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ABSTRACT

Cancer is on the verge of becoming the number one cause of deaths worldwide, despite
all the efforts and numerous studies regarding the molecular mechanisms underlying carcino-
genesis and the development of new approaches to cancer therapy. Current therapies still have
major downsides and to overcome them it is of high importance to develop novel approaches
that offer better selectivity, minimizing the death of healthy cells, and that are able to overcome
the resistance of cancer cells.

Autophagy is one of the main cellular mechanisms used by cancer cells to produce
enough energy for tumor development and to also resist the effects from certain therapeutic
drugs. This mechanism is extremely reliant on the lysosomes and if these were to be disrupted
so would the mechanism. In this work we report the study of antibody functionalized gold
nanoparticles as potential photothermal agents for specific photoirradiation of the lysosomes
in cancer cells.

Antibody functionalized gold nanoparticles for specific targeting of the lysosomal mem-
brane were synthesized, and cellular uptake and phothotermia assays were performed in a
colorectal cancer cell line. Cellular uptake assays revealed increased particle uptake and lyso-
somal accumulation of antibody functionalized gold nanoparticles whilst cell viability studies
regarding photothermia assays showed no effect on cellular viability. Results demonstrated the
active targeting of lysosomes by the synthesized nanoparticles, validating their potential as
targeting agents. Future work is needed to evaluate the potential of these particles as possible

photothermal agents.

Keywords: Cancer; Autophagy; Gold Nanoparticles; Cellular Uptake; Lysosomes; Photothermia
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RESUMO

O cancro esta prestes a tornar-se a causa numero um de mortes em todo o mundo,
apesar de todos os esforcos e inimeros estudos sobre os mecanismos moleculares subjacentes
a carcinogénese e o desenvolvimento de novas abordagens para a terapia do cancro. As tera-
pias atuais ainda apresentam grandes desvantagens e para supera-las é de grande importancia
desenvolver novas abordagens que oferecam melhor seletividade, minimizando a morte de
células saudaveis, e que sejam capazes de superar a resisténcia das células cancerigenas.

A autofagia € um dos principais mecanismos celulares utilizados pelas células canceri-
genas para produzir energia suficiente para o desenvolvimento do tumor e para resistir aos
efeitos de certas drogas terapéuticas. Este mecanismo é extremamente dependente dos lisos-
somas e, se estes fossem rompidos, o funcionamento deste mecanismo seria afetado. Neste
trabalho relatamos o estudo de nanoparticulas de ouro funcionalizadas com anticorpos como
potenciais agentes foto-térmicos para foto-irradiagdo especifica dos lisossomas em células
cancerigenas.

Foram sintetizadas nanoparticulas de ouro funcionalizadas com anticorpos para um
direcionamento especifico da membrana dos lisossomas e foram realizados ensaios de capta-
cao celular e foto-termia numa linha celular de cancro colorretal. Os ensaios de captacao ce-
lular revelaram um aumento da captagdo das nanoparticulas de ouro funcionalizadas com an-
ticorpo e uma acumulagao nos lisossomas, enquanto os estudos de viabilidade celular em re-
lacdo aos ensaios de foto-termia ndo demonstraram nenhum efeito na viabilidade celular. Os
resultados demonstraram uma acumulacdo preferencial das nanoparticulas nos lisossomas,
validando a sua capacidade de reconhecimento dos lisossomas. Trabalhos futuros sdo neces-
sarios para avaliar o potencial destas particulas como possiveis agentes foto-térmicos.
Palavas chave: Cancro; Autofagia; Nanoparticulas de Ouro; Captacao Celular; Lisossomas; Foto-

termia
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INTRODUCTION

1.1 Cancer

1.1.1 Cancer Statistics

Cancer has always been a major public health problem all around and is now on the
verge of becoming the leading cause of deaths worldwide'2. According to recent data from
the World Health Organization3 (Figure 1.1), 19 million new cancer cases were detected, and
10 million cancer related deaths reported worldwide in 2020. Breast, lung, and colorectal can-
cer rank top three in the number of new cases in 2020 with, 2.3 million (11.7%), 2.2 million
(11.4%) and 1.4 million (7.3%) diagnosed cases respectively and lung, colorectal and liver can-
cers ranking top three in cancer related deaths with 1.8 million (18%), 935 173 (9.4%) and
830 180 (8.3%) reported deaths respectively.

Number of new cases in 2020, both sexes, all ages

Number of deaths in 2020, both sexes, all ages

Breast
2261419 (11.7%) Lung
1796 144 (18%)

Lung Other cancers

2206 771 (11.4%) 3557464 (35.7%)
Other cancers
8275 743 (42.9%) Colorectum Colorectum
1931590 (10%) 935173 (9.4%)
Prostate Prostate Liver
1414259 (7.3%) 375304 (3.8%) 830 180 (8.3%)
Oesophagus Stomach Pancreas Stomach
604100 (3.1%) 1089 103 (5.6%) 466 003 (4.7%) 768 793 (7.7%)
Cervix uteri Liver Oesophagus Breast
604127 (3.1%) 905 677 (4.7%) 544 076 (5.5%) 684 996 (6.9%)
Total: 19 292 789 cases Total: 9 958 133 deaths

Figure 1.1- Number of new cancer cases detected and cancer related deaths in 2020 worldwide for both sexes and
all ages. Adapted from3



In Portugal, colorectal, breast and prostate cancers were the most frequent with 10 501
(17.4%), 7 041 (11.6%), 6 759 (11.2%) diagnosed cases in 2020 and lung, colorectal and stom-
ach cancers responsible for the most deaths with 4 797 (15.9%), 4 320 (14.3%) and 2 332 (7.7%)
reported deaths in 2020 (Figure 1.2).

Estimated number of new cases in 2020, Portugal, both sexes, all ages Estimated number of deaths in 2020, Portugal, both sexes, all ages

Colorectum
10,501 (17.4%)

Other cancers Other cancers
2305 (38,25 11650 (38.65%)

Colorectum
20 (18.3%)

Breast
7041 (10.6%)

NHL

2008 (1.5%)
Bladder
2608 [4.3%)

Prostate Stomach
675 (11.2%) .

Liver Prostate
V18 59 1917 (6%

Stomach

Pancreas Breast
2950499 1770 (8.55%) 1864 (6.2

Lung
54150 )

Total : 60 467 Total : 30 168

Figure 1.2- Number of new cancer cases detected and cancer related deaths in 2020 for both sexes and all ages in
Portugal. Data obtained through https.//gco.iarc.fr/

In the last couple of decades, currently employed cancer therapies such as surgery,
radiotherapy and chemotherapy have been thoroughly studied and their efficiency improved
through a more selective targeting of cancer cells, minimizing the death of healthy cells, and
overcoming tumor therapy resistance. Furthermore, the combination of these therapies, com-
bined cancer therapy, has achieved remarkable results with an incredible improvement in can-
cer survival rates. However in recent years, as a result of the growing knowledge regarding the
complex molecular changes that accompany the development and resilience of cancer cells,

promising molecular approaches have surfaced to assist in the fight against cancer. *°

1.1.2 Cancer Development

Cancer is characterized as the abnormal growth of cells, due to the bypass of cell cycle
control mechanisms, because of acquired mutations in tumor suppressor genes and proto-
oncogenes disrupting the precise control exerted by several cellular mechanisms, including cell
division, differentiation, and cell death. Tumor suppressor genes, such as Retinoblastoma 1
(RBT)and P53, play an important role in suppressing cancer development through the regula-
tion of cell growth and differentiation in normal cells. Mutations in tumor suppressor genes
can lead to a lack of expression or inactivation of these genes, causing a deregulation in cell
growth and development. Proto-oncogenes play a key role in several biological processes of

normal cell proliferation and differentiation, by stimulating cell division, and inhibiting cell


https://gco.iarc.fr/

differentiation and programmed cell death (apoptosis). Oncogenes are generated by muta-
tions in proto-oncogenes and are usually in an overexpressed stated, overstimulating cell pro-
liferation whilst completely inhibiting cell differentiation and apoptosis. As such an abnormal
activation of oncogenes accompanied by an inactivation of tumor-suppressor genes gives rise
to the development of cancer cells. &

As they begin to develop, cancer cells acquire distinctive traits that allow tumor growth,
survivability and metastatic proliferation, commonly referred to as the hallmarks of cancer as
represented in Figure 1.3.5'° In the year 2000, with knowledge gathered through the study of
cancer, six hallmarks were defined, classifying the distinctive behavior of cancer cells at a mo-
lecular level™. In 2011 with the advances in cancer research two emerging hallmarks, the de-
regulation of cell metabolism and the ability to avoid the immune system were also identified
along with the first two enabling characteristics responsible for the acquisition of the previous
hallmarks, cancer's genomic instability and tumor promoting inflammation®. Besides the afore-
mentioned enabling characteristics and hallmarks of cancer, new enabling characteristics and
hallmarks are being proposed such as, the ability to unlock phenotypic plasticity where cancer
cells originating from a well differentiated cell type can dedifferentiate back to progenitor like
cell states becoming unbound of the antiproliferative state of differentiated cells'>"*and inhib-
iting the return to such state, non-mutational epigenetic reprograming', the effect of poly-

15,16

morphic microbiome variability in cancer phenotypes'™ ' and the stimulation of tumor devel-

opment and malignancy progression caused by the presence of senescent cells'.
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Figure 1.3- The six core hallmarks of cancer and the recently studied emerging hallmarks and enabling factors. The
acquisition of these hallmarks, through the several known enabling characteristics such as, the instability of the
genome that gives rise to dozens of new mutations in cancer cells, are of the utmost importance to ensure the
growth and proliferation of cancer cells, allowing their uncontrolled growth by sustaining proliferative signaling
whilst evading growth suppressors. Generating enough energy through the reprograming of the cellular metabo-
lism and gathering enough nutrients through the access of blood vessels by inducing the growth of new vessels or
accessing existing ones which will also in turn allow for cancer cell invasion and metastasis. Ensuring their survival
through the avoidance of the immune system, resistance of cell death and the enabling of replicative immortality

evading a state of senescence. ¢ Created with Biorender.com.

1.1.3 Colorectal cancer

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide and
ranks second regarding cancer related deaths.> CRC is characterized by an abnormal growth of
cells leading to the formation of malignant solid tumors in the final part of the gastrointestinal
system encompassing the colon and the rectum.

As is the case for most cancers, CRC is caused by mutations targeting oncogenes lead-
ing to an increase in function or to the acquisition of novel functions, tumor suppressor genes
leading to a loss of function, and mutations on DNA repair mechanisms causing an increase in
the number of mutations. ' These mutations can be caused by a variety of genomic instabil-
ities such as chromosomal instability, DNA mismatch repair defects, CpG island methylator
phenotype, base-excision repair defects, and microsatellite instability.'®2°

Colorectal carcinomas can be classified as sporadic, inherited, and familial according to

the origin of the mutation. Sporadic cancers account for about 70% of all colorectal cancers



and originate from point mutations that appear during life affecting only individual cells and
are unrelated with inherited syndromes. Generally, in sporadic cancers, the molecular patho-
genesis is quite heterogeneous as different genes are the targets for mutations. On the other
hand, in 70% of all CRC cases, pathogenesis follows a specific onset and succession of muta-
tions starting with the formation of an adenoma and leading to the carcinoma state. The tumor
suppressor gene adenomatous polyposis coli (APC) is the first to suffer a mutation, leading to
the formation of polyps, non-malignant adenomas, from which about 15% have a high chance
of becoming carcinomas within a ten year time span'®. Following the APC mutation CRC pro-
gression is accompanied by mutations in KRAS, TP53 and DCC genes.

Inherited CRC cases account for 30% of all cases and are divided into two groups re-
garding the formation of polyps or lack thereof. The non-polyp variant is mainly comprised of
hereditary non-polyposis colorectal cancer cases (HNPCC) also known as Lynch syndrome ac-
counting for 5% of all CRC cases. HNPCC is caused by germline mutations in DNA mismatch
repair genes MLH1, MSHZ, MSH6, PMST and PMS2 that are inherited in an autosomal domi-
nant manner.'®'?'0n the other hand the polyp formation variant is mostly comprised of fa-
milial adenomatous polyposis cases (FAP) and is caused by germ-like mutations in the APC
gene causing the formation of more than 100 adenomatous polyps, each with a 15% chance
to progress into an adenocarcinoma, with an autosomal dominant inheritance.'®°

HNPCC and FAP represent the most commonly occurring cases of non-polyp and polyp
variants of inherited CRC however, there are also many other closely related variant syndromes

that are part of inherited CRC."82?

1.2 The role of Lysosomes in Cancer Cell Survival

Lysosomes are membrane bound vesicles containing an array of hydrolases and are the
most acidic vesicles in the cells, playing a key role in the degradation, recycling, and disposal
of several cellular macromolecules. Vesicle fusion with the lysosomes, allowing the release of
hydrolases for the degradation of vesicular contents, is a crucial step for the maintenance of
cellular homeostasis in cellular processes such as autophagy, endocytosis and phagocyto-
sis.>*?*Additionally, lysosomes also play a role in the regulation of cell signaling, metabolism?*

and cell death®.



Cancer cells show an increase in lysosome biogenesis, with a higher expression of lyso-
somal proteins and enzymes that promote tumor progression and metastasis, and a decrease
in the expression of lysosomal proteins necessary for lysosome associated cell death. An in-
crease in the number of lysosomes results in increased macromolecule degradation and recy-
cling generating nutrients to sustain cellular proliferation and also play a role in drug resistance.

As such lysosomes represent promising targets for cancer therapies.??®

1.2.1 Autophagy

As a highly conserved evolutionary cellular degradation process, autophagy is charac-
terized as the degradation of long-lived or dysfunctional organelles and proteins. There are
three types of autophagy, macroautophagy, where the formation of an autophagosome occurs
followed by fusion with a lysosome forming an autolysosome, microautophagy, where the ly-
sosome engulfs a small part of the cytoplasm through an inward invagination of its membrane,
and chaperone mediated autophagy where substrate proteins harboring chaperones are rec-
ognized by the Lysosome associated membrane protein 2A (LAMP2A) that acts as a receptor
and are directly translocated across the lysosomal membrane. Since macroautophagy is
thought to be the main type of autophagy and has been studied to a greater extent, macro-
autophagy will be referred to as autophagy from here on.

The process of autophagy is accomplished through the formation of a phagophore that
will surround dysfunctional organelles and ubiquitinated proteins, forming an autophagosome
which will then fuse with a lysosome resulting in an autolysosome where the cellular contents
are degraded by the released lysosomal enzymes (Figure 1.4). In normal cells, autophagy is
usually triggered as a response to hypoxia, nutrient deprivation, and stress as an attempt to
maintain homeostasis.?**° However, in cancer cells this defensive response can be used to pro-
mote cell proliferation and ensure cell survival against therapeutic drugs that induce cellular

stress.’
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Figure 1.4- Representation of the Autophagy process. A phagophore membrane starts elongating around dysfunc-
tional organelles or ubiquitinated proteins forming an autophagosome, which will come in contact and fuse with
hydrolase filled lysosomes forming and Autolysosome with the release of hydrolases resulting in the degradation

of the molecules inside it Created with Biorender.com.

1.2.2 Autophagy in cancer

Autophagy has two contradictory roles when it comes to carcinogenesis (Figure 1.5).
Autophagy acts as a tumor suppressor during the early stages of the transition from a normal
cell to a cancer cell, removing damaged organelles, reactive oxygen species, damaged mito-
chondria, and aggregates of ubiquitinated protein, preventing the accumulation of genetic
defects by clearing mutagens and ensuring genome stability, promoting autophagic cell death,
limiting inflammation which inhibits malignant transformation that would be stimulated by the
inflammation caused by the tumor microenviroment®** and is also the first line of defense
against viral and bacterial infections, that can be the underlying cause for the appearance of
colorectal cancer.?® Studies have shown that the inhibition of autophagy promotes the activa-
tion of oncogenes and leads to the development of cancer cells.>*3*In later stages during the
progression of tumors, cancer cells are under various stresses, being exposed to hypoxia, nu-

trient deprivation, selective pressure due to therapeutic intervention, and metabolic stress, due



to their very high proliferation rate and as such the high needs of both ATP and metabolites.*®
In this case autophagy ends up promoting cancer progression, since it is a mechanism activated
during starvation or stress, providing a backup energy source for cell survival and expansion,
while enhancing drug resistance, and ensuring cell survival by inhibiting cell death or promot-

ing survival in a dormant state and by reducing tumor sensitivity to harming stimuli.®*3’
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Figure 1.5- The dual and contradictory roles of autophagy in cancer. Depending on the state of tumor development
autophagy can act as an inhibitor of the transformation from normal to cancer cell or promote tumor development.
Autophagy suppresses the transition of normal cell to cancer cell by removing damaged organelles and proteins,
reducing DNA damage and reactive oxygen species, supporting genomic stability, promoting autophagic cell death,
limiting inflammation and stimulating the clearance of intracellular pathogens. Autophagy promotes tumor devel-
opment by providing an alternative enerqy source, increasing drug resistance, inhibiting cell death, promoting the
survival of tumor cells in a dormant state, and ensuring the maintenance of cancer stem cell compartments. Adapted

from % and created with Biorender.com.



1.3 Cancer therapies

Due to the heterogeneity and complexity of cancer there is not a standardized treatment
to follow, and several methodologies of treatment are implemented. The best methodology is
chosen by considering the type of cancer as well as its level of progression. The most conven-
tional therapies currently used are surgery, chemotherapy, and radiotherapy. However, these
conventional therapies harbor multiple disadvantages, which restricts their effectiveness since
there is incomplete tumor eradication giving room for recurrence with the appearance of re-
sistant cancer cells, lack of selectivity which ends up killing normal cells including effective
immune cells and side effects caused by local and systemic toxicity from the treatment. Nev-
ertheless the combined use of these therapies along with new approaches, that have emerged
due to recent advancements regarding the understanding of molecular mechanisms of tumor

resistance, has proven to be rather effective ?**

1.3.1 Nanotechnology and the Rise of Nanomedicine

Nanotechnology is characterized as the manipulation of matter at the nanometer scale,
resulting in the design and application of systems at the nanoscale (10°m). At this scale nano-
materials exhibit unique physical and chemical properties when compared to their bulk prop-
erties, having a high surface area to volume ratio, optical, electronic, magnetic and biological
properties that can easily be modified, presenting a synthesis with complete control of size,
shape, structures, and surface chemistry‘”. Thus, giving rise to what is now known as nanomed-
icine. Studies regarding the applications of an array of nanomaterials such as nanoparticles*,
show potential solutions for the main problems that cancer therapies face such as the lack of
selectivity, drug clearance, biodegradation and low specificity.*****Nanomedicine has the po-
tential to revolutionize medicine in the areas of drug delivery, diagnosis and imaging.*®*'The
use of nanoparticles as drug carriers offers enormous advantages allowing for a reduction in
drug dosage whilst ensuring pharmaceutical effects and minimizing side effects since particles
protect drugs against degradation and enhance drug stability, plus nanoparticles can easily
allow drug accumulation by penetrating through small capillaries and being taken up by

48,49

cells*®*, in addition nanoparticles can also act as imaging tools for diagnosis***°Through the

combination of their therapeutic and diagnostic effects nanoparticles have the ability to act as

theragnostic systems.



1.3.2 Nanoparticles in drug delivery and targeting

As previously mentioned, currently implemented cancer therapies although somewhat
effective harbor many side effects which hinder their effectiveness. The use of nanoparticles as
drug delivery systems (DDS) have shown very promising results, since nanoparticle properties
can be tuned in their synthesis allowing for an optimized approach when dealing with different
therapeutical targets.>

In cancer therapies nanoparticle-based DDS are designed for both active and passive
targeting (Figure 1.6) of cancer cells maximizing nanoparticle accumulation in tumors. Passive
targeting consists in the transport of nanoparticles through leaky tumor capillary fenestrations
or passive diffusion into the tumor /nterstitium, there selective nanoparticle accumulation and
retention occurs through the enhanced permeability and retention (EPR) effect observed in
some solid tumours™. In other cases, due to elevated viscous and geometrical resistance, con-
sequence of the heterogeneous nature of tumor induced capillaries, blood flow is compro-
mised and combined with interstitial hypertension caused by poor lymphatic drainage and
fluid leakage from the tumor vessels the efficacy and delivery of therapeutic drugs by DDS is
reduced.” Active targeting in drug delivery is achieved through molecular recognition of spe-
cific ligands, such as antibodies for example, attached to the surface of nanoparticles through
surface functionalization, meaning that nanoparticle DDS active targeting can easily be altered

for optimal drug delivery in several different cancer scenarios. >>®
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Figure 1.6- Nanoparticle drug delivery system targeting mechanisms. Nanoparticle-based drug delivery systems
can reach tumors via active or passive targeting. Passive targeting occurs when nanoparticles can reach the tumor
microenvironment due to the irregular nature of tumor associated vessels causing an enhanced permeability and
retention effect (EPR) and enhancing diffusion. Active targeting occurs through the molecular recognition of specific
ligands, such as antibodies for example, attached to the surface of nanoparticles through surface functionalization.

Created using Biorender.com.

1.3.3 Cellular uptake of Nanoparticles

After reaching the target, nanoparticles enter the cell via the endocytic route, more
specifically through phagocytosis or pinocytosis (Figure 1.7). Larger particles usually enter the
cell via phagocytosis or macropinocytosis, whilst smaller particles, with sizes lower than 200nm
enter the cell via micropinocytosis, more specifically through clathrin-dependent or caveolae-
dependent routes. In the clathrin-dependent pathway the nanoparticles are wrapped inside a
vesicle by the action of clathrin-1 forming a clathrin coated vesicle that can either be trans-
ported to the lysosomes or recycled back to the extracellular space. In the caveolae-dependent
pathway nanoparticles are transported inside caveosomes, bypassing lysosomes, and are
translocated to the endoplasmic reticulum or Golgi body.**>°
Nanoparticles for drug delivery usually have sizes ranging from 10 nm to 100nm, par-

ticle size needs to be lower than 100 nm so that extravasation from the fenestrations in leaky

vasculature is efficient and particles can evade capture from the liver, and need to be bigger
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than 10 nm to avoid filtration by the kidneys.*® As such nanoparticle DDS usually enter the cells

via micropinocytosis. The route of entry in cells is dictated by nanoparticle properties.®%¢!

Nanoparticle Cellular
Internalization

|
l |

[ Phagocytocis ] [ Pinocytosis ]

Y

[ Micropinocytosis ] [ Macropinocytosis ]

Clathrin- Caveolae- Clathrlin/
mediated mediated Caveolae
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Figure 1.7- Nanoparticle cellular internalization pathways. Nanoparticle-based drug delivery systems are designed

with an optimized particle size, from 10 to 100nm, ensuring the internalization of particles via the different mi-
cropinocytosis routes, which can be manijpulated through the functionalization of nanoparticles with specific mol-
ecules "controlling" the route by which nanoparticles enter the cell. Adapted from %6 and created with Bioren-

der.com.

1.3.4 Gold Nanoparticles

There are various kinds of nanoparticles that can be utilized in nanomedicine such as
polymer-based nanoparticles, dendrimers, lipid-based nanoparticles, protein nanoparticles
and inorganic nanoparticles which include ceramic, magnetic, carbon and gold nanoparticles.®
However in recent years there has been an increase in studies regarding gold nanoparticle
(AuNP) applications in imaging, diagnosis and targeted theraphy.®*-%

The reason behind the interest in AuNPs resides in their unique chemical and physical
properties such as an easy and simple synthesis process through the reduction of chloroauric
acid with citrate (Turkevich method)®, resulting in particles whose size, shape and surface
properties can be tuned and optimized for the desired study, high absorption and light scat-
tering efficiency, high photothermal conversion rate, high biocompatibility and low toxicity,
with spherical AUNPs being the most stable and less toxic among metallic nanoparticles.®”
AuNPs have a unique optical property called the localized surface plasmon resonance

(LSPR) in which the electrons on the metal surface undergo a collective oscillation when excited
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by light at specific wavelengths causing AuNP absorption and scattering intensities to be much
higher than other nanoparticles with the same size but lacking an LSPR effect. Generally, 14nm
AuNPs have an LSPR peak at 520nm however, the LSPR peak can easily be tuned by changing
particle size and shape to be able to absorb even in the near infrared (NIR) wavelengths which
is of particular interest in biomedical applications because effective tissue penetration can be
achieved in NIR.5%

Furthermore, the surface of AuNPs can easily be functionalized with different molecules,
through gold-thiol conjugation chemistry, to increase their already high biocompatibility, col-
loidal stability, solubility, circulation time and depending on the coating molecule to even allow
binding with proteins such as antibodies or fluorophores for example for simultaneous target-
ing and imaging, highlighting even more the potential that is brought from the multifunction-
ality of AuNPs.”>"*Due to this multifunctionality AUNPs have been employed in a wide variety

of studies such as drug delivery, gene therapy, radiotherapy, imaging and photothermal ther-
apy.62,65,74,75

1.4 Photothermal Therapy in cancer therapy

The use of heat to eliminate cancer cells is nothing new, using heat sources such as ra-
diofrequency, microwaves, ultrasound waves and more recently laser light to induce hyper-
thermia, a moderate increase in temperature, in the range of 41-47°C, at a specific target site
for a couple of minutes. Through hyperthermia treatment tumors can suffer irreversible cell
damage, through the denaturation of proteins and the destabilization of cellular membranes.
The use of laser light for hyperthermia treatments allows for confined thermal damage of can-
cer cells; however, its lack of selectivity is a major drawback. Photothermal therapy (PTT) is an
approach where photothermal agents are employed in cancer cells and irradiated with a laser
to achieve a selective heating of the tumor environment. The choice of photothermal agent is
based on the strength of their absorption cross-sections and light to heat conversion effi-
ciency.’®’’

Due to their unique optical properties AuNPs, with their extremely efficient light to heat
conversion properties, make the perfect photothermal agents for PTT, combined with the pos-
sibility of surface modification with several different molecules enabling specific targeting of
overexpressed proteins in cancer cells resulting in increased AuNP accumulation at tumor sites,
increasing biocompatibility, circulation time and also allowing for real-time optical imaging of

the target site (nanotheranostics), plus the ability to change AuNP LSPR peak to enable
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irradiation with different wavelengths without losing any light absorption and scattering effi-
ciency. Through the combination of AUNP properties the implementation of combined thera-

pies such as drug delivery followed by PTT is more than possible.54788

1.5 Context and objectives

The implementation of nanoparticles, more specifically AuNPs, in cancer therapies could
represent a future in which tumors can be quickly identified and dealt with through gene ther-
apy, drug delivery, PTT and several other approaches.

Lysosomes are prime targets for cancer therapy. As discussed above autophagy can have
a major role in promoting tumor proliferation but is extremely reliant in the existence of func-
tional lysosomes. If the lysosomal integrity would be disrupted there would be no fusion with
the autophagosome and consequently no degradation of any molecules inside it, meaning that
there would be no recycling of metabolites, shutting down the much-needed alternative en-
ergy source for cancer cells to be able to proliferate and cell survival would be compromised,
since there would be no protection from drugs or inhibition of cell death. Through the target-
ing of the lysosomes the tumor promoting mechanism of autophagy would be jeopardized
making these molecules the perfect choice for targeted cancer therapies.

The lysosomal membrane consists of a lipid bilayer and membrane proteins. Lysosome
associated membrane proteins 1 and 2 (LAMP1 and LAMP2) are the most abundant proteins
in the lysosomal membrane. These proteins present a high degree glycosylation protecting the
lysosomal membrane from digestion of its own hydrolases.?’## Studies have shown that a
decrease in LAMP1 and LAMP2 proteins makes cancer cells more sensitive to Lysosome mem-
brane permeabilization (LMP)®, in which there is slight or complete permeabilization of the
lysosomal membrane with the release of the lysosomal contents that can end up mediating
cell death.®>#

As such the LAMP1 and LAMP2 proteins represent a possible target for an effective dis-
ruption of the lysosomes in cancer therapy.

The major objective of this thesis is to design and synthesize bioconjugated AuNPs capable
of specifically targeting the lysosomes, and then apply photoirradiation to trigger optimized
cell death — death from within. This should be attained via several intermediate objectives:

- Synthesis and characterization of AuNPs, which shall then be functionalized with spe-
cific antibodies towards recognition of LAMP2 in the lysosome.
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evaluate the internalization of the synthesized nanoconjugates by colorectal cell lines
and study the effects of the accumulation of antibody functionalized AuNPs in the ly-
sosome

To test the effects of mild photothermy conditions in cell viability and organelle integ-
rity.
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MATERIALS AND METHODS

2.1 Synthesis of citrate capped gold nanoparticles

The synthesis of gold nanoparticles (AuNPs) was performed according to the protocol in
Fernandes et al® which relies on the citrate reduction method described by Lee and Meisel®,
and that has been optimized to yield citrate capped gold nanoparticles (AuNP) with about
14nm. Gold salts are reduced to zero valence atoms, resulting in the formation of AuNPs and
the citrate capping confers a negative charge to the nanoparticles attracting positively charged
cations present in the solution, resulting in the formation of a diffuse electrical double layer
that prevents AuNP aggregation and thus ensuring colloidal stability®°".

Before the synthesis, one must ensure that all glass material has been cleaned and is
devoid of any traces of metal ions. As such, aqua regia was prepared in a hood by mixing three
parts hydrochloric acid (HCL) with one-part nitric acid (HNO3) and allowed to react for a couple
hours. Nanoparticle synthesis material was thoroughly washed with aqua regia to ensure that
no metal or organic contaminants were present. Synthesis material was then washed with co-
pious amounts of water until deionized water pH was attained to ensure no aqua regia was
present.

Then, an aqueous solution of tetrachloroauric acid (HAuCl4) (225mL, TmM) was brought
to boiling until reflux begins. Then, a heated aqueous trisodium citrate solution (25mL,
38.8mM) was added and the solution continuously stirred for 30mins. The observation of a
change in color from yellow to a dark red immediately after the addition of citrate, indicates
the formation of the nanoparticles. The solution was allowed to cool at room temperature (RT).
Lastly, using a 0.22um syringe filter (Vented Milex ®-GV, Merck Millipore), the synthesized

AuNP were sterilized and stored at RT away from light.
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2.2 Citrate capped AuNP functionalization with PEG-COOH

2.2.1 AuNP Pegylation

Polyethylene glycol (PEG), a coiled polymer of repeating ethylene ether units with dy-
namic and flexible conformations, is a hydrophilic molecule characterized by its high biocom-
patibility and low toxicity. PEG is commonly used to functionalize AuNPs improving their in
vivo stability, biocompatibility and provide conjugation sites for therapeutic agents and tar-
geting ligands.**%

Functionalization of citrate capped AuNPs was performed with molecules of PEG har-
boring a carboxylic acid functional group on one end (SH-EG(8)-COOH) (PEG-COQOH) (458,57
g/mol) (Iris Biotech) (Figure 2.1), to allow for further functionalization with molecules harboring
an available amine group through peptide bonding.

In this work to achieve 100% PEG-COOH coverage®, a solution of 10nM of citrate
capped AuNPs, PEG-COOH (0.01mg/mL) and 0.028% sodium dodecyl sulfate (SDS) was incu-
bated for 16h. Excess PEG-COOH chains were removed by centrifugation at 14000xg for 30
min at 4°C (Refrigerated SIGMA 3-16K centrifuge, Sartorius, Germany) and PEG-COOH cover-
age determined in section 2.2.2. AUNP@PEG-COOH were resuspended in MiliQ H20 and
stored at 4°C.

s - @

AuNP PEG-COOH
AuNP@PEG-COOH

Figure 2.1- Representation of citrate capped gold nanoparticle (AuNP) functionalization with polyethylene glycol
harboring a carboxylic acid functional group (SH-EG(8)-COOH) (PEG-COOH).
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2.2.2 Ellman’s Assay

Ellman’s assay, exploits the reaction of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB or
Ellman’s reagent) with thiolate anions leading to the formation of 2-nitro-5-thiobenzoic acid,
an optically active compound that can be photometrically detected at 412nm, and is usually
used to directly quantify thiol groups in solution.® Using this assay excess PEG-COOH chains,
obtained in section 2.2.1, were quantified to determine the degree of PEG-COOH coverage on
the AuNPs.

Briefly standard solutions of PEG-COOH ranging from 0.0002-0.035mg/mL in 0.5M pH 7
phosphate buffer were prepared. The standard solutions and PEG-COOH chains were incu-
bated for 10mins with 7ul of DTNB at RT and the absorbances at 412 nm measured with a
Tecan Infinite M200 microplate reader (Tecan, Mannedorf, Switzerland). Excess PEG-COOH
concentration was determined through a calibration curve (See Figure A1 in annex A) with the
measurements of the standard solutions, and reaction efficiency calculated through Equation
2.1.

Equation 2.1:

.. o/\ _ Inicial [PEG—COOH](mg/mL)—-Supernatant [PEG-COOH](mg/mL)
Efficiency (%) = Inicial [PEG-COOH](mg/mL) X100

2.3 AUNP@PEG-COOH functionalization with Anti-LAMP2A

Colorectal cancer cells are highly dependent on autophagy as a backup energy genera-
tion mechanism, having an increase in lysosomal biogenesis with overexpression of lysosomal
membrane proteins such as lysosomal associated membrane protein 2A (LAMP2A), that works
as a receptor in the lysosomal membrane.®

AuNP@PEG-COOH functionalization with Abcam recombinant Anti-LAMP2A antibody
[EPR4207(2)]- Lysosome Marker (ab125068) allows for an active targeting of the lysosomal
membrane through molecular recognition of LAMP2A in colorectal cancer cells.

Optimal Functionalization is achieved via EDC/NHS coupling reaction at pH6 (Figure 2.2).
EDC reacts with the carboxylic acid groups in PEG-COOH forming an active O-acylisourea in-
termediate, that is unstable in an aqueous solution and will hydrolyze regenerating the car-
boxyl group if an amine is not found. Reaction efficiency is improved through the addition of

NHS, in the presence of sulfo-NHS (NHS water soluble analogue), EDC couples NHS to the
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carboxyl group forming an amine-reactive NHS ester that is significantly more stable than the
O-acylisourea intermediate allowing for a more efficient conjugation to the primary amines

present in the Anti-LAMP2A antibody.*’
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Figure 2.2- Representation of AuNP@PEG-COOH functionalization with Anti-LAMP2A antibody [FPR4207(2)]- Ly-
sosome Marker (ab125068) through EDC/NHS coupling reaction. EDC reacts with the carboxylic acid groups in PEG-
COOH forming an active O-acylisourea intermediate, in the presence of sulfo-NHS (NHS water soluble analog) EDC
will couple NHS to the carboxyl! group forming an amine-reactive NHS ester that is significantly more stable than
the O-acylisourea intermediate allowing for a more efficient conjugation to the primary amines present in the Anti-
LAMP2A antibodly. Adapted from®”

2.3.1 Functionalization with the Antibody

To achieve maximum antibody coverage of AUNP@PEG-COOH superficial area (see
Figure A2 in annex A), a 10mM pH6 MES buffer solution containing 21nM AuNP@PEG-COOH,
1.25mg/mL Sulfo-NHS and 0.312mg/mL EDC was incubated for 30mins at RT, centrifuged at
14000xg for 30 min at 4°C (Refrigerated SIGMA 3-16K centrifuge, Sartorius, Germany), the su-
pernatant removed and pellet resuspended in 2.5mM pH6 MES buffer. Salt concentration is
reduced to ensure particle stability. Anti-LAMP2A antibody was added, at an optimal concen-
tration for maximum coverage, to the AUNP@PEG-COOQOH, now with semi-stable amine reactive
NHS esters ready to form a peptide bond with free amine groups, and the solution incubated
for 16h. Excess antibody removed through centrifugation at 14000xg for 20 min at 4°C and
reaction yield determined in section 2.3.2. The AUNP@PEG-COOH@AnNti-LAMP2A were resus-
pended in MiliQ H20 and stored at 4°C to avoid antibody denaturation.
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2.3.2 Bradford Assay

The Bradford protein assay is generally used to determine protein concentrations in sam-
ples, through the binding of the Coomassie dye to protein molecules which causes an imme-
diate shift in the absorption maximum of the dye from 465nm to 595nm accompanied by a
change in solution color from brown to blue. Through this assay excess antibody concentration,
obtained in section 2.3.1, was quantified and the yield of AUNP@PEG-COOH antibody func-
tionalization reaction determined.

Using the Pierce™ Coomassie (Bradford) Protein Assay Kit (23200) (Thermo scientific™,
USA), standard solutions of bovine serum albumin (BSA) in 2.5mM pH 6 MES buffer with con-
centrations ranging from 0-25ug/mL were prepared. Then 75 uL of standard solutions and
excess antibody were incubated for 10mins with 75uL of Coomassie reagent at RT and the
absorbances at 595 nm measured with a Tecan Infinite M200 microplate reader (Tecan, Manne-
dorf, Switzerland). Excess antibody concentration was determined through a calibration curve
(See Figure A3 in annex A) with the measurements of the standard solutions, and reaction yield
calculated through Equation 2.2.

Equation 2.2

.. o/\ _ Inicial [Anti—-LAMP2A](ug/mL)—-Supernatant [Anti—-LAMP2A](ug/mL)
Efficiency (%) = Inicial [Anti—-LAMP2A](ug/mL) X100

2.4 Gold nanoparticle characterization

For UV-Visible Spectrophotometry, Dynamic light scattering (DLS) and zeta potential
characterizations samples were analyzed in triplicates for AuNPs and AuNP@PEG-COOH.
AUuNP@PEG-COOH@ANti-LAMP2A samples were analyzed individually and only characterized
through UV-Visible Spectrophotometry due to low particle concentration, consequence of low

particle stability that resulted in precipitation.

2.4.1 AuNP characterization by UV-Visible Spectrophotometry

AuNP UV-visible spectrophotometry characterization was performed through a method
developed by Heiss et. al*® allowing the estimation of citrated capped AuNPs diameter and
molar extinction coefficient to determine particle concentrations. Citrate capped AuNP diam-

eter was determined using the calibration curved performed by Heiss et al (see Figure A4 in
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annex A) and the absorbance values at the Localized surface plasmon resonance (LSPR) peak
and at 450nm.

AuNPs spectrums were obtained (UVmini-1240 Shimadzu, Kyoto, Japan), in the wave-
length range of 750-400nm using a 1cm optical path quartz cuvette at RT and nanoparticle
concentrations determined through the Lamber-Beer law using the corresponding absorbance

value of the LSPR peak with a molar extinction coefficient of 2.33x108 M cm™.

2.4.2 DLS and Zeta Potential

DLS is a technique used to measure particle size through the fluctuation in the intensity
of light that is scattered when passing through the particles. This fluctuation in intensity occurs
due to the Brownian motion of particles, described as the random movement of particles in a
solution consequence of their collision with solvent molecules, in which smaller particles tend
to move more quickly and larger particles more slowly. DLS measures the size of a sphere that
is comprised of the core particle and any ions or absorbed polymers in the surface of the par-
ticle, meaning that it measures the hydrodynamic size of the particle.”'®

Zeta potential, also referred to as electrokinetic potential, reflects the potential differ-
ence between charged particles and dispersant molecules when under the influence of an ap-
plied electric field. Zeta potential analysis is performed to evaluate particle stability in a colloi-
dal solution,'001°"

Prior to analysis the AuNP samples were diluted in MiliQ H-O to a final concentration of 4nM.
The zeta potential analysis of AuNPs solutions was performed simultaneously with the DLS
analysis, using Nanoparticle Analyser SZ-100 (Malvern Panalytical), as a service (Nano4 Global,

Lda).

2.5 Cell Culture

HCT116 colorectal carcinoma cells (ATCC® CCL-247™) were grown in Dulbecco’s Modi-
fied Eagle Medium (DMEM) (Gibco™ by Life Technologies, Invitrogen, California, USA) (with
phenol red indicator) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) 1% (v/v) Penicil-
lin/Streptomycin solution and maintained in 25cm? T-Flasks at 37°C in a 99 % humidified at-

mosphere of 5 % (v/v) CO, (SANYO CO2 Incubator, Electric Biomedical Co., Osaka, Japan).
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2.5.1 Cell culture maintenance

Cells were sub-cultured to maintain exponential growth and to avoid loss of growth
due to lack of nutrients and contact inhibition. As such every week, when cells achieved a state
of about 80-90% confluence, culture medium was removed and discarded, 2 mL of PBS 1X
added, to remove leftover medium ensuring that trypsin activity would not be inhibited, and
discarded, 2mL of TrypLE™ Express (Gibco®, New York, EUA) were added and incubated for
5min in the CO; incubator to promote cell detachment, then 2mL of DMEM were added to
block trypsin activity. The cell suspension was transferred to two 2 ml Eppendorf’'s and centri-
fuged (Sigma 1-14 microcentrifuge, Germany) at 500xg for 5min at RT, the supernatant re-
moved, and the cells resuspended and concentrated in TmL of fresh DMEM medium.

Living cells were counted by the Trypan blue exclusion method in a hemocytometer
(Hirschmann, Eberstadt, Germany). This method is based on the principle that living cells pos-
sess intact membranes that exclude certain dyes such as trypan blue whereas dead cells do
not. To that end 350uL of DMEM, 50uL of the obtained cell suspension and 100uL of a 0.4%
(v/v) Trypan blue solution (Sigma, St. Louis, EUA) were mixed. Living cells were directly observed
and counted through an optical inverted microscope (Nikon TMS, Nikon Instruments, Tokyo,
Japan), and cell density determined through Equation 2.3
Equation 2.3:

Number of viable cells x 10* x 10 (dilution factor)

Cell density (cells/mL) =

Number of squares

Cells were seeded at 7.5x10* Cells/mL in a 25cm? T-Flask supplemented with 5mL of
DMEM medium and maintained in a 99 % humidified atmosphere of 5 % (v/v) CO, (SANYO
CO2 Incubator, Electric Biomedical Co., Osaka, Japan).

Cell cultures were weekly analyzed for the presence of mycoplasma contaminants by

polymerase chain reaction performed by lab members.

2.6 Cell Challenge with Gold Nanoparticles

Challenge of the HCT116 cells with the AuNP@PEG-COOH and AuNP@PEG-
COOH@ANti-LAMP2A was performed to enable studies regarding the uptake of nanoparticles
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by the cells and evaluate the targeting of the lysosomes and their effect on cell viability through
photothermy assays.

For that HCT116 cells were seeded at a density of 2x10%cells per well in a 96well plate
(SPL Life Sciences, South Korea) for 24h at 37°C in a 99 % humidified atmosphere of 5 % (v/v)
CO,, the medium replaced with fresh medium containing 2.5nM of AUNP@PEG-COOH or
2.5nM of AUNP@PEG-COOH@ANti-LAMP2A in study wells and fresh medium in control wells,
followed by another 24h incubation in the same conditions.

Cellular uptake was then determined through U.V-visible spectrophotometry and induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES).

2.6.1 Assessment of AUNP uptake through U.V-visible spectrophotometry

AuNP uptake was quantified through U.V-visible spectrophotometry to study the influ-
ence of Anti-LAMP2A functionalization in cellular uptake of the AUNP@PEG-COOH@AnNti-
LAMP2A.

After the 24 h incubation period U.V-vis spectrums of all wells were taken using a Tecan
Infinite M200 microplate reader (Tecan, Mannedorf, Switzerland) and total particle concentra-
tion determined as described in section 2.4.1. The medium of all wells transferred to another
96 well plate (SPL Life Sciences, South Korea) and particle concentration in the medium deter-
mined. Cellular particle concentration was determined by subtracting particle concentration in
the medium to the total particle concentration. (Equation 2.4)

Equation 2.4

Cellular [AuNP] = Total [AuNP]- Medium [AuNP])

2.6.2 Fractionating of Challenged Cells

Cell challenge was performed as described in section 2.6 with the exception that cells
were seeded at a density of 1x10° cells per well in a 24 well plate (SPL Life Sciences, South
Korea).Then medium from each well was removed and stored in Eppendorf’s, the wells washed
twice with 500uL of PBS 1X that was also then stored in the same Eppendorf’s, cells detached

and centrifuged as described in section 2.5.1, with the exception that 250 uL of TrypLE™

Express
(Gibco®, New York, EUA) and DMEM medium were used instead of 2 mL, supernatants re-

moved and stored in the Eppendorf's containing the mediums and PBS 1X at 4 °C. Using the
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Abcam Cell Fractionation Kit - Standard (ab109719) cells were resuspended, fractionated and
cytosolic, mitochondrial, and nuclear fractions obtained through differential precipitation of

fraction density.

2.6.3 ICP-AES

ICP-AES is an analytical technique capable of detecting even trace amounts of chemical
elements in samples. ICP-AES was performed to quantify nanoparticle accumulation in differ-
ent cell fractions and study the influence of Anti-LAMP2A functionalization (AUNP@PEG-
COOH®@ANti-LAMP2A) in active targeting of the lysosomes.

Fractionated samples preparation for ICP-AES analysis

After cell fractionation, aqua regia was prepared as described in section 2.1, the stored
supernatants transferred to 15 mL falcon tubes (SPL Life Sciences, South Korea), 2 mL of aqua
regia were added to each falcon and left to react overnight. The same was done with the ob-
tained cell fractions by adding 1 mL of aqua regia to each Eppendorf and left to react overnight.
The addition of aqua regia is necessary for the dissolution of any gold (Au) present in the
samples so that it can be quantified by ICP-AES. Afterwards samples were sent for ICP-AES

analysis.

2.7 Assessment of Cell Viability

2.7.1 MTS Assay

Cell viability was assessed through MTS assay through CellTiter 96® AQueous One So-
lution Cell Proliferation Assay using 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS). This colorimetric assay is based on MTS reduction in
metabolically active cells by mitochondrial dehydrogenases due to the presence of phenazine
methosulfate an electron coupling agent, generating a formazan dye that is soluble in culture
media and can be quantified, by measuring the absorbance at 490nm, which is directly pro-
portional to the number of metabolically active (viable) cells in culture ."%

Cell challenge was performed as described in section 2.6. Afterwards medium was re-

moved and discarded, replaced with fresh medium containing an MTS solution (20l of MTS
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in 80ul of DMEM per well), the plates incubated for 30 min in the same conditions. Then ab-
sorbance at 490nm was measured with a Tecan Infinite M200 microplate reader (Tecan,

Mannedorf, Switzerland) and cell viability calculated through Equation 2.5

Equation 2.5:
Cell Viability (%

) _ Abs of the analysed sample—Abs(respective sample control) X100
- Abs of cell control—Abs of blank

2.7.2 Trypan Blue Exclusion Method

Membrane integrity was determined via the Trypan blue exclusion method. Cell chal-
lenge was performed as described in section 2.6. Cell density was determined as mentioned in
section 2.5.1 and the percentage of living cells calculated through Equation 2.6

Equation 2.6:

.. Cell density in study well
Living cells (%) = 4 4 00

Cell density in control well

2.8 Western Blot

Western blot was performed to study the presence of lysosomes and AuNP@PEG-

COOH@AnNti-LAMP2A in the different cellular fractions.

2.8.1 Pierce Assay

The Pierce protein assay, generally used to determine protein concentrations in sam-
ples, is characterized by a change in color of a dye-metal complex from a reddish-brown to
green upon protein binding. This color change is produced due to the facilitated interactions
that happen at low pH between positively charged amino acid groups in proteins and the dye
causing its deprotonation. This color change causes a shift in the dyes absorption maximum
that can be measured at 660nm.

Cell challenge was performed, and cells fractionated as described in section 2.6.2 with
the exception that cells were only incubated with AUNP@PEG-COOH@ANti-LAMP2A.

Using the Pierce™ 660nm Protein Assay Kit (22662) (Thermo Scientific™, MA, USA), BSA protein
standard solutions, with concentrations ranging from 0-1000ug/mL, and protein samples from

the cellular fractions, diluted 1:10 in MiliQ H.O, were incubated with 150uL of Pierce reagent
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for 5min at RT, and absorbances at 660nm measured with a Tecan Infinite M200 microplate
reader (Tecan, Mannedorf, Switzerland). Protein concentrations were determined through a
calibration curve (See Figure A5 in annex A) with the measurements of the standard solutions.

After quantification cell fractions were stored at -80 °C to avoid protein denaturation.

2.8.2 Sample Preparation

Following western blot sample preparation step from the Abcam Cell Fractionation Kit
- Standard (ab109719), 4.6ug of the cell fractions were incubated with a 5X SDS-PAGE sample
buffer for 10 min in a 60 °C water bath and vortexed. Due to low protein concentration in some
fractions 4.6ug was the highest amount of protein that could be used for western blot analysis
to ensure that all samples had equal amounts of protein without exceeding the maximum ca-

pacity of the wells.

2.8.3 SDS-PAGE Gel Electrophoresis and nitrocellulose membrane transfer

Incubated samples were immediately loaded into a 5% stacking, 10% resolving acryla-
mide/Bisacrylamide gel (SDS-PAGE) (see Table 2.1 for SDS-PAGE gel composition), NZYtech's
NZYColour Protein Marker 1l (MB090) was added to both ends of the gel and electrophoresis
ran at 120 V for 90 min. Due to the denaturing conditions of the SDS-PAGE gel, the influence
of protein structure and charge is eliminated, proteins acquire a negative charge, unfold into
their linear chains and migrate through the gel according to the length of their polypeptide
chain resulting in the separation of proteins by molecular weight.

After electrophoresis samples were transferred from the gel to a nitrocellulose mem-
brane (Amersham™ Protran™ Premium 0.45um NC, Sigma-Aldrich, USA) through a three-
buffer semi-dry transfer system, (see Table 2.2 for buffer compositions) at 130 mA for 1 h (see
Figure A6 in Annex A). Under these conditions the negatively charged proteins migrate towards
the positive pole of the system and are transferred to the membrane.

Transfer efficiency was analyzed by staining the membrane with Ponceau solution and
the SDS-PAGE gel with Coomassie blue. The membrane was incubated with ponceau solution
for 5min at RT then washed twice with MiliQ Hz0 to observe the transferred protein bands. The
SDS-PAGE gel was incubated with Coomassie blue for 30 mins at 50°C and washed twice with

MiliQ H>0 to observe if any protein band was not transferred and still on the gel.
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Table 2.1: SDS-PAGE gel composition (5% stacking, 10% resolving acrylamide/bisacrylamide)

Resolving (10%) Stacking (5%)
H.0 5mL 3.4mL
Acrylamide/bisacryldamide 2.5mL 830mL
Respective Buffer 4x" 2.5mL 630mL
20% SDS 25pL 25pL
10% APS 100uL 50pL
TEMED 10uL 5uL

*- Either Resolving Buffer 4x or Stacking Buffer according to the gel that is being prepared.

Table 2.2: Semi-dry transfer system buffer composition

Buffer Composition
Cathode Buffer | 25 mM Tris, pH 9.4, 40 mM 6-aminohexanoic acid
Anode Buffer | 0.3 M Tris, pH 104
Anode Buffer Il 25 mM Tris, pH 10.4

2.8.4 Membrane Blocking and Antibody Staining

Following protein transfer, membrane staining with specific primary and secondary an-
tibodies was performed to determine the presence of lysosomes and AuNP@PEG-
COOH@ANti-LAMP2A in the different cellular fractions.

The nitrocellulose membrane was blocked with a 5% (w/v) BSA (Nzytech, Lisbon)
1XTBST (50 mM Tris, 150 mM NaCl and 0.1% (v/v) Tween 20, pH 7.5) solution under agitation
for 2 h at RT. Membrane blocking is essential to avoid non-specific antibody binding due to
the high protein affinity of the membrane. The membrane was incubated with Anti-LAMP2A
antibody [EPR4207(2)]- Lysosome Marker (ab125068) in 5% BSA (w/v) (Nzytech, Lisbon) 1xTBST
(1:2000) overnight at 4 °C, then to remove excess antibodies washed thrice with 1x TBST for
5mins under agitation. Afterwards the membrane was incubated with Cell Signaling anti-rabbit
IgG, HRP-linked Antibody #7074 in 5% non-fat milk (w/v) 1xTBST(1:1000) for 1 h at RT, then

washed thrice with 1x TBST for 5mins under agitation.
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2.8.5 Film exposure

After antibody staining the membrane was incubated with a Western Bright ECL solu-
tion (Advansta, Menlo Park, California, USA) for 5 mins at RT. ECL is a horseradish peroxidase
substrate optimized for chemiluminescent western blot imaging. After incubation, in a dark
room, a film was exposed to the membrane and revealed. The film was then analyzed for the
presence of LAMP2A regarding the different cellular fractions to determine the presence of
lysosomes and AUNP@PEG-COOH@AnNti-LAMP2A.

2.8.6 Membrane Stripping

Membrane stripping is done to remove antibody staining from the nitrocellulose mem-
brane and allow for further staining of the same membrane with other antibodies.
For membrane stripping, the membrane was washed with 1xTBST, then incubated with strip-
ping buffer (0.1 M glycine, 20 mM magnesium acetate, 50 mM potassium chloride, pH 2) for
10 mins at RT under agitation, stripping buffer was discarded, more Stripping buffer added,
and the membrane incubated for another 20 mins under the same conditions, then washed
with TBST.

2.8.7 B -Actin control

Western blot control was performed with B-actin, a protein that is generally expressed
in all eukaryotic cell types and usually remains unaffected regardless of the experimental pro-
cedure, as a loading control to normalize the detected levels of protein ensuring that protein
loading is the same across the gel.

Membrane blocking, primary and secondary antibody staining was performed as de-
scribed in section 2.8.4, using Cell Signaling anti-B-actin #3700 (1:5000) as primary antibody,
and Cell Signaling anti-mouse IgG HPR-linked antibody #7076 (1:3000) as secondary antibody.

2.9 Immunofluorescence Microscopy

Immunofluorescence microscopy was performed to observe the cellular localization of
AuNP@PEG-COOH@ANti-LAMP2A in HCT116 cells after a 24h incubation and verify if the par-

ticles were accumulated in the lysosomes proving the existence of an active targeting
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mechanism. For a clear observation, nuclei, lysosomes, and nanoparticles were stained with
fluorescent molecules.

Nuclei were stained with Hoechst 33258 dye (Phenol, 4-[5-(4-methyl-1-piperazinyl)[2,5'-
bi-1H-benzimidazol]-2'-yl]-, trihydrochloride 23491-45-4) (Molecular Probes® by Life Tech-
nologies, Invitrogen, California, USA), a nuclear dye that binds to DNA emitting blue fluores-
cence (excitation at 352nm and emission at 461nm), lysosomes stained with CellLight® Lyso-
somes-GFP *BacMam 2.0 (C10596), a viral vector system containing a mammalian promotor
with the sequence for green fluorescent protein (GFP) for expression of lysosome-GFP fusion
peptides which emit green fluorescence (excitation at 485nm and emission at 520nm) and
AUuNP@PEG-COOH@ANtiI-LAMP2A stained with Goat anti-rabbit IgG (TRITC (Tetramethylrho-
damine isothiocyanante)) (ab6718) which emits red fluorescence (excitation at 547nm and
emission at 572nm).

For a thorough analysis of AUNP@PEG-COOH@ANti-LAMP2A active targeting of the ly-
sosomes, control groups of HCT116 cells and HCT116 cells incubated with AUNP@PEG-COOH
stained with, Anti-LAMP2A antibody and Goat anti-rabbit IgG (TRITC) were also performed.

Lysosome staining

Following CellLight® Reagents *BacMam 2.0* protocol a solution of CellLight® Lyso-
somes-GFP *BacMam 2.0 was prepared in DMEM medium to achieve 100 particles per cell.
HCT116 cells were seeded at a cellular density of 0.2x10* cells per well in a 96 well plate (SPL
Life Sciences, South Korea) for 24 h at 37°C in a 99 % humidified atmosphere of 5 % (v/v) CO,,
medium was then replaced with the prepared CellLight reagent solution in the study wells,
fresh medium in control wells and incubated for 48h in the same conditions, to allow enough

time for the expression of the lysosome-GFP fusion peptides.

Hoechst and Antibody Staining

Cells were fixated with 100 ul of 4%(v/v) paraformaldehyde for 20 mins at RT, washed
once with PBS 1X, cells were incubated with 100ul of Triton-X 100 (0.1%) in PBS 1X for 10 mins
for membrane permeabilization to allow antibody staining of the lysosomes and washed again
once with PBS 1X. Cell blocking was done with a 100ul of 1% BSA (w/v) PBS 1X solution for 30
mins at RT, to minimize unspecific binding of the primary antibody within the cell. Cells were
incubated with 100ul of Anti-LAMP2A in 1% BSA (w/v) PBS 1X (1:200) for 1 h at RT, washed
once with PBS 1X, then incubated with 100ul of Goat anti-rabbit IgG (TRITC) in 1% BSA (w/v)
PBS 1X (1:1000) for 1 h at RT and washed again once with PBS 1X.
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Then cells were incubated with 100 pl of Hoechst 33258 (7.5ug/mL) for 15 mins at RT,

for nuclei staining, and washed once with PBS 1X.

Microscope Observation

Cells were visualized using a Ti-U Eclipse inverted microscope (Nikon, Tokyo, Japan).
HCT116 cell images were obtained through brightfield, Hoechst-stained nuclei images were
obtained with a DAPI filter (excitation at 360/40nm and emission at 460/50nm), lysosomes-
GFP images obtained with a FITC filter (excitation at 480/30 nm and emission 535/40nm) and
antibody Goat anti-rabbit IgG (TRITC) images were obtained with a G2A filter (excitation at
535/50nm in the blue region and emission at >590nm). All obtained fluorescence images were

treated using the Image J software.

2.10 Photothermy Assay

A photothermal assay was performed to analyze AUNP@PEG-COOH@AnNti-LAMP2A in-
ternalization/membrane adsorption and simultaneously evaluate, their abilities as photother-
mal agents, through their highly efficient light to heat conversion properties, to promote cell
death or to disrupt cell growth in HCT116 cells by irradiating cells with a laser.

Cell challenge was performed as described in section 2.6, with the exception that phenol
red free DMEM medium was used instead of DMEM medium supplemented with phenol red.
For a representation of the study and control well for photothermy assays see Figure B1 in
Annex B. Study wells were irradiated for 1 min with 2.37W/cm? using a continuous 532 nm
green diode-pumped solid-state laser (Changchun New Industries Optoelectronics Tech. Co.,
LTD, Changchun, China) coupled to an optical fiber. The temperature of each well was regis-
tered before and after laser irradiation to quantify the heat generated through AuNP laser
excitation. Cell viability was determined through MTS assay as described in section 2.7.1 and

membrane integrity through Trypan Blue exclusion method as described in section 2.7.2.

31






RESULTS AND DISCUSSION

The main objective of this thesis was to trigger optimized cell death through photoirra-
diation of the lysosomes. For that, a photothermal agent with a good light to heat conversion
efficiency was necessary, but that agent would also need to be delivered or reach the lyso-
somes. In other words, there would need to be an active targeting to the lysosomes. Addition-
ally, for eventual clinical, use this agent would need to be stable, biocompatible, and preferably
have a low toxicity index. As such, gold nanoparticles (AuNPs) were chosen since they make
for the perfect photothermal agent, due to their extremely efficient light to heat conversion’®
78 and their surface chemistry allows for easy functionalization with several different molecules
allowing for an increase in particle stability, biocompatibility and active targeting of orga-

nelles®76872

3.1 Characterization of synthesized AuNPs

3.1.1 Characterization of Citrate Capped AuNPs

In this study, citrate capped gold nanoparticles (AuNP) were synthesized, as described in
section 2.1 through the citrate reduction method in optimized conditions to obtain 14nm
AuNPs. AuNPs were characterized through U.V-visible spectrophotometry as described in sec-
tion 2.4.1 to observe the localized surface plasmon resonance (LSPR) peak and determine par-
ticle size and concentration. A spectrum of the AuNPs was obtained (Figure 3.1), where the
LSPR peak was observed at 519nm (Table 3.1), then particle concentration determined through
the lambert-Beer law at 10nM and the diameter through Equation 3.1 at 14nm.

Equation 3.1:

DI ameter (n m) = 01 1 2 e2.9986x(Abs(LSPR)/Abs(450nm))

33



AuNPs were also characterized by DLS, and Zeta potential as described in section 2.4.2
to analyze the hydrodynamic diameter and surface charge of particles. DLS and Zeta potential
data analysis (Table 3.1) revealed that the AuNPs presented a hydrodynamic diameter of 19nm
and a surface charge of -54mV, as citrate capping confers a negative charge to the particles'®.

AuNP characterization indicated that the synthesized particles had the expected size,
were rather stable in the colloidal solution and thus ready to use for functionalization with PEG-
COOH.

3.1.2 Characterization of AUNP@PEG-COOH

The AuNPs were then functionalized with PEG-COOH to achieve 100% surface coverage
as described in section 2.2.1, to increase particle stability and more importantly to allow for
further functionalization with any molecule harboring a free amine group.

Following functionalization AUNP@PEG-COOH were characterized through U.V-visible
spectrophotometry as described in section 2.4.1. to observe the LSPR peak and determine par-
ticle concentration. A spectrum of the AUNP@PEG-COOH was obtained (Figure 3.1), where the
LSPR peak was observed at 520nm (Table 3.1), then particle concentration determined through
the lambert-Beer law at 57nM. The red-shift in the LSPR peak from 519nm to 520nm after PEG-
COOH functionalization is an indicator of particle size increase pointing towards a success in
AuNP functionalization with PEG-COOH.'*

AUuNP@PEG-COOH were also characterized by DLS, and Zeta potential as described in
section 2.4.2 to analyze the hydrodynamic diameter and surface charge of particles. DLS and
Zeta potential data analysis (Table 3.1) revealed that the AUNP@PEG-COOH presented a hy-
drodynamic diameter of 25nm and a surface charge of -47mV.

DLS data comparison corroborates with the increase in particle size observed through
the red-shift in AUNP@PEG-COOH spectrum as the particle hydrodynamic diameter increased
from 19nm to 25nm after functionalization. Zeta potential data comparison also points toward
successful functionalization since surface charge became less negative from -54mV to -47mV.
The particle surface charge becoming slightly less negative may be attributed to the citrate
capping being removed and replaced with PEG-COOH'®,

To further confirm that particle functionalization with PEG-COOH was successful, Ellman’s
assay was performed as described in section 2.2.2 to determine the concentration of free PEG-
COOH chains, obtained after particle functionalization (see section 2.2.1). Free PEG-COOH
chain concentration was determined through Equation 3.2 at 0,00057343 mg/ml resulting in a
95.01% reaction yield regarding AuNP functionalization with PEG-COOH.
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Equation 3.2:
Abss12= 8.0219x[PEG-COOH] - 0.0066
AUNP@PEG-COOH characterization and Ellman’s assay point towards a successful syn-
thesis of stable PEG-COOH covered AUNP@PEG-COOH ready to use for Anti-LAMP2A func-

tionalization.

3.1.3 Characterization of AUNP@PEG-COOH@AnNti-LAMP2A

Lastly, through the EDC/NHS coupling reaction AUNP@PEG-COOH were functionalized
with an Anti-LAMP2A antibody to achieve a maximum surface coverage of ten antibody mol-
ecules per nanoparticle (see Figure A2 in annex A) as described in section 2.3.1 for an active
targeting of the lysosomal associated membrane protein 2A (LAMP2A).

Following functionalization AuNP@PEG-COOH@ANti-LAMP2A were characterized
through U.V-visible spectrophotometry as described in section 2.4.1. to observe the LSPR peak
and determine particle concentration. A spectrum of the AUNP@PEG-COOH was obtained (Fig-
ure 3.1), the LSPR peak was observed at 544nm (Table 3.1), then particle concentration deter-
mined through the lambert-Beer law at 26nM. The red-shift in the LSPR peak from 520nm to
544nm after Anti-LAMP2A functionalization is an indicator of particle size increase, pointing
towards a success in AUNP@PEG-COOH functionalization with Anti-LAMP2A '

To further confirm the success of AuNP@PEG-COOH functionalization with Anti-
LAMP2A, Bradford assay was performed as described in section 2.3.2 to determine the con-
centration of free Anti-LAMP2A antibodies, obtained after particle functionalization (see sec-
tion 2.3.1). Free Anti-LAMP2A concentration was determined through Equation 3.3 at
11.94pg/mL resulting in a 60.1% vyield regarding AUNP@PEG-COOH functionalization with
Anti-LAMP2A.

Equation 3.3
Abssosnm = 0.008x[Anti-LAMP2A] + 0.002

AuNP@PEG-COOH@ANti-LAMP2A characterization and Bradford assay point towards

a successful synthesis of synthesis of Anti-LAMP2A functionalized AUNP@PEG-COOH ready to

be used as a photothermal agent for specific targeting of the lysosomes.
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Figure 3.1- Obtained spectra of citrate capped gold nanoparticles (AuNP), PEG-COOH functionalized AuNPs
(AUNP@PEG-COOH) and Anti-LAMPZA functionalized AuNP@PEG-COOH (AuNP@PEG-COOH@ANt-LAMPZ2A).

Through the observation of these spectra, it is possible to distinguish a shift in the localized surface plasmon reso-

nance (LSPR) peak indicating a possible increase in particle size after each functionalization.

Table 3.1: Gold nanoparticle characterization through UV-Visible Spectrophotometry, Dynamic Light Scattering and

Zeta potential.
UV-Visible Spectrophotometry
(Surface Plasmon Resonance peak (nm))
Citrate capped AuNP 519
AuNP@PEG-COOH 520
AuNP@PEG-COOH@AnNti-LAMP2A 544
Dynamic Light Scattering
(Particle Hydrodynamic size (diameter nm))

Citrate capped AuNP 19

AuNP@PEG-COOH 25

Zeta Potential (mV)

Citrate capped AuNP -54
AuNP@PEG-COOH -47

In the first part of this work, Citrate capped AuNPs with 14nm were synthesized, their
surface covered with PEG-COOH (AuNP@PEG-COOH) and functionalized with Anti-LAMP2A
antibody successfully obtaining AUNP@PEG-COOH@AnNti-LAMP2A for cell challenging and
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lysosomal disruption though photothermal assay. A work scheme of this study is represented

in Figure 3.2
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Figure 3.2- Work scheme representing the several steps of lab work. Starting from the synthesis of AuNPs followed
by conjugation with PEG-COOH and functionalization with Anti-LAMP2A (AuNP@PEG-COOH@ANt-LAMPZA) and
leadling to the irradiation of nanoparticle incubated HCT116 cells for lysosomal targeting and disruption through

photothermal assay.

3.2 Challenging of cells with Au-nanoconjugates

HCT116 cell challenging was performed with the AUNP@PEG-COOH and AuNP@PEG-
COOH@ANti-LAMP2A as described in section 2.6 to study cellular uptake, lysosomal targeting,

and the effect on cell viability.

3.2.1 Uptake of Gold Nanoparticles

U.V-visible spectrophotometry was performed as described in section 2.6.1 to deter-
mine the intracellular concentration of nanoparticles after a 24h incubation with HCT116 cells.
As shown in Figure 3.3 AUNP@PEG-COOH@ANti-LAMP2A have a much higher cellular con-
centration than AUNP@PEG-COOH, with 63% particle uptake and 12.2% particle uptake
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respectively, meaning that functionalization with Anti-LAMP2A leads to a much higher cellular
uptake of the AUNP@PEG-COOH@ANti-LAMP2A.

100
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60

Cellular NP %
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12.2%

AUNP@PEG-COOH AuNP@PEG-COOH@AnNtI-LAMP2A

Figure 3.3- Gold nanoparticle uptake by HCT116 cells after 24 hours of incubation. Only 12.2% of PEG-COOH
covered gold nanoparticles (AUNP@PEG-COOH) are incorporated by the cells whereas 63% of Anti-LAMP2A func-
tionalized gold nanoparticles (AuNP@PEG-COOH@ANtI-LAMP2A) are incorporated meaning that Anti-LAMP2ZA
functionalization leads to a higher cellular uptake.

3.2.2 Intracellular accumulation of Gold Nanoparticles

In section 3.2.1 AUNP@PEG-COOH@ANti-LAMP2A were shown to have a much higher
cellular uptake than AUNP@PEG-COOH proving that these particles are present inside the cells
after a 24h incubation but its location is unknow. Since the active targeting of the lysosomes
is of great importance in this study, inductively coupled plasma atomic emission spectroscopy
(ICP-AES) an analytical technique capable of detecting trace amounts of metallic elements in
samples, was performed to determine the cellular location of the AUNP@PEG-COOH.

To that end, cell challenge and fractionation were performed as described in section

2.6.2 and fractionated samples prepared for ICP-AES analysis as described in section 2.6.3. Gold
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concentration in each sample was determined considering the initial gold concentration added
to each well, subtracted by gold concentration detected and quantified by ICP-AES (Table 3.2).
The sum of AUNP@PEG-COOH@AnNti-LAMP2A percentages in Table 3.2 does not reach 100%,
because during fractionation and ICP-AES sample preparation some AuNP@PEG-
COOH@ANti-LAMP2A precipitated and were lost in the washing steps. Nevertheless ICP-AES
data analysis of the cellular fractions Table 3.2 revealed that AUNP@PEG-COOH were not in-
corporated or absorbed to the cellular membrane while AUNP@PEG-COOH@AnNti-LAMP2A
seem to have a preferential accumulation in the nucleus which is unexpected given the fact
that the lysosomes are present in the cytosolic fraction. The reason for this, could be because
there is an accumulation of the particles in the lysosomes, ultimately leading to an increase in
density and since the different cellular fractions were separated by differential precipitation
according to density, the cytosolic fraction having the lowest density and the nuclear the high-
est, the particle filled lysosomes might have precipitated along with the nuclear fraction. Nev-
ertheless, as also seen in section 3.2.1 AUNP@PEG-COOH@ANti-LAMP2A do seem to have
increased cell uptake by HCT116 cells in comparison to the AUNP@PEG-COOH, further proving
that particle functionalization with Anti-LAMP2A results in an increased cellular uptake with a

preferential accumulation in the nuclear fraction.

Table 3.2: Gold concentration detected through ICP-AES in cellular fractions. Obtained from HCTT1176 cells incu-
bated with AUNP@PEG-COOH and AuNP@PEG-COOH@ANti-LAMPZA for 24 h.

AuNP@PEG-| AuNP@PEG-COOH@ANti-LAMP2A
COOH
Supernatant 110% 52%
Cytosolic fraction 0% 0%
Mitochondrial fraction 0% 1%
Nuclear fraction 0% 18%

3.2.3 Lysosome presence in the cellular fractions

In section 3.2.1 AUNP@PEG-COOH@ANti-LAMP2A showed a high cellular uptake and
in section 3.2.2 through ICP-AES analysis, these particles seemed to have a preferential accu-
mulation in the nuclear fraction, rather than the cytosolic fraction where lysosomes are usually
present. However, that might be due to an increase in lysosomal density, as a consequence of
AUuNP@PEG-COOH@ANtiI-LAMP2A accumulation, resulting in lysosomal precipitation with the

nuclear fraction.
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To verify this hypothesis, western blot analysis was performed to determine if “particle
filled” lysosomes were in the nuclear fraction thus indicating that AUNP@PEG-COOH function-
alization with Anti-LAMP2A leads to an active targeting of the lysosomes. The target for west-
ern blot analysis was the lysosome associated membrane protein 2A (LAMP2A) since the
AuNP@PEG-COOH@ANti-LAMP2A were functionalized with an antibody that targets this spe-
cific protein. Studies have shown that LAMP2A monomers have molecular weights between
90-120KDa '0>10

Cell challenge and fractionation was performed as described in section 2.6.2 with the
exception that only AUNP@PEG-COOH@ANti-LAMP2A were used, and protein concentration
of the cellular fractions quantified by pierce assay as described in section 2.8.1. Cellular fraction
samples were prepared as described in section 2.8.2 and SDS-PAGE electrophoresis was per-
formed followed by membrane transfer as described in section 2.8.3. Membranes were blocked
and antibody staining was performed as described in section 2.8.4 followed by film exposure
as described in section 2.8.5. For western blot analysis the membrane containing the control
samples will be referred to as control membrane and the membrane containing the cellular
fractions of HCT116 cells incubated with the nanoparticles will be referred to as the study
membrane.

Before analyzing in detail, the resulting images of the western blots, one must take an
overall view of the process (Figures 3.4 and 3.5). Despite great efforts to optimize the blotting
and the detection procedure, there were some issues relating to unspecific anti-body binding
and absence of B-actin control, which will be discussed in detail when assessing each individual
scenario.

Firstly, membranes were stained only with the secondary antibody, Cell Signaling anti-
rabbit IgG, HRP-linked Antibody #7074, to mark the Anti-LAMP2A antibody that was function-
alized in the AUNP@PEG-COOH@ANti-LAMP2A to determine their presence in the cellular
fractions. After film exposure, as expected no bands were detected in the control membrane
Figure 3.4a because cells were not incubated with the AUNP@PEG-COOH@AnNti-LAMP2A
meaning that there are no primary antibodies for the secondary antibody to target. Regarding
the study membrane Figure 3.4b bands with a size of approximately 90 KDa were observed in
the mitochondrial and nuclear fractions and no bands were observed in the cytosolic fraction
meaning that the AUNP@PEG-COOH@ANti-LAMP2A were present in these two fractions as
was also seen in the ICP-AES analysis, where traces of gold were detected in both fractions

with a preferential accumulation in the nuclear fraction (see section 3.2.2).
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Figure 3.4-Representative images of western blot analysis of membranes stained only with the secondary antibody,
Goat Anti-Rabbit [gG H&L (HRP) (@ab205718) a) Control HCT116 cellular fractions; b) Cellular fractions of HCT116
cells incubated with AuNP@PEG-COOH@ANti-LAMPZA for 24 h. C-Cytosolic fraction, M-Mitochondlrial fraction; N-
Nuclear fraction.

The membranes were then Stripped as described in section 2.8.6, followed by blocking,
primary and secondary antibody staining as described in section 2.8.4 to stain all the lysosomes
in the cellular fractions and not only those that might have incorporated the AUNP@PEG-
COOH@ANti-LAMP2A. After film exposure several identic bands (Figures 3.5a and 3.5b) be-
tween the cytosolic fraction of the control membrane and the study membrane were observed.
The same is also true for the mitochondrial fractions between the two membranes. These bands
could be the result of unspecific primary antibody binding due to the use of the SDS loading
buffer supplied in the fractionation kit. In the control membrane (Figure 3.5a), due to the many
bands, in the cytosolic and mitochondrial fractions it is hard to distinguish the approximately
100KDa bands that may correspond to LAMP2A in each. However, no bands were observed in
the nuclear fraction meaning that LAMP2A is absent in this fraction as expected. Regarding the
study membrane (Figure 3.5b), as with the control membrane the bands corresponding to
LAMP2A in the cytosolic and mitochondrial fractions are hard to distinguish, but there is the
presence of an approximately 100KDa band in the nuclear fraction, proving the presence of
LAMP2A in this fraction as hypothesized.
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» 100 KDa

Figure 3.5- Representative images of western blot analysis of membranes stained with the primary antibodly, Anti-
LAMPZA antibody [EPR4207(2)]- Lysosome Marker (ab125068) and secondary antibodly, Goat Anti-Rabbit IgG H&L
(HRP) (ab205718) a) Control HCT116 cellular fractions, b) Cellular fractions of HCT116 cells incubated with
AuNP@PEG-COOH@ANtI-LAMP2A for 24 h. C-Cytosolic fraction, M-Mitochondlrial fraction; N-Nuclear fraction.

For actin control, membrane stripping was performed as described in section 2.8.6, and
antibody staining performed as described in section 2.8.7. However, no bands were observed
regarding B-actin control. This could be due to cell fractionation, because in fractionated sam-
ples B-actin availability is very low. However western blot analysis was performed simply to
determine the presence of lysosomes, through staining of the LAMP2A protein, and
AUuNP@PEG-COOH@ANti-LAMP2A and not to quantify any levels of expression. For that mat-
ter the absence of B-actin bands in this qualitative analysis is of no great concern.

Through western blot data analysis, the presence of “particle filled” lysosomes was con-
firmed in the nuclear fraction, meaning that AUNP@PEG-COOQOH functionalization with Anti-
LAMP2A leads to a higher cellular uptake and targeting of the lysosomes resulting in a density

increase of these organelles.

3.3 Immunofluorescence Microscopy

In section 3.2.1 the presence of AUNP@PEG-COOH@ANti-LAMP2A in the cells was con-
firmed through U.V-visible spectrophotometry, in section 3.2.2 through ICP-AES analysis par-

ticles showed a preferential accumulation in the nuclear fraction and in section 3.2.3, through
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western blot analysis the presence of “particle filled” lysosomes in the nuclear fraction was
confirmed. As such immunofluorescence microscopy was performed to observe the intracellu-
lar location of the AUNP@PEG-COOH®@ANti-LAMP2A in HCT116 cells after a 24 h incubation
and confirm their accumulation in the lysosomes.

As described in section 2.9 HCT116 cells were grown and incubated with CellLight®
Lysosomes-GFP *BacMam 2.0 for 48h, cell challenge performed as described in section 2.6 with
the exception that 1nM of AUNP@PEG-COOH and AuNP@PEG-COOH@AnNti-LAMP2A were
added instead of 2.5nM. The cells were then fixated, blocked, and stained with primary anti-
body Anti-LAMP2A, secondary antibody Goat anti-rabbit IgG (TRITC) and Hoechst 33258 dye,
for further information regarding the controls and study wells see Figure B2 in annex B. Cells
were then visualized on the microscope through different filters and the obtained images ed-
ited as described in section 2.9.

Through the obtained images there was a lack of signal regarding lysosome staining
(FITC filter) in most conditions (Figure 3.6a);b);c) and d)). This could be due to insufucient
incubation time with CellLight® Lysosomes-GFP *BacMam 2.0 (C10596) since staining is based
on the incorporation of an insect virus (baculovirus) containing the mamalian promoter for the
expression of a lysosome-GFP fusion peptide. As such a higher incubation period might be
necessary in order to obtain a stronger signal. A very weak signal was also observed in
AUuNP@PEG-COOH@ANtI-LAMP2A staining with secondary antibody Goat anti-rabbit 1gG
(TRITC) (ab6718) (G2A filter) Figure 3.6b). The weakness of the signal could be related be
related to the high dilution of the secondary antibody (1:1000) because the presence of the
nanoparticles was confirmed by brightfield images (brightfield) Figure 3.6b). Primary and
secondary antibody staining images Figure 3.6¢c) showed a weak signal that can also be due to
the high dilution of the secondary antibody. As expected there was no signal detected in
AUuNP@PEG-COOH staining with secondary antibody Goat anti-rabbit IgG (TRITC) (ab6718)
(G2A filter) Figure 3.6d) due to the absence of the primary antibody Anti-LAMP2A, proving that
TRITC signal acquisition with the G2A filter can only be obtained in the presence of the primary
antibody, as is the case with the AUNP@PEG-COOH@AnNti-LAMP2A.

In order to obtain clearer data in immunofluorescence microscopy analysis, protocol
must be optimized with longer incubation times regarding lysosome staining with CellLight®

Lysosomes-GFP *BacMam 2.0 (C10596) and lower secondary antibody dilutions.
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GFP *BacMam 2.0 (C10596) and Hoechst 33258 a) Cell control: B) 24h incubation with AuUNP@PEG-COOH@AnNtI-
LAMPZ2A and secondary antibody Goat anti-rabbit IgG (TRITC) (ab6718) staining; ¢) Primary antibody Anti-LAMPZA
[EPR4207(2)]- Lysosome Marker (ab125068) and secondary antibody Goat anti-rabbit IgG (TRITC) (ab6718) staining,
d) 24h incubation with AuUNP@PEG-COOH and secondary antibody Goat anti-rabbit IgG (TRITC) (ab6718) staining.

3.4 Photothermy

To determine the potential of AUNP@PEG-COOH@ANti-LAMP2A as a photothermal
agent and test their ability to promote cell death or to disrupt cell growth through heat gen-
eration photothermy challenge was performed. As described in section 2.10 cell challenge was
performed, the cells irradiated with a laser, temperatures taken before and after irradiation and

cell viability assessed.



Temperature measurements Table 3.3, show no significant temperature increase regard-
ing control wells (1, 2 and 3) after laser irradiation as expected. There was an unexpected tem-
perature increase in control well (4), which could be caused by the presence of precipitated
nanoparticles in the bottom of the well that were not completely removed in the washing step.
A significant temperature increase was detected in cells incubated with AUNP@PEG-COOH (5)
and AuUNP@PEG-COOH@ANti-LAMP2A (6) with the latter causing a higher temperature in-
crease, given the fact that more AUNP@PEG-COOH@ANti-LAMP2A were in the cells than
AuNP@PEG-COOH as seen before with cellular AuNP quantification (Figure 3.3), proving that
functionalization with Anti-LAMP2A leads to an higher cellular uptake and consequently to a

higher temperature increase after laser irradiation.

Table 3.3: Temperature measurements before and after laser irradiation. To- Temperature before laser irradliation, T-
Temperature after laser irradiation, 7- Phenol red free DMEM Medium only; 2- HCT116 cell control; 3- AuNP@PEG-
COOH in Phenol red free DMEM medium;, 4- AUNP@PEG-COOH@ANtI-LAMPZ2A in Phenol red free DMEM medium;,
5- HCTT116 cells incubated with AuUNP@PEG-COOH for 24 h 6- HCT116 cells incubated with AuNP@PEG-
COOH@ANtI-LAMP2A for 24 h

To(°Q) | T(°Q) | AT(°O)
1 35.6 35.7 0.05
2 35.7 36.6 0.9
3 35.6 36.6 1
4 35.6 40.0 44
5 35.9 38.7 2.8
6 36.3 46.1 9.8

To verify if laser irradiation of HCT116 cells challenged with AUNP@PEG-COOH and
AUuNP@PEG-COOH@ANti-LAMP2A had any lead to the promotion of cell death or caused any
growth impairment, cell viability was accessed through MTS assay as described in section 2.7.1.
It should be noted that MTS alone does not indicate cell viability but rather mitochondria ac-
tivity, which in turn may be used as an indirect indicator of the metabolic viability of the cells.
MTS assay data analysis Table 3.4 revealed no significant alteration in cell viability after laser
irradiation. Cell viability before and after laser irradiation with AUNP@PEG-COOH and
AuNP@PEG-COOH@AnNti-LAMP2A showed very similar values with 100% and 95% viability re-
spectively. Cell viability Comparison between irradiated AUNP@PEG-COOH and irradiated
AuNP@PEG-COOH@ANtiI-LAMP2A revealed a 95% viability, meaning that there is almost no
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difference in cell viability if irradiated HCT116 cells are incubated with AUNP@PEG-COOH or
AUuNP@PEG-COOH@ANtiI-LAMP2A, even though the latter has a higher cellular uptake as seen
in sections 3.2.1 and 3.2.2. Cell viability Comparison between non-irradiated AUNP@PEG-
COOH and non-irradiated AUNP@PEG-COOH@ANti-LAMP2A revealed a 100% viability, mean-
ing that the incorporation or membrane adsorption of nanoparticles by itself does not affect
cell viability. Cell viability before and after laser irradiation of cell control was higher than 100%,
meaning that laser irradiation alone does not affect cell viability. This data indicates that nano-
particle irradiation does not immediately promote cell death or any disruption in growth of

HCT116 cells through heat generation.

Table 3.4: MTS assay. Cell viability comparison before and after 1 min irradiation with 2.37W/cn?, using a continuous
532 nm green diode-pumped solid-state laser, of HCT116 cells incubated for 24h with 2.5 nM AuNP@PEG-COOH
and 2.5 nM AuNP@PEG-COOH@ANti-LAMPZA. Data normalized against the control (irradiated/non-irradiated
HCTT116 cells without nanoparticles).

* Cell viability comparison between irradiated AuNP@PEG-COOH and AuNP@PEG-COOH@Anti-LAMP2A
**- Cell viability comparison between non-irradiated AUNP@PEG-COOH and AuUNP@PEG-COOH@AnNtI-LAMPZA

AuNP@PEG | AUNP@PEG-COOH®@AnNti- Irradiated* | Non-irradiated** Cell control
-COOH LAMP2A
100% 95% 95% 100% 104%

To verify if laser irradiation of HCT116 cells challenged with AUNP@PEG-COOH and
AuNP@PEG-COOH@ANti-LAMP2A had caused any disruptions of the cellular membrane try-
pan blue exclusion method was performed as described in section 2.7.2 to determine the per-
centage of living cells.

Trypan blue exclusion method data analysis revealed similar results to the MTS assay.
Cell viability before and after laser irradiation with AUNP@PEG-COOH and AuNP@PEG-
COOH@ANti-LAMP2A showed very similar values with 101% and 105% viability respectively.
Cell viability Comparison between irradiated AUNP@PEG-COOH and irradiated AUNP@PEG-
COOH@ANti-LAMP2A revealed a 102% viability, meaning that there is almost no difference in
cell viability if irradiated HCT116 cells are incubated with AUNP@PEG-COOH or AUNP@PEG-
COOH@ANti-LAMP2A, even though the latter has a higher cellular uptake as seen in sections
3.2.1 and 3.2.2. Cell viability Comparison between non-irradiated AuUNP@PEG-COOH and non-
irradiated AUNP@PEG-COOH@AnNti-LAMP2A revealed a 98% viability, meaning that the incor-

poration or membrane adsorption of nanoparticles by itself does not affect cell viability. Cell
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viability before and after laser irradiation of cell control was higher than 110%, meaning that
laser irradiation alone does not affect cell viability. As was also seen through MTS assay this
data indicates that nanoparticle irradiation does not immediately promote cell death or any
disruption in growth of HCT116 cells through heat generation. Further study is required to
verify if laser irradiation of HCT116 cells challenged with nanoparticles can promote cell death
or disrupt cellular growth by testing the effect on cell viability with higher nanoparticle con-

centrations, higher laser potencies and longer irradiation periods.
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4

CONCLUSIONS AND FUTURE PERSPECTIVES

The present work evaluated the internalization and accumulation of synthesized gold
nanoparticles functionalized with specific antibodies towards recognition of lysosome associ-
ated membrane protein 2A (LAMP2A) in the lysosomes of colorectal cancer cell lines and tested
their effects as photothermal agents in cell viability and organelle integrity in mild photothermy
conditions.

In this work, AuNPs were used for targeting lysosomes and photoirradiation studies in
HCT116 cells. Citrate capped AuNPs with 14nm were synthesized, their surface completely cov-
ered with PEG-COOH, increasing their stability, biocompatibility and allowing for further func-
tionalization with Anti-LAMP2A for specific targeting of lysosome membrane associated pro-
tein 2A (LAMP2A). AuNP characterization showed that each functionalization was successful
and stable AUNP@PEG-COOH@AnNti-LAMP2A were obtained. HCT116 cells were then chal-
lenged for 24h with the AUNP@PEG-COOH@ANti-LAMP2A. Cellular uptake and AUNP@PEG-
COOH@ANti-LAMP2A accumulation in the lysosomes was studied through U.V-visible spec-
troscopy, inductively coupled plasma atomic emission spectroscopy (ICP-AES) and analyzed
through western blot, revealing that AUNP@PEG-COOH@AnNti-LAMP2A not only showed a
high cellular uptake but also had a preferential accumulation in the lysosomes. Attempts to
obtain live images of AUNP@PEG-COOH@AnNti-LAMP2A through immunofluorescence mi-
croscopy were done but resulting images lacked quality and as such the protocol still requires
further optimization.

Having confirmed AuNP@PEG-COOH@AnNti-LAMP2A accumulation in the lysosomes
photothermal assays were performed. Challenged cells were irradiated with a laser, tempera-
tures before and after measured, to quantify the heat generation of the AuNP@PEG-
COOH@ANti-LAMP2A, cell viability assessed through MTS assay and membrane integrity
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assessed through trypan blue exclusion method. Photothermal assay results indicated that no
cell death nor membrane disruptions were detected meaning that the AuNP@PEG-
COOH@ANti-LAMP2A, when irradiated with the chosen potency and at the concentration cho-
sen for cell challenging caused no major alterations on HCT116 cells, apart from an increase in
temperature.

The present study reports a successful targeting of the lysosomes in HCT116 cells
through surface modification with PEG-COOH and Anti-LAMP2A antibody functionalization of
citrate capped AuNPs. Photothermal assays with the AuNPs were performed in HCT116cells
but no critical alterations were observed. Future studies regarding the potential of these
AuNP@PEG-COOH@ANti-LAMP2A as photothermal agents are of the utmost importance for
theirimplementation in vivo and further down the line in situ studies for photothermal therapy.
Furthermore in vivo and in situ studies still need to be performed before the real impact of

these strategies may leave the bench and be suitable for clinical translation.
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ANNEX A

A.1 Ellman’s Assay

0,3
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Figure A1- Ellman’s Calibration curve. Obtained through the absorbance reading at 412 nm of prepared PEG-COOH
standard solutions ranging from 0.0002-0.035mg/mL previously incubated with DTNB for 10 min, to calculate the
concentration of excess PEG-COOH removed after AuNP functionalization, that is correlated to the % of PEG-COOH

coverage in the AuNPs.
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A.2 Gold Nanoparticle Anti-LAMP2A Functionalization

By determining the optimal antibody nanoparticle ratio (Figure A2) for maximum particle
coverage, antibody concentration was determined by considering the amount of gold nano-

particle mols to be functionalized and adding the correspondent ratio of antibody mols.

N 7 . , )
Heigh-8.5 nm . Metallic core radius- 7 nm
Width-4 nm

Length- 14.5 nm Gold nanosphere superficial area- 615 nm?

Anti-LAMP2A AuUNP@PEG-COOH
(lgG)

Taking into consideration the superficial area of the AUNP@PEG-COOH metallic core and only the

width and length of an IgG, that is the superficial area that it will occupy, 58 nm?, to fully cover the
AuNP 10.6 antibody molecules are necessary.

Figure A2- Calculation for maximurmn surface area coverage of a AUNP@PEG-COOH with an IgG (Anti-LAMPZA an-
tibody [FPR4207(2)]-Lysosome Marker (ab125068))

A.3 Bradford Assay
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Figure A3- Bradford calibration curve. Obtained through the absorbance reading at 595 nm of prepared bovine
serum albumin (BSA) standard solutions ranging from 0-25ug/mL previously incubated with Coomassie reagent for
70 min, to calculate the concentration of excess antibodly, removed after AuNP@PEG-COOH functionalization, and

determine reaction yield.
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A4 Determination of Citrate Capped AuNP Diameter

Curva de calibracao
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Figure A4- Calibration curve performed by Heiss et al. *®for the determination of citrate capped AuNP diameter

using the absorbance values of the localized surface plasmon resonance (LSPR) peak and at 450nm.
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A5 Pierce Assay
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Figure A5- Pierce calibration curve. Obtained through the absorbance reading at 660 nm of prepared bovine serum

albumin (BSA) standard solutions ranging from 0-1000ug/mL previously incubated with Pierce reagent for 5 min, to

calculate the protein concentration of the cellular fractions.

A.6 Protein Transfer to the Nitrocellulose Membrane
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Figure A6- Semi-dry transfer system representation. Adapted from Abcam's General western protocol.




ANNEX B

B.1 Photothermal Assay
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Figure B1- Representation of the 96 well plate for photothermy.
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B.2 Immunofluorescence Microscopy
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Figure B2- Representation of the 96 well plate for Inmunofluorescence Microscopy.

62






