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ABSTRACT

Gene therapy relies on the precise transfection of nucleic acid effectors into cancer cells,
such as small interfering RNA (siRNA) and antisense oligonucleotides (ASO). Therefore, novel
therapeutic approaches are widely needed to deliver silencing moieties with maximal trans-
fection efficiency and minimal toxicity. This thesis explored the use of mild hyperthermia me-
diated by gold nanoparticles (AuNPs) or magnetic nanoparticles (MNPs) to enhance nucleic
acids delivery with spatiotemporal control over laser irradiation or magnetic modulation, re-
spectively.

First, the photothermal effect of AuNPs under visible light irradiation was verified,
leading to enhanced cellular uptake. The potential of mild photothermy via AuNPs was
demonstrated by effectively silencing the GFP gene in colorectal carcinoma cell line (HCT116)
and breast adenocarcinoma cell line (MCF-7), with comparable gene silencing efficiency to
commercial transfection reagent, but without cytotoxicity. Improving gene silencing strategies
in 3D cell cultures is important since it provides in vitro models that closely resemble the in
vivo tumor microenvironment (TME). Then, it was shown that mild photothermy mediated by
AuNPs functionalized with ASO decreases c-MYC oncogene expression in HCT116 cells and
7-day spheroids, respectively.

Localized magnetic hyperthermia mediated by immobilized MNPs on the cell mem-
brane through bioorthogonal chemistry improves the transfection of anti-GFP in MCF-7 cells,
with similar efficacy and less cytotoxicity compared to standard transfection reagent. Taking
advantage of this approach, an effective IDO1 gene silencing was obtained through the trans-
fection of siRNA in dendritic cells derived from an acute monocytic leukemia cell line (THP-
1). Moreover, the upregulation of pro-inflammatory cytokines IL6, TNFA, and IL12 genes and
the downregulation of anti-inflammatory IL10 gene might contribute to a more immunogenic
state in a TME context.

In summary, this thesis highlights nanoparticle-mediated mild hyperthermia as a
promising strategy for controlled and efficient nucleic acids delivery that might pave the way
for improved gene therapy applications in more complex cancer models.

Keywords: cancer therapy, nucleic acids transfection, gene silencing, mild hyperthermia, gold
nanoparticles, magnetic nanoparticles
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RESUMO

A terapia genética depende da transfecdo precisa de dcidos nucleicos nas células can-
cerigenas, como small interfering RNA (siRNA) e oligonucleotidos antisense (ASO). Novas abor-
dagens terapéuticas sdo extremamente necessarias para uma transfe¢do eficiente com toxici-
dade reduzida. Esta tese explorou o uso de hipertermia leve mediada por nanoparticulas de
ouro (AuNPs) ou nanoparticulas magnéticas (MNPs) para melhorar a entrega de dcidos nu-
cleicos com controlo espacio-temporal sob irradiagdo laser ou modulagdo magnética, respeti-
vamente.

Foi primeiro verificado o efeito fototermal de AuNPs sob irradiacdo de luz visivel, que
levou ao aumento do uptake celular. O potencial da fototermia leve via AuNPs foi demons-
trado ao silenciar o gene GFP nas linhas de carcinoma colorretal (HCT116) e adenocarcinoma
da mama (MCEF-7), com eficiéncia de silenciamento comparavel ao reagente comercial para
transfecdo, mas sem citotoxicidade. Melhorar as estratégias de silenciamento genético em cul-
turas celulares 3D é importante, uma vez que sdo modelos in vitro que melhor se assemelham
ao microambiente tumoral (TME) in vivo. Assim sendo, foi observado que a fototermia leve
mediada por AuNPs funcionalizadas com ASO diminuiu a expressdo do oncogene c-MYC em
células HCT116 e esferoides de 7 dias, respetivamente.

Hipertermia magnética localizada mediada por MNPs imobilizadas na membrana ce-
lular através de quimica bio-ortogonal melhorou a transfecdo de anti-GFP nas células MCF-7
com eficiéncia e menos citotoxicidade que o reagente comercial. Através desta estratégia, foi
obtido o silenciamento do gene IDO1 apés a entrega de siRNA em células dendriticas deriva-
das de uma linha celular de leucemia monocitica aguda (THP-1). Além disso, o aumento da
expressdo genética das citocinas pré-inflamatérias IL6, TNFA e IL12 e a diminuigdo da anti-
inflamatdria IL10 podem contribuir para um estado mais imunogénico no contexto do TME.

Em resumo, esta tese destaca a hipertermia leve mediada por nanoparticulas como
uma estratégia promissora para a entrega controlada e eficiente de dcidos nucleicos, o que
pode abrir caminho para novas aplicagdes de terapia genética em modelos de cancro mais
complexos.

Palavas chave: terapia do cancro, transfecdo de 4cidos nucleicos, silenciamento genético, hi-
pertermia leve, nanoparticulas de ouro, nanoparticulas magnéticas
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1.1 Cancer: definition and incidence

Cancer comprises a group of diseases arising from the uncontrolled growth and pro-
liferation of abnormal cells, which hijack the molecular mechanisms of cell regulation and
promote invasion of tissues. At later stages, the alteration of local metabolic and physiologic
conditions may be capable of dissemination throughout the whole organism and colonization
of different tissues and organs, known as metastasis '. It is essential to understand cancer bi-
ology and underlying cell and molecular mechanisms, which is the basis to improve the de-
velopment of novel therapeutic systems >°.

The World Health Organization (WHO) estimates cancer, trachea, bronchus, and lung
cancers, as the sixth leading cause of death worldwide, resulting in approximately 10 million
deaths in 2020 * Recently, the WHO's cancer agency, the International Agency for Research
on Cancer (IARC), released the latest estimates of the global burden of cancer. In 2022, there
were an estimated 20 million new cancer cases and 9.7 million deaths. The new estimates
available on IARC'’s Global Cancer Observatory show that 10 types of cancer collectively com-
prised around two-thirds of new cases and deaths globally in 2022, and the three major cancer
types are lung, breast, and colorectal cancers (Figure 1.1). Lung cancer is the most prevalent
cancer in men (15.2%), followed by prostate (14.2%) and colorectal (10.4%) cancers. Breast
cancer accounts for nearly a quarter of new cases in women (23.8%), followed by lung (9.4%)
and colorectal (8.9%) cancers >5°.

World Incidence World Mortality

Other cancers Other cancers Colorectum

49.9% 45.9% 9.3%
Colorectum

Prostate

Figure 1.1 - Cancer Worldwide: incidence and mortality rates for both sexes and all ages (Adapted from IARC,
202235),



1.2 Cancer progression and metastasis

The inijtiation and progression of a tumor involve a series of molecular alterations that
deregulate canonical pathways of cell development, significantly reducing the regulatory con-
trol imposed by the body on the individual cell. One of the most critical characteristics of
cancer cells is their resistance to cell cycle control. These random molecular deviations affect
not only the foundation of the tumor but also the stage of differentiation and the invasive
potential of cancer cells 7.

The Hallmarks of Cancer were introduced as a set of functional capabilities that human
cells acquire during their transition from a normal state to neoplastic growth, particularly
those crucial for malignant tumor development. This framework offers a conceptual founda-
tion that enables the understanding of the complex phenotypes observed in various human
tumor types and their variants through a common set of fundamental cellular characteristics
7. These hallmarks include the acquired capabilities for supporting proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative immortality, induc-
ing/accessing vasculature, activating invasion and metastasis, reprogramming cellular me-
tabolism, and avoiding immune destruction. Recently, Hanahan reported that deregulating
cellular metabolism and avoiding immune destruction, can be considered core hallmarks, and
proposed nonmutational epigenetic reprogramming, senescent cells, unlocking phenotypic
plasticity and polymorphic microbiomes as emerging hallmarks and enabling characteristics
78, Several of these hallmarks highlight the significance of tumor-surrounding cells and the
key role of cell communication in cancer development. The cellular and molecular environ-
ment surrounding tumor cells, the tumor microenvironment (TME), plays a leading role in
the Hallmarks of Cancer, and consequently in the cancer progression and metastasis.

1.3 Tumor microenvironment in cancer

Hannah and Weinberg recognized that TME comprises heterogeneous and interactive
populations of cancer cells and cancer stem cells, along with various recruited stromal cell
types. It is already widely recognized that this transformed parenchyma and its associated
stroma plays a crucial role in tumorigenesis and malignant progression ”. Cancer cells are sur-
rounded by different cellular and non-cellular components, such as stromal and immune cells,
extracellular matrix (ECM), and extracellular vesicles, which together constitute the TME (Fig-
ure 1.2) 29, The cellular components of TME include cancer-associated fibroblasts (CAFs), per-
icytes, endothelial cells from the blood and lymphatic vasculature, adipocytes, lymphocytes,
natural killer (NK) cells, tumor-associated macrophages and dendritic cells (DCs). The prin-
cipal non-cellular component of TME is the ECM, a complex structure composed of several
macromolecules, such as fibrous proteins (e.g., collagen, fibronectin, and elastin), glycopro-
teins, proteoglycans, cytokines, chemokines and growth factors’*!. The main functions of



ECM include supporting the tumor structure, maintaining tissue homeostasis, and modula-
tion of cell-to-cell and cell-matrix interactions. These functions significantly influence cell pro-
liferation, differentiation, and survival 1>, Besides the ECM, biochemical factors (e.g., diffu-
sion gradients of molecules, signaling factors, oxygen, and nutrients) as well as biophysical
factors (e.g., shear stress and interstitial flow), also play an important role in TME *13,

DCs are a heterogeneous group of immune cells and specific antigen-presenting cells
that play a significant role in the modulation of T cell-dependent immunity in the adaptive
and innate responses 7. Recently, DCs expressing indoleamine 2,3-dioxygenase 1 (IDO1)
have been described as an acquired mechanism of immune tolerance due to the ability to sup-
press the function of effector T and NK cells, and to induce the expansion of regulatory T cells
(Treg cells), tolerogenic DCs and myeloid-derived suppressor cells (MDSCs), promoting neo-
vascularization of solid tumors >80, IDOL1 is a cytosolic heme-containing enzyme involved
in the degradation of tryptophan to kynurenine and the modulation of innate immune re-
sponses 2. The overexpression of this enzyme has been reported in cancer cells and the
stroma surrounding the TME (e.g., endothelial cells, fibroblasts, immune cells, and mesenchy-
mal cells), as well in peripheral blood mononuclear cells of cancer patients /2. However,
IDO1 expression patterns and the exact mechanism of function are still unclear #?. Currently,
IDO1 is an important immunotherapy target in cancer due to the induction of anticancer re-
sponses, hereafter IDO inhibitors (e.g., indoximod and epacadostat) are being evaluated in
clinical trials in combination with chemotherapy and immune checkpoint antibodies 153034,

Overall, TME is responsible for the regulation of tumor growth, invasion, metastasis,
immune responses, and drug resistance processes !'. Cancer is now recognized as a complex
disease dependent on the interaction of cancer cells with TME and it is essential to establish
cancer models (e.g. 3D spheroids) capable of mimicking those interactions to provide more
insights about the mechanisms of cancer progression and enhance the predictiveness of novel
therapeutic screening >3,
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Figure 1.2 - Representation of the TME cellular and non-cellular components and their organization within the
tumor mass. Established cancers are typically surrounded by stromal cells (fibroblasts, immune and endothelial
cells) and non-cellular components such as ECM and biochemical and biophysical factors, which form a complex
network that supports tumor growth, immune evasion, and metastasis (Adapted from Cordeiro ef al.?). (Created
with BioRender.com)

1.4 Different types of cancer

The different types of cancer are classified based on the specific cells or tissues from
which it forms. For instance, carcinoma arises from epithelial cells, adenocarcinoma in gland
cells, sarcoma in mesenchymal cells (bone and soft tissues), leukemia in blood cells (bone mar-
row), and lymphoma in B or T lymphocytes .

The following sections will focus on colorectal and breast cancers, as they serve as the
cancer models used in this dissertation. Moreover, these two types of cancer show high inci-
dence and mortality, making them suitable for further developments and novel targeted strat-
egies.

1.4.1 Colorectal cancer (CRC)

Colorectal cancer (CRC), which includes colon and/or rectum cancer, is the second
most deadly and the third most frequent cancer worldwide and represents a significant public
health issue 3%. CRC is a genetically heterogeneous disorder, involving multiple molecular
pathways that drive tumor development and metastasis **. CRC is caused by abnormal
growth and proliferation of glandular epithelial cells from a normal epithelium (colon polyps



and adenoma), which only affects the colon or rectum through the adenoma-carcinoma se-
quence .

Sporadic, hereditary, and colitis-associated are the three main forms of CRC. Both ge-
netic and environmental factors influence the risk of developing CRC. Several studies have
shown that family history, chronic inflammation, and diet and lifestyle (e.g., reduced physical
activity and increasing consumption of fatty foods) are risk factors for CRC progression 4!,
Patients with an inflammatory colon are more likely to develop CRC, which is typically
caused by genetic mutations and inflammatory immunological events, thus key factors in the
tumor development include host immune system, epigenetic events, and somatic mutation
245 For instance, the CRC progression in patients with Crohn’s disease and long-standing
ulcerative colitis increases with age *. A polyp typically takes 10 to 15 years to develop into a
malignant tumor. Therefore, CRC might be prevented by routine screening, to identify and
remove polyps at the early stage. Still, only 40% of CRC cases can be detected earlier and CRC
can potentially recur even after surgery and post-surgery treatment .

The most important prognostic factors include the stage of cancer, site and number of
metastasis, and host immunological characteristics. The early diagnosis of CRC can reduce
metastasis and increase the survival rate, using different diagnostic techniques (e.g., colonos-
copy, liquid biopsy, sigmoidoscopy, and fecal occult blood tests) . However, most CRC pa-
tients experience metastases despite improvements in diagnosis and treatment (5-year sur-
vival rate of less than 12%) 342, Surgery is the primary treatment for CRC and might be usu-
ally combined with chemotherapy and radiotherapy, as part of the clinical approach proceed-
ings “4%. Most CRC patients developed resistance to modern chemotherapies, which reduced
the effectiveness of anticancer therapeutics and resulted in chemotherapy failure *. The de-
velopment of innovative and more precise approaches (e.g., targeted therapy) are required for
CRC treatment.

1.4.2 Breast cancer

Breast cancer is the most frequently diagnosed cancer in women worldwide (1% of all
cases are in men ¥), with an estimated 2.3 million new cases and over 685,000 deaths in 2020
449 The incidence of breast cancer is influenced by genetic and non-genetic features, where
some can also be supported by genetic predisposition, including germline mutations of high-
penetrance genes such as breast cancer 1/2 (BRCA1/2), and markers of the immune microen-
vironment which includes programmed death-ligand (PD-L1) and tumor-infiltrating lympho-
cyte (TIL) *°°!. Non-genetic factors include lifestyle factors (e.g., excess body weight and alco-
hol consumption), radiation exposure, high mammographic density, age, reproductive risk
factors (e.g., early menarche and late menopause), exogenous female hormones, and the pres-
ence of histologic lesions (e.g., atypical hyperplasia) °>%. Multiple biological entities involved
in breast cancer heterogeneity (pathology, gene expression, and genomic alterations) impact
treatment response and clinical behavior. Currently, the standard criteria of main



characteristics (tumor size and grade, nodal involvement, histopathology, and marker expres-
sion) are insufficient to guide important treatment decisions, especially in advanced tumors
48

Breast cancers are highly heterogeneous, with comparable morphological features that
can have diverse clinical courses owing to their distinct gene profile ***. Five molecular sub-
types of breast cancer were determined: luminal A, luminal B, Human Epidermal Growth
Factor Receptor 2 (HER-2) positive non-"luminal", basal-like, and special histological types;
each subtype corresponds to the immunophenotypes of cancer cells that are determined based
on pathological criteria. High expression of genes associated with estrogen receptor (ER) ac-
tivity and HER?2 receptor expression, and low expression of genes associated with prolifera-
tion are characteristics of luminal type A. Luminal type B features encompass a positive ER
status with low gene expression, and an increased expression of genes related to proliferation
compared to luminal type A *°. Basal-like breast cancer is similar to triple-negative breast can-
cer (TNBC), with the lack of HER?2 receptor expression and the estrogen and progesterone
receptors (PR). Nevertheless, some basal-like breast cancer expresses HER2 . The overex-
pression of the HER2 gene combined with the lack of ER and PR is what defines the molecular
subtype of breast cancer known as HER2-positive >.

Mammography screening and adjuvant therapy have been largely responsible for im-
proved outcomes in breast cancer *. The treatment of breast cancer varies depending on the
molecular features and subtype, which includes local-regional therapy (surgery and radiation
therapy) and systemic therapy. Systemic therapies consist of hormone therapy with targeted
agents (e.g., CDK4/6 inhibitors and phosphoinositide 3-kinase (PI3K) inhibitors) for hormone
receptor-positive types, chemotherapy, anti-HER2 therapy for HER2-positive types, poly
adenosine (ADP)-ribose polymerase (PARP) inhibitors for BRCA1/2 mutation carriers and im-
munotherapy for part of TNBC %, For instance, early-stage TNBC and HER2-positive are
treated with preoperative or neoadjuvant therapy (e.g., targeted drugs and immune check-
point inhibitors) %°. More than 15-20% of all breast cancers are TNBC and it is of particular
interest due to its highly invasive nature and poor responsiveness to treatment ». Individual-
ized therapy and treatment escalation and de-escalation based on cancer biology and early
response to therapy are the ultimate objectives of future therapeutic approaches for breast
cancer %,

1.5 Cancer therapy

Cancer therapy relies on the selective destruction of malignant cells while preserving
healthy tissue. Cancer treatments have been developed over the past 170 years, highlighting
novel therapies that have improved clinical outcomes and patient’s quality of life . From the
usage of general anesthesia in surgeries in the middle of the 1800s to the invention of X-rays
by Wilhelm Conrad Réntgen in the late 19" century %, to the advances in chemotherapy dur-
ing World War II ® and the recent developments in immunotherapy and gene therapy, each
milestone has played a crucial role in the breakthrough of cancer therapy ¥. Recently,



considerable progress has been developed to identify and characterize oncological bi-
omarkers, leading to innovative approaches for detecting cancer cells and providing tools for
molecular staging of cancer progression. These advances have been essential for the molecular
detection and early diagnosis of cancer, as well as for the establishment of new and more
precise and targeted treatment strategies 7. Among the plethora of molecular biomarkers
in cancer, those capable of identifying germline or somatic mutations, transcriptional changes,
and post-translational modifications have been pivotal in advancing innovative cancer diag-
nostics and therapeutics °. Still, the main treatment options upon diagnosis include surgery,
radiotherapy, chemotherapy, immunotherapy, or a combination of these therapies, and gene
therapy. Below, I shall briefly discuss the diverse types of cancer treatments and their recent
advancements.

1.5.1 Surgery

Surgery is the oldest method of cancer therapy and the primary intervention, which
offers a high possibility of treating solid non-metastatic tumors, especially when diagnosed
early and combined with other treatments (e.g., radiotherapy and chemotherapy). Further-
more, additional evaluation of the malignant tissue (tumor imaging and biopsy) is necessary
to determine whether surgery can be conducted to remove the tumor 2%, The development
of cancer surgery began in the early 20" century with significant procedures, including the
first abdominoperineal resection *, lobectomy %, and radical hysterectomy . Modern ad-
vancements include non-invasive techniques such as laparoscopic colectomy ¢, videothora-
coscopy, radiofrequency ablation, and radiosurgery (e.g., Cyberknife®) *. Breast-conserving
surgery with sentinel-node removal ¢, laryngoscopic laser surgery 7, and the Da Vinci® ro-
botic system 7 represent the latest innovations in oncological surgery 7.

For local primary tumors, whole surgical resection is the most effective and preferred
method in cancer treatment, but surgery as monotherapy is associated with an elevated risk
of cancer recurrence and the formation of metastasis ®. The surgical trauma can cause systemic
and localized inflammatory responses, which clinical studies have associated with the growth
of micrometastases “°. To address this challenge, it is crucial to combine surgery with radio-
therapy and chemotherapy to reduce the risk of metastasis and cancer recurrence .

1.5.2 Radiotherapy

Radiotherapy is one of the most effective cancer treatments based on the use of radia-
tion beams (e.g., X-rays or protons) to destroy or prevent the growth of tumor cells 7. There
are three main types of radiotherapy: teletherapy (external), brachytherapy (internal), and ra-
diosurgery (stereotactic radiotherapy) 7. Radiation therapy aims to target cancer cells with
maximum precision while minimizing damage to nearby normal cells 7. Nevertheless, tox-
icity in normal tissues has been observed (e.g., local radio-inflammatory responses) of some
cancer patients 7°”7. Radical radiotherapy is a viable alternative to surgery, which offers



effective long-term tumor control for several cancer types (e.g., lung, and head and neck can-
cer). Clinical data suggests it often leads to longer survival and improved disease control com-
pared to other cancer treatments 7.

The effectiveness of radiotherapy as a standalone treatment for advanced cancer re-
mains a topic of debate. For example, thoracic radiotherapy is an important treatment for in-
operable stage III non-small cell lung cancer (NSCLC), but the use of standard radiotherapy
(e.g., prophylactic cranial irradiation) only increases survival by around 5%. Despite techno-
logical advances and chemotherapy progress, the potential of radiotherapy in cancer treat-
ment remains low due to its poor efficiency and toxic side effects 7. Radiation therapy can be
combined with surgery, chemotherapy, or immunotherapy. It is primarily used as neoadju-
vant therapy to shrink tumors before surgery and as adjuvant therapy to eliminate any re-
maining microscopic tumor cells after surgery . Advancements in computerized tomography
(CT) imaging technology and other technological tools have evolved radiotherapy from 2D to
3D and four-dimensional methods, with significant improvements in dose distribution, inten-

sity, and accuracy .

1.5.3 Chemotherapy

Chemotherapy is one of the most common treatments currently available to treat can-
cer, which involves the use of chemotherapeutic agents (alone or in combination) to treat local
or metastatic solid tumors and malignant neoplasms of the hematopoietic system #%. In can-
cer therapy, it is important to reduce the tumors’ size to increase their susceptibility to chem-
otherapy due to the higher division of cancer cells and proliferation rate, compared to normal
cells 828, Clinical chemotherapy is classified into three main categories: preoperative (before
surgery), intraoperative (during surgery), and postoperative (after surgery). It can also be
combined with pre-radiotherapy for enhanced treatment efficacy ®*34. Over the years, the toxic
side effects of chemotherapeutic agents have been well-documented, including nausea, vom-
iting, diarrhea, hair loss, and loss of appetite. Moreover, patients have experienced some drug-
resistant cancer, bone marrow suppression, and kidney and liver failure 3.

Still, chemotherapy is the first-line treatment for various cancers, even with the emer-
gence of novel treatments such as immunotherapies (e.g., immune checkpoint inhibitors) and
oncogene-targeted therapies (e.g., tyrosine kinase inhibitors), which combined with conven-
tional chemotherapy have shown promising results ##. Chemoradiotherapy for esophageal
cancer * and adjuvant chemotherapy for colon cancer * are two examples of how chemother-
apy before or after surgery and/or in combination with radiotherapy can provide long-term
survival of several patients, in localized cancers *. PARP inhibitors, angiogenesis inhibitors,
histone deacetylase (HDAC) inhibitors, mechanistic target of rapamycin (mTOR) inhibitors,
hedgehog pathway blockers, tyrosine kinase inhibitors, proteasome inhibitors, and
p53/mouse double minute 2 homolog (MDM2) inhibitors are a few of the promising inhibitor
therapies that have been used to treat solid cancers *°%.



1.5.4 Immunotherapy

The era of cytotoxic drug therapy has paved the way to the new era of precise immu-
notherapy based on the immune system for cancer treatment ®>*2. Improved knowledge of the
immune surveillance mechanism led to the next revolutionary wave in cancer immunother-
apy *. Inmunotherapy incorporates the use of constituents of the immune system (e.g., cyto-
kines, antibodies, lymphocytes, DCs, and other immune cells) to identify and destroy cancer
cells, offering a targeted therapy with higher efficiency, specificity, less toxicity, and capable
of prolonging patients’ survival 72 Cancer immunotherapy was recognized as the most signif-
icant scientific breakthrough of 2013 owing to its remarkable innovation and efficacy. James
Allison and Tasuku Honjo were awarded the 2018 Nobel Prize in Physiology or Medicine for
their research on cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1) in cancer treatment 2.

The development of immunotherapies has been reported (e.g., adoptive cellular ther-
apy, immune checkpoint blockade, and cancer vaccinology), which highlighted the capacity
of T cells against cancer *>***°. Prostate cancer, kidney cancer, NSCLC, melanoma, and other
solid tumors have all been successfully treated with cancer immunotherapy ¢%. The majority
of the 11 cancer immunotherapies approved by the US Food and Drug Administration (FDA)
in 2020 are monoclonal antibodies (mAb) immune checkpoint inhibitors, including PD-1/PD-
L1 mAb, and CTLA-4 mAb, and cell therapy based on chimeric antigen receptor T (CAR-T)
cells 7. Regarding the limitations and toxicity of traditional cancer therapies, clinicians and
scientists have explored novel approaches with more efficacy and fewer negative side effects
%2. However, cancer immunotherapies can cause side effects such as allergic reactions, vomit-
ing, diarrhea, loss of appetite, cardiotoxicity, liver, kidney, and lung damage .

1.5.5 Combinatorial therapy

Recent advancements in cancer therapy have significantly improved the understand-
ing of key pathways involved in tumor progression, paving the way for more precise and
effective treatment strategies. Targeted therapy has emerged as a less toxic alternative to con-
ventional chemotherapy; however, its standalone use remains insufficient for cancer treat-
ment due to tumor complexity 7+*°. Combinatorial therapies, including targeted therapies (e.g.,
immune checkpoint inhibitors, small molecule inhibitors) and chemotherapeutic agents (e.g.,
taxanes and platinum compounds), have demonstrated synergistic effects that enhance treat-
ment efficacy, overcome drug resistance, and improve the overall survival rate of cancer pa-
tients 1

Cetuximab is an EGFR inhibitor that plays a crucial role in treating CRC and is fre-
quently combined with chemotherapeutic drugs such as oxaliplatin, irinotecan, and fluor-
ouracil. Other targeted therapies for CRC include panitumumab (EGFR inhibitor) and bevaci-
zumab (VEGEF inhibitor), which are combined with anticancer drugs to enhance therapeutic
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efficiency and improve patient outcomes 7. For instance, the efficacy of Avastin (bevaci-
zumab) combined with 5-fluorouracil prolonged the survival of patients with advanced CRC
#2101 Tpilimumab (CTLA-4 inhibitor) combined with chemotherapy is the first-line treatment
for TNBC ¥, and HER?2 inhibitors, such as pertuzumab and trastuzumab, are mostly used
combined and/or in combination with chemotherapeutic agents (e.g., docetaxel, paclitaxel)
for the treatment of breast cancer 7%, Recently, Liu et al. revised that the US FDA has approved
90 combination therapies between 2006 and March 20, 2024. Still, the patient selection criteria
are strict since only specific subgroups of cancer patients are eligible for these treatments.
There is an increased demand for predictive biomarkers, drug selection, drug dosages, treat-
ment duration, and further in vivo studies and clinical trials for combined cancer therapies 57,

1.5.6 Gene therapy

Gene therapy has proven to be a promising targeted approach against cancer. Exten-
sive research has been conducted based on the concept of introducing therapeutic nucleic ac-
ids (TNAs) into target cells in a controlled manner to block the expression of specific genes
that have been promoting cancer progression (e.g., gene silencing of proto-oncogenes) or re-
storing the expression of tumor suppressor genes (e.g., p53), which have lost their function *.
Various gene therapy strategies rely on the capability of vectorizing TNAs and/or a combi-
nation of tools for gene editing into the desired target cells, which aim to correct molecular
events that contribute to cancer development . These platforms include gene and genome
editing tools that provide the capacity to regulate gene expression, reconfigure chromatin
structure, and manipulate DNA. Gene and genome editing tools are capable of inducing and
modulating mechanisms of endogenous RNA interference (RNAi), and those able to target
specific molecular markers, decrease oncogenes expression, and reprogram cell phenotypes
103105 Gene therapy tools have the purpose of regulating gene expression and the genome,
which is important for tracking tumor development and cancer cell survival. Major limitations
can be solved by the upgrade of delivery strategies and the use of proper probe designs, which
should be proficient in carrying high payloads of the desired TNAs for gene therapy. Strong
efforts have emerged for precise delivery of the cargo, such as protection against degradation
by endonucleases and an increase in circulation half-life . Furthermore, inefficient target-
ing of the desired cell may be solved by employing vectorization of TNAs with nanoparticles,
which can enhance off-target effects (e.g., disruption of gene function and erroneous integra-
tion) 17,

Gene therapy can target DNA, using genome editing tools such as clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) proteins, me-
ganucleases, transcription activator-like effector nucleases (TALENSs) and zinc finger nucle-
ases (ZFNs); or RNA, using RNAi mechanisms, antisense oligonucleotides (ASO), ribozymes
and riboswitches ', Herein, I shall briefly discuss some of the most promising tools, either
conceptual or already translated to the clinics.
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1.5.6.1 Genome editing tools
1.5.6.1.1 CRISPR/Cas9

One of the most promising, efficient, and precise methods applied to gene therapy is
CRISPR and CRISPR-associated (Cas) proteins. This genome editing system allows for tar-
geted genomic modifications, and there are three main execution strategies: direct delivery of
Cas9 protein and single-stranded guide RNA (sgRNA); direct delivery of messenger RNA
(mRNA) and sgRNA; and plasmid-based CRISPR/Cas9 strategy. CRISPR/ Cas9 facilitates ef-
ficient multiplex genome editing, with the possibility of simultaneous deletion or insertion of
multiple DNA sequences '*!1°. CRISPRs were discovered in bacteria due to their mechanism
of inducing RNA-guided DNA cleavage, essential for bacteria’s adaptive defense against ex-
ogenous DNA. The structure of the Cas genes is important for the way that CRISPR-Cas sys-
tems were organized into two major classes '''!'% class 1 includes multiprotein complexes,
though class 2 systems comprise one effector protein, including a subtype that is the most
used CRISPR/ Cas9 system *!14, sgRNA was designed to bind and complement the target
DNA site in a specific sequence and to ensure compatibility with Cas9 endonuclease and Cas9
protein, followed by a protospacer adjacent motif (PAM), that specifically cleaves the DNA to
create a double-strand break (DSB) '°. Still, the development of effective delivery systems for
CRISPR/Cas9 elements for specific targets remains a challenge for clinical therapeutics.

CRISPR/Cas9 is fast to develop, simple, and cost-saving in comparison with other
gene editing tools '°. The potential for simultaneous multiple loci editing, cost-effectiveness,
and flexibility are advantages of the usage of this platform 1!, Additionally, the use for in-
sertion, editing, and knockdown in genomes provides a major benefit. However, limitations,
such as the high frequency of random integration and activation of the non-homologous end-
joining DNA repair pathway, which may lead to microdeletions at the DSB site, have been
reported 10115117, CRISPR/Cas9 has been applied in a variety of in vivo and in vitro research
for cancer therapy. Recently, their application in T cell cancer therapy has been reported 512,

1.5.6.1.2 ZNFs - Zinc Fingers

ZNFs are the first DNA-binding domain used for many years for gene editing '*. In
1985, Klug laboratory discovered a protein that contained 7-11 zinc ions with a linear arrange-
ment of independent domains that could bind DNA. Resulting from the fusion of a cleavage
domain that is not sequence-specific to a site-specific DNA-binding domain, ZNFs can bind
with highly affinity DNA and are capable of recognizing RNA or even DNA-RNA fusions ''.
FokI type 1I restriction endonuclease formed DNA cleaving domain, and those domains can
be dimerized to precisely target genomic sequences %,

ZNFs can join short and extremely conserved linkers to form multiple ZNFs proteins.
The Cys2His2 family is organized by two cysteine and two histidine folded into one a-helix
and two antiparallel p-strands. Also, these domains are comprised of 28-30 amino acids be-
longing to a superfamily with around 700 ZNFs in the human proteome '?'. The optimization
of functional domains is significant to enable the development of different modules for
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genome editing. The ZNFs interaction and specificity to the target are defined by the number
of fingers and each finger’s amino acid sequence '®. DNA-binding domains recognize trinu-
cleotide DNA sequences, but longer DNA sequences may also be targeted by them. ZNFs may
be designed to include a variety of effector domains to recognize virtually any DNA sequence.
However, this genome editing tool has its drawbacks, including high off-target effects, as well
as being expensive and difficult to use. As so, clinical application in HIV treatment has been
reported 212,

1.5.6.1.3 TALENSs - Transcription activator-like effector nucleases

DBSs are produced by a nonspecific DNA cleavage domain united to a custom-made
sequence-specific binding domain, known as TALENS. The transcription activator-like effec-
tor (TALE) is a highly conserved repeat sequence, which the DNA-binding domain derives'?'.
FokI is a functional endonuclease responsible for the stimulation of site-specific DSBs for DNA
recombination to modify the target gene sequence. The endonuclease cleavage domain should
be dimerized to cut the two DNA strands, such as TALEN modules that are designed in pairs
to bind the two specific sites of the target. Site-specific recombinases, transcriptional modula-
tors and activators, and nuclease activity are modifications needed when multiple effector
domains are added to effort TALEN functionality %2, The major limitation for cloning repeat
TALE arrays is the large-scale assembly of matching repeat sequences. To overcome re-
strictions of this technique, several strategies such as “Golden Gate” cloning, connection-in-
dependent cloning, and high-throughput assembly using solid phases have been proposed
127,128

DNA targeting specificity comes from the fused bacterial TALE proteins. TALEN ar-
rays recognize only a single nucleotide (as opposed to ZFNs), and it has no impact on the
binding specificity. TALEN-engineered nucleases demonstrate better specificity and effi-
ciency than ZNFs, although the major constraint is cloning of the large modules in series and
joining these modules in designated order by ligase in an efficient way. Along with several in
vitro and in vivo studies, TALEN applications in cervical intraepithelial neoplasia and hema-

tological malignancies are in clinical trial evaluation '%+1241%,

1.5.6.14 Meganucleases

Meganucleases are grouped into five main families: His-Cys box, H-N-H, GIY-YIG,
LAGLIDADG, and PD-(D/E)XK. The LAGLIDADG family shows a wide range of gene edit-
ing tools that are principally toward the modulation of splicing and maturation of RNA. These
endodeoxyribonucleases are characterized by large motifs capable of targeting specific nucle-
otide sequences for the replacement, modification, or elimination of those nucleotide se-
quences "*1%, DmoCre and E-Drel are protein variants that combined with meganucleases
provide enhanced capability in targeted cleavage, representing an example of genome editing.
Some advantages of their usage are low cytotoxicity but still require further studies due to the
impact of the side effects on the organism 3.
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Meganucleases technology involves re-engineering the DNA-binding specificity that
naturally occurs in the family of homing endonucleases. Meganucleases are the smallest class
of engineered nucleases, making them potentially amenable to all standard gene delivery
methods since they offer fewer off-target effects. Despite their potential, meganucleases are
difficult to construct, time-consuming, and high-cost, which restricts their application as gene
editing tools 2413,

1.5.6.1.5 Ribozymes and Riboswitches

Ribozymes are catalytic RNAs in an autonomous manner, participating in cellular pro-
cesses. RNA hydrolysis and RNA ligation reactors are catalyzed by ribozymes, and they are
categorized according to their major function in two categories: splicing and cleaving ribo-
zymes. Splicing ribozymes can be used to control gene expression through mRNA splicing
13132 The riboswitch term is applied to “metabolite sensing RNA switches” and can interact
with small molecules such as ions and other regulatory RNAs. Responding to internal and
external triggers, RNA-based sensors like riboswitches upon modification of RNA confor-
mation may be related to gene expression regulation *2.

1.5.6.2 Gene silencing: RNAi mechanism and ASO

Gene silencing involves the intracellular delivery of TNAs, typically employing RNAi
mechanisms to modulate gene expression. This includes approaches like small interfering
RNA (siRNA), microRNA (miRNA), and short hairpin RNA (shRNA). Most gene silencing
targets are associated with oncogenes (e.g., c-MYC, KRAS, BCR-ABL1), which trigger abnor-
mal cell proliferation by increasing gene expression or enhancing the activity of oncoproteins.
Gene silencing may also inhibit tumor suppressor genes (e.g., p53), which normally prevent
cell proliferation and tumor formation, or affect other genes involved in tumor survival, such
as those regulating angiogenesis (e.g., VEGF) 1313,

RNAI technology has emerged as a promising therapeutic strategy, particularly in can-
cer treatment. RNA| is facilitated by double-stranded RNA (dsRNA), which plays a role in
regulating gene expression (e.g., shRNA and siRNA). Also, miRNA interacts with the cyto-
plasmic RNA-induced silencing complex (RISC), leading to either mRNA degradation or
translational repression '®. Antisense DNA technology allows for the inhibition or downreg-
ulation of protein production by utilizing ASO that are complementary to the target sequence.
Antisense DNA technology using ASO is a valuable approach for gene expression regulation,
which has already been used with chemotherapy agents for combined therapy in cancer. The
most used in gene silencing is RNAi technology, specifically siRNA '*. Figure 1.3 represents
an overview of the mechanism of action of RN Ai technology (e.g., siRNA) and Antisense DNA
technology with ASO for gene silencing applications.
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Figure 1.3 - Mechanism of action of siRNA (left) and ASO (right) for gene silencing or modulation of gene expres-
sion. The siRNA is incorporated into RISC, where the guide strand (antisense strand) is retained, while the passen-
ger strand (sense strand) is degraded. Then, siRNA binds to a complementary sequence on the target mRNA, and
the catalytic component of RISC (Ago2) cleaves the mRNA, leading to mRNA degradation. On the other hand,
ASO binds to target mRNA, and RNAse H is recruited to mediate mRNA degradation (or steric hindrance, where
the ASO blocks the binding of ribosomes to the mRNA).

Currently have been introduced novel targeting strategies, such as RNAi mechanisms,
which have a special interest in cancer therapy and gene silencing '¥'%. RNAIi technology
relies on the use of short interfering RNA molecules, potent regulatory agents that are em-
ployed to downregulate gene expression. The cytoplasmic RISC participates in these mecha-
nisms for RNAi technology, in which RNAI is typically used to manipulate gene expression.
RNA fragments can bind RISC, which possesses enzymatic activity, then when activated with
an incorporated single strand of miRNA or siRNA, can recognize target mRNA that is de-
stroyed by Ago2, a protein present in RISC. siRNA and shRNA are the most TNAs used for
gene silencing, based on RNA-based therapeutic platforms 142, The involvement of miRNAs
in cancer was firstly studied in B-chronic lymphocytic leukemia (B-CLL), where miRNA genes
miR-15 and miR-16 proved to be downregulated in the majority of B-CLL cases **. For exam-
ple, miRNA can activate mRNA degradation or suppression of translation. RNAi technology
has been used in CRC for targeting genes involved in signaling pathways (e.g., c-MYC and
KRAS), which are responsible for the survival, proliferation, and metastasis of malignant cells
14146 Some of the limitations are short half-lives due to RNases, low biochemical stability,
and prohibitive costs. This approach has been applied for in vitro and in vivo studies, which
are important for the advances in cancer clinical trials, including silencing oncogenes that are
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implicated in TME '¥. Additionally, nanocarriers as vectors to deliver RNA cargo are used to
improve cellular uptake and reduce off-target effects. An example is Patisiran, the first siRNA
drug loaded in lipid nanoparticles approved by the US FDA in 2018 15,

Antisense DNA technology using ASO is a valuable approach for gene expression reg-
ulation and can be applied for combined therapy along with chemotherapy agents to improve
cancer treatment. These synthetic oligonucleotides were first reported in 1978 by Stephenson
and Zamecnik, showing to be specific for the regulation of gene expression. They were called
ASO due to their complementary to RNA sense strand, consisting of 15-20 nucleic acid length
13619 The usage of ASO that are complementary to specific-site sequences permits downreg-
ulating the production of amino acids essential for cancer cell development and survival. The
creation of different molecules is considerable important for advances in antisense DNA tech-
nology to enhance target delivery, efficacy, and safety for clinical trials 1%

ASO are small DNA or RNA molecules complementary to their target mRNA, and
binding to their target result in mRNA splicing or degradation of target transcripts. Also, ASO
can be used to modulate the ratio of splicing variants or correct some splicing defects, by in-
duction of exon-inclusion or exon-skipping *!. Splice switching oligonucleotides are alterna-
tive pre-mRNA splicing manipulated, and simple to design and vectorize inside the cell. There
are some obstacles to in vivo delivery (e.g., immunogenic) that may cause side effects and short
half-lives due to RNase activity. Second-generation ASO were developed to overcome non-
sequence specific side effects of the first generation, to enhance target-binding affinity, hy-
bridization affinities, and nuclease resistance '*2. Recently, third—generation ASO have been
provided to improve their delivery to the specific site, which can bind covalently to a ligand
or nanocarriers (e.g., lipid and metal nanoparticles, protein, liposomes) 21, Single and dou-
ble-stranded ASO are briefly filtered by the kidney and exhibit low serum protein binding
and limited tissue distribution, which due to rapid clearance several nanocarriers have been
developed to enhance cellular uptake °*1%5. Fomivirsen is the first ASO drug approved in 1998
by the US FDA for cytomegalovirus retinitis . Mipomersen and lomitapide are two ASO
drugs approved by the US FDA in 2013 for familial hypercholesterolemia, acting on the ex-
pression of apolipoprotein-@ for cholesterol level reduction 7. Lately, ASO technology started
in clinical trials for Duchenne muscular dystrophy treatment and their clinical application has
been reported in thalassemia .

Although these cancer treatments have made significant contributions to the ongoing
fight against cancer, they are often invasive techniques and / or usually lack selectivity for can-
cer cells, leading to a range of adverse side effects that can impede the success of therapy,
which contribute to relapse and lack of quality of life for cancer patients. Therefore, there is
an increasing demand for alternative, non-invasive, and selective targeted therapies to ad-
dress these challenges. These precise approaches often involve directing/ targeting drugs, ol-
igonucleotides, or other (bio)molecules directly to cancer cells — the case of Nanomedicine 1.
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1.6 Nanomedicine

Nanotechnology has brought the opportunity to combine different therapeutic sys-
tems, including dendrimers, liposomes, metallic nanoparticles, micelles, polymeric nanopar-
ticles, and silica nanoparticles. These approaches exhibit a wide range of unique physical-
chemical characteristics and can be synthesized easily for vectorization of the cargo, with the
capability to visualize their distribution and accumulation at the specific target site in real
time !. Furthermore, nanotechnology has paved the way for nanotheranostics, combining
therapy and diagnostics into a single platform 51,

Nanomedicines in cancer therapy encompass a wide range of nanoparticles and nan-
otechnologies that have gained attention upon the approval of the first nanomedicine Doxil
by the US FDA in 1995 '*'. Nanomedicine leverages nanotechnology to improve stability, bio-
availability and biocompatibility of druggable elements while allowing for targeting and im-
aging, thus optimizing delivery and therapeutic efficacy '. These nanomedicines are nanocar-
riers on the nanoscale which can include drugs, proteins, peptides, nucleic acids, and other
(bio)molecules. Lipid-based nanocarriers, inorganic-based nanoparticles, and polymer-based
nanocarriers are the most used, and viral vectors and ADCs (Antibody-Drug conjugates) can
be considered nanomedicines *” (Figure 1.4). Novel cancer therapies based on gene therapy,
such as the delivery of TNAs vectorized with a variety of nanoplatforms (e.g., organic and
inorganic nanoparticles), have been developed in the past years 14816216,

Approaches can be designed to selectively target specific cells or tissues by incorpo-
rating (bio)molecules that enhance the uptake of therapeutic agents by cancer cells. Both active
and passive targeting strategies are employed to direct therapeutic agents to the desired cells.
Passive targeting leverages the body's pathophysiological changes, such as altered fluid and
solute dynamics, while active targeting involves the use of specific biomolecules (e.g., anti-
bodies, peptides, or small molecules) that are recognized by the target cells, improving selec-
tivity and uptake 5816416 Also, nanomedicines allow the precise delivery of several
(bio)chemotherapeutics to multiple tumor markers, mediating stimuli-response drug release,
which may result in a synergistic methodology to tackle cancer resistance and heterogeneity
167168 These nanomedicines have the advantage of extending the circulation time of therapeu-
tic agents and enabling stimuli-responsive drug release and uptake by cells '°.

Advances in imaging techniques, such as electron microscopy, super-resolution fluo-
rescence microscopy, and single particle tracking, have been essential for a better understand-
ing of the nanoparticles’ intracellular pathways and trafficking. Nanomedicine applications
highlight the impact of barriers to efficient cellular uptake of nanoparticles and their develop-
ments and strategies deployed to overcome these barriers (glycocalyx and macromolecular
crowding) 19167170 Stjll, novel strategies to enhance the targeting and delivery of the nanocar-
riers to tumor cells are required.
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Figure 1.4 - Schematic illustration of different nanoplatforms (polymer-based, lipid-based, inorganic nanoparticles,

drug-conjugated, and viral nanocarriers) used for cancer therapy. (Created with BioRender.com)

1.7 Nanoplatforms for delivery of therapeutic nucleic acids

Transfection allows the selective introduction of TNAs into living cells for enhancement
or inhibition of protein synthesis. However, efficient nanocarriers are necessary to overcome
transfection issues (e.g., TNAs degradation by nucleases). Various nanosized vehicles have
been developed for the delivery of TNAs, including polymeric particles, dendrimers, semi-
conductor quantum dots, amino acids, liposomes, carbon-based nanostructures, viral vectors,
silica, and metallic nanoparticles 1102163171 These carriers are crucial for targeting cancer cells
with TNAs, but their efficacy in carrying to malignant cells remains a challenge to the clinics
17117 Viral and non-viral carriers, such as organic and inorganic nanoparticles, are particu-
larly suitable for this purpose and can be prepared in many ways. Viral vectors often exhibit
higher transfection efficiency compared to non-viral vectors, but they frequently induce
strong immune responses and exhibit significant cytotoxicity 7. In contrast, non-viral vectors
are favored due to their ease of production, lower costs, and reduced immunotoxicity 7.
Among these, lipid nanoparticles are the most used approach for TNAs delivery 76177,

Adenoviruses (AdVs), retroviruses, lentiviruses, herpes simplex virus, and adeno-asso-
ciated viruses (AAVs) are the most common viral vectors used for gene therapy 7. Gendicine
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was the first gene therapy tool approved in 2003 by the Chinese FDA. This approach is a re-
combinant AdVs engineered to express tumor suppressor gene p53 for the treatment of head
and neck squamous cell carcinoma. Gendicine enhances treatment efficacy when combined
with radiotherapy and chemotherapy and also demonstrates the improvement of therapeutic
radiation effects in pancreatic cancer cells, although more clinical trials are necessary 7. One
of the major concerns of the employment of gene therapy approaches is the long-term risk.
Clinical trials have been evaluated based on the integration of a vector that improves the de-
livery of TNAs to the specific target site to overcome the uncertain long-term risk '®. Lipo-
somes, cationic lipids, inorganic nanoparticles, dendrimers, polymers, and exosomes are some
examples of non-viral vectors used for non-invasive administration (e.g., through skin and
eyes). For example, lipid nanoparticles formulations have been used in several in vitro and in
vivo studies, improving the delivery of TNAs to target cells or tissues 1%,

RNAI and antisense technology are promising tools for the efficient delivery of thera-
peutic siRNA, miRNA, shRNA, or ASO, although the in vivo systemic delivery remains a chal-
lenge due to several limitations (e.g., degradation by nucleases, low cellular uptake, and in-
stant renal clearance). Furthermore, the development of effective and safe nanocarriers to
highlight the systemic administration of silencing moieties for gene therapy is necessary. To
overcome this limitation, RNA or DNA molecules should be nuclease-resistant chemically to
avoid degradation and combined with viral and non-viral nanocarriers 182, Hence, non-viral
nanocarriers such as liposomes, polymers, or inorganic nanoparticles have been developed to
deliver RNA silencers effectively. Cationic lipids (e.g., Lipofectamine™ reagent) can form
complexes with negatively charged siRNA/ASO to improve in vitro transfection efficiency,
but with some cytotoxicity *. For instance, metal nanoparticles, such as gold (AuNPs) and
magnetic (MNPs) have gained attention as excellent alternatives for TNAs vectorization and
delivery .

1.8 Metal nanoparticles in gene silencing — general concepts

Metallic nanoparticles have been extensively utilized in various biomedical applica-
tions due to their unique physical and chemical properties, which are highly influenced by
factors such as size, shape, surface-area-to-volume ratio, biocompatibility, and amphiphilic-
ity. These nanoparticles are usually synthesized through straightforward methods and can be
easily functionalized with a wide range of biomolecules, such as drugs, nucleic acids, proteins,
or antigens, using simple chemical techniques to enhance their biological functionality and
aCtIVIty 106,184,185.

Several types of metal nanoparticles can be functionalized with nucleic acids, and their
chemical nature can be modified to improve their uptake by endocytosis. For an efficient up-
take and short-term cellular interaction, the maximum size of nanoparticles must be around
100 nm, and their surface must be functionalized to ensure biocompatibility. Also, the nano-
particle core is important (chemical composition) for long-term biocompatibility and
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biodegradability %1%, For gene silencing, nanoparticles can deliver the cargo into the cyto-
plasm, while the transfer of nanoparticles into the nucleus is necessary for DNA transfection
(e.g., plasmid vector transfection) '¥. Efficient nanocarriers are required for high transfection,
ensuring biocompatibility, long-term biodegradation, and site-selective application. Some of
the advantages of metallic nanoparticles are their easy finetune, size, surface functionaliza-
tion, nucleic acid protection, and biocompatibility. The selection of surface chemistry is piv-
otal for optimizing loading capacity and addressing limitations, such as nanoparticles’ insta-
bility in biological environments %1, It plays a fundamental role in passively targeting the
carriers to the desired site, regulating circulation half-life, modulating cellular uptake, and
either evading or activating the immune response. Therefore, surface chemistry is essential in
controlled-release systems, enabling precise and spatiotemporal control for the specific deliv-
ery of the cargo in a "smart" controlled manner .

A better knowledge of interactions between nanoparticles and cells is required to de-
sign delivery systems suitable for clinical applications %', Cell surface engineering has
emerged to promote targeting and delivery based on the chemical modification of biomole-
cules of cell membranes (e.g., glycoproteins) and their interaction with nanomaterials 1701921%,
The main approaches for the conjugation of nanoparticles with cells involve ligand-receptor
recognition and covalent binding. Ligand-receptor recognition requires the functionalization
of the nanoparticles with biomolecules (e.g., peptides, aptamer, antibodies, carbohydrates,
among others), which recognize and bind to specific receptors on the cell membrane through
non-covalent bonds . On the other hand, covalent bonding is based on the formation of
stable bonds between nanoparticles and chemical groups on the cell membrane (e.g., amine
and thiol groups) . Nevertheless, both approaches have significant limitations of selectivity
and efficiency **'%. To address those challenges, bioorthogonal click chemistry reactions arise
as a powerful alternative for coupling nanoparticles with cells owing to their ability to occur
within living systems with specificity and minimal interference with native biological pro-
cesses 701, One of the most notable reactions is the strain-promoted click azide-alkyne cy-
cloaddition reaction (SPAAC) 2%,

Additionally, nanoscale structures can be directed toward cancer sites by leveraging
physiological changes within the tumor for passive targeting. The enhanced permeability and
retention (EPR) effect is a paradigm that possibly facilitates the extravasation of nanoparticles
through the endothelial cells of surrounding blood vessels into tumors. This occurs due to the
leaky nature of tumor vasculature, which arises from the rapid and disorganized growth of
new blood vessels (e.g., angiogenesis) that supply the tumor with essential nutrients. These
vessels develop rapidly, lacking the structural maturity needed for stability ?*. In the case of
triggered targeting, nanoparticles can release their cargo in response to external stimuli, such
as magnetic field (e.g., magnetic hyperthermia using MNPs), electric field (e.g., electro-
poration, ultrasound, radiofrequency), or light (e.g., photothermal therapy using AuNPs)
202205 For instance, metal nanoparticles have emerged as effective carriers for the delivery of
silencing moieties, with AuNPs playing a prominent role.

This thesis focuses on the potential of AuNPs and MNPs as “nanoheaters” to promote
cell uptake, improving gene silencing for cancer therapy. Herein, I shall discuss the general
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concepts of these nanoparticles, such as surface modification, targeting and delivery, as well
as their important role as therapeutic agents in gene therapy applications.

1.8.1 Gold Nanoparticles (AuNPs)

The synthesis of gold nanoparticles (AuNPs) was first reported in the early 19* century
by Michael Faraday, who produced a red color solution of colloidal AuNPs using chloroauric
acid and phosphorus as the reducing agent **. Later, Turkevich simplified the process by us-
ing a citrate reduction method, which became a foundational technique for AuNP synthesis
205, Over the years, many other synthesis methods were developed to create AuNPs with var-
ied sizes and shapes, depending on the synthesis procedure, pH, and passivating agents 227,
Two main approaches for large-scale AuNPs synthesis are top-down and bottom-up. The top-
down approach involves breaking down bulk material into the nanoparticle using techniques
such as laser ablation, ultraviolet (UV) and infrared (IR) irradiation, ion sputtering, and aero-
sol technology '*. The bottom-up methodology consists of building nanoparticles from pre-
cursor molecules, which are ionized when energy is given to the system. Turkevich method
is an example of a bottom-up strategy since Au®* is reduced to Au’ by the action of citrate
(reducing agent) '*. For instance, other chemical synthesis options based on a bottom-up sys-
tem are the Brust Method 2%, Seed-Mediated Growth 2, and Digestive Ripening 2°. Bottom-
up approaches are preferred for producing low-size dispersion and uniform AuNPs and are
widely used in biomedical applications due to their simplicity and lower cost 21122,

The advantageous features of AuNPs derive from their morphology (e.g., size, shape,
core charge, surface ligands, solvent) which can be adjusted to optimize their properties.
AuNPs can be functionalized with a variety of (bio)molecules (e.g., drugs, proteins, oligonu-
cleotides) to change their physicochemical behavior, such as the surface charge. Therefore, the
functionalization of AuNPs allows for enhanced selectivity and specific targeting and deliv-
ery, which is valuable for cancer therapy applications (Figure 1.5) 1323214, Key properties in-
clude their optical properties associated to the localized surface plasmon resonance (LSPR),
optoelectronic characteristics related to size and shape, and a high surface-to-volume ratio
199215 However, challenges arise in controlling these properties during large-scale production,
as factors affecting synthesis and functionalization that are not fully understood. Surface Plas-
mon Resonance (SPR) is defined by matching the oscillation cycle (resonance) between the
electrons on the surface of a conductive metal (plasmons) with photons irradiated by a light
source with a specific wavelength '%. SPR effect causes light to be absorbed or scattered, which
is the fundamental principle used in color-based biosensors. AuNPs between 5 and 100 nm
exhibit LSPR in the visible spectrum, while changes in size, shape, and surface can shift the
LSPR to near-infrared (NIR) or UV regions 2. For example, Au-nanorods and Au-nanoshells
absorb NIR light, making them particularly useful for in vivo imaging (e.g., deeper tissue pen-
etration) compared to spherical AuNPs. Due to their high density, AuNPs are also effective
as contrast agents in CT SCAN, X-ray imaging, photoacoustic tomography, and fluorescence
quenching, making them versatile for in vivo and in vitro assays 272",
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Figure 1.5 - Design of a multifunctional AuNP functionalized with different (bio)molecules for cancer therapy
applications. (Created with BioRender.com)

1.8.1.1 Surface modification

The AuNPs are ideal scaffolds for functionalization with various molecules due to
their high surface-to-volume ratio and surface chemistry. The colloidal solution of AuNPs can
be stabilized using agents (e.g., sodium borohydride, sodium citrate, or ascorbic acid) that
maintain repulsive forces, preventing agglomeration ?*. The most common method for
AuNPs synthesis involves citrate reduction of a gold salt, where citrate simultaneously acts
as a reducing and stabilizing agent, preventing aggregation through electrostatic repulsion in
neutral pH solutions. However, changes in pH solutions can lead to aggregation and nonspe-
cific molecule absorption (e.g., protein corona) '*. The formation of a protein corona depends
on the size, surface chemistry, and morphology of the Au-nanoconjugates. This interaction
can influence cellular recognition, potentially affecting colloidal stability, cellular uptake, and
immune response activation. Therefore, in addition to the therapeutic cargo and targeting
moieties functionalization, it is often necessary to functionalize the AuNP with biocompatible
and hydrophilic molecules to minimize or prevent the formation of protein corona .

Currently, the functionalization methods of AuNPs include either one or a combina-
tion of functional groups, such as surfactants and polymers, polypeptides, bovine serum al-
bumin (BSA), amino acids, antibodies, oligonucleotides, receptors, among others .
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Polyethylene glycol (PEG) functionalization is widely used to enhance the stability of AuNPs
in complex media, improving biocompatibility and circulation time in vivo by preventing op-
sonization *2. Heavier PEG chains offer more stability while reducing cellular absorption ow-
ing to negative immune responses and clearance by macrophages. Conversely, lighter PEG
chains provide less stability while improving circulation time and responsiveness to media
changes 2. Other stabilizing agents have been explored such as polyethyleneimine (PEI), sil-
ica, BSA, and lipoic acid, though addressing more drawbacks such as rapid renal clearance,
uncontrolled binding, and adverse immune responses. Therefore, considerations of long-term
side effects and lack of specific biodistribution are required when selecting a stabilizing agent
159

Surface functionalization strategies are divided into covalent methods (e.g., thiol-gold
bonds) and non-covalent methods (e.g., electrostatic interactions and physisorption of ionized
ligands). Thiol moieties have been reported as passivating agents that offer higher stability
compared with others (e.g., acyl group and coupling molecules containing amine groups) 2.
Overall, surface modifications of AuNPs are designed to enhance stability and biocompatibil-
ity, strengthen interactions with biological molecules, and improve their ability to carry the
cargo with specificity for the required target.

1.8.1.2 Targeting and delivery

Functionalization of AuNPs for (bio)molecular targeting often involves attaching an-
tibodies, peptides, amino acids, oligonucleotides, proteins, or specific ligands to the nanopar-
ticle surface. Au-nanoconjugates provide increased stability, sensitivity, and specificity for cell
targeting, but the increase in their hydrodynamic size could reduce cellular uptake. In addi-
tion, the rapid diffusion rate and potential immunogenicity are some of the limitations con-
cerning Au-nanoconjugates 4. Optimal functionalization strategies should be tailored to the
specific application since several types of functionalization agents show limitations, such as
non-specific binding, instability, and toxicity ***.

Various strategies have been developed to functionalize spherical AuNPs for gene si-
lencing applications. Owing to their surface properties and ease of functionalization, AuNPs
used for gene silencing are typically conjugated with different molecules to enhance delivery
and uptake by target cells, protect against enzymatic degradation, and avoid triggering an
immune response that could eliminate these Au-nanoconjugates from the body. To increase
stability, some of these molecules are attached to the nanoparticle surface either through co-
valent bonds, with thiol-gold bonding (S-Au) being the most common, or via electrostatic in-
teractions 2. Stabilization techniques include the use of nucleotide monolayers, which en-
hance the resistance of TN As to nuclease degradation while reducing toxicity using synthetic
polymer or other stabilizers. For example, cationic polymers such as PEI, are often employed
for their improved stability in physiological environments and higher transfection efficiency
226227 Cationic lipids are another excellent example of a stabilizer agent owing to the formation
of lipoplexes to enhance the stability of lipid-DNA complexes ***. Among stabilizers, PEG
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is widely used due to its ability to provide greater stability against enzymatic and non-enzy-
matic hydrolysis, reduced acute cytotoxicity, and improved circulation time »0%1,
Functionalization with polymeric stabilizers like PEG, PEI, and polyglycerol imparts
a neutral surface charge, enhancing solubility, biocompatibility, and circulation time in bio-
logical systems. Moreover, negatively charged nucleic acids may bind to cationic AuNPs via
ionic interactions, and the neutralization of their charge minimizes adsorption to plasma pro-
teins such as opsonins, thus preventing Au-nanoconjugates clearance by phagocytosis %232,
AuNPs can also be functionalized with thiolated oligonucleotides, alkythiol-terminated oli-
gonucleotides, amine-terminated siRNAs, or cysteamine-terminated miRNAs ' The strong
affinity of AuNPs for binding oligonucleotides and other (bio)molecules containing thiol
groups makes them ideal carriers for the delivery of silencing moieties, such as ASO and
siRNA. These functionalized systems have been applied in a wide range of gene silencing
applications and for tracking specific target genes in nanotheranostics. The delivery of TNAs
mediated by AuNPs is significantly influenced by the assembly and design of the nucleic acids
into functional Au-nanoconjugates. Among the various conjugation strategies, covalent at-
tachment and supramolecular assembly of TNAs are preferred for gene silencing applications.
This preference is due to the straightforward interaction between the sulfur in thiolated (mod-
ified) TNAs and the AuNP surface (S-Au bonding). Non-covalent conjugates are also attrac-
tive since supramolecular assembly allows the use of unmodified nucleic acids while main-
taining efficacy in gene therapy applications 2**%*. Other methods for TNAs loading include
amino acid-functionalized AuNPs (AA-AuNPs) »¢ mixed-monolayer-protected AuNPs
(MM-AuNPs) 27, layer-by-layer-fabricated AuNPs (LbL-AuNPs) »8, among others.
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1.8.1.3 Therapeutic agents

AuNPs have been recognized as efficient and specific carriers for targeted delivery of
RNAi and antisense molecules (e.g., siRNA and ASQO), either alone or in combination with
antibodies or drugs **?*". AuNPs have also gained attention as theranostic agents in cancer
due to their unique physico-chemical characteristics and biocompatibility, such as their opti-
cal behavior from LSPR. For instance, spherical AuNPs are effective vectors for gene therapy
due to their ease of synthesis and functionalization via thiol-based chemistry, biocompatibil-
ity, large specific surface area, high cellular uptake, rapid endosomal escape, and usually pre-
sent low cytotoxicity 19134241, An important advantage of Au-nanoconjugates is their ability to
selectively deliver TNAs into cancer cells for gene silencing while protecting them from nu-
cleases degradation (Figure 1.6) 106242,
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Figure 1.6 - Overview of the general concept for intracellular delivery of Au-nanoconjugates (AuNPs functional-
ized with PEG and silencing moieties — ASO) for effective gene silencing in cancer cells. (Created with BioRen-
der.com)

The properties of these nanoparticles, such as surface charge and polarity, facilitate
cellular uptake through active transport, primarily via endocytosis. This can occur through
various pathways, including clathrin-mediated, caveolae-mediated, or clathrin- and caveolae-
independent endocytosis . Endosomal escape is a significant challenge in nanoparticle-
based gene delivery, as it directly impacts transfection efficiency. Several mechanisms for
AuNPs to escape the endosome have been described, either before or after releasing their
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cargo, and vary depending on the nanoparticle type and surface functionalization. However,
in most cases, this escape is considered to occur through the "proton sponge" effect 2324, Con-
trolled and stimuli-responsive release of TNAs can be achieved through various mechanisms
and processes. Many strategies depend on ECM conditions, such as temperature, pH, enzy-
matic activity, or ionic strength, as well as intracellular processes, such as the reduction of
thiol bonds by glutathione (GSH). GSH-based release strategy depends on the Au-nanocon-
jugate design (e.g., different densities of PEG) and intracellular GSH levels **. External stim-
uli, such as light irradiation or ultrasound, can be used for spatiotemporal control of TNAs
release. The release of TNAs can be triggered by applying high-intensity laser pulses, while
mild photothermy increases cell membrane fluidity, promoting cellular uptake and endoso-
mal escape of Au-nanoconjugates. Synergistic strategies have been developed to enhance the
effectiveness of cancer therapies. Nevertheless, these promising approaches still require ex-
tensive long-term toxicological studies to evaluate their safety and impact on biological sys-
tems .

The use of spherical AuNPs for the delivery of TNAs into cancer cells has been re-
ported in the literature, not only for targeting or destroying malignant cells but also for mod-
ulating the TME *?0. Previous studies in vitro and in vivo of our group highlight the powerful
capacity of delivery of silencing moieties using AuNPs. For instance, Conde et al. employed
an antisense Au-nanobeacon for gene silencing, which demonstrated the efficiency and non-
toxicity of the silencer in the HCT116, a CRC cell line transiently transfected with an enhanced
green fluorescent protein (EGFP) plasmid *’. Another study reported engineered Au-nano-
conjugates to deliver siRNA specifically to malignant cells using a mouse lung cancer model,
which results demonstrate the efficiency of this approach on the downregulation of the c-MYC
gene 2. Vinhas et al. described effective gene silencing using ASO targeting the BCR-ABL1
gene vectorized by AuNP in the K562 chronic myeloid leukemia cell line 2. The most com-
mon types of AuNP used for TNAs vectorization for cancer therapy applications are described
in Table 1.1.
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Table 1.1 - The most common types of AuNPs used in cancer therapy (Adapted from Ferreira et al., 2020").

AuNPs

Characteristics

Advantages

Limitations

Applications

TNAs

In vivo distribution

Au-nanorods

Au-nanocubes

Au-nanoshells

Au-nanospheres

Elongated nanoparticle,
showing longitudinal
plasmon wavelength
with nearly linear de-

pendence on their aspect

ratio.

Hollow with ultrathin
and porous walls.
Easy to synthesize (scale
up).

Spherical with a dielec-
tric core covered by a
thin gold shell.

Spherical solid.

Tunable properties,
including SPR.

Tunable sizes and
scalability.

Improve in vivo bio-
availability and con-
trolled drug release.

Ease of functionali-
zation. Enhanced
cellular uptake.

Low drug loading
capacity.
Poor control over
size distribution.

Few data about tox-

icity, biodistribu-

tion, and physiologi-

cal response.

Lack of targeting ef-
ficacy.
Limited track-
ing/monitoring in
vivo.

Prone to aggrega-
tion. Multitude of
possible cell uptake
routes render diffi-
cult to control.

Tunable optical resonance in
the NIR for in vivo applica-
tions, such as imaging and

photothermy.

Theranostics (SPR can be
tuned between 600-1200
nm).

Hollow interiors allow en-
capsulation.
Porous walls for ease drug

release.

Controlled/triggered drug
delivery via irradiation
(NIR).

Extremely versatile for pho-
tothermy, and combined
therapy.

siRNA
DNA aptamers
ASO
RNA decoys

siRNA
miRNA

siRNA
ASO

ASO
siRNA
miRNA

Accumulation in the liver, long
circulation time, and high accu-
mulation in the tumors.

Medium level accumulation in
the liver, kidneys and spleen.
Rapidly excreted.

Short circulation times, accumu-
lation in liver and spleen.
No induction of tissue damage
(necrosis, inflammatory infiltrate
or fibrosis) liver, spleen, kidney

or bone marrow.

Short circulation time and accu-
mulation in the liver with low
accumulation in the tumors.
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1.8.2 Magnetic Nanoparticles (MNPs)

The synthesis of MNPs involves various techniques tailored to control their size,
shape, morphology, stability, and magnetic properties for specific applications. The past dec-
ade has witnessed extensive research in the development of different approaches for the syn-
thesis of MNPs %524, Currently, the most used are chemical methods: co-precipitation, thermal
decomposition, micro-emulsion, hydrothermal, and sol-gel synthesis *%. Eco-friendly alterna-
tives are provided by biological methods, including biomimetic synthesis using microorgan-
isms or plant extracts >°, while physical methods (e.g., ball milling method) often require spe-
cialized equipment and a controlled environment for precise control over the size and shape
of MNPs .

MNPs are nanomaterials typically ranging from 1 to 100 nm and exhibit unique mag-
netic features that set them apart from their bulk counterparts *2. Physical characteristics, such
as the size and shape of MNPs, have a direct impact on nanoparticle’s behavior and function-
ality, which might influence their magnetic response, biocompatibility, and cellular uptake 2.
MNPs belong to a distinct category of nanoparticles characterized by their ability to interact
with external magnetic fields due to their superparamagnetic, ferrimagnetic, or ferromagnetic
properties. Due to their advantageous properties, MNPs have been employed as contrast
agents for magnetic resonance imaging (MRI) ** and used as “nanoheaters” for magnetic fluid
hyperthermia **, and as nanocarriers for controlled drug delivery *° and magnetofection
26257 Furthermore, MNPs can be specifically designed for a therapeutic application, such as
hyperthermia combined with drug delivery %, or to combine therapeutics with diagnostics,
known as theranostics 229 (Figure 1.7). Current studies focus on innovative methods using
MNPs have been reported in biomedical applications, including in the field of advancing tis-
sue repair and regeneration 32,

MNPs (especially iron oxide nanoparticles) have gained attention for biomedical ap-
plications upon their approval by the US Food and Drug Administration *°. Generally, MNPs
comprise materials such as iron oxide, magnetite, and maghemite and can include other ma-
terials (e.g., cobalt, nickel, or alloys). These compositions are usually coated with silica, sur-
factants, or biocompatible materials (e.g., polymers) which provide functionality, stability,
and biocompatibility *¢. Their surface properties are highly dependent on the surface area,
which influences the surface charge, interactions, oxidation state, and heating efficiency of
MNPs 266297 The physical properties of nanoparticles, including their size, shape, coating,
and chemical compositions, are important to address safety and biocompatibility. Moreover,
the understanding of the reactivity and interactions between nanoparticles or with biological
barriers (e.g., cell membranes) are of critical importance in biomedical applications %2,
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Figure 1.7 - Various biomedical applications using MNP for cancer therapy. (Created with BioRender.com)

1.8.2.1 Surface modification

Coating of MNPs is a crucial step to improve their functionality, stability, and biocom-
patibility for biomedical applications. MNPs can be stabilized during the synthesis process
with surfactants or polymers or after the synthesis process with materials such as monolayer
ligands, polymer mixtures, (bio)molecules, and inorganic compounds . The post-synthesis
procedure provides a broader range of options for the functionalization of MNPs, which re-
quires the binding of biomolecules to the nanoparticle surface (e.g., peptides, antibodies, nu-
cleic acids, among others) for cancer therapy 2. MNPs can be coated with a variety of differ-
ent molecules, including polymeric coating and silica-based coating. Natural (e.g., gelatin,
dextran, and hyaluronic acid #°) and synthetic polymers (e.g., Poly(maleic anhydride-alt-1-
octadecene), poly(vinyl alcohol), and poly(lactic acid) 1>*!) are frequently utilized for MNPs
coating, where the latter are the most used due to their capacity to prevent nanoparticle ag-
gregation while improving their biocompatibility in a biological environment.

MNPs can be functionalized with specific biomolecules (e.g., peptides, antibodies, ap-
tamers, carbohydrates, among others) to enhance their ability to penetrate biological barriers
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170 and specifically target cell surface receptors by active targeting 2?7, while passive targeting
involves the accumulation of nanoparticles in solid tumors via the EPR effect . The employ-
ment of multifunctionalized magnetic nanoconjugates with high-density display of (bio)mol-
ecules in nanoparticles’ surface for targeted application can be particularly advantageous in
the biomedical field ##?”>. MNPs, more specifically iron oxide nanoparticles, are known to be
efficient nanocarriers for gene silencing applications. The internalization of iron oxide nano-
particles into cells is mainly through endocytosis and is highly dependent on their coating %
and size 7?8, These types of MNPs can be prepared in smaller sizes using chemical methods
with their surface modified with a wide range of polymers, that are covalently or non-cova-
lently attached to silencing moieties to protect them from degradation #*?*!. MNPs are fre-
quently coated with surface polymer layers to improve the intracellular delivery of TNAs.
PEG 2%, PEI 2528 and chitosan *#>?% are examples of polymers that have been applied as stabi-
lizers through the improvement of electrostatic repulsion between iron oxide nanoparticles in
the colloidal solution 2”2%, For instance, PEI can be used to coat iron oxide nanoparticles, con-
ferring a positive surface charge that facilitates electrostatic interaction with TNAs 220, Still,
surface modification strategies to enhance the efficacy of gene delivery (e.g., cation density,
high molecular weight, and ratio of polymer to nucleic acid) often increase the toxicity of the
nanocarrier and off-target gene silencing effect 28829122,

1.8.2.2 Targeting and delivery

The functionalization of MNPs has been widely explored in the past years for effective
targeting and delivery of (bio)molecules, including proteins, antibodies, drugs, TNAs, lig-
ands, and compounds. Due to their unique physicochemical properties, MNPs have gained
significant attention for the development of innovative therapeutic and diagnostic applica-
tions based on cell surface engineering, such as metabolic glycoengineering and SPAAC reac-
tion . The combination of SPAAC chemistry and metabolic glycoengineering has introduced
a novel strategy for active cell targeting with nanoparticles, which might overcome the chal-
lenges of receptors heterogeneity between different cell types or their limited density in con-
ventional approaches ?*. The metabolic machinery of the cells can be used to incorporate ad
hoc azide bioorthogonal reporters on the cell membrane glycocalyx. Nanoparticles function-
alized with complementary strained alkyne probes (e.g., cyclooctyne) have been reported to
react with these artificial chemical receptors present on cell membranes **?#?%, Bioorthogonal
click chemistry has been reported as a potential strategy to bind nanoparticles to cell surfaces,
although their successful applicability depends on the click reactivity of the partners and on
a variety of other factors that usually control the interaction of nanoparticles with cell surfaces
170,193.

The physicochemical properties of the nanoparticles (e.g., size, shape, and surface
charge) have a significant impact on their interaction with cells 2. The functionalization of
nanoparticles with multiple targeting ligands depends on their size and is essential to promote
a multivalent binding to cell surface receptors, which might command the uptake and subcel-
lular localization of the nanoparticles 2”.In addition, the unspecific adsorption of
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biomolecules (mostly proteins) in the nanoparticles’ surface is triggered by their exposition to
biological environments. The formation of protein corona may adversely affect the bioorthog-
onal reactivity of nanoparticles owing to steric hindrance ®. Overall, the appropriate surface
engineering of the nanoparticles depends on all these factors to ensure high performance in
terms of bioorthogonal reactivity for biomedical applications, and it would be desirable to
assess the reactivity in different media that could resemble the cellular environment 701921,
A recent work conducted by Idiago-Lépez et al. reported the use of SPAAC reaction for the
covalent attachment of MNPs functionalized with a cyclooctyne (CO) derivative or a diben-
zocyclooctyne (DBCO) derivative on living cell membranes engineering to express azide arti-
ficial reporters, by incubating the cancer cell lines with tetraacetylated N-azidoacetylmannos-
amine (Ac;ManNAz) — Figure 1.8 . This study offers valuable insights into the suitable sur-
face engineering of MNPs to ensure high bioorthogonal click chemistry for gene silencing ap-
plications, including for intracellular delivery of TNAs mediated by transient changes in cell
membranes through localized magnetic hyperthermia.
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Figure 1.8 - General concept of SPAAC bioorthogonal chemistry using MNPs described by Idiago-Lépez et al., 2022
1%, These MNPs were functionalized with strained alkynes and immobilized on the cell membrane previously
subjected to metabolic glycoengineering to express unnatural azide reporters. (Created with BioRender.com)

31



1.8.2.3 Therapeutic agents

Iron oxide nanoparticles exhibit superparamagnetism in response to an external mag-
netic field, which enables the targeted image-guided delivery of TNAs, also known as mag-
netofection ?”°. Magnetofection is an advanced technique that enhances conventional transfec-
tion methods by incorporating MNPs to deliver (therapeutic) nucleic acids (e.g., siRNA, ASO,
or DNA/RNA) into target cells. Regarding the magnetic properties of these nanoparticles, this
approach aims to improve the precision and efficiency of gene transfection. In fact, magne-
tofection has been applied to transport (therapeutic) nucleic acids into cells for gene delivery
2. MNPs attached to nucleic acid molecules can be introduced into the body and guided to
the target site (e.g., cells or tissues) by using an external magnetic field 3®. This method offers
a valuable tool for gene therapy due to the enhancement of the efficiency of gene transfection.
Nucleic acid molecules can be linked to the surface of MNPs either indirectly through chemi-
cal linkers **' or directly via electrostatic interactions, particularly using PEI coatings *>*®. For
instance, superparamagnetic nanoparticles coated with PEI have been shown to transfect
DNA in vitro and in vivo using an external magnetic field **. The ability of magnetofection to
introduce siRNA into HeLa cells was described later by Schillinger et al. >. Boyer et al. showed
the efficiency of transfection of siRNA in human neuroblastoma SHEP cells using iron oxide
nanoparticles modified with two different polymers in either the presence or absence of a
magnetic field 3%, A study based on iron oxide nanoparticles coated with PEI and loaded
with gene vectors presented high transfection efficiency and antitumor effect in oral squa-
mous cell 3. PEI functionalized-MNPs loaded with siRNA were used for intracellular gene
silencing and imaging to improve the therapeutic efficiency through apoptosis and autophagy
in glioblastoma cells 3%. Cruz-Acufia et al. demonstrated the use of PEI-functionalized iron
oxide nanoparticles loaded with RNA sequences for RNA delivery leads to an efficient protein
knockdown in breast cancer .

Magnetofection offers significant advantages (e.g., targeting and reduced cytotoxicity)
over traditional transfection methods, such as cationic lipids 3**2. Recently, Chung et al. re-
vealed that using iron oxide nanoparticles functionalized with peptides (NP-CTX-R10) to de-
liver siRNA to silence O6-methylguanine-DNA methyltransferase, efficiently improves the
exposition of tumor cells to temozolomide, an alkylating drug 3. Another study demon-
strated that MNPs loaded with siRNA were able to effectively knockdown the expression
of GAPDH in human endothelial cells and NOTCH3 in human vascular smooth muscle cells,
which siRNA and CD31 conjugated with MNP precisely targeted and delivered siRNA into
endothelial cells in a co-culture system under shear stress to simulate blood flow 3%,

1.9 Hyperthermia

The use of heat for therapeutic purposes has increased since Dr. William Cooley first
noted in the 1890s that fever caused by a bacterial infection in cancer patients is associated
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with a strong antitumor effect 3>, Heat shock responses triggered by hyperthermia may
potentiate cancer cells death compared to normal cells 3. Hyperthermia has been classified
into three categories based on temperature ranges: thermal ablation (= 45°C), mild hyperther-
mia (40-42°C), or moderate hyperthermia (42-45°C) 318319,

Heat is often employed to destroy cancer cells through a process known as thermal
ablation. Thermal ablation involves the exposition of tissues to high temperatures (= 45°C),
which causes irreversible damage to proteins and other molecules and induces necrotic cell
death. Protein denaturation and aggregation, DNA damage, and lipid membrane disruption,
followed by cell cycle arrest, mitochondrial damage, oxidative stress, and apoptosis, are the
main processes that cause cell death induced by hyperthermia above 43°C 3°*%. On the other
hand, hyperthermia < 43°C does not directly kill cancer cells and may reduce damage to sur-
rounding healthy tissues while increasing cell membrane permeability and cell uptake 355!,
Mild to moderate hyperthermia causes reversible alterations in tissue physiology, which de-
pends on the thermal dose of the treatment. These alterations include reoxygenation and in-
creased blood flow, immune activation, changes in protein structures, altered metabolic path-
ways, and inhibited DNA repair 37232, Hyperthermia acts as a chemosensitizer (e.g., im-
proved drug accumulation and toxicity) *¢° and as a catalyst for antitumor immunothera-
pies * and enhanced tumor oxygenation, which improves radiotherapy through reactive ox-
ygen species (ROS) production *°. Hyperthermia is classified based on the application area
into local (applicators for treatment of superficial or localized small tumors within a body
cavity), regional (collected heated patient’s blood to increase the temperature of a body part),
and whole-body treatment (temperature raises to 43°C by thermal baths) 353, Even though
several studies have evidenced the potential of hyperthermia treatment in cancer therapy, it
is required to address challenges such as off-target toxicity, heterogeneous tumor heating, and
limited overall efficiency **.

Recent efforts have been focused on hyperthermia as a solution to enhance cancer
treatments, driven by the development of nanoparticles that passively accumulate at the tu-
mor site and can generate heat in response to external stimuli (e.g., light or magnetic field)
319331353, The design of functional metallic nanoparticles, such as AuNPs and MNPs, has been
spurred by the need for more precise and efficient cancer therapeutics with fewer negative
side effects while minimizing exposure in surrounding healthy cells. The combination of
AuNPs or MNPs with hyperthermia is being widely studied as an adjuvant therapy for cancer
treatment (e.g., combined with chemotherapy) 3°*®. Photothermal therapy (PTT) and mag-
netic hyperthermia are two nanoparticle-mediated hyperthermia treatments, shown as selec-
tive and noninvasive approaches for cancer therapy *°. Advancements in nanomedicine have
enabled the development of a wide range of nanoparticles with heating capacities for PTT and
magnetic hyperthermia, with AuNPs and iron oxide nanoparticles playing a lead role for heat
generation upon light irradiation and magnetic field modulation, respectively 3. The
unique optical features of AuNPs to convert light to heat are applied in PTT, whereas in mag-
netic hyperthermia application, the MNPs generate heat in response to an external alternating
magnetic field (AMF) 3%, Still, only three hyperthermia-based nanoparticles have advanced
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to the clinical trial phase: Magnablate® and Nanotherm® for magnetic hyperthermia and Au-
roShell® (gold-based formulation from AuroLase®) for laser-induced hyperthermia 3v.
Nanoparticles-mediated hyperthermia for delivery of TNAs is an emerging area of
interest due to its potential to enhance cellular uptake and mediate their therapeutic efficiency.
It is expected that the silencing moiety can be released or triggered only in the desired location
using specific stimuli *?. Here, I shall briefly introduce PTT and magnetic hyperthermia as
powerful tools for mild hyperthermia-based gene silencing in cancer therapy (Figure 1.9).

Nanoparticles-mediated hyperthermia

Photothermal therapy Magnetic hyperthermia

37°C 40°C-42°C 43°C-45°C 245°C
Mild hyperthermia Moderate hyperthermia  Thermal ablation

Figure 1.9 - Overview of nanoparticles-mediated approaches for hyperthermia application to promote the intracel-
lular delivery of silencing moieties in cancer cells. (Created with BioRender.com)

1.9.1 Photothermal therapy

PTT and photodynamic therapy (PDT) are based on the use of photosensitized mate-
rials combined with light radiation to target tumor cells, improving therapeutic outcomes in
cancer research 3*. The photothermal and photodynamic agents, upon reaching the tumor site
and irradiated, can convert light energy into heat (PTT) or chemical energy (PDT) to effec-
tively destroy malignant cells. For instance, PTT enables precise control of temperature-in-
duced cell death by modulating light intensity %7 while PDT induces ROS %%, which subse-
quently triggers the release of inflammatory mediators and activates an immune response
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339340 Metallic nanoparticles (e.g. AuNPs), carbon-based nanoparticles (e.g., carbon nano-
tubes), hybrid nanoparticles, silica nanoparticles, polymeric nanoparticles, semiconducting
nanocrystals, and rare earth ion-doped nanocrystals have been used in PTT 3. Several in vitro
and in vivo studies have been focused on the targeting ability, photothermal conversional ef-
ficiency, concentration, and physicochemical properties of nanoparticles in the optimization
of light exposure parameters (e.g., exposure time, power density, and light wavelength) 39521,
AuNPs have gained significant attention in the medical field due to their unique physico-
chemical characteristics. Their tunable optical properties (e.g., LSPR) in the visible and NIR
regions make them valuable tools for a wide range of applications, such as in vitro diagnostics,
in vivo imaging, and therapeutics *2. AuNPs have been explored in PTT as strong visible and
NIR light-absorption agents and can generate intense thermal energy upon light exposure
which enables cancer treatments based on hyperthermia 334, AuNPs use lower laser energy
doses to achieve a therapeutic effect which facilitate targeted heating in specific areas while
minimizing damage to surrounding tissues 3. Still, using laser sources with emission wave-
lengths that overlap with the SPR peak of AuNPs is expected to enhance light-to-heat conver-
sion. Au-nanorods and Au-nanoshells have been widely reported in PTT since their LSPR are
in the NIR and IR region, owing to the negligible absorption of physiological fluids and tissues
which allow for deeper light penetration into tissues 234,

Compared to Au-nanorods and Au-nanoshells, spherical AuNPs offer unique features that
could be advantageous for PTT research. Au-nanospheres mediated-PTT offer simpler syn-
thesis processes, easy bioconjugation, and the ability to improve specificity, enhanced bio-
compatibility, cellular uptake, and show lower cytotoxicity compared to cetyltrimethylammo-
nium bromide surfactant, typically used to stabilize Au-nanorods 3. However, spherical
AuNPs do not have broad tunable light absorption peak in NIR region since their absorption
peak is in the visible region (around 500-600 nm). An early study conducted by El-Sayed et al.
demonstrated the effectiveness of Au-nanospheres with an LSPR around 530 nm as photo-
thermal agents when irradiated oral squamous carcinoma cell lines, using a continuous wave
(CW) visible argon ion laser at 514 nm 3. Enhanced gene delivery has also been demonstrated
using AuNPs functionalized with oligonucleotides. When exposed to an intense laser pulse,
the bonds between the oligonucleotides and nanoparticles are disrupted, triggering cytoplas-
mic release of the oligonucleotides **. Table 1.2 shows some examples of PTT combined with
AuNPs for gene silencing in cancer therapy.
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Table 1.2 - Examples of PTT combined with AuNPs for gene silencing in cancer cells.

AuNPs type

TNAs

Laser settings

Description

Ref

Au-nanorods

Au-nanorods

Au-nanoprisms

Au-nanostars

Au-nanoflowers

Au-nanocages

Au-nanoshells

Au-nanorods

Au-nanospheres

Au-nanorods

Au-nanospheres

siRNA

siRNA

siRNA

siRNA

DNA

miRNA

ASO
siRNA

siRNA

siRNA

siRNA

siRNA

CW 808 nm, 0.5 W for 5 or 7

minutes

CW 810 nm, 3.3 W/cm? for 3

minutes

CW 633 nm, 0.8 W/cm? for 3

minutes

CW 808 nm, 1.2 W/cm? for
300 seconds

CW 808 nm, 1 W/cm?, for
various time exposures

CW 808 nm, 1.25 W/cm?, for

10 minutes

CW 800 nm, 2.5 W/cm?, for
2 minutes

CW 808 nm, 2 W/cm?, for 5

minutes

CW 655 nm, 50 W for differ-
ent time exposures

CW 808 nm, 2 or 1 W/cm?
for 5 minutes

Pulsed 532 nm, 850 picosec-
onds at a repetition rate of
20.25 kHz.

Two different studies denoted the combination of PKM?2 gene silencing and PTT for the effective inhibition of cell pro-
liferation in breast cancer cell lines.

Au-nanoconjugates demonstrated the ability to deliver siRNA against BAG3 gene and improve PPT efficiency in an
oral squamous cell carcinoma cell line and in vivo tumor xenograft.

The Au-nanoconjugates functioned as nanocarriers for siRNA delivery to downregulate PD-L1 expression and as pho-

tothermal agents for PTT in lung cancer cells line and lung cancer cells-derived tumors.

Effective delivery siRNA targeting VEGF into glioblastoma cell line with PTT improved cells death and showed the
potential of Au-nanoconjugates for tumor CT imaging and thermal imaging in vivo xenografted tumor model.

Controlled gene silencing of c-MYC in MCF-7 breast cancer cell line using Au-nanoflowers (self-assembly of ultrasmall
AuNP with triplex-forming oligonucleotide sequence and its complementary strand) combined with NIR irradiation.

Hepatocellular carcinoma cell models experiment showed the efficacy of Au-nanoconjugates for the delivery of anti-
miR-181b to suppress tumor growth and decrease tumor volumes in vivo under NIR irradiation.

Light-triggered delivery of Au-nanoconjugates functionalized with ASO or siRNA resulted in an effective downregula-
tion of targeted GFP expression in human lung cancer cell line with lower cytotoxicity.

The gene silencing efficiency of Au-nanoconjugates downregulates the gene expression of HSPA1A, leading to a re-
duced protein expression of HSP70 for improved cell uptake and PTT in murine colorectal carcinoma cells line.

The in vitro and in vivo studies described the potential of RNAi-AuNP nanoconstructs for VEGF gene silencing, then
combined with PTT demonstrated tumor growth inhibition and tumor ablation in PC-3 tumor bearing mice model.

A multifunctional Au-nanoconjugate can enhanced antitumor immunity owing to the effective IDO gene silencing and
the synergistic anti-neoplastic effects via PTT using in vitro and in vivo Lewis lung carcinoma cell models.

Gene knockdown of EGFP upon an efficient transfection of a fluorescent labeled siRNA by AuNP mediated (GNOME)
laser transfection with high cell viability in canine pleomorphic adenoma cells stably transfected with pd2-EGFP-N1.

351,352

353

354

355

356

357

358

359

360

29

361
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1.9.2 Magnetic hyperthermia

One major advantage of MNPs is their high surface area-to-volume ratio, which allows
for a variety of functionalization and modifications for biomedical applications. This feature
enables the development of MNPs with unique magnetic properties and biocompatibility *?2,
that are appropriate for a wide range of applications for cancer therapy in an in vivo scenario
(e.g., MR, targeted drug administration 2**>%%, and magnetic hyperthermia ). The versatil-
ity of MNPs stems from their capacity to respond to external magnetic fields, which enables
precise control for manipulation within biological systems. The magnetic properties of MNPs
are particularly advantageous for targeted therapies due to the possibility of delivering ther-
apeutic agents (e.g., TNAs) directly to specific sites while reducing the side effects 3.

MNPs have also been used as nanocarriers, where the use of an external magnetic field
might result in their accumulation in a particular site in the organism. Furthermore, MNPs
may act as “heat-converters” owing to the generated heat via magnetic energy loss upon ex-
posure to an external magnetic field, assisting strategies relying on mild hyperthermia (40-
42°C), mainly used for enhanced cell membrane permeability and fluidity, or more severe
hyperthermia (> 43°C), which could destroy cancer cells. Magnetic hyperthermia has been
shown to improve the delivery of (bio)molecules through the cell compartments, which might
be possibly due to the creation of “hotspots” in the cell membrane 3%3%. This approach has
been applied for cancer therapy since the 1950s and offers precise targeting while reducing
damage to healthy cells for drug delivery compared to chemotherapy 7°-%72,

The control of gene expression in tumors in a spatiotemporal manner presents a prom-
ising strategy for gene therapy. Magnetic hyperthermia is a minimally invasive technique
based on the use of AMF that allows for deep penetration into tissues and can regulate gene
expression 3. The specific absorption rate values of MNPs are measured to evaluate the rate
at which energy is absorbed when tissues or cells are exposed to a radio frequency electro-
magnetic field ¥ For instance, the application of AMF to improve transfection efficiency can
be applied in polymeric MNPs-nucleic acid complexes in vitro and for the targeted delivery of
TNAs in vivo studies. Once MNPs reach the tumor site, TNAs are released by either pH-de-
pendent reactions, enzymatic cleavage of the crosslinking polymers, or polymer matrix re-
lapse. At the same time, the overexpression of heat shock proteins (HSPs) can be induced due
to the slight increase in temperature ¥>37. Therefore, magnetic hyperthermia can induce gene
expression of therapeutic genes, such as tumor necrosis factor alpha (TNF-a), based on the
use of expression vectors with heat-responsive promoters (e.g., HSPs promoter), which either
directly destroy tumor cells or work synergistically to enhance the antitumor effects of hyper-
thermia %381, Table 1.3 shows some examples of magnetic hyperthermia combined with
MNPs for gene silencing in cancer therapy.
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Table 1.3 - Examples of magnetic hyperthermia combined with MNPs for gene silencing in cancer cells.

MNPs type TNAs  AMF settings Description Ref
Development of multifunctional MNPs for effective
Iron oxide nano- HRNA AMF 3 kW, for gene silencing of MUCT and for magnetic hyper- .
s
particles 30 minutes thermia effect using AMF showed high therapeuti-
cal potential in vitro and in vivo TNBC cell models.
Iron oxide-nanocages loaded with siRNA silence lu-
. ciferase when an AMF is applied and can enhanced
Iron oxide- . AMEF 335 kHz, . . .
siRNA ) the delivery of siRNA of the nanoparticles undergo 383
nanocages for 5 minutes . . . .
Brownian motion in luciferase expressing reporter
B16-F10 melanoma cells.
The release and delivery of siRNA against mGLuR5
Iron oxide- RNA AMF 445 kHz, gene was enhanced by an AMF applied in the iron 281
si
nanocages for 5 minutes oxide-nanoconjugates with a effectively gene silenc-
ing in osteosarcoma cell lines.
Efficient gene silencing of HSP70 and HSP90 due to
Z.inc-doped iron . AMEF 250 kHz, th.e cellular uptake aﬁd the tumor speci.fic accumula-
oxide nanooctahe-  siRNA for 5 minut tion of the nanoconjugates by magnetic hyperther- 385
or 5 minutes
dral e mia in breast cancer cell line and 4T1 subcutaneous
tumor model.
. The combination of EGFRuIII gene silencing with
Graphite coated . . . . .
. . AMF 334 kHz, magnetic hyperthermia using multifunctional MNPs
iron cobalt nano- siRNA . L . . . . 386
el for 5 minutes inhibited cell proliferation and induced cell death in
articles
part US7-EGFRVII glioblastoma cell line.
The nanosystem co-delivers with efficiency doxoru-
Bacterial magneto- HRNA AMF 54 kHz, for bicin and a recombinant plasmid HSP70 with a a5
s
somes 30 minutes shRNA against Plk1 gene under a AMF in osteosar-
coma cell line.
. These nanoplatform demonstrated anticancer effect
Polycation-based o . .
. AMF 357 kHz, by combination therapy of immune checkpoint PD-
magnetic shRNA ) ) ) ) . ) . 388
for 10 minutes L1 gene silencing with magnetic hyperthermia using
nanoclusters

in vitro and in vivo mouse melanoma models
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1.10 Scope of thesis

Gene therapy relies on the precise transfection of nucleic acid effectors into cells, usu-
ally based on RNAI tools (e.g., siRNA) and antisense DNA technology (e.g., ASO) for modu-
lation of gene expression. Ideally, these effectors should be vectorized into cells with maximal
transfection efficiency in selected target cells and with minimal toxicity. The use of metallic
nanoparticles to vectorize and deliver TNAs into cells constitutes a “smart” alternative to con-
ventional transfection agents, such as cationic lipid vesicles or virus-like particles.

In this thesis, I propose the use of AuNPs or MNPs to promote the delivery of nucleic
acids, whose cell uptake occurs by mild hyperthermia triggered by photothermy or magnetic
modulation, respectively. The hypothesis is that, under controlled parameters, irradiation
with visible light on AuNPs and the use of an AMF for MNPs - “nanoheaters” - might trigger
localized heating upon adsorption at the cell membrane. This will modulate the permeability
of the cell membrane, allowing for intracellular delivery with improved efficiency and tre-
mendous spatiotemporal control suitable for gene therapy applications. The main goal of this
thesis is to develop a novel, universal, and highly efficient methodology for the introduction
of TNAs into cells triggered by mild hyperthermia.

This dissertation is structured into seven chapters. Chapter 1 provides a literature re-
view on the main topic of the thesis. Chapter 2 presents a detailed description of the materials
and methods used in the experimental work. Chapters 3 to 6 focus on the use of “nanoheaters”
for precise nucleic acid delivery:

Mild hyperthermia for nucleic acid transfection via AuNPs and visible light irradi-
ation - in this chapter 3, AuNPs were synthesized and functionalized for the generation of
“hotspots” on the cell membrane triggered by a green laser. The application of mild hyper-
thermia in different 2D cancer cell line models was attempted and the uptake of TNAs, cells
response, cytotoxicity and transfection efficiency analyzed. Comparison with a commercial
cationic lipid reagent was done.

Mild photothermy triggered ASO delivery for gene silencing of c-MYC oncogene -
in this chapter 4 enhanced silencing of a crucial oncogene, c-MYC, was assessed in 2D and in
more complex 3D tumor spheroid models using mild photothermy via Au-nanoconjugates
functionalized with ASO, combined with visible light irradiation.

Membrane-localized magnetic hyperthermia for transfection of nucleic acids - in
this chapter 5 magnetic hyperthermia and MNPs were used to achieve localized heating of
the cell membrane through SPAAC bioorthogonal chemistry. Gene silencing efficacy and cy-
totoxicity were compared to a commercial cationic lipid reagent.

Transfection of siRNA against IDO1 gene via magnetic hyperthermia in THP-1-de-
rived DCs - in this Chapter 6, immobilization of MNPs on the cell membrane (via SPAAC
reaction) was used to enhance siRNA transfection against an immunomodulatory gene
(IDO1) frequently overexpressed in the TME, using hard-to-transfect DCs as a model.

Chapter 7 presents the final conclusions and future perspectives.
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2

MATERIALS AND METHODS
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2.1 Materials

2.1.1 Reagents and materials

All chemicals and materials used are presented in Table 2.1 and all equipment in Table
2.2 (except for the synthesis and characterization of MNPs provided by Javier Idiago-Lépez
from Instituto de Nanociencia y Materiales de Aragén, INMA (CSIC-Universidad de Zara-
goza) and Centro de Investigaciéon Biomédica en Red de Bioingenieria, Biomateriales y Nano-
medicina (CIBER-BBN), Spain). All chemicals were of molecular biology grade. Ultrapure wa-
ter used in these processes came from a Millipore water purification system (Merck Millipore,
USA).

Table 2.1 - List of reagents and materials.

Name (CAS Number) Cat. No. Company

1cm path Quartz Spectrophotometer Cuvettes 105-202-15- Hellma-Analytics, Germany

(Quartz Suprasil®) 40
12 mm coverslips 20012 SPL Life Sciences, South Korea
5,5-Dithiobis(2-nitrobenzoic acid), DTNB (69-78-3) D8130 Sigma-Aldrich, USA
24-Well Cell Culture Plate SPL30024 SPL Life Sciences, South Korea
96-Well Cell Culture Plate SPL30096  SPL Life Sciences, South Korea
Acrodisc syringe filters 32 mm, 0.2 um 4652 Pall corporation, USA
Anti-rabbit c-MYC antibody ab32072 Abcam, UK
Bovine Serum Albumin, BSA (9048-46-8) MB04602 NZYTech, Portugal
Calcium chloride (10043-52-4) C1016 Sigma-Aldrich, USA
Cell culture 25 cm?® T-Flask SPL70025  SPL Life Sciences, South Korea
Cell culture 75 cm?® T-Flask SPL70075  SPL Life Sciences, South Korea
CellTiter 96® Angous One Sol}ltlon Cell Prolifera- G3580 Promega, USA
tion Assay Kit
Chloroform (67-66-3) 438581 CARLO ERBA Reagents, Italy
CytoTox 96® Non-Radioactive Cytotoxicity Assay G1780 Promega, USA

Dibenzylcyclooctyne-PEG,-5/6-Sulforhodamine B, ~ CLK-A132-

DBCO 1 Jena Bioscience, Germany
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Dibenzylcyclooctyne-PEG,-5/6-TAMRA, DBCO

Diethylpyrocarbonate, DEPC (1609-47-8)
Dimethyl sulfoxide, DMSO (67-68-5)
Dithiothreitol, DTT (3483-12-3)

Dulbecco’s Modified Eagle Medium, DMEM

Dulbecco’s Modified Eagle Medium, DMEM (with-
out phenol red)

Ethanol (64-17-5)
Ethyl Acetate (141-78-6)
Fetal Bovine Serum, FBS

Fluorescein isothiocyanate / FITC-conjugated anti-
rabbit antibody

Neubauer chamber
Hoechst 33258 (23491-45-4)

Hydrochloric acid (7647-01-0)

Mustra™ NAP-5™ Columns, Sephadex™ G-25
DNA Grade

Ionomycin (56092-82-1)
Isopropyl Alcohol (67-63-0)

Lipofectamine™ LTX Plus Reagent

Lipofectamine™ RNAiIMAX

Lipopolysaccharides from Escherichia coli O111:B4,
LPS

LIVE/DEAD™ Viability / Cytotoxicity Kit
Magnesium chloride (7786-30-3)

MEM nonessential amino acid

Nitric Acid (7697-37-2)

CLK-A131-
1

159220
D5879
D0632

41965062

21063029

32221

109623

10500064

ab6717

8100204
H3569

30721

17-0853-02

10634

CL00.0906

15338030

13778030

L5293

13224

208337
11140050

30709

Jena Bioscience, Germany

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA

Gibco™ Thermo Fisher Scien-
tific, USA

Gibco™ Thermo Fisher Scien-
tific, USA

Honeywell, Fluka, USA

Merck Millipore, USA

Gibco™ Thermo Fisher Scien-
tific, USA

Abcam UK

Hirschmann™, Germany

Invitrogen™, Thermo Fisher
Scientific, USA

Honeywell, Fluka, USA

GE Healthcare, USA

Sigma-Aldrich, USA

Chem-Lab NV, Belgium

Invitrogen™, Thermo Fisher
Scientific, USA
Invitrogen™, Thermo Fisher
Scientific, USA

Sigma-Aldrich, USA

Invitrogen™, Thermo Fisher
Scientific, USA
Sigma-Aldrich, USA

Gibco™ Thermo Fisher Scien-
tific, USA

Honeywell, Fluka, USA
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Nunclon™ Sphera™ 96-Well, Nunclon Sphera-
Treated, U—Shaped-Bottom Microplate

NZY M-MuLV First-Strand cDNA Synthesis Kit

NZYol

NZYSupreme qPCR Green Master Mix (2x)

O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene
glycol), PEG (My:356 Da) (651042-82-9)

One-step NZY RT-qPCR Green kit

pAcGFP1-Nuc Vector 4.8 kb

Paraformaldehyde (30525-89-4)
Penicillin/Streptomycin

Phycoerythrin/PE-conjugated anti-mouse IgG1 an-
tibody

Phycoerythrin/PE-conjugated anti-mouse CD80 an-
tibody

Phycoerythrin/PE-conjugated anti-mouse CD83 an-
tibody

Phycoerythrin/PE-conjugated anti-mouse CD86 an-
tibody

Plastic cuvettes
Poly-L-lysine solution 0.01% (25988-63-0)
Potassium chloride (7447-40-7)
Potassium dihydrogen phosphate (7778-77-0)

ProLong™ Glass Antifade Mountant

Recombinant human Granulocyte Macrophage Col-
ony-Stimulating Factor, rh GM-CSF (83869-56-1)

Recombinant human Interleukin 4, rh IL-4 (207137-
56-2)

174925

MB17202

MB18501

MB41902

672572

MB34302

632431

P6148

15140122

ab91357

ab69778

ab234242

ab77226

67.742

A-005-C

104936

104873

P36982

H5666

H7291

Thermo Fisher Scientific, USA

NZYTech, Portugal

NZYTech, Portugal

NZYTech, Portugal

Sigma-Aldrich, USA

NZYTech, Portugal

Takara Bio Company, Japan

Sigma-Aldrich, USA

Gibco™ ThermoFisher Scien-
tific, USA

Abcam, UK

Abcam, UK

Abcam, UK

Abcam, UK

Sarstedt, Germany

Merck Millipore, USA
Merck Millipore, USA

Merck Millipore, USA
Invitrogen™, Thermo Fisher

Scientific, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA
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Recombinant human Tumor Necrosis Factor «, rh
TNF-a (94948-59-1)

Roswell Park Memorial Institute 1640 medium,
RPMI

Roswell Park Memorial Institute 1640 medium,
RPMI (without phenol red)

Sodium Chloride (7647-14-5)

Sodium Dodecyl Sulfate, SDS (151-21-3)
Sodium Phosphate Dibasic (7558-79-4)

Sodium Phosphate Monobasic Monohydrate
(10049-21-5)

Tetraacetylated N-azidoacetylmannosamine,
Ac;ManNAz (361154-30-5)

Tetrachloroauric (III) acid trihydrate (16961-25-4)

Trisodium Citrate dihydrate (68-04-2)
TRIsure™

Triton™X-100 (9002-93-1)

Trypan Blue Solution, 0.4%

TrypLE™ Express

Tween® 20 (9005-64-5)

Versene Solution

H8916

61870044

11835030

71379

L5750

71642

53522

CLK-1084

G4022

54641

BIO-38032

93420

15250061

12604021

P1379

15040066

Sigma-Aldrich, USA

Gibco™ Thermo Fisher Scien-
tific, USA

Gibco™ Thermo Fisher Scien-
tific, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Jena Bioscience, Germany

Sigma-Aldrich, USA

Sigma-Aldrich, USA
Bioline, UK

Sigma-Aldrich, USA

Gibco™ ThermoFisher Scien-
tific
Gibco™ Thermo Fisher Scien-
tific
Sigma-Aldrich, USA

Gibco™ Thermo Fisher Scien-
tific
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2.1.2 Equipment

Table 2.2 - List of equipment.

Name

Company

Attune® Acoustic Focusing Flow Cytometer

D5 Series device (magnetic hyperthermia applicator)

DM100 Series device (magnetic hyperthermia applicator)
Centrifuge (Sigma 1-14)
Centrifuge (Sigma 3-16K)
Confocal Microscope Zeiss LSM 710

Continuous wave 532 nm green diode-pumped solid-state

laser coupled to optical fiber

Laminar flow chamber
Infinite M200 Microplate reader
Malvern Zetasizer Nano ZS
Nikon TMS Inverted Microscope

Nanodrop spectrophotometer (ND-1000)

Omega Thermocouple HH806 AU

Open-access software platform FIJI - Image]

Qiagen Rotor-Gene Q cycler
Sanyo CO; Incubator

Ti-U Eclipse model inverted microscope equipped with
DS- QilMc digital camera

Ultrasonic Cleaner S30H

UV mini-1240 spectrophotometer

Attune®, Life Technologies, USA

nB nanoscale Biomagnetics, Spain

Sigma-Aldrich, USA
Sartorius, Sigma-Aldrich
Zeiss, Germany

Changchun New Industries, Op-
toelectronics Tech Co., LTD,
China

Faster S.r.l,, Italy
Tecan, Switzerland
Malvern Panalytical, UK
Nikon, Tokyo, Japan
NanoDrop Technologies, USA
Omega engineering, USA

National Institutes of Health,
USA

Qiagen, Germany
Electric Biomedical Co., Japan
Nikon, Japan

Elma, Switzerland

Shimadzu, Japan
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2.2 Methods

All the methods common to more than one chapter will be presented in this section to

avoid repetition and improve readability.

2.2.1 Synthesis and characterization of AuNPs

2.2.1.1 Synthesis of AuNPs

AuNPs were synthesized resorting to the citrate reduction method described by Lee
and Meisel **. A heated aqueous solution of trisodium citrate (25 mL; 38.8 mM) was added to
a boiling aqueous solution of tetrachloroauric acid (225 mL; 1 mM) under stirring reflux re-
sulting in a deep red colloidal solution, indicating the formation of AuNPs. This solution was
kept under heat and stirred for 25 minutes and later cooled down to room temperature (RT).
Citrate-capped AuNPs (AuNP@Citrate) were sterilized using a 0.2 um syringe filter and stored
protected from light at RT until further use 3. The nanoparticles’ concentration was charac-
terized by Beer-Lambert law. The AuNPs should present a typical Surface Plasmon Resonance
peak at around 520 nm with a corresponding extinction coefficient of = 2.33x10® M*.cm! 37132,

2.2.1.2 Characterization of AuNPs

AuNPs and Au-nanoconjugates were assessed by ultraviolet-visible absorption spec-
troscopy (UV-Vis), dynamic light scattering (DLS), zeta () potential, and transmission elec-
tron microscopy (TEM). UV-Vis spectra were acquired on a UV-Vis spectrophotometer in the
range 400-800 nm using a 1 cm path quartz cuvette at RT. The hydrodynamic diameter, poly-
dispersity index (PDI), and C-potential were measured by DLS resorting to a Malvern Zetasizer
Nano ZS at 25°C, scattering angle 173° and laser wavelength 633 nm. TEM analysis was pro-
vided as a service at Instituto Gulbenkian de Ciéncia (IGC) and the core diameters were cal-

culated using the open-access software platform FIJI - Image].

2.2.1.3 Functionalization of AulNPs with PEG (AuNP@PEG)

AuNPs were functionalized with polyethylene glycol (PEG) for improved stability in
biological media as previously reported 3. Briefly, to achieve 100% or 30% coverage of the
AuNPs’ surface, 10 nM of AuNP@citrate were incubated with 0.028% SDS (w/v) and 0.01
mg/mL or 0.003 mg/mL of thiolated PEG, respectively, for 16 h under agitation at RT. The
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excess PEG was removed by centrifugation at 14000 g for 30 minutes at 4°C (three times), and
the free thiol-PEG was quantified in the supernatants via the Ellman’s Assay.

A standard curve in the range of 0.0002-0.035 mg/mL of PEG was performed by mixing the
appropriate amount of dilute solution of PEG for each concentration with 300 uL of phosphate
buffer 0.5 M (pH=7) and Milli-Q water until 900 uL (final volume). Also, 600 uL of the super-
natants recovered were mixed with 300 uL of phosphate buffer 0.5 M (pH=7). 21 uL of 5,5-
dithio-bis-(2-nitrobenzoic acid) (DTNB) solution was added to each sample and incubated for
15 minutes. Triplicates of each sample were measured, and the spectra were analyzed by meas-
uring the sum of the absorbance between 400 and 500 nm. A 100% coverage was considered
when the supernatant showed no traces of free thiol, which indicated that all thiol-PEG had
been bonded to the AuNPs surface.

2.2.2 MNPs synthesis and characterization

2.221 MNPs synthesis

Monodisperse spherical iron oxide nanoparticles with a core diameter of 13 nm were
obtained in organic phase and transferred to aqueous phase according to the protocol opti-
mized by Fratila et al. and Moros et al. 121%3%, The concentrations of MNPs indicated represent
the concentrations of iron and were determined as indicated in MNPs characterization (section
2.2.2.3).

2.2.2.2 Functionalization of the MNPs with PEG and cyclooctyne or dibenzylcyclooctyne
derivatives 2

MNPs@PMAO®@PEG were obtained by incubating 1 mg of MNPs@PMAO with 22.26
pmoles of a-methoxy-w-amino poly(ethylene glycol) (MW= 750 Da) in 420 uL of sodium tetra-
borate buffer (SSB) pH 9 (50 mM of boric acid and 50 mM of sodium borate). A solution con-
taining 6.25 mg of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC-HC(I) dissolved in 20 puL of SSB buffer (50 mM, pH 9), was prepared 2 times and one
volume of solution was added to the previous mixture and shaken in a rotator disk during 30
minutes in the absence of light. Then, a second addition of EDC-HCI solution was done and
the reaction mixture was incubated for another 3 h in the rotator disk. Finally, the excess of
ligand was removed by washing the MNPs with Milli-Q water in a centrifugal filter with a 100
kDa molecular weight cut-off membrane at 8497xg for 15 minutes (each wash and repeated
for a total of six washing steps).

MNPs@PMAO@PEG@CO and MNPs@PMAO@PEG@DBCO were obtained by incu-
bating 0.5 mg of MNPs@PMAO@PEG with 273 uL of cyclooctynylamine (11-(cyclooct-2-yn-1-
yloxy)-3,6,9-trioxaundecylamine)  or  dibenzocyclooctynylamine (DBCO-PEG4-NH,)
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derivatives (5 mM), respectively, in 1.2 mL of SSB (50 mM, pH 9). Two additions of 3.125 mg
of EDC dissolved in 10 pL of SSB (50 mM, pH 9) were done in the same incubation conditions
previously described. Finally, the ligand excess was removed by washing the MNPs as previ-
ously described for the MNPs@PMAO@PEG. The cyclooctyne derivative used for the func-
tionalization was prepared following the procedure described by Fratila et al. *2.

2.2.2.3 MNPs characterization
2.2.2.3.1 Iron concentration

The iron concentrations of the nanoparticles suspensions were determined using a
standard colorimetric method. Three replicas of samples of 5 uL and 45 uL of solvent (hexane
or water) were incubated with 100 uL of aqua regia solution (HCl/HNO;; 3/1) at 60°C for 15
minutes, after which Milli-Q water was added until a final volume of 500 uL. 50 uL of the final
total volume of each solution were transferred to a 96-well plate. Then, 60 uL of a solution
consisting of 50 uL of 4 N KOH and 10 pL of 0.25 M Tiron (1,2-dihidroxybenzen-3,5-disulfonic
acid), and 100 pL of 0.2 M Na;PO, (pH = 9.7) were added. The measurement of the sample
absorbance at 480 nm was carried out on a Thermo Scientific Multiskan™ GO or a Biotek Syn-
ergy H1 UV/Vis microplate spectrophotometer. A similar protocol was followed using iron
standard solutions (100 — 800 yg/mL) to obtain a calibration curve.

2.2.2.3.2 DLS and C-potential measurements

DLS and C-potential measurements were performed on a Malvern Zetasizer Nano ZS
at 25°C and pH 7, considering a refractive index of 2.0 and an absorption index of 1.0 for Fe;O.,.
Samples were prepared at a concentration of 0.05 mg Fe/mL in Milli-Q water. Each sample
was measured five times, combining 10 runs per measurement. Results were treated using the
Malvern software Zetasizer Nano 7.13.

2.2.23.3 Agarose gel electrophoresis
For the agarose gel electrophoresis, a solution of 1% agar in 0.5x Tris-Borate-EDTA

(TBE) was prepared. MNPs samples mixed with 20% glycerol: 0.5x TBE were loaded in the gel
and an electric field of 90 V was applied for 45 minutes.

22234 TEM analysis

TEM imaging and size analysis of the MNPs were performed on an FEI Tecnai T20
instrument operating at an accelerating voltage of 80-200 kV (Laboratorio de Microscopias
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Avanzadas LMA, University of Zaragoza). Samples were prepared on carbon-coated copper
grids by depositing a drop of a diluted MNPs suspension; TEM grids were allowed to dry at
RT for 24 h before visualization. MNPs size and size distribution were determined using the
Digital Micrograph software or ImageJ software by measuring the diameter of at least 200
MNPs per image.

2.2.2.3.5 Characterization of the heating properties of MNPs

The specific absorption rate (SAR) was calculated using a DM100 Series AMF applica-
tor. Samples were measured at a concentration of 1 mg Fe/mL in Milli-Q Water. The AMF was
applied for 3 minutes using a field amplitude of 23.9 kA /m and a frequency of 418 kHz while
the temperature was recorded using an optic fiber sensor incorporated in the equipment. The
SAR value was calculated according to the temperature slope obtained at the beginning of the
measurement. Specific loss power (SLP) measurements were carried out using a D5 Series
AMEF applicator with a coil (CAL2) connected to a vacuum pump to achieve thermal isolation
of the sample and using a capacitor (120 nF) to evaluate different frequency ranges. MNPs
samples were prepared at a concentration of 1 mg Fe/mL in water and / or supplemented cell
culture medium. For each measurement, the temperature variation was recorded for 5 minutes
and the SLP was calculated by linear curve fitting at the initial instants (30-60 seconds) using
the ZAR application provided by the equipment software (MANIAC) and indicating the value
of the sample concentration (mg Fe/mL).

2.2.2.3.6 Thermogravimetric analysis

Thermogravimetric analysis was performed on lyophilized MNPs samples using a TA
STD 2960 simultaneous DTA-DTGA instrument in air, at a heating rate of 10°C/minutes.

2.2.3 Cell culture maintenance

HCT116 colorectal carcinoma (ATCC® CCL-247™) and MCF-7 breast adenocarcinoma
(ATCC® HTB-22™) were purchased from the American Type Culture Collection (ATCC, Ma-
nassas, VA, USA). MCF-7 / GFP breast adenocarcinoma expressing constitutively an optimized
version of GFP - copGFP (Cat# AKR-211) was purchased from Cell Biolabs (Cell Biolabs Inc,
San Diego, CA, USA). Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomy-
cin (100 U/mL). MCF-7 and MCF-7/GFP were also supplemented with 1% (v/v) of MEM
nonessential amino acid. THP-1 acute monocytic leukemia cells (ATCC® TIB-202™) were
grown in RPMI 1640 medium (Roswell Park Memorial Institute 1640) supplemented with 10%
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(v/v)FBS, 1% (v/v), 1% (v/v) penicillin/streptomycin (100 U/mL) and 1% (v/v) MEM non-
essential amino acids.

Cells were maintained in 75 cm? or 25 cm? culture flasks at 37°C in a 5% CO, atmos-
phere and 99% relative humidity. Upon attaining confluency, adherent cells were trypsinized
with TrypLE™ Express, stained with 0.4% Trypan Blue solution, counted using a Neubauer
chamber, and cultured into fresh medium and culture flasks. THP-1 cells were further differ-
entiated in THP-1-derived DCs and HCT116 cells were used to obtain 3D tumor spheroids.

2.2.4 Plasmid Transfection with Lipofectamine™ LTX with Plus Rea-
gent

HCT116 and MCF-7 cells were placed at a density of 2x10* cells/ well in a 96-well plate
and 1.5x10° cells/ well in a 24-well plate, respectively, and cultured in DMEM for 24 h at 37°C,
under standard cell culture conditions. A plasmid that encodes a GFP (A,, 475 nm/A,,, 505 nm)
optimized for high expression in mammalian cells (pAcGFP1 Nuc Vector), was added (0.1,

0.25, and 0.5 ng/well in HCT116 cells; 0.25, 0.5 and 1 pg/well in MCF-7 cells) to cells using a
1:2 (plasmid: Lipofectamine) ratio and incubated in DMEM (0% FBS and without antibiotics)
for approximately 4 h at 37°C, according to the Lipofectamine™ LTX with Plus Reagent man-
ufacturer’s recommendation. After 4 h of incubation, the medium was replaced with fresh
DMEM. AcGFP1 expression was confirmed after 24 h by fluorescence microscopy (Ti-U
Eclipse inverted microscope; FITC filter (excitation at 480/30 nm and emission at 535/40 nm))
and images were analyzed using Image] software.

2.2.,5 Cells transfection with Lipofectamine™ RNAiMAX Reagent

For laser irradiation experiments, HCT116 and MCF7/ GFP cells were seeded at a den-
sity of 2x10* cells/ well and 1x10* cells/ well respectively, in a 96-well plate and incubated for
24 h at 37°C under standard cell culture conditions. After 24 h, 20 nM of oligonucleotide was
mixed with the cationic lipid reagent Lipofectamine™ RNAiMAX in DMEM without phenol
red (0% FBS and without antibiotics) and incubated for 5 minutes in a microcentrifuge tube
according to the manufacturer’s recommendation. Next, this mixture was added to cells in
DMEM without phenol red (Final 8% FBS) for 24 h in HCT116 cells; and 6 h and 24 h in MCF-
7/ GFP cells.

For magnetic hyperthermia experiments, MCF-7 cells, MCF7/GFP cells, and THP-1-
derived DCs were seeded at a density of 1.5x10° cells/well, 2.5x10* cells/well, and 3x10°
cells/well respectively, in a 24-well plate and incubated for 24 h for MCF-7 and MCF-7/GFP
cells and 48 h for THP-1-derived DCs, at 37°C under standard cell culture conditions. At 24 h,
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MCEF-7 cells were transfected transiently with pAcGFP1 Nuc Vector (carried out as described
in section 2.2.4), then the cell culture medium of MCF-7 and MCF7/GFP cells was replaced
with fresh DMEM. After 48 h, 20 nM of oligonucleotide or siRNA was mixed as described
above. Next, this mixture was added to cells with the respective cell culture medium (Final 8%
FBS) and incubated for 48 h in MCF-7 and MCF-7/ GEP cells; for 24 h in THP-1-derived DCs.

Post-transfection incubation, total RNA was extracted, and the efficiency of transfec-
tion for AcGFP1, copGFP and IDO1 silencing was evaluated by RT-qPCR and fluorescence mi-
croscopy for copGFP protein expression.

2.2.6 Cell viability and cytotoxicity

2.2.6.1 MTS Assay

Cell viability (irradiated and non-irradiated cells, with or without Au-nanoconjugates)
was evaluated upon the stimuli via the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay -CellTiter 96® AQueous One Solution
Cell Proliferation Assay. This assay is a colorimetric method to estimate the number of viable
cells and relies on the dehydrogenation by metabolically active cells, which convert the MTS
tetrazolium compound into formazan, a soluble colored product.

For laser experiments, HCT116 and MCF-7/GFP cells were incubated with the MTS
solution (1:5 v/v in DMEM) for 1 h, at 37°C under standard cell culture conditions. For mag-
netic hyperthermia experiments, post-transfection THP-1-derived DCs and MCF-7 cells were
placed at density of 5x10* cells / well; MCF-7/ GFP cells were plated 2.5x10* cells/well, in a 96-
well plate and MCF-7 and MCF-7/ GFP (adherent cells) were incubated for 24 h while THP-1-
derived DCs were immediately incubated with MTS solution (1:5 v/v RPMI) for 2 h, at 37°C
under 5% CO, and 99% relative humidity. At 24 h post-transfection for MCF-7 and MCF-
7/ GFP cells, the MTS solution was added to the cells and incubated for 1 h, under standard
cell culture conditions. At 24 h post-transfection the cell culture medium of MCF-7 and MCEF-
7/ GFP was removed, MTS solution was added to the cells (1:5 v/v DMEM) and incubated for
1 h, at 37°C under standard cell culture conditions.

To determine the viability of THP-1 and THP-1-derived DCs incubated with Ac;Man-
NAz and MNPs, cells were seeded at a density of 6x10* cells/well in a 96-well plate and incu-
bated with 100 uM of Ac;sManNAz at 37°C, under standard cell culture conditions. After 48 h
of AcsManNAz treatment, cells were washed twice with PBS and incubated for 30 minutes
with 100 pgr./mL of MNPs in RPMI without FBS at 37°C, under 5% CO, and 99% relative
humidity. Cells were then washed twice with PBS and the MTS solution (1:5 v/v in RPMI)
was added to the cells and incubated for 1 h and 30 minutes at 37°C under standard cell culture
conditions.
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The absorbance was measured at 490 nm using a microplate reader Infinite M200. Cell
viability was normalized to control cells (cells with culture medium). At least three independ-
ent biological assays with two technical replicates were performed (Equation 2.1).

mean Abs. of treatment group

Cell Viability (%) =

X 100 (Equation 2.1)

mean Abs. of control group

2.2.6.2 LDH Assay

The membrane integrity of HCT116 2D cells/3D spheroids (irradiated or not, in the
presence or absence of Au-nanoconjugates) was also evaluated by resorting to the release of
intracellular lactate dehydrogenase (LDH) in cells supernatant by LDH assay - CytoTox 96
Non-Radioactive Cytotoxicity Assay. As a positive control for membrane rupture, the LDH
lysis solution (1:10 v/v in DMEM) was prepared 1 h before the procedure and incubated in
cells or spheroids. Following the HCT116 2D cells irradiation or 9 h of 3D spheroids challenge
with Au-nanoconjugates, 50 pL of cells or spheroids supernatant are incubated with 50 pL of
CytoTox 96 Reagent (1:1 ratio) in a 96-well plate for 30 minutes at RT, protected from light.
Next, 50 pL of Stop Solution is added to the wells and incubated for 1 h at RT, in the dark. The
absorbance was measured at 490 nm, on a microplate reader and cell membrane integrity was
normalized to Control (untreated cells). For 3D spheroids, a fold change (ratio) to Control was
performed to evaluate LDH activity. At least three independent biological assays with two
technical replicates were performed (Equation 2.2).

mean Abs. of treatment group

Cell membrane integrity (%) = 100 — (Equation 2.2)

mean Abs.of control group

2.2.7 Gene expression analysis

Total RNA was extracted from samples using the NZYol reagent or TRIsure™ reagent,
according to the manufacturer’s guidelines. The quality of RNA was assessed using the
Nanodrop ND-1000 Spectrophotometer. RNA extracted from 2D cells was reverse transcribed
to cDNA using the NZY M-MuLV First-Strand cDNA Synthesis kit followed by real-time
quantitative polymerase chain reaction (RT-qPCR). RT-qPCR was performed using NZYSu-
preme qPCR Green Master Mix (2x) according to the manufacturer’s protocol in a Qiagen Ro-
tor-Gene Q cycler. The following conditions were used for the AcGFP1 gene: initial denatura-
tion at 95°C for 5 min; 30 cycles of 95°C 30 s, Tm 52°C for 30 s, 72°C for 45 s; and a final
extension step at 72°C for 7 min; for copGFP gene: initial denaturation at 95°C for 5 min; 30
cycles of 95°C for 30 s, Tm 53°C for 30 s, 72°C for 30 s; and a final extension step at 72°C for 5
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min; for IDO1 gene: initial denaturation at 95°C for 5 min; 35 cycles of 95°C for 30 s, Tm 58°C
for 30 s, 72°C for 15 s; for IL6, IL10, TNFA and IL12A genes: initial denaturation at 95°C for 5
min; 40 cycles of 95°C for 30 s, Tm 53°C for 30 s, 72°C for 30 s.

Total RNA was also extracted from HCT116 2D cells and six 3D spheroids, and RT-
qPCR was performed using a One-step NZY RT-qPCR Green kit for the analysis of c-MYC
gene expression. The set conditions for reverse transcription were 50°C for 20 min; and qPCR
with initial denaturation at 95°C; 30 cycles of 95°C 15 s, Tm, and extension of 60°C for 15 s.

Gene expression was evaluated according to the 2**“ method **, using the 18S riboso-
mal gene as a reference. All primers and antisense oligonucleotides were purchased from
STAB VIDA, Lda (Portugal), except siRNA against IDO1 (Dharmacon™, Germany); all se-
quences and the sequence target of sSiRNA-IDO1 can be found in Table 2.3 and Table 2.4.

Table 2.3 - Primers sequences Forward (Fwr) and Reverse (Rev) primers.

Gene Sequence 5'-3’ Amplicon Size (bp)

Fwr: ATGGTGAGCAAGGGCGAGGA
AcGFP1 717
Rev: CTTGTACAGCTCGTCCATGC

cp Fwr: TTCTACCACTTCGGCACCTA s
cop Rev: TCCACCACGAAGCTGTAGTA

IDO1 Fwr: ACTGTGTCTTGGCAAACTGGAAG

141
(NM_002164.6) Rev: CAGCTGCTATTTCCACCAATAGAG
IL6 Fwr: GGT ACA TCC TCG ACG GCA TCT 76
(NM_000600.5) Rev: TCT TTG CTG CTT TCA CAC AT
IL10 Fwr: GGT TGC CAA GCCTTG TCT GA 106
(NM_000572.3) Rev: CCC CCA GGG AGTTCA CATG
TNFA Fwr: CCA GGC AGT CAG ATC ATCTTCTC 143
(NM_000594.4) Rev: TAT CTC TCA GCT CCA CGC CA
IL12A Fwr: GAATTTTACCCTTGCACTTCTGA 156
(NM_001397992.1) Rev: CAGGCAACTCCCATTAGTTATGA
c-MYC Fwr: GCTCATTTCTGAAGAGGACTTGT 929
(NM_002467.5) Rev: AGGCAGTTTACATTATGGCTAAATC
18S Fwr: GTAACCCGTTGAACCCCATT 151
(NR_003286.4) Rev: CCATCCAATCGGTAGTAGCG
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Table 2.4 - ASO and siRNA sequences used for gene silencing.

Gene Sequence 5'-3' Type
AcGFP1 GCAAGCUGACCCUGAAGUUC Antisense RNA
copGFP CACCCGCAUCGAGAAGUACG Antisense RNA

IDO1 AGAAAGAGUUGAGAAGUUA siRNA

5'-Mod Thiol C6 .
c-MYC Antisense DNA
GCGCCCATTTCTTCCAGATATCCTCGCTGGGCGC
Scramble 5-Mod Thiol C6 Antisense DNA

TTTCGGGTTGACGTTAGCCGGATCTACCGAAA

2.2.8 Statistical analysis

The data were analyzed using GraphPad Prism 8.0 (GraphPad Software, San Diego,

USA). All experiments generally represented the average of at least three independent biolog-

ical assays with two technical replicates and the corresponding errors, except when stated oth-

erwise. The appropriate statistical test was used according to each case and was considered

statistically significant at p-value < 0.05.
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3

MILD HYPERTHERMIA FOR NUCLEIC ACIDS
TRANSFECTION VIA AUNPS AND VISIBLE
LIGHT IRRADIATION

Data enclosed in this chapter 3 were originally published in the following issue, where I was
responsible for AuNPs and Au-nanoconjugates synthesis and characterization, for the photo-
thermal characterization of Au-nanoconjugates, 2D cells challenge with Au-nanoconjugates,
nucleic acids transfection efficiency, cell viability assessment, and for all the statistical analysis.

Ferreira, D., Fernandes, A.R. & Baptista, P.V. Mild hyperthermia via gold nanoparticles and
visible light irradiation for enhanced siRNA and ASO delivery in 2D and 3D tumour sphe-
roids. Cancer Nano 15, 19 (2024). https:/ / doi.org/10.1186 / s12645-024-00256-4.

This publication also includes additional data on AuNPs functionalized with ASO for silenc-

ing of c-MYC oncogene using mild photothermy in 2D cells and 3D tumor spheroids that will
be described in chapter 4.
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3.1 Introduction

PTT is an emerging technique for inducing hyperthermia to destroy cancer cells effec-
tively and holds significant interest due to its simplicity, short treatment duration, and fast
recovery *. Since the TME characteristics (e.g., acidic, hypoxic, loss of nutrients) tend to in-
crease the sensitivity of tumor cells to heat, therapeutic approaches based on the conversion
of light irradiation to heat by photothermal agents are required ***”. Currently, a wide range
of external laser light sources, including visible and NIR light, have been described in PTT 3.
PTT is a highly effective and noninvasive approach to treat various types of cancer but has
limitations such as lack of spatial selectivity in heating tumors while avoiding thermal injury
to surrounding healthy tissues. To address collateral damage, photothermal agents have been
introduced to enhance the selectivity of PTT in cancer therapy 3.

AuNPs have already demonstrated their potential to be used as photothermal agents
due to their unique optical properties (e.g., SPR), using incident laser light sources (e.g., visible
and NIR light) 13940 SPR depends on the interaction between an electromagnetic wave and
free conduction electrons at the AuNPs' surface, due to their oscillation coherently in reso-
nance with the frequency of light, producing strong electromagnetic fields. This effect signifi-
cantly increases the AuNPs' ability to scatter and absorb light efficiently, making it appropriate
for a variety of biomedical applications (e.g., biosensing and imaging). The electromagnetic
energy transformed into heat because of electron excitation and relaxation by AuNPs is one of
their unique physicochemical properties 159342347401,

Localized hyperthermia is a well-known result of the increase of temperature specifically
in target cells responding to photothermal agents. Three types of localized hyperthermia can
be applied in tumor cells: mild hyperthermia (37 - 42°C), moderate hyperthermia (43 - 45°C),
and thermal ablation (> 45°C) 3242, Mild hyperthermia could modulate the cell membrane
behavior (e.g., fluidity and permeability) and increase the susceptibility of cancer cells to al-
ternative therapeutic approaches, such as transfection of nucleic acids or drugs, and the deliv-
ery of AuNPs functionalized with (bio)molecules (e.g., drugs, antibodies, ASO) %1404 AuNPs
are optimal for vectorization since they protect oligonucleotides against nucleases and degra-
dation while providing the possibility to track internalization without significant cytotoxicity
405407 Due to their optical properties, AuNPs offer the possibility to use external actuators (e.g.,
light, radiofrequency) to trigger cell uptake 321277402408-410_ The efficacy of combining spherical
functionalized AuNPs with visible laser irradiation to enhance therapeutic outcomes in vitro
and in vivo models has been reported 3613940540441,

This chapter presents a controlled mild hyperthermia system using visible green laser
irradiation combined with spherical AuNPs as photothermal agents. The efficacy of this mild
photothermal approach to improve the internalization of Au-nanoconjugates without cytotox-
icity in the HCT116 colorectal carcinoma cell line was assessed. As a proof-of-concept, mild
hyperthermia was used to enhance the transfection of nucleic acids in two different cancer cell
lines, HCT116 cells and MCF-7/ GFP breast adenocarcinoma cell line.
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3.2 Materials and Methods

3.2.1 AuNPs and Au-nanoconjugates synthesis and characterization

AuNPs and Au-nanoconjugates were synthesized, functionalized, and characterized
as described in section 2.2.1 (Chapter 2).

3.2.2 Irradiation and photothermal characterization

To determine the photothermal capability of the Au-nanoconjugates, these were irra-
diated at different concentrations (0.25 nM, 0.5 nM, 0.75 nM, and 1 nM) in water in a 96-well
plate. For temperature measurements, a thermocouple was inserted in the wells before and
immediately after visible light laser irradiation, as previously optimized in our group 4.
Irradiation was performed with a continuous wave (CW) 532 nm green diode-pumped solid-
state laser (DPSS) coupled to an optical fiber under a laser diode intensity (LDI) 1.71 W/cm?
or LDI 2.37 W/cm?, for different exposure times (30 s, 60's, 90 s, and 120 s) **.

3.2.3 Stability assays of Au-nanoconjugates

To assess the effect of different media conditions on the stability of the Au-nanoconju-
gates before biological experiments, these were subjected to increasing ionic strength solutions
to analyze if Au-nanoconjugates could sustain higher ionic strengths without aggregation. The
stability assays were assessed via UV-Vis spectroscopy in different solutions using 10 nM of
Au-nanoconjugates: DMEM without phenol red and FBS to avoid the formation of protein
corona, PBS from 0 to 240 minutes to simulate the osmolarity and ion concentrations of the
human body (isotonic conditions), and NaCl at concentrations ranging from 0 to 3.5 M to eval-
uate the ionic strength.

3.2.4 Cells challenge with Au-nanoconjugates
3.24.1 Laserirradiation in HCT116 cells

HCT116 cells were seeded at a density of 2x10* cells/well in a 96-well plate and incu-
bated for 24 h at 37°C in a 99% humidified atmosphere and 5% (v/v) CO.. Following 24 h, cells

were challenged (or not) with 10 nM of AuNP@PEG 100% for 4 h, and then the cell culture
medium was replaced with DMEM without phenol red (at 37°C). Cells were then irradiated
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with a CW 532 nm green DPSS laser coupled to an optical fiber (LDI 1.71 W/cm? or 2.37
W /cm?) for 90 s and 60 s, respectively. Controls without irradiation, with or without AuNPs,
were also prepared. For temperature measurements, a thermocouple was inserted in the wells
(in contact with the cell culture medium) before and immediately after visible light irradiation.

3.2.4.2 Cell viability and cytotoxicity

Cell viability and cytotoxicity assessment via MTS assay and LDH assay were per-
formed as described in section 2.2.6 (Chapter 2). HCT116 cells membrane integrity was evalu-
ated by Trypan Blue exclusion assay. Briefly, irradiated and non-irradiated cells, previously
incubated (or not) for 4 h with 10 nM of AuNP@PEG 100%, were immediately incubated with
Trypan Blue dye for 10 minutes, and washed three times with PBS to remove the excess of the
dye. Several images were acquired with a bright field inverted microscope for the analysis of
membrane integrity of irradiated and non-irradiated cells, with or without AuNPs.

3.2.4.3 Quantification of AuNPs internalization into cells

The internalization of the AuUNP@PEG 100% in irradiated and non-irradiated HCT116
cells was analyzed via ICP-AES. For this experiment, HCT116 cells were washed with PBS,
trypsinized with TrypLE™ Express, and centrifuged at 750 g for 5 minutes. The supernatant
was removed and stored at 4°C, whereas the cell pellet was stored at —20°C. One day before
analysis, 1 mL of freshly prepared aqua regia (HCl: HNO,= 3:1) was added to the samples. A
standard curve for gold was recorded to quantify the amount of intracellular gold
(LAQV/REQUIMTE, Laboratério de Analises).

3.2.5 Mild photothermy via Au-nanoconjugates and visible laser irra-
diation for nucleic acid transfection

3.2.5.1 Plasmid transfection with Lipofectamine™ LTX with Plus Reagent

The plasmid transfection in HCT116 cells was performed as described in section 2.2.4
(Chapter 2).

3.2.5.2 Plasmid transfection with laser irradiation

HCT116 cells were seeded at a density of 2x10* cells/well in a 96-well plate and incu-
bated for 24 h at 37°C in a 99% humidified atmosphere and 5% (v/v) CO.. Following 24 h, cells
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were challenged (or not) with 10 nM of AuNP@PEG 100% for 4 h, and then cell culture me-
dium was replaced with DMEM without phenol red (at 37°C). Before laser irradiation, 0.1 pg

or 0.25 pg of pAcGFP1 Nuc Vector was added to the respective well for cell transfection. Cells
with AuNPs were irradiated with a CW 532 nm green DPSS laser coupled to an optical fiber
under (LDI 2.37 W/cm?) for 60 seconds to achieve mild hyperthermia. Controls without irra-
diation, with or without AuNPs, were also prepared. The effect of visible laser irradiation on
the transfection of pGFP was evaluated with fluorescence microscopy images using Image]J
software (Ti-U Eclipse inverted microscope; FITC filter (excitation at 480/30 nm and emission
at 535/40 nm)) for 24 h and 48 h after transfection and compared to Lipofectamine LTX™ and
Plus reagent.

3.2.5.3 Laser irradiation in HCT116 and MCF-7/GFP cells

HCT116 and MCF-7/GFP cells were seeded at a density of 2x10* cells/well and 1x10*
cells/well respectively, in a 96-well plate and incubated for 24 h at 37°C in a 99% humidified
atmosphere and 5% (v/v) CO,. After 24 h, HCT116 cells were transfected with 0.1 ug of pAc-
GFP1 Nuc Vector using Lipofectamine™ LTX with Plus Reagent. After 4 h of incubation with
Lipo+pGFP complexes, the culture medium was replaced with DMEM without phenol red,
and cells were challenged (or not) with 10 nM of AuNP@PEG 100% for 4 h. Next, the cell
culture medium was replaced with DMEM without phenol red (at 37°C) containing 20 nM of
anti-AcGFP1. For MCF-7/GFP: following 24 h, cells were challenged (or not) with 10 nM of
AuNP@PEG 100% for 4 h, and then cell culture medium was replaced with DMEM without
phenol red (at 37°C) containing 20 nM of anti-copGFP. Cells with AuNPs were then irradiated
as described in section 3.2.5.2. Controls without irradiation, with or without AuNPs, were also
prepared. After 6 h and 24 h for copGFP and 24 h for AcGFP1, GFP expression was confirmed
by fluorescence microscopy and images were analyzed using Image] software. For fluores-

cence quantification, corrected total cell fluorescence (CTCF) was determined using Equation
3.1

CTCF = Integrated density of cell — (Area of cell X Background mean fluorescence)
(Equation 3.1)

Also, MTS assay was performed and total RNA was extracted from irradiated and non-
irradiated cells, and the effect of visible irradiation on the transfection of anti-AcGFP1 and anti-
copGFP silencing was evaluated by RT-qPCR and compared to a commercial transfection rea-
gent, Lipofectamine™ RNAIMAX reagent, using the manufacturer’s instructions.
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3.2.5.4 Cells transfection with Lipofectamine™ RNAiMAX Reagent

The transfection of anti-AcGFP1 and anti-copGFP in HCT116 and MCE-7 / GFP cells, re-
spectively, was performed as described in section 2.2.5 (Chapter 2).

3.2.5.5 Cell viability

Cell viability assessment via MTS assay was performed as described in section 2.2.6
(Chapter 2).

3.2.5.6 Gene expression analysis

The analysis of gene expression of AcGFP1 and copGFP via RT-qPCR was performed
as described in section 2.2.7 (Chapter 2).

3.2.6 Statistical analysis

Data were analyzed using GraphPad Prism 8.0 (GraphPad Software, San Diego, USA).
One-way and two-way ANOVA with Tukey’s multiple comparison, and unpaired parametric
t-test with Welch’s correction was used to evaluate the differences between groups. They were
considered statistically significant at p-value < 0.05. Data are the mean value of at least three
independent assays with at least two technical replicates, and the errors are calculated by the
standard error of the mean.

3.3 Results and Discussion

3.3.1 Synthesis and characterization of Au-nanoconjugates

Spherical AuNPs with an average diameter of 12-14 nm were synthesized resorting to
the citrate reduction method as described in section 2.2.1 (Chapter 2). Characterization of cit-
rate-capped AuNPs (AuNP@Citrate) by UV-Vis, DLS, and TEM shows a maximum LSPR peak

at 519 nm (Figure 3.1), a hydrodynamic diameter of 16.4 (+ 0.1) nm, and an average spherical
shape of 12.1 (£ 1.5) nm (Figure 3.2). The concentration of AuNP@Citrate colloidal solution
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was estimated by Beer-Lambert law using the molar extinction coefficient of gold for spherical
AuNPs (e = 2.33x10M"-cm™) 3132,

AuNP@Citrate were further functionalized with thiolated-PEG for 30% and 100% of
coverage and characterized by UV-Vis, DLS, and TEM. PEG is frequently attached to the sur-
face of AuNPs to enhance stability and biocompatibility, owing to the high affinity of thiol
groups to gold 413, We calculated the amount of PEG in AuNPs’ surface by the quantification
of free thiol-PEG in the supernatant via Ellman’s assay, measuring the sum of the absorbance
between 400 to 500 nm using a PEG standard curve (Figure 3.2). The 100% PEG coverage is
represented by a concentration of 0.01 mg/mL, and 30% PEG coverage is represented by a
concentration of 0.003 mg/mL. AuNP@PEG showed a slight red shift of the LSPR peak to 520
nm (Figure 3.1) and a slight increase in the hydrodynamic diameter 21.1 (£ 0.3) and 18.5 (+ 0.1)
nm for 30% and 100% PEG coverage, respectively (Figure 3.2). Table 3.1 represents the physi-
cochemical characteristics of AuNPs and Au-nanoconjugates in water measured via DLS and

C-potential.

Table 3.1 - Physicochemical characteristics of AuNPs and Au-nanoconjugates measured by DLS, {-potential (at
pH=6), and their polydispersity index (PDI).

AuNPs Hydrodynamic diameter (nm) C-potential PDI
AuNP@Citrate 16.4+0.1 -37.1+0.5 0.170
AuNP@PEG 30% 21.1+0.3 -70.7 £ 3.1 0.282
AuNP@PEG 100% 18.5+0.1 -29.6 +2.7 0.171
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Figure 3.1 - Normalized absorbance UV-Vis spectra of Au-nanoconjugates and PEG standard curve. (A) UV-Vis
spectra of AuNP@Citrate and AuNP@PEG 30%; (B) UV-Vis spectra of AuNP@Citrate and AuNP@PEG 100%. (C)
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UV-Vis spectra of Au-nanoconjugates. (D) A standard curve with increasing concentrations of PEG via Ellman’s
Assay.
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Figure 3.2 - Hydrodynamic size distribution of Au-nanoconjugates measured via DLS in water and TEM images to
evaluate the diameter size of the AuNPs core. Hydrodynamic size distribution of (A) AuNP@Citrate, (B)
AuNP@PEG 30%, and (C) AuNP@PEG 100% by DLS. The peak observed in each data set indicates the monodis-
persity of the colloidal AuNPs. TEM image of (D) AuNP@Citrate and (E) AuNP@PEG 100%. The average diameter
of the AuNPs core is 12.1 (£ 1.5) nm. Scale bars correspond to 100 nm.

3.3.2 Laser irradiation

The laser source performance was characterized previously by actinometry in our
group ¥4 The AuNP@PEG 30% and AuNP@PEG 100% were irradiated with a CW 532 nm
green DPSS laser coupled to an optical fiber under a LDI 1.71 W/cm? or LDI 2.37 W/cm?. The
photothermal effect of the Au-nanoconjugates was assessed by irradiating a range of concen-
trations of pegylated AuNPs: 0.25 nM, 0.5 nM, 0.75 nM, and 1 nM; at different exposure times:
30s, 60s,90 s and 120 s. The temperature variation (AT) was calculated by subtracting the
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final temperature from the initial temperature in each AuNPs assay, excluding the tempera-
ture of the irradiated water. The thermal capacity of water 4.18 J.g.K (q) and the irradiated
mass (m) of 0.1 g were used to estimate the heat via Equation 3.2 >4, where we calculate Q,
the heat energy transferred in joules (J) - Figure 3.3.

Q=q X AT X m (Equation 3.2)
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Figure 3.3 - Heat capacity of Au-nanoconjugates. The heat generated by the AuNP@PEG 30% and AuNP@PEG
100% was measured for different exposure times and concentrations of Au-nanoconjugates in water irradiated with
LDI1.71 W/cm? or LDI 2.37 W/cm?

Pegylated AuNPs have comparable photothermal effect when irradiated by the same
LDI Comparing the different conditions tested, LDI 2.37 W/cm? potentiates the heat gener-
ated by the Au-nanoconjugates compared to LDI 1.71 W/cm? Nonetheless, when Au-nano-
conjugates were irradiated for 60 s with LDI 2.37 W/cm?and for 90 s with LDI 1.71 W/cm?,
the heat capacity of the Au-nanoconjugates was quite similar. We further used these setting
conditions to calculate the heat generated per second by the Au-nanoconjugates, which was
determined by dividing the total heat generated per assay by the number of nanoparticles, and
then by the irradiation time selected: 90 s for LDI 1.71 W/cm? and 60 s for 2.37 W /cm?— Figure
3.4. The number of nanoparticles was estimated using the Avogadro number and the Beer-
Lambert law 30417,
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Figure 3.4 - The heat generated per second of Au-nanoconjugates. Four concentrations of AuUNP@PEG 30% and
AuNP@PEG 100% were irradiated at 1.71 W/cm? for 90 seconds or 2.37 W/cm? for 60 seconds in water. The tem-
perature variation was measured to calculate heat generated per second as a function of the number of particles
irradiated. The slope of the curve gives the heat generated per nanoparticle per second.

Under these conditions, the photothermal effect for LDI 1.71 W/cm? and LDI 2.37
W /cm?was determined to be 4.4 x 10"* W and 8.9 x 10"®* W per particle for AuNP@PEG 30%,
and 5.6 x 10 W and 9.0 x 10"®* W per particle for AuNP@PEG 100%, respectively. For mild
hyperthermia, a target temperature of 41 - 42°C is desirable **, corresponding to the AT values
of 4 - 5°C attained for both types of pegylated AuNPs upon 60 s laser irradiation with 2.37
W /cm? (total energy of 47 J). Nevertheless, this value depends on irradiation power settings
and is not comparable with other laser intensities or photothermal capacitates. Factors such as
the extinction coefficient and the photothermal conversion efficiency of the photothermal
agents, as well as the properties of laser light (e.g., different wavelengths), must be considered
for the success of photothermal therapy #9482, Also, we observed that these settings condi-
tions do not affect the optical properties of Au-nanoconjugates, since their LSPR was main-
tained after irradiation (Figure 3.5). Altogether, these settings were considered to achieve mild
hyperthermia effect in cells and shall be used in further biological studies.
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Figure 3.5 - Normalized absorbance UV-Vis spectra of irradiated and non-irradiated Au-nanoconjugates. Au-nano-
conjugates were irradiated at (A) LDI 1.71 W/cm?for 90 s and (B) LDI 2.37 W/ cm? for 60 s in water.

3.3.3 Stability assays

The stability of AuNPs is important for therapeutic applications, particularly to better
understanding the nanoparticles’ behavior in vivo conditions. AuNPs are prone to aggregation
when not coated with a capping agent (e.g., citrate) or not functionalized with a surface poly-
mer (e.g., PEG), which induces electrostatic stabilization of the AuNPs. In biological systems,
nanoparticles must have to resist the ionic strength of diverse media conditions, to preserve
their physical-chemical properties, especially SPR . SPR is a unique optical property of noble
metal nanoparticles and is highly sensitive to factors, such as size, shape, solvent environment,
surface ligands and charge, temperature, pH, and ionic strength of the media '*. Hence, it is
essential to maintain stable SPR optical properties to enable effective photoconversion when
irradiated with visible light irradiation. First, the stability of Au-nanoconjugates was studied
in DMEM without phenol red and without FBS, to avoid the formation of protein corona. In
Figure 3.6A we observed a slight LSPR deviation to 522 nm in AuNP@PEG 100% while
AuNP@PEG 30% are prone to aggregation, with a red shift to 550 nm. AuNPs tend to be less
stable in DMEM without FBS due to the absence of serum proteins and the presence of positive
divalent ions (e.g., Ca?* and Mg?") which can cause AuNPs aggregation by reducing the elec-
trostatic repulsion between nanoparticles. AuNP@PEG 100% is more stable than AuNP@PEG
30% owing to the large amount of PEG chains present on the AuNPs’ surface that ensure
AuNPs stability. Nevertheless, DMEM supplemented with 10% FBS is recommended for bio-
logical applications with functionalized AuNPs since it increases the stability of AuNPs due
to protein corona formation, providing steric hindrance and preventing nanoparticles aggre-

gation *2,
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Figure 3.6 - Normalized UV-Vis spectra of Au-nanoconjugates in different media conditions. (A) UV-Vis spectra of
Au-nanoconjugates in DMEM without FBS and respective Control (B) UV-Vis spectra of Au-nanoconjugates in PBS
until 240 minutes. (C) UV-Vis spectra of AuNP@PEG 30% in NaCl 0.75 M and respective Control. (D) UV-Vis spec-
tra of AUNP@PEG 100% with different concentrations of NaCl and respective Control.

The stability of the Au-nanoconjugates was also studied with PBS or different concen-
trations of NaCl (0-3.5 M) to simulate the osmolarity and ion concentration of biological sys-
tems. Figure 3.6B shows an LSPR red shift to 646 nm in AuNP@PEG 30% exposed to PBS (0
min), indicating the increase in AuNPs size. AuNP@PEG 30% were not entirely covered by
PEG which led to a slight resistance to ionic strength and prone to aggregation. On the other
hand, the LSPR of AuNP@PEG 100% is maintained for 240 minutes, which suggests that
AuNPs coverage with 100% PEG are the most stable in PBS. AuNP@PEG 30% exposed to 0.75
M NaCl solution present a red shift of LSPR to 665 nm (Figure 3.60), while AuNP@PEG 100%
present higher resistance to the osmolarity and variation of the ionic strength (Figure 3.6D).
AuNP@PEG 100% only present an LSPR red shift to 543 nm when exposed to 3.5 M NaCl
solution. These results demonstrate that AuNPs’ surface covered 100% with PEG are more
suitable for biological applications. Herein, we shall use AuNP@PEG 100% to study the impact
of visible laser irradiation combined with Au-nanoconjugates on cell viability, and cell uptake.

3.3.4 Cytotoxic and viability assays of HCT116 cells

To assess the effect of the selected conditions for mild hyperthermia in cells, HCT116
colorectal carcinoma cells were incubated for 4 h with 10 nM AuNP@PEG 100%, with or
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without irradiation. We measured the initial and final temperature of irradiation exposure,
which confirms the temperature variation (AT) around 5°C in sample AuNP@PEG+Laser (Ta-
ble 3.2).

Table 3.2 - Temperature measurements of the DMEM without phenol red before and after irradiation in HCT116
cells.

AT (°C)
LDI Control+Laser AuNP@PEG-+Laser
1.71 W/em?, 90 s 1.9+05 51+1.1
2.37 W/em?, 60 s 2.1+0.6 54+15

Some reports described that cancer cells may exhibit thermosensitive above 40°C, po-
tentially leading to alterations in the permeability of their membranes %%, Considering that,
irradiated and non-irradiated cells were incubated with Trypan Blue 0.4% (m/v) solution and
the images were acquired in a bright field inverted microscope. Trypan Blue is a dye imper-
meable to live cells that can penetrate necrotic cells or cells with permeable compromised
membranes “*. Our data show that HCT116 cells did not stain with Trypan Blue dye (Figure
3.7), proving that the integrity of the cell membrane was not compromised by these setting
conditions, despite the slight increase in the temperature. For instance, our group previously
reported that 52°C (thermal ablation) is the minimum final temperature necessary to impact
cell membrane integrity and subsequently stained the cells with Trypan Blue dye >*.

Control ||  AuNP@PEG || control+Laser || AuNP@PEG+Laser

| LDI1.71 Wiem? |

| LDI2.37 Wiem? |

Figure 3.7 - Trypan Blue exclusion assay of HCT116 cells. Images of non-irradiated and irradiated HCT116 cells,
with and without previous incubation for 4 h of 10 nM of AuNP@PEG 100%. Cells were irradiated under LDI 1.71
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W/em? for 90 s and 2.37 W/cm? for 60 s, upon Au-nanoconjugates incubation. Then, cells were incubated with
Trypan Blue dye for 10 minutes in all sample conditions, and images were taken immediately after in a bright field
using an inverted microscope.

HCT116 cell viability was further assessed by the MTS assay following 4 h of incuba-
tion with 10 nM of AuNP@PEG 100%, with or without irradiation. The MTS assay specifically
relies on the activity of mitochondrial enzymes, such as dehydrogenases, which indicate func-
tional and metabolically active cells “>4%. The MTS data indicate that pegylated AuNPs, with
or without laser irradiation, do not have an impact on cell viability (Figure 3.8).
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Figure 3.8 - Cell viability assay of HCT116 cells. Cell viability analysis of the irradiated and non-irradiated cells
incubated for 4 h with AuNP@PEG 100% via MTS assay using (A) LDI 1.71 W/cm?for 90 s and (B) LDI 2.37 W/ cm?
for 60 s. The conditions tested were normalized to Control (untreated cells). Statistical differences were not ob-
served between all the samples tested with the Control. Data represent the mean value + the standard error of the
mean of at least three biologically independent experiments with two technical replicates for each.

To complete the cell viability assessment, we used the LDH assay to evaluate simulta-
neously the cell’s membrane permeability and integrity. This assay measures cytotoxicity by
quantifying the LDH release in the cell culture medium and could indicate permeability
and/or cell membrane damage 4?7 Results show that AuNP@PEG 100% combined with laser
irradiation might increase cells’ membrane permeability using LDI 2.37 W/cm? for 60 s, but
without compromising membrane integrity as corroborated by the Trypan Blue exclusion as-
say (Figure 3.9). Considering all the experiments, we select LDI 2.37 W /cm? for 60 s for future
mild hyperthermia experiments.
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Figure 3.9 - Cell membrane integrity of HCT116 cells via LDH assay. Cell membrane integrity analysis of the irra-
diated cells with (A) LDI 1.71 W/cm? for 90 s and (B) LDI 2.37 W/cm? for 60 s, and non-irradiated cells incubated
with AuUNP@PEG 100% for 4 h. Statistical differences were observed between AuUNP@PEG+Laser with the Control
(untreated cells) and AuNP@PEG sample with LDI 2.37 W/cm?for 60 s (*p < 0.05; Unpaired parametric t-test with
Welch'’s correction). Data represent the mean value + the standard error of the mean of at least three biologically
independent experiments with two technical replicates each.

3.3.5 Laser irradiation-induced Au-nanoconjugates uptake

TEM and ICP-AES were used to assess the uptake of Au-nanoconjugates by cells. TEM
images of HCT116 cells incubated for 4 h with AuNP@PEG 100% show internalization of
AuNPs in small clusters (Figure 3.10). This clustering is commonly observed for the internali-
zation of the AuNDPs 42842,

Figure 3.10 - TEM images of Au-nanoconjugate internalization at 4 h in HCT116 cells. Images of AuNP@PEG 100%
clusters (indicated with a black arrow) inside HCT116 cells, observing more than four small dark clusters near the
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cell membrane are visible due to the high electronic density of gold. Scale bars correspond to 1 pum and 200 nm,
respectively.

Then, we determined the amount of gold inside the cells by ICP-AES in cells that were
exposed to 10 nM of AuNP@PEG 100% for 2 h and 4 h either irradiated or non-irradiated. Data
show that irradiated cells (AuNP@PEG+Laser) internalized approximately 1.4-fold more Au
when compared to non-irradiated cells (AuNP@PEG) for 4 h of incubation (Figure 3.11). We
hypothesize that the localized heat produced by irradiated AuNP@PEG somehow destabilizes
the lipid bilayer, increasing fluidity and permeability, which allows an increase in the uptake
of pegylated-AuNPs by cells. The creation of hotspots on the cell membrane has been observed
since that influences the permeability of the membrane #0452,
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Figure 3.11 - Au uptake in irradiated and non-irradiated HCT116 cells at 2 h and 4 h. (A) ICP-AES analysis shows
comparable Au uptake at 2 h between non-irradiated and irradiated cells, (B) and an increase of Au uptake in
irradiated cells at 4 h exposed to 10 nM of AuNP@PEG 100%. Statistical differences were not observed between
AuNP@PEG and AuNP@PEG+Laser samples. Data represent the mean value + the standard error of the mean of
an independent experiment with three technical replicates for each.

3.3.6 Proof-of-concept: transfection of nucleic acids via mild photo-
thermy

3.3.6.1 Mild photothermy for pAcGFP1 Nuc Vector transfection in HCT116 cells

Initially, to determine that mild photothermy may be used to transfect nucleic acids,
we used a plasmid that encodes an AcGFP1 optimized for high expression in mammalian cells
(Cat. No 632431, Takara Bio Company). The protein expression can be easily monitored by
fluorescence microscopy upon the accumulation of the AcGFP1 inside the nuclei of the cells.
An efficient plasmid transfection and expression of the encoded protein are crucial to ensure
a suitable and robust starting point to analyze the effect of mild photothermy via Au-nano-
conjugates and visible laser irradiation for transfection.
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In this regard, three main parameters play a key role in the optimization of the trans-
fection of cells with the selected plasmid: cell confluency, pGFP quantity, and AcGFP1 expres-
sion post-transfection '®. First, these parameters were optimized for an efficient plasmid trans-
fection based on the use of Lipofectamine™ LTX with Plus Reagent, a standard commercial
reagent for nucleic acid transfection '®. First, cell confluency was adapted to be between 60%
to 70%, as lower confluency percentages (< 50%) compromise cell transfection due to Lipofec-
tamine™ LTX with Plus Reagent toxicity, and higher confluency (> 80%) reduces the surface
area for an efficient transfection '®. Once the cell confluency was optimized, the quantity of
plasmid (0.25 and 0.5 ug/well) was evaluated. A standard protocol was followed, based on
DMEM without FBS to avoid the interference of the cationic lipids with the serum proteins,
and without antibiotics to minimize cytotoxicity effects derived from the increase of cell per-
meability provided by the cationic lipids. After 4 h or 24 h of cells incubation with Lipo+pGFP
complexes, the cell culture medium was replaced with fresh supplemented DMEM and the
analysis of AcGFP1 expression was performed by fluorescence microscopy at 24 h and 48 h
post-transfection (Figure 3.12).

The impact of plasmid quantity and Lipo+pGFP complexes incubation in HCT116 cells
morphology was also verified. We observed that incubation with Lipo+pGFP complexes for 4
h is adequate to obtain an optimal AcGFP1 expression at 24 h post-transfection, using 0.25 ug
or 0.5 ug of pGFP quantity. Based on these results, we selected 0.25 ug (or less) plasmid quan-
tity for subsequent mild photothermy experiments, using Lipofectamine™ LTX with Plus Re-
agent as a positive control for transfection.
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Figure 3.12 - Optimization of the quantity of pGFP for transfection with Lipofectamine LTX™ Plus Reagent. Fluo-
rescence microscopy images were obtained for each amount of pGFP at (A) 24 h and (B) 48 h post-transfection in
HCT116 cells. The Lipo+pGFP complexes were incubated for 4 h and 24 h in DMEM without FBS and antibiotics.

Scale bars correspond to 50 pm.

Our previous experiments demonstrated that mild photothermy system is non-cyto-
toxic (Figure 3.8 and Figure 3.9) and has a slight effect on cells” membrane verified by the
increase of AuNP@PEG uptake into HCT116 cells at 4 h of incubation (Figure 3.11), which
might improve the permeabilization of the lipid bilayer for plasmid internalization. To trans-
fect pGFP in HCT116 via mild photothermy, AuNP@PEG combined with laser irradiation
were used. Cells were challenged with 10 nM of AuNP@PEG for 4 h at 37°C. Later, the cell
culture medium was replaced with DMEM without phenol red (37°C) and 0.1 ug or 0.25 ug of
pGFP was added for transfection before laser irradiation at 2.37 W/cm? for 60 seconds. The
effect of mild photothermy for transfection of pGFP was evaluated by fluorescence microscopy
at 24 h and 48 h, and compared to Lipofectamine™ LTX with Plus Reagent. Controls of irradi-
ated cells and non-irradiated cells with or without AuNP@PEG were also performed. Figure
3.13 shows the efficient transfection of pGFP using Lipofectamine™ compared to other condi-
tions tested (without AcGFP1 expression).
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Figure 3.13 - Mild photothermy via Au-nanoconjugates combined with laser irradiation for pGFP transfection. Flu-
orescence microscopy images of HCT116 cells transfected with (A) 0.1 ug and (B) 0.25 ug of pGFP at 24 h and 48 h
post-transfection. AcGFP1 expression was observed using Lipofectamine™. Scale bars correspond to 50 pm.

pGFP has an NLS sequence that significantly increases the efficacy of translocation of
AcGFP1 into the nucleus of cells when transfection is well-succeeded. However, this mild pho-
tothermy strategy failed to transfect pGFP efficiently. Transfection of plasmid vectors using
mild photothermy is a challenge owing to several factors, such as plasmid integrity and endo-
somal escape **#*, Primarily, pGFP needs to be near to cell membrane when irradiated AuNPs
could mediate transient membrane disruptions. The effect of mild photothermy might not be
enough to allow large plasmid molecules to pass through the lipid bilayer due to their nega-
tively charged and high molecular weight “*. On the other hand, a lack of endosomal escape
might occur because pGFP failed to reach the nucleus (absence of AcGFP1 expression). For
example, Vermeulen et al. revealed that using a yellow-green (561 nm) low-energy laser irra-
diation or higher-energy pulses and 10 nm spherical AuNPs were not able to induce efficient
plasmid transfection in HeLa cervical adenocarcinoma cell line. One of the main reasons for
transfection failure is plasmid integrity, and they also hypothesize that the pores formed in
the endosomal membrane after heat generation are not large enough to allow the endosomal
escape of plasmid molecules *¥4%,

Despite these challenges, AuNPs have been already used to induce light-triggered en-
dosomal escape and cytosolic delivery of several biomolecules (e.g., proteins, oligonucleo-
tides) 384374%, Based on these previous data, we considered mild photothermy via Au-nano-
conjugates combined with visible light irradiation to enhance transfection of silencing
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moieties, such as ASO. Silencing moieties are often designed to target mRNA in the cytoplasm
and are significantly simpler in structure, which leads to a more effective delivery in the cells
compared to plasmid vectors.

3.3.6.2 Mild photothermy for AcGFP1 silencing in HCT116 cells

To demonstrate that mild photothermy may be used to improve the internalization of
silencing moieties in HCT116 cells, AuNP@PEG and an anti-GFP were used (Figure 3.14).
Firstly, a transient transfection model of HCT116 cells harboring a pAcGFP1 Nuc Vector was
used as described in section 2.2.4. After 4 h of Lipo+pGFP complexes incubation, the cell cul-
ture medium was replaced by DMEM without phenol red, with or without 10 nM of
AuNP@PEG for another 4 h at 37°C. Then, the cell medium was replaced with DMEM without
phenol red at (37°C), and 20 nM of anti-AcGFP1 was added before laser irradiation at 2.37
W/cm?, for 60 seconds. The silencing efficiency between the commercially available Lipofec-
tamine™ RNAIMAX and the mild photothermy mediated by the Au-nanoconjugates was
compared for irradiated and non-irradiated cells, by assessing AcGFP1 expression via RT-
qPCR and fluorescence microscopy. A control with non-irradiated cells incubated with
AuNP@PEG and the anti-AcGFP1 (AuNP@PEG+ASO) was used to verify if the presence of
AuNP@PEG could promote the intracellular delivery of ASO.
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Figure 3.14 - Overall concept of the transfection of anti-GFP mediated by mild photothermy - AuNP@PEG+La-
ser+ASO. (Created with BioRender.com)

76



HCT116 cells transiently expressing AcGFP1 protein were observed in a fluorescence
microscope after 24 h (Figure 3.15A). Due to the high levels of AcGFP1 protein expression
induced by the human cytomegalovirus (CMV) promoter encoded in the pAcGFP1 Nuc Vec-
tor, the silencing effect of the anti-AcGFP1 was masked from a protein fluorescence perspec-
tive. For this reason, the quantification of the silencing effect was performed at mRNA levels
by RT-qPCR, which allows a higher sensitivity and accuracy. RT-qPCR data confirmed the
silencing of AcGFP1 for all conditions tested (Figure 3.15B). Irradiated cells with prior incuba-
tion with AuNP@PEG (AuNP@PEG+Laser+ASO), showed 70% lower AcGFP1 expression
compared to Control (cells without ASO, 224¢t = 1). This silencing effect was slightly more
pronounced than that obtained for the Lipofectamine™ RNAiMAX reagent (approximately
65%). This might be due to irradiation causing the increased uptake of AuNPs, which in turn
allows for a “dragging” effect of the oligonucleotide into the cell %%, Additionally, non-irra-
diated cells with prior incubation of AuUNP@PEG (AuNP@PEG+ASQO) also showed a signifi-
cant decrease (approximately 45%) of AcGFP1 expression compared to control. Still, laser irra-
diation has proven a critical trigger for uptake of the silencing moiety since laser irradiation
with AuNP@PEG (AuNP@PEG+Laser+ASO) reduces expression of AcGFP1 1.8-fold more
than AuNP@PEG alone (AuNP@PEG+ASO).

None of these conditions showed any impact on cell viability as analyzed by the MTS
assay (Figure 3.15C).
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Figure 3.15 - Fluorescence microscopy images of HCT116 cells, RT-qPCR analysis, and cell viability assay. (A) Flu-
orescence microscopy images of HCT116 cells transiently expressing AcGFP1 protein 24 h after silencing experi-

ment in the different conditions tested. Scale bars correspond to 50 pm. (B) AcGFP1 gene expression in different

conditions tested. Gene expression levels were normalized to the cells without anti-AcGFP1 (Control, 2-44¢=1).
Black asterisks indicate statistical differences between samples and Control (*p < 0.05; **p < 0.01; Unpaired para-
metric t-test with Welch’s correction). Data represent the mean value + the standard error of the mean of at least
three biologically independent experiments with two technical replicates for each. (C) Cell viability analysis of the
different samples tested after 24 h of AcGFP1 silencing via MTS assay. The three conditions tested were normalized
to Control. Statistical differences were not observed between all the samples tested with cell control without anti-
AcGFP1 (Control). Data represent the mean value + the standard error of the mean of two biologically independent
experiments with two technical replicates for each.

3.3.6.3 Mild photothermy for copGFP silencing in MCF-7/GFP cells

We then confirmed the robustness of our approach by using a constitutively expressed
GFP model in the MCF-7 breast adenocarcinoma cell line, which has been reported to be more
difficult to transfect with silencing moieties than the colorectal model cell line HCT116 #4442,
The MCE-7 cell line is derived from a pleural effusion acquired from metastatic breast cancer
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and is frequently used as a model of estrogen-positive breast cancer. Besides that, MCF-7 cells
can be addressed as an interesting model for the development of novel therapies against breast
cancer due to their remarkable genetic characteristics, such as chromosomal instability and
clonal heterogeneity “344, Several commercial viral and non-viral transfection reagents have
been reported as suitable for the transfection of nucleic acids in MCF-7 cells '®. However,
MCE-7 cells typically grow in clumps or clusters, which difficult the transfection and the up-
take of the therapeutic cargo due to a lower exposure of the cell’s membrane surface.

Cells were incubated with 10 nM of AuNP@PEG for 4 h at 37°C before irradiation
(AuNP@PEG+Laser+ASO). The cells’ culture medium was replaced with DMEM without phe-
nol red at (37°C) containing 20 nM of anti-copGFP and irradiated at 2.37 W/cm?for 60 seconds.
Irradiated and non-irradiated cells were subsequently incubated for 6 h or 24 h, and copGFP
expression was analyzed by RT-qPCR and fluorescence microscopy at each time-point (Figure
3.16).

A Control without ASO AuNP@PEG+ASO AuNP@PEG+Laser+ASO Lipofectamine+ASO

B Control without ASO

Figure 3.16 - Fluorescence microscopy images of MCF-7 cells constitutively expressing copGFP gene. The different
conditions were tested at (A) 6 h and (B) 24 h after the silencing experiment. Scale bars correspond to 50 um.

Mild photothermy via Au-nanoconjugates (AuNP@PEG+Laser+ASO) significantly re-
duced copGFP expression by 50% at 6 h and 24 h - see Figure 3.17A. This silencing efficacy is
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comparable to that attained for the commercial Lipofectamine™ reagent (Lipofec-
tamine+ASO). The quantitative analysis of CTCF of microscopy images at 6 h and 24 h post-
transfection corroborates the silencing of gene expression. A similar reduction of copGFP pro-
tein expression can be observed at 6 h and 24 h for AuNP@PEG+Laser+ASO and Lipofec-
tamine+ASO - Figure 3.17B. Several reports describe the cytotoxicity of cationic lipid reagents
#5446 Tn fact, our mild photothermy approach for oligonucleotide transfection does not have
an impact on the cells’ viability contrary to Lipofectamine™ reagent — see Figure 3.17C.
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Figure 3.17 - RT-qPCR analysis, CTCF evaluation of the fluorescence microscopy images of MCF-7/ GFP cells, and
cell viability assay. (A) copGFP gene expression in different conditions tested at 6 h and 24 h. Gene expression levels
were normalized to the cells without anti-copGFP (Control). Black asterisks denote statistical differences between
samples and the Control, 244t=1 (*p < 0.05; **p < 0.01; ***p < 0.001; two-way ANOVA - Mixed-effects analysis with
Tukey’s multiple comparison test). Data represent the mean value + the standard error of the mean of at least three
biologically independent experiments with two technical replicates for each. (B) CTCF analysis to evaluate copGFP
protein expression at 6 h and 24 h post-ASO transfection. Statistical differences were not observed between all the
samples tested with cells without anti-copGFP (Control). Data represent the mean value + the standard error of the
mean of two biologically independent experiments with three technical replicates each. (C) Cell viability analysis
of the different samples tested after 6 h and 24 h of copGFP silencing via MTS assay. The three conditions tested
were normalized to control. Statistical differences were observed between the cells treated with Lipofectamine™
(Lipofectamine+ASO) and cells without anti-copGFP (Control) (*p < 0.05; **p < 0.01; ***p < 0.001; two-way ANOVA
- Mixed-effects analysis with Tukey’s multiple comparison test). Data represent the mean value + the standard error
of the mean of at least three biologically independent experiments with two technical replicates each.
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Overall, mild photothermy might trigger modification of the fluidity and permeability
of the cell membrane, potentiating the uptake of ASO against GFP. PTT via visible light irra-
diation and AuNPs as photothermal agents to improve internalization of (bio)molecules are
supported by previous reports of our group ¥¢4%4%4411 Nevertheless, the usage of this approach
was only based on photothermal ablation to enhance the cytotoxic effect of doxorubicin 364%,
metallic compound *, and anti-angiogenic peptide ***. Using photothermal ablation increases
cell death by cell membrane disruption and protein denaturation, while using mild photo-
thermy might improve transfection of nucleic acids, without cytotoxicity. The increase in cell
membrane fluidity enhances cellular uptake and promotes endosomal escape for nucleic acids
release, which altogether potentiate the gene delivery efficacy ?*!. Heinemann et al. demon-
strated a transfection efficiency of 88% of a fluorescent-labeled anti-GFP siRNA, using a 532
nm Nd:YAG microchip laser emitting 850 ps pulses at a repetition rate of 20.25 kHz in ZMTH3
canine pleomorphic adenoma cells stably transfected with pd2-EGFP-N1, while maintaining
a high cell viability %' . This study reported that the effect of 200 nm AuNPs nonspecifically
attached to the cell membrane combined with single laser pulses allows for membrane perme-
abilization. Compared to other laser types used for photoporation (e.g., femtosecond pulsed
laser and nanosecond pulsed laser), CW lasers have been described as creating pores on the
cell membrane based on localized heating. The increase in the temperature that changes the
membrane dynamics can induce cell membrane permeability, leading to the transfection of
exogenous molecules “7,

We consider that our mild photothermy strategy could lead to the development of a
universal methodology to enhance the delivery of (therapeutic) nucleic acids (vectorized or
not with AuNPs), whereas further studies of the thermal adaption of cellular membrane and

the exact cellular mechanisms of internalization are required.

3.4 Conclusions

In this chapter, we synthesized and characterized spherical AuNPs with a core diameter
of 12 nm, successfully functionalized with PEG for enhanced stability and biocompatibility.
Photothermal experiments demonstrate that AuNPs are remarkable photothermal agents that
can efficiently generate heat under green laser irradiation. These Au-nanoconjugates display
similar heat generation, but AuNP@PEG 100% exhibits greater stability across different ionic
strengths and media conditions. Cytotoxicity and viability assays reveal that AuUNP@PEG with
or without irradiation do not affect cell viability and cell membrane integrity. Still, a slight
increase in membrane permeability is observed using LDI 2.37 W /cm? for 60 seconds, which
might indicate a mild hyperthermia effect in HCT116 cells. Additionally, AuNP@PEG show
higher cellular uptake in irradiated cells compared to non-irradiated cells after 4 hours, possi-
bly due to the localized heating effect that might enhance membrane permeability.
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Later on, we have shown that mild hyperthermia via Au-nanoconjugates and green laser
irradiation continues to be a challenge for transfection of plasmid vectors, but it might be a
safer and non-cytotoxic alternative to conventional transfection methods, for the delivery of
(therapeutic) nucleic acids, enabling precise spatiotemporal control over laser irradiation.
Herein, we presented two refined methods as proof-of-concept, demonstrating that our mild
photothermy approach achieved comparable gene silencing to that of a commercial Lipofec-
tamine™ reagent but with less cytotoxic effect on the MCF-7/GFP cells. Given that spherical
AuNPs are recognized as effective vectors for delivering silencing moieties (e.g., ASO, siRNA,
miRNA), we will further explore the internalization of ASO-functionalized AuNPs via mild
photothermy in 2D models and their application in more complex 3D tumor models (sphe-
roids) for c-MYC oncogene silencing (Chapter 4).
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4

MILD PHOTOTHERMY TRIGGERED ASO
DELIVERY FOR GENE SILENCING OF c-MYC
ONCOGENE

Data enclosed in this chapter were originally published in the following issue and I was re-
sponsible for AuNPs and Au-nanoconjugates synthesis and characterization, laser irradiation
and gene silencing experiments, immunofluorescence assays, cell cytotoxicity assessment,
gene expression assays and statistical analysis.

Ferreira, D., Fernandes, A.R. & Baptista, P.V. Mild hyperthermia via gold nanoparticles and

visible light irradiation for enhanced siRNA and ASO delivery in 2D and 3D tumour sphe-
roids. Cancer Nano 15, 19 (2024). https:/ / doi.org/10.1186 / s12645-024-00256-4
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4.1 Introduction

Gene therapy holds great potential to silence genes involved in tumor development
and metastasis, such as c-MYC proto-oncogene. In fact, the literature reported that some piv-
otal oncogenes drive the uncontrolled growth and proliferation of cancer cells 14141, Gene
silencing has been proposed as a powerful tool to silence target oncogenes, relying on TNAs
(e.g., siRNA or ASO) to improve cancer therapeutics. However, its widespread application has
limitations based on the delivery of naked nucleic acids (e.g., poor selectivity, off-target effects,
and low circulation time due to the actuation of nucleases) **2. Ideally, these agents should be
vectorized into target cells with maximal transfection efficiency and minimal toxicity, prefer-
ably with spatiotemporal control over the uptake 4545,

Nanomedicines have emerged as cutting-edge tools to tackle cancer cells, where prom-
ising strategies for gene silencing involve nanoparticles to effectively deliver nucleic acids that
might enable precise control over gene expression through RNAi and ASO mechanisms.
AuNPs have paved the way for an efficient delivery of silencing moieties due to their ease of
functionalization with ASO while minimizing off-target effects and immune responses, and
their ability to fine-tune their size, shape, and surface properties '4*2. Moreover, AuNPs offer
the possibility of spatiotemporal triggering of cell uptake through light irradiation due to their
unique optical properties. For instance, Braun et al. reported that hollow gold nanoshells con-
jugated with siRNA and Tat peptides for cellular uptake were trapped within endosomes,
which could escape upon exposure to a pulsed NIR laser, allowing the release of siRNA into
the cytosol **.

Although widely used in cancer research, 2D models fail to fully replicate the complex-
ity of the in vivo environment, driving the demand for novel targeted therapies. To bridge the
gap between experimental assays and patient tumor responses, more advanced and physio-
logically relevant models have been developed 2474, 3D models recapitulate the in vivo TME
to closely resemble tumor growth and progression, which are necessary to better evaluate
therapeutic responses **4°, The formation of cell-to-cell and cell-matrix interactions in 3D cell
cultures (e.g., multicellular tumor spheroids and organoids) is a pivotal link between 2D cul-
tures and animal models “'42, Spheroids are excellent in vitro 3D models that can mimic the
structure of tumors owing to the formation of a gradient of nutrients, oxygen, pH, and metab-
olism products, and can also recreate some of their mechanisms, such as hypoxia and acidosis
49463464 Recent studies reported that 3D tumor models exhibit similar spatial organization,
gene and protein expression patterns, signaling pathways activation status, and drug re-
sistance mechanisms to those observed in vivo >4,

Herein, we used visible light irradiation to enhance the internalization of ASO-func-
tionalized AuNPs, enabling controlled and increased oligonucleotide delivery into 2D cell cul-
tures and 3D tumor spheroids for targeted c-MYC gene silencing (Figure 4.1).
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Figure 4.1 - Overview of the general concept for intracellular delivery of silencing nucleic acids in 3D tumor sphe-
roid. The localized irradiation promotes nanoparticle uptake and effective delivery of ASO for gene silencing -
triggered by mild hyperthermia. (Created with BioRender.com)

4.2 Materials and Methods

4.2.1 AuNP and Au-nanoconjugates synthesis and characterization

AuNP and Au-nanoconjugates were synthesized, functionalized, and characterized as
described in section 2.2.1 (Chapter 2).

AuNPs with a 30% coverage of PEG (AuNP@PEG 30%) were prepared and subse-
quently functionalized with a thiolated stem-looped ASO complementary to the c-MYC tran-
script (GenBank NM_002467.5; AuNP@c-MYC) and a scramble oligonucleotide (AuNP@scram-
ble) as a control, as previously described by our group %42 ASO were added at a 1:150 AuNP:
oligonucleotide proportion (as optimized by Oliveira et al.) after thiol reduction with 0.1 M of
DTT and subsequent purification using a NAP-5 desalting column, according to the manufac-
turer’s instructions *2. First, the ionic strength of the solution of AuNPs with the purified oli-
gonucleotides was gradually increased. The Au-nanoconjugates were incubated for
20 minutes with 10 mM phosphate buffer pH = 8, 2% SDS (AGE I), to a final concentration of
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10 mM phosphate buffer (pH = 8) and 0.01% (w/v) SDS. Then, 10 mM phosphate buffer pH =
8, 1.5 M Na(l, 0.01% SDS (AGE II) was added in appropriate volumes to a final concentration
of 10 mM phosphate buffer (pH = 8), 0.05 M NaCl and 0.01% (w/v) SDS. Serial additions of
AGE II were performed to attain final concentrations of 0.1, 0.2, and 0.3 M of NaCl. After each
AGE addition, a step of 10 seconds of ultrasounds and 20 minutes of incubation under agita-
tion were performed. At last, the final solution was incubated for 16 h at RT under agitation,
and the excess oligonucleotides were removed by two centrifugations at 15500 g for 1 h at 4°C
and washed twice with diethylpyrocarbonate (DEPC)-treated water. The number of ASO func-
tionalized to the nanoparticles’ surface was inferred from the quantification of single-stranded
DNA in the supernatants using a Nanodrop spectrophotometer, considering the initial
amount of ASO added. The stability of the AuUNP@PEG 30% and AuNP@ASO were measured
by using 1 nM of the Au-nanoconjugates incubated in DMEM without phenol red for 24 h at
37°C.

4.2.2 Laser irradiation in HCT116 2D cells

HCT116 2D cells were plated at a density of 2x10* cells/well in a 96-well plate and
incubated for 24 h at 37°C in a 99% humidified atmosphere and 5% (v/v) CO,. After 24 h, the
cells were challenged with AuNP@ASO and AuNP@PEG in DMEM without phenol red to
evaluate c-MYC expression at different time points: 6 h, 9 h, 12 h, and 24 h. The concentration
of ASO was 50 nM (0.39 nM of AuNP@c-MYC and 0.45 nM of AuNP@scramble), using 0.39 nM
and 0.45 nM of AuNP@PEG 30% as controls - AuNP@PEG M and AuNP@PEG §, respectively,
as previous selected and optimized by Oliveira et al. 2. Following the initial assessment, the 9
h incubation period was selected for further experiments. Then, cells were irradiated after 4 h
of Au-nanoconjugates incubation with a CW 532 nm green DPSS laser coupled to an optical
fiber under (LDI 2.37 W/cm?) for 60 seconds. Controls without irradiation, with or without
AuNPs, were also prepared. Total RNA was extracted, and an MTS assay was performed. The
effect of visible irradiation in the internalization of AuUNP@ASO for c-MYC silencing was eval-

uated via RT-qPCR and Immunofluorescence assay.

4.2.3 Laser irradiation in HCT116 3D spheroids

For 3D colorectal tumor spheroids, HCT116 2D cells were seeded at a density of 5x10°
cells/well in an ultra-low attachment 96-well plate. HCT116 3D spheroids were grown for 3-
and 7- days in DMEM at 37°C, under standard culture conditions, and monitored with Ti-U
Eclipse inverted microscope, and Feret’s diameter was analyzed using Image] software %%,

To determine the cell number, spheroids were dissociated through a 30 minute incubation

86



with TrypLE™ Express, followed by centrifugation at 500 g for 5 minutes. Cells were counted
via the Trypan Blue exclusion method %4, According to the same ratio of ASO per cell, the
3- and 7-days 3D spheroids were challenged with 25 nM and 60 nM of ASO, respectively (0.19
nM and 0.47 nM of AuNP@c-MYC; as controls, 0.23 nM and 0.54 nM of AuNP@scramble, re-
spectively) in DMEM without phenol red. AuNP@PEG 30% was used for control of AuNP@c-
MYC (0.19 nM and 0.47 nM - AuNP@PEG M) and AuNP@scramble (0.23 nM and 0.54 nM -
AuNP@PEG S). Upon 4 h, HCT116 3D spheroids were irradiated as described above for
HCT116 2D cells. Following 9 h of AuNP@ASO and AuNP@PEG incubation, total RNA was
extracted, and LDH assay and LIVE/DEAD Viability / Cytotoxicity assay were performed. The
effect of visible irradiation in the internalization of AuUNP@ASO for c-MYC silencing was eval-

uated with RT-qPCR and Immunofluorescence assay.

4.2.4 Immunofluorescence assay in HCT116 2D cells/3D spheroids

HCT116 2D cells were fixed with 4% paraformaldehyde for 20 minutes, then washed
three times with PBS and permeabilized with 0.1% Triton™-X 100 in PBS for 5 minutes.
HCT116 3D spheroids were fixed with 4% paraformaldehyde for 1 h, then washed three times
with PBS and subsequently permeabilized using 0.1% Triton-X™ 100 in PBS for 30 minutes.
Cells were incubated with 7.5 ug/mL of Hoechst 33258 for 15 minutes and the spheroids were
incubated for 45 minutes, then washed three times with PBS and the blocking was performed
with 1% BSA in PBS with 0.1% Tween® 20 (PBST) for 1 h. Next, cells and spheroids were
incubated overnight at 4°C with the primary antibody - anti-rabbit c-MYC antibody (1:200
dilution). After incubation, cells and spheroids were washed three times with PBST, cells were
incubated for 1 h at RT with the secondary antibody - FITC-conjugated anti-rabbit antibody
(1:500 dilution), whereas the spheroids were incubated for 3 h. The cells and spheroids were
subsequently washed three times with PBST and visualized in PBST using a Ti-U Eclipse in-
verted microscope. Images were acquired using the DAPI emission filter (excitation at 360/40
nm and emission at 460/50 nm) and FITC emission filter (excitation at 480/30 nm and emis-
sion at 535/40 nm). Fluorescence microscopy images were analyzed using Image] software
459467 For fluorescence quantification, CTCF was determined using the Equation 3.1 (Chapter
3) for 2D cells, and the Equation 4.1 for spheroids #>4%.
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CTCF = Integrated density of spheroid — (Area of spheroid X
Background mean fluorescence) (Equation 4.1)

4.2.5 Cell cytotoxicity

Cell cytotoxicity assessment via MTS and LDH assays were performed as described in
section 2.2.6 (Chapter 2).

LIVE/DEAD Viability / Cytotoxicity assay was performed to assess the impact of visi-
ble irradiation after the c-MYC silencing experiment in HCT116 3D spheroids. Following the
9 h of silencing, the irradiated and non-irradiated spheroids were washed with PBS and incu-
bated with 1 uM of Calcein AM and 2 uM of Ethidium homodimer-1 (EthD-1) in PBS for ap-
proximately 45 minutes, at 37°C in a 99% humidified atmosphere and 5% (v/v) CO.. Fluores-
cence microscopy images were acquired by a Ti-U Eclipse inverted microscope using a FITC
emission filter (excitation at 480/30 nm and emission at 535/40 nm) and G2A emission filter
(excitation at 535/50 nm and emission >590 nm). Fluorescence microscopy images were ana-
lyzed using Image] software, and for fluorescence quantification, CTCF was determined using
Equation 4.1. The ratio between Calcein AM and EthD-1 was performed to evaluate viabil-
ity / cytotoxicity.

4.2.6 Gene expression analysis

The analysis of c-MYC gene expression was performed via RT-qPCR as described in
section 2.2.7 (Chapter 2).

4.2.7 Statistical analysis

Data were analyzed using GraphPad Prism 8.0 (GraphPad Software, San Diego, USA).
One-way ANOVA with Tukey’s multiple comparison test, and unpaired parametric t-test with
Welch’s correction were used to evaluate differences between groups. They were considered
statistically significant at p-value < 0.05. Data are the mean value of at least three independent
assays with at least two technical replicates, and the errors are calculated by the standard error

of the mean.
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4.3 Results and discussion

4.3.1 Synthesis and characterization of Au-nanoconjugates

AuNPs with 30% of PEG coverage were functionalized with ASO complementary to

the c-MYC transcript (AuNP@c-MYC) and with scramble control, with a sequence without any

target on the human genome (AuNP@scramble). Characterization of AuNP@Citrate and
AuNP@PEG 30% by UV-Vis shows a maximum LSPR peak at 519 nm and 520 nm, respec-
tively, and functionalization with ASO resulted in an additional slight red shift of the LSPR

peak to 522 nm (Figure 4.2). It was denoted an increase in the average hydrodynamic diame-

ters of Au-nanoconjugates upon functionalization with ASQ, 35.7 (+ 0.2) nm for AuNP@c-MYC

and 35 (+ 0.2) nm for AuNP@scramble (Table 4.1).
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Figure 4.2 - Normalized absorbance UV-Vis spectra of AuNP and Au-nanoconjugates, and the hydrodynamic size
distribution of AUNP@ASO measured via DLS in water. (A) UV-Vis spectra of AuNP@Citrate and AuNP@PEG
30%. (B) UV-Vis spectra of AuNP@PEG 30%, AuNP@c-MYC and AuNP@scramble. (C) UV-Vis spectra of AuNP@c-
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MYC. (D) UV-Vis spectra of AuNP@scramble. Hydrodynamic size distribution of (E) AuNP@c-MYC and (D)
AuNP@scramble by DLS. The peak observed in each data set indicates the monodispersity of the colloidal AuNP.

Table 4.1 - Physicochemical characteristics of AuNP and Au-nanoconjugates measured by DLS, {-potential (at
pH=6), and their PDI and ratio AuNP/ASO functionalized.

AuNP Hydrodynamic diameter  (-potential  PDI Ratio AuNP/ASO (1:150)
AuNP@Citrate 164 +0.1 -371+£05  0.170 -
AuNP@PEG 30% 21.1+0.3 -70.7+3.1  0.282 -
AuNP@c-MYC 35.7+0.2 -741+23 0199 1:129
AuNP@scramble 35.0+0.2 -782+54  0.237 1:111

A stability assay in DMEM was performed to verify the stability of the Au-nanoconju-
gates in a supplemented cell culture medium. AuNP@PEG 30% and AuNP@ASO were incu-
bated in DMEM without phenol red for 24 h at 37°C (Figure 4.3). The UV-Vis spectra show a
LSPR peak at 520 nm for AuNP@PEG 30% and 522 nm for AuNP@c-MYC and AuNP@scramble
at 0 h. After 24 h of incubation, it was denoted a slight red shift of the LSPR peak to 525 nm of
the Au-nanoconjugates, which does not compromise the optical features of AuNP as photo-
thermal agents. This slight shift of the LSPR peak might be derived from the formation of
protein corona on the nanoparticles surface, owing to the presence of FBS in DMEM.
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Figure 4.3 - Normalized UV-Vis spectra of Au-nanoconjugates incubated in DMEM without phenol red at 37°C. (A)
UV-Vis spectra of AuNP@PEG 30%, B) UV-Vis spectra of AuNP@c-MYC, and (C) UV-Vis spectra of AuNP@scram-
ble in supplemented cell culture medium at 0 h and 24 h.

4.3.2 Optimization of c-MYC gene silencing

We evaluated the efficacy of the mild photothermy combined with AuNP@c-MYC in
silencing the frequently overexpressed c-MYC oncogene. In fact, c-MYC is a suitable target for
gene silencing concepts for eventual gene therapy approaches since this proto-oncogene is a
well-known transcription factor involved in cell cycle homeostasis and often dysregulated in
cancer cells #'4%, and several studies have reported its efficacious silencing by ASO vectorized
by AuNPs ¥6452469470 A]] conditions tested and the amount of ASO used in silencing experi-
ments were described in section 4.2. We first optimized the c-MYC silencing at different time
points (6 h, 9 h, 12 h, and 24 h) in HCT116 2D cells with AuNP@c-MYC, using AuNP@PEG
30% and AuNP@scramble as controls. An effective decrease of c-MYC expression of approxi-
mately 70% was observed at 9 h, which was then selected for subsequent experiments (Figure

4.4).
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Figure 4.4 - Evaluation of c-MYC expression using RT-qPCR at different time points in HCT116 2D cells. HCT116
2D cells were challenged with AuNP@c-MYC or AuNP@scramble to evaluate c-MYC gene silencing. The fold change
was calculated between AuNP@c-MYC and AuNP@scramble (ratio) with the c-MYC expression values normalized
to the respective AuNP@PEG 30% control. AuNP@scramble was used as a control to analyze the effect of ASO in c-
MYC expression. Data represent at least two biologically independent experiments with two technical replicates
each.

This evaluation allowed the identification of the ideal time point for the more pro-
nounced gene silencing. Initially, c-MYC expression is triggered as a response to the challenge
with nanoparticles, as reported in the literature. After this moment, the silencing starts to be
noticed. Cell division and consequent nanoparticles “dilution” per cell, causes a recovery of c-
MYC expression, which usually returns to normal levels at 24 h 42

4.3.3 Mild photothermy for c-MYC silencing in HCT116 2D cells

Cells were challenged for 9 h with the Au-nanoconjugates and laser irradiation was
conducted 4 h post Au-nanoconjugate challenge. Cell viability was assessed by the MTS Assay,
c-MYC gene expression was analyzed by RT-qPCR, and the ¢-MYC protein expression was
evaluated by Immunofluorescence. The c-MYC silencing was compared between irradiated
cells incubated with AuUNP@c-MYC (AuNP@c-MYC+Laser) and non-irradiated cells incubated
with AuNP@c-MYC. Total RNA was extracted from all conditions tested after 9 h and RT-
qPCR analysis confirmed the silencing of the c-MYC gene in AuNP@c-MYC and AuNP@c-
MYC+Laser samples.

Figure 4.5A shows the significant reduction of c-MYC expression (25% of gene silenc-
ing compared to untreated cells Control, 224t = 1). This silencing effect was higher than that
obtained for AuNP@c-MYC alone (approximately 20%). Mild photothermy alone or combined
with Au-nanoconjugates has a slight impact on cell viability. A small decrease in cell viability
upon 9 h of silencing is observed when combined with mild photothermy, which might be
attributed to the downregulation of c-MYC itself, which would have an impact on cell prolif-
eration (Figure 4.5) 471472,
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Figure 4.5 - RT-qPCR analysis and cell viability assay in HCT116 2D cells. (A) RT-qPCR to evaluate ¢-MYC gene
expression at 9 h in different conditions tested. Gene expression levels were normalized to respective Controls.
Black asterisks indicate statistical differences between AuNP@c-MYC+Laser and their respective AuNP@PEG con-
trol (left) and with Control (right) (**p < 0.01; ns - not statistically significant; Unpaired parametric t-test with
Welch’s correction). Data represent the mean value + the standard error of the mean of at least three biologically
independent experiments with two technical replicates each. (B) Cell viability analysis of the different samples
tested after 9 h of c-MYC silencing via MTS assay. The seven conditions tested were normalized to untreated cells
(Control). Statistical differences were observed between Control+Laser, AuUNP@PEG+Laser, and AuNP@c-MYC
with Control. Black asterisks indicate statistical differences between samples and the Control (*p < 0.05; **p < 0.01;
***p < 0.001; One-way ANOVA - Mixed-effects analysis with Tukey’s multiple comparison test). Data represent the
mean value + the standard error of the mean of at least three biologically independent experiments with two tech-
nical replicates each.

The quantitative analysis of CTCF of fluorescence microscopy images shows a reduc-
tion of -MYC protein expression corroborating the data attained for the mild photothermy
using AuNP@c-MYC (Figure 4.5). We denoted a ¢-MYC protein expression 10% lower in
AuNP@c-MYC+Laser sample compared to AuNP@c-MYC (Figure 4.6). Fluorescence micros-
copy images of all conditions tested are presented in Figure 4.7.
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Figure 4.6 - CTCF evaluation of c-MYC protein expression by Immunofluorescence assay of HCT116 2D cells. CTCF
analysis via Immunofluorescence assay to evaluate c-MYC protein expression at 9 h of gene silencing. Black aster-
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AuNP@PEG control (left), and with Control (right) (*p < 0.05; **p < 0.01; Unpaired parametric t-test with Welch's
correction). Data represent the mean value + the standard error of the mean of two biologically independent exper-
iments with three technical replicates each.
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4.3.4 Mild photothermy for c-MYC silencing in HCT116 3D spheroids

Spheroids are 3D cell models that more closely resemble the in vivo behavior of cell
growth than the standard 2D monolayer culture “%473474 These cell models are appropriate for
large-scale screening and display enhanced recapitulative potential of the in vivo TME, includ-
ing the 3D architecture of tissues, cell-to-cell and cell-matrix interactions, cell polarization, gra-
dient dynamics (e.g., formation of oxygen, nutrient and pH gradients), de novo ECM deposi-
tion and growth kinetics >¥°#77. As such, we used HCT116 3D spheroids models for a final
proof-of-concept for c-MYC silencing. We select 3- and 7-day spheroids owing to their differ-
ences in functional characteristics (e.g., size and structure, metabolic gradients, and gene and
protein patterns).

The formation of three distinct cell layers with different functions and metabolic activ-
ity is expected in spheroids with more than 500 um in diameter: a highly proliferative external
layer, a quiescent intermediate layer, and an internal necrotic core #%4624%4, Spheroids of 3 days
are smaller and contain more proliferative cells in their layers than 7-day spheroids, which are
larger in diameter, more compact, and might show a hypoxic or necrotic core surrounded by
proliferating cells in the outer layers. Also, it was expected that 3-day spheroids would have
higher cell viability than 7-day spheroids. The inner layer “core” of 7-day spheroids has lim-
ited oxygen and nutrient diffusion, which could lead to hypoxia or necrosis **#%. In the liter-
ature, it is reported that gene and protein expression patterns change over spheroids’ growth
474, For instance, our group reported that hypoxia-inducible factors (e.g., HIFA gene/HIF-1a.)
are more expressed after 4 days of HCT116 3D spheroid growth *°. Overall, 3-day spheroids
could be more representative of early TME and tumor formation, which are useful to study
initial cell-cell and cell-ECM interactions, whereas 7-day spheroids could better mimic a com-
plex TME and are often used to explore mechanisms of action and cellular responses, includ-
ing drug internalization assays 0349460478479,

We first evaluated the number of cells in 3- and 7-day spheroids and their respective
size (Figure 4.8).
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Figure 4.8 - HCT116 3D spheroids growth for 3 and 7 days. (A) Evolution of cell number for 0, 3, and 7 days of
spheroids growth. Data represent the mean value + the standard deviation of at least four independent spheroids.
(B) Spheroid’s size of 3 and 7 days. At least 40 independent spheroids were measured using Feret’s diameter. Data
represent the mean value and the min to max value for the diameter size of spheroids. (C) Brightfield microscopy
images of 3- and 7-day spheroids. The scale bar corresponds to 300 pm.

As expected, the cell density increases during spheroids’ growth, which is concordant
with a consistent linear increase observed by Valente ef al. . The spheroid’s size was meas-
ured, showing an average diameter of 540 + 24 um for 3-day spheroids and 616 + 34 pm for 7-
day spheroids. Our results are similar to those attained in recent reports of our group, in which
compacted spheroids presented a diameter greater than 500 um upon 2 days of growth 4%,

Following the growth of spheroids for 3- or 7- days, they were challenged with Au-
nanoconjugates and c-MYC silencing was evaluated as described above for 2D cell cultures,
with the same ratio of ASO per cell previously selected. The impact on the viability of the
spheroids was assessed using the LIVE/DEAD Viability / Cytotoxicity assay and the LDH as-
say.

Figure 4.9 highlights the effective silencing of the c-MYC for the mild photothermy
conditions in 7-day spheroids (AuNP@c-MYC+Laser), with a 30% reduction in the gene ex-
pression of c-MYC. Also, statistically significant differences between AuNP@c-MYC+Laser
and AuNP@c-MYC highlight the effect of laser irradiation (photothermy) to potentiate c-MYC
silencing - Figure 4.9B. Interestingly, our mild photothermy did not show the same pro-
nounced reduction of c-MYC expression in the 3-day spheroids. This might be because 3-day
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spheroids are actively proliferating, where c-MYC is continuously being positively induced
459476480 Still, there is a reduction of 5% in AuNP@c-MYC+Laser samples in 3-day spheroids -
Figure 4.9A.
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Figure 4.9 - RT-qPCR analysis of c-MYC gene silencing in 3- and 7-day HCT116 3D spheroids. c-MYC gene expres-
sion at 9 h of gene silencing in (A) 3-day spheroids and (B) 7-day spheroids. Gene expression levels were normalized
to the respective Controls. Black asterisks indicate statistical differences between AuNP@c-MYC+Laser and their
respective AuNP@PEG control (left), and with Control (right) for 7-day spheroids (*p < 0.05; **p < 0.01; ns - not
statistically significant; Unpaired parametric t-test with Welch’s correction). Data represent the mean value + the
standard error of the mean of at least three biologically independent experiments with two technical replicates for
each.

To validate the RT-qPCR data, the quantitative analysis of CTCF by fluorescence mi-
croscopy denotes a slight decrease of c-MYC protein expression between AuNP@c-MYC and
AuNP@c-MYC+Laser in 3-day spheroids (10% and 20%, respectively) - Figure 4.10A. A 20%
reduction in ¢-MYC expression could be observed for the mild photothermy in 7-day sphe-
roids compared to Control, which confirms the potential of mild photothermy - Figure 4.10B.
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Fluorescence microscopy images of all conditions tested are presented in Figure 4.11 and Fig-

ure 4.12.
A
5 3
g 1.5 g 15
o (8]
2 s
1] 1] ns ns
2 a 1.0 » 2 1.0 |
29 83 — —
g 8o
3y 3
2 0
ST 0.5+ EE 0.5-
[ O 5
] 8
g s
f oo £ oo , ,
= = AuNP@c-MYC  AuNP@c-MYC+Laser
&
&
\;
\,9
B P— P—
£ 1.5+ £ 1.5+
5 S
o (8]
2810 2210
g_ e g_ 4
58 58
o g o8
$5 057 £3 0.5
33 33
8 2
g s
£ 0.0 £ 0.0 T T
= =~ AuNP@c-MYC  AuNP@c-MYC+Laser
Q‘o
Q@
\;
v.\)

Figure 4.10 - CTCF evaluation of c-MYC protein expression in 3- and 7-day HCT116 3D spheroids. CTCF analysis
of Immunofluorescence assay evaluates c-MYC protein expression at 9 h after gene silencing in (A) 3-day spheroids
and (B) 7-day spheroids. Black asterisks indicate statistical differences between AuNP@c-MYC+Laser and their
respective AUNP@PEG control (left) and were not observed with Control (right) (*p < 0.05; **p < 0.01; ns - not
statistically significant; Unpaired parametric t-test with Welch’s correction). Data represent the mean value + the
standard error of the mean of two biological independent experiments with three technical replicates for each.
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The impact of c-MYC silencing on cell viability in non-irradiated and irradiated sphe-
roids was assessed by LIVE/DEAD Viability / Cytotoxicity assay and LDH assay. The ratio
between Calcein AM and EthD-1 was calculated since the living cells active intracellular es-
terase to cleavage the cell-permeant Calcein AM to intensely fluorescent Calcein (Live cells),
and EthD-1 is a cell-impermeant that enters in cells with compromised membranes (Dead
cells). Irradiated 3-day spheroids show a compromise cell membrane as indicated by the sta-
tistically significant decrease to the Calcein AM/EthD-1 ratio, 1.4-fold, and 2-fold for
AuNP@PEG+Laser and AuNP@c-MYC+Laser more than Control, respectively — Figure 4.13A.
In 7-day spheroids, a slight reduction to the Calcein AM/EthD-1 ratio in AuNP@PEG+Laser
and AuNP@c-MYC+Laser (around 1.2-fold more) compared to Control is observed although
without statistical significance - Figure 4.13B. Fluorescence microscopy images of all condi-
tions tested are presented in Figure 4.14 and Figure 4.15.

-

o
]

-

o
]

>
L
-
i
>
]

e
2]
1

Calcein AM/ EthD-1
(normalized values to Control)
*
*
Calcein AM/ EthD-1
(normalized values to Control)
o
0
1

0.0 T T T T

Figure 4.13 - Cell viability /cytotoxicity assay of 3- and 7-day HCT116 3D spheroids. Cell viability / cytotoxicity
evaluation of the different samples tested after 9 h of ¢-MYC silencing via LIVE/DEAD Viability/ Cytotoxicity
assay of (A) 3-day spheroids and (B) 7-day spheroids. Scale bars correspond to 300 mm. The seven conditions tested
were normalized to untreated cells (Control). Statistical differences were observed between AuUNP@PEG+Laser and
AuNP@c-MYC+Laser with Control in 3-day spheroids. Black asterisks indicate statistical differences between sam-
ples and the Control (*p < 0.05; ns - not statistically significant; Unpaired parametric t-test with Welch's correction).
Data represent the mean value + the standard error of the mean of two biologically independent experiments with
three technical replicates each.
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Figure 4.14 - Fluorescence microscopy images of 3-day HCT116 3D spheroids by Live/DEAD Viability /
Cytotoxicity assay. Seven conditions were tested after 9 h of silencing experiment in 3-day spheroids. Scale

bars correspond to 300 um.
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Figure 4.15 - Fluorescence microscopy images of 7-day HCT116 3D spheroids by Live/DEAD Viabil-
ity / Cytotoxicity assay. Seven conditions were tested after 9 h of silencing experiment in 7-day spheroids.
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These observations are corroborated by those attained by the LDH assay, where 3-day
spheroids showed a 3-fold and 3.3-fold higher LDH activity for AuNP@PEG+Laser and
AuNP@c-MYC+Laser compared to Control (Figure 4.16A) and in 7-day spheroids were ob-
served approximately 1.7-fold more than Control (Figure 4.16B). These observations are con-
cordant with previous reports using AuNPs or other photothermal agents with laser irradia-

tion 481-483
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Figure 4.16 - LDH activity analysis after 9 h of c-MYC silencing via LDH Assay in 3- and 7-day HCT116 3D sphe-
roids. The seven conditions tested were normalized to untreated cells (Control) and LDH maximum Release Con-
trol as Positive Control. Statistical differences were observed between Control+Laser and AuNP@c-MYC+Laser
with Control in 3-day spheroids; AuNP@c-MYC+Laser with Control in 7-day spheroids. Black asterisks indicate
statistical differences between samples and the Control (*p < 0.05; **p < 0.01; ns - not statistically significant; Un-
paired parametric t-test with Welch's correction). Data represent the mean value + the standard error of the mean
of two biological independent experiments with three technical replicates for each.

Few studies have reported the combination of laser irradiation and AuNP for gene
silencing in a 3D spheroids model %44, Small gold nanoparticles seem to penetrate more than
larger AuNPs, indicating that internalization into spheroids depends on the size of AuNPs
452485, Huang et al. developed a pulsed NIR light-based technique for the spatiotemporal control
of gene silencing in 3D-cultured human embryonic stem cells, using siRNA covalently at-
tached to hollow gold nanoshells . Interestingly, 3-day spheroids were more sensitive to lo-
calized heat compared to 7-day spheroids, which reinforces the need for the characterization
of spheroid size and structure, cells-cells contact, and TME modifications to allow comparison
between gene silencing studies with AuNP@ASO combined with photo-irradiation.
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4.4 Conclusions

Herein, we demonstrated for the first time the effective silencing of c-MYC via mild
photothermy in colorectal carcinoma 3D spheroids. The AuNP@PEG were successfully func-
tionalized with ASO, and their stability remains in biological conditions, as well as their
unique optical properties. We first verified the effective gene silencing of the c-MYC gene at 9
h in HCT116 2D cells using Au-nanoconjugates. Then, we proved that the use of low concen-
trations of Au-nanoconjugates combined with an LDI 2.37 W/cm? for 60 s allows for enhanced
cell uptake. Our results highlight the enhancement of ¢-MYC silencing in HCT116 2D cells and
7-day 3D spheroids due to the proposed mild photothermy to improve the internalization of
AuNP@c-MYC.

The complexity of 3D cell growth showed that there is a clear difference in sensitivity
of 3-day spheroids to localized heat compared to 7-day spheroids, which reinforces the rele-
vance of correlating data of gene silencing and cell viability considering the volume of the
spheroids and respective cell number/density. These outcomes are important for tailoring
novel therapeutic strategies that can enhance gene silencing efficacy and provide more accu-
rate in vitro models for cancer research. Overall, our findings offer an efficient approach for
the delivery of nucleic acids effectors triggered by mild hyperthermia that might enable spa-
tiotemporal control of gene modulation in 2D and 3D cancer models for gene therapy appli-
cation.
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5

MEMBRANE-LOCALIZED MAGNETIC
HYPERTHERMIA FOR TRANSFECTION OF
NUCLEIC ACIDS

Data enclosed in this chapter was originally published in the following issue, and I was re-
sponsible for the transfection of nucleic acids and gene silencing experiments, cell viability
assessment, gene expression assays, and statistical analysis. Synthesis and characterization of
MNPs, and optimization of the introduction of azide reporters on the surface of MCF-7 cells
and SPAAC reaction with MNPs@PMAO@PEG@DBCO were performed by Javier Idiago-
Lépez from Instituto de Nanociencia y Materiales de Aragén, INMA (CSIC-Universidad de
Zaragoza) and Centro de Investigacién Biomédica en Red de Bioingenierfa, Biomateriales y
Nanomedicina (CIBER-BBN), Spain.

Idiago-Lépez, ]., Ferreira, D., Asin, L., Moros, M., Armenia, 1., Grazy, V., Fernandes, A. R., de
la Fuente, J. M., Baptista, P. V., & Fratila, R. M. Membrane-localized magnetic hyperthermia
promotes intracellular delivery of cell-impermeant probes. Nanoscale, 16(32), 15176-15195
(2024). https:/ /doi.org/10.1039/ d4nr01955e
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5.1 Introduction

Cell transfection is described as the incorporation of exogenous nucleic acids into target
cells and as a valuable tool for the modulation of gene function or gene products with prom-
ising therapeutic prospects for many diseases linked to genetic disorders 7% RNAi technol-
ogy and genome and gene editing tools allow the manipulation of DNA and edit gene se-
quences, regulate gene expression, and reconfigure chromatin structure, thus modulating spe-
cific traits in the target cells’ phenotype 1°>1%. In particular, siRNA and ASO have been exten-
sively used to target specific mRNA in the cells’ cytoplasm to suppress protein translation **.
The efficacy of target moieties depends on the capability to penetrate the cell membrane and
avoid intracellular enzymatic degradation or lysosomal entrapment. Transfection of nucleic
acids may be achieved via many different approaches, including viral vectors *°, physical **
or chemical (e.g., lipids) methods ', but all have disadvantages (e.g., cell toxicity, loading
efficiency, or cell specificity) ¥ Furthermore, transfection reproducibility and efficiency vary
greatly with the cell line or the method used **.

Advances in materials science and nanotechnology in the past decades have put forward
a range of nanomaterials as tools for the transport and delivery of (therapeutic) nucleic acids
1% This is due to the singular properties that certain nanomaterials exhibit in terms of inherent
biocompatibility, easy internalization in cells, protection against nuclease degradation, or their
ability to respond to external stimuli (e.g., light, magnetic field) to release the cargo “**.
MNPs have been widely exploited for diverse biomedical applications, including imaging,
drug delivery, theranostics, separation, and therapeutic hyperthermia %%, Magnetic hyper-
thermia is based on the ability of certain magnetic materials to generate heat when exposed to
an AMF and has been extensively used mostly in cancer therapy %, but also for controlled
drug release ** and remote control of cellular functions**”. MNPs mediate the conversion of
the electromagnetic energy from the AMF to thermal energy via different mechanisms such as
hysteresis losses, Néel and Brownian relaxation; the heat dissipated by MNPs depends highly
on their intrinsic physico—chemical properties (size, shape, composition, anisotropy), as well
as on their environment (medium viscosity, aggregation effects) and on the amplitude and
frequency of the AMF 50850,

While MNPs have been widely exploited for magnetic-field guided delivery of nucleic
acids, a technique known as magnetofection 2263310312 the localized heating that takes place
in the vicinity of the nanoparticle surface when they are exposed to an external AMF has not
been used for transfection purposes. Idiago-Lépez et al. recently described the covalent immo-
bilization of MNPs on living cell membranes using SPAAC, one of the most powerful reactions
in the bioorthogonal chemistry arsenal °. In this case, azide artificial chemical reporters are
introduced on the cell membranes through metabolic glycoengineering and can react with
MNPs functionalized with cyclooctyne probes to yield stable triazole adducts. Metabolic gly-
coengineering offers the advantage of a dose-dependent expression of chemical reporters (by
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carefully tuning the concentration of the azide metabolic precursor and the incubation times)

and can be applied to virtually any cell line >*°.
Herein, I shall demonstrate the utility of membrane-localized magnetic hyperthermia
via immobilized MNPs for nucleic acids transfection into cancer cells and compare to a stand-

ard commercial reagent.

5.2 Materials and Methods

5.2.1 MNPs synthesis and characterization

MNPs synthesis and characterization, water transfer, and functionalization with PEG-
NH, and DBCO-NH, were performed as described in 2.2.2 section (Chapter 2).

5.2.2 Metabolic glycoengineering and MNPs immobilization on the
cell membrane

Introduction of azide reporters on the surface of MCF-7 cells and SPAAC reaction with
MNPs@PMAO@PEG@DBCO were performed following the conditions previously optimized
in a previous work by Idiago-Lépez et al. .

5.2.3 Plasmid Transfection with Lipofectamine™ LTX with Plus Rea-
gent

The plasmid transfection in MCF-7 cells was performed as described in section 2.2.4
(Chapter 2).

5.2.4 Magnetic hyperthermia-mediated transfection in MCF-7 and
MCE-7/GFP cells

MCEF-7 and MCF-7/GEFP cells were seeded in a 24-well plate at a density of 1.5x10°
cells/well and 2.5x10* cells/well for 24 h, respectively. MCE-7 cells were transfected transi-
ently with pAcGFP1 Nuc Vector (carried out as described in section 2.2.4). Subsequently, cells
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were treated with 100 uM of Ac;ManNAz for 48 h before proceeding to magnetic hyperther-
mia experiments. After 48 h of incubation with Ac;ManNAz, cells were washed twice with
PBS and incubated for 10 minutes with MNP@PMAO@PEG@DBCO (10 nge/ mL) in DMEM
without FBS at 37°C. Cells were subjected to two additional washes with PBS, detached with
Versene™ solution, centrifuged, and resuspended in a fresh medium. The cell suspension was
introduced into an adapted glass vial of 2 mL, 12 x 32 mm in size, suitable for the magnetic
hyperthermia equipment, and 20 nM anti-AcGFP1 was added. The AMF (23.9 kA /m, 418 kHz)
was applied for 30 minutes with five-minute pulses and 60-second pauses between pulses,
using an magnetic hyperthermia applicator (D5 Series device). As a control for gene silencing
experiments, transfection with Lipofectamine™ RNAiMAX was used, according to the manu-
facturer’s instructions. Following transfection, cells were counted and seeded in a 96-well plate
for cell viability assay and in a 24-well plate for fluorescence microscopy and RNA extraction,
and grown under standard cell culture conditions.

AcGFP1 and copGFP expression was verified by fluorescence microscopy following 24
h and 48 h of gene silencing experiment. 48 h post-transfection incubation, total RNA was
extracted, and the efficiency of transfection for AcGFP1 silencing was evaluated by RT-qPCR,
and by RT-qPCR and fluorescence microscopy for copGFP silencing. The images were ana-
lyzed using Image] software and for fluorescence quantification, CTCF was determined using
Equation 3.1 (Chapter 3).

5.2.5 Cells transfection with Lipofectamine™ RNAiMAX Reagent

The transfection of anti-AcGFP1 and anti-copGFP in MCF-7 and MCF-7 / GFEP cells, re-
spectively, was performed as described in section 2.2.5 (Chapter 2).

5.2.6 Cell viability post-transfection

Cell viability assessment via MTS assay was performed as described in section 2.2.6
(Chapter 2).

5.2.7 Gene expression analysis

The analysis of gene expression of AcGFP1 and copGFP via RT-qPCR was performed
as described in section 2.2.7 (Chapter 2).
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5.2.8 Statistical analysis

Data were analyzed using GraphPad Prism 8.0 (GraphPad Software, San Diego, USA).
Unpaired parametric t-test with Welch’s correction was used to evaluate differences between
groups. They were considered statistically significant at p-value < 0.05. Data are the mean
value of at least three independent assays with at least two technical replicates, and the errors
are calculated by the standard error of the mean.

5.3 Results and Discussion

5.3.1 MNPs functionalization with strained alkynes

The MNPs used in this work were 13 nm spherical iron oxide MNPs with carboxylic
acid surface functionality, obtained following the methodology previously described and op-
timized by Fratila et al. and Moros et al.®>3®. The polymer coating the MNPs - poly(maleic
anhydride-alt-1-octadecene), PMAO - was modified using a fluorescent dye, tetramethylrho-
damine 5-(6)- carboxamide (TAMRA) cadaverine, to allow MNP tracking in vitro by fluores-
cence microscopy ***!1. The PMAO-coated MNPs, having carboxyl acid groups on their sur-
face, were then functionalized with strained alkynes in a two-step process, by firstly introduc-
ing an amino-poly(ethylene glycol) (PEG) derivative to improve the colloidal stability of the
MNPs, followed by the incorporation in a second step of a dibenzocyclooctynylamine (DBCO)
derivative bearing a short ethylene glycol chain, to yield MNPs@PMAO@PEG@DBCO, as de-
scribed in a previous work >, This strategy was chosen due to the hydrophobic character
of the DBCO derivative, which leads to a loss of the colloidal stability of the MNPs if the func-
tionalization is attempted directly on the MNPs@PMAOQ %2,

The preparation and physico-chemical characterization of these MNPs are reported in
a recent work by Idiago-Lépez et al. ; however, relevant characterization data are provided

in Figure 5.1 for the specific batches employed in this work.
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Figure 5.1 - Physico-chemical characterization of MNPs. (A) TEM images and size distribution histograms of the
hydrophobic MNPs obtained by thermal decomposition (MNPs@Oleic acid) and the hydrophilic MNPs after pol-
ymer coating (MNPs@PMAO). (B) Field-dependent magnetization of the two types of MNPs. (C) Hydrodynamic

diameters and -potential values of the MNPs@PMAO, MNPs@PMAO@PEG and MNPs@PMAO@PEG@DBCO in
water.

The heating efficiency of the MNPs@PMAO@PEG@DBCO, expressed in terms of SLP
(defined as the power generated per gram of magnetic material) ' was measured at different
AMF amplitudes and frequencies (Figure 5.2), yielding a maximum value of approximately
100 W/ gFe at a frequency (f) of 445 kHz and a field amplitude (H) of 16.9 kA/m (AMEF con-
ditions within the H x f safety limit of 5 x 10° A m/s established by Hergt and Dutz %), deter-
mined in an aqueous suspension at a concentration of 1 mgr./mL. Noteworthy, the heating
efficiency of these MNPs determined in a suspension prepared in supplemented cell culture
medium was very similar to the one obtained in water, suggesting that the slightly higher
viscosity of the supplemented cell culture medium had no impact on the SLP values. The SLP
measurements described above were performed at a relatively high MNPs concentration, ten
times higher than the one used for previous cell membrane immobilization experiments (100
USFe /mL)*3. At low concentrations, MNPs can continue to generate heat locally under the ap-
plication of an AMF with suitable parameters, although a variation in the temperature of the
medium in which they are dispersed is no longer detected.
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Figure 5.2 - Heating properties of MNPs. SLP measurements of MNPs@PMAO@PEG@DBCO (1 mgpe/ mL) in H,O
(A) and supplemented DMEM (B) at a field amplitude of 16.9 kA /m and different frequencies. (C) Comparison of
SLP values in H,O and supplemented DMEM. Results represent the mean + standard deviation of two different
measurements.

5.3.2 Expression of azide bioorthogonal reporters on cell membranes

As mentioned in the Introduction, for the immobilization of MNPs on living cell mem-
branes using the SPAAC reaction, cells must be engineered to express artificial azide reporters
on their surface, while MNPs should be decorated with strained alkynes.

For the labeling of cell membranes with azides, we used the sialic acid metabolic path-
way to incorporate these chemical reporters into the glycocalyx. Metabolic glycoengineering
relies on the use of a biosynthetic precursor containing an azide functional group, typically
Ac,ManNAz. This synthetic molecule is taken up by cells and efficiently hydrolyzed to N-a-
azidoacetylmannosamine (ManNAz) by cytosolic esterases. ManNAz is then converted to si-
alic acid via five enzymatic steps and conjugated to the end of the sugar chains, displaying
end azide reporter groups . It is worth mentioning that the introduction of azide reporters
on cell membranes can be achieved in a controlled manner, by adjusting the concentration of
the azide precursor and/ or the incubation time *>°%. Indeed, Idiago-Lépez et al. demonstrated
this dose-dependent expression of azide groups on the membrane of MCF-7 cells (Figure 5.3),
and established the optimal conditions of 48 h of incubation with Ac;sManNAz at a concentra-
tion of 100 uM ',
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Figure 5.3 - Scheme of the metabolic engineering approach. Expression of azide bioorthogonal reporters on cell
surfaces (left) and confocal fluorescence microscopy images of MCEF-7 cells treated with Ac;sManNAz for 48 h, fol-
lowed by 30 minutes of incubation with 20 uM of DBCO-sulforhodamine B (right). Red: DBCO-sulforhodamine B.

Blue: DAPI (nuclei staining). Scale bar: 50 pm. (Created with BioRender.com)

5.3.3 Transfection of nucleic acids via membrane-localized magnetic
hyperthermia

After Idiago-Lopez et al. confirmed the potential of cell membrane-localized magnetic
hyperthermia to induce changes in the membrane fluidity and favor the internalization of im-
permeant exogenous molecules (YO-PRO®-1) without detrimental effects on cell viability, we
sought to extend its use to a specific biomedical application, namely cell transfection >'*. We
propose the use of MNPs as “hotspots” able to induce changes in the fluidity of cell membrane
and promote the transient transfection of silencing moieties in MCF-7 cells. We considered the
MCEF-7 cell line a relevant model for developing a novel transfection method based on local-
ized magnetic hyperthermia and cell surface engineering through bioorthogonal chemistry .

Probing the effect of localized magnetic hyperthermia for the transfection of silencing
moiety into azide-labeled cells requires the selection of a target protein that can be easily quan-
tified with biomolecular techniques (e.g., fluorescence microscopy and RT-qPCR) and whose
suppression does not compromise cell viability, such as GFP 751, For this purpose, we
demonstrated that our strategy could enhance the transfection of anti-AcGFP1 targeting a
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transiently expressed AcGFP1 gene in MCF-7 cells and anti-copGFP targeting a constitutively
expressed copGFP in MCF7 / GFP cells. An overview of the general concept for cell membrane-
localized magnetic hyperthermia-mediated transfection using MNPs immobilized on the cell
membrane via SPAAC bioorthogonal chemistry is represented in Figure 5.4.
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Figure 5.4 - Overview of the general concept for cell membrane-localized magnetic hyperthermia-mediated trans-
fection of anti-GFP - MNPs+N3;+MH+. (Created with BioRender.com)

5.3.3.1 Membrane-localized magnetic hyperthermia for AcGFP1 silencing in MCEF-7 cells

Optimization of the conditions for cell transfection experiments was performed in
MCEF-7 cells co-transfected with pAcGFP1 Nuc Vector, regarding the main parameters (cells
confluency, plasmid quantity) and Lipofectamine™ LTX with Plus Reagent standard protocol,
as described in section 2.2.4. The analysis of AcGFP1 expression was performed by fluores-
cence microscopy at 24 h and 48 h post-transfection (Figure 5.5). Results revealed a minimal
AcGFP1 expression using 0.25 ug of plasmid for the three time-points tested. However, by
increasing the plasmid concentration to 0.5 and 1 ug, each expression rate was almost double
when compared to the previous one, confirming a plasmid dose-dependent transfection effi-
ciency. Concentrations above 1 ug of plasmid were discarded because of the inherent toxicity
of the Lipofectamine™ LTX with Plus Reagent (the higher the plasmid concentration, the
higher the concentration of reagent is required) and to ensure a cost-effective experiment, due
to the high price of the transfection reagent.
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Concerning fluorescence microscopy images, green cells were counted in four aleatory images,
and we determined that using 1 ug of plasmid we could estimate the transfection efficiency of
approximately 28%. These results indicate that the optimal AcGFP1 expression was reached
with 1 pg of plasmid, and then we selected 48 h post-transfection to perform membrane-local-
ized magnetic hyperthermia due to the prior incubation with azide groups for 48 h, which was
previously optimized by Idiago-Lépez et al. .

A 0.25 ug 0.5 ug

Figure 5.5 - Optimization of the quantity of pGFP (0.25, 0.5, and 1 pug) for MCF-7 cell transfection using Lipofec-
tamine™ LTX with Plus Reagent. Fluorescence microscopy images were obtained for each amount of pAcGFP1

Nuc Vector at (A) 24 h and (B) 48 h post-transfection. Scale bars correspond to 50 um.

For magnetic hyperthermia silencing experiments (Figure 5.6), MCE-7 cells transiently
expressing AcGFP1 were incubated with Ac;ManNAz for 48 h before magnetic hyperthermia
to provide them with artificial azide reporters for the click immobilization of MNPs on the
membrane, as determined by Idiago-Lépez et al. '°. Hereafter cells were incubated with
MNPs@PMAO@PEG@DBCO (at 10 pgr./mL for 10 minutes) and the AMF (23.9 kA/m and
418 kHz) was applied for 30 minutes with pulses (each pulse with a duration of five minutes,
with sixty seconds pause between pulses). The transfection efficiency was compared with a
positive control using LipofectamineTM RNAiMAX reagent under the same experimental

conditions of magnetic hyperthermia samples. Moreover, control experiments using cells
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transfected with Ac,ManNAz treatment, and incubated with MNPs, but without magnetic hy-
perthermia application (MNPs+ N;+MH-) were used to verify if the presence of MNPs could
promote the intracellular anti-AcGFP1 delivery. AcGFP1 silencing was followed for all the con-
ditions tested using fluorescence microscopy, 24 h and 48 h after magnetic hyperthermia-me-
diated transfection (Figure 5.7A, B). After 48 h, RNA was extracted and expression analysis by
RT-qPCR confirmed the effectiveness of magnetic hyperthermia on the silencing of AcGFP1
(Figure 5.7C).
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Figure 5.6 - Scheme of the experimental design used to evaluate the nucleic acids transfection via magnetic hyper-
thermia in MCF-7 cells expressing GFP, labeled with azide groups. (Created with BioRender.com)

The results obtained for anti-AcGFP1 transfection via magnetic hyperthermia confirm
the effect of MNPs+N;+MH+ (50% of AcGFP1 silencing) on the transfection of silencing oligos
comparable to Lipofectamine™ RNAIMAX reagent (Figure 5.7C). In addition,
MNPs+N;+MH- sample has a slight reduction of AcGFP1 expression compared to Control
(cells without anti-AcGFP1), indicating the potential of localized magnetic hyperthermia for
transfection. Besides, for the magnetic hyperthermia-treated cells (MH+), although there were
no statistical differences in the effect observed between cells expressing azide reporters (Ns+)
and cells without azides (N-), expression of AcGFP1 for MNPs+N;+MH+ was 5% lower than
for MNPs+N3;-MH+. This confirms that the non-specific attachment of MNPs to cells without
azide groups on the membrane also contributes to permeabilization and promotes the intra-
cellular delivery of anti-AcGFP1 by AMF. Finally, cells (both N3+ and N;-) incubated with
MNPs but without magnetic hyperthermia application do not show significant inhibition of
the expression of AcGFP1.
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One of the most important limitations of the commercially available transfection meth-
ods are their impact on cell viability, with many reports describing the cytotoxicity of cationic
lipid reagents *°" or the impact of electroporation on cell viability 5. For this reason, once
the efficiency of the transfection and the silencing of the AcGFP1 gene was demonstrated, the
impact on cell viability was assessed. Lipofectamine™ RNAiIMAX was found to induce a sta-
tistically significant reduction of cell viability around 25%, which was not observed for mag-
netic hyperthermia-treated cells (MNPs+N;+MH+) (Figure 5.7D).
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Figure 5.7 - Fluorescence microscopy images of MCE-7 cells, RT-qPCR analysis, and cell viability assessment 48 h
post-transfection. Fluorescence microscopy images (A) 24 h and (B) 48 h after magnetic hyperthermia experiment
for the different conditions tested. Scale bars correspond to 50 pm. (C) RT-qPCR to evaluate AcGFP1 gene expres-
sion in different conditions tested. Expression levels were normalized to unchallenged cells (Control, 2-44¢t=1).
Black asterisks indicate statistical differences between MNPs+Ns;+MH+ and Lipofectamine with the Control (*p <
0.05; unpaired parametric t-test with Welch's correction). Data represent the mean value + the standard error of the
mean of three biologically independent experiments with two technical replicates for each. (D) Cell viability
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analysis of the different samples tested after magnetic hyperthermia via MTS assay. The statistical difference be-
tween Lipofectamine sample and the other conditions is represented (*p < 0.05; **p < 0.01; ns — not statistically
significant; unpaired parametric t-test with Welch's correction). Data represent the mean value + the standard error
of the mean of at least three biologically independent experiments with two technical replicates each.

5.3.3.2 Membrane-localized magnetic hyperthermia for copGFP silencing in MCF-7/GFP
cells

Afterward, we proved our magnetic hyperthermia-mediated transfection in MCF-7
cells constitutively expressing copGFP, and copGFP silencing was followed 24 h and 48 h after
magnetic hyperthermia, by fluorescence microscopy (Figure 5.8).

A Control MNPs+ N3+ MH- MNPs+ N+ MH+ Lipofectamine
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S i~

Figure 5.8 - Fluorescence microscopy images of MCF-7 cells constitutively expressing copGFP gene. Fluorescence
microscopy images at (A) 24 h and (B) 48 h after magnetic hyperthermia experiment in the different conditions
tested.

The results obtained were similar to the ones attained in MCF-7 cells transiently ex-
pressing AcGFP1 and reveal that in cells with MNPs attached to the membrane via click chem-
istry and exposed to AMF (MNPs+N;+MH-+), copGFP expression was 40% lower (Figure 5.9A).
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This silencing was comparable with that obtained using the commercial Lipofectamine™
RNAIMAX, but without cytotoxicity (Figure 5.9C).

Moreover, in the absence of AMF (MNPs+N;+MH-), no statistically significant reduc-
tion of copGFP expression was observed compared to Control (cells without anti-copGFP), in-
dicating the potential of localized magnetic hyperthermia for transfection in MCF7 / GFP cells
(Figure 5.9A). The quantitative analysis of CTCF of fluorescence microscopy images from the
48h post-magnetic hyperthermia transfection, demonstrated a statistically significant differ-
ence between MNPs+N;+MH+ and Lipofectamine samples with the Control for reduction of
copGFP protein expression (Figure 5.9B), confirming the effect of gene silencing.
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Figure 5.9 - RT-qPCR analysis, CTCF evaluation of the fluorescence microscopy images of MCF-7/GFP, and cell
viability assay. (A) copGFP gene expression after 48 h post-transfection in the different samples tested. The gene
expression levels were normalized to the Control. Black asterisks indicate statistical differences between
MNPs+N;+MH+ and Lipofectamine with the Control, 2-*4“=1; (**p < 0.01; *p < 0.05, respectively; ns — not statisti-
cally significant; unpaired parametric t-test with Welch's correction). Data represent the mean value + the standard
error of the mean of three biologically independent experiments with two technical replicates for each. (B) CTCF
analysis to evaluate copGFP protein expression at 48 h post-transfection. Black asterisks indicate statistical differ-
ences between MNPs+N3;+MH+ and Lipofectamine with the Control (*p < 0.05; ns — not statistically significant;
unpaired parametric t-test with Welch’s correction). Data represent the mean value + the standard error of the mean
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of three biologically independent experiments with two technical replicates for each. (C) Cell viability analysis of
the different samples tested after magnetic hyperthermia via MTS assay. The statistical difference between Lipofec-
tamine sample and the other conditions is represented (*p < 0.05; **p < 0.01; ns — not statistically significant un-
paired parametric t-test with Welch's correction). Data represent the mean value + the standard error of the mean
of at least three biologically independent experiments with two technical replicates each.

These results confirmed that the MNPs immobilized on the cell membrane acted as
“hotspots” under an AMF, inducing localized heating and triggering an increase in the fluidity
of the membrane, which enhances the transfection of exogenous molecules °'°. The effect ob-
served might reached its maximum when the cell membrane glycocalyx was labeled with az-
ides, as the density of “hotspots” generated on the membrane was the highest among all dif-
ferent conditions tested. This new transfection method can attain similar efficiencies of trans-
fection compared to the gold standard Lipofectamine™ RNAIMAX without cellular cytotoxi-
city.

Overall, results suggest the modulation of the cell membrane permeability and fluidity
based on the so-called “hotspot” behavior of the MNPs. These findings are supported by a
recent report based on the effect of the localized increase in temperature in the immediate
environment of individual MNP deposited on a model cell membrane upon the application of
the AMF °2. The use of magnetic hyperthermia as a stimulus for inducing membrane perme-
abilization has also been documented by Alvarez-Berrios et al., who proved that Caco-2 colo-
rectal adenocarcinoma cell line subjected to magnetic fluid hyperthermia using iron oxide car-
boxymethyl dextran nanoparticles showed a higher sensitivity to cisplatin therapy than in the
case of a similar temperature increase (41°C) induced by hot water hyperthermia, an effect
attributed to an increase of cell membrane fluidity favoring the passive transport of the drug
across the membrane 2. However, in this report the MNPs were not immobilized onto the
membranes of living cells but suspended in the cell culture medium. On the other hand, Hu-
langamuwa et al. found that the use of internalized MNPs in U937 pro-monocytic cell line
(derived from histiocytic lymphoma) and the application of very short pulses (200 ps) of an
inhomogeneous magnetic field at a frequency of 30.9 kHz favored the internalization of a
model drug (doxorubicin) due to the change in membrane permeability %, Nonetheless,
this phenomenon did not stem from the “hotspot” effect of the MNPs and might be caused by
the transmission of ultrasonic frequency sound waves resulting from the translational motion
of MNPs within the applied magnetic field.

5.4 Conclusions

In this chapter, we validated the successful transfection of nucleic acids into MCE-7 cells
(transiently or stably expressing GFP) and the subsequent GFP silencing through the applica-
tion of localized heating generated by MNPs immobilized on cell membranes, with similar
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levels compared to Lipofectamine™ RNAiMAX reagent, but without affecting cell viability.
This approach addresses some of the challenges associated with standard transfection meth-
ods, providing a safer method for improving the delivery and action of (therapeutic) nucleic
acids, with spatiotemporal control through the application of an AMF.

This on-demand modification of cell membrane permeability will allow the magnetic
hyperthermia—mediated intracellular transport of biologically relevant (bio)molecules, drugs,
and nanomaterials, promoting direct intracellular delivery and thus overcoming traditional
endocytosis pathways and avoiding endosomal entrapment. Moreover, cell surface engineer-
ing with artificial chemical reporters such as the azide groups and the nanoparticles immobi-
lization via bioorthogonal chemistry could provide a universal tool for intracellular delivery,
applicable practically to any cell line and nanoparticle type. Considering this, we will further
explore the membrane-localized magnetic hyperthermia for transfection of a siRNA against
IDO1 gene, an immunomodulatory gene involved in TME, in cells difficult to transfect (THP-
1 cell line as a DCs-model) - Chapter 6.
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6

TRANSFECTION OF SIRNA AGAINST IDO1
GENE VIA MAGNETIC HYPERTHERMIA IN
THP-1-DERIVED-DCS

The work presented in this chapter is being prepared for submission (Heat up, Silence On:
IDO1 gene silencing in THP-1-derived Dendritic Cells triggered by Magnetic Hyperthermia).
I was responsible for the differentiation and characterization of THP-1 cell line in DCs, char-
acterization of cell membrane labelling, siRNA transfection and gene silencing experiments,
cell viability assessment, gene expression assays and statistical analysis. The optimization of
THP-1 cells differentiation in DCs and expression and characterization of azide groups were
performed with the help of Laura Asin, the synthesis and characterization of
MNPs@PMAO@PEG@CO were performed by Javier Idiago-Lépez, both from Instituto de
Nanociencia y Materiales de Aragén, INMA (CSIC-Universidad de Zaragoza) and Centro de
Investigaciéon Biomédica en Red de Bioingenierfa, Biomateriales y Nanomedicina (CIBER-
BBN), Spain.

123



6.1 Introduction

DCs have been used in vitro and in vivo studies, and in clinical trials as primary targets
for autoimmune disorders, infectious diseases, allergy, and cancer **!. Primary DCs are ex-
tremely difficult to manipulate in vitro and in vivo owing to the lower number of cells obtained
52, Over the years the identification of different maturation stages and phenotypes of DCs
have been explored, but their specific characteristics and functions in a specific biological sys-
tem still require a better understanding °*%. Hence, monocytes or other bone marrow-de-
rived stem cells, and myeloid leukemia-derived cell lines have been used as DCs precursors
for isolation and differentiation in vitro to increase knowledge of the role of DCs in cancer
immunomodulation %%, DCs have been employed for the development of vaccine delivery
systems, gene therapy, and cancer immunotherapy strategies. For instance, electroporation %%
52 and viral approaches 5% are the most common transfection methods for DCs, but still
present limitations (e.g., low transfection efficiency and cytotoxicity) 5*. Since DCs are difficult
to transfect, alternative non-viral nanoscale approaches, such as organic and inorganic nano-
particles, must be addressed to improve gene delivery %%,

IDOL1 is a cytosolic heme-containing enzyme that plays a key role in the degradation
of tryptophan to kynurenine and in the modulation of innate immune responses *7°%. Recent
findings suggest that IDO-expressing DCs in cancer contribute to immune tolerance by sup-
pressing the function of effector T and NK cells, while promoting the expansion of Treg cells
and MDSCs %452, Nevertheless, silencing of IDO1 gene in DCs represents a powerful novel
strategy in gene therapy due to their ability to regulate T cells function and activation. For
instance, immature DCs (iDCs) and mature DCs (mDCs) have an essential function in the
TME, decreasing T cells activity owing to the induction of immune suppression that promotes
tumor progression and survival >°%,

The delivery of TNAs, such as siRNA, shRNA, and ASO has been reported as a proper
strategy to silence specific intracellular targets to overcome tumor development and metasta-
sis >, No single transfection approach for delivering TNAs suits all cell types and experi-
mental goals. The optimal transfection strategy is determined by many factors, such as: i) the
origin of cells; ii) the type of nucleic acids to be transfected; iii) the transfection efficiency; iv)
the host-cells cytotoxicity; v) the experimental budget, and vi) the availability of required fa-
cilities '*. Subsequently, innovative, less cytotoxic, and more effective approaches for siRNA
delivery into DCs compared to commercial transfection reagents or electroporation methods
are required 5451,

Previously, we demonstrated that cell membrane-localized magnetic hyperthermia en-
hances the transfection of anti-GFP, effectively silencing the GFP gene in the MCF-7 breast
adenocarcinoma cell line (Chapter 5). In this chapter, we applied this strategy in more difficult
to transfect cells, such as DCs derived from THP-1 acute monocytic leukemia cell line as
model, for the delivery of siRNA targeting IDO1 that could enhance immunomodulation for
cancer therapeutics. The general concept for magnetic hyperthermia-mediated transfection
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using MNPs immobilized on the cell membrane of THP-1-derived DCs is represented in Fig-

ure 6.1.
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Figure 6.1 - Schematic overview of the magnetic hyperthermia—mediated siRNA transfection. The magnetic nano-
heaters (MNPs functionalized with cyclooctyne) were attached to the membrane of THP-1-derived DCs previously
exposed to metabolic glycoengineering to express unnatural azide bioorthogonal reporters. Upon application of
the AMEF, the localized changes in cell membrane fluidity were used for intracellular delivery of siRNA to silence

the IDO1 gene.

6.2 Materials and Methods

6.2.1 MNPs synthesis and characterization

MNPs synthesis and characterization, water transfer, and functionalization with PEG-
NH, and CO-NH, were performed as described in 2.2.2 section (Chapter 2).
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6.2.2 THP-1 acute monocytic leukemia cell line differentiation in THP-
1-derived DCs

For differentiation of THP-1-derived iDCs, 2x10° cells/mL of THP-1 were grown in
RPMI supplemented with 25 ng/mL of recombinant human Interleukin 4 (rh IL-4) and recom-
binant human Granulocyte Macrophage Colony-Stimulating Factor (th GM-CSF). Cells were
incubated for five days at 37°C, under standard cell culture conditions and the culture medium
of THP-1-derived iDCs was replaced every two or three days, supplemented with 25 ng/mL
of IL-4 and GM-CSF. For THP-1-derived mDCs, 2x10° cells/mL of THP-1-derived iDCs were
grown in culture medium without FBS, supplemented with 25 ng/mL of rh IL-4 and rh GM-
CSF, 200 ng/mL of Ionomycin and 25 ng/mL of recombinant human Tumor Necrosis Factor
a (rh TNF-a) for three days at 37°C, 5% (v/v) CO, and 99% of relative humidity. After this
incubation period, the THP-1-derived mDCs culture medium was replaced with RPMI sup-
plemented with FBS and respective growth factors %2554,

6.2.3 Characterization of the expression of cell membrane receptors

The expression of each specific membrane receptor was measured using suitable mon-
oclonal antibodies conjugated with phycoerythrin (PE). In a microfuge tube, 2x10° cells were
placed with PBS supplemented with 10% FBS and the respective monoclonal antibody: Mon-
oclonal IgG1 (Isotype Control), Monoclonal CD80 (costimulatory molecule CD24), Monoclo-
nal CD83 (signal of maturation) and CD86 (costimulatory molecule CD24); incubated for 30
minutes at 4°C, in a dark room. At last, cells were centrifuged to remove the supernatant,
washed twice and resuspend in PBS. Flow cytometry was analyzed on an Attune® Acoustic
Focusing Flow Cytometer and Attune® Cytometric software. The fluorescence of PE
(ALps 488 nm / Aery 575 Nm) was acquired using filter BL2 (excitation and emission range wave-
lengths of 488 nm and 561 to 587 nm, respectively).

6.2.4 Cell membrane labeling in THP-1 cells and THP-1-derived DCs

6.2.4.1 Expression and characterization of azide groups

Cells were seeded at a density of 1.5x10° cells/ well on a 24-well plate in supplemented
RPMI and incubated with 10, 20, 50, and 100 uM of Ac;ManNAz for 48 h at 37°C, under stand-
ard cell culture conditions. Upon incubation, cells were washed twice with DPBS (PBS with
extra Ca?* and Mg?"). Then, cells were incubated for 30 minutes at 37°C in serum-free RPMI
containing 20 uM DBCO-PEG,5/6-Sulforhodamine B. Cells without Ac;ManNAz pre-
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treatment were used as control. Lastly, the cells were washed twice, resuspend in PBS and
analyzed by flow cytometry. The fluorescence of Sulforhodamine B (A, 568 nm /A, 585 nm)
corresponding to red fluorescence, was acquired using filter BL2 (excitation and emission
range wavelengths of 488 nm and 561 to 587 nm, respectively).

6.2.4.2 Interaction of MNPs with cells treated and non-treated with Ac;sManNAz

6.2.4.2.1 Confocal Microscopy

Cells were seeded at a density of 1.5x10° cells/well on 12 mm coverslips treated with
0.01 % (v/v) of poly-L-lysine solution inside a standard 24-well plate and incubated with 100
UM of AcsManNAz for 48 h at 37°C, under 5% CO, and 99% relative humidity. Following 48
h, cells were washed twice with DPBS and incubated with 20 uM of DBCO-PEG,-5/6-TAMRA
as control to ensure the correct expression of azide groups on the cell membrane, and with 100
ugre/ mL of MNPs for 30 minutes; or 10 pgr./mL of MNPs for 10 minutes, in RPMI without
FBS at 37°C. Control experiments were also performed using cells without Ac,ManNAz pre-
treatment. After this step, cells were swiftly washed twice with DPBS and fixed with 4 % (v/v)
of paraformaldehyde for 20 minutes at RT and under light protection. After fixation, cells were
washed twice with PBS and stained for 15 minutes at RT with 7.5 ug/mL of Hoechst 33258.
Then, two more washing steps with PBS were performed and the coverslips were mounted on
glass microscope slides using ProLong™ Glass Antifade Mountant. Confocal microscopy im-
ages were acquired using a Confocal Microscope Zeiss LSM 710 with a 40x oil immersion ob-
jective. TAMRA and Hoechst fluorophores were laser excited at 561 and 405 nm, respectively.
Laser intensity and sensitivity values were optimized and maintained constant for each image
capture for the samples with the same amount of fluorophore. Z stack images were obtained
with a 1024 x 1024 resolution and analyzed with the Image] software.

6.2.4.2.2 Flow Cytometry

Cells were seeded at a density of 1.5x10° cells/well in 24-well plates and incubated
with 100 uM of Ac;ManNAz for 48 h at 37°C, under standard cell culture conditions. After 48
h, cells were then washed twice with DPBS. Samples were incubated for 10 minutes with 10
ugre/ mL of MNPs in RPMI without FBS. Control experiments were also carried out using cells
without Ac;ManNAz pre-treatment, and as positive control cells were incubated for 30
minutes at 37°C with 20 uM of DBCO-PEG;-5/6-TAMRA. Cells were washed twice with PBS
and resuspended in PBS and analyzed by flow cytometry. The fluorescence of TAMRA (A,
560 nm /A, 565 nm) corresponding to red fluorescence, was acquired using filter BL2 (excita-
tion and emission range wavelengths of 488 nm and 561 to 587 nm, respectively).
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6.2.5 Magnetic hyperthermia-mediated transfection in THP-1-derived
DCs

THP-1-derived DCs cells were seeded at a density of 3x10° cells/ well and treated with
100 pM of Ac;ManNAz before the magnetic hyperthermia experiment for 48 h at 37°C, under
5% CO, and 99% relative humidity. After 24 h, 10 ng/ul of LPS was added to cells to induce
expression of IDO1 gene. Following 48 h with Ac,;ManNAz treatment, cells were washed twice
with PBS and incubated for 10 minutes with 10 pgg./ mL of MNPs in RPMI without FBS. Then,
cells were washed twice with PBS, centrifuged, and resuspended in fresh supplemented me-
dium. The cells suspension was introduced into the adapted glass vial suitable for the mag-
netic hyperthermia equipment, and 20 nM of siRNA complementary to IDO1 mRNA (Gen-
Bank NM_002164.6) was added. Magnetic hyperthermia was applied for 30 minutes with
pulses (each 5 minutes, 60 seconds pause), 300 Gauss, 418 kHz in a magnetic hyperthermia
applicator (DM100 Series device). As control of gene silencing, 20 nM of siRNA was added
with Lipofectamine™ RNAiMAX, according to manufacturer’s recommendations. After trans-
fection with the siRNA, cells were counted and seeded on 96-well plate for cell viability as-
sessment and on a new 24-well plate for RNA extraction at 37°C, under standard cell culture
conditions.

6.2.6 Cells transfection with Lipofectamine™ RNAiMAX Reagent

The transfection of siRNA against IDO1 in THP-1-derived DCs was performed as de-
scribed in section 2.2.5 (Chapter 2).

6.2.7 Cell viability assessment

The MTS assay was performed to evaluate the viability of cells incubated with Ac;Man-
NAz and MNPs and the viability of THP-1-derived DCs following the transfection of siRNA
mediated by magnetic hyperthermia, as described in section 2.2.6 (Chapter 2).

6.2.8 Gene expression analysis

The analysis of gene expression of IDO1, IL6, IL10, TNFA, and IL12A via RT-qPCR was
performed as described in section 2.2.7 (Chapter 2).
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6.2.9 Statistical analysis

Data were analyzed using GraphPad Prism 8.0. Two-way ANOVA with Tukey’s mul-
tiple comparison test and unpaired parametric t-test with Welch’s correction were used to
evaluate differences between groups. They were considered statistically significant at p-value
< 0.05. Data are the mean value of at least two independent assays with at least two technical
replicates, and the errors are calculated by the standard error of the mean.

6.3 Results and Discussion

6.3.1 THP-1 acute monocytic leukemia cell line as DCs-model

The immunomodulation of DCs is required to overcome the immune suppression in
cancer therapy. DCs can activate inflammatory cytokines such as TNF-q, IL-12 and interferon-
Y, co-stimulatory molecules (e.g., CD80, CD86, CD40), necessary for cytotoxic effect; or anti-
inflammatory cytokines (e.g., IL-10, IL-13), transforming growth factor 3 (TGF-f) and other
inhibitory receptors that can mediate signaling pathways involved in cancer 525555, In Ta-

ble 6.1, the main differences between iDCs and mDCs are presented.

Table 6.1 - Morphological and immunological characteristics of iDCs and mDCs .

Characteristics iDCs mDCs
Round and smooth surface; Rough surface with multiple pseudo-
change shape and migrate to podia; migrate to lymph nodes using
Cell morphology . ) .
lymph nodes induced by cyto- active movement of dendrites at
kines after phagocytosis. higher speed than iDCs.
Lower levels of CD80, CD83, ) .
High levels of costimulatory mole-
CD86 and MHC II; secrete lower
] cules (CD80, CD83, CD86); secrete
levels of cytokines (IL-12, IL-10 ] ] )
higher levels of immunostimulatory
Cell phenotype and TNF-a); express chemokine

receptors (CCR7) and are induced
by chemokines (CCL19 and
CCL21) after phagocytosis.

cytokines (TNF-a, IL-12 and IL-10);
express increase levels of fascin-1, an

actin-bundling protein.
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Ability to detect and phagocytize Ability to produce higher levels of

Cell pathogens and antigens; initiate ~ immunostimulatory cytokines and to
behavior innate and adaptative immunity ~ behave as antigen-presenting cells for
responses. T cells activation.

Some myeloid leukemia-derived cell lines (e.g., THP-1, U937, and MUTZ-3) stimulated
by specific growth factors and cytokines can resemble differentiated DCs-model %2255 THP-
1 have been reported as an appropriate cell model owing to their similar immunophenotype,
functional characteristics, and typical morphology comparable to iDCs and mDCs when in-
duced with IL-4, GM-CSF, TNF-a, and ionomycin (Figure 6.2) °®. The differentiation stage and
morphology of THP-1 cells are similar to those observed in human primary monocytes and
macrophages. THP-1 cells have a large, round single-cell morphology, express specific mono-
cytic markers, and have an advantage due to their easy manipulation in vitro 5.

THP-1 acute monocytic THP-1-derived immature THP-1-derived mature
leukemia cell line Dendritic Cells Dendritic Cells

5 days 3 days
IL-4 IL-4
GM-CSF GM-CSF
CD80P" CD80P" mFa CD8OYs"
lonomycin
CD83" CD83" CD83hish
CD86'" cD86™ CD86"o"

SSC-A (1076)

o 4N w s o o N ®
SSC-A (1076)

e P
SSC-A (10%6)

6 4N e s o o N ®

0 1 2 3 4 5 6 7 8 01 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
FSC-A (10°6) FSC-A (10°6) FSC-A (1076)

Figure 6.2 - Differentiation of THP-1 cell line in a DCs-model. THP-1 cells were incubated with IL-4 and GM-CSF
for five days under standard cell culture conditions to differentiate into THP-1-derived iDCs. Then, THP-1-derived
iDCs were induced with IL-4, GM-CSF, TNF-q, and ionomycin for three days in serum-free media under standard
cell culture conditions to mature into THP-1-derived mDCs. A shift in the flow cytometry plots’ forward scatter
(size) and side scatter (complexity) was observed due to the differentiation and maturation of THP-1-derived DCs.
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After finishing the incubation time necessary for cell differentiation in the presence of
the respective growth factors and cytokines, the expression of THP-1-derived DCs membrane
receptors was characterized by flow cytometry using monoclonal antibodies conjugated with
fluorescent dye (PE). CD80 and CD86 are co-stimulatory molecules important for T cells acti-
vation and regulation, mostly expressed in mDCs %%, Furthermore, the presence of CD83 is
a signal of DCs maturation, whose expression can be detected in activated immune cells and
antigen-presenting cells *!. The results obtained in Figure 6.3 show a higher expression of
CD80, CD83, and CD86 in THP-1-derived mDCs (see the purple rectangle in Figure 6.3A),
proving that THP-1 cell line can be differentiated into mDCs in agreement with the literature.
Compared to THP-1 cells, the expression of CD80 (Figure 6.3B) increases 3-fold and 16-fold in
THP-1-derived iDCs and in THP-1-derived mDCs, respectively. A significant increase of CD83
expression (Figure 6.3C) around 5-fold and 25-fold was observed in THP-1-derived iDCs and
in THP-1-derived mDCs compared to THP-1 cells, which confirms DCs maturation. Moreover,
in Figure 6.3D a higher expression of CD86 was observed in THP-1 derived mDCs, approxi-
mately 4-fold and 2-fold compared to THP-1 derived iDCs and THP-1 cells, respectively.
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Figure 6.3 - Characterization of membrane receptors expression in THP-1 cells and in THP-1-derived DCs. (A)
Surface markers expression analyzed by flow cytometry in the different stages of THP-1 cells; (B) CD80 surface
marker expression; (C) CD83 surface marker expression; (D) CD86 surface marker expression. Statistical differences
were observed between THP-1 and THP-1-derived DCs for the membrane receptors analyzed. (*p < 0.05; **p < 0.01;
***p < 0.001; ns — not statistically significant; two-way ANOVA - Mixed-effects analysis with Tukey’s multiple
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comparison test). Data represent the mean value * the standard error of the mean of at least three biologically
independent experiments with two technical replicates for each.

6.3.2 Preparation and characterization of cyclooctyne-functionalized
MNPs

The MNPs used in this work are spherical iron oxide MNPs with a mean diameter of
13 nm, obtained as previously described ****. The MNPs are coated with an amphiphilic pol-
ymer - poly(maleic anhydride-alt-1-octadecene), PMAO - modified with a fluorescent dye, tet-
ramethylrhodamine 5-(6)- carboxamide cadaverine (TAMRA), to allow MNPs tracking in vitro
by fluorescence microscopy and flow cytometry. The maleic anhydride moieties of the poly-
mer were hydrolyzed under alkaline conditions to yield carboxylic groups on the MNPs sur-
face for subsequent functionalization with an amino-poly(ethylene glycol) (PEG) and a cy-
clooctynylamine (CO) derivative, respectively (vide infra).

Bioorthogonal click reaction of MNPs on living cell membranes requires the use of
strained alkynes for the SPAAC reaction with azide groups. However, most of the cy-
clooctynes described in the literature have a pronounced hydrophobic character; in fact, the
higher their hydrophobicity, the higher the reaction rate towards azides '*>*2. This hydropho-
bic character can have a negative effect on the stability of nanoparticles in biological media.
For this reason, the MNPs were functionalized in a two-step process (Figure 6.4), by firstly
introducing an amino-poly(ethylene glycol) (PEG) derivative to improve the colloidal stability
of the MNPs, followed by the incorporation in a second step of a cyclooctynylamine derivative
(CO) bearing a short ethylene glycol chain, as described by Fratila et al. 2. The cyclooctyne-
functionalized MNPs (MNPs@PMAO@PEG@CO) had a SAR of 112 W/g, measured at a fre-
quency of 418 kHz and a field amplitude of 23.9 kA/m. A detailed physico-chemical charac-
terization of the MNPs is in Figure 6.5.
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Figure 6.4 - Functionalization of MNPs with amino-poly(ethylene glycol) (PEG) and cyclooctynylamine (CO)
derivatives. Scheme of MNPs functionalization with amino-poly(ethylene glycol) (PEG) and cyclooctynyla-
mine (CO) derivatives in a two-step process.
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Figure 6.5 - Physicochemical characterization of MNPs. (A) TEM images and (B) magnetization curve of as-synthe-
sized MNPs (MNPs@oleic acid). (C) Thermogravimetric analysis of the different types of MNPs. (D) DLS and ¢-
potential measurements. (E) Electrophoresis in agarose gel (1%) for 45 minutes at 90 V. The correct functionalization
was confirmed qualitatively after each step by (-potential measurements and electrophoresis in agarose gel. More-
over, from thermogravimetric analysis, we could obtain a quantitative estimation of the extent of functionalization:
from the initial 3740 COOH groups present on each nanoparticle, 1450 were modified with PEG, while in the second
step approximately 760 CO moieties were introduced per nanoparticle 2.
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6.3.3 Optimization of metabolic glycoengineering and labeling of cell
membrane with DBCO

The sialic acid metabolic pathway has been employed for the labeling of cell mem-
branes, specifically for integrating azides into the glycocalyx. This process, known as meta-
bolic glycoengineering, is initiated using a biosynthetic precursor that contains an azide func-
tional group. For instance, in this work we used Ac;ManNAz which is a synthetic molecule
that can be absorbed by cells and effectively hydrolyzed to ManNAz by cytosolic esterases.
ManNAz is subsequently converted to sialic acid via five enzymatic steps and conjugated to
the end of the sugar chains, displaying end azide reporter groups 3% It is noteworthy that
the integration of azide reporters on cell membranes can be regulated in a dose-dependent
manner, by adjusting the concentration of the azide precursor and/or the incubation time %+
566

In a previous work conducted by Idiago-Lépez et al., the introduction of bioorthogonal
azide reporters on the surface of different living cells (MCF-7, HCT116, and A549 lung adeno-
carcinoma) was optimized considering three different parameters: the concentration of the az-
ide precursor, the incubation time, and the effect of the metabolic glycoengineering process on
cell viability . Based on these previous results, we selected for the subsequent experiments
an incubation time of 48 h with Ac;ManNAz. First, azide generation on cell surfaces was ini-
tially evaluated by flow cytometry, after SPAAC reaction with a fluorescent dibenzylcy-
clooctyne (DBCO-PEG,-5/6-Sulforhodamine B). DBCO is mostly used for fluorescent labeling
and detection of azide groups via SPAAC reaction between alkyne and azide groups 26326426765,
Upon incubation with the presence of AcsManNAz (10, 20, 50, and 100 uM) for 48 h, the
amount of azide groups expressed on the cell membrane also increased (Figure 6.6), demon-
strating a precursor dose-dependent generation of these artificial reporters, which is in line
with previous literature reports %4572,
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Figure 6.6 - Optimization of cell membrane labeling with azide groups in THP-1 cells and THP-1-derived DCs.
Different concentrations of AcsManNAz (0 to 100 mM) were used to optimize cell membrane labeling and the ex-
pression of azide groups was evaluated using flow cytometry after SPAAC reaction with DBCO-PEG,-5/6-Sul-
forhodamine B (20 mM). Statistical differences were observed between cell membrane labeling with DBCO (*p <
0.05; *p < 0.01; ns — not statistically significant; two-way ANOVA - Mixed-effects analysis with Tukey’s multiple
comparison test). Data represent the mean value + the standard error of the mean of two biologically independent
experiments with two technical replicates for each.

6.3.4 Labeling of cell membrane with MNPs

The MTS assay was used to evaluate the impact of MNPs and the metabolic glycoen-
gineering process on cell viability. We do not observe a cytotoxic effect upon 30 minutes of
incubation with 100 ugr./mL, with or without the previous incubation with Ac;ManNAz for
48 h (Figure 6.7). These results are in concordance with a previous work conducted by Idiago-
Lopez et al., since no significant cytotoxicity was observed at concentrations up to 150 ugFe/ mL
using different cancer cell lines 5.
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Figure 6.7 - Cell viability analysis via MTS assay in THP-1 cells and THP-1-derived DCs. The conditions tested were
normalized to untreated cells. Ns+: cells treated with 100 mM of Ac;sManNAz for 48 h; MNPs+ Ni-: cells incubated
for 30 minutes with 100 ugr./ mL of MNPs; MNPs+ Ns+: cells treated with 100 mM of Ac;ManNAz for 48 h and
incubated for 30 minutes with 100 pigr./ mL of MNPs. Statistical differences were not observed between the samples
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and untreated cells. Data represents the mean value + the standard error of the mean of two biologically independ-
ent experiments with two technical replicates for each.

To perform the SPAAC bioorthogonal chemistry, THP-1 cells, and THP-1-derived DCs
expressing azide groups were incubated with the MNPs functionalized with cyclooctyne. Cells
were treated with 100 uM of Ac;ManNAz for 48 h and then incubated for 30 minutes with 100
u gpe/ mL of MNPs, in RPMI without FBS at 37°C. RPMI serum-free was used to circumvent
any potential adverse impact that the formation of serum protein corona on the MNPs surface
might have on the click reaction due to steric hindrance between the two bioorthogonal part-
ners **#%7%, Control experiments using cells without Ac;ManNAz pre-treatment (N-) were also
performed. To validate the correct expression of azide groups, a positive control was included,
incubating the cells with 20 uM of DBCO-PEG,-5/6-TAMRA for 30 minutes, under the same
experimental conditions. First, confocal fluorescence microscopy was used to analyze the la-
beling of cell membrane with MNPs and DBCO. In the presence of previous incubation with
azide groups (Ns+) for 48 h, as can be noted, cell labeling for 30 minutes with DBCO shows an
increase of fluorescence signal at the cell membrane due to the covalent bonding between the
alkyne and azide groups (Figure 6.8). The MNPs were functionalized as described above with
a fluorescent dye, TAMRA and with a cyclooctyne to promote the click chemistry reaction. We
denoted a cell membrane labeling more evident in cells treated with AcsManNAz in confocal
microscopy images (Figure 6.9). These results were comparable to the ones obtained in a pre-
vious work, in which prolonged MNPs incubation time seemed to enhance the click reaction
but simultaneously increased non-specific interactions of the MNPs with cells lacking azide
expression >*,
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Figure 6.8 - Cell membrane labeling with DBCO for 30 minutes in THP-1 cells and THP-derived DCs. Orthogo-
nal view of the z stack confocal microscopy images of the cell membrane labeling with 20 uM of DBCO-PEG,-
5/6-TAMRA in (A) THP-1 cells, (B) THP-1-derived iDCs and in (C) THP-1-derived DCs, with the absence (N;-
) or presence (N3+) of azide groups.
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Figure 6.9 - Cell membrane labeling with MNPs for 30 minutes in THP-1 cells and THP-derived DCs. Orthogo-
nal view of the z stack confocal microscopy images of the cell membrane labeling with 100 pgr./mL of MNPs
in (A) THP-1 cells, (B) THP-1-derived iDCs and in (C) THP-1-derived mDCs, with the absence (Ns-) or presence
(Ns+) of azide groups.
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Consequently, to decrease non-specific interactions of the MNPs with the cell mem-
brane, both the concentration of MNPs (from 100 to 10 pgr./mL) and the incubation time (30
to 10 minutes) were reduced. We therefore incubated THP-1 cells and THP-1-derived DCs
with 10 ugr./ mL of MNPs for 10 minutes, which leads to a very low fluorescence signal at the
cell membrane, probably due to the dispersion of the MNPs throughout the membrane surface
(Figure 6.10). This result can be attributed also to the resolution limits of fluorescence micros-
copy, which does not allow to discriminate 13 nm diameter MNPs on fully spread cell mem-

branes 564,574
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Figure 6.10 - Cell membrane labeling with MNPs for 10 minutes in THP-1 cells and THP-derived DCs. Orthog-
onal view of the z stack confocal microscopy images of the cell membrane labeling with 10 pigr./mL of MNPs
in (A) THP-1 cells, (B) THP-1-derived iDCs, and in (C) THP-1-derived DCs, in the absence (N3-) or presence
(Ns+) of azide groups.
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Considering these limitations, flow cytometry was used as an alternative and quanti-
tative technique that allows to determine the total fluorescence provided by the MNPs after
their interaction with cells. The bioorthogonal click reactivity of the MNPs towards azide-la-
beled cell membranes was evaluated by incubating THP-1 cells and THP-1-derived DCs with
10 pgr./ mL of MNPs for 10 minutes. Cells labeling for 30 minutes with 20 uM of DBCO was
used as control. The results observed in Figure 6.11 were compared with the interaction of
MNPs and DBCO with cells without the prior Ac;ManNAz treatment (N;-). The labeling of
DBCO on cell membrane in samples treated with Ac;ManNaz (N;+) shows statistically signif-
icant differences, confirming the click chemistry reaction between DBCO fluorescent dye and
azide-labeled THP-1 cells and THP-1-derived DCs (Figure 6.11A). We did not observe statis-
tically significant differences between MNPs with (N;+) or without (N;-) the presence of azide
groups, although a slight increase of cell membrane labeling in cells treated with Ac;sManNAz
is evident. This would allow us to maximize the effect of the localized magnetic hyperthermia
on the cell membrane for siRNA transfection using a minimal amount of MNPs (Figure 6.11B).
Concerning these results, we determine that cells with AcsManNAz treatment show an im-
provement of cell membrane labeling with MNPs compared to cells without the presence of
azide groups, which is important for future magnetic hyperthermia experiments.
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Figure 6.11 - Cell membrane labeling with DBCO and with MNPs in THP-1 and THP-1-derived DCs. Cell mem-
brane labeling with (A) DBCO-PEG,-5/6-TAMRA and with (B) MNPs in the absence (Ns-) or presence (Ns+) of
azide groups. Statistical differences were observed between cells membrane labeling with DBCO (*p < 0.05; ns —
not statistically significant; two-way ANOVA - Mixed-effects analysis with Tukey’s multiple comparison test). Data

represent the mean value + the standard error of the mean of at least two biologically independent experiments
with two technical replicates for each.

6.3.5 IDO1 gene silencing enhanced by magnetic hyperthermia

IDO1 is a rate-limiting enzyme related with tryptophan metabolism which contributes
significantly to immune suppression in the TME. The depletion of tryptophan is associated
with the suppression of effector T cells activity, the differentiation of naive T cells to Treg cells,
and the recruitment of MDSCs to tumor vasculature >5755% In fact, IDO1 activity is
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upregulated in many types of cancer and is associated with a poor prognosis 7. Previous
studies reported that the inhibition of IDO1 in DCs is considered a promising strategy to pro-
mote the efficacy of DC-based therapy >*. Novel strategies to deliver TNA, such as siRNA, are
required to promote transfection in DCs and other primary cells of the immune system 5855
DCs are difficult to transfect, and the efficiency of transfection is low using commercially avail-
able reagents or electroporation 3053157831,

In this work, we used magnetic hyperthermia to transfect siRNA against IDO1 gene in
THP-1-derived DCs. To provide artificial azide reporters for the click immobilization of MNPs
on the cell membrane, THP-1-derived DCs were incubated with Ac;ManNAz for 48 h before
magnetic hyperthermia, as described in section 6.2.5. To induce IDO1 expression, cells were
incubated with 10 ng/uL of LPS for 24 h before magnetic hyperthermia transfection experi-
ment. Hereafter, cells were incubated with MNPs (at 10 i gr./ mL for 10 minutes) and the AMF
(23.9 kA /m and 418 kHz) was applied for 30 minutes with pulses (each pulse with a duration
of five minutes, with sixty seconds pause between pulses). Transfection efficiency was com-
pared with the positive control (Lipofectamine), under the same experimental conditions of
magnetic hyperthermia samples. Moreover, control experiments were used to verify if the
presence of MNPs, with (N3+) or without (N3-) Ac;ManNAz treatment and with (MH+) or
without (MH-) magnetic hyperthermia application could promote the intracellular siRNA de-
livery. After 24 h, RNA was extracted, and RT-qPCR analysis confirmed the effectiveness of
magnetic hyperthermia targeting siRNA delivery and consequently the silencing of IDO1
gene.

The results observed in Figure 6.12 reveal that in cells with MNPs attached to the mem-
brane via click chemistry and exposed to the AMF (MNPs+ N3+ MH+), the IDO1 expression
decreased approximately 65% and 75% in THP-1-derived iDCs and THP-1-derived mDCs, re-
spectively. This silencing effect was comparable to that attained by commercial Lipofectamine.
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Figure 6.12 - RT-qPCR assay to evaluate IDO1 gene expression in THP-1-derived DCs. IDO1 silencing was observed
in all samples tested except MNPs+ N3- MH- in (A) THP-1-derived iDCs; except MNPs+ N;3- MH- and MNPs+ N+
MH- in (B) THP-1-derived mDCs. The gene expression levels were normalized to the cells without siRNA (Control,

244¢t=1). Black asterisks indicate statistical differences between samples and Control (*p < 0.05; **p < 0.01; ns — not
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statistically significant; Unpaired parametric t-test with Welch’s correction). Data represent the mean value + the
standard error of the mean of at least three biologically independent experiments.

Our results confirmed that membrane-localized magnetic hyperthermia enhances the
transfection of siRNA against the IDO1 gene in THP-1-derived DCs, using the same strategy
previously used in MCF-7 cells to silence the GFP gene. The contribution of IDO1 in immuno-
modulation in cancer has been explored since this enzyme depletes tryptophan in TME, which
suppresses T cell proliferation and promotes the differentiation of Treg cells %2, IDO1 silenc-
ing can reduce this immunosuppressive effect, potentially leading to a more robust immune
activation **°%. For example, Endo et al. reported IDO1 gene silencing in DCs derived from
mouse using low doses of siRNA encapsulated in lipid nanoparticles, and the silencing effi-
ciency was compared to commercial reagents available for transfection such as Lipofectamine
54, In other study, the role of IDO1 silencing in the inhibition of lung cancer growth was
demonstrated using an in vitro Lewis lung carcinoma (LLC) cell line. Moreover, T cells exhaus-
tion during lung cancer progression was confirmed in an in vivo model using shRNA against
IDO1 gene °®. Interestingly, Sioud et al. produced a safe IDO-silenced DC vaccine to activate
allogeneic T cells in four patients with gynecological cancer to induce anti-cancer immunity
56, For instance, IDO1 silencing could enhance the immunogenic function of DCs in vitro and
in vivo, and the silence effect did not affect the expression of the co-stimulatory molecules
CD80 and CD86 %57, Zheng et al. observed the reduction of the tumor size and the decrease
of CD4+ and CD8+ apoptosis in a mouse model of breast cancer using DCs loaded with tumor
antigens and siRNA targeting IDO1 gene *%. These findings suggest that silencing IDO1 could
potentially enhance the effectiveness of human DC vaccines 5. Overall, those studies de-
scribed IDO1 gene as a potential target for gene therapy in cancer.

6.3.6 Effect of IDO1 gene silencing on the gene expression of pro-in-
flammatory and anti-inflammatory cytokines

The expression of cytokines such as IL-6 *°, TNF-o %2, IL-12A 5%%* and IL-10 5%,
is crucial for the role of DCs in the immune response, since those cytokines are able to modu-
late the balance between pro-inflammatory and anti-inflammatory status. IL-6 plays a critical
role in immune responses, inflammation, and hematopoiesis *”. The expression of this cyto-
kine is upregulated in DCs upon activation by various stimuli (e.g., pathogen-associated mo-
lecular patterns recognized by Toll-like receptors) and is involved in the differentiation of na-
ive T cells into Th17 cells *°%. TNF-a is involved in the activation of macrophages and T cells,
promotes inflammation, and enhances the maturation and antigen-presenting capabilities of
DCs >, This cytokine is produced by activated DCs and their expression is induced in re-
sponse to contact with T cells, cytokines, or pathogens °®. IL-12A is generally produced by
activated DCs and/or mDCs and is essential to promote the differentiation of Th1 cells and
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the cytotoxic functions of NK cells and cytotoxic T cells ©'%2, The expression of IL-12A in DCs
is upregulated in response to exogenous stimulus (e.g., pathogens products) and interactions
with activated T cells . Contrary to those cytokines, IL-10 regulates immune responses by
suppressing the expression of pro-inflammatory cytokines (e.g., IL-6 and TNF-a) and can
modulate the function of DCs while inhibits their maturation and reduces their capacity to
present antigens %, [L-10 expression can be induced in response to immune regulatory sig-
nals or pathogens and is important to prevent excessive inflammatory responses %657

Considering all this, we evaluated the effect of IDO1 silencing in the expression of
genes encoding pro-inflammatory cytokines IL-6, IL-12A, and TNF-a, and anti-inflammatory
cytokine IL-10 in all conditions previously tested. As observed in Figure 6.13, an upregulation
of mRNA levels of IL6, TNFA, and IL12A, and a downregulation of IL10 expression is observed
in THP-1-derived DCs transfected with MNPs+ N;+ MH+ or Lipofectamine, which are con-
sistent with previous reports regarding IDO1 gene silencing (see references below).
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Figure 6.13 - RT-qPCR analysis of gene expression of IL6, IL10, TNFA, and IL12A after IDO1 silencing in the different
conditions tested. Heatmap of (A) THP-1-derived iDCs and (B) THP-1-derived mDCs. The gene expression was
normalized to the cells without siRNA (Control, 244t =1: white color); purple represents the upregulation of gene
expression, and black represents the downregulation of gene expression. Black asterisks indicate statistical differ-
ences between Lipofectamine sample and Control in (A) THP-1-derived iDCs; and between MNPs+ N3+ MH+ and
Control in (B) THP-1-derived mDCs (*p < 0.05; two-way ANOVA - Mixed-effects analysis with Tukey’s multiple
comparison test). Data represent the mean value + the standard error of the mean of at least three biologically
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independent experiments with two technical replicates for each. Overall, IDO1 gene silencing promotes IL6, TNFA,
and IL12A upregulation and IL10 downregulation in MNPs+ N3+ MH+ and Lipofectamine samples.

Silencing the IDO1 gene in DCs could significantly impact their function and the ex-
pression of these cytokines®3%6605¢0° For instance, researchers have been exploring the inhibi-
tion of IDOL1 activity and its impact on the cytokine’s expression. A previous study conducted
in LLC-bearing mice treated with shRNA against the IDO1 gene shows an increase in the pro-
duction of pro-inflammatory cytokines TNF-a and IL-2 compared to controls, which suggests
that this treatment may recover cytokine secretion in tumors in vivo *. Heidari et al. described
the effect of IDO1 suppression on the immunomodulatory function of adipose-derived mes-
enchymal stem cells in cancer, which leads to a downregulation of the expression of the im-
munoregulatory mediators studied namely, Gal-3, HGF, TGF-3 and IL-10 ¢!. Several studies
reported that the induction of IL-10 expression in monocytes promotes Treg cells to express
IL-10 and TGF-p and consequently suppresses the activity of DCs and Th1 cells ®'¢'2, Rav-
ishankar ef al. denoted a significant reduction in IL-10 and TGF-p protein relative levels and
an increase of mRNA relative levels of pro-inflammatory cytokines TNF-a, IL-6, and IL-12 in
mice 3. The literature has been recognized that DCs-secreted IL-10 promotes the development
of Treg cells, while IL-12 induces the differentiation of CD4+ T cells into Th1 cells ®*4¢%5, Thus,
IDO1 activity suppresses effector T cell responses, which promotes the differentiation and ac-
tivation of Treg cells and inhibits the production of IL-6 by DCs . Recently, the impact of
IDO1 on the production of secreted cytokines was studied using stable DCs lines with both
gain and reduction of IDO1 function, established by recombinant DNA technique. The reduc-
tion of IDO1 function improves the secretion of Th1 cell polarizing IL-12 and decreases Treg
cell polarizing IL-10 from DCs, which is important to understand the tolerogenic regulation of
DCs-mediated T cells differentiation by IDO1 *®. These data confirm that tryptophane deple-
tion facilitates the production of anti-inflammatory cytokines by IDO-expressing DCs, which
promotes the recruitment of Treg cells, and suppresses T cell activation and proliferation 5860,
Additionally, it has been widely reported that DCs with elevated kynurenine levels (tolero-
genic stage) drive T cells differentiation to Treg cells and induce apoptosis in effector T cells.
In contrast, DCs with low IDO expression (immunogenic stage) hamper Treg cells develop-
ment and reduce T cells apoptosis %%¢'7.

6.3.7 Cells viability assessment post-transfection of siRNA

Many of the commercially available transfection methods are known for their high im-
pact on cell viability. Several studies have described the cytotoxicity of cationic lipid reagents
and the impact of electroporation on cell survival #1861 Therefore, the impact on cell viability
was assessed in THP-1-derived DCs upon the transfection of siRNA against IDO1 gene in all
conditions tested. Figure 6.14 reveals that Lipofectamine induces a statistically significant
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reduction of cell viability of approximately 40% in THP-1-derived DCs, not observed for
MNPs+ N+ MH-+ (cell viability of 80%).
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Figure 6.14 - Cell viability analysis post-magnetic hyperthermia experiment via MTS assay in THP-1-derived DCs.
The conditions tested were normalized to cells without siRNA (Control). Statistical differences were observed be-
tween Control, MNPs+ N;- MH- and MNPs+ N3+ MH- samples with Lipofectamine in (A) THP-1-derived iDCs;
between Control, MNPs+ N;- MH-, MNPs+ N3+ MH- and MNPs+ Ns;- MH- samples with Lipofectamine in (B)
THP-1-derived mDCs (*p < 0.05; ***p < 0.001; ns — not statistically significant; Unpaired parametric t-test with
Welch'’s correction). Data represent the mean value + the standard error of the mean of at least three biologically
independent experiments with two technical replicates for each.

As observed in Figure 6.14, when compared to our magnetic hyperthermia strategy,
Lipofectamine has a more cytotoxic effect in THP-1-derived DCs. Indeed, using our magnetic
hyperthermia transfection strategy, a lower impact on cell viability was observed (81% of cell
viability), which might be related to the IDO1 silencing effect. IDO1 is an enzyme involved in
immune regulation and modulation of metabolic pathways, such as the catabolism of trypto-
phan through the kynurenine pathway . Silencing of the IDO1 gene results in higher levels
of tryptophan and reduces the production of kynurenine and its downstream metabolites,
leading to shifts in cellular respiration and energy production that potentially can affect cell
proliferation. For instance, the kynurenine pathway contributes to NAD+ synthesis and re-
duced activity of this pathway which can impact NAD+ levels, influencing metabolic pro-
cesses like glycolysis, oxidative phosphorylation, and DNA repair mechanisms 22!, In some
contexts, the silencing of the IDO1 gene can promote cell death through various mechanisms,
such as increasing pro-apoptotic factors, enhancing the activity of effector T cells and NK cells
in the TME, and altering signaling pathways that regulate cell survival %75 Taken together,
these findings suggest that this novel transfection approach can attain comparable transfection
compared to the commercially available reagent Lipofectamine, with less cytotoxic effect.
Nonetheless, it is important to consider that part of the observed viability reduction may stem
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from the biological effects of the IDO1 gene silencing itself. Further research on metabolic as-
sessments will be important to clarify the potential contribution of IDO1 inhibition in cell pro-
liferation and survival.

6.4 Conclusions

IDO1 plays a critical role in modulating tryptophan metabolism, immune responses,
and cell survival pathways. Silencing the IDO1 gene impacts these processes, leading to al-
tered metabolic states and increased cell death, particularly in contexts where IDO1 is upreg-
ulated, such as in many cancers (e.g., CRC, melanoma), due to its contribution to the immu-
nosuppressive TME.

Our results indicated an effective IDO1 gene silencing in THP-1-derived DCs after
magnetic hyperthermia-mediated transfection of siRNA against IDO1 gene via SPAAC reac-
tion of cyclooctyne-MNPs with azide groups expressed on the cell membrane via metabolic
glycoengineering. Our approach has the same silencing efficiency as Lipofectamine and shows
a lower impact on cell viability due to the silencing of the IDO1 gene when compared to this
commercially available lipid cationic reagent. The MNPs act as cell membrane localized heat-
ing sources due to their immobilization at the time of AMF application, increasing membrane
fluidity and permeability, which in turn promotes the delivery of silencing moieties. Moreo-
ver, we proved that IDO1 silencing in THP-1-derived DCs possibly leads to a shift towards a
pro-inflammatory state (more immunogenic) characterized by the increase of gene expression
of IL6, TNFA, and IL12, and the decrease of IL10 mRNA levels. The reduction of the immuno-
suppressive effects of IDO1 might lead to enhanced effector T cells activation and proliferation
and the specific outcomes will depend on the context in which IDO1 is silenced (e.g., TME).

Overall, our findings highlight the potential of IDO1 as a therapeutic target and the
employment of magnetic hyperthermia-mediated transfection for TNA, or other molecules for
targeted therapy in cancer.
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CONCLUSIONS AND FUTURE PERSPECTIVES
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7.1 Conclusions

The delivery of nucleic acids effectors (e.g., siRNA and ASO) into cells is widely used
in gene therapy. Several nanocarriers, including polymeric, lipid and inorganic nanoparticles,
have been developed to improve TNAs delivery, avoiding nucleases degradation and off-tar-
get effects 1°2. Since conventional transfection methods (e.g., cationic lipid vesicles) often dis-
play cytotoxicity '9*%%, there is a demand for the development of novel therapeutic approaches
to deliver silencing moieties with maximal transfection efficiency and minimal toxicity.

Metallic nanoparticles, such as AuNPs and MNPs, have received attention as promis-
ing alternatives to lipid-based nanocarriers and viral vectors for TNAs delivery owing to their
unique physico-chemical properties (e.g., ease of synthesis and functionalization, high surface
area, and biocompatibility) 8562, AuNPs have proved to be effective in delivering silencing
moieties with high efficacy 2442, Due to their unique optical characteristics, AuNPs provide
additional features, such as the possibility for spatiotemporal triggering of cell uptake and
internalization through light irradiation %%, The ability of MNPs for magnetic-field guided
delivery of nucleic acids (magnetofection) has been explored *77°, while the localized heat
generated in MNPs’ surface when exposed to an AMF has not been used for nucleic acids
transfection. This thesis was focused on novel methodologies based on mild hyperthermia
mediated by nanoheaters to promote the delivery of nucleic acids to cancer cells.

In chapter 3, spherical AuNPs were used as photothermal agents upon irradiation with
a visible light laser. This approach was used to attain mild hyperthermia conditions in cells.
The major challenge of using visible light irradiation (CW 532 nm laser) is that it does not
penetrate as deeply as NIR light irradiation 1%, However, this mild photothermy system
aims to irradiate peripheral tissues (e.g., skin, eye) or specific sites using a laser coupled with
a probe that can be inserted through a body cavity (e.g., rectum and colon). Irradiation of cells
previously incubated with AuNPs promoted their cellular uptake compared to non-irradiated
cells, without cytotoxicity. The obtained results suggested that the localized heat produced by
irradiated AuNP@PEG could increase the cells' membrane permeability, which was in line
with the observed by LDH release and in accordance with previous literature results 366430432,
As a proof-of-concept, transfection of anti-GFP was performed in HCT116 and MCEF-7 cells,
and transfection efficiency was compared with a commercial Lipofectamine™ reagent. Results
revealed an efficient GFP gene silencing, similar to that attained with Lipofectamine™ reagent
but without cell toxicity. Still, other transfection methods could be performed to reinforce the
safety and non-cytotoxicity of this approach .

Spherical AuNPs have been described as more suitable for ASO vectorization than Au-
nanorods, which have been widely exploited in PTT 235, In chapter 4, mild photothermy was
used to improve the internalization of AuNPs functionalized with ASO against c-MYC onco-
gene in HCT116 2D cells and 3D tumor spheroids. 3D tumor models have been demonstrated
as cancer models that better resemble the in vivo TME 2. Considering this, 3- and 7-day sphe-
roids were selected due to their differences in size and structure, metabolic and oxygen
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gradients, and molecular patterns 5474, Results showed that c-MYC gene silencing was more
pronounced in HCT116 2D cells and 7-day 3D spheroids when the internalization of AuNP@c-
MYC was improved by mild photothermy. Therefore, quantifying the number of AuNP@c-
MYC internalized in irradiated and non-irradiated cells/spheroids is required to corroborate
those data, considering that there is no correlation between the quantity of AuNP@c-MYC in-
ternalized with gene silencing efficacy as described by Oliveira et al. **2. Interestingly, 3-day
spheroids (only 5% of c-MYC silencing) were more sensitive to localized heat compared to 7-
day spheroids, which reinforces the need for further studies concerning the complexity of 3D
cell growth 74,

In chapter 5, the immobilization of MNPs through bioorthogonal chemistry and cell
surface engineering with azide groups via SPAAC reaction '** was explored as an intracellular
delivery tool mediated by magnetic hyperthermia. Membrane-localized magnetic hyperther-
mia mediated by immobilized MNPs on the cell membrane was used to promote anti-GFP
transfection in MCF-7 cells. The transfection efficiency and cell viability were compared with
Lipofectamine™ reagent, and similar gene silencing effect was observed, with less cytotoxi-
city. While further research into the cell plasma membrane thermal disruption with localized
magnetic hyperthermia and the mechanism of internalization of nucleic acids is needed, this
strategy might lead to the development of a more efficient procedure for the “opening and
closing” of cells membrane with minimal disturbance of cellular integrity, which are concord-
ant with previous findings %',

In the last chapter, the membrane-localized magnetic hyperthermia mediated transfec-
tion was used to deliver siRNA against IDO1 gene in cells difficult to transfect, such as DCs.
An acute monocytic leukemia cell line (THP-1) was selected and successfully differentiated in
THP-1-derived DCs. Then, the SPAAC reaction was observed between the azide groups of the
cell membrane and the MNPs functionalized with a cyclooctyne derivative. An effective IDO1
gene silencing was achieved comparable to Lipofectamine™ reagent, but with less impact on
cell viability. Furthermore, the increase of expression of pro-inflammatory cytokines genes IL6,
TNFA, and IL12 and the decrease of the anti-inflammatory IL10 gene might contribute to a
more immunogenic state. IDO1 inhibition has been explored as a therapeutic strategy in cancer
%24 since it may enhance anti-tumor immunity by boosting the activity of DCs and other im-
mune cells, and shifting DCs to a pro-inflammatory state might potentiate immune responses
60, Still, additional studies would be important to confirm the immunogenic state of DCs in a
TME context.
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7.2 Future perspectives

From the outset of this work, it was evident that we aimed to develop a novel, univer-
sal, and efficient methodology for precisely delivering (therapeutic) nucleic acids; however,
some questions remain to be answered and explored. This section provides recommendations
for future work based on the presented results.

Thermal adaptation of cancer cells to mild hyperthermia

Results showed that these nanoparticles-mediated mild hyperthermia approaches en-
hanced cellular uptake and delivery of (therapeutic) nucleic acids without cytotoxicity. To in-
crease my knowledge about the thermal adaptation of the cellular membrane of mild photo-
thermy by AulNPs, further research on cell membrane fluidity would be necessary. For in-
stance, time-resolved fluorescent polarization measurements with TMA-DPH (1-(4-Trime-
thylammoniumphenyl)-6-Phenyl-1,3,5-Hexatriene p-Toluenesulfonate) hydrophobic fluores-
cent membrane probe 2 could be used to assess membrane dynamics alterations *°. Mild pho-
tothermy conditions were optimized (temperature measurements, LDH release and cell via-
bility assessment) to maintain cell membrane integrity and to avoid global heating that could
trigger the activation of cell death mechanism. Still, other techniques such as apoptosis / necro-
sis, ROS generation and cell cycle arrest by flow cytometry, the expression of HSPs, and the
BAX/BCL-2 ratio would allow a better understanding of the thermal adaptation profile of
cancer cells to mild photothermy 3¢, Regarding the cell membrane-localized magnetic hy-
perthermia, Idiago-Lépez et al. demonstrated that this approach can act as a disruptive agent
of cell membrane fluidity and permeability, leading to the internalization of cell-impermeant
probes (YO-PRO®-1) without impairing cell viability *¢. Before cell transfection with nucleic
acids, cell viability post-magnetic hyperthermia was analyzed by Idiago-Lépez using flow cy-
tometry (apoptosis/necrosis with Annexin V-FITC and propidium iodide, ROS generation,
and cell cycle analysis). Moreover, a molecular study of the localized hyperthermia effect
(HSPs activation) was performed.

Transfection and vectorization of nucleic acids

Regarding the transfection of nucleic acids, it would be beneficial to fluorescently label
the nucleic acid effectors to enable real-time tracking of their internalization and cellular traf-
ficking®®. In the case of AuNPs, it would be important to study the precise intracellular mech-
anism in irradiated cells by conjugating the AuNPs with suitable fluorophores for effective
cell tracking. Other stabilizing agents, such as PEG-NH, or PEI, have been described for gene
delivery #>6% AuNPs functionalized with PEG-NH, or PEI should enhance transfection of
anti-GFP, as these polymers provide a positive charge to the nanoparticles. However, selecting
an alternative functionalization strategy might alter the nanoparticle-cell interactions,

152



including the internalization mechanism of AuNPs, instability of Au-nanoconjugates, and
negatively impact cell viability. Additionally, real-time internalization of AuNPs functional-
ized with ASO labeled with a fluorophore could be observed through confocal microscopy.
Other methodologies, such as ICP-AES, TEM, and dark-field microscopy, could be employed
to demonstrate that mild photothermy enhances AuNP@c-MYC internalization into cells and
spheroids 452,469,627.

Active versus passive targeting of the nanoheaters

This thesis explored the use of SPAAC reaction to immobilize alkyne strained-MNPs
on the azide-modified living cell membrane, that upon the application of an AMF act as
“hotspots”, which might induce changes in the fluidity of cell membranes and promote trans-
fection of silencing moieties. This methodology explores the active targeting of immobilized
MNPs as nanoheaters via biorthogonal chemistry, whereas mild photothermy exploits passive
targeting of Au-nanoconjugates triggered by green laser irradiation. This poses the question:
if AuNPs were used to promote precise and localized heat in the cell membrane via SPAAC
reaction, could it enhance cell transfection without cytotoxicity when irradiated using the
same laser settings previously optimized? Further studies comparing these two approaches

would be valuable, concerning the advantages and limitations of passive and active targeting
148

Complex cancer models

Testing the performance of green photo-irradiation combined with silencing moieties
vectorized by AuNPs in multicellular spheroids and patient-derived organoids would clarify
the feasibility of this approach for gene therapy in cancer research 2 Therefore, exploring mag-
netic hyperthermia-mediated transfection via SPAAC biorthogonal chemistry in other cells
that play a crucial role in TME and are difficult to transfect (e.g., CAFs and tumor-associated
macrophages) and adapting for more advanced cancer cell models are highly relevant 7%,
Regarding their immunogenic state when the IDO1 gene is silenced, it would be interesting to
evaluate if DCs could activate T cell effectors and suppress Tregs and MDSCs functions in a
TME context using in vitrojex vivo cancer cell models, such as multicellular 2D cells and 3D
spheroids, and patient-derived organoids >?. Furthermore, combining the IDO1 gene silenc-
ing with immune checkpoint inhibitors (e.g., anti-PD-1/PD-L1) would be useful to enhance
the antitumor immune response 2. The next step would be combining both nanoparticles-
mediated mild hyperthermia approaches into a single platform to deliver silencing moieties
in advanced cancer cell models.

Taken together, the findings of this thesis, along with all these future in vitro results,
have the potential to drive clinical translation, paving the way to a new era of TNA delivery
in cancer therapy.
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