the aliquots, yet the thickness of this polymeric
shell is not possible to measure. Regarding the aliquot taken at ts, further electron microscopy
characterization was performed using a dedicated STEM instrument (Figure 4.29). This instrument
allows the observation of the sample with a higher resolution (200 kV) and also the visualization in
Z contrast (ZC) mode in which the contrast in the image is related with the atomic number. In Figure
4.29-A is observed that isolated Au NPs as well as small aggregates are present in the sample. Figure
4.29-B shows the sample in different imaging modes, in transmission (TE) a very thin layer around
the NPs can be detected. However, in Z contrast (ZC) and secondary electrons (SE) imaging the
polymer shell does not seem to be so thin. Although electron microscopy characterization was
performed with a higher resolution, it is still difficult to observe a well-defined shell and to measure
its thickness, because the polymer burned under the electron beam. Therefore, cryo-SEM/cryo-TEM
imaging is suggested for future characterization. Nevertheless, it is important to remark that all the

nanostructures contain Au cores.
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Figure 4.28. SEM images, in transmission mode, of the aliquots withdrawn during the preparation of
the fluorescent copolymer@Au NPs. A) to, B) t1, C) t2 and D) ts. (insets) corresponding SEM images.
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Figure 4.29. STEM images of aliquot ts of fluorescent copolymer@Au NPs (A) in transmission mode and
insets in transmission and secondary electrons imaging; and (B) an amplification in transmission, Z
contrast and secondary electrons imaging.
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Pursing the objective of preparing multifunctional Au NPs, the possibility of preparing
nanostructures containing the fluorescent monomer as well as an azide moiety for subsequent
covalent grafting of biotin was evaluated. For that purpose AEM-FITC was copolymerized from
MR@AuU NPs at 70°C using VA-044. The temperature was then reduced to 44°C and the mixture of
hydrophobic monomers (1 MMA : 10 BA w/w) was added to the reaction vessel in a controlled way.
After 24h the emulsion copolymerization was quenched and the colloid was washed by applying two
centrifugation-redispersion cycles using the same volume of ultra-pure water to yield the 15'CE-
copolymer@Au NPs (CE — chain extension). Additionally, taking advantage of the living nature of
the RAFT mechanism, the nanostructures were submitted to a second chain extension in order to
increase the thickness of the polymeric shell. This second chain extension was carried out from the
washed 1°'*CE-copolymer@Au NPs at 44°C, using VA-044 and the MMA:BA mixture was added in
a controlled way. The reaction was stopped after 24h and the colloid washed twice by centrifugation-
resdispersion, affording the 2"'CE-copolymer@Au NPs. In view of the effect that consecutive
centrifugation-redispersion cycles can have on the composition, pH and ionic strength of colloids,
for a better comparison the 1CE-copolymer@Au NPs were further submitted to two more cycles of
centrifugation-redispersion and were named 1%CE-copolymer@Au NPs(2w). The nanostructures
were characterized by DLS and zeta potential measurements UV-Vis and PL spectroscopy, and
electron microscopy.

Despite of the high Pdl values, the DLS measurements provide hydrodynamic average diameter
(daverage) that gives a good approximation about the average size of the nanostructures. However for
the results set that is presented below DLS results should be discussed by taking into consideration
the hydrodynamic diameter in intensity and number distribution (dintensity @nd dnumber). Hence, here the
DLS measurements (Table 4.8) are presented and discussed with the dayerage, Qintensity @Nd Onumber Values.
The colloid of Au NPs as prepared presents an average diameter of 11.9+0.9 nm, measured in STEM
images using the software ImageJ, and a daverage Of 15.9 nm (dintensity 16.6 nM and dnumper = 12.7 nm).
However, colloidal Au NPs in the concentration used in these procedures present @ daverage 0f 21.5 nm
which is a higher value as well as a higher PdI value (Pdl = 0.581). In addition, in number distribution
a value of 1.3 nm (Table 4.8) was found but, this type of result was already reported as a false minor
peak [220]. In spite of that, the daverage is @ good approximation to compare the colloids average
diameter. After the MR agent adsorption (MR@Au NPs) and copolymerization (first chain extension,
19'CE-copolymer@Au NPs) the daverage increased due to the increase of the polymeric shell, as already
discussed in the preparation of similar copolymer@Au nanostructures in other batches. Moreover, a
peak in intensity distribution that could correspond to the nanostructure diameter is measured, indeed
this value increased from 34.7 nm to 39.1 nm after the first chain extension from MR@Au NPs, as

the daverage had increased. However, the DLS measurements of the same nanostructure but with
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different number of washing steps (1*CE-copolymer@Au NPs and 1%CE-copolymer@Au NPs(2w))
showed different daverage values. The daverage 0f 1S'CE-copolymer@Au NPs(2w) (46.2 nm) is much
higher than the dayerage 0f 1CE-copolymer@Au NPs (29.0 nm), suggesting that some aggregation
occurred after the washing steps. Even so the colloid with 2 extra washing steps, presented intensity OF
31.1 nm and dnumper Of 21.1 nm. After the second chain extension 2"“CE-copolymer@Au NPs, both
intensity aNd dnumber iNcreased from 31.1 nm to 43.7 nm and from 21.1 nm to 31.3 nm, respectively,
even though the daverage is much higher (81.3 nm), but as discussed before aggregation was observed.
As a general summary, DLS measurements indicate that the copolymerization from the MR@Au
NPs increased the hydrodynamic diameter as a result of the hydrophobic chain extension, thus
increasing the polymeric shell, yet the colloidal stability may have been compromised even though
the charge density after the second chain extension is reasonably high. In fact, the zeta potential
measurements (Table 4.8) showed that all the colloids present a negative surface charge in
particularly after the second chain extension, the colloid presented a { = -35.4 mV. Furthermore, the
disparity of the values obtained seems to suggest the presence of aggregates as well as the possibility

of free polymer particles.

Table 4.8. DLS measurements of Au NPs after MR agent adsorption and emulsion copolymerization
from MR@AuU NPs.

daverage dintensity dnumber
(nm) (nm) (nm) Pdl £ (mV) pH
51.6 (89.9%)
Au NPs 215 1.7(3.4%) 1.3(100%) 0.581 -416+17.7 5.6
1.2 (6.7%)
0,
MR@AUNPs 23.6 324;57(&816':_33;2;) 1.9 (100%) 0475 -176zx114 6.5
15-CE 39.1 (93.9%) 0 i
copolymer@AuNPs 29.0 2.2 (6.1%) 2.1(100%) 0.344 -186+129 6.3
1*.CE 903 (62.3%)  21.1 (67.3%)
copolyrrzgr(c),DAuNPs 46.2 31:1 (35:8%) 10:1 (32:7%) 0417 -29.7+9.2 6.0
W
129.4 (69.0%)
2"-CE 0 31.3 (69.3%)
copolymer @AUNPs 81.3  43.7 (30.6%) 13.0 (30.7%) 0.380 -354+10.1 6.2

14.0 (0.4%)

For the electron microscopy characterization, a dedicated STEM instrument was used. In the STEM
images in ZC mode (Figure 4.30), a slight grey background around the Au NPs suggests the presence
of the polymer shell. However, the observation of these images does not allow concluding about the
increase of the thickness after the second chain extension. The images obtained for 2"CE-

copolymer@Au NPs in secondary electron and Z contrast imaging mode are shown in Figure 1.14
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(Annex I). These results seem to suggest that the conversion of the hydrophobic monomers at 44°C
may be lower than expected despite of the 24h reaction time. Furthermore, the presence of free
polymer particles does not seem to be evidenced.

RN
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VIR T
HD-2700 200kV x40.0k ZC 800nm

A2) .

[ A A A
HD-2700 200kV x600k ZC 50.0nm

L 9 2 s R DO O
HD-2700 200kV x600k ZC 50.0nm

Figure 4.30. SEM images in Z contrast mode of (A) 1CE-copolymer@Au NPs and (B) 2"CE-
copolymer@Au NPs, at different magnifications.

The nanostructures prepared were then analyzed by visible and fluorescence spectroscopies. Figure
4.31-A shows that the visible spectra of the MR@Au NPs and the 18'CE-copolymer@Au NPs present
the characteristic LSPR band of the Au NPs and, as expected, a red-shift in the A spr Was detected
due to the MR agent coating and subsequent chain extension from the MR@AuU NPs. Moreover, the
1'CE-copolymer@Au NPs presented the fluorescence band of FITC, indicating that the
nanostructure contained the AEM-FITC (Figure 4.31-B).
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Figure 4.31. Visible spectra and PL spectra ( =495 nm) of Au NPs, MR@Au NPs and copolymer@Au
NPs with one chain extension step (1tCE-copolymer@Au NPs).

As regards the second chain extension, the colloidal sample 2"CE-copolymer@Au NPs was
centrifuged and the resulting precipitate did not redisperse totally, forming also agglomerates.
Therefore, the redispersible precipitate was placed in half of the volume of water. This could be an
indication of loss of stability, which cannot be solely attributed to the centrifugation step since the
15'CE-copolymer@Au NPs was submitted to the same procedure (1CE-copolymer@Au NPs(2w))
and irreversible agglomeration did not occur. In fact, the visible spectra (Figure 4.32-A) revealed
that after the second chain extension the A spr Shifted to higher wavelengths which could be the result
of the polymer shell growth and eventually some aggregation resulting from loss of stability.
Moreover, as shown in Figure 4.32-B the fluorescence intensity, after the second extension (2™CE-
copolymer@Au NPs), almost disappeared, and that of 1%CE-copolymer@Au NPs(2w) also
decreased abruptly, indicating that probably the nanostructure still had unreacted AEM-FITC

adsorbed in the polymer shell that was not removed by centrifugation after the first chain extension.
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Figure 4.32. Visible spectra and PL spectra (Aex=495 nm) of copolymer@Au NPs with one and two chain
extension steps. (* after the second chain extension the precipitate colloid was redispersed in half of the

volume).

Because the washing procedures can affect the pH and consequently reduce the PL intensity, the
colloids were diluted 1:1 with PBS (1M, pH=7.4) and the PL was measured (Figure 4.33). Conversely
to the nanostructures prepared at 70 °C, for the 1%CE-copolymer@Au NPs, the fluorescence intensity
decreased despite the fact that, as discussed above, this colloid may still have unreacted AEM-FITC
adsorbed in the polymer shell which can contribute to the fluorescence intensity hence, this result
can not be explained. Regarding the other colloids, 1¥CE-copolymer@Au NPs(2w) and 2™CE-
copolymer@Au NPs, after the dilution with PBS and consequent increase of pH, the fluorescence
intensity increased slightly. Still the fluorescence intensity is extremely low which seems to indicate
that the amount of fluorescent monomer incorporated in the chain is rather low and/or that

hydrophobic chain did not actually grow which is in line with the results obtained from electron

microscopy.
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Figure 4.33. PL spectra (Aex=495 nm) of copolymer@Au NPs with one and two chain extension steps
diluted (1:1 v/v) with PBS (1M, pH 7.4).
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The results presented here regarding the preparation of the fluorescent copolymer@Au NPs showed
several difficulties in the discussion and comparison of the colloids, namely in what regards the
fluorescence spectroscopic data. Aspects such as the pH, the ionic strength, the amount of AEM-
FITC adsorbed and/or copolymerized and also the distance between the fluorophore and the Au core
play an important role. Therefore, it is recommended that in future, a fluorescent copolymer@Au
NPs should be prepared following the same strategy — grafting from strategy, but by adsorption of a
fluorescent macroRAFT agent, for instance P((PEGA4)-b-(AEM-FITC15))-TTC, before carrying
out the copolymerization of the mixture of the hydrophobic monomers from this P((PEGA40)-b-
(AEM-FITCy5))-TTC@Au nanostructures. This would allow adequate removal of unreacted FITC
functionalized monomer as well as minimization of the amount of free polymer containing FITC
moieties which can significantly affect PL intensity. Moreover, the adsorption and copolymerization
should be performed in a controlled pH medium using for example a buffer solution, such as PBS.
In this case, the comparison of the fluorescence intensity of the several colloids should be easier
because all are at the same pH and the majority of the FITC molecules present in the nanostructures
should be covalently bonded, i.e. belonging to the macroRAFT agent and not adsorbed in the
polymeric shell. In addition, in order to control the thickness of the polymer shell, the kinetics of this
polymerization needs to be studied using blank copolymers (i.e. not adsorbed on to Au NPs).

Despite of all the difficulties encountered in the preparation and characterization of the fluorescence
nanostructures, some preliminary biosensing assays, using the biotin-avidin model, were performed
using the 1CE-copolymer@Au NPs. The nanostructures were mixed with biotin and stirred
overnight, then the mixture was washed twice by centrifugation and the precipitate redispersed in the
same volume with ultra-pure water. 14.25 pL, 28.50 pL and 57.00 pL of avidin and BSA were added
to 500 pL of biotin-copolymer@Au NPs. The same volume of PBS (10 mM) was also added to the
Au nanostructures, as a “dilution” control. The optical response of the nanostructures to avidin was

followed by visible and fluorescence spectroscopy (Figure 4.34).
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Figure 4.34. Visible and PL spectra (Aex=495 nm) of biotin-copolymer@Au NPs in the presence of avidin
and BSA. The visible spectra were normalized at 450nm.

Visible spectroscopy (Figure 4.34-A1, B1 and C1) showed that aggregation of the nanostructures

was induced in the presence of avidin, especially when a high amount of avidin was added. This type

of optical response was already discusses in sub-chapter 4.4 (nanostructures without fluorescence).

Regarding the fluorescence spectroscopy (Figure 4.34-A2, B2 and C2), the fluorescence intensity

decreased in the presence of both proteins (BSA and avidin), thus not inline with the visible

spectroscopy results. Fluorescence spectroscopy is very sensitive to non-specific interactions

resulting in the reduction of the fluorescence intensity observed. Moreover, the PL intensity
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registered for the control samples when compared to the values obtained in Figure 4.33 indicates that
the centrifugation-redispersion steps carried out to remove excess biotin, have contributed to further
remove unreacted fluorescent monomer. In addition, the fact that biotin was not covalently bonded
to the nanostructures may also have affected the results obtained as the presence of avidin in the
medium may act as a driving force for its migration to the aqueous medium without causing any
aggregation of the colloids and thus not affecting significantly the PL intensity. In summary, the PL
results were not conclusive but have helped to identify a number of issues that need to be taken into
consideration for the preparation of fluorescent tagged nanostructures. Moreover, the importance of
bonding the bioreceptor onto nanostructures was evidenced. Indeed, the fact that biotin could not be
removed from the nanostructures due to its low solubility in water discussed in sub-chapter 4.4, does
not mean that it is completely insoluble, and in the presence of avidin, it may be thermodynamically
favorable for this bioreceptor to migrate to the aqueous medium altering the biosensing results.
Hence, the relevance of covalently attaching the bioreceptor onto the nanostructures following, for

example, the click chemistry path developed in this work is reinforced by the results obtained.

4.7. Conclusions

The study of distinct polymerization conditions of those used in the previous chapter was required
since here the macroRAFT contains azide repeating units. In order to carry out the polymerization at
44°C instead of at 70°C, a new initiator (VA-044) had to be used and the effect of other reaction
parameters such as pH, [MR agent]/[initiator], reaction time have assessed. Stable N3-MR@Au NPs
were then successfully prepared via RAFT emulsion copolymerization of a mixture of hydrophobic
monomer (10 MMA : 1 BA w/w) from N3-MR@AuU NPs, during 24h at 44°C using VA-044 as
initiator. Here the [MR agent]/[initiator] and the pH were maintained the same, in comparison to the
conditions used at 70°C with the ACPA (Chapter 3).

Biotin-copolymer@Au NPs were prepared via the specific click chemistry reaction between the azide
moiety at the surface of the nanostructure (N3-copolymer@Au NPs) and an alkylated biotin. Optical
biosensing tests revealed that aggregation of biotin-copolymer@Au NPs was induced in the presence
of avidin, contrary to the nanostructures without biotin, showing that the nanostructures are specific
for the biotarget (avidin). Also some non-specific interactions were observed between the
copolymer@Au NPs (without biotin) and the avidin which can be assigned to electrostatic
interactions. However, copolymer@Au NPs mixed with biotin (but not convalently bound)
responded as well to the presence of avidin. This result suggests that biotin was adsorbed and/or

trapped in the polymer shell, probably due to the low solubility of biotin in water, contributing to the
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aggregation in the presence of avidin. Therefore, the nanostructures prepared here can be used as
platforms for the recognition of the biotarget avidin and in this specific case biotin can just be
adsorbed to the nanostructure. In fact, preliminary studies at the air/water interface using Langmuir
copolymer monolayers showed that the presence of biotin affects the surface pressure-area isotherm
of the copolymer which suggests that biotin is interacting with the copolymer. Strategies to minimize
the adsorption of the bioreceptor (biotin) in the polymer shell should be studied in order to promote
the click chemistry reaction and allow the removal of unreacted bioreceptor. Since PEGA is
thermoresponsive, the study of the influence of the temperature during the click chemistry reaction
and adsorption should be considered. Moreover, copolymer@Au NPs covalently bonded to the
bioreceptor avoid the risk of partial leakage of biotin to the aqueous medium containing the
bioanalyte which would alter the signal. Additionally covalently bonded bioreceptors offer the

possibility of reusing biosensors.

Attempts to prepare fluorescent copolymer@Au NPs have shown that the incorporation of
fluorescent repeating units at different distances from the core is a promising strategy but needs
further studies. Nevertheless, the results obtained allowed to identify a number of issues that need to
be taken into consideration for the preparation of fluorescent tagged nanostructures. Moreover, the

importance of bonding the bioreceptor onto nanostructures was evidenced.
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In this thesis, functional polymer@Au nanostructures, with shell@core type structure, were prepared
to be used in biosensing applications. The Au core provide the characteristic optical properties due
to the localized surface plasmon resonance (LSPR) while the polymer shell provides robustness and
stability to the nanostructure. Additionally it allows the introduction of functional molecules such as
biorecognition moieties (biotin) and fluorophores (FITC). Two main methodologies were explored
in this work: one using the well-known the layer-by-layer (LbL) method based on electrostatic self-
assembly of commercially available ionic polymers with opposite charges; the second one using the

RAFT polymerization to encapsulate NPs.

In the first methodology, LbL method, multifunctional nanostructures were prepared using PAH and
PSS as polyelectrolytes. Biotin and FITC were successfully attached to the PAH allowing to have a
functional layer. This type of nanostructure proved to be promising for biorecognition of avidin using
visible and fluorescence spectroscopies. However, all the studies were performed using ultra-pure
water since these nanostructures easily destabilize and aggregate with changes in the ionic strength
and pH of the medium. Therefore, other methodology was explored in order to prepare
multifunctional Au nanostructures stable in physiological medium aiming the biosensing

applications.

In the second methodology the use of RAFT polymerization was explored to encapsulate Au NPs.
In the literature three main strategies have been reported, namely the post-modification strategy, the
in situ strategy and the grafting from strategy, which were explored to encapsulate Au NPs with
amphiphilic block copolymers which could be latter functionalized. These block copolymers were
prepared via RAFT emulsion polymerization using a well-tailored macroRAFT agent prepared in
solution also via RAFT polymerization using a trithiocarbonate RAFT agent.

In the post-modification strategy, the previously prepared block copolymer was mixed with Au NPs
in aqueous solution but shell@core type nanostructure were not obtained. In fact, the amphiphilic
block copolymer formed well-defined micelles in water and the Au NPs are not able to migrate to

the core of these polymer NPs where the trithio-group is located.

Regarding the in situ strategy, Au NPs were generated in the presence of the previously prepared
block copolymer also in aqueous solution. Also shell@core type nanostructure were not obtained. In
this case, the gold precursor was also not able to migrate to the trithio group in the core of the well-
defined diblock polymeric nanoassemblies. However, this strategy allowed to identify and conclude
about several key parameters that influence the generation of Au NPs, such as the pH, the amount of
the copolymer, the [HAuUCI4]/[copolymer] ratio as well as the chemical nature of the repeating units,

namely the acrylic acid and the poly(ethylene glycol) that compose the hydrophilic block.
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In the third strategy, the grafting from strategy involves two main steps. Regarding the first step,
associated with the preparation of MR@AUNPs, two pathways were followed: the in situ generation
of Au NPs in previously prepared macroRAFT agents, and the adsorption of macroRAFT agents
onto Au NPs. In the in situ pathway, it was concluded that the nucleation and growth of the Au NPs
depends on the pH, the amount the MR agent, the ratio [HAuCIl4]/[MR] and also on the chemical
nature of repeating units. For instance, by increasing the MR agent concentration the size of the NPs
decreases, namely when a MR agent concentration above the CMC was used a brown colloid was
generated and the LSPR band was not detected, indicating that only Au clusters (d < 3 nm) were
formed. Although this one step synthesis is interesting to prepare spherical Au NPs, the control over
the size is not easy and depends on many parameters. In the alternative pathway, adsorption of the
MR agent onto Au NPs surface which were previously prepared with the desire size and shape can
be used. In fact, in this work only spherical NPs with diameters around 15 nm were explored but Au
NPs with bigger sizes (e.g. 50 and 100 nm) and different morphologies (e.g. nanorods and nanoprims)
would be interesting to encapsulate and explore their optical properties. In this strategy, MR agent in
concentrations above and below the CMC was adsorbed onto Au NPs surface and both situations
afforded stable MR@AuU NPs. Yet, when the concentration above CMC was used more free MR
agent was observed by electron microscopy. In what concerns the adsorption of the MR agent onto
Au NPs, it is important to perform further adsorption studies below the CMC in order to find the
optimal concentration and [MR]/[Au NPs] ratio to use. In fact, our preliminary results regarding the

adsorption studies of MR agent were not conclusive because they were carried out above the CMC.

As regards the growth of the hydrophobic chain from MR@Au NPs during the second step of the
grafting from strategy, stable copolymer@AuNPs - shell@core type nanostructures were obtained
using the colloids MR@AuU NPs prepared above and below the CMC. The major breakthrough was
the controlled addition of the hydrophobic monomers during the copolymerization from MR@Au
NPs. Indeed, when the hydrophobic monomers were added in one shot at the beginning of the
polymerization reaction, fiber-like nanostructures were also obtained. Following this grafting from
strategy via RAFT mediated emulsion polymerization, by controlled addition of the hydrophobic
monomers, it was demonstrated that it is possible to encapsulate Au NPs with amphiphilic block

copolymer in aqueous media.

Functionalization of Au nanostructures, prepared by the grafting from strategy via RAFT mediated
emulsion polymerization, was explored using the specific reaction of click chemistry between an
azide and an alkyne. This functionalization strategy was a challenge, first because all the
copolymer@Au NPs were prepared at 70°C and the azide should not be handled at temperatures
above 50°C due to safety issues. Therefore, the copolymerization conditions had to be adjusted using
a new initiator (VA-044) which has half-time (t2) of 10h at 44°C. Under these conditions it was
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possible to polymerize the mixture of hydrophobic monomers from N3-MR@Au NPs (MR@Au NPs
containing the azide moiety) during 24h (at 44°C), yielding stable N3-copolymer@Au NPs. The click
chemistry between the N3-copolymer@Au NPs and an alkylated biotin was carried out however the
formation of the triazole could not confirmed beyond doubt due to the small amount of this specific
group in comparison with the FTIR signal of the copolymer in the nanostructure.

Concerning the biosensing tests, the biotin-copolymer@Au NPs specifically respond to the presence
of avidin inducing aggregation and subsequently changing the LSPR band. However, even the
colloids where biotin was not covalently bonded via click chemistry aggregated in the presence of
avidin. This result suggested that biotin was adsorbed/trapped in the polymer shell contributing to
the aggregation in the presence of the analyte. In addition, fluorescent-copolymer@Au NPs were
prepared however, further optimization of the preparation of these functional nanostructures is still
required. The results obtained suggested that the fluorescent monomer was also adsorbed/trapped in

the polymer shell.

Although the desired shell@core nanostructures were obtained, further studies sould be performed
to get a better understanding about the copolymerization from the surface of the MR@AuU NPs, in
order to prepare stable nanostructures with thicker polymer shells and even to copolymerize other
hydrophobic monomers. For instance, the use of a previously prepared fluorescent MR agent is
recommended to study the effect of chain extension on the fluorescence quenching. Moreover, the
functionalization strategy via click chemistry reaction should be optimized to ensure that the
biorecognition moiety is covalently attached to the nanostructure allowing the preparation of specific

and reproducible systems.

Despite of the difficulties encountered, the grafting from strategy via RAFT mediated emulsion
polymerization proved to be the most promising to prepare multifunctional shell@core
nanostructures. The ensuing nanostructures will have the properties of the stable core (e.g. different
sizes and morphologies of Au NPs should be explored) and the polymer shell prepared via RAFT
polymerization can be tailored and designed providing several functionalities, such as the
incorporation of functional monomers at specific lengths from the core and/or the use of monomers
that are responsive to pH or temperature. Hence this strategy opens the possibility to design a panoply

of novel nanostructures aiming at specific applications.
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6.1. Chemicals

Chemicals used in Chapter 2

Hydrogen tetrachloroaurate (Il1) trihydrate, 99.9+% (HAuUCIl4.3H,0), sodium citrate tribasic
dehydrate, > 99% (Na3sCeHs07.2H,0), biotin, > 99%, avidin from egg white > 98%, fluorescein
isothiocyanate isomer | (FITC, suitable for protein labeling, >90% (HPLC)), N-(3-
dimethylaminopropyl)-N’-ethyl-carbodiimide (EDC), poly(allylamine hydrochloride) MW 15,000
(PAH) and poly(styrenesulfonic acid sodium salt) MW 17,000 (PSS) were purchased from Sigma-
Aldrich. Potassium hydroxide (pellets) was purchased from LabChem. Dimethyl sulfoxide (DMSO),
>99.7%, was purchased from SdS Carlo Erba. Ultrapure water purified using a Station 8000/Station
9000 purification unit was used throughout Chapter 2

Chemical used in Chapter 3 and Chapter 4

Poly(ethylene glycol) methyl ether acrylate (PEGA, Mn = 480 g/mol, Sigma-Aldrich), acrylic acid
(AA, 99%, Fluka), 2-aminoethyl methacrylate hydrochloride (AEM, contains ~500 ppm
phenothiazine as stabilizer, 90%, Sigma-Aldrich) RAFT agent 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (TTC-A, 98%, HPLC, Sigma-Aldrich), initiator 4,4'-azobis(4-cyanovaleric
acid) (ACPA, >98% Fluka), hydrogen tetrachloroaurate (IIT) trihydrate (HAuCl4.3H20, 99.9+%,
Sigma-Aldrich), sodium citrate tribasic dehydrate (NasCsHs07.2H20, Sigma-Aldrich) and 1,3,5-
trioxane (99.5+%, Acros) were used as received. Monomers n-butyl acrylate (BA, 99%, Acros) and
methyl methacrylate (MMA, 99%, Acros) were passed through a column of neutral aluminum oxide
(Carlo Erba, particle size 63-200 um) prior to use to remove the inhibitor. Ethanol, diethyl ether, 1,4-
dioxane BDH Prolabo, VWR. Dimethyl sulfoxide-d6 ((CDs).SO, Merck) was used to dissolve the
macroRAFT agent for *H-NMR. Ultrapure water was obtained from a MilliQ water purification
system (Millipore, Billerica, MA) was used throughout Chapter 3 and Chapter 4

6.2. Instrumentation

The UV/VIS spectra of the colloids were recorded using quartz cells and a Jasco V-560 UV/VIS
spectrometer or a UV/Visible GBC Cintra-303, using water as the reference. The fluorescence
spectra of the colloids were recorded using quartz cells, a FluoroMax-3 Horiba Jobin Yvon
spectrometer and a Jasco Spectrofluorometer FP-8300 were used in Chapter 2 and Chapter 4,
respectively. Transmission electron microscopy (TEM) images were obtained using a Hitachi H-
9000 microscope operated at 300 kV. Scanning Electron Microscopy (SEM) and SEM in

transmission mode images were obtained using a Hitachi SU-70 operating at an accelerating voltage
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of 15 or 30 kV. Scanning transmission electron microscopy (STEM) images, with transmission,
secondary electron and Z contrast detection, were obtained using a Hitachi HD2700C (dedicated
STEM instrument) operating at 200 kV. The samples were prepared by placing a drop of diluted
colloidal solutions on a copper grid coated with an amorphous carbon film and left to evaporate. The
zeta potential and dynamic light scattering (DLS) measurements were carried out using a ZetaSizer
Nano ZS Model Zen 3500 from Malvern. In Chapter 2, for DLS measurements, one drop of the
colloidal solution was diluted in circa 1 mL of water and for zeta potential measurements, the colloids
were analysed as prepared (the pH of the colloids varied between 5.5 and 6.5, room temperature). In
Chapter 3 and Chapter 4, for DLS and zeta potential measurements, the gold colloids were analysed
as prepared and the latex were diluted circa 10-fold. Centrifugation was performed in a Force 1618
Microcentrifuge at room temperature. *H-NMR spectra were recorded on a Bruker Avance 300
spectrometer by diluting or dissolving the sample in the adequate deuterated solvent. GPC-SEC
analysis were performed on a PL-110 GPC instrument equipped with a two PLMIXED 300x7.5 mm
column and a refractive index (RI) detector. The columns, injector system and the detector were
maintained at 50°C during the analysis. Before sample analysis, the methylation of the carboxyl
groups from the copolymers were performed using diazomethane (6.5.2). The methylated
copolymers (5 mg) were dissolved in 0.4 mL of THF (CHROMASOLV® Plus, for HPLC > 99.9%,
Aldrich) and 20 L of toluene was added as internal standard. 100 pL of copolymer solutions were
pumped at a flow rate of 0.9 mL/min. The columns were calibrated with with PS standards (Polymer
Laboratories, UK) in a range of MW = 1700 - 66 000. Langmuir monolayers were prepared using a
NIMA 611 Langmuir-Blodgett trough and the copolymer solutions were spread at the air/water

interface using a microsyringe (Hamilton,100 pL).

6.3. Experimental of chapter 2

6.3.1. Synthesis of Au NPs via citrate method

10 mL of sodium citrate solution (38.8 mM) were added to 100 mL of HAuCl4.3H,0 solution (1mM)
previously brought to 90 °C and under vigorous stirring. After 1h, heating was switched off and
stirring was kept overnight. The concentration of the gold nanoparticle stock solution obtained was
estimated according to the method published by Decher et al. [192] to be around 12 nmol/L in
particles. This solution was centrifuged in 1.5 mL Eppendorfs for 1.5 h at 14 000 rpm (15 996g9)
before use. The supernatant was removed from each tube and replaced by ultrapure water using a

volume twice that of the initial.
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6.3.2. Modification of poly(allylamine hydrochloride) with fluorescein

In order to prepare the poly(allylamine hydrochloride) polyelectrolyte modified with fluorescein
(PAHF), PAH (208.6 mg) was dissolved in 20 mL of water and aqueous KOH solution (3M) was
added dropwise to the stirred solution until pH 9.4. Next, fluorescein isothiocyanate (8.4 mg) was
added, and the solution was stirred overnight under exclusion of light. Under the same conditions,
the mixture was dialysed (Spectra/Por® Dialysis Membrane MWCO 6-8 kDa from
SpectrumLabs.com) using DMSO in water (~0.1 %V/V) to remove unreacted fluorophore. During

this process, the dialysate was monitored by optical spectroscopy.

6.3.3. Modification of PAH and PAHF with biotin

Biotinylated PAH (PAHB) and PAHF (PAHFB) polyelectrolytes were prepared by adding 2 mL of
biotin solution (Img/mL) and 2 mL of EDC solution (2mg/mL) to 20 mL of a PAH solution (5
mg/mL, pH=5.5) or PAHF (~5 mg/mL, pH=5.5). The solutions were mixed and stirred for 1h at room

temperature. These solutions were not dialyzed and were used to modify Au NPs.

6.3.4. Preparation of Au/PE hybrid nanostructures

AU/PE hybrid nanostructures with a distinct number of layers (n = 0 or 2) have been prepared:
AUoPAH (with a single PE layer) and Au,PAH (with one intermediary bi-layer of PAH/PSS and a
third outermost layer of PE), as illustrated in Scheme 2.1.

Typically, 60 mL of the Au NPs colloid was added dropwise, under vigorous stirring, to 60 mL of a
solution of PAH (5mg/mL) and stirred for 2h, at room temperature. The mixture was centrifuged for
60 minutes at 14 000 rpm (15 9964). The supernatant was removed and the precipitate re-dispersed
in water. This step was repeated once again and the re-dispersed volume after the second
centrifugation was adjusted in order to obtain a final volume of 60 mL to yield a NPs colloid
designated as AugPAH. Then, these NPs were added dropwise, under vigorous stirring, to 60 mL of
a solution of PSS (6.25mg/mL) and stirred for 2h at room temperature. The mixture was centrifuged
for 60 minutes at 14 000 rpm (15 996g). The supernatant was removed and the precipitate re-
dispersed in water. This centrifugation process was repeated once again and the re-dispersed volume
after this second centrifugation was adjusted in order to obtain a final volume of 60 mL. At the end
of this second surface modification, the hybrid nanostructures Au/PAH/PSS named as Auz NPs have
been obtained (Scheme 2.1-B). Finally the outermost layer (Scheme 2.1-C) was deposited following

the same procedure and using two biotinylation strategies.
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Biotinylation - strategy 1

The biotinylation of the surface modified Au NPs was first explored following a procedure similar
to the preparation of Auo and Auz NPs. The biotinylated polyelectrolytes - PAHB or PAHFB have
been used in this strategy using 10 mL of colloid. The scheme illustrating this surface modification
is shown in Scheme 2.1-C.

A posteriori biotinylation - strategy 2

A second strategy for the biotinylation of the Au NPs was also investigated following the path also
illustrated in Scheme 2.1-C. In this procedure, 1 mL of biotin (Lmg/mL) and 1 mL of EDC (2 mg/mL)
were added to the colloids Au,PAH or Au,PAHF (10 mL). The mixtures were stirred for 1 hour and
then centrifuged (60 min, 14 000 rpm - 15 996¢) to remove the unreacted biotin. The supernatant
was removed and replaced by water (final volume = 10 mL). The resulting nanostructures were
named Au,PAH+B and Au,PAHF+B, respectively. The “+” means that biotinylation was carried out

a posteriori, thus yielding samples distinct from those obtained in strategy 1.

6.3.5. Optical response of Au/PE assemblies to avidin

In order to evaluate the potential use of the biotinylated hybrid Au/PE nanostructures in optical
biosensing, the optical behaviour of the respective colloids was studied in the presence of avidin. In
this case, the samples Au,PAH and Au,PAHF were used as blanks regarding the response to avidin.
100 pL of an avidin solution (0.4 mg/mL) was added to 1 mL of the colloidal solution diluted
twofold. One week later, optical measurements have also been performed in order to evaluate the
stability of the colloids. Parallel to this, as it was thought that the amount of avidin added could be
too small to trigger a specific response, the theoretical quantity of avidin to interact with all the biotin
in the system was added to each colloid. The spectra were recorded immediately upon addition of
the avidin and 2 h later. For adequate evaluation of the optical response of the colloids in the presence

of avidin, data were compiled as described below.

The original colloidal Au NPs presented a LSPR band at around 525 nm. The intensity of this band
decreased and light absorption between 600-750 nm became noticeable due to particle aggregation.
In a first approximation, by assuming that these differences in terms of band intensity are mainly due
to an aggregation process and by not taking into account band broadening, we have defined a semi-

quantitative parameter indicative of aggregation extension due to the presence of avidin:

Apspr(colloid+avidin)—Agso(colloid+avidin)
ALSPR (CO]]Old) _A650 (COllOld)

AA(avidin/colloid) = (equation 5)
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Where Aispr(colloid+avidin): absorbance at the LSPR wavelength for a colloid in the presence of
avidin, Asso(colloid+avidin): absorbance at 650 nm for a colloid in the presence of avidin,
Acser(colloid): absorbance at the LSPR wavelength for the initial colloid and Aeso(colloid):
absorbance at 650 nm for the initial colloid.

For the FITC functionalized Au colloids, attempts have been made to correlate fluorescence
measurements with aggregation effects due to the presence of avidin. Hence, the ratio between the
fluorescence intensity (at 517 nm) of the Au colloid in the presence of avidin and that of the initial
Au colloid: Is;7(avidin)/Isiz(colloid), was calculated for the experimental conditions indicated in the

graphs.

6.4. Experimental of chapter 3

6.4.1. Synthesis of macroRAFT agents

The macroRAFT agents were synthesized in one-step solution polymerization. First, the RAFT agent
TTC-A was dissolved in the appropriate solvent, then the chosen monomer was added followed by
the initiator (ACPA) and 1,3,5-trioxane. The last one was used as internal standard for determination
of monomer conversion by *H-NMR. It was used a ratio [trioxane]/[monomer]=6. The mixture was
purged with nitrogen for 30 minutes in an ice bath under stirring. The reaction was carried out at 70
°C or 80°C for 4 hours. See Table 6.1 for experimental conditions. The final product was purified by
precipitation in cold diethyl ether (3 times) and then dried under reduced pressure at room
temperature. Aliquots were withdrawn and analyzed by *H-NMR for determination of monomer

conversion.

Table 6.1. Experimental conditions for the synthesis of the macroRAFT agents.

Sample name PEGATTC PAATTC
macroRAFT agent P(PEGA4)-TTC P(AA4)-TTC
Monomer PEGA AA
[TTC-A] (mol/L solvent) 0.086 0.077
[Monomer]
[TTC-A] 44 44
[TTC-A]
[ACPA] 15 10
Solvent ethanol dioxane
Time (hours) 4 4
Temperature (°C) 70°C 80°C
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6.4.2. Synthesis of copolymers via RAFT emulsion polymerization based on the MR agents

The diblock copolymers were prepared by RAFT emulsion polymerization. The macroRAFT agent
was dispersed in water and pH adjusted to 7.5 with a solution of NaOH (0.5 M). Initiator ACPA
solution (3.2 mM) was prepared in water adding two drops of NaOH 1M to help dissolution. A
solution of initiator (2.8 mL, 3.2 mM) and 1.54 mL of monomer mixture of MMA:BA (10:1 w/w)
were added to the system. After deoxygenation by bubbling with nitrogen for 30 min in an ice bath
under stirring, the sealed vessel containing the reaction mixture was immersed in an oil bath at 70°C
during four hours. Samples were periodically withdrawn to monitor the monomer conversion by
gravimetric analyses and the evolution of the average particle diameter by DLS measurements. See

Table 6.2 for experimental conditions.

Table 6.2. Experimental conditions for the synthesis of the block copolymers.

Sample name COpPEGATTC COPAATTC
copolymer P(PEGA0)-b-(MMA-co-BA)140-TTC  P(AAu0)- b-(MMA-c0-BA)160-TTC
macroRAFT P(PEGAL)-TTC P(AAy)-TTC
[MR] (mM) 8.2 8.1
[MMA: BA|
[MR] 148 144
[MR]
[ACPA] 9 8
solvent H.O H-O
Time (hours) 4 4
Temperature (°C) 70°C 70°C

6.4.3. Synthesis of Au NPs via citrate method

Au-Cit NPs used in this chapter were prepared following the same procedure as in the Chapter 3. 10
mL of sodium citrate solution (38.8 mM) were added to 100 mL of HAuCl4+.3H20 solution (1mM)
previously brought to 90 °C and under vigorous stirring. After 1h, heating was switched off and
stirring was kept overnight. Prior to use, the colloidal solution was centrifuged for 30 minutes at
15600g. The supernatant was removed and replaced by the same volume with ultrapure water. Au
NPs with a diameter of circa 15 nm were obtained and the concentration (mol NPs/L) was calculated

by UV-Vis spectroscopy [221].
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6.4.4. Synthesis of Au nanocomposites via post-modification strategy

Previously prepared Au-cit NPs (3 mL) were added dropwise to a diluted solution of copolymer (60
pL of latex was dispersed in 2.4 mL of water) and the mixture was stirred for 2h, at room temperature.
After that, it was centrifuged (30 min, 15 600g) and redispersed in the same volume with ultra-pure
water. For comparison, a same dilution of latex was also centrifuged and redispersed in the same
conditions as the Au nanocomposite. P(PEGA40)-b-(MMA-co-BA)X-TTC and P(AA4)-b-(MMA-
co-BA)x-TTC were used in this strategy.

6.4.5. Synthesis of Au nanocomposites via in situ generation of Au NPs in previously prepared

copolymers

Generally, 250 pL of HAuCl, (0.01 M) were added to a diluted solution of copolymer (50 pL of latex
was dispersed in 4.7 mL of water). After 20 min stirring, a shot of a freshly prepared NaBH. (25 L,
0.1 M) was added and the mixture stirred overnight. After that, the colloid was centrifuged (30 min,
15 600g) and redispersed in the same volume with ultra-pure water. P(PEGA4)-b-(MMA-c0-BA)140-
TTC and P(AA4)-b-(MMA-co-BA)16-TTC were used in this strategy. For comparison, a same
dilution of latex was also centrifuged and redispersed in the same conditions as the Au
nanocomposite. The same procedure was employed with various concentrations of HAuCls and
copolymer and also other pH values, to evaluate the influence of these parameter as indicate in 3.4.2.,
see Table 6.3 and Table 6.4.

Table 6.3. Experimental conditions for the generation of Au NPs in the presence of P(PEGA4)-b-(MMA-
€0-BA)140-TTC.

[HAuCl,] Latex HAuCI* H NaBH,* Final Volume
[copPEGATTC] (uL) (uL) P (uL) (mL)
2.4 50 100 4 10 5.0
4.8 25 100 4 10 50
6.0 50 250 4 25 5.0
6.0 50 250 8 25 50

*HAuCI4 0.01 M and NaBH4 0.1 M were used in all the experiments.

163



CHAPTER 6

Table 6.4. Experimental conditions for the generation of Au NPs in the presence of P(AAa)-b-(MMA-
c0-BA)160-TTC.

[HAuCl,] Latex HAuCI* 4 NaBH4* Final Volume
TcopAATTC] (uL) (uL) P (uL) (mL)
30.0 10 250 4 25 5.0
12.0 25 250 4 25 5.0
6.0 50 250 4 25 5.0
4.0 75 250 4 25 5.0
6.0 50 250 8 25 5.0
6.0 50 250 6 25 5.0

* HAuCI4 0.01 M and NaBH4 0.1 M were used in all the experiments.

6.4.6. Determination of CMC

A set of solutions with concentrations between 1.8x10° mM and 1 mM were prepared for each MR
agent, P(PEGA4)-TTC, P(AA)-TTC and P(AAz-co-PEGA)-TTC. Conductivity and DLS
measurements were performed for MR agent solutions in ultra-pure water as prepared and also for
MR agent solutions whose pH was raised to 7.5-8.0 using NaOH (1M or 0.1M).

6.4.7. Synthesis of Au nanocomposites following a grafting from strategy via in situ generation
of Au NPs in previously prepared macroRAFT agents

Generally, 300 pL of HAuUCI, (0.01 M) were added to a diluted solution of MR agent and stirred
about 20 minutes before adding a shot of a freshly prepared NaBH,4 (300 L, 0.01 M) and the mixture
stirred overnight. In some cases the pH of the mixture HAuCl,s with MR was increased to pH=7,
using NaOH 0.1M and 0.01M. This procedure was employed for various concentrations of MR,
without adjusting the pH (c.a. pH=3) and at pH 7 to evaluate the influence of these parameters in the
generation of Au NPs. The MR agents used were P(AA4)-TTC (see Table 6.5) , P(PEGA4)-TTC
(see Table 6.6) and , P(AA2-C0-PEGA)-TTC (see Table 6.7).

Table 6.5. Experimental conditions for the generation of Au NPs in the presence of P(AA40)-TTC.

[HAuCl4] VMR(a) [M R] VHAuCI4 [HAUC|4] pH VNaBH4 NaBH4 VIZ:E?]B
[MR] (mL) (mM) (mL) (mM) (mL) (mM) (mL)
5.9 1.500 0.051 0.300 0.30 3.1 0.300 0.30 10.0
5.9 1.500 0.051 0.300 0.30 7.0 0.300 0.30 10.0
13.7 0.750 0.026 0.300 0.35 7.1 0.300 0.35 8.5
6.9 1.500 0.051 0.300 0.35 7.3 0.300 0.35 8.5
3.4 3.000 0.100 0.300 0.34 7.1 0.300 0.34 8.7

@ stock concentration of P(AA40)-TTC 0.34 mM.
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Table 6.6. Experimental conditions for the generation of Au NPs in the presence of P(PEGA)-TTC.

[HAuCl,] | Vur®  [MR]  Vhawci [HAUCI4] by Vaesws  NaBHq V';'Iﬂfr']e

TR | (ML) () b @M PT oL vy O
13.9 0.750  0.022  0.300 0.30 3.0 0300  0.30 10.0
6.9 1500  0.043  0.300 0.30 29 0300 0.30 10.0
13.9 0.375  0.022  0.150 0.30 73 0150  0.30 5.0
6.9 0.750  0.043  0.150 0.30 81 0150  0.30 5.0

@ stock concentration of P(PEGA40)-TTC 0.29 mM.

Table 6.7. Experimental conditions for the generation of Au NPs in the presence of P(AAzo-co-PEGA20)-
TTC.

[HAUCL] | Vir®  [MR]  Viace [HAUCL] . Viaews NaBH, v?lﬂ?r:e

TMR] | (L) () b @M PT oL vy O
13.8 0375 0022  0.150 030 30 0150  0.30 5.0
6.9 0.750  0.043  0.150 030 30 0150  0.30 5.0
13.8 0375 0022  0.150 030 74 0150  0.30 5.0
6.9 0750  0.043  0.150 030 74 0150  0.30 5.0

@ stock concentration of P(AA20-c0-PEGA20)-TTC 0.29 mM.
For the systematic study of the effect of the molar ratio of gold precursor to P(PEGA4)-TTC

concentration at pH~3 a methodology as described above as followed using the experimental

conditions summarized in Table 6.8.

Table 6.8. Experimental conditions for the generation of Au NPs in the presence of P(PEGA4)-TTC.

[HAuUCL,] | Vue® [MR]  Vhauwci [HAUCIY] H VnNasha  NaBH, VIZIIE?TI]e

TR [ My @M by ) PT my) ) T
18.5 0.560 0.011 0.300 0.20 3.7 0.300 0.20 15.00
9.2 1.125 0.022 0.300 0.20 3.3 0.300 0.20 15.00
6.1 1.700 0.033 0.300 0.20 34 0.300 0.20 15.00
4.6 2.250 0.043 0.300 0.20 34 0.300 0.20 15.00
3.7 2.800 0.054 0.300 0.20 3.3 0.300 0.20 15.00
14 7.440 0.143 0.300 0.20 3.2 0.300 0.20 15.00

@ stock concentration of P(PEGA40)-TTC 0.29 mM.
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Copolymerization of MMA:BA from MR@Au NPs via RAFT emulsion polymerization

The growth of the hydrophobic block was carried out in emulsion for the colloids prepared using the
[HAuCIl,)/[[MR] ratios 9.2, 6.1 and 3.7.The pH of colloids was adjusted using NaOH (0.1 or 0.01
M). ImL of a solution of initiator ACPA and 5pL of the mixture of hydrophobic monomers
MMA:BA (10:1 w/w) were added to the reaction vessel containing the colloid. The mixture was
purged with nitrogen for 30 minutes in an ice bath under stirring. The polymerization was carried out
at 70 °C during 4hours. Experimental details are presented in Table 6.9.

Table 6.9. Experimental condition for the copolymerization of MMA:BA (10:1 w/w) from MR@AuU NPs.

[HAuCL,]
—_— 9.2 6.1 3.7
[MR]

Vcolloid (mL) 5.0 4.4 5.0
pH 7.7 73 7.9

MR moles® 1.1E-07 1.4E-07 2.7E-07
Conc. ACPA (mM)® 0.01 0.02 0.03
Vacea (ML) 1.0 1.0 1.0
VMonomer (HL) 5.0 5.0 5.0

@ moles of MR used for the generation of Au NPs. ® Concentration of initiator in the volume added to the reaction vessel.

6.4.8. Synthesis of Au nanocomposites following a grafting from strategy via macroRAFT
adsorption onto previously prepared Au NPs

Preparation of the MR@Au NPs below CMC

A solution of MR agent (18 mL) below the CMC was prepared and the pH increased to 7-8 using
NaOH (0.1M and 0.01M). This solution was added dropwise under stirring, to a dispersion of Au
NPs (2 mL, 6.0x10° mol NPs/L) and stirred overnight, at room temperature. The mixture was
centrifuged 30 min at 15600g, the supernatant was collected and the precipitate was redispersed with
ultra-pure water, see Table 6.10 . In the case of P(PEGA4)-TTC and P(AA2-c0-PEGA,2)-TTC the
precipitate was redispersed in half of the volume, and for P(AA4)-TTC the precipitate was

redispersed in the same volume.

Preparation of the MR@Au NPs above CMC

A solution of MR agent above the CMC was prepared and the pH increased to 7-8 using NaOH
(0.1M and 0.01M). This solution was added dropwise, under stirring, to a dispersion of Au NPs and
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stirred overnight, at room temperature. Au NPs dispersion was diluted from a stock solution: in the
case of P(PEGAu4)-TTC and P(AA2-c0-PEGA2)-TTC, 1mL of Au NPs (6.0x10° mol NPs/L) was
diluted with 2 mL of ultra-pure water; in the case of P(AA4)-TTC, 2 mL of Au NPs (5.0x10° mol
NPs/L) were diluted with 2 mL of ultra-pure water. The mixture was centrifuged 30 min at 15600g,
the supernatant was collected and the precipitate redispersed, in the same volume, with ultra-pure
water. See Table 6.10.

Table 6.10. Experimental conditions the preparation of gf-MR/Au NPs colloids, below and above CMC.

colloid \&S C(“rﬁMg)t V(Mrﬁ 5 pH VA‘E;‘;; F’L“)"“(a)
gf-PEGATTC@AuU <CMC 2.0 6.3E-02 18.0 7.6 20.0
NPs >CMC 1.0 4.0 1.6 8.0 4.6
<CMC 2.0 5.5E-02 18.0 7.0 20.0
g-AATTC@AUNPS i 20 0.68 15.7 7.6 19.7
gf-AAPEGATTC@Au <CMC 2.0 7.6E-02 18.0 7.2 20.0
NPs >CMC 1.0 2.8 1.51 7.1 5.1

Copolymerization of MMA:BA from gf-PEGATTC@Au NPs via RAFT emulsion polymerization

by one-shot addition of the monomers mixture

The growth of the hydrophobic block was carried out in emulsion. The pH of freshly prepared
PEGATTC@Au NPs (4 mL) was adjusted to 9 using NaOH (0.1 or 0.01 M). The solution of initiator
ACPA (0.2 mL, 3.2 mM) and 110 pL of MMA:BA (10:1 w/w) were added the reaction vessel
containing the colloid. The mixture was purged with nitrogen for 30 minutes in an ice bath under
stirring and the polymerization started by placing the reaction vessel at 70 °C. After 4h the reaction
vessel was placed in an ice bath in contact with oxygen to stop the polymerization. The resulting
colloids was centrifuged 30 min at 15600qg, the supernatant was collected and the precipitate

redispersed, in the same volume, with ultra-pure water.

Copolymerization of MMA:BA from MR@Au NPs via RAFT emulsion polymerization by

controlled addition of the monomers mixture

The pH of freshly prepared MR@Au NPs was adjusted using NaOH (0.1 or 0.01 M) and the solution
of initiator ACPA was added the reaction vessel containing the colloid. The mixture was purged with

nitrogen for 30 minutes in an ice bath under stirring and the polymerization started by placing the
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reaction vessel at 70 °C. The mixture of monomers (10 MMA : 1 BA w/w) was added in a control
way: in the case of gf-PEGATTC@Au NPs and gi-AAPEGATTC@Au NPs, below CMC, 5 pL of
the mixture of monomers was added before the copolymerization started and then 5 pL were added
each hour during 2 hours; in the case of gf-PEGATTC@Au NPs and gi-AAPEGATTC@Au NPs
above CMC, 10 pL of the mixture of monomer was added before the copolymerization started and
then 20 pL were added each hour during 4 hours; concerning gi-AATTC@Au NPs, 5 pL of the
mixture of monomers was added before the copolymerization started and for the colloid prepared
using MR concentration above CMC, more 10 puL were added each hour during 3 hours. Afterwards
the copolymerization continued for two more hours and then the reaction vessel was placed in an ice
bath in contact with oxygen to stop the polymerization. Experimental details are presented in Table
6.11. The resulting colloids were centrifuged 30 min at 15600g, the supernatant was collected and

the precipitate redispersed, in the same volume, with ultra-pure water.

Table 6.11. Experimental conditions for the copolymerization of MMA:BA (10:1 w/w) from MR@Au
NPs.

MR used <CMC >CMC
Veolloid (m L) 8.0 4.0
pH 8.0 8.8
MR moles® 1.0E-06 5.6E-06
PEGATTC Conc. ACPA (mM)® 0.124 3.2
Vacpa (ML) 1.0 0.2
Vmonomer (ML) 20 110
Vealloid (ML) 18.0 18.0
pH 7.1 8.2
AATTC MR moles® 8.9E-07 9.6E-06
Conc. ACPA (mM)® 0.66 0.028
Vacpa (ML) 2.0 2.0
V Monomer (ML) 5 50
Veolloid (m L) 9.0 4.3
pH 8.8 7.4
AAPEGATTC MR moles® 1.2E-06 3.6E-06
Conc. ACPA (mM)® 0.124 3.2
Vacpa (ML) 1.0 0.2
V Monomer (ML) 20 110

@ moles of MR used for the adsorption. ® Concentration of initiator in the volume added to the reaction mixture.
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6.5. Experimental of chapter 4

6.5.1. Synthesis of the macroRAFT agent containing the azide function: P(azAA2-b-PEGA)-
TTC (N3-MR agent)

Synthesis of the macroRAFT agent P(AA2-b-PEGA4)-TTC

The macroRAFT agent was synthesized in one-step solution polymerization. First, the RAFT agent
TTC-A (0.1836 g) was dissolved in ethanol (10 mL), then 0.068mL of AA was added followed by
the initiator ACPA (0.0145 g) and 1,3,5-trioxane (0.3050 g). The latter was used as internal standard
for the determination of monomer conversion by *H-NMR. Using a ratio [trioxane]/[monomer]=6.
The mixture was purged with nitrogen for 30 minutes in an ice bath under stirring. The reaction was
carried out at 70 °C for 3 hours. Then 9.25 mL of PEGA was added and the polymerization continued
for 4 more hours. The final product was purified by precipitation in cold diethyl ether (3 times) and
then dried under reduced pressure at room temperature. Aliquots were withdrawn and analyzed by

'H-NMR for determination of monomer conversion. See Table 6.12 for experimental conditions.

Table 6.12. Experimental conditions for the synthesis of the P(AA2-b-PEGA4)-TTC

AA PEGA
[TTC-A] (mol/L solvent) 0.050
[TTC-A]
[ACPA] 9.7
[Monomer]
[TTC-A] 2 al
Time (hours) 3 4
solvent ethanol
Temperature (°C) 70°C

Functionalization of P(AA2-b-PEGA4)-TTC with an azide group

The previously prepared P(AA2-b-PEGA4)-TTC (1.5 g) was dissolved in dichloromethane (15 mL)
and then 0.020 g of EDC and 0.003 g of DMAP were added in ice bath under stirring. 0.0153 mL of
3-azido-1-propanol was added and the reaction was carried out for 2 hours and after this period of
time it was allowed to thaw room temperature and was stirred for 2 days. The azide-functionalized
MR agent (N3-MR agent) was purified by dialyses (Spectra/Por® Dialysis Membrane MWCO 6-8

kDa from SpectrumLabs.com) using dichloromethane, during one day.
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6.5.2. Synthesis of the copolymers via RAFT emulsion polymerization using VA-044 as initiator

Synthesis of the copolymers via RAFT emulsion polymerization using P(PEGA4)-TTC

P(PEGA4)-b-(MMA-co-BA),-TTC copolymers were prepared by RAFT emulsion polymerization,
following the procedure described above (6.4.2.) but using VA-044 as initiator and varying pH, [MR
agent]/[initiator] ratio and polymerization time. Table 6.13 summarizes the experimental conditions
used for the preparation of each block copolymer.

Table 6.13. Experimental conditions for the copolymerization of MMA:BA (10:1 w/w) from P(PEGA0)-
TTC using VA-044 as initiator.

MR agent used P(PEGA4)-TTC
[macroRAFT] (mM) 8.5 8.8 8.2 8.2 8.4
[MMA: BA] /[m acrorAFT]| 168 163 172 171 170
[macroRAFT)] /[VA _ 044 9 10 9 5 9
pH 8 6 8 8 8
Time (hours) 4 7 22 23 53
Temperature (°C) 70°C 44°C 44°C 44°C 44°C

Synthesis of the copolymers via RAFT emulsion polymerization using P(AA2-b-PEGA4)-TTC

P(AA2-b-PEGA4)-b-(MMA-co-BA),-TTC copolymers were prepared by RAFT emulsion
polymerization, following the procedure described above (6.4.2.) but using ACPA or VA-044 as
initiators at 70°C and 44°C, respectively. Table 6.14 summarizes the experimental conditions used

for the preparation of each block copolymer.
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Table 6.14. Experimental conditions for the copolymerization of MMA:BA (10:1 w/w) from P(AAz-b-
PEGAu)-TTC using ACPA or VA-044 as initiators.

MR agent used P(AA;-b-PEGA4)-TTC
[macroRAFT] (mM) 8.2 8.2
[MMA: BA] /
[macroRAFT] 175 174
[macroRAFT] / 9 9
[initiator]
initiator ACPA VA-044
pH 8 8
Time (hours) 4 24
Temperature (°C) 70°C 44°C

Preparation of copolymer sample for GPC-SEC analysis: Methylation process

The methylation of the carboxyl groups from the copolymers was performed using diazomethane,
note that care should be taken since this reaction is highly explosive. Three reaction vessels with N
inlet and outlet were used and circa of 20 mL of diethyl ether were added to each vessel. In a fourth
vessel, an aqueous solution of acetic acid (50%) was used to neutralize the unused diazomethane. In
the first vessel 2 g of diazomethane precursor (Diazald® 99%, Aldrich) was dissolved in the diethyl
ether and a KOH solution in ethanol (0.5g/10 mL) was added. The diazomethane generated was
allowed to pass through the entire system by the N2 flow. The third vessel was used as control and
1mL of the diazomethane of the second vessel was used for the methylation of the copolymers (5
mg). After ~3h the diethyl ether was evaporated under nitrogen flow and the samples were dissolved
in 0.4 mL of THF for GPC-SEC analyses.

6.5.3. Preparation of Au nanocomposites following a grafting from strategy via macroRAFT

adsorption onto previously prepared Au NPs (at 44°C)

Preparation of copolymer@Au NPs (without azide function)

Copolymer@Au NPs were prepared using P(PEGA4)-TTC and the adsorption step was performed
using a concentration below the CMC. To prepare the MR@AuU NPs, a solution of MR agent (20 mL,
0.05 mM) was prepared and the pH increased to 7-8 using NaOH (0.1M and 0.01M). This solution
was added dropwise under stirring, to a dispersion of Au NPs (2 mL, 6.0x10"° mol NPs/L) and stirred

overnight, at room temperature. The mixture was centrifuged 30 min at 15600g, the supernatant was
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collected and the precipitate redispersed in 10 mL with ultra-pure water. In the second step, the
growth of the hydrophobic block in emulsion, the pH of the freshly prepared MR@AuU NPs (9mL)
was adjusted to pH=8 using NaOH (0.1 or 0.01 M). Then a solution of initiator VA-044 (1mL, 0.25
mM) and 5 pL of the mixture of hydrophobic monomers MMA:BA (10:1 w/w) were added to the
reaction vessel containing the colloid. The mixture was purged with nitrogen for 30 minutes in an
ice bath under stirring. The polymerization started by placing the reaction vessel at 44°C. 20 pL more
of MMA:BA (10:1 w/w) was added in the first 5 hours (5L, each hour, added using a microsyringe)
and the polymerization continued until a total of 24 hours. The polymerization was stopped by
placing the relation vessel in an ice bath in contact with oxygen. The resulting colloid was centrifuged
30 min at 15600g, the supernatant was collected and the precipitate redispersed, in the same volume,

with ultra-pure water.

Preparation of N3-copolymer@Au NPs

N3-copolymer@Au NPs were prepared using a mixture of P(PEGA40)-TTC with MR agent modified
with the azide group (2 MR : 1 N3-MR), and the adsorption step was performed using a concentration
below the CMC. To prepare the N3-MR@AuU NPs, a solution of N3-MR agent (0.05 mM) and a
solution of MR agent (0.05 mM) were prepared and the pH increased to 7-8 using NaOH (0.1M and
0.01M). First, 6.7 mL of N3-MR agent solution was added dropwise to a dispersion of Au NPs (2
mL, 6.0x10° mol NPs/L) and stirred during 2hours. Then, 13.3 mL of MR agent solution was also
added dropwise and the mixture stirred overnight, at room temperature. The mixture was centrifuged
30 min at 15600g, the supernatant was collected and the precipitate redispersed in 10 mL with ultra-
pure water. In the second step, the growth of the hydrophobic block in emulsion, the procedure
described above for the preparation of copolymer@Au NPs was followed.

6.5.4. Functionalization of biotin with an alkyne group

Biotin was functionalized with an alkyne group following the work of Matyjaszewski et al [209].
The DMF used in this synthesis was dried using molecular sieves and purged with nitrogen. 0.7 g of
biotin, 1.1 g of EDC and 0.035 g of DMAP were added to a 100 mL round bottom flask. The contents
were vacuum dried and 49 mL of DMF was added. The flask was placed in an ice bath. 0.4 g of 3-
butyn-1-ol was dissolved in 4.7 mL of DMF. This solution was added slowly to the reaction vessel
using a syringe pump over a period of 2h. The mixture was allowed to thaw room temperature and
was stirred under nitrogen for 2 days. After this period of time, the DMF was removed using a rotary

evaporator, and the contents were dissolved into 80 mL of dichloromethane. This solution was
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washed once with 50 mL of an aqueous solution of NaOH (1M) and four times with 50 mL of distilled
water. Dichloromethane was removed using a rotary evaporator. The resulting white-brownish solid
was dissolved in THF, precipitated twice into an excess of hexane and the precipitate was filtered
under reduced pressure. The alkylated biotin was dissolved in DMSO-ds and characterized by ‘H-
NMR (Annex G).

6.5.5. Azide alkyne 1,3-cycloaddition catalyzed by Cu(l) - Click chemistry reaction

250 pL of alkylated biotin (1.67 mM, aqueous solution with 10% of DMSO to a better solubilization
of biotin) was added to 10 mL of N3-copolymer@Au nanostructures, under stirring. Then 42 L of
CuS04.5H;0 (2.5 mM) and 42 pL of sodium ascorbate (5 mM) were added and the mixture was
stirred 24h. The determination of azide moieties in the nanostructure was not possible therefore it
was admitted 8x107 moles (moles of N3-MR agent used in the adsorption), the ratios used were: 1
[azide] : 0.5 [alkyne] : 0.125 [CuSQ4] : 0.25 [sodium ascorbate]. After 24h, the colloidal mixture was
centrifuged 30 min at 15600g, the supernatant was collected and the precipitate redispersed in 10 mL
with ultra-pure water. Regarding the blank nanostructures, this procedure was carried out using biotin
(without alkyne) and copolymer@Au nanostructures (without azide function), which is better

explained in the discussion in the sub-chapter 4.4.

6.5.6. Optical response of copolymer@Au nanostructures to Avidin

A solution of avidin and BSA (0.5mg/mL) was prepared with phosphate saline buffer (PBS, pH 7.4,
10 mM). 10 pL of BSA and avidin solution were added to 350 pL of copolymer@Au NPs or biotin-
copolymer@Au NPs and after 10 min the visible spectra were recorded. As a control of the dilution,
PBS was also added to both types of Au nanostructures.

In order to remove biotin that was adsorbed/trapped in the polymer shell, the copolymer@Au NPs
(without azide moiety) mixed with alkylated biotin, CuSO4 and sodium ascorbate were submitted to

several washing steps by centrifugation (precipitation and redispersion), as shown in Scheme 6.1.
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Scheme 6.1. Washing steps of copolymer@Au NPs mixed with alkylated biotin by centrifugation aiming
non-linked biotin removal.
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6.5.7. Preparation of Langmuir monolayers of copolymers

The surface pressure — area isotherms were performed at room temperature and using a teflon trough
equipped with a Wilhelmy plate balance. Typically a volume of a copolymer solution prepared with
ethanol:chloroform (1:10) solution was spread at the air/water interface and allowed to reach
equilibrium (solvent evaporation) for 15 min before compression. Langmuir monolayers were

prepared compressing the barriers at 15 cm?/min. See Table 6.15 for experimental details.

Table 6.15. Experimental detail to prepare Langmuir monolayers of copolymers derived of P(PEGA40)-
TTC and P(AA2-b-PEGA4)-TTC.

EXperi mental Mn (exp_grav) COFIC Spread | ng
conditions g/mol (mg/mL) volume (uL)
pH=8, 70°C, 4h 31971 17 50

[MR]/[ACPA]=9

pH=8, 70°C, 4h

34457 2.0 50
P(PEGA)-b- [MR]/[VA-044]=9
(MMA-co-BA)-
TTC - 0
pH=8, 44°C, 53h
RVIVA 04410 26187 2.0 200
pH=8, 44°C, 22h 23119 2.0 200

[MR]/[VA-044]=9

P(AAz-b-PEGA4o)-b-(M MA-CO-BA)35-
TTC 34055 2.0 50
pH=8, 70°C, 4h, [MR]/[ACPA]=9

174



Experimental procedures

6.5.8. Preparation of Langmuir monolayers to study copolymer-biotin-avidin interactions

600 pL of a biotin solution (0.4 mg/mL) was added to 34 pL of latex and stirred overnight. The
mixture was dried under an air flow and then dissolved with ethanol:chloroform (1:10) solution. 50
pL of this solution (2 mg/mL of copolymer containing biotin) was spread on the air/water interface
using ultra-pure water or an avidin solution as subphase. The avidin solution for subphase was
prepared by diluting 500 pL of an avidin solution (0.5 mg/mL) in 500 mL of ultra-pure water. Before
barriers compression started, the copolymer-biotin mixture was allowed to reach equilibrium (solvent
evaporation) for 15 min. Langmuir monolayers were prepared compressing the barriers at 15

cm?/min.

The study of copolymer-biotin-avidin interactions performed in collaboration with Oliveira’s group
in Brazil (University of Sdo Paulo in Sdo Carlos) was performed using a KSV-Nima Small KN2001.
10 uL of copolymer solution containing biotin, as described above, were spread on the air/water
interface using an avidin solution (0.5mg/mL) as subphase. Before barriers compression started, the
copolymer-biotin mixture was allowed to reach equilibrium (solvent evaporation) for 15 min plus a
time contact of 20 min, 1h, 2h or 3h. Langmuir monolayers were prepared compressing the barriers

at 10 mm?/min.

6.5.9. Preparation of fluorescent copolymer@Au NPs following a grafting from strategy via
macroRAFT adsorption onto previously prepared Au NPs

Preparation of a fluorescent monomer (FITC-AEM)

The fluorescent monomer (FITC-AEM) was prepared by adapting the procedure of [217]. The
fluorescein isothiocyanate (FITC, 100 mg, 0.26 mmol), 2-aminoethyl methacrylate hydrochloride
(AEM, 128 mg, 0.77 mmol) and trimethylamine (0.105 mL) were stirred in 12.2 mL of dry THF for
2h. HCI (1M) was added and the product was extracted with CH>Cl,. The organic layer was dried
over anhydrous Na,SO, and concentrated under reduced pressure. The product was purified by
preparative thin laver chromatography using as stationary phase silica (with GF-50 as indicator), and
as eluent a mixture of CH;OH: CHCl; (1:9). The final orange product (FITC-AEM) was dissolved
in DMSO-ds and characterized by *H-NMR.

Preparation of fluorescent copolymer@Au NPs — 1% experiment

The fluorescent copolymer@Au NPs were prepared following a similar procedure as described in
6.5.3.. A solution of MR agent P(PEGA4)-TTC (80 mL, 0.05 mM, pH=7.9) was added dropwise

under stirring, to a dispersion of Au NPs (8 mL, 6.0x10° mol NPs/L) and stirred overnight, at room
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temperature. The mixture was centrifuged 30 min at 156009 and the precipitate was redispersed in
half of the volume with ultra-pure water. Regarding the growth of the hydrophobic chain, the pH of
the freshly prepared MR@Au colloid was adjusted to pH= 8 using NaOH (0.1 or 0.01 M). Then a
solution of initiator VA-044 (1mL, 0.5 mM) and 1 mL of aqueous solution of FITC-AEM (0.2
mg/mL) were added to the reaction vessel containing 38 mL of MR@Au NPs. The mixture was
purged with nitrogen for 30 minutes in an ice bath under stirring. The polymerization started by
placing the reaction vessel at 70°C and an aliquot (2 mL) was withdrawn (to). After 2 hours another
aliquot (4 mL, t1) was withdrawn and 64 uL of MMA:BA (10:1 w/w) was added dropwise. The
polymerization continued for further 4 hours at which tome a third aliquot (16 mL, t2) was withdrawn
and 32 pL more of MMA:BA (10:1 w/w) was added dropwise. After 2 more hours, the
polymerization was stopped (ts) by placing the relation vessel in an ice bath in contact with oxygen.
The final colloid and the aliquots were centrifuged twice 30 min at 15600g, the supernatant was

collected and the precipitate redispersed, in the same volume, with ultra-pure water.

Preparation of fluorescent copolymer@Au NPs — 2" experiment

MR@AuU NPs were prepared as described above in the 1% experiment. Then a solution of initiator
VA-044 (1mL, 0.5 mM) and 1 mL of aqueous solution of FITC-AEM (0.2 mg/mL) were added to
the reaction vessel containing 38 mL of MR@Au NPs. The mixture was purged with nitrogen for 30
minutes in an ice bath under stirring. The polymerization started by placing the reaction vessel at
70°C. After one hour the temperature was dropped until reach 44°C. After two hours of the beginning
of polymerization the mixture of hydrophobic monomers MMA:BA (10:1 w/w) were added to the
reaction vessel in a controlled way. 10 puL were added each hour during 6 hours, after 7 hours 20 pL
were added and the polymerization continued for 13 more hours (a total of 24 hour of
polymerization). The polymerization was stopped by placing the reaction vessel in an ice bath in
contact with oxygen. The ensuring colloid was centrifuged 30 min at 15600g, the supernatant was
collected and the precipitate redispersed, in the same volume, with ultra-pure water, yielding the
1'CE-copolymer@Au NPs. Further chain extension was carried out. The pH of 1°CE-
copolymer@Au NPs was adjusted to 8 using NaOH (0.1 or 0.01 M), 0.5 mL of initiator VA-044 (0.5
mM) and 5 pL of MMA:BA (10:1 w/w) were added. The mixture was purged with nitrogen for 30
minutes in an ice bath under stirring. The polymerization started by placing the reaction vessel at
44°C. 5 pL of MMA:BA (10:1 w/w) were added each hour during 4 hours, after 5 hours 10 pL were
added and the polymerization continued until a total of 24 hour of polymerization. The
polymerization was stopped by placing the relation vessel in an ice bath in contact with oxygen. The
resulting colloid was centrifuged 30 min at 156009, the supernatant was collected and the precipitate

redispersed, in the same volume, with ultra-pure water, yielding the 2"CE-copolymer@Au NPs.
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Experimental procedures

Optical response of non-linked biotin 1*CE-copolymer@Au nanostructures to Avidin

A solution of biotin (0.3 mL, 1.67 mM) was added to 12 mL of 18CE-copolymer@Au nanostructures
and stirred overnight. The colloid was centrifuged twice at 15600g 30 min and redispersed in 12 mL
with ultra-pure water. A solution of avidin and BSA (0.5mg/mL) was prepared with phosphate saline
buffer (PBS) pH 7.4 (10 mM). 14.25 pL, 28.5 pL or 57 pL of PBS, BSA or avidin solution were
added to 500 pL of colloidal solution of non-linked biotin 1*CE-copolymer@Au nanostructures and
after 10 min the visible spectra were recorded.
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ANNEXES






Annexe A.

Determination of monomer conversion by *H-NMR of MR agent.

The monomer conversion (%Conversion) was calculated using the equation below. The peaks
assigned to the vinylic protons were integrated using the signal of 1,3,5-trioxane as internal standard,

as shown in Figure A.1. %Conversion profile for the MR agents are shown in Figure A.2.

(atO + b + CtO) _ (atx + biy + Ctx)

3 3
%Conversion;, = x 100
’ b Aeo + bro + Cro
3
aw, bro, Co — integral of the peaks a, b and ¢ before polymerization starts.
aw, b, Cx — integral of the peaks a, b and c after x time of polymerization.
a
H (0] 0
- ()
. cH 0—R ()\/()
H 1,3,5-trioxane
b (internal standard)
b

Decrease
during polymerization

ANPAS s

1.00~

6.25 6.15 6.05 5.95 5.85 5.75 5.65 555 545 535 5.25 5.15 505 4.95
ppm

Figure A.1. Example of 'H-NMR spectra showing the assignments for the vinylic protons of the monomer
and the assignment for 1,3,5-trioxane, used as internal standard. The spectra of the aliquot to and the
aliquot withdrawn after 4h of polymerization are presented.
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Figure A.2. %Conversion profile of (A) P(PEGA4)-TTC and (B) P(AA4)-TTC determined by H:-NMR.
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Annexe B.

How to calculate the monomer conversion by gravimetric analysis?

To calculate the monomer conversion (%Conversion) by gravimetric analysis, first the initial
formulation for the polymerization should be known to calculate the fraction (f) of each reagent. The

example showed here is for the copolymerization of P(AA4)-TTC (Table B.1)

Table B.1. Experimental formulation for the copolymerization of P(AA4)-TTC.

water MMA:BA ACPA MR agent Total
Mass (g) 8.298 1.435 0.003 0.284 10.021
Fraction (f) in the 0.828 0.143 0.0003 0.0283 1
initial formulation

Second, dry polymer and the %Conversion were calculated using withdrawn aliquots during
polymerization. For that, the aliquots were put in an aluminum dish, then they stayed overnight in
the fume hood and in the next day were dried in an oven with ventilation at 90°C for 6h. Table B.2

shows the calculation of the dry latex in each aliquot.

Table B.2. Calculation of the dry latex in each aliquot.

Time (h) Aléjir:r: rz'gl;m Dish (;)Iatex latex (g) DI';Z )-(|- (Céll)’y dry latex (9)
0 1.1692 1.7217 0.5525 1.1829 0.0137
1 1.1676 1.6768 0.5092 1.2449 0.0773
2 1.1646 1.7135 0.5489 1.2517 0.0871
3 1.1801 1.6499 0.4698 1.2558 0.0757
4 1.1648 1.6461 0.4813 1.2440 0.0792

After that, the dry polymer and the %Conversion were calculated based on the following equations,

the values are showed in Table B.3.

Dry Polymer = Dry latex — latex X (facpa + fur agent)

] Dry Polymer
%Conversion = latex X [ x 100
MMA:BA
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Table B.3. Calculation of the dry polymer and %conversion.

Time (h) Dry polymer %Conversion
0 0.000 00.00
1 0.063 86.00
2 0.071 90.80
3 0.062 92.51
4 0.065 94.90

%Conversion of monomer and DLS measurements during copolymerization of MR agents.

Figure B.3. Evolution the copolymerization of P(PEGA4)-TTC
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Figure B.4. Evolution the copolymerization of P(AA4)-TTC followed by determination of %Conversion
by gravimetric analysis and DLS measurements.
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Annexe C.

Determination of MR agents CMC at pH between 7.5 and 8

Al ) ® dj-average
O  dy-number A—keps
500 N cMC
'\ - 700
400 it \
|\ - 600
300 \
> X < 500
200 2
\ )
F 100 \ i - 400 =2
& \ X T &
= 4 \ 4300 2
5 40 . D ) e s
_— =
30 ®  J200~
20 o |
i o . 4100
0000 ] o o o
0  — — r r 0
0.0 0.2 0.4 0.6 0.8 1.0
Concentration (mM)
B 1) ®  dy-average
O dy-number —a— keps
1000 1 CMC' = 500
800 ;
00 . : < 400
o
400 . . =
® X <300 &
el Zgﬁ\ ix ® ® =
E i : z
- K -
& 50 E{%L i o == < 200 é
— =
409/ i & __— E
\ \ o
30 \ = o
0] © °  a- o 4 100
o o
10 :
04 - r - T - T - T . 0
0.0 0.2 0.4 0.6 0.8 1.0
Concentration (mM)
C1 ) dy-average
A—Ke
dy-number £ER
840 . ome 4500
o
600 // \ N
- 400
A\
400 f L /
2002104 . <300 &
A 9
~_ [ ] L ] -z
£3. 2
o S0 \ 200 &
40 2 % 5 =
o3 o =
30 o °
- 100
20 o
10
0 0
- L L} L) L)
0.0 0.2 0.4 0.6 0.8 1.0

Concentration (mM)

X Pdl

X

1.0

0.8

0.6

Pdl

0.4

0.0

PdI
1.0

0.6

PdI

0.4

0.0

X Pdl

- 1.0

0.8

0.6

Pdl

0.4

0.0

A2)
100 =14
80
<412
60
:._40 <10
-
E 2 1s
.T.‘. co——n_, 0 ===
s 0 e
5 L - g — L | dg E_
s 20 -§§/
I~ ]
E 40 44
[3 -60
-2
-80
-100 T T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0
Concentration (mM)
B2)
0+ 114
-104 J12
S
- 410
S
g
s o o 13—
s =
S 46 =
<
& gy
z 44
g -60
=704 42
-80 T y—r— T 0
0.0 0.2 0.4 0.6 0.8 1.0
Concentration (mM)
C2)
0 14
412
-10
- J10
5
E 20 . . 1s
b =
2 30 1¢ =
&
g 14
-40
42
-50+4 T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0

Concentration (mM)

Figure C.5. (A1, B1, C1) DLS and (A2, B2, C2) zeta potential and pH measurements in function of
concentration of (A) P(PEGA«n)-TTC, (B) P(AA4)-TTC and (C) P(AA2-c0-PEGA)-TTC, at pH

between 7.5 and 8.0.
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Annexe D.
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Figure D.6. UV-Vis spectra and (inset) photographs of colloids prepared at pH=7 using (A) P(PEGAu0)-
TTC and (B) P(AA20-c0-PEGA20)-TTC over 4 weeks.
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Annexe E.

Preliminary adsorption studies of MR agent onto Au NPs: How to determine the MR agent
adsorbed?

MR agents have an absorption peak around 300-310 nm due to the trithio moiety of the RAFT agent,
thus the MR adsorption onto Au NPs were followed by UV-Vis spectroscopy. For that, a solution of
MR, with different concentrations, was added drop by drop to a colloidal solution of Au NPs and
stirred overnight. Afterwards the colloidal mixture was centrifuged (15 400 g, 30 min), the
supernatant was collected and the precipitate was redispersed with ultra-pure water. UV-Vis
measurements of the collected supernatants were performed in order to determinate the concentration
of MR that does not adsorb on NPs surface. UV-Vis measurements of the precipitate redispersed
were also performed in order to assess to the optical properties of the resulting MR/Au colloid.

concentration of non-adsorbed MR (MR that did not adsorb on NPs surface).

Preliminary adsorption studies using P(PEGA4)-TTC
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Figure E.7. Adsorption studies of P(PEGA40)-TTC onto Au NPs. (square) samples prepared with the
same concentration of Au NPs (1.2x10-9 mol NPs/L) increasing MR concentration and, (circle and
triagle) two samples with the same MR concentration (0.16mM) varying Au NPs concentration: 2.1x10-
10 mol NPs/L and 1.4x10-10 mol NPs/L, respectively.
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Figure E.8. UV-Vis spectra of redispersed precipitates prepared for the adsorption studies of
P(PEGA40)-TTC onto Au NPs. (A) samples prepared with the same concentration of Au NPs (1.2x10-9
mol NPs/L) increasing MR concentration and, (B) ) two samples with the same MR concentration
(0.26mM) varying Au NPs concentration: 2.1x10-10 mol NPs/L and 1.4x10-10 mol NPs/L, respectively.
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Figure E.9. Adsorption studies of P(AA40)-TTC onto Au NPs, dispersed in water (pH~4), at pH 7.7 and
MR dispersed in citrate buffer (pH 7.4).
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Figure E.10. UV-Vis spectra of redispersed precipitates prepared for the adsorption studies of P(AAuo)-
TTC onto Au NPs. (A) MR dispersed in water (pH~4), (B) at pH 7.7 and (C) MR dispersed in citrate

buffer (pH 7.4).
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Annexe F.

Determination of azide moities per MR agent

The determination of the number of azide moieties per MR agent chain was estimated by the
integration of the chemical shift of the protons from the 3-azido-1-propanol, using as reference the

protons of —CHj; from Z-group of the MR agent. The next equation was used:

_ nH'ref X IHC
nyge = ——
IHref

nye- number of protons that corresponds to the chemical shift of ¢

nyrer- NUMber of protons that corresponds to the chemical shift of the reference
I ¢~ integration of chemical shift of ¢

I,rer- integration of chemical shift of the reference

The software MestReNova® was used to analyze the *H-NMR spectra. The chemical shift of the
protons of reference (marked in the spectrum with *, =0.84 ppm, in Figure 4.4) were integrated to
1 (Irer = 1). This signal corresponds to 3 protons (n,res = 3). The integration of the protons of ¢
at the chemical shift 4.57 ppm was equal to 1.09 (I5c=1.09). Subsequently nyc = 3.27. But this
chemical shift corresponds to a —CH>-, which means that there is 1 or 2 azide moieties per chain. (If
nye = 2 would correspond to one azide per chain, if nyc = 4 would correspond to two azides per

chain).
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Annexe G.
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Figure G.11. *H-NMR of alkylated biotin in DMSO-ds. (* EDC residues).
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Annexe H.

a,b,cd
m
0/0’
0/0’ 1
= LA K ¢ =y = o o O ‘ 4
=N N 00 o= = S g = ol o
S — — i - — S — i i — -
7.4 7.0 6.6 6.2 5.8 54 5.0 4.2 3.8 34 3.0 2.6 2.2 1.8

Figure H.12. *H-NMR of AEM-FITC in D20.
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Figure H.13. (A) lonization equilibria of fluorescein and the pH-dependent spectra of fluorescein: B1)
absorption spectra, B2) emission spectra. Adapted from [219].
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Annexe |.

HD-2700 200kV x600k TE

Prrrrreeen G R 2 ML
HD-2700 200kV x600k SE 50.0nm HD-2700 200kV x600k ZC 50.0nm

Figure 1.14. STEM images of 2"“CE-copolymer@Au NPs in (A) transmission, (B) secondary electron
and (C) Z contrast mode detection.
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