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ABSTRACT

Cancer is a leading cause of mortality globally, claiming nearly 10 million lives in 2022. Therefore,
developing novel, specific, and selective therapies is crucial. Nanotechnology is an interdiscipli-
nary field and plays a key role by creating, manipulating, and studying materials at the nanoscale
(1-100 nm) with unique properties. Nanomedicine, which applies nanotechnology to medicine,
offers innovative theranostic solutions. Gold nanoparticles (AuNPs) are particularly promising for
nanomedicine due to their distinctive physico-chemical and optical properties, making them ideal
for imaging and drug delivery. Polyethylene glycol (PEG), an inert and non-toxic molecule with a
thiol group in one end, has affinity to gold. Functionalizing AuNPs with PEG enhances their colloi-
dal stability and allows further functionalization with other biomolecules. In this study, AuNPs
were synthesized and functionalized with two bi-functional PEG molecules (PEG-COOH and PEG-
NH>) to enable further attachment of two fluorescent dyes: tetramethylrhodamine cadaverine
(TAMRA) and fluorescein isothiocyanate (FITC). The stability of each nanoconjugate was tested
at pH values from 5 to 8. AUNP@PEG-NH:@FITC showed greater stability across pH variations
than AuUNP@PEG-COOH@TAMRA, which were highly unstable at lower pH levels. pH 7 was found

to be the most suitable for dual functionalization with both dyes on a single AuNP.

Keywords: Gold Nanoparticles, Functionalization, TAMRA, FITC, Stability
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RESUMO

0 cancro é uma das principais causas de morte a nivel mundial, reclamando quase 10 milhdes de
vidas em 2022. Como tal, o desenvolvimento de novas formas de terapia, especificas e seletivas, é
crucial. A nanotecnologia é uma area interdisciplinar e exerce um papel fulcral na criagdo, mani-
pulacdo e estudo de materiais a nanoescala (1-100 nm), com propriedades tnicas. A nanomedi-
cina, que aplica a nanotecnologia a medicina, oferece novas solucdes de teranoéstico. As nanopar-
ticulas de ouro (AuNPs) sdo particularmente promissoras em nanomedicina, devido as suas dis-
tintas propriedades fisico-quimicas e o6ticas, fazendo delas ideais para imagiologia e entrega de
farmacos. O polietileno glicol (PEG) é uma molécula inerte e ndo téxica, com um grupo tiol numa
das extremidades e com afinidade para o ouro. A funcionalizagdo das AuNPs com PEG aumenta a
sua estabilidade coloidal e permite a sua posterior funcionalizacdo com outras biomoléculas.
Neste trabalho, as AuNPs foram sintetizadas e funcionalizadas com duas moléculas bi-funcionais
de PEG (PEG-COOH e PEG-NH3), de forma a permitir a sua funcionalizacdo com dois fluoréforos
distintos: tetrametilrodamina cadaverina (TAMRA) e fluoresceina isotiocianato (FITC). A estabi-
lidade de cada nanoconjugado foi testada em valores de pH entre 5 e 8. As AuNP@PEG-NH,@FITC
apresentaram maior estabilidade em varia¢des de pH, do que as AuNP@PEG-COOH@TAMRA, que
apresentaram elevada instabilidade para niveis de pH mais baixos. O pH 7 foi considerado o mais

adequado para permitir a dupla funcionalizacdo de uma tinica AuNP.

Palavas chave: Nanoparticulas de Ouro, Funcionalizagdo, TAMRA, FITC, Estabilidade
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INTRODUCTION

1.1 Cancer: A Global Nemesis

Ever since ancient times, Mankind has learned to live with diseases and to search for a way to cure
them. Jumping ahead to the present day, we now understand that diagnosis and therapy are two
key factors in the maintenance of health among the population. To achieve this, an early diagnosis
is crucial, followed by a selective and specific therapeutic approach that ideally has minimal side
effects. Cancer is the term used refer to diseases that are defined by an uncontrollable growth and
spread of atypical cells. These cells are usually formed by genetic mutations, altering the normal
cell cycle, and can be due to internal (genetic pre-disposition) or external factors (environmental
exposures, viral infections or even lifestyle indicators). Cancer is a major cause of mortality, claim-
ing nearly 10 million lives in 2022. Cancer accounts for almost one out of every six deaths globally,
and this global health problem is far from being controlled, as its incidence is expected to sky
rocket, rising by an astonishing 70% over the next 20 years!-+. In 2022, the number of new cancer
cases was 19 976 499, and the number of 5-year prevalent cases was 53 504 187. These numbers
show the high prevalence that cancer has in modern societies, justifying the great investment in
fighting this disease. The research conducted over the last years, although opening several doors
and making remarkable progress, is still far from comprehending the molecular processes of this
illness. Therefore, the search for novel, selective and specific therapies is of utmost interest. Nan-
otechnology has the opportunity to play a role in this battle, offering a multitude of tools that can

help cancer diagnosis and therapies23.

1.2 Nanotechnology

Nanotechnology is an interdisciplinary domain that articulates several research areas, such as bi-
ology, chemistry, medicine and engineering®. The manipulation of nanomaterials has been hap-
pening long before this definition was established, mainly for decoration purposes367, and its

concept was primarily introduced, in an indirect way, in a talk by Richard Feynman, with the title



“There’s plenty of room at the bottom” in a assembly of the American Physical Society at Caltech,
in 1959.

Currently, nanotechnology can be described as the design, manipulation and study of convenient
and functional materials (structures, devices and systems), at the nanoscale (1-100 nm)8, and re-
lies on the distinctive properties of such materials, namely optical, magnetic electronic and chem-
ical®. These properties, allied to the fact that nanomaterials tend to possess high biological com-
patibility and stability, tuneable shape and size dispersion, as well as they are easily functionalised
at the surface, allowed for the growth of this discipline, in the last decade, launching nanoparticles
to be used in a wide range of applications?0. Their high surface area to volume ratio is another
property that differentiates nanomaterials from their bulk form. This, allied to their reduced size,
similar to the functional elements and biological molecules presentin living cells (ex. proteins and
DNA/RNA) caused the interest to use nanoparticles in the biomedical field to increase, with ap-
plications in imaging and theranostics (the field that combines diagnostics to therapy)é911. So far,
the most common bioapplications for these materials are gene and drug delivery, labelling and
detection, sensing and tumour targeting!2-14. This broad spectrum of applications that could be

used in the medical field, led to the emergence of a new “nano” field: nanomedicine.

1.3 Nanomedicine

As mentioned before, nanomedicine arose from the application of nanotechnology to the medical
field!4, making use of the advantage provided by nanosized systems to improve theranostics1s.
Figure 1.1 depicts some examples of nanomaterials used on nanomedicine as: quantum dots!s,
liposomes?'’, noble metal nanoparticles!8, dendrimers and carbon nanotubes920. These nano-
materials have the ability to deliver molecules with low molecular weight in a more efficient and
selective way, increasing clinical benefit while decreasing toxicity to healthy tissues!521.22, Imag-
ing applications are also of great interest for nanomaterials, allowing improved image detection
and, therefore, improving diagnostics?2. Additionally, there are efforts to develop theranostic
agents, that will act on diagnostics and therapies at the same time.

Quantum dots, for example, are semiconductor nanoparticles exhibiting fluorescence, widely used
for in vivo and in vitro studies, as they outperform greatly traditional organic dyes in most cases.
In recent years, several studies resulted in improved stability, biocompatibility, specificity and
other characteristics that make quantum dots a nanotechnology field that is experiencing rapid
growth?23,

Liposomes were discovered in the 1960s and are a field of nanotechnology that has been under-
going significant investigation since. They are widely accepted as one of the most successful drug
delivery systems known so far, being applied in several clinical trials2+.

Carbon nanotubes are intriguing nanodevices, with applications ranging from theranostics and

imaging to drug delivery, due to their interesting mechanical properties. They consist of rolled up



graphene sheets, creating cylinders with diameters in the nanoscale, and have been extensively
studied?20.25.26,

Metallic nanoparticles have been gaining interest due to their nontoxic and inert nature?’. They
are heavily used in biomedicine, due to their high potential in nanotechnology, as they possess an
extensive variety of potential employments. For example, iron oxide NPs possess elevated mag-
netic properties, and have gained interest when applied to contrast agents for medical images (ex.
MRI), or to magnetic separation processes, like DNA sequencing)?28. Other possible applications of
magnetic NPs are drug delivery or hyperthermia applications. Silver NPs are often used as anti-
microbial agents, in wound dressings?829. Gold nanoparticles, the object of this work, exhibit dis-
tinct optical, physical and chemical properties that make them not only suitable for biomedical
use (ex. drug delivery, imaging, bionsensing), but also for environmental and industrial applica-

tions (acting as catalysts, for example)2829,

Quantum dot Liposome Gold NP

Figure 1.1 Different types of nanomaterials used in nanomedicine.

1.4 Gold Nanoparticles (AuNPs)

As mentioned earlier, nanomaterials have been used since medieval times. One of such examples
is the application of colloidal AuNPs in cathedrals, owing to their optical properties, staining glass
for the windows3? (Figure 1.2). In 1857, Faraday was the first to comprehend such properties,
describing that bulk and colloidal gold had different properties, attributing the red colour of gold
nanoparticles to their colloidal nature367. Gold nanoparticles possess distinctive optical and phys-
ical-chemical properties 12213132, being one of the most widespread nanomaterial applied to na-
nomedicine, with theranostic purposes, such as drug delivery, in vivo imaging and cancer ther-

apyS,Z 1,22,



Figure 1.2 Stained glass containing gold nanoparticles3°

1.4.1 Properties of AuNPs

As already mentioned, AuNPs’ unique optical and electronic properties, easy surface functionali-
zation, high biocompatibility and stability and controllable shape and size, have led to an increas-
ing interest in their study, generating a broad variety of AuNPs based systems10.122133, However,
their reduced size is the most remarkable characteristic of AuNPs, increasing both their surface
area to volume ratio and their stability in colloidal solutionsé. Not only did Faraday attribute the
red colour to colloidal AuNPs, but also related that characteristic colour to their size. From that
moment, the interaction between AuNPs and light has been an interesting target of study34.
When materials interact with light, several phenomena, like absorption, re-emission (ex. fluores-
cence) or scattering (ex. Raman scattering) can occur. These are all highly enhanced in the pres-
ence of AuNPs, due to the interaction between free electrons on the nanoparticles’ surface and
light. Since both AuNPs and light wavelengths are at the nanoscale, exposing AuNPs to light causes
a collective oscillation of the conduction electrons on the surface of the nanoparticles. This is in-
duced by their electromagnetic field, creating instantaneous dipoles. This phenomenon is called
Surface Plasmon Resonance (SPR) and is one of the properties with utmost importance regarding
AuNPs635 (Figure 1.3).



Electric field

/

Gold nanosphere

/

Electron cloud

Figure 1.3 Schematic representation of the Surface Plasmon Resonance. After illumination at resonant wavelengths,
AuNPs experience concomitant oscillation, due to the delocalization of the conduction band electrons on their sur-
facese,

The SPR effect results in high absorption coefficients and scattering properties, which allows for
the use of spectroscopic techniques for optical detection methods and biological imaging by mi-
croscopic techniques?t37. The SPR frequency relies on the metallic species, shape and size of the
nanoparticles and the medium’s dielectric constant. This dependence is what makes the optical
properties tuneable. For example, spherical AuNPs are completely symmetrical, resulting in a sin-
gle SPR band. However, when analysing gold nanorods, this single band splits into two: a strong
band in longer wavelengths, which results from the electrons’ longitudinal oscillation, and a
weaker band, in shorter wavelengths38. Focusing on the spherical AuNPs used in this work, the
SPR absorption band is located around 520 nm. However, it redshifts with the increase in size,
aggregation and formation of clusters, as the optical properties of AuNPs change!432, Changes in
pH, for example, change the dielectric constant of the medium, generating momentary dipoles,
which reduces the repulsion between AuNPs, thus promoting their aggregation. As aggregation
occurs, AuNPs maintain their typical behaviour, even though they are not chemically bonded,
changing the colour of the solution to blue tones.. This is a direct consequence of the change oc-
curring in the optical properties of the AuNPs, as their size increases, also increasing the wave-
length of the SPR band. This aggregation-dependent change in colour has been significantly used

in diagnostic tests323539.40,

1.4.2 Synthesis and Functionalization

AuNP synthesis often relies on the chemical reduction of Gold (III) to Gold (0), in the presence of
a capping agent, that binds to the surface of the nanoparticle, blocking its growth and helping to
stabilize in solution. By adjusting the conditions of the reaction (time, temperature, and capping
agent), one can control the final AuNPs’ morphology32. For example, AuNPs’ shape and size results

from the nature of the capping agent, temperature, salt concentration and the reactant addition



rates4142, This is important because, given the fact that AuNPs are used for various purposes, there
is the need to synthesize them with the appropriate size, shape, and surface functionalization43.
In order to synthesize AuNPs with such variable characteristics, several synthesis methods have
been reported over the years (ex. Seed Mediated Growth, Schmid and Brust-Schiffrin)#4. These
methods differ on capping and reduction agents, resulting in AuNPs with different sizes, shapes,
in solutions that possess different stabilities and variable monodispersivity4s.

Faraday was the first to synthesize AuNPs, in 1857, reducing gold chloride (AuCl) with phospho-
rus. Nearly one century later, Turkevich et al. simplified Faraday’s method, with the use of sodium
citrate as a reduction agent*. Nowadays, the most widespread method for AuNP synthesis is
based on the proposed by Turkevich in 19514, using citrate both as the reducing and capping
agent. The diameter of the nanoparticles is determined by the careful control of the gold-citrate
ratio.

Using this method, AuNPs with diameters ranging from 9 to 120 nm are obtained, with the diam-
eter being inversely proportional to the citrate concentration. Besides that, citrate aids in stabi-
lizing the AuNPs and allows further functionalization, as it is replaced by molecules with high af-
finity to gold with ease323343, This is possible since citrate establishes weak interactions with the
AuNPs (adsorption), being replaced by chemically bonded amine and thiol groups, that establish
strong interactions with gold4’. In nanomedicine, the ease to confer a biological function to inor-
ganic nanostructures is of utmost importance?s.

Stability, functionality, and biocompatibility are all increased with the functionalization of AuNPs,
as this process adjusts the properties of nanoparticle’s surface by attaching different types of mol-
ecules. However, it is important to guarantee that these modifications do not alter the properties
of the nanosystem1049, For that, citrate-coated AuNPs need to be functionalized with a wide vari-
ety of biomolecules, such as PEG, antibodies, DNA/RNA oligonucleotides, peptides, drugs, fluores-
cent dyes and other molecules, depending on the purpose of the functionalized nanosystem1043.50,
Again, as there are plenty biomolecules that can be used with the goal of functionalizing AuNPs,
with a multitude of final applications, there are also several methods to do so. However, one key
aspect among all of them is that their primary goal is to improve both stability and affinity to the
desired biomolecule.

The use of thiol groups to stabilize AuNPs was firstly described by Giersig and Mulvaney and
stated that this stabilization was possible due to the strong interactions between a gold acid and
a thiolated base. This allows the formation of gold-sulfur bonds and, therefore, thiol modified lig-
ands are utilized for the stabilization of AuNPs51.

Due to the presence of thiol groups in its chain, PEG is a often used macromolecule for in vivo and
invitroapplications, as it has the advantage to be non-toxic and cleared for internal use in humans
by the Food and Drug Administration (FDA)5253, PEG also helps in stabilizing the AuNPs against
biological fluids-induced aggregation, allowing the acquisition of long plasma half-lives, thus im-

proving gene and drug delivery104954. By using PEG, the adsorption of other biomolecules (ex.



Opsins) to the surface of the nanoparticles is also prevented, as the interaction between PEG
chains and AuNPs creates a hydrophilic coating. This is helpful since the plasma molecules re-
sponsible for the recognition of strange bodies cannot bind to the AuNPs, allowing them to stay in
circulation for longer periods of time10.1253-55 (Figure 1.4). PEG molecules may also act as a
“bridge” for further functionalization, which is the case of this work. The other end of the PEG
molecule may be a free carboxyl or amine group, that can be chemically bonded to other biomol-

ecules, such as fluorescent dyes or tumoral markers, making PEG a spacer molecule05556,

A

1 2 3

Figure 1.4 The Effect of opsonins in bare and PEGylated AuNPs. A - AuNPs (1) are coated with opsonins (2), leading to
their association with macrophages (3) and, ultimately, liver sequestration (4). B - PEG-coated AuNP (1) prevent the
adsorption of opsonins (2), inhibiting the macrophage association, allowing for long circulation periods and availability
of AuNPs (3)53.

This easy and versatile modification on the surface of AuNPs, making use of several different moi-
eties, allied with AuNPs intrinsic unique optical properties, make them exceptional candidates for
the development of novel theranostic methods for varied purposess’.

This work involves the functionalization of AuNPs with fluorescent fluorophores. As so, it is im-
portant to understand the mechanisms behind the AuNPs’ fluorescence quenching ability. Two
possible theories to explain this interaction are: fluorescence resonance energy transfer (FRET)
and nanosurface energy transfer (NSET). FRET states that both the energy donor and the receptor
act as point dipoles. This means that, once exciting the donor (ex. AuNP), this will transfer energy
to the receptor, non-radiatively. Dipole-dipole interactions conduct this transfer, in the transitions
between the dipole moments of emission by the donor and absorption by the receptor, meaning
that, spectroscopically, an overlap between the curves regarding emission and absorption is ob-
serveds8. NSET is also based on non-radiative dipole-dipole interactions, yet contrarily to FRET,
the acceptor is a nanosurface, composed of several point dipoless859.

Comparing both theories, NSET possesses some advantages like a reduced signal to noise ratio
and larger covering distances6%61. The spatial distance between donors and receptors is the main
difference between FRET and NSET and is of critical importance in the design of FRET-based AuNP
probes, as energy can only be transferred if both of them (donor and receptor) are close (1-20

nm). The energy transfer does not occur if donor and receptor are distant from each otherso.



Meanwhile, NSET can probe distances ranging from 1-40 nm58. FRET/NSET-based AuNP probes
are utilized to quantify distances, or for the monitorization of various AuNP-biomolecule interac-
tions, which can include structural or conformational analysis or quantification of a certain bio-
molecule’s concentration in solution5860.62, This broad spectrum of applications results from the
combination of the distance range and length of biomolecules. Both FRET and NSET can be utilized
for real-time /n situ detection of different biomolecules, by toggling between “on” and “off” states

through molecular association and dissociation or conformational changes>8.

1.4.3 AuNPs in Nanomedicine

AuNPs have been used in numerous fields of study, whether in in vitro assays, in vivo/in vitro
imaging, and drug delivery. For example, if the main purpose of the study is to detect proteins or
nucleotides, oligonucleotide-functionalized AuNPs can be used and detected by colorimetric de-
tection methods, like UV-Visible Spectroscopy and Atomic Force Microscopy (AFM)s. However, if
AuNPs are to be used for imaging purposes, they can be conjugated with contrast agents and be
observed via light scattering imaging (ex. DLS), computed tomography (CT), magnetic resonance
imaging (MRI) and surface-enhanced raman spectroscopy (SERS)?2263,

Multifunctional AuNPs are a common target of study for their use in theranostic methods, as they
combine imaging, diagnostics and therapy. These new systems are designed to overcome prob-
lems related to conventional drug delivery and therapeutic processes, which can include ineffi-
ciency in delivering the desired drug, and blocking native defence mechanisms. Additionally,
theranostic nanosystems open doors that allow the assessment of drug delivery and release to be
non-invasive, while assessing the therapeutic response and accumulation in the target site, at the

same time?2263,64,

1.5 AuNPs for Imaging

AuNPs relevance in biomedical imaging has been rising in recent years, due to the, already men-
tioned, distinct physicochemical and optical featuress0.65. AuNPs’ versatility, high biocompatibility
and stability and low indexes of toxicity turn them into good fit to be used for diverse imaging
modalities, as contrast agents, theranostic agents or probes for molecular imaging®t. This im-
proves the detection and diagnosis of several conditions at cellular and molecular level6067. The
aforementioned SPR effect leads to strong absorption and scattering of light, dependent on the
size, shape and aggregation state of AuNPs. For example, AuNPs with smaller diameters enhance
imaging contrast in optical coherence tomography (OCT)¢8, whereas larger or aggregated AuNPs
are designed for the absorption of near-infrared (NIR) light for deep tissue imaging. Additionally,
the easy and modulable surface functionalization of AuNPs allows the functionalization with sev-

eral kinds of biomolecules (ex. peptides, DNA/RNA, antibodies, fluorescent dyes), allowing for



targeting of different tissues. Targeted AuNPs enhance their specificity and sensitivity, giving
them highly valuable in the detection of different biomarkers and pathological conditions60.69,

Functionalized AuNPs make use of different techniques, like surface-enhanced Raman scattering
(SERS), where the AuNPs’ surface significantly amplifies the Raman signal of nearby molecules,
thus allowing the detection of low abundant biomarkers. Given all these factors, functionalized
AuNPs can be used in different imaging modalities, such as optical imaging, computed tomography

(CT), photoacoustic imaging (PAI) or magnetic resonance imaging (MRI).

1.5.1 Optical Imaging

The high scattering characteristics of AuNPs also make them of good used for optical imaging
techniques, in three different aspects: direct observation of AuNPs inside the desired sample,
tracking biomolecular activities and physiological functions and in vivo deep tissue imaging. The
direct observation of AuNPs inside cells is possible via different microscopy techniques like dark
field, differential interference and interferometric interference. Besides, optical imaging methods
can be used to track the orientation and rotational motions of AuNPs, as these concepts are inti-
mately related to biological functions. Techniques like surface-enhanced Raman spectroscopy and
plasmon enhanced fluorescence are used to track ultra-sensitive biomolecules (ex. nucleic acids,
proteins or metabolites). /n vivo imaging is used for diagnostics, detecting tumours and other pa-
thologies, through techniques such as two/multi-photon imaging, optical coherence tomography
and photoacoustic imaging®8. Optical imaging techniques provide high-resolution images of cellu-
lar components, while reducing photodamage to tissues, as AuNPs are excited by near-infrared
light.

1.5.2 Computed Tomography (CT)

Regarding CT, AuNPs can be used as contrast agents, due to the high levels of X-ray absorption
and flexible attenuation, high density and the broad spectrum of possible functionalization
typessé. This high attenuation will create a distinct signal on cancer tissues, non-typical for non-
decorated, healthy cells. This will make the targeted tissue to be highly distinct and easy to ob-
serve6069.70, As an X-ray/CT contrast agent, AuNPs can be categorized into three potential appli-
cations’172: blood pool, active targeting and passive targeting. Blood pool contrast agents are cre-
ated with the intent of staying in blood circulation for long periods of time, by limiting vascular
endothelium diffusion”t73. Active targeting is based on delivering and maintaining the contrast
agent in the specific targeted site, through functionalization with biomolecules with a specific af-
finity for that local7475. Passive targeting, on the other hand, relies on the unspecific accumulation
of AuNPs on cancer tissues due to the EPR effect, as AuNPs with appropriate size tend to accumu-
late with more ease in cancer tissues than in the surroundings?475. Independently on the applica-
tion, AuNP-based contrast agents need to be designed to the exact specifications of delivery, non-

toxicity, targeting and contrast enhancement. This focused design will make AuNPs go to the



specific site, to cause no harm to the surrounding tissues, stay and accumulate where it is wanted

and to increase X-ray attenuation, to show what it is supposed to be observed?:.

1.5.3 Photoacoustic Imaging (PAI)

PAI is an imaging modality used in biomedicine capable of giving functional information about
tissue signatures at the cellular and molecular level, with resource to contrast agents. As so, due
to their interesting and resourceful optical properties, AuNPs can be used as exogenous contrast
agents’¢6. Additionally, AuNPs have the ability to convert light into heat. This conversion generates
ultrasonic waves that will be detected by photoacoustic imaging systems. PAI combines the high
spatial resolution of optical imaging with the deep tissue penetration of ultrasounds, being the

ideal imaging modality for imaging vascular structures, tumours and image-guided therapy?s.

1.5.4 Magnetic Resonance Imaging (MRI)

Although AuNPs are not inherently magnetic, they can enhance MRI contrast when combined with
magnetic materials or through other innovative techniques. In regard to the combination with
magnetic materials, AuNPs can be coated or attached with magnetic particles (ex. iron oxide na-
noparticles). The new hybrid structure will benefit of the superparamagnetic properties of iron
oxide and the high contrast provided by AuNPs accumulation in tissues??. Additionally, AuNPs
allow functionalization with other biomolecules for active targeting. This functionalization local-
izes AuNPs in the area of interest, thus enhancing even more the contrast in MRI scans. AuNP-
based systems can also be used for multimodal imaging agents, allowing for the combination with
imaging modalities, like CT or optical imaging, which can improve diagnostic accuracy and enable

comprehensive imaging studies?’s.

1.6 AuNPs for Therapy

To this day, the most successful, and used, cancer therapies require invasive methods, whether it
is assessed via chemotherapy, surgery, or radiation. In regard to chemotherapy, it poses great risk
of toxicity to the adjacent healthy tissues, besides the possibility of resistance development by
cancer cells. Radiation also has several side effects to the surrounding tissues, whether they are
in the radiation beam’s path or suffer from the bystander effect. Surgery, however, happens to be
more controlled, although being the most invasive method. Besides, it cannot be performed in
some clinical cases447980. Therefore, the development of minimally invasive AuNP-based thera-
peutic approaches is of major importance.

Currently, there are four main types of AuNP-based therapeutic approaches to cancers!:

- Photothermal Therapy: Uses near-infrared light and relies on the conversion of photons
to thermal energy, increasing the intracellular temperature, thus inducing cell death.
AuNPs will absorb the emitted energy, converting it to heat. It has applications in cancer

10



treatments and combination therapies. Some advantages of photothermal therapy are the
targeted treatment, real-time monitoring and the fact that it is minimally invasive482;

- Photodynamic Therapy: Involves the combination of light and photosensitizers (light-sen-
sitive drugs, sensitive to specific wavelengths of light, becoming activated when tar-
getted), aiming to selectively destroy targeted cells. It is used in cancer treatments, as well
as, in non-cancerous conditions (ex. age-related degeneration of the macula). It is also
minimally invasive and allows for a targeted and repeatable treatmentss;

- Radiotherapy: Consists on the enhancement of cancer cells’ radiosensitivity. AuNPs am-
plify the radiation’s effects, producing more reactive electrons when exposed to radiation,
causing an increase in DNA damage. It has the advantage of increasing efficacy, enhancing
the effects of radiation, and minimizing the harm on healthy tissues8;

- DrugDelivery: AuNPs are used as vectors for the delivery of molecules (ex. TNF-a, Tamox-
ifen and Doxorubicin) into a target563, enhancing the precision and efficacy of treatments.
Drug delivery AuNPs can be used in cancer therapies (delivering chemotherapeutic agents
to tumours), gene therapy (delivering genetic material to specific cells, for editing or si-
lencing) or in anti-inflammatory treatments (targeting inflamed locations in diseases like
arthritis)®s.

One of the biggest setbacks concerning drug delivery nanosystems is exactly the targeting to the
exact desired site. Normally, AuNPs used in nanomedicine, achieve the region of interest by one
of two means: active or passive targeting. Regarding cancer tissues, AuNPs tend to target the tu-
mour the passive way, taking advantage of the Enhanced Permeability and Retention (EPR) effect.
The EPR effect happens because of the known abnormal characteristics of tumorous tissues. Their
fast growth rate is dependent on the equally fast development of a blood supply, causing the blood
vessels to be poorly vascularized and to have large fenestrations. This results in the discharge of
AuNPs to the interstitial space and, therefore, AuNPs accumulate more in cancer tissues than in
healthy ones. Moreover, solid tumours are known to have low lymphatic drainage, which helps
even more the accumulation of AuNPs. Normally, to improve this tendency, AuNPs are also func-
tionalized with specific targeting agents (ex. antibodies, oligonucleotides, proteins), varying ac-
cording to the desired target/biomarker223363, This shows that AuNPs possess a tremendous po-
tential to be used in cancer treatments, as many efforts have been conducted to enhance tradi-
tional methods and develop more selective ones, thus protecting healthy tissues8081,

With that said, it is clear that AuNPs are a strong tool for applications in the biomedical field.
Nonetheless, they still possess some limitations. Although being considered biocompatible,
AuNPs’ toxicity depends on factors like size and shape of the nanosystem, as well as the function-
alization of the surface. Due to this, the biocompatibility and toxicity of the nanosystems must
always be assessed prior to their utilization. Additionally, in order to translate these AuNP-based
systems into clinical procedures, it is necessary to fully comprehend the mechanisms by which

AuNPs interact with biological tissuesé38e.

11



1.7 Cell Internalization of AuNPs

In order to study the intracellular fate of the AuNPs, firstly the possible internalization processes
must be understood. In this area, nanomedicine has been developing multifunctional nanoparti-
cles, as vectors for theranostics, imaging agents and drug delivery, in a way that they would im-
prove traditional therapeutics that suffered from inappropriate deliverys3. In regard to drug de-
livery, AuNPs need to interact with a specific tissue, cell population or intracellular component.
Therefore, AuNPs’ biocompatibility and pharmacokinetics must be understood, in order to better
understand their behaviour and improve drug delivery, keeping in mind that each nanoconjugate
will have its own properties, varying its biocompatibility levels!563, For this reason, understand-
ing the internalization mechanisms of AuNPs has become extremely important over the yearsé386,
These kind of studies are of utmost importance to assess toxicity, understand, increase and ma-
nipulate accumulation on the targets and to improve the design on AuNPs, making them more
efficient?87. Additionally, it is important to learn how to target intracellular components, rather
than only tissues or cell types, depending on the final destination of the nanoparticles and their
function.

That said, and for the progress of nanomedicine, it is essential to conduct quantitative and quali-
tative studies on the internalization mechanisms of AuNPs, as they are dependent on their physi-

cochemical properties, as well as the nature of the target15386.

1.7.1 Physicochemical properties of AuNPs Affecting Internalization

1.7.1.1 Size

AuNPs’ size plays a key role in their internalization. Research suggests that, AuNPs with 50 nm
diameter show higher internalization rates than larger and smaller ones?, as result of a competi-
tion between diffusion kinetics and the process of membrane wrapping that happens in endocy-
tosis. Studies show that AuNPs smaller than 50 nm need to cluster together, thus yielding enough
free energy for membrane wrapping to happen8”.88. Larger nanoparticles require a slower wrap-
ping rate, because of the slower diffusion of plasma membrane receptors87.88. With that in mind,
the AuNPs’ size can be tuned, uniformized and stabilized, in order to correctly assess the role size

plays on internalization mechanisms1589,

1.7.1.2 Shape

Shape is another characteristic that influences AuNPs’ internalization: longer gold nanorods are
less internalized than shorter ones, although their surface charge is identical. Additionally, in com-
parison to spherical AuNPs, these are more easily internalized, being taken up 500% more. These
shape-induced differences in cell uptake can be explained due to the fact that the elongated nature

of the nanorods requires longer times of membrane wrapping during the internalization pro-

cess88,90,91
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1.7.1.3 Surface Charge

Surface charge is intimately related to the biomolecules attached to AuNP’s surface. As the plasma
membrane is negatively charged, AuNPs with positive surfaces will stick to it, possessing higher
internalization rates, than negatively charged and neutral surface charges. Additionally, targeting

specific membrane molecules (ex. proteins or lipids) can also improve cellular uptake?9.92,

1.7.2 Internalization Mechanisms

All mammalian cells communicate with the surrounding environment through endocytosis, being
this a critical process. Through endocytosis, cells internalize a multitude of chemical and biologi-
cal compounds (ex. molecules, ions, proteins and nutrients), being also involved in motility and
inter-cellular communication®693, Traditionally, the endocytic pathways are divided into two main
classes: phagocytosis and pinocytosis. Independently of the pathway, endocytosis is based on four
fundamental concepts?3:

- Specific binding to the membrane surface;

- Membrane pinching off and forming vesicles;

- Vesicle closing and detachment from the membrane;
- Intracellular trafficking of the formed vesicle.

1.7.2.1 Phagocytosis

This unspecific endocytic pathway only occurs on specialized phagocytic cells (ex. macrophages
and dendritic cells), and is responsible for the uptake of large particles (larger than 5 um), such
as cell debris, pathogens and dead cells8é. As it was afore mentioned, this process starts with the
specific recognition at the membrane surface, inducing the formation of a phagosome. This phag-

osome will then mature and fuse with lysosomes, ultimately leading to degradation593,

1.7.2.2 Pinocytosis

Pinocytosis refers to the uptake of fluids and solutes, and is still a debatable topic, under ongoing
research, regarding its division. This division is based on the role clathrin plays on the process. As
such pinocytosis is divided into clathrin-mediated endocytosis (CME) and clathrin-independent
endocytosis (CIE)15. Clathrin is a protein present in the cytosol, responsible for the formation of
coated pits, associated with adaptor proteins, that are responsible for the coordination of clathrin
nucleation, near the site where the particles are being internalized.
1.7.2.2.1 Clathrin-Mediated Endocytosis (CME)

Being the principal internalization mechanism responsible for nutrient uptake, is the most studied
pathway. It allows the internalization of nanoparticles in the 150-200 nm range!>88, and is again
initiated with their binding to the membrane, forming clathrin coated pits (CCP). After that, the
pits form vesicles, that are now pinched off the membrane by dynamin, forming clathrin coated

vesicles (CCV). Then, clathrin will depolymerize, and the particles are clustered into endosomes.
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Endosomes will then fuse with lysosomes, thus inducing degradation. In some cases, particles are

released in the cytosol and avoid degradation?5.93.

1.7.2.2.2 (Clathrin-Independent Endocytosis (CIE)
Clathrin-independent endocytosis is, as the name implies, an endocytic pathway that doesn’t re-
quire the participation of clathrin. This last category is divided in:

- Caveolae-mediated endocytosis - responsible for a multitude of biological functions, thus
being the most studied mechanism. Caveolae are plasma membrane microdomains rich in
cholesterol, and are characterized by the presence of the proteins caveolin-1 and caveo-
lin-2. In this process, caveolin is present on the invagination of the plasma membrane in
the form of a striated-coat. Then, caveosomes are formed and nanoparticles can be re-
leased in the cytosol or be degraded in the lysosomes. However, lysosomal degradation is

usually bypassed, making this the most adequate mechanism of intracellular deliv-
ery1593,94,

- Macropinocytosis - this process in independent of clathrin and caveolae, being triggered
by the activation of tyrosine kinase receptors, by growth factors, and being responsible
for the uptake of larger particles (up to 5 pm). In micropinocytosis, a large amount of ex-
ternal fluid is internalized, through the formation of a waving sheet-like extension of the
membrane, forming large vesicles, known as macropinosomes15:88,

1.7.3 Assessment of Internalization Mechanisms

There are several ways one can assess the internalization mechanism of AuNPs. These different
methods can be used solely or combined and rely on colocalization of endocytic biomarkers®s,
knockdown of specific proteins% or specific exclusion of internalization pathways by endocytic
inhibitors, that specifically exclude the endocytic pathways1596-98, Colocalization of intracellular
AuNPs relies on the differential labelling of organelles or intracellular compartments. This allows
the analysis of colour distribution, within the cell, by fluorescent microscopy. This technique can
be used in live cell imaging, which constitutes an advantage. However, it can be unprecise as the
fluorescent markers can show continuous areas of fluorescence, that could overlap and camou-
flage the signal from other markers?’. The use of endocytic markers presents several advantages
that make it a better fit for the assessment of internalization mechanisms, such as the short expo-
sure periods required and the fact that it is a more affordable approach?. Nonetheless, regular
endocytic markers are not often selective, regarding specific pathways?s. Endocytic pathways can
also be assessed with resource to pharmacological inhibitors. This approach assumes that the in-
hibitors will have particular effects on a given endocytic pathway, but that’s not always the case.

For example, dynasore inhibits the dynamin function, in several different endocytic pathways97.98,
In order to understand the intracellular fate of AuNPs, firstly it is necessary to comprehend the

biological process behind it. After internalization of AuNPs, these are mainly found in endocytic

vesicles, that will fuse forming early endosomes, that will mature into late endosomes, and
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ultimately into lysosomes100. Along maturing stages, an acidification of the pH inside these vesi-
cles is observed, which could induce aggregation or disrupt the colloidal stability of AuNPs. Cur-
rent microscopy techniques, like fluorescence and transmission electron microscopy (TEM) tech-
niques, while widely used, cannot capture real-time live cell images, and the sample preparation
is a complex process, that can damage samples and degrade imaging quality of subcellular struc-
tures. Specifically, TEM is a microscopy technique that operates transmitting a beam of electrons
through an ultra-thin sample, creating highly detailed images, allowing for the observation of fine
cellular structures and nanoparticles within cells10%.102, Due to their high electron density, AuNPs
are of good use in TEM as it provides a strong contrast against cellular background, making them

appear as dark spots in the resulting images, as can be seen in Figure 1.5103,
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Figure 1.5 TEM images of AuNPs within cells. AuNPs exert high contrast, appearing as dark spots, independently on
their size (a - 13 nm; b - 50 nm)103,

As mentioned, sample preparation is complex and involves several steps like cell culture, fixation
(preserves cellular structures), embedding in resin (provides support for ultra-thin sectioning),
and staining (contrast enhancement)10!. Although providing high resolution, high contrast and
detailed images, TEM possesses several challenges, like a very complex sample preparation, the
possibility for the unwanted introduction of artifacts during sample preparation, that could affect
the interpretation of images, and damage of the biological samples due to prolonged exposure to
the electron beam192, Furthermore, confocal microscopy is limited by the diffraction limit, which
prevents the acquisition of precise nanoscale imaging of organelles104105, A real-time tracking of
the intracellular fate of AuNPs involves the assessment of intracellular movement, by tracking the

dynamic behaviour of molecules, organelles, or other cellular compounds (like AuNPs) within
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living cells. These processes often use fluorescent probes in different techniques, where the fluo-
rescence is measured directly or indirectly. Fluorescence Correlation Spectroscopy (FCS) is a po-
tent, sensitive analytical method, used to study the dynamics of fluorescent molecules, in real-
timel%. By measuring the fluorescence intensity variations, within a small and defined observa-
tion volume, FCS can provide information on diffusion properties, chemical reaction kinetics and
molecular concentrations and interactions. This technique is especially useful in nanomedicine,
as it allows the investigation of biomolecules in living cells, with high temporal resolution. Live
cell imaging, on the other hand, is a dynamic method that allows the observation and recording
the behaviour of biomolecules within a cell, in real-timel%7. Resourcing to fluorescence micros-
copy and fluorescent probes, live cell imaging allows the tracking of cellular processes, like orga-
nelle dynamics, within a living cell. This technique provides critical insights into the functioning
of cells, and their interaction with biomolecules, enabling the study of physiological conditions
with high spatial and temporal resolution. As there is an acidification of the intra-vesicle environ-
ment, during the endocytic pathways, pH-dependent fluorescent probes can be used in order to
track the intracellular fate of AuNPs. For example, lysosomes can be tracked with resource to
LysoTracker dyes, fluorescent dyes, specifically designed for the visualization of this organelle in
live cells. Its acidophilic nature makes them accumulate in acidic environments, increasing the
fluorescent intensity in lower pH values!%8. LysoTracker dyes are highly specific, versatile and
easy to use in live cell imaging, making them an essential tool in cell biology, for the study of lyso-
somal dynamics. Another example of a fluorescent dye with similar characteristic is the pHrodo
dye, also increasing their fluorescence intensity as the pH decreases, and are used as general pH

indicators, with in organelles or cytosol1.

1.8 Objectives

In this work, AuNPs will be functionalized with 2 different fluorescent fluorophores (TAMRA and
FITC), in order to assess the possibility of designing an AuNP-based probe, functionalized with
both dyes, capable of tracking the intracellular fate of AuNPs, allowing their detection within cells
by fluorescence microscopy, in real-time, and visualizing transportation vesicles and organelles.
This way, itis possible to track their movement and localization over time106.107.110111, This process
allows for a real-time understanding of the cellular response to AuNPs.

The TAMRA molecule is not pH-sensitive, as its properties do not change with variations of
pH112.113, However, FITC is pH sensitivel14-116, being used as an indicator, when conjugated with
nanoparticles, in pH-dependent drug delivery studies. The fluorescent intensity of FITC decreases
in lower pH values, due to protonation of its fluorescein moiety, quenching its fluorescent capac-
ity.

As mentioned, AuNPs are of a still increasing importance on the nanomedicine field. Therefore,

understanding the interaction between them and cells is of crucial significance, in order to
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optimize their design. The main objective of this project was to develop a probe that could be used

to track AuNPs and trace their intracellular fate in cancer models, using two different fluorophores
(TAMRA and FITC). For that, several tasks were defined:

Synthesis of AuNPs;

Functionalization and characterization of AuNPs with PEG;

Functionalization and characterization of AuNPs with fluorophores, independently;
Functionalization and characterization of AuNPs with both fluorescent dyes on the same
nanoparticle;

Assess the fate of the functionalized AuNPs within cells and tissues;

Clarify the pathway AuNPs take from outskirts of a 3D tumour to the core and inside cells.

Functionalization with FITC required the design of a new protocol, whereas the functionalization

with TAMRA followed an established protocol, with some fine tunings.

Due to personal issues and constraints, the objectives had to be re-adapted!.

1 Due to sick leave, a time suspension was granted.
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MATERIALS AND METHODS

2.1 Equipment, Material and Reagents

Table 2.1 Equipment used for the realization of the experimental work.

Equipment Company
UV-Vis Spectrophotometer UV Mini-1240 Shimadzu, Germany

Cary Eclipse Fluorescence )
Agilent, USA

Spectrophotometer
Sigma 3-16K Centrifuge Sartorius, Germany
Sigma 1-14 Mini-Centrifuge Sartorius, Germany
Shaker GFL, Germany
Eclipse Ti Microscope Nikon, Japan

Intensilight C-HGFI Epi-Fluorescence )
Nikon, Japan
[lluminator

2.1.1 Material

* Current laboratory material

* Quartz absorption cell - 105.202-QS (Hellma, Germany)
e Quartz precision cell - 105.251-QS (Hellma, Germany)

* Polystirol/Polystirene cuvette (SARSTEDT, Germany)

2.1.2 Reagents

» Carbonate buffer 0.1 M pH 9 - Prepared by adding 91 mM of Sodium bicarbonate (Honey-
well Fluka, USA), [CHNaO3; MW 84.01 Da] and 9.002 mM of Sodium carbonate anhydrous
(Sigma-Aldrich, USA), [Na;CO3; MW 105.99 Da];
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« 5,5'-Dithiobis(2-nitrobenzoic acid) [DTNB] (Sigma-Aldrich, USA), [Ci4HgN20sS;, MW
396.35 Da);

* Fluorescein isothiocyanate (FITC) (Sigma-Aldrich, USA), [C21H11NOsS; MW 389.39 Da].

* Gold chloroauric acid 99.999% (Sigma-Aldrich, USA), [HAuCl4,, MW 339.785 Da];

«  MES buffer 2.5 mM pH 5.9 (Sigma-Aldrich, USA), [C¢H13NO4S; MW 195.24 Dal;

» Phosphate buffer 0.5 M pH 7/8.5 - Prepared by adding 288.55 mM of Sodium phosphate
dibasic (Sigma-Aldrich, USA), [Na;HPOs, MW 141.96 Da] and 211.45 mM of Monosodium
phosphate (Sigma-Aldrich, USA), [NaH2PO4, MW 119.98 Da];

» Phosphate buffer saline - Prepared by adding 1.37 M of Sodium chloride (Sigma-Aldrich,
USA), [NaCl; MW 58.44 Da], 27 mM of Potassium chloride (Sigma-Aldrich, USA), [KCl; MW
74.55 Da], 100 mM of Sodium Phosphate dibasic (Sigma-Aldrich, USA), [Na;HPO4, MW
141.96 Da] and 18 mM of Potassium phosphate monobasic (Sigma-Aldrich, USA), [KH2POs,
MW 136.09];

+ Polyethylene glycol (PEG) (Iris Biotech, Germany), [HS-PEG(8)-COOH, MW 458.57 Da];

» Polyethylene glycol (PEG) (Sigma-Aldrich, USA), [HS-PEG(2K)-NHz, MW 2000 Da];

* Sodium citrate tribasic dihydrate, = 99% (Sigma-Aldrich, USA), [HOC(COONa)(CH:CO-
ONa),.2H,0; MW 294.10 Da];

* Sodium Dodecyl Sulfate (SDS) (Sigma-Aldrich, USA), [NaC12H25504, MW 288.38 Da];

* Tetramethylrhodamine cadaverine (TAMRA) (Life-Technologies, USA), [C30H34N404; MW
514.623 Da;

2.2 Synthesis of Gold Nanoparticles

AuNPs were synthesized by the citrate reduction method5s7.117, with the gold chloroauric acid be-
ing the gold supply and the sodium citrate acting as the reducing agent. All the glass material
needed to conduct the synthesis process was immersed in agqua regia overnight, and then washed
with milli-Q H20. Milli-Q H20 was also used to prepare all solutions.

In a 250 mL round bottom flask, 150 mL of 2.2 mM Sodium Citrate were brought to boil, with
vigorous stirring. When in reflux, 1 mL of 25 mM HAuCls were added. The solution was kept in
reflux, for approximately 10-20 minutes, until it turned reddish, from a characteristic yellow. After
that, the solution was left to cool down, with continuous stirring, and then stored at RT, protected
from light.

Synthesized AuNPs were analysed via UV-Visible Spectroscopy.

2.3 Functionalization of Gold Nanoparticles

2.3.1 AuNP@PEG-COOH@TAMRA

AuNPs were functionalized with a bi-functional PEG molecule, that had a thiol group at one end

and a carboxyl group at the other end (PEG-COOH). As a consequence, amine groups present in
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the TAMRA molecule, would react and bond to the carboxyl groups and, therefore, conjugating
the AuNPs with the dye.

2.3.1.1 Functionalization with PEG

The purpose was to cover 30% of the AuNPs’ surface. For that, given that 0.01 mgmL-! of
PEG_COOH is necessary to obtain 100% saturation of the surface, a concentration of 0.003 mgmL-
L was used. So, 10 mL of an aqueous solution containing 10 nM AuNPs, 0.003 mgmL-! PEG-COOH,
and 0.028% (v/v) SDS, was prepared. The solution was then left for incubation, with continuous
stirring, for 16 hours, on a GLF shaker 3006.

To remove possible unbound PEG-COOH molecules, the solution was centrifuged for 2 times, at
14000 g, 42C, for 45 minutes, and the supernatants were removed, reserved and replaced by Milli-
Q H20. Then, the supernatants were also centrifuged in the same conditions, and the unbound

PEG-COOH chains were quantified by Ellman’s Assay.

2.3.1.2 Functionalization with TAMRA

AuNP@PEG-COOH were then functionalized with TAMRA, a red fluorescent dye, by EDC and sulfo-
NHS coupling reaction. To do so, a master mix containing 21 nM AuNP@PEG-COOH, 1.25 mgmL-!
sulfo-NHS, and 0.312 mgmL-t EDC in MES buffer (2.5 mM, pH 5.9) was prepared, and incubated
for 30 minutes, at room temperature, with continuous stirring. Then it was centrifuged for 30
minutes, at 14000 g, 4°C. The supernatant was removed and replaced by MES. Then, in a 1:1 PEG-
COOH:TAMRA ration, TAMRA was added to mixture that was incubated at room temperature for
16 hours, with continuous stirring. After that, samples were centrifuged 2 times, for 45 minutes,
at 14000 g, 4°C. supernatants were removed, reserved, and replaced by MES buffer.

AuNP@PEG-COOH@TAMRA were analysed via UV-Vis Spectroscopy, Fluorescent Spectroscopy
and Fluorescence Microscopy. Supernatants were analysed by Fluorescent Spectroscopy, in the

same conditions as the AuNPs, mentioned in Section 2.6.1.

2.3.2 AuNP@PEG-NH@FITC

Isothiocyanates are electrophile groups, reactive towards a variety of nucleophiles, as amines.
They react well with amines under alkaline conditions, and are stable in aqueous conditions, as
well as in most solvents. As such, a PEG molecule, containing a thiol group in one end and an amine
in the other, was used to functionalize AuNPs and link FITC, a fluorescent green dye. The function-
alization method was optimized in the lab, as throughout the whole process, AuNPs presented
high instability118-120,

2.3.2.1 Functionalization with PEG

Given that information, 1*10-11 mol of AuNP were taken of the stock solution and centrifuged for

15 minutes, 14000 g. the supernatant was removed. A PEG sample was prepared ate the same
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time by dissolving 0.0025 g PEG in 20 uL. DMSO, and diluted in 990 uL of water. Then, 5 uL of a
stock solution of 6% SDS (v/v) was added to the mixture. AuNPs were resuspended in the PEG
sample and incubated for 10 minutes with continuous stirring. After 10 minutes, 12.5 uL of a stock
solution of 2 M NaOH was added, and the solution was left for incubation for 16 hours, with con-

tinuous stirring.

2.3.2.2 Functionalization with FITC

The functionalized AuNP@PEG-NH, Samples were then centrifuged for 30 minutes, at 14000g,
4°(C, and resuspended in Carbonate Buffer (0.1 M, pH 9). 0.0005 g FITC were dissolved in 20 uL
DMSO. From the original FIT-C solution, 2 uL. were taken and diluted 100 times in Carbonate
Buffer, immediately before use. From the diluted sample, 10 uL. were added to the AuUNP@PEG-
NH2. Then, 12.5 uL. of NaOH 2M were added, and the samples were left to incubate in the dark,
with continuous stirring, for 4 hours. After incubation, samples were centrifuged once, for 30
minutes, at 14000 g, 4°C. Supernatants were removed, reserved and replaced by Phosphate Buffer
(pH 8.5, non salt).

AuNP@PEG-NH2@FITC were analysed via UV-Vis Spectroscopy, Fluorescent Spectroscopy and
Fluorescence Microscopy. Supernatants were analysed by Fluorescent Spectroscopy, in the same

conditions as the AuNPs, mentioned in Section 2.6.2.

2.4 UV-Visible Spectroscopy

Synthesized and functionalized AuNPs were characterized with resource to UV-Vis Spectroscopy
(400-800 nm), using absorption cells and polystirol/polystyrene cuvettes, both with 1 cm optical
path.

2.5 Ellman’s Assay

The Ellman’s assay relies on the reaction between free thiol groups with DTNB, resulting in a yel-
low solution*. DTNB reacts with a thiol, forming a thiol-TNB adduct, and the concomitant release
of 5-thio-2-nitrobenzoic acid (TNB). Then, the quantification of free thiol groups is based on the
release of TNB, measures spectrophotometrically at 412 nm. For that, samples with known con-
centrations of PEG were prepared, in the presence of DTNB. After 10 minutes samples were ana-

lysed by UV-Vis spectroscopy, from 300 to 600 nm?121.122,

2.6 Fluorescence Spectroscopy

Fluorescence emission was assessed via fluorescence spectroscopy, using precision cells. All tests

were conducted at RT, although each fluorophore required distinct conditions.
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2.6.1 AuNP@PEG-COOH@TAMRA

For the TAMRA functionalized AuNPs the excitation wavelength was 543 nm, the recording fre-
quency range 550-700 nm, at 30 nm/min with a photomultiplier potency of 800 V.

2.6.2 AuNP@PEG-NH2@FITC

For the FITC functionalized AuNPs the excitation wavelength was 488 nm, the recording fre-

quency range 490-600 nm, at 30 nm/min with a photomultiplier potency of 800 V.

2.7 Fluorescence Microscopy

10 nM of each AuNP species were prepared, and then 100 puL were placed on plain microscope
slides. Then, samples were analysed via fluorescence microscopy, with an attached camera. Im-
ages were collected with resource to the NIS-Elements software, by Nikon. The exposure times
were 10-50 ms for the bright field images and 10-20 s for the fluorescence ones. All readings were

taken in the dark, at RT, varying only the light source (visible or UV).

2.8 pH Stability Assessment

To study the effect of pH on the nanoconjugates, samples with 10 nM AuNP and variable pH values
were prepared. The desired pH values were obtained by diluting a previously prepared PBS 10x
PBS solution, into PBS 1x with pH values of 5, 6, 7, and 8. After that, AuNPs were resuspended in
each pH sample, and absorbance and fluorescence spectra were obtained after 2, 4, 6, 16, and 24

hours.
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RESULTS AND DISCUSSION

AuNPs are considered a central piece to a multitude of applications in nanomedicine32123124, Par-
ticularly, AuNP-based systems are being more and more used in theranostics!2. As mentioned
earlier, gold nanoparticles (AuNPs) present unique features that increment their in vivo circula-
tion, necessary for these kind of applicationss. As such, the interest of AuNP-based systems has
sky rocketed in the last years, therefore increasing the need to study their internalization mecha-
nisms and interaction with living systems. Given that, the objective of this work was to function-
alize AuNPs with two different fluorophores, thus allowing for the characterization of cell uptake

and tracing the intracellular fate of such nanosystem, under different conditions.

3.1 Synthesis of Gold Nanoparticles

Normally, AuNPs are synthesized by reducing Au3+ to Au0. For that to happen, there needs to be
areducing, capping/stabilizing agent, that will prevent aggregation and increase stability, as well
as a “quality control” to the growth and size of AuNPs741. For example, when the capping agent is
present in lower concentrations, there are fewer ions available, resulting in reduced stabilization
of the nanoparticles. This, in turn, causes the smaller particles in the reaction system to coa-
lesce?41, As for the synthesis process, this project used the method proposed by Turkevich et al.
in 1951, that allows the formation of AUNPs with significant monodispersity and with diameters
ranging from 10-20 nm. It uses chloroauric acid (HAuCls) and sodium citrate both as a reducing
and capping agent741.117,

The AuNP synthesis was successful, and the resulting AuNPs were characterized by UV-Visible
spectroscopy. UV-Visible spectroscopy is a technique that permits the assessment of the AuNPs’
optical properties, resulting from the presence of the SPR band, that relies on size, shape, inter-
particle distance and the surrounding medium?26. The SPR effect is observable in the form of a
characteristic absorption band at around 519 nm3’. Figure 3.1 shows the absorption spectrum
obtained for the synthesized AuNPs, with a maximum peak at 519 nm, as expected. Additionally,

the SPR peak is symmetrical, narrow, and well-defined. These are all possible indicators of the
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monodispersivity of colloidal spherical AuNPs127-129, as they all have the same size and shape*. In
a polydisperse system, the variation on particle sizes leads to a variation in SPR wavelengths, thus
broadening the SPR band. With the analysis of the absorption spectrum, the concentration of the
AuNPs was also calculated, using the Lambert-Beer Law, assuming an absorption coefficient of

2.33x 108 M-L.cm! for the SPR peak!30*. AuNPs were also characterized by microscopy, confirming

the high monodispersivity and spherical shape of AuNPs.
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Figure 3.1 UV-Visible spectrum of the synthesised AuNPs, for wavelengths ranging from 400-700 nm, with the SPR
peak centered at 519 nm

3.2 Functionalization of Gold Nanoparticles

After the AuNPs were synthesised, they were functionalized. One of the objectives of this work
was to functionalize AuNPs with two different fluorophores: TAMRA and FITC. For that, AuNPs
were primarily functionalized with PEG-COOH and PEG-NH;, respectively. Figure 3.2 depicts a

schematic representation of the functionalization process.
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Figure 3.2 Schematic representation of the AuNPs functionalization reactions. A - AuNP@PEG-COOH@TAMRA. B -
AuNP@PEG-NH2@FITC.

3.2.1 Functionalization with PEG

In order to increase their stability and allow further functionalization with TAMRA and FITC,
AuNPs were first functionalized with PEG-COOH and PEG-NHj, respectively. The thiol groups pre-
sent in both PEG chains present a high affinity to gold, and establish strong chemical bonds, thus
replacing the existing weak adsorption bonds established by citrate, the previous capping agent.
Therefore, the PEG molecules, substituted citrate, and formed an inert hydrophilic coating that
inhibits the unwanted binding of other molecules?31.

Regarding the functionalization with PEG-COOH, AuNPs were coated with 30% surface coverage,
resulting in a PEG concentration of 0.003 mg.mL-1. The effectiveness of this functionalization was
assessed by performing the Ellman’s assys, quantifying the amount of free thiol groups in solution
and, therefore, unbound PEG chains (Appendix A.1). After that, AuNPs were analysed by UV-Vis
spectroscopy, which showed a minor redshift (approximately 2 nm) in the SPR peak, an indicator
of a size increase in the AuNPs, resulting from the successful binding of PEG chains. There is also
observable a slight increase in the SPR band, which can be related to an augment of the polydis-
persity (Figure 3.3).

Concerning the functionalization with PEG-NH>, as mentioned, this protocol was optimized in the
lab, in order to ensure maximum stability of AuNPs and functionalize them. In order to do so,
0.0025 g of PEG were added to 1x10-1 mol AuNPs. Again, AuNPs were analysed by UV-Vis spec-
troscopy. This time, the redshift was slightly bigger (4-6 nm), as the PEG-NH; chain is longer than
the PEG-COOH, thus increasing the size of AuNPs even more. The SPR band was also enlarged
(Figure 3.3).
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Figure 3.3 UV-Visible spectra of the functionalized AuNPs, for wavelengths ranging from 400-800 nm. Although there
is a shift at 536 nm, the analysis of the SPR peaks can be done and are located at 522 nm for AUNP@PEG-COOH, and
525 nm for AuUNP@PEG-NHz.

3.2.2 Functionalization with TAMRA

After that, AUNP@PEG-COOH were further functionalized with TAMRA, a rhodamine-based fluor-
ophore. The attachment of TAMRA allows the nanoconjugate to be observed with resource to flu-
orescence and was performed by an EDC/NHS coupled reaction. The amine groups present in the
dye covalently bonded to the carboxyl groups of the PEG chains, resulting in AuUNP@PEG-
COOH@TAMRA.

Initially, the protocol used in Carreira (2015) was performed. This used a TAMRA concentration
of 10-7 M. However, the resulting AuNPs did not possess measurable fluorescence (Figure 3.4, A).
Therefore, the protocol needed to be adapted. Assuming that it could be a problem regarding the
PEG chains. A new PEG sample was produced, using NaOH as a solvent, instead of H20, in an at-
tempt to increase the availability of the carboxyl groups in the PEG chains. However, this hypoth-
esis was not confirmed as the resulting AuNPs still did not possess any fluorescence (Figure 3.4,
B). Another hypothesis was then considered: the EDC and Sulfo-NHS samples were suspended in
MES bulffer, instead of being in aqueous conditions. This way, all of the reagents used in this func-
tionalization were at the same pH value, minimizing the probability of a possible inhibition due to
variations in the pH. Again, this hypothesis could not be confirmed, as the AuNPs still did not pos-

sess fluorescence (Figure 3.4, C).
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Figure 3.4 Emission spectra obtained for the functionalized AuUNP@PEG-COOH@TAMRA, for wavelengths ranging from
550-700 nm, and with an excitation wavelength of 543 nm. A - Analysis of the AuNPs resulting from the original proto-
col; B - Analysis of the AuNPs obtained after the first adaptation (resuspending the PEG sample in NaOH); C - Analysis
of the AuNPs obtained after the second adaptation to the protocol (resuspending EDC and Sulfo-NHS in MES buffer).

One final adaptation was made, and instead of using a TAMRA concentration of 107 M, TAMRA
was added to the reactional system in a PEG:TAMRA ratio of 1:1.

The resulting nanoconjugate was characterized by UV-Visible spectroscopy, fluorescence spec-
troscopy and fluorescence microscopy. The amount of TAMRA dye bonded to the AuNPs was cal-
culated by interpolating a calibration curve (Appendix A.2). The present SPR shift is minimal (1-
2 nm) not being explicit by the observation of absorbance spectra, that present similar profiles
Figure 3.5 A.

Fluorescence spectroscopy assays were conducted to assess the fluorescent properties of the
nanoconjugate, with the fluorescence profile of AuNP@PEG-COOH@TAMRA present in Figure 3.5
B, indicating the bonding of the TAMRA molecule to the AuNP@PEG-COOH.

Finally, fluorescence microscopy was used to ensure that the fluorescence measured by spectros-
copy was due to TAMRA molecules bound to the AuNPs and not to molecules dissolved in solution.
Analysing the obtained images, depicted in Figure 3.5 C, it is possible to verify that most of the

fluorescence signal comes from molecules bound to the AuNPs.
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Figure 3.5 Characterization of the functionalized AUNP@PEG-COOH@TAMRA. A - UV-Visible absorption spectrum of
the resulting AuNPs, compared to the previously functionalized AuNP@PEG-COOH. The SPR shift is no evident when
looking at the spectra and the SPR band suffered minor alterations. B - Fluorescence Emission spectra obtained for the
functionalized AuNPs, with an excitation wavelength of 543 nm. Contrary to the first results, AuNPs presented measur-
able fluorescence. C - Fluorescence Microscopy obtained for AuUNP@PEG-COOH@TAMRA. 1) Bright field microscopy;
2) Fluorescence microscopy; 3) Integration of both images, to infer the provenience of the majority of the fluorescence
signal. The fluorescence signal is mainly from TAMRA molecules bound to the AuNPs.

3.2.3 Functionalization with FITC

AuNP@PEG-NH; were functionalized with FITC, a green dye. The isothiocyanate group of the dye
reacted to the amine groups of PEG chains, binding to the surface of AuNPs. AuNP@PEG-
NH;@FITC were also characterized via UV-Vis spectroscopy, fluorescence spectroscopy and fluo-
rescence microscopy. The amount of FITC bonded to the AuNPs was calculated by interpolating a
calibration curve (Appendix A.3). UV-Vis spectroscopy shows that, once again, the addition of the
dye did not induce a significant redshift on the system, nor an enlargement of the SPR band, mean-
ing that, similarly to the AuUNP@PEG-COOH@TAMRA, the AuNPs’ diameter and monodispersity
remained practically the same (Figure 3.6 A).

The fluorescence profile of AUNP@PEG-NH@FITC was also assessed by fluorescence spectros-
copy, with the results present in Figure 3.6 B. The fluorescence intensity of FITC is not very high,
probably because of the internal shielding effect that AuNPs can perform.

Once again, in order to ensure that the fluorescence measured by spectroscopy was due to FITC

molecules bound to the AuNPs and not to molecules dissolved in solution, AuNPs were analysed
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by fluorescence microscopy. Analysing the obtained images, it is possible to verify that most of

the fluorescence signal comes from molecules bound to the AuNPs (Figure 3.6 C)
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Figure 3.6 Characterization of the functionalized AuNP@PEG-NH:@FITC. A - UV-Visible absorption spectrum, com-
pared to the previously synthesised AuUNP@PEG-NH:. Although there is an absorbance shift at 536 nm, both curves are

similar, and the SPR band and its maximum did not change. B - Fluorescence emission spectrum of the AuNP@PEG-
NH2@FITC, for wavelengths ranging from 490-600 nm, with an excitation wavelength of 488 nm. C - Fluorescence Mi-
croscopy obtained for AuNP@PEG-NH2@FITC. 1) Bright field microscopy; 2) Fluorescence microscopy; 3) Integration
of both images, to infer the provenience of the majority of the fluorescence signal. Although there is the presence of
signal in the medium, the fluorescence signal is mainly from FITC molecules bound to the AuNPs.

3.3 pH Stability Assessment

One of the initial objectives of this project was to study the possibility of functionalizing AuNPs
with both fluorescent dyes. For that, phosphate buffer saline (PBS) with different pH values (5, 6,
7, 8) was used. PBS is a widely used buffer for biomedical applications. The presence of salt
changes the dielectric constant of the medium, being an instability factor for AuNPs53.

10 nM AuNPs were resuspended in each condition and absorbance and fluorimetry readings were
obtained at the selected time points (2, 4, 6 hours). Realizing a macroscopic analysis (Appendix
A.4) of the samples it was possible to see that the AUNP@PEG-COOH@TAMRA samples at pH 5
and 6 completely decharacterized. The samples lost their unique and characteristic reddish col-

our, probably due to changes in the ionic strength of the medium, leading to aggregation of AuNPs.
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3.3.1 AuNP@PEG-COOH@TAMRA

3.3.1.1 UV-Visible Spectroscopy

As mentioned, these AuNPs were highly unstable at pH 5 and 6. This supposition can be corrobo-
rated by the analysis of the absorbance spectra. For pH 5, the SPR peak diminishes over time, a
considerable redshift occurs and the SPR band is highly enlarged. These are all indicators of in-
stability in the nanoconjugates, as the AuNP concentration decreases, and they become more and
more polydisperse. At pH 6, the curves were less decharacterized. The intensity of the SPR peaks
suffered less variations over time, the redshift was smaller and the SPR band did not enlarge that
much. However, AuNPs were still too unstable (Figure 3.7).
At pH 7, the profile of the curves were all similar, with several less variation of the SPR peaks and
enlargement of the SPR band. As for pH 8, the curves overlapped each other, being almost coinci-
dent. In these conditions there were observable the less changes in the normal behaviour of
AuNPs (Figure 3.7).
Changing the suspension buffer (AuNPs were functionalized in MES bulffer, and the pH stability
assays were conducted in PBS 1x) can influence the ionic strength of the solution, influencing
AuNP stability. At acidic pH, the ionic strength is enhanced, which could lead to the protonation
of the carboxyl groups in the PEG molecule, decreasing the negative charge on the AuNPs’ surface,
thus leading to a reduction in the electrostatic repulsions between AuNPs, promoting aggrega-
tion132,
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Figure 3.7 UV-Visible absorption spectrum for AuNP@PEG-COOH@TAMRA, for each condition. For pH 5, there was a
large broadening of the SPR band, as well as a redshift at its peak. pH 7 was the condition that less impacted the stability

of the nanoconjugate, with very similar profiles over time.
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3.3.1.2 Fluorescence Spectroscopy

The TAMRA molecule is not pH-sensitive, as its properties do not change with variations of
pH112113, Therefore, changes on the fluorescence intensity of the AuNP@PEG-COOH@TAMRA
samples were not expected. However, that was not the case. Although not varying over time, the
intensity of the fluorescence peak decreased with the increase in pH values (Figure 3.8). This can
be due to the increasing stability of the AuNPs. AuNPs can act as internal shields, preventing the
fluorescence to be detected by the sensor. When AuNPs destabilise, they tend to aggregate, losing
the optical properties already mentioned. Additionally, when functionalised with TAMRA, the
dye’s molecules will unbind from the AuNPs, and they will aggregate forming larger clusters. This
will reduce the number of particles in solution, also reducing the number of “shields”, allowing for
the excitation of a higher number of TAMRA molecules, which leads to a higher number of TAMRA

molecules emitting fluorescence and, therefore, an increase in the detection of fluorescence!3s.
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Figure 3.8 Fluorescence emission spectra of AUNP@PEG-COOH@TAMRA, for each condition. Although the signal is sta-
ble overtime, it decreases as the pH increases.
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3.3.2 AuNP@PEG-NH2@FITC

3.3.2.1 UV-Visible Spectroscopy

In every condition, the curve’s profile did not change. The SPR peak remained the same and did
not redshift, thus indicating that the concentration of viable AuNPs did not change significantly.
The SPR band also did not change, indicating that the AuNPs remained monodisperse and stable
(Figure 3.9). In fact, in all conditions, the curves overlapped in the two first time points, with a

slight decrease at 6 hours.
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Figure 3.9 UV-Visible absorption spectrum for AuUNP@PEG-NH2@FITC, for each condition. In all samples, the obtained
curves were similar, with a small intensity decrease at 6 hours. The SPR bands and peaks did not change over time, or

condition.

3.3.2.2 Fluorescence Spectroscopy

According to the literature, FITC is pH sensitivel14-116 being used as an indicator, when conjugated
with nanoparticles, in pH-dependent drug delivery studies. Its relative fluorescence increases
with the increase of pH. This is observable when analysing the fluorescence spectra obtained (Fig-
ure 3.10). Although it is not evident while analysing the spectra, due to the low intensity of the
fluorescence signal, this increase is present (Table 3.1). The values of the fluorescence intensity
of the nanoconjugates, in the following table, confirm that increase in fluorescence. Being a pH-
sensitive fluorescent dye, FITC’s properties are affected by the protonation or deprotonation of
its fluorescein moiety. At acidic pH, FITC is protonated, quenching its fluorescence. As the pH in-
creases, the resulting deprotonation of the FITC molecule leads to a more efficient electronic tran-

sition, enhancing its fluorescence intensity 114-116,
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Figure 3.10 Fluorescence emission spectra of AuNP@PEG-NH2@FITC, for each condition. All samples presented similar
curves. However, there is a slight fluoresce intensity increase, as the pH increases.

Table 3.1 — Values of the intensity peaks of the fluorescence spectroscopy assays. Although not evident analyzing the
spectra, the intensity of the fluorescence increased with the increase in pH, due to the protonation of the FITC molecule,
which led to a decrease in fluorescent intensity, at lower pH.

pH5 pH6 pH7 pHS8

2hours -6.67 -6.64 -6.64 -6.51
4 hours -6.78 -6.69 -6.66 -6.53
6 hours -6.67 -6.67 -6.48 -6.43
Mean -6.71 -6.67 -6.59 -6.49

3.3.3 AuNPs Concentration

In order to better understand the effect of pH in the AuNPs, calculations on their concentration
were conducted. However, absolute values are not considered, being considered only the varia-
tion over time and pH.

Regarding AUNP@PEG-COOH@TAMRA, as expected due to what was previously studied, for pH 5
and 6, AuNP concentration decreased significantly, with only 36.13% and 39.63% of functional
AuNPs, after 6 hours (Figure 3.11). However, for pH 7 (84.60%) and 8 (80.10%) the decrease was

not so drastic over the 6 hours, being similar between the two conditions.
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For the AUNP@PEG-NH;@FITC, the variation of the concentration of AuNPs was practically con-
stant amongst all conditions and timepoints. Only the sample at pH 5 did not present a percentage
of functional AuNPs over 80% (79.50%) (Figure 3.11).
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Figure 3.11 Percentage of functional AuNPs in each sample, for every condition. pH 7 was the condition that allowed for
AuNPs with the better stability, having the higher percentage of functional AuNPs.

3.3.4 Absorbance Maxima

Since the AuNPs presented different degrees of stability, macroscopically, the SPR peaks of each
sample were analysed to infer if there were any considerable deviations in the monodispersity
and colloidal stability of the AuNPs. Prior to these assays, the absorbance SPR peaks were at 523
nm for AuUNP@PEG-COOH@TAMRA and 522 nm for AuNP@PEG-NH,@FITC. Figure 3.12 incorpo-
rates the wavelength variation where the absorption was maximal, for all conditions, at every
timepoint. As mentioned earlier, the absorbance spectra of AUNP@PEG-COOH@TAMRA pre-
sented a severe redshift at pH 5, that was gradually reducing as pH increased. This information is
corroborated by the analysis of the SPR peak for each condition, where the values for pH 5 are
extremely higher than the initial 524 nm, but for pH 8, these values are more similar to them. For
AuNP@PEG-NH,@FITC, the obtained values are not much different from the initial 522 nm (Fig-
ure 3.12).
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Figure 3.12 Variation of the SPR peaks for each type of AuNP. AUNP@PEG-COOH@TAMRA were highly affected at pH 5,
with a considerable redshift at pH 6 also. AUNP@PEG-NH2@FITC were more stable, with the redshift varying from 1-2
nm)

Overall, AUNP@PEG-NH,@FITC are less susceptible to the effect of pH than AuUNP@PEG-
COOH@TAMRA. Given the showed results, for a possible functionalization of AuNPs with both
dyes, the AuNPs should be functionalized and stored at pH 7, for minimal destabilization of AuNPs,
while maintaining the interesting properties of TAMRA and FITC.

As previously mentioned, due to personal constraints, this work could only be performed to this
extent. However, if the fluorescent probes could be designed and tested in cancer cells, they were
going to be, theoretically, good trackers of the intracellular fate of AuNPs. Interpolating the exper-
imental results, it is possible to infer that, in the acidic environment of endocytic vesicles, the rel-
ative fluorescence of both TAMRA and FITC would vary through the pathway. The double-func-
tionalized AuNPs would be more stable than AuUNP@PEG-COOH@TAMRA, thus not aggregating so
much in acidic environments. Yet, the carboxyl groups in the PEG chains would still be protonated
and an increase in the fluorescence signal of TAMRA would be expected. On the other hand, the
fluorescein moiety of FITC would be protonated in those environments, thus quenching the emis-

sion of fluorescence by this fluorophore, reducing the fluorescence intensity of FITC.
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4

CONCLUSION AND FUTURE PERSPECTIVES

Cancer is still one of the major causes of mortality in the entire world. Conventional therapies
often lack selectivity and specificity. Because of this, nanomedicine is emerging with innovative
methods for therapy and diagnostics. In this work, the initial objective was to successfully func-
tionalise AuNPs with TAMRA and FITC, allowing the track of their intracellular fate. However, due
to personal and familiar reasons these could not be achieved and were readapted.

AuNPs were synthesized by the citrate-reduction method, and analysed by UV-Vis spectroscopy,
where a symmetric SPR peak at 519 nm. After that, AuNPs were functionalized with two distinct
PEG molecules, and then characterized by UV-Vis spectroscopy, with maximal absorbance read-
ings at 522 and 525 nm for AUNP@PEG-COOH and AuNP@PEG-NH;, respectively. After that,
AuNPs were furtherly functionalised with two fluorescent dyes (TAMRA and FITC) and were char-
acterized by UV-Vis spectroscopy, fluorescence spectroscopy and fluorescence microscopy. This
time, the SPR band remained the same, with minimal changes.

The effect of pH was then tested, in order to infer whether or not the AuNPs were stable in differ-
ent conditions and decide the working pH for the double functionalisation. AuUNP@PEG-
NH,@FITC were found to be less susceptible to the effect of pH than AuUNP@PEG-COOH@TAMRA,
as they presented less changes in the stability of the samples. At lower pH values, AUNP@PEG-
COOH@TAMRA highly aggregated, possibly due to protonation of carboxyl groups in the PEG
chain. The fluorescent intensity of TAMRA diminished, as the pH increased, which could be ex-
plained by the aggregation of AuNPs, reducing the influence of the “shielding” effect. However,
AuNP@PEG-NH@FITC slightly increased its fluorescent intensity, as the FITC molecules became
less protonated, reducing the fluorescence quenching effect. Given the experimental results, the
pH that better allowed the functionalisation of both dyes, while maintaining the properties of both
dyes, was 7.

The greatest set back of this work, besides the ones already mentioned, was the TAMRA function-
alisation. For about 1 month, TAMRA functionalised AuNPs presented no fluorescence, and so sev-

eral protocol adaptations were conducted, until the fluorescence signal was significant.
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Although the experimental work did not proceed to its predicted full extent, these results show
that the design of AuNP-based probes for the tracking of the intracellular fate of AuNPs has an
interesting future, as the intravesicular environment becomes more acidic as the endocytic path-
way progresses.

This work is neither the beginning nor the end. It is a part of a long journey, and in the future, if
the functionalization of a single AuNP with both dyes becomes possible, it will open up significant

opportunities in the field of nanomedicine.
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APPENDIXES

A.1 Ellman’s Assay

In order to determine the number of PEG molecules that did not bind to the AuNPs, the Ellman’s
assay was performed. This assay relies on the reaction between free thiol groups with the Ellman’s
reagent (DTNB), releasing TNB. Then, absorbance readings at 412 nm allows the quantification
of TNB molecules. In order to perform the Ellman’s assay, a calibration curve was drawn. For that,
samples with known concentration of PEG were prepared, in the presence of DTNB, and analysed
by UV-Visible spectroscopy. The quantification of unbound PEG molecules was obtained by ana-

lysing the resulting supernatants during the functionalization.
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Figure A.4.1 Standard calibration curve of PEG chains used in the Ellman’s Assay, obtained by UV-Vis spectroscopy



A.2 Quantification of Excess TAMRA Molecules by Fluorescent
Spectroscopy

To determine the excess of TAMRA that did not bind to the AuNPs, a calibration curve was drawn,
with the preparation of samples ranging from 0 - 0.01 mg/mL in 2.5 mM MES buffer pH 5.9, in the
conditions of functionalization. Fluorescent spectroscopy was used to quantify the fluorescent in-
tensity, which was plotted in function of TAMRA concentrations (Figure A.2). After functionaliza-
tion, supernatants were recovered and analyzed under the same conditions, and the amount of
TAMRA was calculated by interpolating the calibration curve. All readings were taken in the es-

tablished work conditions.
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Figure A.4.2 Standard TAMRA concentration calibration curve obtained by Fluorescent Spectroscopy



A.3 Quantification of Excess FITC Molecules by Fluorescent Spec-
trosocpy

To determine the excess of FITC that did not bind to the AuNPs, a calibration curve was drawn,
with the preparation of samples ranging from 0 - 0.003 mg/mL in 0.1 M carbonate buffer pH 9.34,
in the conditions of functionalization. Fluorescent spectroscopy was used to quantify the fluores-
cent intensity, which was plotted in function of FITC concentrations (Figure A.3). After function-
alization, supernatants were recovered and analyzed under the same conditions, and the amount
of FITC was calculated by interpolating the calibration curve. All readings were taken in the es-

tablished work conditions.
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Figure A.4.3 Standard FITC concentration calibration curve obtained by Fluorescent Spectroscopy



A.4 Macrsocopic Analysis of AuNP samples after incubation in dif-

ferent pH values

Figure A.4.4 Functionalized AuNP samples used in the pH Stability assay. AUNP@PEG-COOH@TAMRA samples at pH 5
and 6 completely lost their characteristic red colour, turning blue/purple.
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