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RESUMEN

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

RESUMEN

El melanoma cutaneo es un tipo de cancer con origen en los melanocitos que se vuelven
malignos. El tratamiento del melanoma cutaneo ha evolucionado mucho en los ultimos
treinta afios, sin embargo, no ha conseguido incrementar significativamente la
supervivencia de los pacientes con cancer avanzado. Ademas, el tratamiento presenta
muchas limitaciones, como una reducida especificidad, efectos secundarios graves y

multi-resistencia a los farmacos.

De hecho, un paso importante para el éxito del tratamiento del melanoma es su
deteccién precoz. En el caso de que no haya metastasis, el cancer puede ser extirpado
por cirugia, pero hay casos en que el riesgo de la intervencion, asi como el elevado
riesgo de recurrencia, obligan a un tratamiento adyuvante. Actualmente, sélo esta

aprobado un tratamiento adyuvante, con interferén alfa, para estos casos.

De este modo, el principal objetivo de esta tesis es el estudio de alternativas para
tratamientos adyuvantes, mas eficientes y menos agresivos, del melanoma cutaneo. En
este contexto, se han estudiado dos estrategias para aplicacion de sistemas de
nanoparticulas. La primera estrategia consiste en el desarrollo de nanoparticulas de oro,
cubiertas con polimeros naturales y péptidos, con absorcién en la regién del infrarojo
proximo, para terapia fototérmica. La segunda estrategia incluye el desarrollo de
nanoparticulas hibridas, para encapsulacion de compuestos antitumorales, cubiertas
con polimeros naturales y péptidos, capaces de una accion quimica local en el tumor.
Conjuntamente, hemos investigado el comportamiento fisico-quimico y la estabilidad de
las nanoparticulas para cada aplicacién. Reconociendo la importancia de un tratamiento
eficaz y especifico, ambas las estrategias se basan en un direccionamiento especifico
hacia las células de melanoma, que sobre-expresan mudltiples receptores en su
superficie. Por fin, se utilizaron modelos animales de melanoma humano para

evaluacion de la eficacia de las dos formulaciones propuestas.

En conclusion, es posible desarrollar nanosistemas que comprenden diferentes
estrategias terapéuticas, basadas en nulcleos con estructuras distintas vy
funcionalizacion de superficies con multiples ligandos, para una aplicacion amplia y

exitosa en los canceres heterogéneos, tales como el melanoma cutaneo.
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Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

ABSTRACT

Cutaneous melanoma occurs on the skin and is the most common type of melanoma.
Treatment of cutaneous melanoma has improved over the last thirty years; however,
without demonstrating a significant increase on survival of patients with advanced
disease. Indeed, conventional treatment generally shows several limitations, such as

reduced target specificity, severe adverse effects and multiple drug resistance.

In fact, an important step for the success of melanoma treatment is its early detection. In
cases where there are no metastases, this cancer can be removed by surgery, but in
some cases the risk of intervention has to be measured, as well as the high risk of
recurrence, which impose the use of an adjuvant treatment. Currently, there is only one

adjuvant treatment approved, with interferon alpha, in these cases.

Therefore, the main objective of this thesis was the study of alternatives as adjuvant
treatments, more efficient and less aggressive, for cutaneous melanoma. In this context,
two strategies have been studied for application of nanoparticles systems. The first
strategy is focused on the development of gold nanoparticles, coated with natural
polymers and peptides, with absorption at the near infrared range, for photothermal
therapy. The second strategy includes the development of hybrid nanoparticles, for
encapsulation of anti-tumor compounds, coated with natural polymers and peptides,
capable of a local chemotherapy at the tumor site. Overall, the physico-chemical
behavior and stability of both nanoparticles for each application were investigated.
Recognizing the importance of an efficient and specific treatment, both strategies were
based on a specific targeting to melanoma cells, which overexpressed multiple receptors
at their surface. At last, animal models for human melanoma were used for evaluation of

the efficiency of both proposed strategies.

In conclusion, it is possible to develop nanosystems comprising different therapeutic
strategies, based on distinct core structures and surface functionalization with multiple
targeting ligands, for a broad and potential application in heterogeneous cancers, such

as cutaneous melanoma.
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Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

INTRODUCTION

Biocompatible and biodegradable materials, explored since the mid- 1960’s for drug
delivery systems [1], were refined over the years to improve drug absorption and
bioavailability. The main challenge in this field is still to increase targeted cellular uptake
without reducing cell viability and permanent membranes’ disruption of surrounding
tissues. Drug delivery systems based on biomaterials — natural, synthetically or semi-
synthetically produced — are gradually increasing. In general, biomaterials include both
biomacromolecules (e.qg., lipids, proteins and polysaccharides) and inorganic materials
(e.g., gold, silica and magnetite). Generally Recognized as Safe (GRAS) materials,
biomacromolecules are used as polymers that combine safety and biodegradability with
ideal characteristics to promote drug stability and target delivery [2]. They are also
cheaper to produce than synthetic polymers and can be modified, physically or
chemically, to obtain the desirable characteristics, such as: controlled drug release,
stimuli-responsive activation (e.g., pH, temperature and ionic strength) and “stealth” for
opsonization or enzymes, by penetrating naturally into cells [3]. Biomacromolecules also
increase drugs’ molecular weight and target absorption to prolong their half-life

circulation [4].

Beside biocompatibility and biodegradability improvement, these biomacromolecules
can form stable and efficient drug carriers via electrostatic or hydrophobic interactions,
innovating the actual pharmaceutical procedures into cleaner and organic solvent-free
ones. Proteins, peptides, polysaccharides and lipids can be used as isolated polymers
for formulation of drug delivery systems. Moreover, unlimited possible conjugations
between these molecules open other possibilities and outcomes to pharmaceutical
formulations, through the creation of “smart materials”. Therefore, innovative nano-sized
technologies can push more drugs (e.g., poor-soluble molecules) further in research
pipelines and, eventually, be used in clinical medicine. Mimicking the natural processes
that happen in the human body may be one way to create safer and more biocompatible

drug carriers, improving our health and the efficacy of our medicines.

Hybrid nanoparticles for cancer treatment

Polyester-based nanoparticles
Polyester-based particles are commonly formed as the core structure of polymeric-

coated nanosystems, by simple adsorption or chemical reactions, with other molecules
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that promote a sustained or prolonged drug release, compared to uncoated systems [5].
These polyester-based particles are made of hydrophobic polymers, such as poly(lactic
acid) (PLA), poly(lactide-co-glycolide) (PLGA) and poly(E-caprolactone) (PCL), and act
as a stable drug reservoir [6,7]. In cancer therapy, polyester-based nanoparticles are
used for encapsulating chemotherapy agents, typically water-insoluble compounds,
increasing their bioavailability, stability and anti-tumor effect [8]. Polyesters are
biocompatible and biodegradable materials, which undergo in vivo enzyme-catalyzed

hydrolysis, and nanoparticles are generally uptaken by cells via endocytosis [8,9].

Lipid-based nanoparticles

Currently, a wide variety of lipid-based systems is currently described in literature:
emulsions (e.g. micro- and nanoemulsions, self-micro- and nano-emulsifying drug
delivery systems (S(M)EDDS)), lipid vesicles (e.g., transfersomes, ethosomes and
phytosomes) and other systems (e.g., liposomes, solid lipid nanoparticles (SLNSs),
nanostructured lipid carriers (NLCs) and lipid nanocapsules (LNCs)) [10-13]. These
carriers were first explored for transdermal and topical delivery [14], but rapidly were
applied for oral, pulmonary and parenteral routes [15]. Due to biocompatibility and
similarity with cells membranes’ components, lipid-based nanoparticles improve drugs’
permeation and cell uptake. Lipid-made systems can be obtained from complex
glycerides or long-chain fatty acids (e.g. oleic or linoleic acids), which are also
advantageous to increase drug solubility and absorption, drug loading and ease of

upgradability to production scale [12,14,16].

Protein and Peptide-based nanoparticles

Coatings and new targeting moieties such as peptides and proteins are selected to
promote a target therapy, especially in cancer treatment. Proteins and peptides can be
attached to the surface of nanoparticles, as targeting ligands, in order to bind selectively
to specific cell receptors, increasing the efficiency of drug delivery [17]. Therefore, they
will improve cell uptake, mostly by receptor-mediated endocytosis, and significantly
decrease the viability of the tumor cells [18,19]. Protein-based corona also improves
biocompatibility and biodegradability of synthetic polymers as they stimulate the

clearance of the polymers by enzymatic processes [20].
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Polysaccharide-based nanoparticles

Polysaccharides are studied as biomacromolecules for drug delivery systems due to their
high availability in nature, stability, safety and low cost production. As bio-responsive
polymers, like hyaluronic acid, they respond naturally to physiological variations and are
fully biocompatible and biodegradable, which make them desirable for drug delivery
approaches [9,21]. Selection of these materials is related with the capacity of the
polymeric carrier to show optimal dimensions and chemical properties adaptable to
biological and pharmaceuticals compounds, through intermolecular associations. As an
example, hyaluronan-coated nanoparticles were able to interact with epithelial cells via

CD44 receptor-dependent endocytosis [22,23].

Metallic-based nanoparticles

Metallic-based and inorganic nanosystems, such as gold nanoparticles, silver
nanoparticles, silica-based nanoparticles and iron oxide nanoparticles show a great
flexibility for obtaining systems that comprise different capabilities, as a result of the
interaction of conduction band electrons associated with formation of nanopatrticles [24].
In particular, gold nanoparticles appear to be attractive platforms for biomedical
applications, due to their unique optical properties, chemical stability, easy surface
functionalization and potentially low cytotoxicity [24,25]. As in cancer therapy,
functionalized gold nanoparticles show promising results for laser-based treatments,
such as photothermal and photodynamic therapies, towards cancer cells, preventing

damage to healthy tissue [26].
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Abstract

Melanoma is one of the most prevalent and severe type of skin cancer and according to
the World Health Organization (WHO) data, 132,000 melanoma cases occur every year,
worldwide. Incidence of malignant melanoma has increased progressively in the last
decades especially in Australia, North America and Northern Europe. Although earlier
detection of melanoma increases the recovery prognostic to 80%, this value decreases
a lot with the occurrence of metastases. Malignant melanoma rapidly spreads to other
organs and sites of the body, increasing mortality and when ulcerated primary tumors
develop, the 5-year survival rate greatly drops. Currently, melanoma treatment has
several limitations, such as a reduced target specificity, severe adverse effects and
multiple drug resistance. For the past decades, nanotechnology associated with
sophisticated drug delivery systems allowed higher drug bioavailability, controlled drug
release, targeting and local drug action, as well as reduced toxicity to healthy tissues.
Nanosystems made of polymers, metals or natural substances like lipids,
polysaccharides and proteins can overcome biological barriers and widen the
possibilities associated with tumor cell targeting or administration route (e.qg., topical and
transdermal routes). Therefore, there is still plenty room for new therapies and

approaches that can be devised for skin cancer treatment.

Keywords: Nanomedicine; Melanoma; Drug delivery; Diagnostic; Treatment.
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1. Introduction

First described by Hippocrates, malignant melanoma is the seventh most common type
of cancer in young adults [1]. Melanoma is one of the most prevalent and severe type of
skin cancer [2], and according to the World Health Organization (WHO) data, 132,000
melanoma cases occur every year worldwide. Even though recent data is not available
yet, incidence in 2008 for malignant melanoma increased progressively in the last
decades, especially in Australia, North America and Northern Europe [3], with an
estimated 46,000 deaths [4]. Although earlier detection of melanoma increases the
recovery prognostic to 80%, this value greatly decreases upon development of
metastases [3], rapidly spreading to other organs and sites of the body, especially to the

lungs [5,6]. At this stage, resistance to almost every radio- and chemotherapies is high

[71.

From the main types of skin cancer (i.e., basal cell carcinoma, squamous cell carcinoma,
Kaposi’'s sarcoma, melanoma and Merkel cell carcinoma, by order of prevalence),
melanoma is originated from the melanocytes of the skin [8]. Melanoma passes through
a multi-stage process: (I) benign nevi with increased number of nested melanocytes; (ll)
dysplastic nevi with irregular borders, multiple colors, increased diameter and random
and discontinuous cytological atypia; (1) radial growth phase melanoma with malignant
cells proliferating within the epidermis; (IV) vertical growth phase melanoma with
transgression of lamina propria; and finally, (V) metastatic melanoma with spread cells
to other areas of the skin or organs [3]. Nowadays, it is widely accepted that development

of dysplastic nevi is associated with an increased melanoma risk [3,9].

The field of Nanotechnology has contributed extensively towards drug delivery, through
development of multifunctional drug carriers that allow the increase of drug
bioavailability, controlled drug release, targeted delivery, as well as a more efficient and
safer therapy. These systems have grown through a progressive generation of new
structures, allowing the convergence of new materials, biomolecules, physical and
chemical techniques, for better outcomes. Under the aim of improving patients’ health
and compliance for safer and more efficient diagnosis and therapy, these technologies
broaden the possibilities within the medical field and, in the case of melanoma, may
overcome issues related with tumor size, vascular structure or the identification of

specific genomic signatures. One example is how researchers have undoubtedly tried to
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develop strategies for transdermal drug delivery as a safer solution for skin cancer
through the application of nanosystems [10-14]. Nanoparticles showed promising
perspectives, for example, in efficiently penetrating the skin and delivering the drug at
effective therapeutic concentrations [15]. Hence, development of a local treatment to be
applied ideally in early melanoma (stage 0/ 1), in dysplastic nevi (stage Il) or even in
melanoma stage lll, associated to high risk recurrence and need of adjuvant therapy
[16], could prevent it from reaching melanoma metastatic stage [17]. For other skin
cancers (non-melanoma), topical and local immunomodulatory therapy is already
available (e.g., Imiguimod®), which is effective against superficial primary skin tumors
and cutaneous metastasis [18]. Recently, biphasic vesicles were efficiently used as a
topical delivery system for alpha-interferon for human papillomavirus infections (e.g.,
Yallaferon®), which has already successfully completed Phase | and Il of clinical trials
[19,20]. In conclusion, there is still much room for new, improved therapies within
established chemotherapy and radiotherapy, invasive methods (surgery), as well as,

unavoidable systemic approaches in skin cancer treatment.

2. Challenges associated with melanoma issues

Melanoma is a complex cancer that contrasts with other types of cancers in terms of
evolution and recovery. Mostly melanoma is detected at an early stage and removed by
surgery; however, before metastases appearance, ulcerated primary tumors grow,
dropping the 5-year median survival rate from 97% to 39% [3]; by then, patients have a
life expectancy of 6 to 10 months and the overall survival rate for stage IV melanoma
(with metastasis) is only 2.3% [21]. Besides, this cancer is associated with multiple

factors, as demonstrated in Table 1, which aggravate its complexity.
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Table 1. Internal and external factors related with appearance of melanoma. Adapted
from [3,16,22].

Internal Factors External Factors

Ethnicity Exposure to UV radiation (e.g., sun,
tanning-bed)

o Occupational chemicals’ exposure (e.g.,
Family history .
arsenic)

o _ . History of blistering sunburns at young
Fair skin and hair (blonde or red hair)
age
Age of onset (< 40 years)
Dysplastic nevi

Immunossuppresion

Melanoma treatment shows limitations related to non-specific targeting, low survival rate
after ulceration development and high multiple drug resistance (MRD) [2]. Melanoma is
one of the most complex tumors in terms of tumorigenic stability and molecular
standardization, which can be both regarded as a great source of difficulty but, at the
same time, as an opportunity to develop new, specific and targeted treatments. Targeted
therapies will be explored later in this chapter. Early diagnostic of melanoma based on
the 1980s “ABCDE rule” (i.e., Asymmetry; Border irregularity; Color variation; Diameter
< 5 mm; Evolution of the lesion) is used for diagnosis when suspicious lesions appear
[23,24]. This has improved detection by physicians, based on experience, and, in
parallel, the study of histological samples by dermoscopy or microscopy has helped
diagnosis; still, this cannot cover many specific and inner characteristics of the tumor in
terms of its histological complexity, lack of pattern or molecular identification.
Consequently, 5-10% of melanoma cases are reported to be difficult to diagnose [23].
Also in 88-89% of the cases, no additional metastases are discovered within the analysis
[21].

Melanoma risk increases with the number and size of atypical nevi in skin [3,9].
Monitoring atypical nevi, especially in people prone to develop melanoma is, therefore,
crucial; however, it is difficult to establish said association by only conducting histological

examination. Molecular phenotyping shows a big role in distinguishing common nevi and
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dysplatic nevi that can be related to melanoma appearance. Atypical nevi show higher
proliferation than common nevi, as well as the presence of reactive oxidative species,

although molecular markers are still unknown or too similar to differentiate.

One of melanoma’s complex characteristics is the enormous quantity of receptors
involved in the development of this cancer. There is still a lot left to know about the
presence of receptors, molecules and factors involved in melanocytes’ growth,
differentiation and migration in the skin [5]. The behavior of melanoma treatment
resistance is also not clear yet [7]. Refractory response and MDR of cancer are
associated with genetic and molecular heterogeneity that results in complex biological
mechanisms for multiple and different subpopulations of cell pools within the same
tumor. For example, ATP-binding cassette B5 (ABCB5)-overexpressing cells increase
along with tumor aggressiveness, after the first treatment attempt (e.g., dacarbazine,
vemurafenib and doxorubicin). In addirion, these cells are accompanied by drug efflux
properties in several melanoma cell lines, which increase resistance to chemotherapy in
advanced stages of the disease. Until now, it was thought that melanoma cells showed
enhanced tumorigenecity with stem cell-like properties, meaning that some of these cells
had the ability to renew themselves and alter their aggressiveness as a whole identity.
However, it seems that melanoma does not follow a cancer stem cell model, showing a
high degree of plasticity, which results in switching between different stages of
proliferation and malignancy (interconversion). Thus, metastatic melanoma may contain
a high proportion of cells with intrinsic tumorigenic potential that may not be detected in

follow-up assays [25].

Finally, another issue in melanoma’s progression is the chronic inflammation already
demonstrated for colorectal carcinoma, esophageal adenocarcinoma and Marjolins’s
ulcers [18]. Inflammatory processes play a role in all of the main stages of cancer, namely
initiation, proliferation and invasion, as tumor cells produce cytokines and chemokines
to attract immune cells that infiltrate into the tumor tissue [26]. Chemokine receptors
regulate migration of leukocytes and play a role in infection and inflammation. It is also
important to find the inflammatory gene expression profile in melanoma since it can work
as a useful biomarker for response to vaccines and other immunotherapies [21]. Besides,
melanoma cells show high expression of glucocorticoid receptors [27,28] and, therefore,
targeted glucocorticoid-based therapy could also be selected to treat this immune-
related cancer by inhibiting tumor growth [29], reducing the negative effects and

controversy associated to this therapy. New molecules are currently being explored and
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specifically plants with known anti-inflammatory and anti-tumor actions (e.qg.
polyphenaols) [26], and seem to be a good source for new therapeutics. However, most
of these molecules may exhibit difficulty in targeting melanoma, prompting the use of
nanoparticles for these advanced therapies. This has been driven by key events of
scientific evidence on their ability to overcome the ineffectiveness of many cancer
treatments, prevent side effects and be able to detect early cancer that would not be
identified by other means (Figure 1). For example, camptothecin, an alkaloid with anti-
tumor action extracted from Camptotheca acuminate, with poor solubility and limited
bioavailability, was incorporated into polymeric polyethylene glycol - poly(lactic acid)
(PEG-PLA) nanocapsules, with high encapsulation efficiency (> 80%) for treatment of
melanoma lung metastasis, demonstrating better results as in vivo compared to free

drug, plain PLA nanocapsules and untreated tumor [30].

1 Survival Rate T T T T
Molecular Identification \

Atypical nevi diagnostic

Inflammatory process

Targeting chemotherapy

Efflux pump

Chemoresistance vs. Bitherapy

Figure 1. Multiple actions of nanoparticles in melanoma improve survival rate.
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Targeting melanoma cells

Advances in molecular cancer biology have led to an increasing the knowledge of tumor
receptors and ligands. As regarded before, melanoma is a heterogeneous cancer with
different genetic patterns for each melanoma subtype [31], which have been reviewed
extensively [5,32,33]. In order to effectively treat melanoma, a targeted inhibition of key
points in molecular and biological mechanisms of tumor cells may be the most effective
solution ahead. There are several pathways that can be targeted for disruption: cell
proliferation (growth) and differentiation, angiogenesis, invasion (metastasis) and
apoptosis [5,33]. By understanding the molecular basis behind these pathways, we may
go further in unraveling the mechanisms by which chemo- and radiotherapy resistance
occur and how can we beat this type of cancer [5,33]. We may find interesting to try a
combined approach — simultaneously targeting multiple signaling cascades — or by first
doing a molecular trial to identify the main targets characteristic to a given tumor. Herein,
we will focus only on the most important receptors and those that are well described,

understanding that there are many others involved in melanoma development.

Melanocytes’ proliferation occurs coupled with that of keratinocytes, which regulate their
growth and receptor expression profile at their surface, via cell adhesion and growth
factors (e.g., cadherins, growth factors and endothelins). One of the most important
receptor is melanocortin receptor 1 (MC1R), regulated by melanocortins, such as a-
melanocyte-stimulating hormone (a-MSH), adrenocorticotropic hormone (ACTH) and 8-
endorphin [34]. MC1R is expressed in high levels in the majority of melanoma cell lines
and at low levels in normal cells (i.e., keratinocytes, melanocytes, fibroblasts and
immunologic cells) [34,35]; besides, MC1R may play an important role in immune and
inflammatory processes: although expressed in lower levels than in both cutaneous and
uveal melanomas (a-MSH binds up to 5 times more to melanoma), this receptor appears
significantly in activated monocytes [36]. The ligand a-MSH confers attachment and
internalization to MC1R overexpressed on the surface of melanoma cells,
simultaneously reducing the metastasis growth, but also diminishing the immune
response against melanoma [37,38]. MC1R is also responsible for stimulating eumelanin
synthesis in melanocytes, which protects the skin from UV radiation and the damage it
can cause in DNA [39,40]. Studies made with gold nanospheres covered with PEG and
displaying an agonist targeting moiety against MC1R achieved a successful targeting
with high doses at the tumor site, which after laser treatment, induced high levels of

necrotic tissue therefore having efficient photothermal ablation ability. Gold nanopatrticles
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were selectively taken up by the cell even reaching the cytoplasm [41]. In addition, an
agonist moiety targeting (a-MSH analog) also shows superior internalization by tumor
capillaries, suggesting a receptor-mediated endocytosis, while antagonist targeting stays
at the cell surface, since it cannot mediate endocytosis [42]. In another study,
Polyethylene glycol-coated (PEGylated) protein nanoparticles formulation based on
human ferritin were developed and functionalized with a-MSH through a link created by
genetic modification with increased specific binding to melanoma cells. In vivo
administration of these nanoparticles in mice also demonstrated higher accumulation

into cutaneous tumor as compared with other organs (e.qg. liver) [43].

Mutations in MC1R receptor are related to melanoma proliferation: this highly
polymorphic receptor affects the response to UV light by melanocytes increasing the
DNA damage effects. A recent study found that a-MSH is useless in absence of MC1R
expression, increasing the risk of melanoma; also, activation of the p53 pathway by a-
MSH can work as a preventive strategy against DNA damage [39]. Desai et al. (2013)
showed successful tumor regression in mice that received a melanoma xenograft, upon
intraperitoneal administration of complexes of danaciclib- 2-hydroxypropyl--
cyclodextrin (HPBCD). In vitro 2D adherent and 3D organotypic melanoma models
revealed a positive response to the administration of the complexed drug, with inhibition
of cell growth, depending on p53 signaling [44]. In fibroblasts, for example, cellular
growth seems to be compromised after a-MSH stimulation, but in presence of
polymorphisms, proliferation occurs [35]. Recently, as fibroblasts present this metabolic
support to melanocytes, including when melanoma cells are formed, new targets based
on overexpression or knock-down of key metabolic genes have been validated, for
promoting tumor growth and /or metastasis in mice models [45]. Melanoma cells also
activate fibroblasts and, in return, these cells provide them both structural (i.e.,
extracellular matrix proteins that increase tumor cells survival) and chemical support (i.e.,
growth factors) [34]. Interactions between melanoma and stromal cells through the
microenvironment promote the tumor growth, malignancy and also drug resistance.
Melatonin receptors are also important since they regulate the phenotypic actions of cells
growth and differentiation [5]. Lipid-polymeric nanoparticles for melatonin transdermal
delivery were applied to treat early stage melanoma [46,47]. Melatonin is a suitable
molecule for transdermal and topical transport and could benefit from the advantages of
a nanoparticulate system, such as controlled release, targeted action and deposition on

specific cell pools in the skin.
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Also present in the signaling pathway, protein WNT5A expression increases with
melanoma progression; present also in common nevi, it is related to melanoma
aggressiveness, motility and invasion of cutaneous melanoma [48]. Extracellular-signal-
regulated kinase (ERK) is the only known activated protein by Mitogen-activated protein
kinase kinase (MEK 1/ 2), which influence on melanoma is still unknown. Still, higher
levels of ERK are identified in subcutaneous metastases compared with lymph node
metastases or common nevi, indicating that protein activation occurs at advanced
melanoma stages. Insurgence of medicines to inhibit MEK 1/2 is, therefore, promising
for these kinds of tumors [33], since it is overexpressed in the majority of melanomas
[21]. Other markers help in clinical diagnosis by accurately distinguishing melanoma
cases from dysplastic nevi ones, showing some progress, in spite of the cancer
complexity [49]. The majority of melanomas (50-60%) also show an active mutation
(V600OE) for B-Raf proto-oncogene (BRAF), inducing tumor cells growth and
angiogenesis. Thus, therapy with BRAF inhibitors is also promising [31,33]. Vemurafenib
(per os) shows a 30-fold selectivity for the pV600E mutated form compared with wtBRAF.
But, this drug causes keratoacanthomas and invasive cell carcinoma, treatment
resistance and melanoma relapse [31]. MEK and phosphoinositide 3-kinase (PI3K)
pathways also interfere in BRAF mutations and, as targets for melanoma, can reinforce
the idea of conjugated bitherapy in this type of cancer [26]. Uveal melanoma causes
metastases mainly (95%) in the liver and lack mutations of the BRAF gene, which
indicates that it acts by different signaling cascades than cutaneous melanoma (e.g.,
MEK/ MAPK), mainly mutually exclusive GNAQ or GNA11l mutations. However, BRAF
(V600E) mutation could be identified in small populations of cells within the uveal tumor.
Other ocular tumors that not arise from uvea are biologically similar to cutaneous

melanoma [50].

Finally, vitamin D3 receptors may also be an interesting alternative to explore for a
possible role in anti-melanoma mechanism [5]; tyrosine is also an interesting target,
since melanoma needs higher concentrations of this amino acid residue to proliferate.
Specific targeting is highly valuable and can affect the biodistribution. PEG-PLA
nanocapsules delivering a modified form of tyrosinase enzyme improved its stability for
more time at body temperature, in order to lower the systemic tyrosine available for
melanoma [51]. This approach can also benefit from the different scale sizes since
smaller particles (< 100 nm) can enter melanoma cells and inhibit proliferation and

invasion, but larger particles (> 200 nm) can also convert tyrosine, lowering the levels in
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the extracellular environment and acting by following the same path as the metastases
[52].

3. Nanotechnology and progress of drug delivery systems

As the nanotechnology field grows, with almost 40 years of study, employment of new
mechanisms to reach specific targets is now on its way. In terms of cancer (with the
same years of study), we can see that a lot has been done to overcome the drawbacks
of this disease, as more complex and unpredictable cancers are occurring [53].
Melanoma is considered one of the most challenging cancers, in terms of diagnosis and
treatment efficacy. Enhanced knowledge of biomolecules and polymers, as suitable
structures for drug transport, improve the performance of those drug delivery systems.
Throughout the studies over the last years, physical and chemical characteristics of
commonly used biomaterials have been described and the pros and cons demonstrated
[54-57]. By working with different materials it is possible to tune their interaction with
biological environment. Interactions between materials are also being studied, and they
may occur by simple electrostatic interactions or by reactive promoted links, such as
covalent ligations. Interactions with drugs can also be used, as both slow or fast release,
obtained directly by adsorption at the particle surface, might also be required [58]. All
these facts are currently background knowledge for the seeking of hybrid nanocarriers.
Also, there is a main importance in the use of biomolecules and natural ligands that can
mimic natural cell responses and mechanisms, facilitating the active compounds
entrance and avoiding their rapid clearance [59]. It is also accepted that binding ligands
at the surface of the nanoparticles facilitate their penetration through the biological
barriers to reach the specific targets (e.g., BIND-014) [60]. Especially for hydrophobic
substances with anti-tumor and anti-inflammatory activities, these systems work as a
promising solution for poor drug bioavailability and also offer other ways to enter the
body, such as pulmonary, ocular or transdermal routes [61]. Solid tumors, like
melanoma, have a pore cut-off between 380 and 780 nm [59], so particle size is an
important factor, as nanoparticles with 200 nm cannot escape the normal vasculature,
but accumulate in cancer vicinity, due to extravasation and diffusional barriers [59]. As
will be further explained in this chapter, with the help of nanotechnology we may be

closer to the desirable personalized cancer therapy.
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4. Nanomedicine applied to melanoma prevention

One of the main problems associated to poor survivability of patients with melanoma is
the difficulty of early diagnosis. Clinical and self-examination for high risk patients is the
first way for prevention. In spite of physicians’ experience, we may be facing a
remarkable development with the advent of molecular identification and genetic typing,
for improved diagnostic of cancer. Another important advance is the use of imaging
techniques that permit a clear visualization of the skin distinguishing different
morphologies and depths of dysplastic nevi. In conjugation with fluorescent markers,
incorporated within small sub-micron particles, we may be able to target specific
receptors and proteins on the tumors’ surface, facilitating its identification. There is
already some work in this field, especially with metallic-based nanoparticles as
multifunctional systems. For example, the use of ultrasound imaging to follow the
progression of tumors can work for diagnostic and therapy associated with drug delivery
systems [62]. Gold nanoparticles can be used as contrast agents in photoacustic imaging
(PAI), which is based on the delivery of non-ionizing optical pulses at near-infrared (NIR,
650-900 nm) for an accurate and early diagnosis of melanoma. These techniques will be

further explained.

Photo-based diagnosis

Fluorescent dyes NIR laser Melanoma Cell

Nucleous

Photosensitizers

Figure 2. Gold nanoparticles’ mechanisms in melanoma prevention. Diagnosis by near
infrared (NIR) light activation and targeting penetration into melanoma cells, by

photosensitizers and fluorescent dyes, for further molecular plotting.
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Chemoprevention of melanoma, described elsewhere, suggests the use of targets for
effective delivery of anti-tumor agents (e.g., statins, curcumins, selenium, non-steroid
anti-inflammatory drugs (NSAIDs) and vitamin D) [63]. Most of them act hypothetically
by inhibition of proliferation and invasion of melanoma. One example is the use of
selenium supplementation as its antioxidant properties are described to prevent
melanoma appearance, when used topically (twice a week) at an early stage; however,
this activity is still controversial as it may aggravate the tumor growth in an advanced
stage [64]. Another study conducted with a derivative of selenium with nitric oxide
synthase (iNOS) inhibitor demonstrated that topical application was not aggressive to
keratinocytes or dermal fibroblasts and decreased the tumor growth in vitro (70-80%)
and in vivo (approx. 50%), by promotion of the tumor cell apoptosis [65]. In fact, as
described in other papers, the use of selenium nanoparticles can promote a targeted
activity and higher concentration at the tumor site, reducing possible adverse effects
behind the controversial results. Selenium nanoparticles have also been tested as
carriers for anti-tumor drug 5-Fluorouracil (5-FU), physically adsorbed at the surface, in
order to obtain a synergistic effect and reduce the chemotherapy adverse effects. The
authors also proposed the use of this system as a topical formulation in order to avoid
the in vivo degradation of 5-FU- selenium nanoparticles and to reduce the non-target
toxicity [66]. Finally, hyaluronic acid (HA) is described in the literature as both drug carrier
and target ligand due to its affinity to CD44 receptors in cancer cells [67]. Spherical
nanoparticles with a size less than 200 nm and a high negative surface charge
demonstrated a receptor-mediated endocytosis for melanoma cell lines and reduced
significantly the tumor growth in mouse models after intra-tumor (i.t.) and intravenous

(i.v.) injections [67].

Photoprotection

Exposure to sunlight, the main environmental factor behind melanoma, and skin cancer
in general, is still not completely described in terms of the exact influence of the
wavelength and UV-B/ UV-A light on melanoma [68]. Although for many years this could
not explain the appearance of melanoma in different body regions (e.g., brain, lung or
vagina), or even the appearance of cancer in non-Caucasian people, it is clear that there
is a relation between the disease and this risk factor. Recent studies have gone further
in this investigation and found a relationship between the formation of cyclobutane

pyrimidine dimmers — damaging the cells’ DNA — and leading to tumor initial
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development, as well as other unidentified bulky lesions mainly associated with UV-B
light [69]. Nanoparticles also have an important impact in this field, as they serve as
effective photo-protective carriers applied to cosmetic formulations, especially zinc oxide
(ZnO) and titanium oxide (TiO2) nanopatrticles [53], reaching effectively the skin surface

cells with sunscreen and protecting them from the damage action of UV light.

Tumor imaging and detection

Long goes the time where surgical management occurred according the Handley’s
principle of removal of 5 cm of the subcutaneous tissue for metastatic melanoma. Even
narrower margins (1 cm for melanoma < 1mm and 2 cm for thicker melanoma) are now
supported by imaging techniques. Based on their colorimetric and fluorescence
properties, nanoparticles may facilitate the localization of the tumor cells, minimizing the
extent of skin removed from surgery. Nanoparticles can also identify other tumors
dispersed within the body, if ulceration or metastases occur. For example, paramagnetic
nanoparticles containing a targeting moiety to av33 integrin were used to detect early
angiogenesis formation of early melanoma tumors [70]. This technology is valuable to
avoid invasive approaches, as the majority of the relapses are also local (50-85%) during
the first two years [71]. Confocal laser scanning microscopy (CLSM) is a useful imaging
tool in distinguishing common nevi, dysplastic nevi and melanoma, through differences
in cell morphology and loss of keratinocyte cell borders [72], as well as optical coherence
tomography (OCT) similar to B-mode ultrasound pulse-echo imaging. Melanoma often
appears with deformed borders of the dermis and spike morphology when compared
with common benign nevi [68]. OCT also estimates the superficial thickness of the skin
cancer, but cannot yet differentiate states of inflammatory processes or cancer [68].
High-frequency ultrasound (20 MHz) is also used in diagnosis of lesions close to the skin
surface (epidermis and dermis) and other techniques including Terahertz Pulsed
Imaging (TPI), Magnetic Resonance Imaging (MRI) and Raman Spectroscocpy (NIR,
650-900 nm) can also evaluate skin structure in relatively safe conditions [68]. Since
biological tissues and fluids do not absorb the red wavelength range [73], light can
penetrate deeper into the skin layers [74]. Most anatomical imaging techniques do not
require contrast agents, but molecular ones do. Photon Emission Tomography (PET)
and Single-Photon Emission Computed Tomography (SPECT) are, nowadays, widely
used for the diagnosis of cellular and molecular specificities. Several targeting peptide
probes using radio-isotopes that do not block the receptor binding are being developed

to improve these imaging techniques. Development of radio-labeled a-MSH can improve
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the diagnostic of melanoma, especially as cyclic analogs with higher stability in
physiological conditions, improved pharmacokinetics and superior in vivo tumor targeting
[75]. Cyclized a-MSH peptide derivatives can also be used for melanoma imaging and
radiotherapy, since they can get higher binding activity, tumor cells’ uptake and good
imaging properties [76]. In terms of nanotechnology application, the most used systems
are magnetic iron oxide nanoparticles (IONPs), quantum dots (QDs), polymeric
nanoparticles and carbon nanotubes [75]. Nanoparticles, besides their small size and
capacity to penetrate the cells, can be linked to multiple probes and targeting ligands by
surface functionalization, improving the imaging of cellular and molecular subjects. For
example, arginylglycylaspartic acid (RGD) was linked to partially thiolated
polyamidoamine (PAMAM) G4 dendrimers coating cadmium selenide (CdSe) QDs to
reach melanoma cells that overexpress avf3 integrin in their vessels. With a final size
of 13.5 nm, QDs were useful for detection, while dendrimers were used to confer the
desirable surface properties and link the intended residues. Both in vivo and in vitro
uptake was associated to the binding of RGD to the integrin receptor while no passive
targeting was observed after three hours [77]. Cases of inflammatory regions could be
counteracted by nanotechnology application and targeted delivery of fluorescent drugs,

avoiding other invasive methods [74,75].

Theranostics

In terms of diagnostic and detection, nanoparticles can function as both tumor markers
and as carriers for photodynamic substances. Metallic particles made of gadolinium,
nickel, iron and gold can be used as contrast agents and as standards for these
approaches, which are regarded as safe and can work together with other techniques
such as ultrasounds, laser or thermal therapies to destroy tumors. Commonly, liposomes
and polymersomes are selected [78], mainly because these vesicles can easily penetrate
the cell interstices and reach the tumor site. They can also incorporate highly
hydrophobic drugs for therapy and hydrophilic molecules/ probes normally selected for
imaging [78], as mono- or bitherapy. Nanoparticles are the most used systems for
theranostics purposes, especially after increased stability by coating the particles’
surface with ligands or molecules (e.g., peptides, carbohydrates, oligonucleotides),
which also serve a therapeutic action [73]. This fact broadens our possibilities in terms
of the applications, as these particles are suitable for visualization of living cells and all
dynamic processes occurring in them, combining different probes to stain different

locations on the cell surface and within the cell. Still, very small gold nanoparticles (1-2
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nm) show high toxicity due to the possible irreversible binding to DNA molecules [73].
Silica has gradually gained its space in the field, as this polymer is highly stable,
biocompatible, with a strong potential in terms of particle functionalization and drug
release [79]. New ligands or modification of existing ones can be used to improve the
binding affinity and activity. One example is the development of peptides with single,
double and triple bonds harboring lysine residues and other moieties, for cells
overexpressing MC1R. It was found that trivalent ligands can reach higher selectivity and
better affinity in presence of high density receptors [80]. This approach could offer
promising tools for both diagnosis and therapy in melanoma. Finally, a different approach
of theranostics is the use of imaging nanoparticles for drug follow-up during treatment. A
study focused on the distribution of paclitaxel in solid tumors, such as melanoma, by the
use of TiO, nanoparticles coupled with imaging techniques (mass spectrometry imaging,
2D) that show some drawbacks, like high background noise and presence of
endogenous molecules that mask the signal; nanoparticles improved the resolution due
to their physical behavior for localized uniform deposition of energy, being used as a
matrix for imaging. Therefore, it was possible to visualize the drug presence in the central

portions of the tumors, after different treatment schedules [81].

5. Nanomedicine applied to melanoma treatment

Most melanoma-related advances have been made at the level of treatment
development [82]. Nanomedicine appears as an alternative to traditional therapeutics
that combine an ineffective action and systemic side effects, associated with the
destruction of both tumor and healthy cells. There is also a possibility to combine different
approaches and new molecules (e.g., monoclonal antibodies (mAb)) at the particle
surface, since melanoma is essentially an immunogenic tumor, and encapsulate an anti-
tumor drug to effectively destroy the cancer. To this matter, PAMAM G2 linked with
octavalent N-acetyl-glucosamine showed ex-vivo enhanced T-cell and natural killer cell
activity, which may explain the resulting in reduced tumor growth and enhanced mean
survival time in a dose-dependent manner in vivo [83]. The complexity of the disease
shows that higher selectivity and specificity have to be fulfiled with the selected
treatment. Therapeutic agents have to be determined for each person or each type of
cancer. Until now, few drugs have been approved by the Food and Drug Administration

(FDA) and the European Medicines Agency (EMA) for melanoma treatment (Table 2).
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Table 2. Approved drugs by U.S.A. and European Agencies for melanoma treatment
(Food and Drug Administration (FDA), 2016, at http://www.fda.gov; European Medicines
Agency (EMA), 2016, at http://www.ema.europa.eu).

Therapy Type of agent FDA approval EMA approval
_ Dacarbazine Dacarbazine
Chemotherapy Akylating agents
(1970) (2002)
, Talimogene Talimogene
Oncaolytic herpes
_ Laherparepvec “T- | Laherparepvec “T-
virus
Vec” (2015) Vec” (2015)
Monoclonal Pembrolizumab Pembrolizumab
antibody anti-PD-1 (2015) (2015)
Monoclonal
_ _ Nivolumab (2014) | Nivolumab (2015)
antibody anti-PD-1
o PEGinterferon alfa-
Immunotherapy Antiviral -
2b (2011)
Monoclonal

antibody anti- Ipilimumab (2011) | Ipilimumab (2011)

CTLAA4
_ Aldesleukin, IL-2
Interleukins -
(1998)
o Interferon alfa-2b Interferon alfa-2b
Antiviral
(1986) (2000)
Cobimetinib (2015)
*used in combination with Cobimetinib (2015)
BRAF V600 vemurafenib

Targeted therapy

mutation / MEK

Trametinib (2013)

Trametinib (2014)

Dabrafenib (2013)

Dabrafenib (2013)

inhibitors

Vemurafenib
(2012)

Vemurafenib
(2011)

Nanomedicine can also help to accomplish this approach and reach the complexity of
each cancer, such as combining different therapeutic agents. One suggestion is the
association of anti-CTLA4 ipilimumab and BRAF-inhibitor vemurafenib to improve intra-
tumor infiltration by acting synergistically to avoid the immunosusceptibility of the tumor,

since ipilimumab increases the overall survival of melanoma patients [21]. Ipilimumab


http://www.fda.gov/
http://www.ema.europa.eu/
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was actually the first agent to reach this positive reaction in cases of advanced
melanoma and conjugation approaches are already in phase Il for clinical trials (Table
3). This drug is proposed for patients with refractory and advanced melanoma stage and
has demonstrated overall improvement of patients’ survival, but cause immune related
reactions that are counteracted by administration of glucocorticoids and other
immunosuppressants [6,84]. Another important strategy includes mAb and anti-
angiogenetic drugs (e.g., paclitaxel and docetaxel) [21]. This approach can also be
improved by nanotechnology as demonstrated for docetaxel incorporated into lipid-
based nanomicelles (20-25 nm) [85] and into solid lipid nanoparticles (SLN) (140-180
nm), including a variety of lipids for better hydrophobic drug incorporation, tolerability and

cell transport [86].

Dendrimers are another class of polymeric nanoparticles with a promising application in
cancer diagnostics and therapeutic [87,88]. By virtue of their small size and large number
of functional terminal groups, dendrimers are highly favorable to interact with biological
systems at molecular level. Since their surface chemistry is one of the key critical
elements between therapeutic value versus toxicity, specialized moieties can be
precisely attached to increase molecular targeting (e.g., attachment of antibodies, folate
or RGD), to avoid unspecific interaction with cellular components (e.g., by cationic
charges) or with reticuloendothelial system (RES), as well as to increase the residence
time by attachment of PEG. The architecture, composition and size of the polymer may
also influence the cell uptake and, therefore, the therapeutic effect [89,90]. Dendrimers
show a protein-like structure, so they can also have therapeutic activity of their own. For
example, Poly(L-lysine) G6 dendrimers were shown to have anti-angiogenic activity both
in vitro and in vivo in B16F10 model after i.v. administration at a dose of 50 mg/kg/day,

being able to delay tumor growth while increasing apoptosis [91].
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http://clinicaltrials.gov).

National

Institutes of Health, 2013-2016, at

Melanoma — Phase Il (completed)

Systems Subject Melanoma stage — Clinical stage Reference
Inorganic Targeted Silica Nanoparticles for Image-Guided Intraoperative Sentinel
Nanoparticles Lymph Node Mapping Head and Neck Melanoma Head and Neck Melanoma - Phase 0 NCT02106598
Paclitaxel Albumin-Stabilized Nanoparticle Formulation (and Bevacizumab | Stage IV inoperable - Phase |l
. . . NCT01879306
or Ipilimumab) as First-Line Therapy (completed)
Bevacizumab and Temozolomide or Bevacizumab and Paclitaxel Albumin- | Stage IV inoperable - Phase |l
o . . . NCT00626405
Stabilized Nanoparticle Formulation and Carboplatin (completed)
Paclitaxel Albumin-Stabilized Nanoparticle Formulation (nab-paclitaxel, | Intraocular melanoma inoperable - Phase
NCTO00738361
. Abraxane®) Il (completed)
Protein-based Inoperable locally recurrent or metastatic
Nanoparticles Paclitaxel Albumin-Stabilized Nanoparticle Formulation (ABI-007) P Y NCT00081042
melanoma - Phase Il (completed)
Carboplatin and ABI-007 (Abraxane®) Stage IV melanoma inoperable - Phase Il NCT00404235
(completed)
Abraxane and Avastin Metastatic malignant melanoma - Phase NCT00462423
Il (completed)
BIND-014 Advanced or metastatic cancer - Phase | | NCT01300533
Liposomal Cytarabine in combination with Radiotherapy and Lomustine for | Advanced or metastatic melanoma -
. . . NCT01563614
treatment of Leptomeningeal Metastasis from Malignant Melanoma Phase |
L . _— . Malignant melanoma - Phase |
Vincristine Sulfate Liposomes Injection (Margibo®) g NCT00145041
L (completed)
iposomes : : —
Vincristine sulfate liposomes injection (Margibo®) Metastatic malignant uveal Melanoma NCT00506142
Phase Il (completed)
Liposomal Vaccine (Lipovaxin-MM®) Melanoma — Phase | (completed) NCT01052142
Vaccine Therapy Plus Interleukin-2 With or Without Interferon Alfa-2b Metastatic  (stage = ll) ~ cutaneous NCT00004104



http://clinicaltrials.gov/
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Radiotherapy

Radiotherapy is based on radiation use for cancer cells destruction. However, this
treatment is very complicated and dreadful for patients, who suffer from several side
effects, and is rarely used only as monotherapy. Based on this fact, we can bring together
the two approaches (radio- and chemotherapy) and, for example, administer anti-tumor
drugs encapsulated inside nanocarriers that respond to the action of lasers or radiation.
Metallic-based nanopatrticles release anti-tumor drugs only after reaching the tumor site,
by means of a radiation beam, or after thermal ablation, acting as a synergistic

multifunctional therapy for cancer [74].

High-frequency ultrasound (HFUS) imaging creates a B-scan image of the tissue
evolution after tumor implementation in melanoma orthotopic models [92].
Electrochemotherapy (ECT) is a new technology that combines electric pulses (non-
thermal) and anti-tumor agents (e.g., bleomicin). External electrical stimulations increase
the cells permeability and facilitate drug penetration into the tissue. However, it shows
side effects such as erythema, erosion or ulceration (scaring) and oedema and pain [21].
Still, in a long-term response (5 years) study, made on patients having malignant
melanoma (refractory or relapsed cutaneous melanoma), and treated with ECT, it
showed that approximately 50% of the patients displayed a complete response and were

free of the disease after two years [1].

Photodynamic therapy (PDT) is a non-invasive procedure including a photosensitizing
drug (e.g., prodrug 5-aminolevulinic acid named as 5-ALA) that can be activated by light
to produce oxidative reactions locally and destroy the tumor cells [74,93]. Light is
obtained through a laser that can emit pulses; metallic nanopatrticles improve PDT by
focusing the beam to a localized area, minimizing eventual damage to adjacent normal
cells and by triggering drug release only on the tumor site. This technique may be used
in all areas of research, diagnosis, prevention and treatment. Laser-based therapies
already approved as topical treatment by FDA and EMA for non-melanoma cancers and
previous lesions like actinic keratosis, can also allow combination of treatments, through
the use of targeting agents (photosensitizer plus immunomodulator) or, more recently,
coupled with nanoparticles to increase the penetration of the photosensitizers deeper
into the skin. Actually, PDT allied to nanomedicine could revolutionize dermal melanoma
treatment by applying non-invasive local therapies, with minimal side effects [74], and

also reduce the thermal dose required for cytotoxicity that affect both cancer and healthy
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tissue, since the two techniques work synergistically together [94]. For example, by
assessing the effectiveness of two model sensitizers used in PDT (meso-tetrakis[4-
sulphonatophenyl]porphine, TPPS4 and its zinc metallocomplex, ZnTPPS4), in the
presence and absence of Hydroxypropyl-B (HPB)-CD, both compounds revealed >1.2
fold decrease in ICso when complexed with CDs [95]. And, in a follow-up work [96], the
same authors showed that binding the same sensitizer to HPBCD improves its cellular
uptake and induces DNA damage on melanoma cells, at a relatively low radiation dose.
Multifunctional particles for melanoma-target drug delivery become evident for a role in
this part, meaning above that all different approaches and, with them, different materials,
such as complex organization of organic, inorganic molecules, biological agents and
polymers, are stably conjugated for specific goal. Poly(lactic-co-glycolic acid) (PLGA)
coated magnetite nanoparticles, further incorporated into a thermosensitive polymer
revealed a slowly release of curcumin (anti-tumor model drug) for more than 25 days,
depending on temperature and polymer degradation. These particles also showed a
targeted accumulation in the tumor cells, after application of a magnetic field on the tumor
site. Polymeric coating seems to reduce the toxicity of these systems, while preserving

their magnetic properties [2].

Modular nanotransporters (MNTs) are developed based on natural cell mechanisms
(e.g., polypeptide that mimics cell transportation and attachment) and can be improved
by surface modification with a-MSH for a targeted delivery of the photosensitizers to the
melanoma cells. This method accomplished 93% inhibition of melanoma proliferation
and increased mice lifespan, comparing with the ones treated with the free
photosensitizer [97]. The same system tested with Epidermal Growth Factor (EGF) for
other tumors demonstrated a broad variety and flexibility of these transport systems [98].
Targeting moieties also improve the treatment results due to reduction of effectiveness
caused by melanin light absorption and increased in two-fold the median survival of the
mice, significantly inhibiting tumor growth. Selecting the most appropriate targeting
moieties is, therefore, important to conjugate with the microenvironment and molecular
mechanisms associated with the tumor before and after thermal damage [94]. Smaller
particles (20-200 nm) with longer half-lives (e.g., surface modification with PEG) seem
to have the desirable characteristics for an efficient tumor targeting. As for possible
targeting moieties, anti-CTLA4 antibodies and tumor necrosis factor alpha (TNF-a)
appear to be good candidates, as well as compounds that reduce the hyperpermeability
threshold of cell membranes (e.g., antioxidants or anti-inflammatory agents) and that

facilitate the anti-tumor drug entrance into the cancer cells [94].
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Figure 3. Different approaches applied to photodynamic therapy. Nanoparticles can
enter the cells and reach the cytoplasm through targeting moieties at the surface and

promote PDT by focusing thermal ablation and laser action to the tumor site.

Chemotherapy

In chemotherapy, nanotechnology has played a significant and distinctive role over the
last 20 years. Along with many studies, there is a consensus that small nanocarriers
between 10 and 100 nm can penetrate into the tumor vasculature, reaching the tumor
cells by a target- effect. Also, nanocarriers are an interesting mean for new molecules
and compounds with anti-tumor activity. Normally, these substances show a poor
solubility and then bioavailability, as they have a lipophilic character and high molecular
weight. Transport via nanocarriers facilitates the substances’ penetration by endocytosis,
aiming a more effective action. Another advantage is the possibility of bitherapy: one
active agent encapsulated inside the core and another adsorbed at the surface of the
carrier, for a synergistic treatment approach. Finally, nanoparticles can facilitate the
administration of chemotherapy agents that is, through i.v. injections sometimes seen,
as a disadvantage for the patient. Controlled drug release and the broad possibilities for
incorporation into other pharmaceutical formulations, for administration through other
routes, can ease this great difficulty for both clinicians and patients, aiming an

independent and secure chemotherapy [99].
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Figure 4. Nanomedicine applications in melanoma treatment for improvement of local

efficiency and, ultimately, patient compliance.

An example of how nanotechnology can implement several approaches in one system
is the use of polymeric PLA particles to carry the anti-tumor drug, dacarbazine, and
immunotherapeutic agent for TRAIL-receptor, DR5, related with the tumor necrosis
factor family, inducing apoptosis in melanoma cells overexpressing this receptor. The
mAb was dispersed onto the nanoparticles surface, which was confirmed by
fluorescence techniques. Binding and specificity of nanoparticles were very important for
the tumor cytotoxicity increase, since it promoted the entrance of dacarbazine by
receptor-mediated endocytosis. Particles showed a size smaller than 200 nm and a zeta
potential of -30 mV [100].

In another study, PAMAM dendrimer of different sizes (G2, G3 and G4) were conjugated
with oregon green and compared to linear and branched polymer polyethylenimine (PEI)
for their uptake on B16F10 melanoma cells. The mechanism of absorption for the
PAMAM G4 was found to be cholesterol-dependent since a reduction of 44% of uptake
was observed when Methyl-B (MB)-CD was used while no efflux activity was observed.
This may be particularly important when devising systems that can avoid efflux
resistance mechanisms [90]. Together with size and architecture, the charge also

determines preferential interactions within biological media, especially with cell

47
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membranes. Although both positive and neutral dendrimers were distributed to all major
organs with rapid clearance within 24 hours, deposition was slightly higher for the
positively charged dendrimers at the tumor site [101]. Docosahexenoic acid-PAMAM
dendrimers linked to doxorubicin by a hydrazone link were compared to free drug [102].
Since doxorubicin is linked to the dendrimer backbone, it cannot interact with its receptor
due to steric hindrance. Therefore, as tumors are slightly more acidic than normal cells,
release of doxorubicin was achieved by a pH-triggered mechanism by the hydrazone
linker, resulting in 2-fold higher drug release in acidic conditions. Consequently, a higher
area under the curve (AUC) was observed for the dendrimer (452 pug/mL versus 65
png/mL) that resulted in a higher growth inhibition and apoptotic induction in comparison
to the free drug [102].

Paclitaxel, although not approved yet for melanoma therapy, has been extensively
studied for this purpose. Paclitaxel promotes the polymerization of tubulin proteins,
essential for microtubules stabilization during cell mytosis, inhibiting tumor growth [103].
Abraxane® is a nanoparticulate system with 130 nm in which paclitaxel is bounded to
albumin protein (nab - nanoparticle albumin bound) and was first introduced and
approved for breast cancer in 2005. The use of albumin, a natural human protein,
prevents some additional toxicity and has shown to have reduced adverse effects
compared to the traditional formulation (Cremophor®), which is commonly associated
with hypersensitivity reactions and neuropathy [104]. There are various mechanisms by
which nanoparticles can accumulate in the tumor but they can be divided into two major
groups: (I) passive (i.e., enhanced permeation and retention (EPR), which is a series of
phenomena related with enhanced blood circulation and leaky tumors) and (Il) active
targeting (e.g., folate, RGD or antibodies). Nab-paclitaxel achieves high concentrations
within the tumor site both by EPR effect and receptor mediated targeting. Secreted
protein acidic and rich in cysteine (SPARC) is highly secreted in malignant melanocytes
and has been shown to be important in Abraxane® mechanism. The value of nab-
paclitaxel has recently been tested for its potential value in clinical trials for melanoma
[105-107]. Nevertheless, there is always space for improvement in nanomedicine, where
new opportunities constantly rise to explore other strategies. Nanoemulsions for dermal
delivery of paclitaxel can work as localized therapy in deep skin layers for melanoma
treatment in rats [108]. Another study compared liposomal paclitaxel carriers, showing
that it increased the drug encapsulation up to 90%, overcoming a common problem in

conventional lipid formulations, suppressed the tumor growth and the appearance of



Article | | 49

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

metastasis in a dose-dependent rate, reducing the toxicity to normal tissues in mice
[109].

Liposomes are extensively used for melanoma treatment, since they are low-toxicity
systems and suitable for dermal application, decreasing adverse effects and increasing
the local accumulation and action of the anti-tumor drug; also they allow prolonged
systemic circulation when modified by PEGylation, for an effective treatment of
metastastic melanoma [110]. Liposomes have been studied for encapsulation of
common anti-tumor drugs in mono- or bi-therapy for synergistic effects, nucleic acids
(gene therapy), improvement by addition of targeting moieties (e.g., folic acid, transferrin
and monoclonal antibodies) [110]. Although liposomes are good platforms for topical
drug delivery, most of the studies performed with them use invasive administration, such

as i.v. injections, except when associated with other techniques like PDT [93].

Cyclodextrins are cyclic oligomers of a-D-glucopyranose (or a-D-glucose) units linked by
1,4-glicosidic bonds, produced by bacteria that degrade starch by an enzymatic process
[111,112]. CD’s structure allows them to have a hydrophobic cavity and a hydrophilic
outer surface, and the cavity’s dimension enables them to bind to several different
compounds, generically called guest molecules, forming inclusion complexes [112,113].
Few studies were conducted with CDs for melanoma treatment. However, they revealed
some interesting results that show CDs as promising carriers for this application. For
example, betulinic acid, a pentacyclic lupane-type triterpene, widely found in a variety of
plants and synthesized from betulin. As this compound is poorly soluble in aqueous
medium, octakis-[6-deoxy-6-(2-sulfanyl ethanesulfonate)]-yCD was chosen as carrier
and revealed that the complexation of this compound is potentially interesting for the
treatment of melanoma, since it displays similar activity to free betulin (in cell lines) while
allowing solubilization, and thus, making it possible for the compound to be administered
in an agqueous (non-toxic) vehicle [114]. Another study reported a significant antitumor
potential of mistletoe-derived triterpenes (which major component is oleanolic acid) with
highest necrosis rates when animals received aqueous extract with CD-complexed
triterpenes [115]. In fact, natural compounds and derivatives have been selected to be
conjugated with CDs, as either carriers or active participants on the therapeutic effect for
melanoma, promoting the cytotoxicity’s selectivity [116—120]. CDs can be administered
by oral route [121], or topical administration, with successful results. A CD-surfactant
carrier for topical application and delivery of two curcumin analogs showed remarkable

cellular selectivity, within primary keratinocyte cells and human fibroblasts and high
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apoptotic activity (five to nine-fold higher than untreated cells) [122]. Also, oleanaolic acid
and ursolic acid complexed with both HPBCD and HPyCD were applied topically in
induced skin melanoma murine model [123]. By using the lipid layer-disrupting property
of cyclodextrins, it appears that CDs can decrease the cell membrane constituent,
syndecan-2, translocation to the lipid rafts, causing their disruption, which leads to

melanoma cell migration inhibition [124].

Another recent and promising approach is the use of hyaluronidase coated plain silica
nanoparticles. Recent experiments have found that subcutaneous (s.c.) injected
nanoparticles in concomitance with a therapeutic agent (i.e., carboplatin) would stay
longer and more attached to the skin tumor after administration. This facilitated
attachment is due to the high molecular weight of the enzyme and the multiple
interactions between nanoparticles and the hyaluronan present in cancer cells. The
enzyme maintained its biological activity after immobilization into the particles. These
systems were tested in human, non-metastatic melanoma cancer cell lines A375
(overexpressing CD44 receptors for hyaluronic acid) and showed a higher decrease of
the tumor size [125]. The use of bioactive compounds associated with nanocarriers is
also increasing, such as tripterine (Tripterygium wilfordii) encapsulation in NLCs for
topical treatment of skin cancer. Anionic NLCs allow a more controlled release over time,
show better encapsulation efficiency, cumulative skin permeation, less cell inhibition and
high cell uptake [12,17]. A recently synthesized derivative of the natural compound
Royleanone (7a-acetoxyroyleanone) demonstrated cytotoxicity against melanoma cells;
and also SK-MEL-1 human melanoma cells showed a special sensitivity to other
derivatives of this compound, which is very promising for counteracting melanoma’s
MDR [126]. Curcumin was proven to be used for melanoma since it can have an
immunotherapy action in melanoma treatment. It shows an immune responsive action
by promoting the release of tumor pro-apoptotic cytokines that destroys human
melanoma cell lines after 48 hours treatment [127]. However, curcumin also appears to
inhibit the immune-mediated recognition of tumors by affecting the responsiveness to
other anti-tumor factors (STAT1 and STAT5), so its use should be further studied [127].
It seems that curcumin acts by inhibiting cyclic nucleotide phosphodiesterases 1 (PDE1)
in order to decrease melanoma cell proliferation and also may act by a preventive
mechanism, via gene encoding the cell life cycle. Another study developed chitin
nanogels for selective toxicity towards melanoma cells, with a safer behavior compared
to the anti-tumor free drug (i.e., curcumin). This nanogel was applied via transdermal

route mainly through both intercellular and transcellular pathways [13]. Curcumin has
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also been encapsulated into nanoniosomes for dermal application as skin cancer
prevention strategy [128]. Zhao et al. (2010) reported a high efficacy against melanoma
in vivo through transdermal route by incorporation of realgar into nanosystems, with
lower systemic toxicity levels [17]. Finally, corticosteroids, such as prednisolone
phosphate, used in cancer treatment can be incorporated into liposomes for oral
administration against melanoma. These liposomes, called long-circulating liposomes
(LCLs), target tumor-associated macrophages (TAMs), which seem to control the tumor

growth and angiogenesis, in immunogenic cancers [29].

6. Other therapies: Gene and viral therapies

Gene therapy involves a more complex approach in cancer treatment. It may be more
promising for diagnosis than for treatment due to the genetic flexibility of tumor cells and
the different molecular identities, including during metastasis. In this last case, we should
develop a unique system that could reorient its structure, like a virus, according to the
tumor adjustments. Some virus (e.g., vesicular stomatitis virus) demonstrated to
selectively enter malignant melanoma cells working as a targeting machinery and vector
for oncologic therapeutics, due to a defective barrier of the cancer cells for the virus.
Besides the issues associated with unexpected viral reactions or consequences, the
great variability of melanoma cancer cells can make them resistant to virus infection
[129]. Yao et al. (2011) produced a carrier composed of PEI linked to BCD and
conjugated with folate [130]. This carrier was studied mainly because of its ability to
deliver interleukin IL-2 plasmid, after s.c. administration. The resulting polycomplex
system had around 100 nm and was able to suppress tumor growth and extend animal
survival. In addition, this polycomplex was able to stimulate a positive immune response,
namely through CD4+ and 8+ LyT, and natural killer cells increase activation,

proliferation and infiltration into the tumor, showing a constantly high level of IL-2 [130].

In alternative, the potential of small interfering RNA (siRNA) has also been studied. This
approach reduced associated-therapy adverse effects, compared to classic agents and
it is tumor specific. However, due to the lack of stability of the nucleic acids in the blood
stream, nanoparticles work as a carrier to protect the molecule until it reaches the tumor
site. Nanopatrticulate systems may also interact synergistically with the agent to activate
tumor cell death, avoiding all the biosafety issues related to the use of viral vectors [131].

When applied to the “suicide gene” approach, nanocarriers involve a therapy where a
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gene is delivered to the tumor cells and transformed into an enzyme/protein by the cells’
machinery, which will convert a prodrug (e.g., ganciclovir) into a cytotoxic metabolite,
reducing the cancer growth [132,133]. In fact, DNA molecules can be completely
compacted into nanoparticles, to perform virus-like properties such as cell-targeted
internalization and interaction with proteins. These multifunctional carriers — with less
than 100 nm — can incorporate a-MSH at the surface in order to facilitate a receptor-
mediated endocytosis and increased DNA transfection more than three-fold over plain
nanocarriers [134]. To finish, delivery of genetic materials through the skin has also been
evaluated. Immunotherapy by transdermal administration of  synthetic
oligodeoxynucleotides with iontophoresis, preventing tumor growth and reaching deeper
skin layers, like epidermis and dermis. However, in this case the nucleotides did not
penetrate the tumor tissue, which results may be explained by non-specific antitumor
immune response [135]. Topical delivery of siRNA using nanoliposomes targeted for
BRAF (V600E) mutation and the signaling-related Akt3 protein (overexpressed in
melanoma), combining low-frequency ultrasound — to increase cell permeability — has
the potential to selectively decrease the expression of the mutant protein by 25-60%,
inhibiting tumor growth [110]. Actually, it was possible to deliver siRNA specifically to
melanoma cells, reducing the area injured; the authors also proposed this system as a
potential way to decrease the melanoma development and invasion, like a nonsurgical

approach, when applied to early melanocytic lesions.

7. Future perspectives

Development of effective medicines for introduction as final products in the market is a
complex, expensive and slow process, hindered not straightforward application of the
knowledge created mostly by the academia research to an industry scale [136]. The use
of increasingly high number of materials, mostly natural biomolecules, improve the safety
profile of medicines, but there is still an unknown response when conjugated with
nanocarriers. In addition, there is a great controversy about how nanopatrticles interact
and move through the biological barriers, especially in the skin. Is this relationship
dependent on size and system composition? The nanoparticles may interact with some
mitochondrial and cell membranes and promote apoptosis events, and may play a role
in internalization processes and affect the cells toxicity [137-138]. Are there also
physicochemical factors determinants do hanoparticles entail? What kind of genotoxicity

and molecular determinants? How does the exposure and biodistribution occur? And
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finally, how can we regulate all these issues to guarantee its safety? In fact, in vitro
results based on classical methods are difficult to evaluate [139-141]. Alternatives such
as cell damage and microscopy tools are being explored. Answers and solutions should
come into sight, as well as a way to deal with the high value in cost of this emerging

adaptation, for both entrepreneurs and patients [142].

8. Conclusion

Melanoma is a complex cancer, with multiple stages and high genetic flexibility that
compromise its diagnostic and treatment. More guidelines and cohort studies are needed
to follow different populations and access relevant biomarkers, develop serious
recommendations based on proven evidence and avoid lack of evidence, which
promotes the variability. By reviewing several available guidelines [22, 143], it seems
there are some particular differences especially in diagnose and disease follow-up and
treatment. For example, Australian guidelines are stricter in terms of diagnostic and
follow-up but for treatment there are more non-specific recommendations. This could

help both assessment and innovation in melanoma diagnostics and therapies.
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BACKGROUND
1. As a natural biological barrier, the skin limits permeation to a few numbers of

drugs with singular characteristics (e.g., low molecular weight, moderate lipophilicity and
great potency) [1,2]. To improve skin permeation, combination of physical methods (i.e.,
iontophoresis, electroporation) and chemical enhancers (i.e., surfactants and organic
solvents) are selected for development of conventional formulations; however, some of
those strategies usually cause adverse side effects, such as: disruption of the stratum
corneum (skin outer barrier), alteration of the skin’s physiological pH, inflammatory and

immunologic reactions and bacterial infections, which reduce the treatment efficacy [3].

2. Skin keratinocytes regulate growth and differentiation of melanocytes through
interaction of multiple receptors and ligand-mediated activation [4]. One of these
receptors is the melanocortin-1 receptor (MC1R), which mutation is related with skin
carcinoma [4,5]. MC1R is activated by alpha-melanocyte stimulating hormone (a-MSH),
which is up-regulated in melanoma tissues than in other cells, such as normal
melanocytes, keratinocytes, activated macrophages and immature dendritic cells [6].
This natural ligand molecule is mainly expressed intracellularly, but it is also present on
the cell surface, showing a protective and metastasis-retard action in melanoma cells
[4,6,7].

3. Epidermal Growth Factor Receptor (EGFR), a cell-surface receptor belonging to
ErbB family of tyrosine kinases, is overexpressed in several cancers, such as melanoma
[8,9], being responsible for melanoma growth and metastasis [10]. Epidermal Growth
Factor (EGF) is the natural ligand peptide, which appears to act directly on the
endothelial cells, promoting angiogenesis, such as on development of melanoma lymph

node metastases, where it is up-regulated [10].

4. Emerging therapies for melanoma are -currently focused on targeted
chemotherapy or phototherapy, achieved by functionalizing nanoparticles with specific
tumor targeting molecules [11,12]. Hybrid nanoparticles are developed for mitigating
limitations and obtain synergistic advantages by a broad range of chemically modified
polymeric-based nanosystems [13]. Self-assembled hybrid nanoparticles may favor of
improved physical and chemical drug stability, versatile drug loading and release profiles,

as well as an increased and highly specific efficiency [14,15].
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HYPOTHESIS

1. Considering multiple applications of targeted drug delivery systems, hybrid lipid-
polymer nanoparticles were developed for application in melanoma chemotherapy.
Moreover, those nanoparticles were conjugated with a specific ligand, such as a-
melanocyte stimulating hormone (a-MSH), in order to efficiently deliver an anti-tumor
drug to the cancer site, with minimal toxicity to healthy tissues. On the other hand,

both new and model anti-tumor agents, derived from plants, were assessed.

2. As an alternative to chemotherapy, hybrid polymeric-gold nanoparticles were
developed for application in melanoma photothermal therapy. Gold nanoparticles
were produced by a “green” reduction method, using phytochemicals. In addition,
those nanoparticles were conjugated with a specific ligand, such as Epidermal
Growth Factor (EGF), in order to efficiently accumulate at the tumor site, for further
laser irradiation, with minimal toxicity to healthy tissues. Both laser and gold
nanoparticles showed light absorbing properties at near infrared (NIR) region, in

order to minimize the damage of surrounding healthy tissue.
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OBJECTIVES

Regarding what has been previously presented, we propose the investigation of the
application of hybrid lipid-polymer nanoparticles and hybrid polymer-gold nanoparticles
for targeted chemotherapy and phototherapy of melanoma, respectively. To achieve

these objectives, we have pursuit the following steps:

1. Development of hybrid lipid-polymer nanoparticles for targeted

transdermal drug delivery

In this part, we have designed hybrid nanoparticles, with a core structure made of
polyester polymer and long-chain fatty acids (stearic acid), and coated with another fatty
acid (oleic acid), described as a permeation enhancer. Betamethasone-21-acetate was
firstly used as a hydrophobic model drug for studying the nanoparticles release profile

and in vitro and in vivo skin permeation.

The main results regarding this milestone were reported in Article Il

Polymeric nanoparticles modified with fatty acids encapsulating betamethasone for anti-
inflammatory treatment. International Journal of Pharmaceutics. (2015). 493(1-2):271-
284. doi: 10.1016/j.ijpharm.2015.07.044.

2. Development of hybrid polymer-gold nanoparticles for targeted

photothermal therapy

In this step, we have designed hybrid nanoparticles, made of a gold core and polymeric
coating, composed by a polysaccharide (hyaluronic acid) and a fatty acid (oleic acid).
Bio-production of gold nanoparticles with phytochemicals obtained from an agueous
extract of Plectranthus sp. were assessed. Moreover, lysozyme was associated to the
nanoparticles surface as a model protein of targeting peptides, and its photostability

before and after conjugation was evaluated.

The main results regarding this milestone were reported in Article Ill and IV and in

Supplementary Information:
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Lysozyme photochemistry as a function of temperature. The protective effect of
nanoparticles on lysozyme photostability. PLoS One. (2015). 10(12):e0144454. doi:
10.1371/journal.pone.0144454.

Bio-production of gold nanoparticles for photothermal therapy. Therapeutic Delivery
(2016). 7(5):287-304. doi: 10.4155/tde-2015-0011.

Request of national patent n°® 20151000093093 (Portugal). Nanossistema de ouro com
revestimento biopolimérico e gama de absorgdo no infravermelho proximo e método

para a sua preparacéo. 2015.

3. Physico-chemical characterization and in vitro bio-characterization of

targeted hybrid lipid-polymer nanoparticles for melanoma chemotherapy

In this chapter, we have improved hybrid nanoparticles for targeted drug delivery by
combining hyaluronic and oleic acids, as the coating material, and a-melanocyte
stimulating hormone (a-MSH), as the specific surface ligand. Parvifloron D and paclitaxel
were selected as the anti-tumor drugs. Both drugs are isolated from plant extracts.
Nanosystems were characterized in terms of physico-chemical features, release profile,

in vitro permeation and cytotoxicity.

The main results regarding this milestone were reported in Article V:

Functionalized diterpene Parvifloron D loaded hybrid nanopatrticles for target delivery in
melanoma therapy. Therapeutic Delivery (2016). 7(8), 521-544. doi: 10.4155/tde-2016-
0027

4. Physico-chemical characterization and in vitro bio-characterization of
targeted hybrid polymer-gold nanoparticles for melanoma photothermal

therapy

In this chapter, we have associated Epidermal Growth Factor (EGF) onto the surface of
hybrid polymeric-gold nanoparticles for targeted photothermal therapy. EGF was
assessed for its photostability, before and after conjugation with nanoparticles. Resultant
nanosystems were characterized in terms of physico-chemical properties, in vitro

cytotoxicity and receptor-mediated internalization.
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The main results regarding this milestone were reported in Annex I:
EGF functionalized polymer-coated gold nanoparticles promote EGF photostability and
EGFR internalization for photothermal therapy. (2016). PLoS One (submitted, under

review).

5. Invivo efficacy studies

In this chapter, in vivo efficacy studies were conducted on SCID mice used as xenograft
models for human melanoma (A375 cell line). Both targeted chemotherapy and
phototherapy were evaluated independently on mice with cutaneous melanoma. Tumor

volume after treatment and histological analysis were assessed.

The main results regarding this milestone were reported in Annex Il
In vivo efficiency and safety studies of photothermal therapy for human cutaneous

melanoma (Publication pending).
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Topical glucocorticosteroids were incorporated into nanocarrier-based formulations, to overcome side
effects of conventional formulations and to achieve maximum skin deposition. Nanoparticulate carriers
have the potential to prolong the anti-inflammatory effect and provide higher local concentration of
drugs, offering a better solution for treating dermatological conditions and improving patient
compliance.

Nanoparticles were formulated with poly-g-caprolactone as the polymeric core along with stearic acid
as the fatty acid, for incorporation of betamethasone-21-acetate. Oleic acid was applied as the coating
farty acid. Improvement of the drug efficacy, and reduction in drug degradation with time in the
encapsulated form was examined, while administering it locally through controlled release. Nano-
particles were spherical with mean size of 300nm and negatively charged surface. Encapsulation
efficiency was 90%. Physicochemical stability in aqueous media of the empty and loaded nanopartides
was evaluated for six months, Drug degradation was reduced compared to free drug, after encapsulation
into nanoparticles, avoiding the potency decline and promoting a controlled drug release over one
month. Fourier transform infrared spectroscopy and thermal analysis confirmed drug entrapment, while
cytotoxicity studies performed in vitro on human keratinocytes, Saccharomyces cerevisiage models and
Artemia saling, showed a dose-response relationship for nanoparticles and free drug. In all models, drug
loaded nanoparticles had a greater inhibitory effect. Nanoparticles increased drug permeation into lipid
membranes in vitro. Preliminary safety and permeation studies conducted on rats, showed
betamethasone-21-acetate in serumn after 48 h application of a gel containing nanoparticles. No skin
reactions were observed.

In conclusion, the developed nanoparticles may be applied as topical treatment, after encapsulation of
betamethasone-21-acetate, as nanoparticles promote prolonged drug release, increase drug stability in
aquecus media, reducing drug degradation, and increase drug permeability through lipid membranes.

@ 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Treatment of inflammatory diseases benefit from a localized
therapy accomplished with polymeric-based nanoparticles (Zhang
et al., 2013 ). Recently, we have developed innovative nanoparticles
(NP) for treatment of skin diseases, through application of drugs
including glucocorticosteroids (GC) (Rosado et al., 2012), non-
steroid anti-inflammatory drugs (NSAID) (Pinto Reis et al., 2011),
antimicrobial agents(Gomes etal., 2013; Pinto Reis et al., 2013; Rijo
et al,, 2014) and anticancer drugs for melanoma (unpublished ).

Glucocorticosteroids {GC) cover a broad spectrum of therapeu-
tic actions such as anti-inflammatory, immunosuppressive, anti-
proliferative and vasoconstrictive, having also apoptotic and anti-
angiogenic effects (Banciu et al.,, 2006; Lebwohl et al., 2013). The
absence of natural GC produced by skin cells is mainly visible in
inflammatory diseases, such as atopic dermatitis and psoriasis
(Slominski et al., 2013).

However, when treating common skin diseases like atopic
dermatitis or psoriasis, chronic application of topical corticoste-
roids generally leads to local adverse effects such as skin atrophy,
rosacea, striae and skin infections. When highly absorbed, systemic
side effects (e.g, hypothalamic-pituitary-adrenal suppression,
glaucoma, hyperglycemia and hypertension) appear, compromis-
ing the therapeutic effectiveness and patient adherence (Ference
and Last, 2009). For this study, we chose betamethasone-21-
acetate (BTMA) with the structure illustrated in Fig. 1, since it is a
high-potency synthetic derivative of betamethasone and agonist to
the GC-receptors. Betamethasone offers a 10-fold higher potency
than hydrocortisone (Arica and Lamprecht, 2005), and has been
applied through nanosystems for topical and percutaneous
permeation, reducing associated side effects (Abdel-Mottaleb
et al., 2012; Zhang and Smith, 2010). Previously, Abdel-Mottaleb
et al. (2012) demonstrated that non-coated polymernc NP work as
drug reservoirs, penetrating to 25pm of skin depth (Abdel-
Mottalebetal, 2012}, due to limited interaction with skin lipids. In
contrast, some reported lipid NP (Zhang and Smith, 2010) interact
with skin lipids but show many stability problems (eg. drug
leakage and chemical modifications during storage ).

Betamethasone

In this study, we provide evidence that the association of both
fatty acids and polymers for development of hybrid nanoparticles
may counteract individual disadvantages of these materials. In
addition, our nanoparticles may also improve local drug delivery to
specific inflammatory sites in the skin, by reducing hydrolysis and
degradation of BTMA and controlling its release from the nano-
particles over a prolonged period. The concept of hybrid lipid-
polymeric structures was first described for formation of bi-
layered membranes (Shen et al, 2000). In the present study, the
goal was to develop a stable platform for drug delivery, based on
the association of a biodegradable polymer, poly-g-caprolactone
(PCL) and stearic and oleic acids as long chain fatty acids. The
potential of these carriers is to increase skin permeation. Poly-
e-caprolactone (PCL) was used to control drug release, reduce the
drug percutaneous penetration and protect the drug from potential
photochemical degradation (Pohlmann et al, 2013). In addition,
PLC was selected as the core polymer as previous work showed
promise as an ideal depot system for prolonged drug release, with
appropriate NP size and spherical shape when used for skin
applications (Rosado et al., 2012). However, to overcome previous
problems, such as the low encapsulation efficiency (62%), stearic
acid (SA) was added to the core, to improve drug entrapment
within the NP structure, also reduce the possibility of burst release
(Chen et al, 2001; Lee et al, 2003). Since the penetration of
polymeric NP across the skin is hindered by the stratum comeum
mechanical barrier properties [Abdel-Mottaleb et al., 2012), oleic
acid (0A) was incorporated as the coating lipid, since it has been
previously shown to be a skin permeation enhancer and
membrane fluidizing agent (Al Abood et al., 2013). OA is also
reported to reduce nanoparticle aggregation (Bennet et al., 2012).
SA is a saturated fatty acid unlike OA, but both are Cyy fatty acids,
and are presently approved for skin and food applications (Inoue
et al, 2004). In addition, OA and SA are also present in many
essential oils, providing higher skin permeation allied with lower
toxicity, and hawve been reported as accepted for cosmetic and
alimentary applications and documented by several organizations,
such as the Intemational Flavor and Fragrance Association
(Herman and Herman, 2015).

HO | ilOH

Betamethasone 21-acefate

Fig. 1. Chemical structures of betamethasone and betamethasone-21-acetate.The modification of ester group in Cy; of betamethasone-21-acetate, responsible for the

molecule’'s high-potency action, is highlighted.
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2. Materials and methods
2.1. Materials

Betamethasone (MW: 392.46 ¢ mol ') and Betamethasone-21-
acetate (MW: 434,50 gmol ')were kindly donated by Hovione S.A.
Stearic acid, oleic acid, Pluronic®™ F127 (Poloxamer 147), PCL ( MW:
14,000 gmol '), and 34 4,5-dimethylthiazol-2-y1)-2,5-diphe nylte-
trazolium bromide (MTT) were supplied by Sigma-Aldrich
(Steinheim, Germany). Lecithin soybean (>95% phosphatidylcho-
line) was supplied by MP Biomedicals (Madrid, Spain) and
dodecane (99% purity) was supplied by Panreac (Madrid, Spain).
All other compounds and reagents were also of analytical grade.
The water used was purified to 182M{2cm at 25°C through a
Millipore system ( Millipore, MA).

2.2 Preparation of hybrid nanoparticles

Empty oleic acid (0A) coated and non-coated NP (i.e., core NP)
were prepared according to a previously described solvent
displacement method, with some modifications (Calvo et al.,
1997; Shah et al, 2012). Brefly, in a sealed glass beaker
(32 =46 mm, capacity: 25ml, Simax, Czech Republic), an organic
phase was prepared by mixing 100mg of PCL and 4.975mL of
acetone, through 10min ultrasound exposure (Bandelin Sonorex
Super Rk 510H, frequency of 45 kHz). An aliquot of 25 pL stearic
acid (SA) solution in ethanol (0.025%, w/v) was added to the
organic phase and allowed to mix for 5-10min with magnetic
stirring. This solution was immediately poured on 10mL aqueous
solution of a Pluronic™ F127 (0.25%, wjv), prepared in similar
25 mlL glass beaker, under magnetic stirring (1200 rpm ) for 10 min.
For betamethasone-21-acetate (BTMA) loaded OA NP, the same
procedure was conducted except that 5 mg of BTIMA were dissolved
in the organic phase. The suspension was stirred for 10 min and
then concentrated under reduced pressure (Rotary evaporator
from Heidolph type VV2000, Apeldoom, Netherlands) to 10mL
(final volume). All NP were isolated by centrifugation at 18550 = g
for 30 min (Hermle Labortechnik Gmbh type Z36HK, Wehingen,
Germany) to remove unbound drug. Afterwards, empty and BTMA
loaded NP were incubated with 80 pL of OA, for 2 h, under constant
magnetic stirring. Formulations were made in triplicate to ensure
the repeatability of the preparation method.

2.3. Physical characterization of the nanoparticles

Mean particle size, polydispersity index (PI) and zeta potential
of the NP concentrated agueous suspension were measured with a
Coulter Nano-sizer Delsa™ Nano C (Fullerton, CA, USA). Experi-
ments were conducted in triplicate for empty core NP, empty OA
NPand BTMA-loaded OA NP (n=3). A low value of PI factor (<0.25)
indicates a less dispersed NP distribution in size. Results are
expressed as mean of measurements on three different batches
+5D and the empty OA NP and BTMA-loaded OANP distributionsin
terms of size as volume.

2.4. Morphology

Samples of fresh and one-month old empty OA NP and BTMA-
loaded OA NP, as an agqueous suspension, were kept in glass vials
(capacity: 10 mL), closed with lid and parafilm, at room tempera-
ture (25 + 5°C, RT) and at residual humidity (RH) of 60%. An aliquot
(10 pL) of each sample was mounted on a glass coverslip and left to
dry in a desiccator. Afterwards, the sample was coated with a thin
layer of gold (500nm thick) and observed on a JEOL 5200LV
scanning electron microscope (JEOL Ltd., Tokyo, Japan) at an
accelerating voltage of 20 kV. Images were recorded digitally.

2.5. Drug quantification

BTMA was determined by a previously validated reverse-phase
HPLC chromatographic method (Petersen et al, 1980). Limit of
detection (LOD)and limit of quantification (LOQ) were determined.
LOD and LOQ were calculated to be 2.91 pg/mL and 9.71 pg/mL,
respectively. An Agilent Technologies 1200 Infinity series was
fitted with a dual wavelength UV spectrophotometer detector
(Agilent Technologies, Waldbronn, Germany). The mobile phase
consisted of methanol and Milli-Q water (60:40%, v/v) using a
Zorbax Eclipse Plus C 18 column (4.6 = 100mm, 3.5 pm, particle
size) as the stationary phase. A flow rate of 1.0mL/min and a
detection wavelength of 240nm were selected. The column
conditions were maintained at 25°C, with an injection volume
of 20 L and a run time of 15min. Standards for BTMA between
5and 60 pg/mL were evaluated in triplicate and a calibration curve
was found to be y=2933x+144.82, with R*=0.998. The chro-
matographic data was processed using ChemStation software
(Agilent Technologies, Waldbronn, Germany). Measurements were
made in triplicate (n=3).

2.6. Drug loading and encapsulation efficiency

Drug encapsulation efficiency (%) was determined by measur-
ing the free drug present in the supematant (Eq. (1)) and the
encapsulated drug (Eq. (2)), after rupturing the NP in organic
solvents, through exposure to temperature (60°C) and ultrasonic
bath (frequency of 45 kHz). Drug loading efficiency (wt%) was
calculated based on the value for drug encapsulation (Eg. (3)).
Measurements were made in triplicate with three independent NP
batches (n=3).

Total amount drug — Amount free drug -

( Total amount drug j * 100% (1)
Amount encapsulated drug o

( Total amount drug ) x 100% (2)
weight of durg in nanoparticle

(weight of loaded nanoparticle) * 100% (3)

2.7. Determination of nanoparticle recovery yield

Three independent batches for BTMA-loaded OA NP (n=3) and
OA empty NP (n=3) were lyophilized at -50+2°C, for 24h in
FreeZone 2.5 L Benchtop Freeze Dry System (Labconco, Kansas City,
Missouri, USA) and weighted for determination of the NP recovery
yield, after production.

2.8. In vitro release studies

BTMA-loaded OA NP (400 mg, n =3)were lyophilized for 24 h as
described, placed in three stirred (200rpm) amber glass bottles
(capacity: 50mL), containing 50 mL of phosphate buffer solution
pH 5.5 (USP XXX) to simulate human skin pH (Knor et al., 2011).
Sink conditions were considered during the whole assay, as the
solubility of BTMA in agueous solution is 30 pg/mL (Kabasakalian
et al., 1966). At appropriate time intervals, aliquots of the release
medium (300 pL) were collected and replaced immediately with
fresh buffer. NP were recovered from the supernatant by
centrifugation, at 18550 x g for 30min (Hermle Labortechnik
Gmbh type Z36HK, Wehingen, Germany), then retumed to the
release medium. BTMA concentration at each time point was
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determined in triplicate using HPLC, according to the method
described in Section 2.5. The assay was conducted for one month,
until the total amount of drug was released. A standard calibration
curve, performed with BTMA standards (5-60 pg/mL) in phos-
phate buffer pH 5.5, was found to be y=29.33x+ 144.82, with
R?=0.998. Volume corrections were applied to the drug release
profile curve, as mean of three independent measurements of
three different NP batches +5D. During the release studies, BTMA-
loaded OA NP and BTMA conversion to BTM was also monitored by
HPLC and thin layer chromatography (TLC). TLC is described in the
pharmacopelas as a semi-quantitative technigue to detect
impurities and degradation products and it is also used for steroid
assays, in assodation with HPLC (Gorog, 2011).

2.9, Stability studies of nanoparticles over time

Stability of agueous suspensions (10mL) of empty OA NP and
BTMA-loaded OA NP was evaluated for 6 months in terms of
physicochemical characteristics of the formulation, namely size,
polydispersity index (Pl), zeta potential and pH. Size, Pl and zeta
potential were measured with a Coulter Nano-sizer Delsa™ Nano
C(Fullerton, CA, USA), while pH measurement was conducted with
a pH electrode meter (827 pH Lab, Metrohm, Switzerland),
calibrated daily with buffer solutions pH 4.00+002 and
7.00+ 0.02 (20°C) ST (Panreac, Spain). Samples were divided into
two groups with empty OA NP and BTMA-loaded OA NP: (1) empty
0A NP (n=3) and BTMA-loaded OA NP (n=3) were kept under
storage at 4 + 2°C and residual humidity (RH) of 70% (refrigeration
conditions, RC); and (2) empty OA NP (n=3) and BTMA-loaded OA
NP (n=3) were kept at room temperature (25+5°C, RT) and
residual humidity (RH) of 60%. All samples were stored as agueous
suspensions of NP, in sealed vials protected from the light and
without addition of stabilizers or other preservatives. Results are
represented as mean of measurements of three independent
batches +5D.

2.10. Interactions between drug and nanoparticles

Empty OA NP and BTMA-loaded OA NP held in aqueous medium
for 1 month at room temperature were selected for the study of
interactions between drug and OA NP by FTIR spectroscopy and
thin layer chromatography (TLC). Samples of fresh and one-month
old NP were kept at room temperature, and then collected and
lyophilized to obtain a powder for FTIR analysis. The KBr pellet
method was used and spectra recorded in an [RAffinity-1 FT-IR
Spectrophotometer [ Shimadzu, Columbia, NY, USA). The pellet was
prepared with a ratio of 1:10 (w/w) of KBr to NP and left todry ina
desiccator 24h before analysis. The following samples were
compared: fresh empty OA NP were compared with raw polymer
(poly-e-caprolactone) and fatty acids ( stearic acid and oleic acid),
and free BTMA was compared with fresh BTMA-loaded OA NF, as
well as a physical mixture of raw components (ie., poly-
g-caprolactone, stearic acid, oleic acid at 1:1:1, wjw) of the
nanoparticle formulation (except the drug); in addition, free BTMA
was compared with BTM and one-month old BTMA-loaded OANP
and the raw polymer ( poly-g-caprolactone) and fatty acids (stearic
acid and oleic acid) were compared with one-month old empty OA
NP.

2.11. Thermal stability of nanoparticles

Differential scanning calorimetry (DSC) is described as a
technique meant to check the purity of drug and other
components, characterization of solid phases and to confirm
physicochemical interactions ( Gordg, 2011). Thermal transforma-
tions and phase transitions of the nanoparticles were studied by

using a MettlerToledo DSC-30, TA 4000 Calonmeter (Columbus,
Ohio, USA). Indium was used to calibrate the instrument. Samples
were previously lyophilized, weighted (2.0mg) and sealed in an
aluminum pan. Free BTMA, empty OA NP, BTMA-loaded OA NP and
a physical mixture (1:1, w/w)of BTMA and empty NP were studied.
The results were demonstrated as curves of heat flux versus
temperature (Celsius degrees, “C). A controlled heating rate of
107C/min under a continuous nitrogen purge (20-30mL/ min ) and
over a temperature range from 25 to 375°C was selected. The
number of thermal transitions, the melting point (T, *C) and
difference in Gibbs energy (AH, Jg ') were also determined.

2,12, In vitro permeation studies

Parallel artificial membrane permeability assay (PAMPA) was
conducted as a preliminary characterization of the role of NP on
drug permeability using a 96-well filter plate Millipore Multi-
Screen™ IP 0.45 pm (Darmstadt, Germany ). Previously lyophilized
empty and BTMA-loaded OA NP (10mg), as well as free BTMA
(5mg), were resuspended in Milli-Q water, in order to prepare the
stock solutions for the assay. The initial concentration (C,) in the
starting solution was 50 pg/mL for the free BTMA, BTMA-loaded
OA NP and free BTMA +empty OA NP (1:1, w/w), which was added
(150 pL, 5% DMSO, v/v) to the donor compartment, to achieve a
homogenous covering of the hydrophobic PVDF membrane. The
acceptor compartment was filled with phosphate solution pH 5.5
(300 L). The membrane solution was constituted of soybean
lecithin at 2% (wjv) prepared in 5pl dodecane. After 24h
incubation, the residual concentration in the donor compartment
and the permeated drug concentration in the acceptor compart-
ment were also measured. Retention factors (R) (Eq. (4)), perme-
ation parameters [ Cy(t)/Cp(0)) and permeability coefficients (log
P:) (Eq. (5)) of the three studied samples were calculated,
according to the literature (Markovic et al, 2012):

_D(t=x) VA CA(t =x) @
CD(t—0) VD CA(t—0)

where V4 and V, are, respectively, the volumes in the acceptor and
donor wells.

R:1

ot sy Pomar) (1 () O

where A is the filter surface (0.3 cm?); ¢ is the incubation time (s);
and Cx and Cp, are concentrations in the acceptor and donor wells,
respectively (mgmL ™" cm ).

Two measurements were carried out, each comprising five
replicate samples (n=5), using the same HPLC method described
previously in Section 2.5 (methanol: water 60:40%, v/v, as the
maobile phase, with Scharlau Kromasil C 18 column (4.6 = 150 mm,
5 pm, particle size) as the stationary phase). BTMA standards in
phosphate solution pH 55 were repeated and measured in
triplicate. A calibration curve eguation was found to be
y=3458x+151.05, with a R?=0.998. Results are expressed as
mean + 5D.

2.13. Toxicity studies

2.13.1. MTT assays on HaCaT cell model

Cell viability studies were conducted on human keratinocytes
(HaCaT cells, CLS Cell Lines Service GmbH, Eppelheim, Germany)
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Rijo et al., 2014). Cells were cultured in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin solution. To
assess the potential cytotoxicity of the NB cells were seeded onto
96-well plate at a density of 5000 cells| well to reach the desired
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confluence. Stock solutions of free BTMA and NP were prepared by
dilution in DMSO and DMEM medium respectively, to provide
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. (dead nauplii in test — dead nauplii in control
%Mortality — - P oe. P ) 100
(dead nauplii in control)
(6)

series of different BTMA concentrations (final well concentration):
5-250 pg/mL for free BTMA and 5-50 p.g/mL for empty and BTMA-
loaded OA NP. For empty OA NP, the equivalent weight of
nanoparticles (without drug) was considered, according to the
same concentrations used for BTMA-loaded OA NP. The final
concentration of DMS0 in the cultures did not exceed 0.5% (v/v).
The cells were exposed to the treatments for 24 h, then washed
twice with PBS and incubated with MTT solution (0.5mg/mL in
culture medium) for 25h at 37-C. Finally, the medium was
removed and cells were washed with PBS. DMSO (200 L well)
was added to dissolve the formazan crystals and absorbance was
read at 595 nm (Thermo Scientific Multiskan FC, Shanghai, China).
The ICsy for BTMA was determined by extrapolating the
concentration of BTMA which resulted in 50% inhibition of cell
growth, using the software OriginPro 8 (Originlab Corporation,
Northampton, MA, USA). Three independent experiments were
carried out, each comprising four replicate cultures (n=4). Results
are represented as mean +SD.

2.13.2. Toxicity on Saccharomyces cerevisiae model

Cytotoxicity of BTMA and NP was determined against Saccha-
romyces cerevisiae (ATCC™ 9763™) according to the method of
Roberto and Caetano (2005), Approximately 0.5 x 10° cells/mL, in
yeast-peptone-dextrose (YPD) medium, were exposed to different
concentrations of empty OA NP (2 jg/mL), BTMA-loaded OANP (2
and 4 pg/mL) and free BTMA (5-100 pg/mL), in cuvettes (final
volume: 2mL). Cell cultures grew for 5h at 30°C in Heidolph
Incubator 1000 with shaker Heidolph Unimax 1010, Schwabach,
Germany. The cuvettes were vortexed for 25 and the absorbance
measured at intervals of 30min (Thermo Scientific model
Evolution 300 BB, UK). The logarithmic phase from the growth
curve was used to evaluate the toxicty, expressed as growth
inhibition as percentage of the growth of control cells. Three series
of measurements were performed each comprising four replicate
cultures (n=4). Results are expressed as mean+5D.

2.13.3. Toxicity on Artemia salina model

The toxicity of empty NP (2 pg/mL), BTMA-loaded NP (2 and
4 pg/mL) and free BTMA (50 and 100 pg/mL) on Artemia salina was
tested according the method described by Zhang et al. (2012), with
some small adaptations on the hatching equipment, namely
material for covering the compartments. Brine shrimp cysts
(80 mg) obtained from JBL GmbH & Co., KG D-67141 (Neuhofen,
Germany) were hatched in artificial sea water with the salinity
concentration of 30g/L. The cysts were incubated for 48 h at 30 °C.
Ten nauplii were transferred into wells of 21-well cultures plates
containing artificial sea water (final volume/well: 1mL). The
culture plates were incubated for 48 h at 30°C; after every 24h,
the number of dead nauplii was counted microscopically. The
mortality, expressed in percent, was calculated by using the
following Eq. (6):

Table 1

Three series of measurements were performed in different
days, each comprising four replicate groups of ten nauplii (n=4).
Results are expressed as mean +5D.

2.14. Preliminary in vivo studies

Preliminary safety and permeation in vivo studies of topical
administration of BTMA-loaded OA NP was conducted on male
Wistar rats, according to Hayashi et al. (1974), with some
modifications. The research was conducted in accordance to the
internationally accepted principles for laboratory animal use and
care as found in Directive 2010/63/EU and the project was
approved by the Portuguese Veterinary General Division. Male
Wistar rats weighing 350-400 g were obtained from Charles River
(Barcelona, Spain). The animals were maintained with food and
water ad [ibitum and kept at 22 +£1°C with controlled 12 h light/
dark cycle at Faculty of Pharmacy, University of Coimbra. The
animals were allowed to adapt to the laboratory for 7 days before
testing. A selected group of animals (n=10) were studied with
topical formulation of Carbopol™ 940 gel, prepared as described
previously (Gomes et al, 2013), and incorporating 0.05% (w/w)
BTMA-loaded NP, following the concentration of conventional
topical formulations with free BTMA (dose equivalent). The topical
formulation was characterized in terms of aspect, pH and apparent
viscosity (at 100rpm, spindle n.°6, T=90%) by using a DV-1+
Viscometer (Brookfield Engineering Labs. Inc, Middleboro, MA,
USA). BTMA-loaded NP formulation was applied to the dorsal
surface of the rats (500 mg formulation/ animal), by gently rubbing
the formulation 50 times with the index finger for each treatment.
The presence of BTMA in serum was measured at 0, 16, 24, 32,
40 and 48 h, after considering the time period and the results for
the amount of drug released obtained in the in vitro release studies
and according to previous studies, that demonstrated a maximum
peak in plasma for BTMA at approximately 1.5 h (i.m.,s.d.) and Ty
around 12 h (Salem and Majib, 2012). Serum samples (300 pL) were
treated and the drug extracted from the serum according to Goyal
etal.(2008). BTMA extracted from serum was determined by HPLC
described in Section 2.5.

2.15. Statistical methodology

Results were expressed as mean+SD. The significance of
differences was assessed using paired sample T-test for mean
comparisons between the physicochemical parameters of the
formulation control for the stability assay and One-Way ANOVA for
multiple comparisons between different systems, for the same
concentration, in case of in vitro cytotoxicity. A 0.05 significance
level was adopted for every test.

Physicochemical characterization of BTMA-loaded OA NF, em pty core NP (no oleic acid) and empty OA NP (without the drug). A comparison is made between a direct and an
indirect method for determination of drug encapsulation. Results are expressed as mean of measurements on independent nanoparticle batches +5D, expect for

polydispersity index (P1), (only means are expressed, n=3).

Systems Size (nm) Pl Zeta potential (mV) pH Direct method (EE, %) Indirect method (EE, %)
BTMA-loaded OA NP 306.5+153 0244 —-79+85 43 +0.2 8559+103 968 +19

Core NP 3355+ 4387 0192 —-135+96 7103 - -

Empty OA NP 3282 £172 0190 -53+13 37+01 - -




Article Il | 80

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

276
3. Results and discussion
3.1. Nanoparticle characterization and drug encapsulation efficiency

Nanoparticles [ NF) were formulated consisting of a hydropho-
bic poly-g-caprolactone—stearic acid core, containing the hydro-
phobic drug betamethasone-21-acetate, followed by the formation
of a hydrophobic shell of oleic acid (OA). [t was anticipated that the
combination of a synthetic polymer and fatty acid core, in
combination with a fatty acid shell would enable long term
controlled release of the drug when applied as a topical dressing,
and at the same time facilitate tissue absorption of the drug when
released from the formulation. Characterization of the NP
consisted in the determination of size, surface charge, drug
loading, and rate of drug release.

Physicochemical characterization is an important aspect of
determining the basic structure and behavior of the NP. The mean
size and other physicochemical characteristics of the NP are
presented in Table 1. Fig. 2 illustrates the differential volume size
distribution of BTMA-loaded OA NP and empty NP (core NP and
OA-coated NP). Mean diameter of the BTMA-loaded OA NP was
307 nm, but slightly larger diameters were observed for empty NP,
and empty NP lacking the oleic acid outer shell (i.e., core NP). The
presence of drug or of the oleic acid outer shell did not appear to
have an important effect on diameter. For all nanoparticle
formulations, PI was kept at a value of 0.2, demonstrating that
the suspensions were monodisperse. Zeta potential of the nano-
particles presented in Table 1, show a surface charge of —7.9 mV for
BTMA-loaded OA NP. A similar charge was observed for NP lacking
drug, while nanoparticles lacking both shell and drug matenal had
a much more strongly negative surface potential, to —13 mV. This
may be due to the fact that the oleic acid shell masks the strongly
negative charge associated with the polycaprolatone (PCL) making
up the core material (Shah et al., 2012 ). Thus, nanoparticles lacking
the shell material better reflected the negative charge of the main
core polymer. Also, differences in pH were observed between the
various formulations. For example, the pH for the formulation
suspension of the BTMA-loaded OA NP was 4.6, and slightly less in
the absence of shell material at pH 3.7, while nanoparticle cores
lacking drug showed a higher pH of 7.1.

Encapsulation efficiency was high, measured at either 86 or
97%, depending on whether the drug was measured in the
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supernatant of the formulation suspension (direct method), or
measured following rupture of nanoparticles and measurement of
released drug (indirect method), respectively. The actual drug
loading can be obtained from the encapsulation efficiencies. A
value of 3.3% on a mass basis was calculated based on the
encapsulation efficiency determined using the direct method.
Following formulation, empty and BTMA-loaded OA NP were
weighed, showing mass of 209+ 42 and 215 +45 mg, respectively.
This represents an overall yield of essentially 100% for both
formulations, based on the mass of components used to make up
the nanoparticle suspensions.

3.2, Nanoparticle morphology

The morphology of drug loaded and empty nanoparticles,
containing the shell material, are illustrated in Fig. 3. It may be seen
that empty OA NP showed a spherical shape and a smooth surface
(Fig. 3A and B), while BTMA-loaded OA NP exhibited a rough
surface (Fig. 3C and D), which may suggest the presence of some
drug at the nanoparticle surface. After one month following
preparation, a significant amount of the drug was released and the
degradation of the NP structure was visible (Fig. 3E and F). For
empty nanoparticles in presence of shell material, the Ostwald
ripening phenomenon was also visible (Fig. 3E), as small particles
tended to form larger aggregates, to reach a stable thermodynamic
state over time (Sharma et al, 2011).

3.3. Drug release studies and drug degradation

After production, BTMA-loaded NP were freeze-dried and
dispersed into phosphate buffer solution pH 5.5. At appropriate
time intervals, aliquots of supernatant were collected and BTMA
quantified by HPLC. The drug release profile of BTMA-loaded OA NP
is presented in Fig. 4. BTMA-loaded OA NP supported the release of
BTMA for one month, with an initial burst after the first 10h
(around 50% of BTMA release), followed by a controlled phase
(around 75% release until 72h) and finally, a slow release stage
until the end of the one month period. Similarly, in a previous
study conducted by Rafienia et al. (2007), a long-term release of
BTMA from polymeric implants made of PLGA was also described
to have a three-phase discharge profile in phosphate buffer
solution (pH 74, 37°C), defined as: burst phase (1), controlled
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Fig. 2. Size distribution, as volume, of empty and BTMA-loaded OA NP (n=3, for each sample), obtained after measurement of concentrated agueous manoparticle

suspensions with a Coulter Nano-sizer Delsa™ Nano C.
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Fig. 3. SEM micrographs of freshly prepared nanoparticles: (A), (B), empty OA NP.(C), (D), BTMA-loaded OA NP. Nanoparticles after one month of preparation: (E), empty OA
NP. (F), BTMA-loaded OA NP. Scale bars: 1 pm, except for A and C, which scale is 5 pm.
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Fig. 4. In vitro drug release of BTMA-loaded OA NP for: (A) 24 h and ( B) one month,
in phosphate buffer pH 5.5 solution. Triple-phase release profile is observed: burst
phase (I), controlled phase (II) and depletion phase (IlI). Results are expressed as
mean of measurements of three independent nanoparticle batches +SD (n=3).

phase (II) and depletion phase (llI) where the drug was fully
released after 20 days. Comparably, our OA NP improved the
release profile of BTMA, achieving a more controllable and linear
drug release with after the initial burst release. Polycaprolactone
degrades at a slower rate so it can be a more suitable polymer for

topical delivery to control of the drug permeation into the skin.
Another advantage in our studies is that, at a pH 5.5, the depot
effect of NP after topical application onto the skin surface is also
better mimicked (Knor et al., 2011).

BTMA degradation into betamethasone during the release
study was also evaluated by TLC and HPLC. The degradation of
BTMA in the supernatant (i.e., in direct contact with the phosphate
buffer solution pH 5.5) was compared with the BTMA encapsulated
inside the nanoparticles. After one month of release, the BTMA-
loaded OA NP were destroyed and the remaining BTMA inside the
nanoparticles was quantified. The chromatograms of both BTMA in
the supernatant (Fig. 5A) and inside the OA NP (Fig. 5B) show that
almost no betamethasone (less than 9% of BTMA degradation into
betamethasone) is formed while BTMA is entrapped inside the
nanoparticles, during the one month. Therefore, after the release
period, BTMA could still be quantified inside the NP. Since BTMA
shows a less polar nature than betamethasone, as betamethasone
appears first with a retention time of 3 min, while BTMA appears
only at 5 min, the retention and protection of the drug by the NP
may have hindered the contact of BTMA with the aqueous solution
medium, avoiding greater degradation.

3.4. Stability of nanoparticles over time

The stability of the empty OA NP and BTMA-loaded OA NP was
evaluated under different ambient conditions: three months at
room temperature (25 + 5 °C,RT)and 60% of residual humidity, and
six months at 4+2°C (refrigeration conditions, RC) and 70% of
residual humidity. Mean size, polydispersity index (Pl), zeta
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Fig. 5. BTMA conversion into betamethasone conducted after one month in vitro BTMA-loaded OA NP release assay in phosphate buffer pH 5.5 solution, compared with the
free drug: (A) chromatogram for BTMA present in the supernatant: betamethasone appears at 3.725 min, and BTMA at 5.647 min, (B) chromatogram for BTMA extracted from
ETMA-loaded OA NP: BTMA appears at 5.778 min, but no betamethasone signal is detected.

potential and pH were measured and results are presented in
Fig. 6. Over 75 days, at room temperature, empty OA NP and drug
loaded NP show an increase in the mean size of 35nm and
50nm, respectively (Fig. 6A). Since nanoparticles were stored as
aqueous suspensions, swelling of the polymeric core of empty
nanoparticles may occur, as the water molecules permeate though
the porous structure of poly-g-caprolactone (Pohlmann et al,
2013 ). After six months, at 4 + 2°C, empty OA NP increase 40 nm in
the mean size, while BTMA-loaded OA NP showed a slight decrease
of 10nm in the mean size (Fig. 6A). The polydispersity index
(PI) varied between 0.15 and 0.25 for both empty and loaded
nanoparticles stored at 4+ 2°C, while the nanoparticles stored at
room temperature showed a PI variation between 0.35 and 0.45
(Fig. 6B). The pH of all formulations varied from 3 to 5, over the
three months in case of nanoparticles stored at room temperature
and six months for the nanoparticles stored at 4+2°C (Fig. 6C).
Zeta potential also varied with time, starting from lower negative
values to higher ones, probably as a result of the coating with OA
and loss from the NP over time, exposing the PCL-SA core
(Fig. 6D).

Another key issue is the stability of the drug to light
Betamethasone and its ester derivatives have been investigated
as photochemical degradable substances (Gortg 2011; Takacs et al,,
1991). In the current study, drug stability was followed by TLC and
HPLC, showing that OA NP can protect BTMA from degradation by
exposure to UV and visible light (data not shown). The introduction
of PCL nanoparticles as delivery systems of BTMA improves the
stability, reducing the formation of photoproducts.

3.5, Interactions between drug and nanoparticles

Regarding the complexity of the nanoparticles developed in this
work, it was important to study the interactions between all the
three components that make the nanoparticles, namely: the core
(composed of poly-g-caprolactone and stearic acid), the coating
(oleic acid) and the drug (BTMA and its main degradation/
hydrolysis product, betamethasone). The spectra obtained with
fourier transform infrared spectroscopy ( FTIR), representing all the
components of the nanoparticles, are shown in Fig. 7 (Panels A and
B).

In Panel A, the presence of the shell material (i.e, oleic acid, 0A)
on the surface of the nanoparticles was confirmed by FTIR analysis
(Fig. 7). The DA coating was confirmed by the bands IR (KBr) v:
2926, 2855cm |, respectively for the asymmetric CH; stretch and
the symmetric CH, stretch, which show a shift for 2925/2927 cm ™!
and 2856 cm ', when associated with the NP as described
previously for the adsorption of oleic acid onto the surface of
NP (Zhang et al., 2006). Also in our work and, as referenced in the
literature, the peak for 1710cm ™' disappeared in the spectrum of
OA NP and two peaks appeared between 1300 and 1450cm ™,
indicating the presence of carboxylic acid salts, probably formed by
adsorption at the surface of NP (Inoue et al., 2004 Zhang et al.,
2006). This may indicate that the lipid on the surface of QA NP is
not exclusively influenced by ionic strength, but may also result in
desorption over time. Further, the addition of another coating
material adhering to OA (such as a polysaccharide or another
polymer), could be an alternative to enhance the bridges between
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Fig. 6. Nanoparticle physicochemical parameters: (A) size, (B) polydispersity index, P, (C) pH and (D) zeta potential, ZP, of empty and ETMA-loaded OA NP over three months
(90 days) for manoparticles stored at room temperature (25 + 5°C, RT){ dotted line; comrespondent y-axis with dotted line) and six months { 180 days) for nanoparticles stored
at a temperature of 4+ 2°C and a residual humidity (RH) of 60% (refrigeration conditions, RC) {continuous line; correspondent y-axis with continuous line). Results are

expressed as mean of measurements of three independent NP batches £5D (n=3)

NP core and OA coating. Several spectra were performed to
evaluate BTMA-loaded OA NP and drug interaction (compared to
pure betamethasone, as the degradation product), empty and
BTMA-loaded OA NP stability and the presence of betamethasone
after one month, the interaction between all components of NP
and, finally, between BTMA and empty OA NP (1:1, w/w) in
comparison with BTMA-loaded OA NP

In Panel B, results show that BTMA was incorporated inside the
OA NP, mainly by fade of the specific band for the drug at
3404 cm ™! that appears in the mixture of empty OA NP and BTMA.
Other characteristic bands for BTMA are described as IR (KBr) v:
2955cm ', 2936cm ', 1723cm ', 1656cam ', 1604 cm ',
1405 cm™ ', 1262cm™ Y, 1123cm ™', 1047cm™', 891 cm ™' (Attia
Shafie and Mohammed Fayek, 2013). The peaks between 1400
and 1000cm ™', which are associated with hydrogen bonding
between drug and polymer, tend to disappear, after drug
encapsulation. When comparing the spectra for free drug (BTMA)
and physical mixture of drug and empty OA NP (Fig. 8, Panel B), the
bands between 1400 and 1000cm ' are visible in both cases.
Empty OA NP + BTMA (1:1, w/w) showed both specific bands for
BTMA (IR (KBr) v 3404 cm ", 1657 cm ', 1605cm ™', and 1047 cm ™)
and for NP (IR (KBr)v 1726 cm ' and 1187 am ™ '). Specific band for
polycaprolactone (1730cm ™! for C=0 stretching) was visible for
every sample with nanoparticles, varying from 1326 to 1327 cm ',
which may indicate a carbonyl bond interaction site (Verma et al.,
2006). This was the main visible band for the nanoparticles, since
polycaprolactone is the more abundant compound. In addition,
when comparing the spectra of the raw polycaprolactone and the
empty OA NP (mainly composed of polycaprolactone), it seems

that the polymer may have changed its linear structure to another
conformation when the NP were formed. Other specific bands for
polycaprolactone are IR (KBr) v: 1296 cm ' (C—0, CC stretching in
crystalline phase), 1106cm™ ' (C—O stretching), 1046cm™ ! (CC
stretching), 732 cm ™' (CH; rocking ) (Verma et al., 2006). After one
month, the signal of the empty NP appears the same and it was not
possible to distinguish betamethasone characteristic peaks (IR
(KBr) v 3448 cm ', 2936¢cm 7, 1710cm ', 1661 cm *, 1615¢cm ',
1453cm™ ', 1371em™’, 1296cm™', 1248cm™ ', 1054cm ™’
1045cm™ '), as a consequence of gradual degradation of the drug
after release from the NP. Some residual BTMA was still inside the
OA NP after one month preparation, which is shown by the
presence of drug specific bands with less intensity between 1400
and 1000cm . Finally, characteristic peaks for SA are IR (KBr) v:
2915¢m ', 2849cm ', 2655cm ', 1702em ', 1464 c¢m
1298cm ', ~900cm 7, 719cm ? (Inoue et al., 2004). However,
we could not observe clearly the formation of these bands, which
may indicate thatthe lipid (presented in lower concentrations than
the other compounds, such as polycaprolactone or oleic acd) is
entrapped inside the NP, as desired for drug encapsulation
enhancement.

3.6. Thermal stability of nanoparticles

Differential scanning calorimetry (DSC) was conducted to
analyze the thermal transformations of the free drug in compari-
son to when it is encapsulated in or is part of an association (i.e.,
mixture) with the nanoparticles (Fig. 8). BTMA shows three
polymorphic forms (II, e and IB) and a hydrate with an
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Fig. 7. FTIR spectra at 3500-400cm—" for the following samples: in Panel A, fresh empty OA NP were compared with raw polymer (poly-£-caprolactone) and farty acids
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acid, oleic acid at 1:1:1, w/w) of the nanoparticle formulation (except the drug); in Panel B, free ETMAwas compared with BTM and one-month old BETMA-loaded 0A NP and
the raw polymer (poly-e-caprolactone) and fatty acids ( stearic acid and oleic acid) was compared with one-month old empty OA NF.

enantiotropic relationship, which means these polymorphismscan
revert their state (Ke et al, 2005). Transformation and energy
states of polymorphic forms under different stress conditions (e.g.,
heating) has already been studied for this drug (Ke et al, 2005).
Forms I, lae and I are described to have a melting point at 150-
156°C, 210-212 *Cand 222-224°C, respectively (Ke et al., 2005 ).In
our studies, BTMA showed a T, around 228 =C (Fig. 8). At higher
temperatures, BTMA I3 form is the most hydrodynamically stable
form, while BTMA form Il (i.e, the crystalline form) is the most
active (Perrier et al, 1981). In Fig. 8, we can observe that BTMA
form I appears with a Ty around 150-160°C; however, the
formation of this transition is immediately followed by an
exothermic peak at 170°C, due to BTMA re-crystallization. A
complete different behavior is observed for BTMA-loaded OA NP.
Stearic acd (SA) acts as a lipid carrier, entrapping the drug inside
the lipid solid matrix, avoiding drug crystallization (Chen et al.,
2001; Hu et al., 2005). For the BTMA-loaded OA NP, the fatty acid
seems to have avoided the crystallization of BTMA, as the peaks for
BTMA crystallization are no longer visible and the drug appears to
be inside the core when compared to a physical mixture of empty
nanoparticles and BTMA. Therefore, SA may create a less ordered
modification to the OA NP, promoting drug entrapment.

3.7, In vitro permeation studies

Parallel artificial membrane permeability assay (PAMPA)
recreates drug passive transport and helps to predict permeability

characteristics of the free drug compared to the drug encapsulated
into nanoparticles. Most PAMPA studies present permeability
assays for short periods( <8 h) (Markovic et al., 2012). However, we
have prolonged these assays for 24 h to understand if there were
changes in BTMA behavior, espeaally when entrapped into the OA
NP. In Table 2 are the expressed results of the PAMPA study
including: drug retention (R), permeation parameter (C,(f)/C(0)),
permeability coefficients (log P.) and degradation percentage in
acceptor/ donor compartments.

After penetrating the skin epidermis, in general, steroids pass
through an enzymatic transformation into inactive substances
(Abidi et al,, 2012). On the other hand, we observed in this study
that OA NP influenced the drug retention (R, %) but also may
protect the BTMA from degradation (BTMA to betamethasone),
when in contact with the phosphate buffer pH 5.5 solution in the
acceptor compartment. Higher retention (R, %) associated with a
small value for permeation parameters are characteristic of Cyy
esters, as their hydrophobicity increased; also, they show log
permeability coefficients below —6.0, indicating affinity for the
hydrophobic membrane (Markovic et al,, 2012 ). In spite of this, our
small nanoparticles (around 300 nm) easily permeate through
artificial membrane especially when associated with permeation
enhancers, such as oleic acid, and they may make use of other
pathways and capabilities of the skin structure, such as hair
follicles and skin ducts (Zhang et al., 2013). Another reason of the
high permeability of BTMA when associated to NP would be by
exchange of lipids between the NP and the epidermis, resulting in
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greater permeation by disruption of the stratum comeum
barrier (Lin et al., 2013 ). Fatty acids, mainly long-chain unsaturated
ones like oleic acid, were previously described as vital for
epidermis  differentiation and permeation enhancement
(Lin and Khnykin, 2014; Naik et al., 1995). Thus, this overall
permeation enhancement seems possible through the association
of fatty acids and the depot capacity of the core polycaprolactone.
Those nanoparticles may also work as reservoirs on superficial
skin layers like other previous works (Campbell et al, 2012)
mainly due to the slow release characteristics of polycaprolactone.
The low value of degradation percentage of BTMA-loaded OA NP
shows the stability enhancement of the NP over 24 h period when
BTMA is encapsulated inside the NP core and not on the shell
surface of NP. This fact can potentially improve the patient
compliance during the treatment with BTMA for dermatological
diseases, decreasing the number of applications of the dosage form
on the skin.

Table 2

Parallel artificial membrane permeability assay (PAMPA) permeation studies: permeation
degradation (%) in acceptor/ donor compariments for free BTMA, empty 0A NP+ free
(n="5 except for empty 0A NP+ free BTMA (1:1, wfw) with n=3 for retention, R%).
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3.8 Toxcity assays

Cytotoxicity assays were conducted in human keratinocytes cell
line (HaCaT) and in yeast S. cerevisine model in order to verify their
behavior in biologic unicellular systems. A. salina was selected as a
multicellular invertebrate model also for the toxicity evaluation.
We believe that the comparison between different models for
toxicity evaluation of NP can be a simple and uvseful tool for
predicting the experimental conditions for in vivo testing.

Firstly, for the HaCaT model, MTT assays were conducted. In
terms of the cytotoxicity profiles, BTMA showed an I1Cs;,= 168.8 g/
mlL and BTMA-loaded nanoparticles showed an ICsp=14.5 pg/mL
(Fig. 9). Empty nanoparticles also demonstrated a concentration-
dependent toxic effect on human keratinocytes HaCaT cell line
(ICsp=18.0 pg/mL). DMSO 5% (wv/v) was used as positive control
and decreased cell viability to 928 +0.91% (data not shown).
Results for BTMA ICsp values were in accordance with the expected
and described in the literature for other derivatives (Zulfakar et al,,
2012). Forthe same concentration of BTMA (50 jLg/mL), there were
significant statistical differences (p < 0.05), as expected, between
the free drug and both empty and BTMA-loaded OA NP Although
nanoparticles’ concentration was below 1 mg/mlL, the decrease in
cell viability observed with NP was probably related with an
occlusive effect of our nanoparticles (ranging size of 300nm) on
the keratinocytes. This occlusive effect of nanosystems has been
investigated (Doktorovova et al., 2014 ) but the cytotoxicity profiles
for nanosystems are not yet well understood. It seems that particle
size is an important issue in cell cytotoxicity although there is no
clear relationship established. A recent review demonstrate that
lipidic NP with a size range between 200 and 300 nm and within a
concentration range similar to ours ( 10-100 pg/mL) show lowest
viability values (Doktorovova et al, 2014). Another influencing
factor of cell viability can be related to the NP composition. Our
excipients are environmental friendly and biocompatible. As an
example, we used OA as permeation enhancer and as shell material
for NP. As previously reported, metallic nanoparticles coated with
different fatty acids, including OA, showed lower cytotoxicity in
macrophages, lower reactive oxygen species (ROS) formation and
higher uptake (Jebali et al, 2014 ). Moreover, OA is widely used for
production of nanoparticles for topical delivery, as it further
demonstrates to increase drug accumulation and absorption in
vivo, without causing irritation to the viable skin (Gupta and Vyas,
2012; Verma et al., 2014).

In the S cerevisioe model, the assays with free BTMA showed a
concentration dependent inhibitory effect on the yeast prolifera-
tion rate. BTMA-loaded OA NP had a greater inhibitory effect on the
yeast cell proliferation rate than the unloaded ones (Table 3). In
addition, cytotoxicity testing of NP on the S, cerevisice model was
also limited by the amount of particles in suspension due to their
strong contribution to the background absorption at 525nm,
conducting at the later growth phase to absorptions higher than
0.9. The results showed a direct relationship between BTMA
concentrations and the magnitude of cytotoxic effects. The
concentration-effect relationship can be also due to the presence
of similar mammalian GC receptors in yeast (Popovic et al., 2010).

parameters | Cy{t)/Cp{0)), retention factors({ R), permeability coefficients (log P.)and
BTMA (1:1, wfw) and BTMA-loaded OA NP. Results are expressed as mean+ 5D

Systems Calt)fCol0) (%) R(%) log Pa (cms) Degradation
in accepior and donor compartments (%)
Free BTMA 54+74 B9B+9.8 —-71x0.8 78.0+254
BTMA-loaded OA NP 06+84 560+ 146 —6.5+06 3454145
Empty 0A NP+ free BTMA (1:1, wiw) 54+43 42+43 —6.7+04 359.5+16.8
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Table 3

GCrowth inhibition (%) of Saccharomyces cerevisiae exposed to the test systems: free
BETMA, BTMA-loaded 0A NP and empty OA NF. Results are expressed as mean=+ 5D
(n=4), for three independent assays. All tested concentrations exhibit a cellular
growth inhibitory effect that is statistically significant { P« 0.05).

Systems Concentrations (pg/mL) Growth inhibition (%)
Free BTMA 5 B8+38

25 21+44

50 31+23

100 92+56
BTMA-loaded DA NP 2 12160

4 31+53
Empty OA NP 4 10+65

However, further studies on the toxicity mechanisms are needed to
clarify how BTMA exerts the inhibitory effect observed on the
growth proliferation rate. The tested concentration of empty OANP
inhibited the growth rate almost as much as the lower
concentration of the BTMA-loaded OA NP did. Corresponding
concentrations of BTMA in the loaded OA NP were more than ten
times lower than the concentrations of free BTMA tested, and
reduced S cerevisiae cell proliferation rate at the same extent.
Finally, a higher mortality of A salina was observed with the
exposure to BTMA-loaded OA NP than the one with empty OANP or
free BTMA (Table 4 ). Other studies with some steroidal compounds

Table 4

(mainly progesterone derivatives) have suggested that their
cytotoxic effects on A salina may be related with the presence
of more complex aromatic rings than progesterone (Fan et al,
2013a,b).

3.9 Preliminary in vivo studies

Preliminary safety and permeation in vivo studies were
conducted in Wistar rats by applying BTMA-loaded OA NP
incorporated in a Carbopol™ 940 gel. Carbopol™ gel was used in
this study in order to keep the semisolid formulations containing
the BTMA-loaded OA NP and the free BTMA, in a specific skin area,
like suggested in previous studies (Bonacucina et al., 2004; Bregni
et al., 2008). In addition, the use of this gel is also justified mainly
due to its mucoadhesive and rheological properties of Carbopol®
gels. After incorporation of the NP, the gel became white in color,
odorless, with some solid aggregates that were easily homoge-
nized with a spatula. The pH of the final formulation was 6 and the
apparent viscosity was around 2500mPa. No inflammatory skin
reaction was observed in the Wistar rats 48 h after application of
the gel containing the BTMA-loaded NP. HPLC analysis of the
plasma samples showed that BTMA (and betamethasone by
natural hydrolysis after entering blood drculation), could be
detected after 48 h in contrast to free BTMA or non-encapsulated
(not detectable in all samples). In this case, we obtained a retention
time of 1.5min and 3.2-3.4 min for betamethasone and BTMA,
respectively (Fig. 10). Although these preliminary results need

Mortality (%) of A. salina, when exposed to different concentrations of test systems for 24 h and 48 h: free BTMA, BTMA-loaded OA NP and empty OA NP. Results are expressed

as mean =+ D, for four replicate groups of ten nauplii (n=4).

Systems Concentrations (pg/mL) Mortality after 24h (%) Mortality after 48h (%)
Free BTMA 50 g8+50 40 +271

100 73+206 73 +206
BETMA-loaded OA NP 2 78+33.0 95 =100

4 100 + 0.0 100 +0.0
Empty OA NP 4 15+58 65 +332
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Fig. 10. Chromatogram for BTMA obtained by HPLC Retention times were
determined at 3246 min (peak area: 196 mAL) for sample after BTMA extraction
from plasma, 48 h after application of BTMA-loaded OA NP gel, and 3 427 min (peak
area: 796 mAU) for free BTMA standard solution with a concentration of 20 pg/mL

corroboration, they indicate that our formulation is capable of
permeating the skin but more in vive studies will be conducted,
respecting the 3R's (replacement, refinement and reduction) for
animal research and the project directives.

4. Conclusion

In this study, we reported the development and evaluation of
oleic acid (OA) coated NP as transdermal delivery systems. For the
manufacture, we selected different materials, like lipids and well-
known polymers, described as biocompatible and accepted for
pharmaceutical applications. The association of those materals,
and their respective properties, confirmed the huge possibilities
behind drug delivery and how canwe guide therapies to a specific
context. Our NP demonstrated to be stable for several months, with
and without steroid entrapment, and promoted a long-term drug
release. Further, it is also our ambition to manipulate other
biomolecules as targeting moieties.
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Abstract

The presence of aromatic residues and their close spatial proximity to disulphide bridges
makes hen egg white lysozyme labile to UV excitation. UVB induced photo-oxidation of trypto-
phan and tyrosine residues leads to photochemical products, such as, kynurenine, N—formylk-
ynurenine and dityrosine and to the disruption of disulphide bridges in proteins. We here
report that lysozyme UV induced photochemistry is modulated by temperature, excitation
power, illumination time, excitation wavelength and by the presence of plasmonic quencher
surfaces, such as gold, and by the presence of natural fluorescence quenchers, such as hyal-
uronic acid and oleic acid. We show evidence that the photo-oxidation effects triggered by 295
nm at 20°C are reversible and non-reversible at 10°C, 25°C and 30°C. This paper provides
evidence thatthe 295 nm damage threshold of lysozyme lies between 0.1 pW and 0.3 pW.
Protein conformational changes induced by temperature and UV light have been detected
upon monitoring changes in the fluorescence emission spectra of lysozyme tryptophan resi-
dues and SYPRO™ Orange. Lysozyme has been conjugated onto gold nanopatticles, coated
with hyaluronic acid and oleic acid (HAOA). Steady state and time resolved fluorescence stud-
ies of free and conjugated lysozyme onto HAOA gold nanoparticles reveals that the presence
ofthe polymer decreased the rate of the observed photochemical reactions and induced a
preference for short fluorescence decay lifetimes. Size and surface charge of the HAOA gold
nanoparticles have been determined by dynamic light scattering and zeta potential measure-
ments. TEM analysis of the particles confirms the presence of a gold core surrounded by a
HAOA matrix. We conclude that HAOA gold nanoparticles may efficiently protect lysozyme
from the photochemical effects of UVB light and this nanocarrier could be potentially applied
to other proteins with clinical relevance. In addition, this study confirms that the temperature
plays a critical role in the photochemical pathways a protein enters upon UV excitation.
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Introduction

The fluorescence of aromatic amino acids in proteins can be used to monitor protein confor-
mational changes, to determine the protein’s melting temperature, to detect solvent accessibil-
ity changes and to unravel the onset of photochemical pathways. Their fluorescence spectral
properties can be modulated by solvent polarity (tryptophan in particular) and by the presence
of fluorescence quenchers. Spectral shifts are monitored in order to probe, e.g., for protein-
receptor binding, protein-protein dimerization and protein-metal binding [1]. Extrinsic fluo-
rescence probes such as SYPRO™ Orange and 8-Anilinonaphthalene-1-sulfonic acid (ANS)
can also reveal protein conformation changes induced by, e.g., ligand binding, temperature, pH
and UV light, as their fluorescent emission is enhanced upon binding to hydrophobic regions
of the protein [2]. On the other hand, water strongly quenches their fluorescence.

UVB induced photo-oxidation of tryptophan (Trp) and tyrosine (Tyr) residues leads to the
formation of photochemical products, such as, kynurenine (Kyn), N—formylkynurenine
(NFK), singlet oxygen, 3u-hydroperoxypyrroloindole, 3a-dihydroxypyrroloindole, hydroxyl
radicals and dityrosine (DT) [3, 4]. The presence and the kinetics of formation of NFK, Kyn
and DT can be monitored by fluorescence spectroscopy (Table 1). Furthermore, UVB induced
photo-oxidation of Trp, Tyr and Phenylalanine (Phe) residues leads to electron ejection from
their side chains [5]. Such electron can be captured by disulphide (SS) bridges, leading to a
transient disulphide electron adduct, and ultimately to the reduction of the SS bridges [5].
Since SS bridges are one of the best quenchers of protein fluorescence, this can lead to a fluores-
cence emission intensity increase [5, 6, 7]. On the other hand, the conversion of Trp and Tyr
into their photoproducts leads to a decrease of the original fluorescence emission intensity [8].
Different photochemical pathways will lead to an increase or a decrease of the protein’s fluores-
cence emission intensity. The triggered pathways will depend on, e.g., the excitation wave-
length, the irradiance level (power per unit area) and the temperature [9], leading lead to
reversible [8] or irreversible changes [10].

Hen egg white lysozyme (LYZ) is a small size (129 amino acids) monomeric catalytic
enzyme displaying 4 SS, 6 Trp and 3 Tyr residues (see Fig 1). LYZ structural changes induced
by temperature, UVB light, pH and ionic strength haves been previously reported [2, 9-12].
LYZ is described to show a two-stage denaturation induced by temperature and a melting tem-
perature ranging from 52°C to 77°C, depending on pH [10, 13]. The studies done by Neves-
Petersen et al. confirmed that UVB excitation of aromatic residues leads to the disruption of S8
bridges. Such disruption leads to changes in the proteins fluorescence emission intensity and to
the formation of photo products of Trp and Tyr residues [5.6, 8, 14, 15].

There is an interest in protecting proteins from photo damage, since some of these proteins
might be used as biosensors, drugs or simply as enzymes. Protein photochemistry can be modu-
lated by the presence of plasmonic surfaces such as gold [16, 17] and by the presence of fluores-
cence quenchers such as hyaluronic acid (HA, [18]) and oleic acid (OA, [19]). HA is reported to
be a very good fluorescence quencher, as well as to confer structural stability to proteins [20].
LYZ has a high isoelectric point (pI) value around 11.1 [21]. This allows for LYZ binding onto

Table 1. Absorption and fluorescence spectral characteristics of N-formylkynurenine (NFK]}, dityrosine (DT) and kynurenine (Kyn), according to

the literature [25-27].

Photo degradation product Absorption (nm) Fluorescence emission (nm)
NFK: N-formylkynurenine 261, 322 400440
DT: Dityrosine 284, 316 400-409
Kyn: Kynurenine 258, 360 434-480

doi:10.1371/joumal pone.0144454.t001

PLOS ONE| DOI:10.1371/joumal.pone.0144454 December 14,2015 2/29
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Fig 1. LYZ molecular structure, according to (2LYZ.pdb). Aromatic residues are represented by different
colors: Trp (red), Tyr (blue), Cys (yellow).

doi:10.1371/journal pone.0144454 g001

the surface of negative charged multifunctional gold nanoparticles via electrostatic attractive
interactions (at pH < pI), putatively protecting it from UVB induced photochemistry.

In this study we have monitored the time dependent effect of continuous 295 nm excitation of
LYZ on the protein’s fluorescence emission intensity, as a function of irradiance level, tempera-
ture and excitation wavelength. The kinetics of such processes are analysed and compared. The
reversibility of the light induced pathways is observed to be temperature dependent in the chosen
temperature range from 10-30°C. Protein conformational changes induced by 295 nm and tem-
perature have been monitored using Trp as an intrinsic molecular probe and SYPRO™ Orange as
an extrinsic molecular probe. The formation of photoproducts such as NKF and Kyn has been
monitored as a function of exdtation time. Furthermore, LYZ has been coupled to gold nanopar-
ticles coated with HA and OA. The putative protective effect of the coated gold nanoparticles
against photochemistry is investigated. The kinetics and extent of light induced processes and the
protein fluorescence lifetimes alone and when coupled to the gold nanoparticles are compared.

Materials and Methods

Materials

Gold (IIT) chloride trihydrate (HAuCl,) (PubChem ID: 2489514 3; Product number: G4022),
sodium citrate dihydrate (C;HsNa;0-) (PubChem ID: 24901436; Product number: W302600),
L-ascorbic acid (L-AA) (PubChem ID: 24891246; Product number: A7506), silver nitrate
(AgNO;) (PubChem ID: 24852543; Product number: $0139), hyaluronic acid (HA) sodium
salt from Streptococcus equi (MW: 7,000-250,000 g.mol™') (PubChem ID: 24878223; Product
number: 53747), oleic acid (OA) (MW: 282.46 g.mol™) (PubChem 1D: 24886786; Product
number: 75090), Lysozyme from hen egg white, in powder form, (LYZ, MW?: 14.3 kDa)
(Enzyme number:3.2.1.17; Product number: L6876) were all supplied by Sigma-Aldrich (Stein-
heim, Germany). SYPRO™ Orange Protein Gel Stain (5,000X Concentrate in DMSQ) was pur-
chased from Life Technologies as the molecular probe for protein conformational studies. The
water used for buffer preparation was purified through a Millipore system.

Preparation of LYZ stock solution and LY Z-conjugated gold
nanoparticles

A 10 uM (0.15 mg/mL) stock solution of LYZ was prepared in 2 mM Phosphate Buffer Saline
(PBS) at pH 7.4. After mixing directly the protein with the buffer, the solution had pH 6.0. In

PLOS ONE | DOI:10.1371/joumal.pone.0144454 December 14,2015 3/29
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order to prepare LYZ-conjugated gold nanoparticles, the stock solution of the protein at 10 pM
was mixed with the gold nanoparticles solution (0.22 mM) and hyaluronic acid-oleic acid
(HAOA) polymer solution at a 1:1:1 (v/v/v, concentration of 1 mg/mL, for each polymer) ratio
and allowed to interact for 30 min at room temperature. Gold nanoparticles were prepared
using produced by seed-growth method, described elsewhere [22], with some modifications
(paper in preparation). The solution was centrifuged twice at 500 g for 20 min in a FV2400
Microspin (BioSan, Riga, Latvia) to remove unbound peptides. The pellet was re-suspended in
PBS buffer (pH 7.4). LYZ stock solution was stored at 4-8°C until further use.

LY Z structure analysis and gold nanoparticles structure design

The crystallographic data used for the display of the 3D protein structure (Fig 1) was extracted
from (2LYZ.pdb) (structure of hen egg-white lysozyme, [23]) using Discovery Studio 4.1
(Accelrys Software, San Diego, CA, USA). Distances between protein residues were obtained
by using the monitor tool in the program to determine the distance between atoms in the 3D
structure (see Table 2). As for LYZ-conjugated HAOA gold nanoparticles structural design,
Adobe Hlustrator CS5 (Adobe Systems Software Ireland Ltd.) was used as the graphic design
software.

Steady-state fluorescence spectroscopy studies

Steady-state luorescence emission spectra were collected upon excitation of the aromatic pool
of the protein at 295 nm. Excitation spectra, with a fixed wavelength at 330 nm (or 350 nim, for
thermal ramp), were also monitored. All measurements were conducted on a Felix fluorescence
RTC 2000 spectrometer (Photon Technology International, Canada, Inc.347 Consortium Court
London, Ontario N6E 258) with a T-configuration, using a 75-W Xenon arc lamp coupled to a
monochromator. The samples were analyzed in a cuvette of 1 cm light path and were magneti-
cally stirred at 200 rpm in order to secure homogeneous excitation. All slits were setto 5 nm.
Thermal unfolding studies and melting point of LYZ. LYZ thermal unfolding studies
were conducted in order to determine the melting point of the protein prior to illumination
(see Fig 2). The fluorescence emission intensity at 350 nm (exc. 295 nm) of fresh LYZ sample
(non-illuminated) was monitor from 45°C to 90°C. The heating rate was fixed at 1°C/min.
Excitation slit size was set at 0.1 mm (equivalent lamp power of 0.1 pW). Trp emission is

Table 2. Shortest spatial distances between disulphide bonds and aromatic residues (tryptophan and
tyrosine) in LYZ (2LYZ.pdb). The shortest distances (< 12 A) between atoms of each pair of elements (Trp,
Tyrand disulphide bonds) were considered. For Trp and Tyr residues, only one of the atoms belonging to the
indole and benzene rings were considered, and for SS bonds one of SG atoms. (W= Trp; Y =Tyr).

Disulphide Bond Aromatic Residue Distance (A)
C30-C115 W123 (CD1) 33
W111(CD1) 56
W23 (CD1) 10.7
W28 (CD2) 10.2
Ce- C127 W123 (CD2) 92
C76-C94 W108(CH2) 8.0
Y20 (CD2) 11.9
W63 (CH2) 66
C64-C80 ¥53 (CD2) 4.1
W62 (CD2) 10.7
W63 (CD2) 77

doi:10.1371 journal pone 0144454 1002

PLOS ONE | DOI:10.1371/joumal.pone.0144454 December 14,2015 4/29
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Fig 2. LYZ thermal ramp and data first derivative from 45-90°C (T, = 74°C), with heating rate fixed at
1°C/min. Fluorescence excitation was fixed at 295 nm and fluorescence emission at 350 nm and excitation
slitwas setat 0.1 mm (0.1 pW).

doi:10.1371 journal. pone.0144454 g002

usually used as a probe for protein conformational changes and can be used to determine the
melting temperature of the protein. First derivative was conducted in Matlab version R2014b
(MathWorks, Massachusetts, USA) for calculation of the melting temperature, according to
the mid-point value in°C. Fluorescence excitation (em. fixed at 350 nm) and emission (exc.
fixed at 295 nm) spectra of LYZ were analysed before and after thermal unfolding and changes
in fluorescence intensity were quantified (see Fig 3).

Continuous 295 nm illumination of LYZ. Continuous 295 nm illumination of LYZ
(fresh sample, 10 uM) was carried out for 2 hours and the protein’s fluorescence emission
intensity at 330 nm was monitored (see Fig 4). The excitation slit was set at 0.1 mm, with an
equivalent lamp power of 0.1 gW, as in the thermal ramp experiment. The illumination spot
was approximately 0.35 cm?. Irradiance was 0.343 W.cm™. The excitation and emission spectra
of LYZ prior and after the 2 hours continuous 295 nm excitation were analyzed (see Fig 5).
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Fig 3. LYZ fluorescence excitation and emission spectra, before and after the thermal ramp at 45—
90°C. Fluorescence excitation was fixed at 295 nm and fluorescence emission at 350 nm and excitation slit
was set at 0.1 mm (0.1 pW).

doi:10.1371/journal.pone.0144454 g003
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Fig 4. Continuous 295 nm excitation of LYZ at 20°C, for 2 hours. Fluorescence emission at 330 nm and
excitation slit was setat0.1 mm (0.1 pW).

doi:10.13T/journal.pone.0144454 g04

The fluorescence emission intensity of LYZ at 330 nm was monitored upon continuous 2
hours excitation at six selected excitation wavelengths: 250 nm, 265 nm, 285 nm, 295 nm, 305
nm and 310 nm (see Fig 6). The excitation slit was fixed at 0.5 mm, corresponding to a 1.0 pW
excitation power. The temperature of the solution was kept at 20°C using a Peltier element at
the cuvette holder location. A fresh sample was used for each illumination run. The emission
and excitation intensity values obtained were corrected in real-time for oscillations in the
intensity of the excitation lamp.

SYPRO™ Orange for probing LYZ conformation changes
SYPRO™ Orange is used as a molecular probe in order to monitor protein conformational
changes, since its fluorescence is greatly enhanced upon contact with hydrophobic environ-
ments [24]. A 3uL aliquot (dilution 1:1000) of SYPRO™ Orange stock solution (5,000X Con-
centrate in DMSQ) was added to a cuvette containing a fresh sample of LYZ (10 pM, 3 mL)
prior to the 295 nm continuous illumination experiment. The sample was gently shaken to mix
both solutions. The fluorescence emission spectrum of SYPRO™ Orange, with excitation fixed
at 470 nm and the fluorescence excitation spectrum of SYPRO™ Orange, with emission fixed
at 580 nm, were acquired prior and after continuously illuminating LYZ at 295 nm for 70 min.

100 = Exc. before 2h exc. at 235nm = Em. before Zh exc. at 235nm
6 Exc. after Zh axc. at 285nm e By AftEr 20 axe. St 295mm

Flugr, Em. Int. {green, exc. 295nm)
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Fig 5. LYZ fluorescence excitation and emission spectra, before and after 295 nm continuous
excitation for 2 hours. Fluorescence excitation was fixed at 295 nm and fluorescence emission at 330 nm
and excitation slit was set at 0.1 mm (0.1 pW).

doi:10.13T/journal.pone.0144454 g05
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were selected as following: at 250 nm (light blue), at 265 nm (dark blue), at 285 nm (light green), at 295 nm (dark green), at 305 nm (dark grey) and at 310 nm
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Changes in LYZ fluorescence intensity and spectral shifts were quantified. The fluorescence
emission intensity of SYPRO™ Orange at 580 nm (exc. at 470 nm) was monitored after every
ten minutes of LYZ excitation at 295 nm for 70 min (see Fig 7). The excitation slit size was set
at 0.5 mm (equivalent power lamp of 1.0 pW). The wavelength corresponding to the maximum
fluorescence emission intensity of SYPRO™ Orange was monitored in order to detect the
occurrence of possible spectral shifts during the illumination of LYZ at 295 nm (see Table 3).
295 nm excitation power effect on LYZ fluorescence emission. Firstly, the dependence
of the excitation slit size versus excitation power was determined by measuring the power level
at the cuvette location with a power meter (Ophir Photonics StarLite Meter ASSY ROHS, P/
N7Z01565, Jerusalem, Israel), used with a power head (Ophir Photonics, 30 A-BB-18 ROHS, P/
N7Z02692, Jerusalem, Israel) upon varying the excitation slit size. The effect of 295 nm illumi-
nation power on the fluorescence emission intensity at 330 nm of LYZ was acquired using
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Fig 7. A)Monitoring LYZ with SYPRO™ Qrange spectra before and after 70 min 295 nm excitation of LYZ at 20°C, with excitation slit fixed at 0.5 mm
(1.0 yW). Fluorescence intensity of SYPRO™ Orange was fixed at 580 nm and excitation at 470 nm. B) SYPRO® Orange emission intensity (excitation
wavelength fixed at 470 nm) for every 10 min of LYZ 295 nm excitation for 70 min.

doi10.1371fjoumal pone.0144454.g007
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Table 3. Wavelengths corresponding to maximum fluorescence emission intensity of SYPRO®
Orange after consecutive 10 min excitation cycles of LYZ at 295 nm.

Time (min) Amax (nm) A(Ag = o=Mi = ) (Nnm)

0 606 0

10 580 26
20 584 22
30 584 22
40 583 23
50 584 22
60 587 19
70 587 19

doi:10.1371 journal.pone. (144454 1003

different excitation slit openings: 0.1 mm, 0.3 mm, 0.4 mm and 0.5 mm corresponding to

0.1 uW, 0.5 uW, 0.7 uW and 1.0 uW, respectively (see Fig 8). The temperature of the solution
was kept at 20°C using a Peltier element at the cuvette holder location. A fresh sample was used
for each illumination session. Fluorescence excitation (em. fixed at 330 nm) and emission (exc.
fixed at 295 nm) spectra of LYZ were acquired before and after LYZ illumination with 0.1 mm

and 0.5 mm excitation slit. The fluorescence intensity changes were quantified (see Fig 9).

Temperature effect on LYZ photochemistry. The fluorescence emission intensity of LYZ
at 330 nm was monitored upon 295 nm excitation. After 10 min of illumination the shutter was

closed for another 10 min, remaining the protein in the dark. This excitation scheme was

repeated four times. In total the protein was lluminated for 50 min and remained in the dark
during 40 min. This experiment was repeated at four different temperatures: 10°C, 20°C, 25°C
and 30°C. Four open/close cycles have been carried out. The excitation slit size was set at 0.5 mm
(equivalent power lamp of 1.0 pW). A fresh sample was used for each experiment (see Fig 10).
SYPRO™ Orange was used in order to monitor putative LYZ conformational changes due
to 295 nm illumination at different temperatures. Fluorescence emission spectra (exc. fixed at

Exc. slit 0.3mm {021 pW)
Exc. slit 0.dmm (0.25 pW)
Exc. slit 0.5mm {0.30 pW)
Exc. slit 0.1mm (0.12 pW)

=
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y= 2287 -0172
R*= 0.99/

w

P ]
W

-
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e N
=
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® | e K““\-\-‘
-
Easl e
g |
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Fig 8. LYZ fluorescence 295 nm 2hours excitation at 20°C, using different excitation slit openings: 0.1
mm (0.1 pW), 0.3 mm (0.5 pW), 0.4 mm (0.7 pW) and 0.5 mm (1.0 pW). Fluorescence emission wavelength
was fixed at 330 nm. Atthe upper comer is displayed the equation of the dependence of the excitation slit

size (x) versus excitation power (y).

doi:10.1371 journal.pone.0144454 g008
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Fig9. A)LYZ fluorescence excitation and emission spectra before and after LYZ 295 nm 2hours excitation, with slit opening fixed at 0.1 mm (0.1 pW). B)
LYZ fluorescence excitation and emission spectra before and after LYZ 295 nm 2hours excitation, with slit opening fixed at 0.5 mm (power: 1.0 pW).
Fluorescence excitation was fixed at 295 nm and fluorescence emission at330 nm.

doi-10.1371/oumal pone.0144454.6009

470 nm) were acquired before and after the four open/close cycles (as described above) of 295
nm illumination of LYZ at each temperature (see Fig 11). Afterwards, the reversibility of the
light induced processes at 10°C and 20°C were investigated. The fluorescence emission inten-
sity at 330 nm of a four LYZ samples were monitored (exc. at 295 nm): a) fresh, non-illumi-
nated sample, b) LYZ sample after 30 min of continuous 295 nm illumination (0.5mm slit size,
with an equivalent power lamp of 0.30 uW), ¢) LYZ sample after 30 min of continuous 295 nm
illumination followed by 48 hours in the dark and, d) LYZ sample after 30 min of continuous
295nm illumination followed by 48 hours in the dark and subsequent further 30 min of contin-
uous 295 nim (see Fig 12).

Photochemistry of LYZ conjugated with HAOA gold nanoparticles. The effect of con-
tinuous 295 nm excitation of LYZ has been investigated for LYZ conjugated to gold nanoparti-
cles covered by natural polymers (hyaluronic acid, HA) and oleic acid (OA). Results have been
compared with the data obtained with free LYZ (see Fig 13). Four samples have been continu-
ously illuminated with 295 nm light for 2 hours at 20°C and their fluorescence emission inten-
sity at 330 nm had been monitored: a) conjugated LYZ, b) free LYZ, ¢) plain non-coated gold

« 10° Numinatson at 1070 = lliumination at 20°C Numination at 25°C = Illumnalicn al 30°C

_f'"ﬂ\.. Oypan shutter

Oy schusttemr
-——— Qpen shulter Open shutier I

|

Shigter
sleead tar
14 | 0 min

Fluor. Em. Int. at 330nm
@

Shutlcr
chosed for
10mins,

|
o 0 20 30 40 50
lNlumination Time at 295nm (min})

Fig 10. Temperature effect on LYZ photochemistry: at 10°C (light blue), 20°C (dark blue), 25°C (light
grey) and 30°C (dark grey), for four open/close cycles of periods of 10 min of excitation followed by 10
min in the dark. Fluorescence excitation and emission wavelengths were fixed at 295 nm and 330 nm,
respectively. Excitation slit size was set at0.5 mm (1.0 pW) for all experiments.

doi:10.1371/journal.pone.0144454 g010
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Fig 11. SYPRO™ Orange emission intensity spectra before and after LYZ 295 nm excitation at
different temperatures (10°C, 20°C, 25°C and 30°C). SYPRO™ fluorescence excitation wavelength was
fixed at470 nm and acquired before and after the four open/close cycles. Excitation slit size was setat0.5

mm (1.0 pW).
doi:10.1371 journal.pone.0144454 g011

nanoparticles and d) HAOA coated gold nanoparticles. The excitation slit was set at 2.0 mm
(equivalent power of 4.4 uyW at the sample location). The conjugation of LYZ onto the HAOA
gold nanoparticles (see Fig 14) has been confirmed using steady state fluorescence spectros-
copy. The fluorescence excitation (em. fixed at 330 nm) and emission (exc. fixed at 295 nm)
spectra of non-conjugated LYZ, of the supernatant after centrifugation of the solution contain-
ing conjugated and non-conjugated LYZ, and of conjugated LYZ onto HAOA gold nanoparti-
cles have been acquired in order to detect the presence of protein (see Fig 15). The formation
of Trp photo degradation products upon 295 nm excitation of free LYZ and LYZ-conjugated

B
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Fig 12. A) LYZ fluorescence emission intensity at 330nm monitored at 20°C; and B) at 10°C. Samples are described as: a) fresh LYZ never previously
iluminated, b) LYZ after 30 min of continuous 285 nm illumination, ¢) LYZ after 30 min of continuous 295 nm illumination followed by 48 hours in the dark, d)
LYZ after 30 min of continuous 295 nm illumination followed by 48 hours in the dark and subsequent further 30 min of continuous 295 nm. LYZ excitation was
fixed at 295 nm with a slit size was set at 0.5 mm (1.0 pW).

doi:10.1371/oumal. pone.0144454.g012
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Fig 13. LYZ fluorescence emission intensity at 330 nm for free LYZ (2 h 295 nm excitation), LYZ-
conjugated HAOA GNPs (2 h 295 nm excitation), and empty HAOA gold nanoparticles (GNPs) and
non-coated plain GNPs (1h 295 nm excitation). All samples were analyzed at 20°C and excitation slit size
fixed at2.0 mm (4.4 pW). At the upper comer, LYZ-conjugated HAOA GNPs excited for 2 hours is compared
to HAOA GNPs and plain GNPs.

doi:10.1371/journal.pone.0144454 g013

HAOA gold nanoparticles has been confirmed using steady state fluorescence spectroscopy. In
order to verify the formation of DT and NFK, fluorescence emission spectra were acquired
upon 320 nm excitation of the solution before and after 2 hours of continuous excitation at 295
nm (see Fig 16A). In order to verify the presence of Kyn, emission spectra were obtained upon
360 nm excitation before and after 295 nm continuous excitation. Fluorescence changes have
been quantified and compared for free and conjugated LYZ. A fresh sample was used for each
illumination run (see Fig 16B).

Time resolved fluorescence spectroscopy

The fluorescence lifetimes of free and conjugated LYZ have been acquired with fluorescence
TCSPC lifetime spectrometer (DeltaPro, Horiba Scientific, Kyoto, Japan). A 280 nmand a 295
nm light emitting diode, <200 picoseconds FWHM with PPD and laser diode Horiba Scien-
tific, Kyoto, Japan) was used to excite the samples. The fluorescence emission intensity at 330
nm was detected at the magic angle (54.7°) by a GaAs detector (Hamamatsu H7422P-40). The
temperature of the solution was kept at 20°C using a Peltier element at the cuvette holder

. e

Fig 14. A) Representative illustration of LYZ-conjugated HAOA coated gold nanoparticles; B) TEM image of HAOA coated gold nanoparticles (non-
conjugated) at scale bar: 100 nm; and C) Intensity analysis of the HAOA gold nanoparticles TEM image.

doi:10.1371/joumal.pone.0144454.g014
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Fig 15. Conjugation effect: LYZ in supernatant (after conjugation) compared with free LYZ and LYZ-
conjugated HAOA gold nanoparticles (GNPs). Fluorescence excitation spectra was fixed at 330 nm and
fluorescence emission spectra was fixed at 295 nm. Experiments were conducted at 20°C and excitation slit
size fixed at 2.0 mm (4.4 pW). LYZ was not continuously excited and only the necessary UV light was used
for obtaining the displayed spectra.

doi:10.1371/journal.pone.0144454 g015

location. A fresh sample was used for each illumination run. A 300 nm long-pass filter (Sem-
rock) was used in the emission channel. A solution of Ludox (colloidal silica) in Millipore
water was used in order to acquire the instrument response function (IRF). Such response
function has been used to deconvolve the protein decay. The decay times (t) and pre-exponen-
tial factors (f;) recovered from the time resolved intensity decays for free LYZ and LYZ-conju-
gated HAOA gold nanoparticles at pH 7.4.

HAOA gold nanoparticles physical characterization

The mean particle size, polydispersity index (PI) and zeta potential (ZP) for HAOA gold nano-
particles (non conjugated with LYZ) were also determined with a Coulter Nano-sizer Delsa
Nano™C (Fullerton, CA). A low value of PI factor (< 0.25) indicates a more stable and less dis-
persed nanoparticles distribution in size. “D-value” was determined to describe the particle size
distribution of 10%, 50% and 90% of the nanoparticles population.

TEM analysis

HAOA gold nanoparticles structure and surface morphology were analyzed by Transmission
Electron Microscopy (TEM, Zeiss M10, Germany). Samples were prepared through “sequential
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Fig 16. A) Fluorescence emission spectra for NFK + Kyn, before and after excitation of free LYZ and LYZ-conjugated HAOA gold nanoparticles (GNPs), at a
fixed wavelength of 320 nm. Experiments were conducted at 20°C and excitation slit size fixed at2.0 mm (4.4 pW); B) Fluorescence emission spectra for Kyn
+NFK, before and after excitation of free LYZ and LYZ-conjugated HAOA gold nanoparticles (GNPs), at a fixed wavelength of 360 nm. Experiments were
conducted at 20°C and excitation slit size fixed at 2.0 mm (4.4 pW).

doi:10.1371/joumal.pone.0144454.g016
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two-droplet” method by re-suspending the HAOA gold nanoparticles in distilled water and
placing a drop (5-10 pL) of the suspension on to a formvar grid for 30-60 seconds. When the
HAOA gold nanoparticles suspension had partly dried, the grid was washed three times with
distilled water and the excess of water removed with a filter paper. Then, sodium phosphotung-
state (PTA, 2%, w/v) was applied to the grid for 10 seconds, the excess of stain removed with a
filter paper and the grid was left to dry at room temperature for 24 hours. Samples were ana-
lyzed at an accelerated voltage of 10-20 kV. Different fields of the images were recorded digi-
tally, by using Matlab version R2014b (MathWorks, Massachusetts, USA), for determination
of the intensity distribution of polymer HAOA and gold nanoparticles.

Data Analysis

All data analysis, plotting and fitting procedures were done using Origin 8.1 (OriginLab Corpo-
ration, Northampton, MA, USA).

Emission Spectra and Excitation Spectra. Emission and excitation spectra were first
smoothed using a 10 points adjacent averaging, All fluorescence spectra obtained were first
Raman corrected by subtracting the spectra recorded for the buffer in solution. Normalized
emission and excitation spectra were obtained by dividing each data point by the maximum
intensity value in each spectrum.

Fitting Procedures

LYZ fluorescence emission kinetic traces (em. at 330 nm) upon 295 nm continuous exci-
tation. Each of the four decay curves observed upon 10 min of continuous 295 nm illumina-
tion after LYZ has been kept for 10 min in the dark at 20°C (see Fig 10), were fitted using a
single exponential decay model given by the function F(t) = C;"exp(-x/k;) + yo. F(t) is the fluo-
rescence emission intensity at 330 nm (a.w) upon 295 nm at excitation time ¢ {min), ¥, and C,
are constants and k; is the rate constant of fluorescence emission intensity decrease (min™). y,
value was fixed to 0. The root mean square error R* was > 0.99 for all traces. The fitted param-
eter values and corresponding errors, and root mean square error values obtained after fitting
the 330 nm emission kinetic trace are displayed in Table 4.

Free LYZ and LYZ conjugated HAOA gold nanoparticles fluorescence kinetics (em. at
330 nm) upon 295 nm excitation. The fluorescence emission intensity kinetic traces
observed for free LYZ, plain non-coated gold nanoparticles, HAOA gold nanoparticles and
LYZ-conjugated HAOA gold nanoparticles samples and displayed in Fig 13, after continuous
295 nm illumination for 2 hours, except for plain gold nanoparticles and HAOA gold nanopar-
ticles without LYZ (60 min), at 20°C, were fitted using a double exponential decay model
according to the formula F(t) = y,+C;" exp(-k,"x)+C5"exp(-k," x). F(t) is the fluorescence emis-
sion intensity at 330 nm (a.u.) upon 295 nm excitation at time f (min), y,, C; and C, are

Table 4. Single exponential fit using model At) = C,*exp{-x/k,) + y, for each decay curve of LYZ at 20°C (D1, D2, D3 and D4; D stands for decay)
(see Fig 10). Fit parameters are displayed in this table. Red. * and Adj. R® are reduced Qui-Square and Adjusted R- Square, respectively.

Decay curve Parameters Statistics
C Ky Red. x* Adj. R?
D1 974297.8+3850.8 1.168E643954.1 21.1+0.2 4.61E7 0.999
D2 1.01E6+21729 B8B87338.9+2627.9 18.940.2 2.22E7 0.999
D3 981472.1+2585.9 977520.3+2751.6 20.3+0.2 2.52E7 0.999
D4 949274.3£5964.5 1.09E6£6196.2 20.740.4 1.28E8 0.998

doi:10.1371/jpumal pone. 0144454 1004
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Table 5. Double exponential fit using model Fft) = yo+C ; *exp(-k* x)+C:" exp(-k="x) for plain non-coated gold nanoparticles (GNPs), HAQA coated
GNPs, free LYZ and LYZ-conjugated GNPs (see Fig 13).

Samples Constants (yg, ki, k2) R? Pre-exponential factors (C4, Ca)
Free LYZ For first 30min decay: 0.999 Cq,=7.34E5+ 7.10E3
Vo= 5.84E5 + 0.40E3
ky =1.42E-2 + 0.20E-2 C» = 1.42E6 + 0.80E3
ky =3.24E-3 + 1.30E-5
LYZ—conjugated HAOA GNPs Vo= 9.83E4 + 2.68E3 0.997 C, = 1.44E4 + 0.50E3
ky =2.03E-3 + 1.28E-4 C»=2.02E4 + 2.14E3
ko =1.22E-4 + 2.78E-5
Plain non coated GNPs (control) Vo= 6.31E4 + 9.00E1 0.998 Cy=1.91E4 + 1.70E2
ky =6.20E-3 + 1.09E-4 Cz=2.46E4 + 1.20E2
ko = 7.14E-4 + 1.00E-5
HAOA coated GNPs (control) Vo= 7.93E4 + 3.70E2 0.988 C, = 1.40E4 + 2.90E3
k, =5.05E-3 + 1.69E-4 C,=1.44E4 + 2.6E3

ka = 4.23E4 + 2.83E-5

doi:10.1371/joumal pone.0144454.1005

constants and k, and k, is the rate constant of fluorescence emission intensity decrease (min™).
¥p value was fixed to 0. The root mean square error R* was > 0.99 for all kinetics. The fitted
parameter values and corresponding errors, and root mean square error values obtained after
fitting the 330nm emission kinetic trace are displayed in Table 5.

Time resolved fluorescence. The fluorescence decay was analyzed by a routine based on
the Marquardt least-squares minimization. The main equations for the time-resolved intensity
decay data were assumed to be a sum of discrete exponentials as in:

Ft) = Y aexp(—t/1)

where F(1) is the intensity decay, o is the amplitude (pre-exponential factor), 7; the fluores-
cence lifetime of the i-th discrete component, and Yot = 1.0
The fractional intensity fi of each decay time is given by:

oT;
P

and the mean lifetime is:
(1) =3 fx,

The fluorescence lifetimes of free LYZ and LYZ-conjugated HAOA gold nanoparticles
acquired upon 280 nm and 295 nm excitation are summarized in Table 6.

Results

InTable 1 are listed the absorption and fluorescence spectral characteristics of N-formylkynur-
enine (NFK), dityrosine (DT) and kynurenine (Kyn) [25-27].

In Fig 1 is displayed the 3D molecular structure of hen egg white LYZ (2LYZ.pdb),
highlighting Trp and Tyr residues and disulphide bridges. Trp residues are displayed in red,
Tyr residues in blue and Cystines in yellow. LYZ has in total 6 Trp residues, 3 Tyr residues and
4 disulphide bridges. In Table 2 are listed the shortest distances between each Trp and Tyr

PLOS ONE | DOI:10.1371/joumnal.pone. 0144454 December 14,2015 14/29
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Table 6. Recovered fluorescence lifetimes (1), pre-exponential factors (a), intensity fraction (f) and
average lifetime (<t>) for free LYZ and LYZ-conjugated HAOA gold nanoparticles (GNPs),at pH 7.4
obtained by a nonlinear fit using the PTI software. Excitation has been carried out usinga 280 nm and
295 nm diodes.

Lifetime (ns) Intensity fraction Pre-exponential factor
Free LYZ (280 nm diode)
Ty 0.41+0.03 fy 0.21 ay 1.02+0.04
T2 1.53+0.08 fo 0.48 [\ 0.63£0.02
T3 3.33+0.13 fa 0.31 s 0.18£0.03
<> 1.86
LYZ-conjugated HAOA GNPs (280 nm diode)
T4 0.17+0.008 fy 0.50 ay 3.97+0.16
T2 1.58+0.04 fo 0.36 T 0.31£0.01
T3 9.20+0.76 fa 0.14 sy 0.02+0.002
<> 1.91
Free LYZ (295 nm diode)
T4 0.27+0.02 f 0.26 ay 1.85+0.06
T 1.05+0.05 L 0.41 a, 0.74+0.04
T3 3.02+0.06 fa 0.33 as 021+0.01
<> 1.50
LYZ- conjugated HAOA GNPs (295 nm diode)

T 0.04640.009 fy 0.41 ay 9.62+1.21
To 0.38+0.01 fo 0.50 [+ 1.44+0.08
Ts 2.77+0.38 i 0.03 ay 0.01+0.002
Ta 36.0+6.30 fa 0.06 a4 0.002+0.0002
<> 1.43

doi:10.1371 journal.pone.0144454 1006

residues and the nearby disulphide (SS) bonds. The shortest distance between Trpl23 and S8
bridge C30-C115 is 3.326 A. All considered distances were < 12 A,

In Fig 2 is displayed the fluorescence emission intensity at 350 nm, upon continuous excita-
tion at 295 nm (0.1 pW) of a 10 uM LY Z solution as a function of temperature, from 45°C and
90°C. The heating rate was fixed at 1°C/min. The first derivative is represented in the upper
right corner. The melting temperature (T,,) of LYZ was determined to be 74°C, consistent with
literature values obtained under similar physicochemical conditions [28, 29]. The fluorescence
emission intensity at 350 nm decreased from 2.4E6 to 1.1E6 counts (56%) during the thermal
scan from 45-90°C.

The fluorescence excitation and emission spectra of LYZ, before and after thermal unfold-
ing, are displayed in Fig 3. While acquiring the fluorescence excitation spectra the emission
was fixed at 350 nm. The fluorescence emission spectra were acquired upon 295 nm excitation.
After thermal unfolding, the fluorescence emission intensity of LYZ at the wavelength where
maximum emission is observed (340 nm) has decreased by 73% and the fluorescence excitation
intensity at the wavelength where maximum excitation is observed (285 nm) has decreased by
64%. Furthermore, the fluorescence emission spectrum of LYZ has been red shifted from 340
nm to 349 nm, after protein unfolding.

In Fig 4 is displayed the fluorescence emission intensity kinetic trace at 330 nm upon con-
tinuous illumination of a fresh LYZ sample (10 uM) at 295 nm, for 2 hours with a excitation
slit of 0.1 mm (equivalent power: 0.1 uW). Two transitions are visible: the first one at 10 min
and the second one, smaller, at 90 min. The fluorescence emission intensity increases 1.0% in

PLOS OME| DOI:10.1371/joumal.pone.0144454 December 14,2015 15/29
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the initial 10 min of llumination, followed by a decay in the fluorescence emission intensity
until 70 min, reaching an intensity level lower than the initial one. Afterwards, the fluorescence
emission intensity increases peaking around 90-95 min of illumination and stabilizes
thereafter.

The fluorescence excitation and emission spectra of LYZ, before and after 120 min of con-
tinuous 295 nm illumination (excitation slit at 0.1 mm, 0.1 yW) are displayed in Fig 5. While
acquiring the fluorescence excitation spectra the emission was fixed at 330 nm. The fluores-
cence emission spectra were acquired upon 295 nm excitation. After 2 hours of continuous 295
nm excitation the fluorescence emission intensity of LYZ at 330 nm decreased 3.4% and the
fluorescence excitation intensity decreased 1.9%. No shift has been observed in the fluorescence
emission spectrum. The same spectra were acquired after 2 hours of excitation at 295 nin using
a larger excitation power of 1.0 pW (exc. slit 0.5 mm) (data not shown). Both spectra show that
the effect of 295 nm continuous excitation on the fluorescence emission and excitation spectra
of LYZ is smaller than the effect of thermal unfolding.

In Fig 6 (panel A and B) is displayed the fluorescence emission of LYZ at 330 nm upon con-
tinuous 2 hours illumination, at 20°C, at six selected wavelengths: 250 nm, 265 nm, 285 nm,
295 nm, 305 nm and 310 nm. At 250 nm, 265 nm, 285 nm and 295 nm the kinetic traces are
similar. An initial increase in the fluorescence emission intensity is followed by a plateau like
region with smaller oscillations. The initial fluorescence emission intensity upon 250 nm, 265
nm, 285 nm and 295 nm illumination increases by 3.7%, 6.9%, 6.7%, 8.6%, respectively. Con-
tinuous llumination with 305 nm light leads to a 4.7% decrease in the fluorescence emission
intensity after 2 hours of continuous illumination (Fig 6, panel B). Continuous illumination
with 310 nm light does not lead to fluorescence emission intensity changes.

In Fig 7A is displayed the fluorescence emission spectrum of SYPRO™ Orange, upon 470
nm excitation and the fluorescence excitation spectrum of SYPRO™ Orange, with emission
fixed at 580 nm, prior and after continuously illuminating LYZ at 295 nm for 70 min (1.0 pW).
SYPRO™ Orange fluorescence emission intensity at the wavelength where maximum emission
is observed (580 nm) has increased by 25.5-fold and the fluorescence excitation intensity at the
wavelength where maximum excitation is observed (470 nm) has increased by 52.3-fold. Fur-
thermore, the fluorescence emission spectrum of SYPRO™ Orange exhibitsa 19 nm blue shift
after 295 nm continuous excitation of LYZ. The wavelength at maximum SYPRO™ Orange
fluorescence emission intensity has shifted from 606 nm to 587 nm after 70 min of llumina-
tion. As a control, the fluorescence emission of SYPRO™ Orange at 580 nm, upon excitation at
470 nm, was monitored after SYPRO™ Orange has been continuously illuminated at 295 nm
for 70 min. A bleaching effect of 18% was observed (data not shown), and no blue shift was
observed.

LYZ was exposed to 10min continuous 295 nm excitation cycles (0.5 mm; 1.0 pW). After
each excitation period, the fluorescence excitation and emission spectra of SYPRO " Orange
were acquired. In total, LYZ was excited with 295 nm light for 70 min. In Fig 7B is displayed
the fluorescence emission intensity of SYPRO™ Orange (upon exc. at 470 nm) after each 10
min excitation period of LYZ at 295 nm. The SYPRO™ Orange emission intensity is observed
to increase 23.6-fold after the initial 20 min of LYZ excitation, followed by a decrease in the
third round of LYZ excitation. Afterwards, SYPRO™ Orange fluorescence emission intensity
increases once again and stabilizes after 40 min of 295 nm excitation. Wavelengths correspond-
ing to the maximum fluorescence emission intensity of SYPRO™ as a function of LYZ illumi-
nation time are displayed in Table 3.

The effect 0f 295 nm excitation power on the fluorescence emission profile of LYZ is dis-
played in Fig 8. The power hasbeen controlled using different excitation slit openings: 0.1 mm,
0.3 mm, 04 mm and 0.5 mm corresponding to 0.1 pW, 0.5 uW, 0.7 pyW and 1.0 pW,
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respectively. The equation displaying the dependence of the excitation slit size (x) versus exci-
tation power (y) was found to bey = 2.267x - 0.172, with R* = 0.997 (see insert in Fig 8). At the
lower power level (0.1 pW) almost no changes are observed in the fluorescence emission inten-
sity of LYZ upon continuous excitation at 295 nm. For all other power levels, an initial increase
in the fluorescence emission intensity is observed, followed by a decrease in intensity and sub-
sequent weak increase.

The effect of increasing the power from 0.1 pW to 1.0 pW (exc. slitincrease from 0.1 mm to
0.5 muin) in the fluorescence emission and excitation spectra of LYZ after 2 hours of continuous
295 nm excitation is displayed in Fig 9 (panels A and B, respectively). When carrying out the
illumination with 0.1 pW, a slight decrease in the excitation and emission intensity spectra is
observed. At the wavelength of maximum fluorescence intensity, the fluorescence excitation
and emission intensities dropped 1.6% and 2.8%, respectively (Fig 9A). When carrying out the
illumination with 1.0 pW, the fluorescence excitation and emission intensities dropped 36.6%
and 11.5%, respectively, at the wavelength of maximum fluorescence intensity (Fig 9B).

In Fig 10 is displayed the fluorescence emission intensity of LYZ at 330 nm upon non con-
tinuous 295 nm illumination for 90 min at four different temperatures: 10°C, 20°C, 25°C and
30°C. After each 10 min excitation period, the shutter has been closed for 10 min, followed by
another 10 min excitation at 295 nm. Four open/close cycles have been carried out. The
observed kinetic traces are very dependent on temperature. At 10°C, LYZ fluorescence emis-
sion intensity increases by 11% after 90 min (a total of 50 min of non continuous excitation
and a total of 40 min in the dark). The periods of darkness do not lead to changes in the fluo-
rescence emission intensity of LYZ when the new 10 min excitation cycle starts. At 20°C,LYZ
shows a very different response: the protein’s fluorescence emission intensity decreases expo-
nentially upon continuous excitation at 295 nm, except during the first 10 min where the fluo-
rescence emission intensity increases during the first 5 min prior to decreasing. A 49.7% drop
in fluorescence emission intensity is observed after the four last 10 min excitation cycles. After
being kept in the dark for 10 min, LYZ recovers the lost luorescence emission intensity. This
experiment was repeated three times in order to confirm its reproducibility and the reversibility
of the process (data not shown). Every time fluorescence recovery was observed at 20°C. Each
of the four decay curves observed after the initial 10 min of excitation have been fitted by a sin-
gle exponential decay model given by y = C,"exp(-x/k;) + yo. The fitted parameter values (C,,
ki, yo) and corresponding errors, as well as root mean square error values, were obtained after
fitting each kinetic trace. The results are displayed in Table 4. At last, continuous 295 nm exci-
tation of LYZ at 25°C and 30°C does not significantly change the fluorescence emission inten-
sity of the protein.

SYPRO™ Orange was used to monitor possible conformational changes of LYZ at the end
of the excitation/darkness cycles described above. In Fig 11 is displayed the SYPRO™ Orange
fluorescence emission intensity spectra, upon 470 nm excitation, acquired before and after the
full 295 nm illumination of LYZ at each temperature as shown in Fig 10. SYPRO™ Orange
fluorescence emission intensity increased after each experiment. An intensity increase of
15.1-fold, 4.6-fold, 11.1-fold and 14.6-fold is observed at 10°C, 20°C, 25°C, and 30°C, respec-
tively. The larger fluorescence emission intensity increase is observed at 10°C and the smallest
fluorescence increase is observed at 20°C. Furthermore, the wavelength at maximum fluores-
cence emission intensity of SYPRO™ Orange is observed to be 16 nm blue shifted from 607 nm
to 591 nm after each experiment.

In order to confirm the observed reversibility of the process at 20°C and the lack of revers-
ibility at 10°C the fluorescence emission intensity at 330 nm of the following samples has been
monitored at 20°C and 10°C (Fig 12, panels A and B, respectively): a) fresh LYZ never previ-
ously lluminated, b) LYZ after 30 min of continuous 295 nm illumination, ¢) LYZ after 30 min
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of continuous 295 nm illumination followed by 48 hours in the dark, d) LYZ after 30 min of
continuous 295 nm llumination followed by 48 hours in the dark and subsequent further 30
min of continuous 295 nm. The results are presented in Fig 12 (panels A and B display the data
acquired at 20°C and at 10°C, respectively). It can be seen that LYZ has lost fluorescence emis-
sion intensity when illuminated for 30 min at 295 nm. However, it has recovered its original
fluorescence emission intensity after left in the dark for 48 hours, confirming the results at
20°C displayed in Fig 10. On the other hand, at 10°C it can be observed that continuous 295
nin excitation leads to a slight increase of protein fluorescence emission, as displayed in Fig 10.
However, 48 hours in the dark did not lead to the recovery of the initial fluorescence emission
intensity values.

The response of conjugated LYZ and non-conjugated LYZ to 295 nm continuous excitation
has been investigated in order to infer the possible protective effect of gold nanoparticles cov-
ered by natural polymers (hyaluronic acid, HA) and oleic acid (OA) towards photochemistry.
LYZ has been conjugated to HAOA coated gold nanoparticles. The fluorescence emission
intensity at 330 nm as a function of continuous 295 nm excitation of conjugated LYZ, free
LYZ, plain non-coated gold nanoparticles and HAOA coated gold nanoparticles is displayed in
Fig 13. The initial fluorescence emission of conjugated LYZ is quenched by one order of magni-
tude when compared to the initial fluorescence emission intensity of free LYZ. After 2 hours of
continuous 295 nm excitation the fluorescence emission intensity of free LYZ has dropped by
91.3% while the fluorescence emission intensity of conjugated LYZ has only dropped by 50.0%.
Interestingly, both samples end up with the same fluorescence intensity level after 2 hours exci-
tation. Both kinetic traces have been fitted with a double exponential decay model according to
the formula F(t) = y,+C," exp(-k; "x)+C5" exp(-k;" x). In Table 5 are displayed the fitting param-
eters and corresponding errors as well as the root mean square error values for double expo-
nential decay curves. For free LYZ, k; and k, were, respectively, 1.42E-2 £ 0.20E-2 and 3.24E-
3 £ 1.30E-5 (for the first 30 min of the decay), while for LY Z-conjugated HAOA coated gold
nanoparticles, k; and k, were, respectively, k; = 2.03E-3 £ 1.28E-4 and k, = 1.22E-4 £+ 2.78E-5.
We could confirm the protective effect of HAOA coated gold nanoparticles towards LYZ since
the decay constants for conjugated LYZ were lower compared to the ones for free LYZ. The
fluorescence emission intensities at 330 nm displayed by the plain or HAOA coated gold nano-
particles are only residual and do not change significantly upon continuous 295 nm
illumination.

In Fig 14 A is displayed a graphical representation of the HAOA coated gold nanoparticles.
We have confirmed the HAOA gold nanoparticles structure and coating formation by TEM, as
represented in Fig 14B. The mean particle size and polydispersity index (PI) for HAOA gold
nanoparticles (non-conjugated with LYZ) was also determined to be around 300 nm (PI: 0.2)
and a zeta potential (ZP) of -19 mV. However, the volume distribution for 90% of HAOA gold
nanoparticles (D90%) was higher for smaller sized particles (D90% = 149 nm), as confirmed in
TEM analysis. Here we observe that HAOA gold nanoparticles show a size around 50-100 nm.
This variation could be explained by the presence of some aggregated in suspension. Finally,
we have analyzed the image intensity by using Matlab version R2014b (MathWorks), as plotted
in Fig 14C. We can observe that there is a core substrate, which is probably the gold core of the
nanoparticles, while on top of this substrate there isa matrix, which we assign to the polymer
HAOA distributed around the gold nanoparticles.

In Fig 15 is displayed the fluorescence excitation (emission at 330 nm) and emission (excita-
tion at 295 nm) spectra of free LYZ, of the supernatant after centrifugation of the solution con-
taining conjugated and free LYZ, and of conjugated LYZ HAOA gold nanoparticles. Data
confirm the conjugation of LYZ onto the HAOA gold nanoparticles. Free LYZ shows the high-
est fluorescence excitation intensity, followed by LYZ presentin the supernatant (that didn’t
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conjugate with HAOA gold nanoparticles) and, finally, LYZ conjugated HAOA gold nanopar-
ticles. In the case of the fluorescence emission spectra, the emission intensity of LYZ conju-
gated HAOA gold nanoparticles was slightly higher than free LYZ in the supernatant, after
nanoparticles isolation.

In Fig 16 A is displayed the fluorescence emission spectra of four samples upon excitation at
320 nm: a) non-illuminated free LYZ, b) free LYZ excited with 295nm for 2 hours, ¢) non-illu-
minated LYZ-HAOA gold nanoparticles, d) LYZ-HAOA gold nanoparticles excited with 295
nm for 2 hours. The 320 nm excitation is intended to detect the presence of NFK and DT, a
Trp and Tyr photoproduct, respectively. However, 320 nm light can still excite Kyn, despite its
maximal excitation at 360 nm. For the free enzyme, a peak centred at 405 nm is observed upon
320 nm excitation. The fluorescence emission intensity of the peak increases 108% after contin-
uous excitation with 295 nm for 2 hours. For the conjugated enzyme, a broad peak centred at
433 nm is observed. After continuous excitation with 295 nm for 2 hours, the luorescence
emission intensity is observed to increase by 22.4% for the peak centred at 433 nm.

In Fig 16B is displayed the fluorescence emission intensity spectra of four samples upon
excitation at 360 nm: a) non-illuminated free LYZ, b) free LYZ excited with 295 nm for 2
hours, c¢) non-illuminated LYZ-HAOA gold nanoparticles, d) LYZ-HAOA gold nanoparticles
excited with 295 nm for 2 hours. The 360 nm excitation is intended to excite Kyn, a Trp photo-
product. However, this wavelength will also excite NFK but not excite DT. For the free enzyme,
a peak centred at 406 nm is observed upon 360 nm excitation. The fluorescence emission inten-
sity of the peak increases 111% after continuous excitation with 295 nm for 2 hours. For the
conjugated enzyme, two main peaks are observed: one centred at 406 nm and another centred
at 466 nm. After 295 nm excitation for 2 hours, the fluorescence emission intensity is observed
to increase by 25.0% and by 33.5% for the peaks centred at 406 nm and 466 nm, respectively.

In Table 6 are displayed the fluorescence lifetimes (t;) distribution and the associated pre-
exponential factors (f;) recovered from the time resolved intensity decays for non-illuminated
LYZ and LYZ-conjugated HAOA gold nanoparticles (diode excitation wavelengths: 280 nm
and 295 nm; emission wavelength: 330 nm) at pH 7.4. The structural changes induced in free
LYZ and conjugated LYZ are visible in fluorescence lifetime distribution, as the lifetime for the
free LYZ is shorter than for LYZ-conjugated HAOA gold nanoparticles, for both diodes stud-
ies. For free LYZ, at 280 nm and 295 nm, 3 lifetimes are present, as well as for the LYZ-conju-
gated HAOA gold nanoparticles, except for LYZ-conjugated HAOQA gold nanoparticles at 295
nm with 4 lifetimes.

Discussion

The structure of lysozyme (LYZ) has been well characterized in literature [13, 23, 30, 31]. Its
3D structure displayed in Fig 1 shows the presence of four disulphide bonds (SS) in close spa-
tial proximity to six Trp residues (Table 2). As previously published by Neves-Petersen et al. [8,
14, 15], excitation of the side chains of aromatic residues located in close spatial proximity to
SS bridges may lead to the disruption of the SS bonds. SS bridges are known to be excellent
quenchers of aromatic residues. Therefore, when the bridges are broken, Trp fluorescence
intensity might increase [8]. The observed result will depend on the nature of the photochemi-
cal pathways that the protein enters after excitation (vide infra).

In this paper, we have investigated the effect of temperature and of 295 nm continuous exci-
tation on LYZ. LYZ melting temperature has been determined with temperature dependent
steady-state fluorescence measurements and was found to be ~74°C, at pH 6.0 (Fig 2), which is
close to the value reported by other research groups when carrying out thermal unfolding of
LYZ at similar conditions [28, 29]. After thermal unfolding, the fluorescence emission of LYZ
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is observed to be 9 nm red-shifted, indicating that the Trp moiety in LYZ became more solvent
accessible (Fig 3). Trp fluorescence emission is known to be very sensitive to the dielectric con-
stant and therefore to the polarity of the medium surrounding it. In polar environments the
fluorescence emission is red shifted compared to Trp emission in apolar environments. Solvent
relaxation prior to fluorescence emission is responsible for this observation. The drop in excita-
tion and emission intensity of LYZ observed after thermal unfolding (64% and 73%, respec-
tively) reveals that the Trp moiety is now more quenched due to solvent exposure and/or that
upon 295 nm excitation some of the Trp residues have been converted into photoproducts,
such as NFK and Kyn (see Table 1), which have their excitation and emission spectra shifted
with respect to Trp. The latter is confirmed by the data displayed in Fig 16, which shows that
NFK and Kyn are formed upon 295 nm excitation of LYZ.

During the thermal unfolding experiment (Fig 2) the protein has also been exposed to 295
nm light. The results of such experiment (Figs 2 and 3) are a combined effect of temperature
and UV exposure. To minimize the effect of UV light on the observed results a small excitation
slit opening 0f 0.1 mm has been selected. In order to investigate the sole effect of 295 nm light
on the observed fluorescence changes, LYZ has been continuously excited by 295 nm light for 2
hours, at 20°C, using an excitation slit opening of 0.1 mm (0.1 pW) (Eig 4). After 2 hours illu-
mination, the fluorescence excitation and emission intensities at the respective wavelength cor-
responding to maximum intensity have decreased by only 3.4% and 1.9%, respectively and no
spectral shift was observed (Fig 5). It is likely that these changes would be even smaller upon 45
min continuous excitation at 295 nm (the illumination time used during the thermal unfolding
assay). This shows that the effect of temperature during the thermal unfolding experiment
exceeds the effect of 295 nm illumination when a 0.1 mm slit is used. This also confirms that
thermal unfolding studies should always be carried out using low excitation power in order to
minimize photochemistry, which will influence the recovered T, value.

The time dependent fluorescence emission kinetic traces of LYZ acquired upon continuous
illumination with different UV wavelengths (250 nm, 265 nm, 285 nm, 295 nm, 305 nm and
310 nm) at 20°C are displayed in Fig 6. Excitation at 250 nm is known to cause direct photolysis
of 88 bonds [12]. 250 nm also excites Trp residues but marginally excites Tyr and Phe residues
(see Table 7). This means that excitation of LYZ with 250 nm will lead to the disruption of 8§
bridges, according to literature [32-35]. In addition, 265 nm excites Tyr and Trp and margin-
ally excites Phe, 285 nm excites Trp and Tyr, 295 nm excites Trp residues and very marginally
excites Tyr residues, and finally, 305 nm and 310 nm marginally excites Trp and Tyr residues.
Taking into consideration that 88 bonds are very good quenchers of protein fluorescence, it is
likely that their direct or indirect disruption [5-8, 15, 36, 37] leads to an increase of LYZ

Table 7. Molar extinction coefficients (cm™.M ") at different wavelengths (250 nm, 265 nm, 285 nm,
295 nm, 305 nm and 310 nm) studied for Trp, Tyr and Phe.

Molar Extinction Coefficients (cm™.M™)

Wavelength (nm) Trp Tyr Phe
250 2240 274 136
265 4650 921 103
285 4544 675 1
295 1532 61 0
305 150 39 0
310 61 32 0
Number aromatic residue/ protein [ 3 3

doi:10.1371 journal pone. 0144454 1007
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fluorescence emission intensity when illuminated with wavelengths that lead to direct photoly-
sis 0f SS (~254 nm) or when illuminated with wavelengths that excite their aromatic residues.
The excitation of Trp and Tyr aromatic residues has the highest probability to induce SS dis-
ruption since the yield of electron ejection is higher for Trp and Tyr than for Phe residues [6,
36, 37]. Therefore, it is likely that 285 nm and 295 nm excitation of LYZ leads to the largest ini-
tial increase of protein fluorescence, followed by 265 nm and 250 nm. It is important to under-
line “initial increase” since any prolonged excitation of proteins will allow photochemical
pathways that can end up bleaching the protein’s fluorescence output. It is likely that 305 nm
and, in particular, 310 nm excitation of LYZ does not lead to particular changes of the fluores-
cence output since these wavelengths lead to a very marginally excitation of LYZ. The data dis-
played in Fig 6A and 6B corroborates our interpretation.

SYPRO® Orange was selected as a probe in order to monitor LYZ conformational changes,
which results in solvent exposure of hydrophobic surfaces [2]. After 70 min of continuous 295
nm excitation of LYZ, SYPRO B Orange fluorescence emission and excitation intensities have
increased 25.5-fold (Fig 7A). The increase in fluorescence emission intensity of SYPRO B
Orange indicates that this extrinsic probe is in contact with hydrophobic surfaces rendered
accessible due to light induced conformational changes in LYZ. Furthermore, continuous exci-
tation leads to a 19 nm blue-shift in the fluorescence emission peak of SYPRO™ Orange (Fig
7A). This has also been observed for Nile Red—another hydrophobic fluorescent probe—used
to monitor LYZ under stress induced by heat shock (heating at 70°C for 10 min, at pH 5.0),
alone and in presence of stabilizers (e.g., betain, hydroxyectoine and trehalose) [2]. The fluores-
cence emission intensity of SYPRO™ Orange at the wavelength where maximum fluorescence
emission is observed has been plotted after consecutive 10min illumination periods of LYZ at
295 nm (Fig 7B). After the first and second initial illumination cycles the fluorescence emission
intensity of SYPRO™ increases by 5.2-fold and 23.5-fold, respectively, indicating that LYZ isin
two different conformational states that have in common the fact that hydrophobic surfaces of
LYZ became accessible to SYPRO™ Orange and, therefore, were solvent accessible. The third
cycle of LYZ illumination (30 min) leads to a conformation with a smaller area of hydrophobic
surface accessible to the solvent than the area accessible at the end of the second cycle (20 min).
After 40 min of illumination the fluorescence emission intensity of SYPRO™ Orange at 580
nm increased and stabilized (Fig 7B) indicating that the conformation of LYZ is most likely not
to exhibit further changes.

The dependence of the fluorescence emission intensity trace upon continuous 295 nm exci-
tation on excitation power is displayed in Fig 8. At higher power levels (0.7 pW and 1.0 pW)
two significant changes in fluorescence emission intensity is observed. Data displayed in Fig
9A clearly show that illumination carried out with the lowest power (0.1 pW) does not lead to
significant photochemistry and damage of the Trp pool of residues due to the fact that the fluo-
rescence excitation and emission spectra prior and after 2 hours illumination are very similar.
Furthermore, no spectral shift is observed in the fluorescence emission spectrum of LYZ, indi-
cating that the solvent accessibility of the Trp residues in LYZ has not changed (Fig 9A). On
the other hand, when illumination is carried out with 1.0 uW power (Fig 9B) it is clear that 295
nm excitation has induced structural changes in LYZ. The intensity of the fluorescence excita-
tion and emission spectra has decreased (36.6% and 11.5%, respectively) after Zhours illumina-
tion and the fluorescence emission has been 4 nm red shifted (Fig 9B), indicating that the Trp
moiety in LYZ has been rendered more solvent accessible due to light induced protein confor-
mation changes. Wu et al. 2008 [9] reported the photo induced degradation of LYZ (280 nm)
as a function of illumination time, at pH 8.0 and 25°C, showing that Trp fluorescence emission
intensity increased as a result of continuous excitation, which is correlated with the disruption
of S§ bridges. A red-shift was also observed. The drop in fluorescence emission intensity is
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correlated with the formation of Trp photoproducts like NFK and Kyn upon 295 nm excitation
of LYZ, as shown in Fig 16 A and 16B. Data confirm that the light induced structural damage is
dependent on the power of the light used to excite the molecules [8]. Our data indicate that
LYZ is not exhibiting photo-oxidation changes at 0.1 pW at 295 nm illumination. However, an
increase to 0.5 pW leads to distinct changes.

The study of the effect of temperature (10°C, 20°C, 25°C and 30°C) on LYZ fluorescence
emission intensity as a function of 295 nm illumination time, at a fixed slit size (0.5 mm, or
1.0 uW), has been carried out. The reversibility of the processes has also been investigated
upon exposing LYZ to repeated 10 min cycles of alternated excitation and darkness. LYZ
kinetic traces showed a clear temperature-dependent behaviour. At 20°C the light induced a
reversible loss of fluorescence emission intensity. As displayed in Fig 10, after each 10 min dark
period LYZ has recovered the fluorescence emission intensity value at the 20 min previous
moment where the shutter have been open. This was not observed at any other tested tempera-
ture. At 10°C the fluorescence emission intensity increases with illumination time and at 25°C
and 30°C the observed increase is minimal.

SYPRO™ Orange has been used to monitor the conformational changes of LYZ as a func-
tion of temperature. Data show that 2 hours-excitation of LYZ at 295 nim at four different tem-
peratures induces different conformational changes in LYZ (Fig 11). SYPRO™ Orange showed
highest fluorescence emission intensity at 10°C and lowest fluorescence emission intensity at
20°C. The conformational changes that led to the largest exposure of hydrophobic areas in
LYZ has occurred at 10°C, followed by 30°C, 25°C and finally 20°C. At 20°C the lowest expo-
sure of hydrophobic patched in LYZ has occurred. Interestingly, this is the temperature at
which the loss of fluorescence emission intensity seems to be reversible upon keeping LYZ in
the darkness (Fig 10). In order to confirm such reversible process, we have recorded the fluo-
rescence emission intensity of the following samples: a) fresh LYZ sample, b) fresh sample after
being excited for 30 min at 295 nm, c) fresh sample after being excited for 30 min at 295 nm
and kept in the dark for 48 hours, d) fresh sample after being excited for 30 min at 295 nm,
kept in the dark for 48 hours and further excited for another 30 min with 295 nm. Such experi-
ments took place at 10°C and 20°C. Data displayed in Fig 12A and 12B confirm that the loss of
protein fluorescence after the first 30 min of excitation is reversible if the sample is kept in the
dark and the experiment is carried out at 20°C and non-reversible if the experiments have been
carried out at 10°C.

In the present study we have also immobilized LYZ onto gold nanoparticles coated with
hyaluronic acid (HA) and oleic acid (OA). Since gold, HA and OA are known to be fluores-
cence quenchers, we have investigated if the presence of such quenchers decreased the rate of
the observed photochemical reactions and if it induced a preference for short fluorescence
decay lifetimes in the case of the conjugated LYZ compared to free LYZ. Data displayed in Figs
13 and 15 show that the presence of gold nanoparticles coated with HAOA (Fig 14A) quenches
LYZ fluorescence. The results summarised in Table 5 and the kinetic traces displayed in Fig 13
confirm that the rates of fluorescence emission intensity loss (k1 and k2 values, Table 5) as a
function of 295 nm illumination time are one order of magnitude slower for the conjugated
LYZ compared to free LYZ. Furthermore, analysis of the fluorescence lifetimes’ distribution of
free LYZ compared to LYZ conjugated to HAOA gold nanoparticles (upon pulsed excitation
with 280 nm and 295 nm diodes) reveals that upon conjugation, the percentage of molecules
that decays with lifetimes in the picosecond range increases, while the percentage of the popu-
lation that decays with lifetimes in the nanosecond range decreases (see Table 6). When excit-
ing with a 280 nm diode it is observed that for free LYZ, 21% of the population decays with a
picosecond lifetime and 79% of the population decays with a nanosecond lifetime. When con-
jugated to HAOA gold nanoparticles it is observed that 50% of the population decays with a
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picosecond lifetime and 50% of the population decays with a nanosecond lifetime. When excit-
ing the samples with a 295 nm diode it is observed that for free LYZ, 26% of the population
decays with a picosecond lifetime and 74% of the population decays with a nanosecond life-
time. When conjugated to HAOA gold nanoparticles it is observed that >91% of the popula-
tion decays with a picosecond lifetime and only 9% of the population decays with a
nanosecond lifetime. LYZ proximity to the HAOA gold nanoparticles creates a different phy-
sico-chemical environment that promotes a faster decay from LYZ excited state. It is known
that both silver and gold nanoparticles quench protein fluorescence [16, 38] and that the pres-
ence of nanoparticles leads to protein conformational changes revealed by shifts in the fluores-
cence emission spectrum of the protein [39]. Furthermore, it is known that both HA and OA
are good fluorescence quenchers and that their presence leads to shorter fluorescence lifetime
components [18, 19]. The protonated forms of carboxylic, hydroxyl and amine groups are
known to be fluorescence quenchers of proteins [40]. These groups are present in the glucu-
ronic acid and N-acetyl-glucosamine monomers in the hyaluronic acid (HA) polymer and in
oleic acid (OA) and will therefore promote shorter fluorescence lifetime decays in proteins.

Furthermore, as observed in Fig 15, the conjugation of LYZ to HAOA gold nanoparticles
leads to protein conformational changes since a blue shift (from 341 nm to 326 nm) in the fluo-
rescence emission spectra is observed upon conjugation. The observed blue indicates that the
Trp moiety in LYZ is in a more hydrophobic environment upon conjugation. The hydrophobic
environment can be created by the presence of aliphatic chains in OA and by the presence of
HA. Such new conformational states might also be responsible for the observed shorter lifetime
decays in conjugated LYZ due to a putative closer spatial distance between the aromatic resi-
dues and neighboring quencher residues.

In addition, other studies involving binding of drugs (e.g., ciprofloxacin and lomefloxacin)
and other molecules (e.g, kynurenine) to LYZ are likely to induce conformational changes on
this protein, through formation of aggregates [40] and complexes [39, 41]. These complexes
modify the rate of lifetime decay compared to the equivalent components in their non-complex
state.

The average fluorescence lifetime (at 330 nm) for free LYZ at pH 6.0 was 1.86 nanosecond
and 1.5 nanosecond upon 280 nm and 295 nm excitation, respectively. The fluorescence decay
data was best fitted with a 3 exponential decay model. When changing from a 2 lifetime decay
model to a 3 lifetime decay model the statistics of the fitting routine improved considerably.
For example, the Durbin-Watson parameter improved from being to 1.3 to being 1.8, being a
value close to 2 ideal since it shows that the residual are not autocorrelated [42]. Choosing a 4
exponential decay model did not improve the statistics of the fitting routine, except for LYZ-
conjugated gold nanoparticles excited at 295 nm. Free LYZ has been previously reported to be
best fitted by a three exponential decay model, at a similar pH (5.5) and at 340 nm emission,
with an average lifetime of 1.16 nanosecond [43]). Quenching of other proteins besides LYZ by
nanocarriers has been reported in literature [16, 44, 45]. In our study both the gold nanoparti-
cles and the coating polymers act as quenchers, contributing to the prevalence of short lifetime
components. It has been previously described that the attachment of LYZ to gold nanostruc-
tures leads to the appearance of a shorter fluorescence lifetime than the shortest lifetime
observed for free LYZ and that the longest fluorescence lifetime becomes longer compared
with native LYZ, upon 280 nm excitation and when emission is fixed at 360 nm [44]. Our
results are in accordance with this observation (Table 6). This effect can be associated with the
quenching effect of gold nanoparticles associated with energy transfer to the gold surface [44].

The quenching effect by HAOA gold nanoparticles on LYZ fluorescence emission intensity
(Fig 15), the shorter fluorescence lifetime components observed (Table 6) in the presence of
the nanocarriers and the slower kinetics observed on conjugated LYZ upon continuous 295 nm
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illumination compared to free LYZ (Fig 13 and Table 5) indicates that these particles protect
LYZ against photochemistry. It is likely that the structure of LYZ when conjugated to the
HAOA gold nanoparticles will be able of being UV excited for longer time prior to possible
loss of structure and function. Furthermore, as displayed in Fig 16A and 16B, the amount of
photoproducts formed (NFK and Kyn) upon continuous 295 nm excitation of LYZ is reduced
in the presence of the nanoparticles.

Previous studies using LYZ mounted on silver nanoparticles also report that quenching can
occur as a result of complexation between protein and nanocarrier, as the presence of increas-
ing concentration of silver nanoparticles decreases LYZ fluorescence intensity [38]. LYZ can be
linked to gold nanoparticles by non-covalent interactions such as hydrophobic, van der Waals,
electrostatic and hydrogen bond interactions [45]. When conjugated to HAOA gold nanoparti-
cles, LYZ will also bind to the HAOA polymer, as represented in Fig 14A. In Fig 14B a TEM
image of HAOA gold nanoparticles (without LYZ) is displayed. The gold core (dark core) and
the surrounding polymer can be observed. A 3D display of the TEM image shows such two
regions in both particles (Fig 14C). Fig 14B and 14C confirm that the gold nanoparticles are
covered by a polymer layer. Since LYZ shows a pl around 11.0 and HAOA gold nanoparticles
have a superficial negative charge (-19 mV), attractive electrostatic interaction between the

protein and the nanocarrier will occur at pH 7.4. Protein conjugation onto the particles has
been confirmed by fluorescence spectroscopy (Fig 15). Conjugation has been made possible
due to the electrostatic interaction between negatively charged HAOA polymer and positively
charged LYZ. The fluorescence excitation (acquired fixing em. at 330 nm) and emission (upon
exc. at 295 nm) intensity spectra of free LYZ, of the supernatant recovered after centrifugation
of the solution containing conjugated and free LYZ, and of conjugated LYZ onto HAOA gold
nanoparticles has been recorded (Fig 15). Data confirm the presence of LYZ onto the HAOA
gold nanoparticles. A blue shift of 15 nm in the fluorescence emission spectrum was visible
after conjugation of LYZ with HAOA gold nanoparticles. Ali et al. [38] have also described a
similar effect (3 nm blue shift) after conjugation of LYZ onto silver nanoparticles. Both temper-
ature and quenchers (i.e., HAOA gold nanoparticles) have an impact on LYZ conformation
and structure. When LYZ is in the proximity of HAOA gold nanoparticles, we detect protein
conformational changes that reveal that the Trp residues are in a more hydrophobic environ-
ment. This environment is provided by the HAOA gold nanoparticles and may increase the
interactions and the binding affinity between the Trp moiety and the HAOA gold nanoparti-
cles. This has also been referred by other authors in literature [16]. Concerning the thermal
effect on LYZ, Trp residues become more solvent accessible, indicating that the hydrophobic
core is more exposed to the solvent, which may increase the formation of inter-protein interac-
tions [46].

Charged amine groups seem to play an important role in the conjugation, since they will
interact with negatively charged acid groups present in the used polymer, hyaluronicacid, and
present in oleic acid at pH 7.4 [20, 47]. The use of natural polymers has an important and
advantageous role in the reduction and morphology of gold nanoparticles (e.g., can work as
capping agents, activate “green” reduction of gold and are less toxic), as reported in literature
[47]. Conjugation of LYZ onto gold nanorods for 2 hours at pH 6.2 and room temperature led
to a blue shift in the nanorods absorbance spectrum and the nanorods acted as quenchers of
Trp fluorescence [16]. When monitored at 35°C and pH 7.25, LYZ activity increased when
conjugated with iron oxide superparamagnetic nanoparticles, which was observed to be corre-
lated with an increase in the amount of B-sheets and o-helix coils [48]. Another study with
iron oxide superparamagnetic nanoparticles demonstrated no change in aromatic residues of
LYZ and protein activity after adsorption at the nanocarriers surface by incubation at 37°C for
60 min (200 rpm) [49].
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The presence of oxidative conditions induced by light and by the presence of metallic sur-
faces can lead to the oxidation of the aromatic residues in proteins [5-7, 36, 50-52]. UVB exci-
tation of aromatic residues in proteins leads to the disruption of S5 bridges [5, 7, -8, 14, 36,37]
and to the formation of photoproducts, such as NFK, Kyn [25, 53] and DT [26]. The spectral
properties of these species are displayed in Table 1. In Fig 16A and 16B are displayed the fluo-
rescence emission spectra obtained upon 320 nm and 360 nm excitation, respectively, of a
fresh LYZ sample and of a LYZ-HAOA gold nanoparticles sample before and after 2 hours of
295 nm excitation. Since 295 nm excites specifically Trp residues, it is most likely that the pho-
toproducts formed are Trp derivatives such as NFK and Kyn and not Tyr derivatives like DT.
Furthermore, the emission spectrum of LYZ upon 295 nm leads to a fluorescence emission
spectrum that peaks around 340 nm with a very small component below 290 nm. Therefore, it
is unlikely that Tyr residues will be excited by LYZ emission. Two excitation wavelengths were
used: 320 nm (Fig 16A) and 360 nm (Fig 16B). Light at 320 nm excites both NFK (exgk321nm)
=3750 M em™ [54-57] and Kyn (Exyn(aoinm) = 1812 M 'em™ [58]. At 315 nm DT has an
extinction coefficient equal to 5200 M'ecm™, but as explained above it is unlikely that we have
DT formation [59, 60]. Light at 360 nm excites NFK (£xpx360nm) = 1607 M'em ™ [58] and
Kyn (Egyn3650m) = 4530 M7em™ [61, 62]) but does not excite DT. Therefore, the peak with
maximum fluorescence emission intensity at 405 nm in Fig 16B cannot be due to the presence
of DT, since DT is not excited at 360 nm. This peak has to belong to a Trp photoproduct that
can absorb light both at 320 nm and at 360 nm, since the peak is presence both in Fig 16A and
16B. It cannot be Kyn since the wavelength of maximum fluorescence emission of Kyn lies
within 434-480 nm. According to Fukunaga et al., Kyn62LYZ (where Trp62 was converted
into Kyné2 in lysozyme, [25]) fluoresces maximally at 470 nm and has broad fluorescence
emission spectrum upon excitation at 360 nm. Thus, results are in accordance with ours since
we see a broad fluorescence emission centered approximately at 466 nm (Fig 16B). Further-
more, it is reported that Kyn is quenched by protonated amino groups, leading to poor Kyn
fluorescence [25]. The 466 nm broad peak in Fig 16B indeed displays poor fluorescence and
LYZ at pH 7.4 has protonated amino groups (ARG61 and ARG112) that can quench Kyn. The
closest distances between ARG61 (NE) and ARG112 (NE) to the nearby TRP62 (CZ2) and
TRP111 (CZ3) are 4.3 A and 7.5 A, respectively. Our quest is to find the origin of the 406 nm
peak observed in Fig 16A and 16B. NFK absorbs light both at 320 nm and 360 nm and NFK
emission is reported to be more blue shifted (maximum emission between 400-440 nm) than
Kyn (maximum emission between 434-480 nm). The NFK emission peak is very dependent on
pH [25], and on the local dielectric constant (low dielectric medium leads to a blue shift of the
maximum emission wavelength, [25]). When exposed to an alkaline pH, NFK emits maximally
at 400 nm and when exposed to a neutral pH it emits maximally at 440 nm [25]. On the other
hand, NFK emission is not quenched by protonated amino groups which lead to an enhance-
ment of NFK fluorescence. The peak at 406 nm has indeed a large fluorescence emission inten-
sity compared to the Kyn peak centered at 466 nm upon 360 nm excitation (Eig 16B).
Summarizing, in Fig 16A and 16B it is likely that the peak at 405-406 nm is due to the forma-
tion of NFK upon 295 nm continuous excitation of both free LYZ (Fig 16A and 16B, blue spec-
tra) and conjugated LYZ (Fig 16B, green spectra). According with the results of Fukunaga et al.
[25], the broad peak with maximum fluorescence at 433 nm seen in Fig 16A for conjugated
LYZ (green curves) is due to the presence of NFK.

In Fig 16 A and 16B it can also be seen that the amount of photoproducts formed upon 295
nm excitation of LYZ is reduced when LYZ has been conjugated to HAOA gold nanoparticles.
It again likely that the additional presence of fluorescence quenchers such as gold, HA and OA
by reducing the fluorescence lifetime of LYZ, prevents that excited Trp residues enter photo-
chemical pathways that lead to the formation of e.g. NFK and Kyn. Asa result of LYZ close
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vicinity to fluorescence quenchers it is likely that static quenching occurs due to the formation
of complexes between LYZ and HAOA gold nanoparticles [39, 40]. Plasmonic surfaces such as
the gold and biomolecules such as HA and OA are described to be good fluorescence quenchers
[16, 18, 19]. In our studies, the occurrence of static quenching between LYZ and HAQA gold
nanoparticles leads to the shorter fluorescence lifetimes for conjugated LYZ (Table 6), to the
reduction of LYZ fluorescence intensity, to a fluorescence emission blue shift from 341 nm to
326 nm (Fig 15) after 2 hours continuous illumination at 295 nm and, finally, to the prevention
of excited Trp residues to enter photochemical pathways that lead to the formation of NFK

and Kyn, in the case of LYZ-conjugated HAOA gold nanoparticles (Fig 16A and 16B).

Conclusions

With this work, it has been demonstrated that the photochemical effects occurring during 295
nm UV excitation at 20°C are reversible, but not at 10°C, 25°C and 30°C. This paper also pro-
vides evidence that the UV-damage threshold is between 0.1 pW and 0.5 pW for LYZ. In addi-
tion, we have developed HAOA gold nanoparticles that can efficiently protect proteins like
LYZ from 295 nm induced photochemistry. These results can be used for biomedical applica-
tion, as gold nanoparticles gain a greater impact as drug delivery platforms, in areas such as tar-
geting delivery and use of peptides and biomolecules as specific ligands for target cell pools or
simply as enzyme carriers. Further, we will study the application of other peptides conjugated
with the developed HAOA gold nanoparticles, as biologic triggers for application in cancer
laser-based photothermal treatment.
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Bioproduction of gold nanoparticles for
photothermal therapy

Background: Photothermal response of plasmonic nanomaterials can be utilized
for a number of therapeutic applications such as the ablation of solid tumors.
Methods & results: Gold nanoparticles were prepared using different methods.
After optimization, we applied an aqueous plant extract as the reducing and
capping agent of gold and maximized the near-infrared absorption (650-900 nm).
Resultant nanoparticles showed good biocompatibility when tested in vitro in human
keratinocytes and yeast Saccharomyces cerevisiae. Gold nanoparticles were easily
activated by controlled temperature with an ultrasonic water bath and application
of a pulsed laser. Conclusion: These gold nanoparticles can be synthesized with
reproducibility, modified with seemingly limitless chemical functional groups, with
adequate controlled optical properties for laser phototherapy of tumors and targeted

drug delivery.

First draft submitted: 5 January 2016; Accepted for publication: 4 March 2016;

Published online: 14 April 2016

Keywords: bioproduction  gold nanoparticles » photothermal therapy

Cancer is considered one of the leading causes
of morbidity and mortality worldwide [1].
The main goal of a cancer treatment program
is to cure or, ultimately, to prolong the life of
patients and ensure the best possible quality
of life after survival. Photothermal therapy
(PTT) of cancer is considered a minimally
invasive treatment methodology compared to
conventional chemotherapy treatments [2]. In
PTT, the energy of the optical radiation is
absorbed and transformed into heat, causing
denaturation of proteins and tissue necrosis.
Some intracellular constituents are released
into the extracellular environment produc-
ing detrimental inflammatory response
and, consequently, an irreversible damage
to cells. The absorption of optical radia-
tion for heat conversion can be significantly
enhanced by gold nanostructures, owing to
their strong surface plasmon band absorp-
tion. Light-absorbing metallic nanoparticles,
such as gold nanoparticles, show promis-

ing therapeutic applications in cancer treat-
ment, when showing improved characteris-
tics (e.g., size, shape and plasmonic surface
properties). In order to improve the PTT
efficiency, gold nanoparticles can be bio-
functionalized, for greater transport to the
target tissues [(3]. Near-infrared (NIR) lasers
have demonstrated superior therapeutic value
over visible light (532 nm) lasers, when com-
bined with conjugated gold nanoparticles, by
reducing the tumor growth without causing
any collateral damage or inflammation of the
surrounding normal tissues [4].

Herein we describe the preparation
of gold nanoparticles according to three
main production methods: the Turkevich
method (1954) used to obtain spherical gold
nanoparticles based on mild reduction with
sodium citrate; the Brust—Schiffrin method
(1994) based on stronger reduction agents
like sodium borohydride; and the seed-
mediated growth method (2001) consisted
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of different reducing and capping agents (i.c., shape
modulatars} [5]. Those gold nanoparticlcs exhibit suie-
able properties for photothermal therapy, but gener-
ally involve toxic chemicals as capping agents, which
can cause some concerns #1 vive. The use of polymers,
with biocompatible and biodegradable features, have
been described to promote the absorption of gold
nanoparticles to longer wavelengths. Biogenic syn-
thesis of nanomaterials show many advantages as It is
cost-cffectively, biocompatible, with low toxicity and
based on casy methodologics 6. Gold nanoparticles
produced by these novel routes have been studied for
their therapeutic value by casy synthesis, photostabil-
ity, biofunctionalization with specific targeting moi-
etles and combination of different morphalagics [3.6.7].
Therefore, we have also prepared gold nanoparticles
synthesized using green chemistry route and possess-
ing NIR absorbance. The developed method in this
work could be as an alternative synthesis method for
metallic nanoparticles using both polysaccharides
and phytochemicals as reducing and capping agents,
All involved agents arc casily available and completely
safe, avolding any toxicity on nontarget tissucs. The
addition of ‘green’ extracts from natural sources, as an
alternative to more toxic substances such as hexadecyl-
trimethylammonium bromide (CTAB), is an ongoing
approach through the usc of the naturally antioxidant
compounds, beyond their usc as reducing agents and as
capping agents [8-12]. Blopolymers (c.g., chitosan and
hyaluronic acid [HA]) 13-15] or alternative methods,
involving the usc of UV and gamma radiation, for for-
mation of gold nanoparticles, can be used to reduce the
impact on viability of healthy cells 4]

Another important task is to promote the absorption
of gold nanoparticles at the NIR window, also known
as the ‘oprical therapeutic window' (wavelength range:
around 650-900 nm), which has the lowest absorption
by our tissucs [1718]. The usc of this type of light (typi-
cally, laser radiation) allows higher penctration depths
by minimizing the cffect of absorption. In this region,
the main attenuation causc becomes scattering, which
has a major impact in reducing the in-depth irradi-
ancec (powcrfarca) [19]. Since the Interaction of NIR
radiation with tissucs is mainly thermal (for rypical
irradiation times), and regarding the relevant param-
cters, there is no major difference between healthy and
unhecalthy tissues. Photothermal therapy requires that
an cxternal clement is added in order to increase the
absorption in the zone where the heat generation is
required. One solution is to take advantage of the new
developments in the ficld of nanotechnology, in partic-
ular that of gold nanoparticles allowing casy biofunc-
tionalization [20]. Nanoparticles are characterized by
having high absorption in a specific wavelength band

{or peak). This cffect is known by surface plasmon
resonance. Being a surface phenomenon, it depends on
the size and shape of the nanoparticle but also of the
materials (particle and medium). This is particularly
critical in laser phototherapy of tumors and targeted
drug delivery since just the functionalization of the
nanoparticle can shift its initial resonance.

The cooperative application of photothermal ther-
apy with gold nanoparticles have reached promis-
ing results, although a consensus approach of how to
develop reproducible and biocompatible gold nanopar-
ticles with a surface plasmon band resonance at NIR
wavelength is still an ongoing issuc. Based on these
idcas, we aim to develop different multifuncrional
gold nanoparticles that will be activated by photother-
mal therapy and provide ablation of superficial cancers
(c.g., skin and breast cancer) (Figure 1), Morcover, we
have sclected Plectranthus sacearus Benth. as our natu-
ral source for reducing and capping agents in gold
nanoparticles production. Aqueous cxtracts of I sacca-
a5 are rich In rosmarinic acid, caffeic acid and chloro-
genic acid (1 mg of this cxtract contains 5.9, 0.26 and
0.042%, respectively, identified by HPLC-DAD) 1.
Currently, there arc standard platforms that help to
characterize natural products with biomedical activi-
ties. One of them is ORAC, an acronym that stands
for oxygen radical absorbance capacity, being a high
ORAC valuc indicative of a strong reducing capacity.
Although there are no references available for P sac-
catus, the related species roscmary shows great and-
oxidant propertics as it shows, as well as its extract, a
major content in rosmarinic acid and caffeic acid [21].

Gold nanoparticles were characterized in terms of
particle size, polydispersity index (PI), zcta potential,
morphology and also cytotoxicity profile in two dif-
ferent én vitre models: human keratinocytes (HaCaT
cells) and ycast Saccharomyces cerevisiae. HaCal model
is a spontancously transformed keratinocyte cell line
from adult human skin with high capacity to prolifer-
atc #n vitre. This ccll linc has been used for cytotoxic-
ity assays with gold nanoparticles, allowing the char-
acterization of these systems when size particle, gold
concentration and rcducing agents varied [22.23]. On
the other hand, the main advantages of using 5. cere-
vistae as an én vitre modcl organism arc the similarity
with mammalian cells, the yeast fast growth, and the
incxpensiveness and casy cultivation. Yeast can grow
both in prescnee and absence of oxygen and, there-
fore, it is especially useful for toxicity studies involving
oxidative stress-related mechanisms 12425, Through-
out this study, we intend to sclect the best system for
further functionalization with ligands with biologi-
cal valuc and association with NIR light applicd to
photothermal therapy.
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Figure 1. Methods for production of gold nanoparticles and their possible mechanism of action.

Materials & methods

Materials

Gold (II) chloride trihydrate (HAuCld), sodium
citratc  dihydrate (C HsNa 0,), sodium borohy-
dride (NaBH,), hcxadccyltrlmcthylammonlum bro-
mide (CTAB) L-ascorbic acid (L-AA), silver nitrate
(AgNO,), HA sodium salt from Streprococcus equi
(MW: 7000-250,000 g/mol), olcic acid (OA) (MW
282.46 g/mol), cholesterol-polycthylene glycol 600
scbacatc (CHOL-PEG 600) were all supplicd by
Sigma-Aldrich (Stcinhcim, Germany). All reagents
used for nanoparticles’ preparation were of analytical
grade. In addition, gold nanoparticles (diamcter: 20
nm; Product Reference: 753610) and gold nanorods
(Product Reference: 716820) were purchased from
Sigma-Aldrich (Stcinheim, Germany). The water used
was purified (18.2 MQ-.cm at 25°C) through a Mil-
lipore system (Millipore, MA, USA). Thiazolyl Bluc
Tetrazolium Bromide (MTT), fetal bovine serum
and penicillin/streptomycin were supplied by Sigma-
Aldrich (Stcinhcim, Germany), as of cell culture grade.
Dulbecco’'s Modified Eagle’s medium was supplicd by

Biowest (Nuaillé, France) and DMSO was supplicd by
Merck (Darmstadt, Germany).

Production of gold nanoparticles by
conventional methods

The Turkevich method was used to produce spherical
gold nanoparticles previously described in the litera-
ture [26]. Bricfly, in a round-bottom flask equipped with
a condenser, 50 ml of 0.2 mM HAuCl , was brought to
a rolling boil (~80°C), with vigorous stirring. To this
solution, 5 ml of sodium citrate (4 mM) were added,
resulting in a color change from pale yellow to dark red.
Boiling was continued for 10 min; afterward, the heat-
ing mantle was removed and stirring was continucd for
15 min. Further, a concentration of 1.0 mM HAuC]‘
was also tested, using the same method. The Bruse—
Schiffrin method for gold nanoparticles production
was conducted according to a previous reference [27].
In summary, 0.1 M of NaBH, (0.6 ml) was used to
reduce 0.2 mM HAuCI, (50 ml) for 18 h atr 30°C.
Finally, as the last classical method, the Sced-mediated

Growth method was studicd according to two differ-
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ent proccdu.rcs described 1n the literature [28.29]. Bri:ﬂy,
a first approach with CTAB (1 mM) and L-AA (2 mM)
was studied by reducing 0.2 mM H}ﬁhu(:la in a mixing
reaction stirred vigorous for 4 h, at 30°C. Sccondly,
gold nanorods were also produced by preparing a sced
solution with 0.6 ml iced-cooled NaBH_‘ (0.1 M) and 5
m| CTAB (1 mM) to reduce 5 ml HAuCl, (0.2 mM).
A Growth solution was prepared with 5 ml CTAB (1
mM), 70 ul L-AA (2 mM]) and 280 ul AgNO, (1 mM)
to reduce 5 ml Hz"m[:l_i (0.2 mM). The Seed solu-
tion (12 pl) was added to 10 ml and stirred vigorous
for 4 h, at 30°C. Afterward, to continuc the study of a
novel method for formulation of gold nanoparticles, we
sclected the best conventional method for preparation
of gold nanoparticles, according to the determination of
the small mean particle size, polydispersity index and
the specific absorbance spectra.

Novel method for gold nanoparticles
preparation using an aqueous plant extract &
biopolymers

The aqueous extract of P. saccatus was prepared accord-
ing to the procedure described in the work developed
by Rijo er al. using a microwave method [20]. Gold
nanoparticles were produced based on the Seed-medi-
ated Growth method developed by Murphy er al,
with semec modifications [31]. First, citrate-coated gold
nanoparticles were reduced with different molar ratios
of I\ saccarus aqueous extract (rosmarinic acid, as the
main compound) with gold (2:1, 1:2, 1:4, 1:8, 1:10 and
1:20, molar ratio). The extract concentration neces-
sary to get the higher reduction of gold nanoparticles
was also sclected. We tried to promote the develop-
ment of gold nanoparticles with two curves for the sur-
face plasmon band, typically a short wavelength band
at about 520 nm (transverse oscillation) and a longer
wavelength band at 700—800 nm (longitudinal oscilla-
tion) [3233]. The aspect ratio of the gcld nanopa.rticlcs
(|cngth1"widt|‘|} should be cqua| tw 3—4 [34]. Further, we
have sclected the most suitable batch to proceed with
the Sced-mediated Growth method for gold nanopar-
ticles production. Bricfly, the sced solution consisted
on the previous formulation of the citrate-coated gold
nanoparticles (1.0 mM H)\uCl_‘:], isolated immediately
with Milli-C) water. An aliquot (25 pl) of the sced solu-
tion was introduced into the growth solution consisting
of HAuCL (1 mM), agqueous exeract of P. saccatus (1:4,
molar ratio), L-AA (20 mM) and AgND_,’ (10 mM).
Then, different parameters were evaluated for this prep-
aration method: the time of the reaction (15 min, 1, 2, 3
and 24 h), the temperature (icc-cold reaction and sand-
mantle at 60°C) and the pH of the growth solution (3
to 10). The addition of biopolymers was also studicd:
HA at I mg/ml; HA and oleic acid (HAOA) at 1 mg/

ml (1:1, v/v), associated in a sand mantle at 60°C, pH
= 10 for 24 h and 3) cholesterol-PEG 600 at 1 mg/ml.
We allowed the gold nanoparticles to react with cach
polymer for 15 min [31.35]. Finally, we sclected the best
method for preparation of gold nanoparticles, according
to the mean size, polydispersity index and potential zeta
determination and the specific absorbance spectra.

Gold nanoparticles mean size, size distribution
& zeta potential characterization

All gold nanoparticles produced in this study were
recovered by centrifugation (Centrifuge High Speed
Table Top Z 36 HK, Hermle Labortechnik, Germany)
at spccd rate of 33,768 g at 4°C for 10 min and resus-
pended in the same water. Gold nanoparticles concen-
trated suspensions (10 ml) were characterized in terms
of mean particle size, polydispersity index, by dynamic
light scattering, in a Coulter Nano-sizer Delsa Nano
C™ (Fullerton, CA, USA). A low valuc of polydisper-
sity index factor (<0.3) indicates a less wide size distri-
bution. For the gold nanoparticles prepared with the
newly developed Sced-mediated Growth method (with
and without biopolymers), the zcta potential was also
measured in a Coulter Nano-sizer Delsa Nano C by
applying an clectrophoretic light scattering,

Absorbance spectra determination for gold
nanoparticles
TI'IC lTI&XiITI'LlJTI absorbanc: W&thcl'lgtl'l (lm“) was
dCtCl’JTIiI'IC‘d and tI'IC gold nanaparticlcs COHCCI'IIH-IIiDI'I
Was dctcrrnlncd according o tl'IC ].COI].OWIlI'Ig fOl'lTIl.llﬂ.
(EquaTioxn 1)

Ry =450 nm, Abs x 0.416 = concentration (mM)
SII'ICC at thC lTlCHtiCIHCd wavclcngth, thC absorbancc iS
indcpcndcnt from s]z:fshapc [36].

Gold nanoparticles morphology
characterization by scanning electron
microscopy & by transmission electron
microscopy

First, the morphology of the plain gold nanoparticles
(Lc., uncoated) was obtained with a JEOL 52001V
SC—EI'II'Ing ClCCtI'DI'I ]TIiCl'CISCOPC UEOL Ltd., TOk}'D,
Japan), Priar o m{amination, an a“quot Ofcach S-&ITIPIC
was lTlO'I.ll'Ith on a glass CD\"C[’S“P and let o dl')’ ll'l a
desiccator for 24 h. Afterward, the sample was coated
with a thin |ay:r orrgold (100 nm thick) and observed
at an aceclerated voltage of 20 kV. Different ficlds of
tl'lC lmagcs WEre I'CCCIl'dCd digitﬂll}'.

FDI.' S'IJ.I'EECC morpholog}' chamctcrlzation. sam-
PICS DE plajn gold nanopa.rtlclcs (i.c., uncoatcd)
WCrc DbSCrVCd ]:I:,' TEM, as WCH as samplcs CIF HA—
caatcd gDId nanaparticlcs, hyahlronlc Ell'ld DICiC a.CldS

(HAOA)-coated gold nanoparticles and CHOL-PEG
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600-coated gold nanoparticles. Samples were prepared
through sequential two-droplet method by resuspend-
ing the gold nanoparticles in distilled water and plac-
ing a drop (510 pl) of the suspension for 30—60 s on
a grid coated with Formvar. When the gold nanopar-
ticles suspension had partly dried, the grid was washed
with distilled water and the excess of water was
removed with a filter paper. Then, sedium phospho-
tungstatc (PTA, 2%, wiv) was applied to the grid for
10 s, and the excess of stain was removed with a filter
paper. The grid was left to dry at room temperature for
24 h. The samples were analyzed at an accelerated volt-
age of 20 kV (TEM, Zeciss M10, Germany). Different
ficlds of the images were recorded digitally.

Thermal activation of gold nanoparticles
conjugated with two dyes, using an ultrasonic
bath & a pulsed laser

First, dye release study was carried out using methy-
lene blue, a hydrophilic dye, after association with
HAOA-coated gold nanoparticles, detailed hercin in
the scction titled ‘Novel method for gold nanoparticles
preparation using an aqueous plant extract & biopoly-
mers’. Gold nanoparticles were incubated for 24 h, at
pH = 7 and pH = 10, with methylene blue at 20 pg/
ml, as described prcvlously [37.38]. In adcﬁtion, Sudan
I, a hydrophobic dye, was also used for incorpora-
tion with HAOA-coated gold nanoparticles at pH =10
and at a concentration of 20 pg/ml. HAOA-coated
gold nanoparticles conjugated with methylene bluc
and Sudan III were lyophilized (FreeZone 2.5 Liter
Benchtop Freeze Dry System, Labconco, MO, USA)
and incorporatcd. indcpcndcntly, In agar at 1% (wiv)
inside glass cuvettes. These preliminary tests were used
to observe the dye release after the gold nanoparticles
re-suspension in Milli-() water and cxposure to ultra-
sounds water bath (Bandelin Sonorex Super Rk 510H,
frequency of 45 kHz) varied in time (3 min uncil 3
h) and temperature (30-50°C). The cumulative per-
centage of Sudan Il from the HAOA-coated gold
nanoparticles (mean + SD, n = 3) was determined by
measurement of the absorbance over time (3 min until
3 h), at 516 nm, in the spectrophotometer (Thermo
Scientific model Evolution 300 BB, UK). Morcover,
the releasc of the dye from the nanoparticles, fixed in
an agar phantom, was also observed by using a pulsed
laser (frequency doubler Nd: YAG lascr, emitting at a
wavd:ngth of 532 nm, 7 ns pulscs, with an incident
encrgy of 6.24 m]), as a source of heat.

In vitro cytotoxicity studies
Cytotoxicity in human keratinocytes
Cell wviability studies were conducted in human

immortalized keratinocytes (HaCaT cells, CLS Cell

Lines Service GmbH, Eppelheim, Germany) using
the Thiazolyl blue tetrazolium bromide (MTT)
assay [39.40], to assess the cytotoxicity of the cxtract
of P. saccatus and HAOA-coated gold nanoparticles.
Cells were cultured in Dulbecco’s modified cagle’s
medium supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin solution. HaCaT
cells were sceded in a 96-well plate at a density of
5000 cells/well. After a 24 h-incubation, cells were
exposed to aqueous cxtract of P saccatus (10-500 pg/
ml) or to HAOA-coated goH nanopartlcl:s {1-80
uM, bascd on the gold’s concentration). DMSO 5%
(vl/v) was used as the positive control group, while
non treated cultures were the negative control group.
After 24 h, cells were washed with PBS and incubated
with MTT selution (0.5 mg/ml in culture medium)
for 2.5 h at 37°C. Finally, the medium was removed
and cells were washed with PBS. DMSO (200 ul/
well) was added to dissolve the formazan crystals and
absorbance was read ar 595 nm (Thermo Scientific
Multiskan FC, Shanghai, China). Two to six inde-
pendent cxperiments were carried out, cach compris-
ing four replicate cultures (n = 2-6).

Cytotoxicity on 5. cerevisiae model

Saccharomyces cerevisiae (ATCC® 9763™) grew in
yeast cxtract peptonc dextrosc medium containing
1% yeast extract, 0.5% peptone and 2% glucose.
Approximately 2.0 x 10° cells/ml were cultured in
yeast extract peptone dextrose medium in disposable
cuvettes, with a final volume of 2 ml. Non treated
cultures were used as the negative control, while the
positive onc contained nystatin at 1 pg/ml. HAOA-
coated gold nanoparticles were tested at two differ-
ent concentrations (60 and 150 pM, based on gold’s
concentration). Before adding the HAOA-coated
gold nanoparticles to the ycast cultures, an ultrasenic
bath Bandelin SONOREX Super RK510 was used
to homogenize the nanoparticles suspensions, for
2-5 min. Afterward, the method was carried out as
described by Roberto er al. [25.41). Bricfly, the cultures
were mized in a vorex before absorbance measure-
ments, at 525 nm, in the spectrophotometer (Thermo
Scientific model Evelution 300 BB, UK). The grc:wth
curve in the logarithmic phase for cach tested group,
as well as for the control group was conducted by
corrclating the logarithm of the cell concentration
(number of cells/ml) against the time of incubation.
Each group was tested in four replicates (n = 4) and
the cells” concentration was calculated as previously
described by Roberto er al. 251, For cach sample and
corresponding concentration, the growth inhibition
(GI, %) was calculated from the lincar slope in the
logarithmic phasc of 5. cerevisiae growth curve.
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Statistical analysis

R.Csults were C'XPrCSSCd as mean + SD- Tht Sign‘lﬁca.ncc
of differences was assessed using a Student’s t-test was
Conductcd Fﬂr ind.cpcndcl‘lt (unpalr:d) Samplcs Fclr
MTT studics with HaCaT cell line (p < 0.01 vs con-

tl'Cll, as tI'IC Sigl‘liﬁcﬂl‘l{t ICVCI).

Results

Production of gold nanoparticles by
conventional methods

Herein, by using the materials described previously,
we produced gold nanoparticles according to the three
main conventional methods (i.e., Turkevich method,
Brust—Schiffrin method and Seed-Growth method).
The evaluation of the gold nanoparticles characteriza-
tion according to their size, polydispersity index and
surface plasmon band, obtained through UV-visible
spectrometry, allowed us to sclect the best suitable way
to producc gold nanoparticles with a small particle
size, monodisperse particle size distribution (PI < 0.3)
and maximum absorbance wavelength (A ) around
the NIR range. Results for gold nanoparticles charac-
terlzation are showed in Table 1 (n = 3, mean + SD).
In all cases, gold nanoparticles prepared by the above-
mentioned conventional methods had small size (<100
nm) and were monodisperse. In terms of concentra-
tion, gold nanoparticles demonstrated a variation from
0.050 to 0.250 mM if the formulation had a light or
dark red color, respectively.

Citrate-coated gold nanoparticles prepared by the
Turkevich method showed higher stability with a
size range from 20 to 30 nm, a PI around 0.3, with
no aggregation, and a maximum absorbance peak at
525 nm. The concentration was also 0.173 and 0.160
mM, before and after cxposure to an ultrasound water
bath, respectively (data not shown). Further, we stud-
icd the physical characterization and concentration of
citrate-coated gold nanoparticles for 1 month, in Milli-
Q) water medium, under storage conditions (6-8°C).
This preliminary study on stability showed that the
gold nanoparticles were stable for 1 month, maintain-
ing a size between 10 and 30 nm (Pl < 0.3). After 1
month, we confirmed the presence of some aggregates
and a change to an acid pH of the solution, but a slight
blucshift of the maximum absorbance peak from 352
to 350 nm (2 nm; dara not shown). Besides, citrate is
considered a mild and less toxic reducing agent. There-
fore, we choose the citrate-coated gold nanoparticles
to continue our studies. When manipulating gold
concentratlon (HAuCl_t at 0.2 mM and ar 1.0 mM),
we obtained a wide range of size distribution, with
smaller and monedisperse nanoparticles (size <30 nm)
or larger polydisperse nanoparticles (>50 nm), as dem-
onstrated 1n Figure 2.

Novel method for gold nanoparticles
preparation using a plant extract &
biopolymers

After producing the desired gold nanoparticles formu-
lation, based on the conventional methods described
in the literature, we tested the introduction of sev-
cral meodifications to thosc preparation methods.
The Seed-mediated Growth method was selected as
the main production for our gold nanoparticles duc
to the great possibilitics to modify and optimize this
method. First, the previous selected formulation of
citrate-coated gold nanoparticles (1.0 mM HAuCl),
isolated immediately with Milli-Q water was used as
sced solution. Gold nanoparticles produced by the
citrate-based reduction method are normally used as
sced solutions for growth of larger particles prepared by
the Sced-mediated Growth method. In order to apply
the citrate-coated gold nanoparticles as “Seed” for pro-
duction of larger gold nanoparticles, we sclected the
citrate-coated gold nanoparticles produced with a best
citrate-gold ratio (1:4, HAuCl,: citrate, molar ratio),
showing a final mean size of 160.5 + 50.3 (PI: 0.182)
andai__ around 600 nm.

After preparing the sced solution, we dedicated
cfforts to develop a new growth method for produc-
tion of gold nanoparticles with a maximum absor-
bance wavelength around 800 nm. To improve the
biocompatibility profile of the gold nanoparticles and
minimize the use of toxic reducing agents, we replaced
the reducing and capping agent, CTAB, for an aque-
ous plant extract. Different molar ratios of an aqueous
cxtract of Plectranthus saccatus and gold were cvaluated
to reduce citrate-coated gold nanoparticles, as dem-
onstrated in Table 2. The reaction was stopped after
24 h, since the absorption at higher surface plasmon
band only appeared after this time. Also, as showed
in Table 2, for molar ratios above 1:4, two maximum
absorbance wavelengths are detectable: transverse
oscillation (short wavclength band, at 530-550 nm)
and longitudinal oscillation (long wavelength band
at 700—-800 nm). In this case, 1:4 molar ratio showed
higher gold nanoparticles concentration after reaction
and, therefore, we used this formulation for further
testing regarding the sced-mediated growth method.

To reduce the time of the reaction, the growth
solution was improved with another natural and well-
known reducing agent, L-ascorbic acid, and silver
nitrate, in lower concentrations, as an additional cap-
ping agent (Table 2). We observed that the addition
of both L-ascorbic acid and silver nitrate to solution
containing the aqueous extract of P saceatus led to
the formation gold nanoparticles of small size, wich
low polydispersity index (PI = 0.12) and a maximum
absorbance wavelength at the NIR range. Further,

292

Ther. Deliv. (2016) 7(5)

future science group 153



Bioproduction of gold nanoparticles for

Article IV

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

photothermal therapy

Table 1. Characterization of gold nanoparticles produced by conventional methods, in terms of size (diameter),

polydispersity index (Pl) and maximum wavelength for absorbance spectra (A

Method
Turkevich method
Brust-Schiffrin method

Seed-mediated growth method (reduction only with CTAB and L-AA)

Seed-mediated growth method

{mean = SD).

max)'

Size + SD (nm) Pl

201 £12.9 0.304
14.2+99 0.118
91.4 £61.5 0.278
57.2 + 38.8 0.310

Ao (nm)
525
526
575
535
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other parameters such as time, pH and temperature
of the reaction, as well as the addition of different
coating polymers were also evaluated. Results sum-
marized in Table 3 show that go'd nanopartidcs had a
higher mean size when the reaction time was reduced
to 15 min, but also increased the maximum wave-
length valuc ar 830 nm. The absorbance spectra of
these gold nanoparticles is represented in Figure 34,
If the reaction was prolonged until 24 h, gold nano-
particles size would increasc, but the wavelength for
the maximum absorbance would undergo a blueshift.
The increase of the reaction pH and temperature did
not show a great impact neither on the gold nano-
particles’ size, nor on the maximum absorbance wave-
length.

After changing the reaction parameters (time, pH
and temperaturc), we defined the preparation method
of the plain gold nanoparticles (i.c., uncoated) based
on the modified Seed-mediated Growth method. The
presence of the aqueous extract of P saccasus in asso-
clation with L-ascorbic acid and silver nitrate, as well
as the time (15 min) and pH (= 10) of the Growth
solution, scemed to be essential for obtaining geld
nanoparticles with a maximum absorbance wave-
length around 800-900 nm (Figure 3A). In addition,
gold nanoparticles morphology observed by SEM
shows that these nanoparticles have mainly a spheri-
cal form but rod-like particles also existed (Figure 38).

At last, we tested the use of different biomole-
cules as coating po'}'mcr& (Table 3). HA-coated gold
nanoparticles, HAOA-coated gold nanoparticles
and CHOL-PEG 600-coated gold nanopartic'cs
were cvaluated in terms of their size, polydispersity
index, zcta potential, maximum absorbance wave-
length (& __) and strucrure. As showed in Table 3,
the coated gold nanoparticles showed a blueshift in
their absorbance spectra and tuned to wavelengths of
500-600 nm, as the two lengitudinal and transversc
bands also merged into a single band. HAOA-coated
gold nanoparticles showed an absorbance wavelength
around 650-700 nm. In terms of sizc and polydis-
persity index, all systems showed a small particle
diameter and a polydispersity index range from 0.1
to 0.3. Lastly, in terms of zcta potential, we found

that plain gold nanoparticles (i.c., uncoated) showed
a ncutral surface charge (0.26 mV), but after addi-
tion of the biopolymers the surface charge of the
gold nanoparticles changed, according to the poly-
mer used. While HA-coated gold nanoparticles and
CHOL-PEG 600-coated gold nanoparticlcs showed
small variations (-0.17 and -3.32 mV, respectively),
HAOA-coated gold nanoparticles demonstrated a
greater impact on the nanoparticles surface charge,
having a higher negative zeta potential of -19.25 mV.

By TEM we obscrve polydisperse gold nanopar-
ticles populations and different structures, after the
addition of biomolecules (Figure 4A-D). This feature
is more visible after addition and reaction of the gold
nanoparticles with HAOA and HA, lcading to the
formation of new structures with singular shapes.
We may suggest that the compounds of the aque-
ous cxtract of P saccares (mainly rosmarinic acid)
can work similarly to CTAB, while oleic acid (as a
surfactant) and HA (as a polysaccharide) can be also
capable of modulating the gold nanoparticles shape.
HAOA addition led to the formation of structures
with octahedral scctions with an internal angle of
~110-120 degrees, while HA addition resulted spe-
clally in development of structures with triangular
sections (almost equilaterals) with an internal angle of
~60-70 dcgr:cs. In addition, as showed in Figure 5A,
HAOA-coated gold nanoparticles are present mainly
as spheres but alse nonspherical structures, such as
octahcedral and triangular forms. As for the absorp-
tion spectra (Figure 58), when compared to commer-
clal gold nanosphcrcs of ~20 nm (525 nm) and gold
nanorods (810 nm), a broad spectrum is observed at
650-700 nm (X__= 709 nm), but no peak at around
520-530 nm was visible. Lower absorption peak
mecans high activation energy. For clinical applica-
tion, the ideal system will require an adequate bino-
mial rclation between low activation cnergy and high
depth.

Based on the overall evaluation of these four differ-
ent coating for our gold nanoparticles, we have sclected
the HAOA-coated gold nanoparticles for further stud-
ies, regarding thermal activation and cytotoxicity

assays.
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Figure 2. Size distribution (diameter as differential volume, %) for citrate-coated gold nanoparticles produced by
the Turkevich method. Two different citrate-gold (HAuCl4) concentration ratios used: (A) 0.2 mM HAuCl4: 4.0 mM

citrate; (B) 1.0 mM HAuCl4 : 4.0 mM citrate.

Thermal activation of gold nanoparticles
conjugated with two dyes, using an ultrasonic
bath & a pulsed laser

TO test (hC thcrmal activation 0{" d‘lC gOld nanoparti-
ClCS‘ wc llSCd, FII'SI. an ultrasonic bath (frcqucncy: 45

kHz) and, sccond, a pulsed laser (frequency-doubled

Nd: YAG lascr, emitting at a wavelength of 532 nm).
Two different dyes were sclected for association with
the HAOA-coated gold nanoparticles: Mcthylene Bluc
and Sudan III. Reaction with methylene bluc and the
nanoparticles at pH = 7 resulted in absence of conjuga-
tion. At pH = 10, a spectra of three peaks were obtained,
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Table 2. Gold nanopartides characterization for mean size, polydispersity index (PI) and maximum absorbance wavelength

(A,..) after reduction with different molar ratios of gold: aqueous extract of Plectranthus saccatus (mean + SD).

Gold: Plectranthus saccatus (molar ratio) Mean size £ 5D (nm) Pl K oae (M)
21 159.6 + 65.9 0.146 532

1:2 71.8+36.0 0.263 550

1:4 194.7 £ 76.2 0.195 570; 800
1:8 158.7 £ 55.7 0.182 548; 805
1:10 194.2 + 37.5 0.199 550; 800
1:20 196.0 + 36.3 0.102 543; 7N

Table 3. Gold nanoparticle mean size, polydispersity index (PI) an

mediated growth methed (mean + SD).
Parameters studied
Reduction/capping agents Silver nitrate

L-ascorbic acid

Reaction time 15 min
30 min
2h
24 h

Reaction pH -

5
6
7
8
9
10

Reaction temperature Ice-cold (< 0°C)
HA

HAOA
CHOL-PEG 600

Polymers

L-ascorbic acid and silver nitrate

sand mantle (60 £ 5°C)

max 3ccording to parameters stu

Size = SD (nm) Pl

50054 0.288
57.7 £ 37.9 0.280
62.1 £ 15.5 0.122
194.2 £ 37.5 0.199
21.9£14.0 0.296
26.0 £ 18.2 0.326
741 +£48.9 0.293
99.1 £ 531 0.168
137.7 £ 86.2 0.404
127.5 £ 79.5 0.239
99.4 £52.7 0.153
N6.6+£72.2 0.207
83.1 £54.6 0.149
119.8 £ 63.1 0.185
70.7 £48.0 0.209
86.3 425 0.109
66.6 £ 41.8 0.284
139.3 £ 50.3 0.120
326211 0.328

Ry (M)
537
540
580; 988
830
550
538
534
530
532
562
520
550
555
520
525
549
543
709
531

d for the seed-

as cxpected, for the HAOA-coated gold nanoparticles
not conjugatcd (327 nm), mcth}'|cnc bluc—conjugatcd
HAQOA-coated gold nanoparticles (613 nm) and meth-
ylenc bluc (664 nm), with higher absorbance at 613
nm [37]. Mcthylcnc blue conjugatcd HAQA-coated
gold nanoparticlcs showed a size of 42.0 + 24.3 nm
(PI: 0.268). After exposure to ultrasounds water bath
at a controlled temperature (3 h, 45 kHz, at 50°C),
the dye was released immediately into the aqueous
medium, as a result of heating the water and the initial
pellet of nanoparticles was not detected. Even when a
polymer was conjugated with the nanoparticles and
after lyophilization, the dye naturally releases in the

agar PI'I&I'ItCllT.l. at room tcmpcraturc (data not SJ.'IOWJ.'.I.:].

In contrast, results were different with the hydropho-
bic dye, Sudan I1I. HAOA-coated gold nanoparticles
after conjugation with Sudan 11T showed a size of 56.9
t+ 37.3 nm (PI: 0.375) and a smooth surfacc and shape,
with some aggregates, as observed by SEM (Figure 64).
A single absorbance peak was obscrved, between the
HAOA-coarted gold nanoparticles & of 595 nm and
dyc Sudan IIT of 507 nm, as referred prcviousl}f l421,
indicating that the nanoparticles successfully incor-
porated the dye, with a maximum absorbance wave-
length of 516 nm. After ultrasounds water bath expo-
sure (45 kHz, at 50°C, for 3 h), as a heat source, there
was a decrease in the absorbance for the referenced

wavclcngths, W].'.llC].'I Was quantiﬁcd as thc cumu|ativc
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Figure 3. Plectranthus saccatus aqueous extract and gold nanopartides. (A) Absorbance spectra of P. saccatus aqueous extract
solution (dashed line) and plain gold nanoparticles after reduction with the same extract (continuous line); the formation of a surface
plasmonic band for gold nanoparticles is visible around 830 nm. (8) SEM micrograph of plain gold nanoparticles produced according
to the novel method using P. saccatus aqueous extract: gold molar ratio of 1:4.

percentage of dyc rclease for 3 h (mean + SD, n = 3)
(Figure 6B). Better results were obrained with the laser
cxperiments, since a clear dyc releasc was observed
cach and after 6 shots with 7 ns and an incident energy
of 6.24 m] (Figure 7A & B). We cxpect that a higher
amount of drug or dyc would be rcleased in vivo,
becausc laser will be the source of energy.

In vitro cytotoxicity studies

Cytotoxicity in human keratinocytes

To cvaluate the cytotoxicity, MTT assays on human
keratinocytes (HaCal') were first carried out with the
aqueous cxtract of P. saccatus, within a concentration
range suitable for the gold nanoparticles preparation.
For the P. saccatus extract itself, HaCaT cells showed
viability valucs over 809, similar for all tested concen-
trations, as showed in Figure 8. As for HAOA-coated
gold nanoparticles, concentrations < 35 uM did not
show to decreasc cell viability. The highest concentra-
tion tested (80 pM) let to around 75% of cell survival
(p < 0.01). No aggregates were visible after addition of
the HAOA-coated gold nanoparticles to the wells.

Cytotoxicity on Saccharomyces cerevisiae model

The linear slope in the logarithmic phasc for cach sam-
ple was determined in order to allow the calculation
of the growth inhibition percentage valuc (Figure 9).
The exposure to HAOA-coated gold nanoparticles at
lowest concentration (i.c., 60 pM) resulted in 6.0 +
6.5% of growth inhibition and the highest concentra-

tion (i.c., 150 uM) resulted in 7.0 £ 3.3%. Converscly,
nystatin used as positive control caused a growth inhi-
bition of 64 + 3.2%, whilc the ncgative control (no
treatment) was assumed as producing zcro percent-
age of growth inhibition (i.c., 100% ycast growth), in
cvery experiment.

Discussion

In this study, we describe the sequential production
and development of hybrid polymeric gold nanopar-
ticles with a mean size around 100-200 nm and a low
polydispersity index (PI < 0.3) and, forcmost, with a
maximum absorbance wavclength in the NIR range
(650-900 nm), for further application in cancer photo-
thermal therapy, activated with an 811 nm laser beam.
First, we have cvaluated the application of conventional
methods for gold nanoparticles production (Table 1).
Turkevich method is considered a simple one, as citrate
works, as both as, reducing and the capping agent, cre-
ating ncgatively charged and spherical gold nanopar-
ticles [16). Citrate concentration ratio to gold is also an
important factor for aggregation, as demonstrated in
Figure 2, sincc at lower concentrations, this agent cov-
ers fewer gold nanoparticles and aggregation occurs;
while at higher concentrations, smaller and stable gold
nanoparticles arc produced [16]. These physical modi-
fications arc also mentioned by other authors, which
refer that when gold nanoparticles undergo aggrega-
tion, their clectronic clouds overlap and, conscquently,
the maximum absorbance wavclength of the gold
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Figure 4. TEM micrographs. (A) Plain gold nanoparticles (uncoated); (8) HA-coated gold nanoparticles; (C) HAOA-
coated gold nanoparticles; and (D) CHOL-PEG 600-coated gold nanoparticles.

HA: Hyaluronic acid; HAOA: Hyaluronic and oleic acids.

nanoparticles that behave as larger is redshifted [16.43].
Grabar ez al. also followed the Turkevich method to
develop small citrate-coated gold nanoparticles with a
size of 13 nm, while aggregates redshifted to 600-800
nm, forming clusters made of spherical gold nanopar-
ticles, which remain stable when kept in storage in
water for 7 months [26]. Another intcresting result of
this study was accomplished with gold nanoparticles
produced with sodium borohydride reduction, which
arc normally uscd as sceds for growing larger particles
for the Sced-mediated Growth method. Through the
Brust—Schiffrin mcthod, developed to increase gold
reduction by using stronger reducing agents (such as
sodium borohydride), we have obtained the smallest
gold nanoparticles, as expected and described in the
litcrature [16]. However, duc to the toxicity concerns
involving this reducing agent, we sclected the citrate-
coated gold nanoparticles to continuc our studics,

since thosc gold nanoparticles also showed a small size
and were stable for 1 month in aqueous solution.

After preparing the sced gold nanoparticles solution,
we dedicated cfforts to develop a new Sced-mediated
Growth method, based on the reduction of gold using
biomolecules and an aqueous extract of P saccatus. Some
of the reducing agents (c.g., sodium borohydride) and
capping agents (c.g., CTAB) arc gencrally toxic to cells
and if not climinated cfficiently can increasc cell death
after interaction with gold nanoparticlcs [43,44]. Aiming
to improve the biocompatibility of these gold nanopar-
ticles we replaced CTAB for an aqueous extract of P sac-
catus as the main reducing and capping agent. A lower
ratio of the extract (1:4 molar ratio) was sclected, as the
reducing agent scemed cnough to form gold nanopar-
ticles (Table 2). In fact, it scems that the production of
NIR-absorbing gold nanoparticles is obtained with low
concentration of extracts, as rcported in another study
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using an cxtract of Theobromo cacao (cocoa) [21]. Also,
we suggest that the gold nanoparticles are being reduced
and formed with the aqueous extract of P saccatus as the
spectrum from the extract was completely different than
the onc from the gold nanoparticles (Figure 34). SEM
obscrvations of plain gold nanoparticles (i.c., uncoated)
allowed us to distinguish the formation of two differ-
ent populations of nanostructures: nanorods and nano-
spheres (Figure 3B). Gold structurcs exhibit different
shapes and presentations, such as spheres and clusters,
as a result of the method used to prepare them. Spheres
arc the lowest-energy and bottom-up methods — which
arc the most frequent — cause a larger particle size dis-

tribution [45]. The use of impuritics (i.c., low concen-
trated solution) of silver nitrate, is also reported in lit-
crature as an alternative method to control the yicld of
nanorods with the desired shape (short rods with ratio
~6), while L-ascorbic acid is applicd as a mild reduc-
tion agent [34]. Anisotropic structurcs, like nanorods
and other modified-surface structures, are a common
features when gold nanoparticles production is based on
biomolecules and natural extracts [21.46,47). As the main
advantages, gold anisotropic nanostructures show a con-
trolled size and shape, mediated by the capping agents,
as well as a large surface arca and crystallographic fac-
cts good for biomolecules adsorption. Morcover, these

— Commercial gold nanospheres
— Commercial gold nanorods
— HAOA-coated gold nanoparticles

1.5+

Absorbance (AU)

0.0 I 1 T I T I 1
300 400 500 600 700 800 900 1000
Wavelengths (nm)

Figure 5. HAOA-coated gold nanoparticles. (A) TEM micrograph of hyaluronic and oleic acids (HAOA)-coated gold
nanoparticles; (B) Absorbance spectra of commercial gold nanospheres (xmax= 525 nm) and nanorods (xmax= 520
nm + 810 nm) and HAOA-coated gold nanoparticles produced with Plectranthus saccatus extract and HAOA (.max

=709 nm).
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Figure 6. HAOA-coated gold nanoparticles conjugated with Sudan lIl. (A) SEM micrograph of HAOA-coated gold
nanoparticles, conjugated with the hydrophobic dye Sudan 11l (SD) after lyophilization. (B) Cumulative dye release
(%) after the gold nanoparticles exposure to ultrasound water bath (frequency of 45 kHz for 3 h) (mean = SD,

n=3).

298

Ther. Deliv. (2016) 7(5)

future science group



Article IV

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

132

Bioproduction of gold nanoparticles for photothermal therapy Research Article

Figure 7. Agar phantom with HAOA-coated gold nanoparticles conjugated with Sudan 1il. (A) Before and (B)
after irradiation with a laser pulsed beam (incident energy of 6.24 mJ after 6 shots of 7 ns duration). The arrow in

(B) indicates the dye release zone.
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Thiazolyl blue tetrazolium bromide cytotoxicity assay in human keratinocytes HaCaT. (A) HaCaT cell

viability (%) after 24 h exposure to the aqueous extract of Plectranthus saccatus up to 500 pg/ml. (B) HaCaT cell
viability (%) after 24 h exposure to HAOA-coated gold nanoparticles up to 80 uM/ml (gold concentration; mean =

SD; n = 2-6) (Student’s t-test, *p < 0.01 vs control).
HAOA: Hyaluronic and oleic acid.

structures posscss optical and clectronic features, such as
an cnhanced surface plasmon resonance band and tun-
able absorption from visible to NIR region, promoting
their applicability in NIR phototherapy [7]. The assem-
bly of these gold nanoparticles and their multiple inter-
actions affects the surface plasmon band: side-by-side
and end-to-cnd asscmblics can causc spectra blucshifts
(1.c., toward UV-Visible) or redshifts (i.c., toward NIR),
respectively [45]. At last, monolayer coatings can be
applicd, considering a controlled drug releasc and avoid-
ing the drug release before rcaching the site of action [48).
In our experiments, we obscrved that the conjugation
of three different biocompatible polymers (i.c., HA,
HAOA and cholesterol-PEG 600) resulted in a redshift

of the maximum absorbance wavelength to 650-900
nm (Table 3). Anisotropy creates specics with higher
surface to volume ratio (higher cnergy than spheres),
but shows facets with lower surface cncrgics [45], as we
obscrved for our samples by TEM in Figure 4A-D. Cap-
ping molecules show adsorption to specific facets and
can hinder or enhance the crystal growth in different
dircctions and also increase production yield of mono-
disperse populations of nanoparticles [34.45]. As for pH
and ionic strength, the addition of a basic solution to
raisc the pH of the growth solution, as we did in our
experiments (Table 3), leads to more rapid growth duc
to forced reduction of gold ions and forms high-aspect-
ratio nanorods [34.45]. In addition, and as verified in
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Figure 9. Growth curves of Saccharomyces cerevisiae
cultures exposed to HAOA-coated gold nanoparticles
(60 and 150 uM) or to nystatin (1 ug/ml), used as
positive control. Yeast growth is presented as the
natural logarithm of the cell concentration, which is
expressed as number of yeast cells/ml. The interval

2-4 hwas considered as the log growth phase (n =4,
mean = SD).

this study (Table 3), low temperature (e.g., production
in an icC'CDOICd bath} and fa.st ﬂddltion OF tl-lc rcduC'
ing agent is also described for production of smaller
and monodisperse gold nanoparticles 16). Murphy er al.
(2011) also described the formation of gold nanorods
madc tl‘ll‘cugh a Sil\'cr—ass]sl‘rd Sccd—m:diatcd Growth
method, which grow into structures with octahedrical
sections, when exposed to ultrasonication (20 kHz, at
75°C) in an organic solvent and in combination with the
polymer poly(vinylpyrrolidone) 34]. Highly anisotropic
shapes are not consider favorable in terms of thermo-
dynamics, but arc also common when capping agents,
such as CTAB, arc present in the formulation [491. In
fact, biomolecules of extracts may simulate the CTAB
bilayer cffect for surface charge, preventing aggrega-
tion [44], while polymers such as poly{vinylpyrrolidonc)
can inducc a ShaPC'tunablc CFFCCt on gold nanopal’ticlcs,
determining the final structure and shape 491, In this
paper, we found cvidence of anisotropic gold particles
formation after the addition of HA and HAOA as coat-
ing Polymcl's Fﬂr thc gﬂld rlanopal’ticlcs, It is knﬂwn that
both polysaccharides and phytochemicals act as reduc-
ing and capping agents in synthesis of metallic nanopar-
ticles. The protwnated forms of carboxylic, hydroxyl
and amine groups, present in the compounds of natural
plant cxtracts (c.g., terpenoids, polyphenols and flave-
noids), are known to be capable of reducing gold and
silver salts and also stabilizing the gold nanoparticles
through surface binding [75051. Morcover, these func-
tional groups are also present in the glucuronic acid and
N-acetyl-glucosamine monomers of HA and in alipharic

chalns Of OA, Thcrcforc, prm:luction DF gald nanopar-

ticles involving both HAOA, as well as the Plecrranths
saccatus aqueous extract (casily available with high inter-
est in scale-up for pharma industry) can promotc an
innovative synergistic approach for obtaining biocom-
patible nanostructures, with optimal size, surface charge
and optical propertics. In addition, HAOA-coated gold
nanoparticles may surpass other formulations such as
phospholipid and PEG gold nanoparticles, duc to sta-
bility problems (conversion to nonbilayer structures) or
blockage of targeting moicties, respectively [52.53).

Herein, we have study the production of gold
nanoparticles in controlled conditions. Variations of
these conditions, namely temperature, pH, stirring,
cxtract concentration, gold salt concentration and
addition of different biopolymers, allowed to obtain
a controlled production of gold nanoparticles, mainly
with spherical shape but also non-spherical structures,
such as octahedral and triangular forms (Figure 54). In
addition, we compared the developed gold nanopar-
ticles produced with phytochemicals and HAOA with
commercial gold nanoparticles and gold nanorods with
an absorbance spectrum in the visible (525 mn) and
NIR region (810 nm), respectively (Figure 58). HAOA-
coated gold nanoparticles showed a peak for maximum
absorption at 709 nm, indicating that after addition of
biopolymers the gold nanoparticles still show an abser-
bance within the NIR range (i.c., 650—900 nm}. More-
over, commercial gold nanorods showed a smaller peak
at 520 nm, which is absent in developed HAOA-coated
gold nanoparticles. Both commercial nanosystems will
nced more cnergy to be activated and non-target tis-
sues (L.c., healthy cells) could be also irradiated by
laser. HAOA-coated gold nanoparticles show a broad
absorbance band instcad of a narrow absorbance peak
(lower activation cnergy). Although this first artempt
for developing gold nanoparticles by ‘green’ synthesis,
using both phytochemicals and biopolymers, show
promising results for a future application in photother-
mal therapy, more investigation is needed to optimize
this method.

Further, to test the activation of HAOA-coated
gold nanoparticles with heat we exposed the systems
to an ultrasounds water bath (45 kHz, at 50°C, for
3 h) and a pulsed beam with a frequency-doubler
Nd: YAG lascr, as heat sources. Photothermal therapy
has demeonstrated promising results for local cancer
treatment-based hyperthermia applications, in associa-
tion with gold nanoparticles absorbing in both visible
and NIR range [20]. In this study, gold nanoparticles
were successfully activated by temperature increase.
According to previous reports, methylene blue is used
to demonstrate the relcase profile from gold nanoparti-
cles [38]; in this study, methylene blue was immediatcly
released from the HAOA-coated nanoparticles, duc to
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its hydrophilic character and as a result of the hear-
ing. Therefore, we found that this dye was not suit-
able for our studies and we decided to use Sudan 111,
a hydrophobic dye, for the same type of cxperiments.
Sudan [II release was observed after exposure to the
ultrasounds and determined as the dye release cumula-
tive percentage (%) from the nanoparticles (Figure 68)
and to the pulsed laser at 532 nm (Figure 74 & B). In
these preliminary experiments, we used a visible laser
(Le., green region of the spectra) as a first attempt to
study the energy level and the thermal threshold for
further application of these nanoparticles to a NIR-
laser [54.55). Thus, HAOA-coated gold nanaparticlcs
appear to release the dye, according to a heat-depen-
dent mechanism, probably associated with the disas-
sembly of the polymeric coating [551. However, besides
the lower absorbance by tissuc chromophores, reducing
the damage by heating of the healthy tissue, NIR-lasers
show cfficient response in killing cancer cells with less
power than the visible-lasers operate [201.

Additionally, the absence of toxicity of gold nanopar-
ticles before the thermal activation is another key
point of this study. For this, MTT assays in HaCaT
and growth inhibition assays in yeast 5. cerevisiae were
helpful in determining the i vitro cytotoxicity profile
of gold nanoparticles. 5till, there were some restric-
tions that limited the range of the gold nanoparticles’
concentrations tested. First, we faced a limitation of
the production yield in terms of gold’s concentration
obtained after reduction, which limited the reach-
able concentration in the wells, when conducting the
MTT assay with HaCaT cells. HAOA-coated gold
nanoparticles tested were centrifuged before addition
to cells’ medium, in order to eliminate the absorption
of the components involved in the gold reduction reac-
tion, such as the polymers and the plant extract, and
reduce the interferences, as recommended in the lie-
crature [56.57). Hyaluronic acid present on the HAOA-
coated gold nanoparticles may be responsible for pro-
proliferating cffects on cutancous keratinocytes 581 In
addition, studying the cytotoxicity of the gold nanopar-
ticles suspensions in 5. cerevisiae model was restricted,
because the HAOA-coated gold nanoparticles suspen-
slons caused a background absorbance that limited the
usc of high concentrations in the experiment.

In terms of cytotoxicity, we obscrved that gold
nanoparticles production with an aqueous extract of
P. saccatus as the reducing agent, instcad of CTAB,
showed increased biocompatibility, in contrast to
previous studies with conventional gold nanoparti-
cles and nanorods [22,39,60]. Previously, the cytotoxic-
ity of gold nanoparticles with different sizes, shapes
and surface plasmon band characteristics (A from

616 to 776 nm) were evaluated in HaCaT cell line,
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confirming again that the use of CTAB in formula-
tion increased the in vitro toxicity of gold nanopar-
ticles [221. Morcover, other studies have reported the
negative cffect of CTAB attached to gold nanorods
in human adenocarcinoma HT-29 cells, compared to
other coating polymers such as polyacrylic acid and
polylallylamine) hydrochloride [s0]. Similarly, for
gold nanorods produced with CTAB when exposed
to HEp-2 carcinoma cell line, an increased cyto-
toxicity was observed when compared to both free
CTAB and polymeric (polystry renesulfonate [PS5]
and poly(allylamine) hydrochloride [PAH]) coated
nanorods [39]. Another issuc is the adsorption of mol-
ccules from the growth media, to the gold nanopar-
ticles surface, which is more likely to occur, duc the
increased surface area ar nanoscale. As stared in lit-
crature, this phenomenon can also occur at in vive
conditions, when proteins, lipids and clectrolytes are
present; sometimes, these molecules change the sur-
face charge of the gold nanoparticles, lcading to the
formation of aggregates [36]. Polymers coating and
capping agents can surpass this disadvantage, as we
observed that has occurred with our HAOA-coated
gold nanoparticles. As referred before, similarly to the
aqueous cxtract of P, sacearus used in the preparation
of gold nanoparticles, plant extracts for production
of metallic nanoparticles have been reported to have
many other advantages, such as reduced environmen-
tal impact and an appropriate for large-scale produc-
tion. The low cytotoxlcity (less than 10% in both
models) observed with our gold nanoparticles can be
also related with the use of . saccarus aqueous extract
in alternative to conventional reducing and capping
agents. As showed in this study, the aqueous extract
of P saccarus is devoid of relevant cytotoxicity. Con-
sidering P sacecatus components, such as rosmarinic
and caffcic acids, we may anticipate that its antioxi-
dant propertics may enhance cell viability [6.24].

Finally, the obtained HAOA-coated gold nanopar-
ticles could be further optimized for targeting drug
delivery by ligand bioconjugation. Such strategy would
allow the accumulation of the nanoparticles in can-
cer cells rather than normal cells. The best suitable
system will be further conjugated to a specific natu-
ral ligand, such as the EGF (Silva O er al, Submitted
manuscript). EGF is the natural ligand for the EGFR,
which belongs to the ErbB family of tyrosine kinases
receptor and is overexpressed in several tumors, such
as melanoma, increasing proliferation, migration and
survival of tumor cells [61-63]. Biofunctionalization is
now being conducted with the EGF targeting peptide,
for further evaluation of its biological value in our for-
mularion, in addition to a NIR laser beam irradiarion
for photothermal therapy.
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Conclusion

In conclusion, wec produced shape-tunable gold
nanoparticles through gold reduction and conjuga-
tion with natural compounds and without the usc
of toxic agents, such as CTAB. This plant extract
slightly increased the nanoparticle size and modi-
ficd their shape. It also strongly influenced the gold
nanoparticles’ localized surface plasmon resonance
band to rcach the ncar-infrared wavelength (~800
nm) bur did not increase the iz virre l:oxicity ofgald
nanoparticles before its thermal activation. Thus,
this study provides evidence thar this kind of gold
nanoparticles could be an attractive system for pho-
tothermal therapy in cancer. Further rescarch, now
in progress, includes the incorporation of a specific
ligand and the study of thesc nanoparticles in other
in vitro and fn vive systcms.

Future perspective

Novel potential targets and paths arc being explored
by clinicians and rescarchers to find better solutions
and safer therapies that increase patient’s compli-
ancc an.d IiFC quality. Gl:lld nanoparticlcs can hClP il‘l
molecular characterization and detection of cancerous

or cven precancerous tissues, with high accuracy and
specificity. Thercfore, gold nanoparticles arc excel-
lent platforms for in wive tracking of biomolecules as
a diagnostic mechanism and, furthermore, associated
with chemotherapy. In the future, NIR light-based
therapics will allow greater penctration depths, with
minimal invasive approaches, reaching decper tissues
for an improved local treatment of the tumor site.
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Executive summary

Novel method for gold nanoparticles preparation

Thermal activation of gold nanoparticles

phantom to simulate the desired optical conditions.

Biocompatibility of gold nanoparticles

* Incorporation of biopolymers and natural reduction agents, obtained from an aqueous extract of Plectranthus
saccatus, resulted in gold nanoparticles with mean size around 100-200 nm, a low polydispersity index (Pl <
0.3) and, most importantly, with a maximum absorbance wavelength in the near infrared range (650-900 nm).

* Gold nanoparticles showed essentially round-shape morphelogy with the presence of other structures, in few
amount, such as rod-like particles and with octahedral sections.

* Gold nanoparticles conjugated with a hydrophobic dye, Sudan Ill, were successfully incorporated into an agar

= Thermal activation of gold nanoparticles and dye release was possible with an ultrasound water bath (45 kHz,
at 50°C, for 3 h) and a pulsed beam with a frequency-doubler Nd:YAG laser, as heat sources.

* In terms of cytotoxicity, gold nanoparticles production with an agueous extract of Plectranthus saccatus as the
reducing agent showed increased biocompatibility with human skin cell line and yeast.
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Functionalized diterpene parvifloron
D-loaded hybrid nanoparticles for targeted
delivery in melanoma therapy

Aim: Parvifloron D is a natural diterpene with a broad and not selective cytotoxicity
toward human tumor cells. In order to develop a targeted antimelanoma drug delivery
platform for Parvifloron D, hybrid nanoparticles were prepared with biopolymers
and functionalized with a-melanocyte stimulating hormone. Results/methodology:
Nanoparticles were produced according to a solvent displacement method and the
physicochemical properties were assessed. It was shown that Parvifloron D is cytotoxic
and can induce, both as free and as encapsulated drug, cell death in melanoma
cells (human A375 and mouse B16V5). Parvifloron D-loaded nanoparticles showed
a high encapsulation efficiency (87%) and a sustained release profile. In vitro
experiments showed the nanoparticles’ uptake and cell internalization. Conclusion:
Hybrid nanoparticles appear to be a promising platform for long-term drug release,
presenting the desired structure and a robust performance for targeted anticancer

therapy.

First draft submitted: 17 April 2016; Accepted for publication: 15 June 2016; Published

online: 22 July 2016

Keywords: a-ir
cles * parvifloro

Cutanecous melanoma is responsible for 90%
of skin cancer morrality and incidence of
primary disease has increased signiﬁcantly
over the last decades (1]. Survival is highly
dependent on an carly diagnusis, followed by
surgical removal of local cancer and adjuvant
systemic chemotherapy or radiotherapy [2].
Thus, treating primary cancer and avl:liding
its progression preferably by applying a less
invasive local technique, is a challcngc for the
future of medicine. Nanomedicine plays an
important role in the development of such
techniques since it provides several potential
advantages when applied as a local chemo-
therapy platform: controlled and sustained
drug release; less side effects as a result of
targeted delivery, by conjugation of speciﬁc
ligands at the nanoparticle surface; reduced
number of drug administrations, as a result
of the increase in residence time and local

s melanoma * hybrid nanoparti-

drug concentration; and improved stability
and anticancer activity [3-6].

When applied to more superficial can-
cers such as melanoma /n situ (i.e., before
formation of metastases), nanoparticles can
improve antitumor I:herapies, prcvcnting
cancer evolution to metastatic stages [3,7-9].
Also, based on a review of commercially
available topical formulations for skin can-
cer treatment, prolongcd therapy is common
(from 2 weeks to 7 months), with several
times applications’ daily or weekly [10]. For
this approach, nanosystems that comprise
speciﬁc targeting moieties are fundamental.

Hybrid nanoparticles made of polymers
or natural substances such as modified poly-
esters, lipids, polysaccharides and proteins,
hold multiple functionalities and a promising
role in localized chemotherapy [4]. The ben-
efits of the application of nanoparticles and
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other sophisticated delivery systems as local treatment
for primary and localized cancers, have been reviewed
in literature (3-4.10]. In terms of formulation design,
longer lipid hydrophobic chains conjugated with
amphiphilic molecules (e.g., surfactant) appear to form
stable nanoparricles with tight cores, which retain the
drug, create less ordered solid matrix for drug encap-
sulation (e.g., stearic acid [SA]) and promote a sus-
tained drug release [11). Indeed, hydrophobic moieties
are considered an advantage as they promote interac-
tion with the keratin present in cells, such as mela-
nocytes [12]. Oleic acid (OA) works as a permeation
enhancer and can function as a surfactant and coating
element by chemical adsorption to the nanoparticle
surface [13]. Previously, we have used this fatty acid as
coating material for poly-g-caprolactone (PCL) made
nanoparticles, resulting in 1-month controlled release
and 7z vive drug permeation [14]. In the present paper,
we increased the complexity of those nanoparticles,
by adding hyaluronic acid (HA) and a peptide ligand,
a-melanocyte stimulating hormone (a-MSH), to the
nanoparricle surface. We anticipate that OA may func-
tion as a linker between the polymeric-lipid hydropho-
bic core and the hydrophilic HA coating [15]. HA has
been extensively studied as a polysaccharide for coat-
ing and as a targeting biomolecule for cell receptors,
such as CD44, which are overexpressed in melanoma
cells (16]. In addition, HA has been studied as a trans-
dermal carrier and permearion enhancer, adding flex-
ibility and decreasing rigidity to nanosystems 17, as
well as reporting a positive effect on increased skin
permeability of molecules (15]. Furthermore, human
melanoma cells show overexpression of melanocortin 1
receptors (MCIR), thus a-MSH can work as a natural
binding peptide with high selectivity for these cells [19].
Therefore, besides improving accessibility, sustained
drug release, local drug concentration and residence
time in situ, these functionalized nanoparticles may
also promote an efficient drug rargeting due to the
modifications of the nanoparticle surface [20-22).
Research attention is increasingly focused on the use
of new and natural compounds for cutaneous mela-
noma prevention and treatment [23]. These compounds
may hinder the drug multiresistance problem, since
different molecular mechanisms and merabolic path-
ways can be explored. One example is the use of the
natural compound curcumin, which shows multiple
mechanisms of action against cancer, and it has been
encapsulated into several delivery systems with promis-
ing outcomes [12]. Parvifloron D (PvD) isolated from
Plectranthus ecklonii (Benth.) is one of the abietane
diterpenes with royleanone motif (Figure 1), which
shows broad spectra of antimicrobial and antitumor
actions [24]. Other diterpenes have also demonstrated

cytotoxic effects on human tumor cells, namely on
human melanoma cell lines (SK-MEL-1) [25]. PvD
has also promoted cell death on human leukemia cell
lines [26]. However, PvD shows low water-soluble char-
acteristics, as well as, an apparent lack of selectivity
toward cancer cells. Thus, the encapsulation of PvD
into hybrid nanoparticles as a drug delivery platform
is studied in order to obtain a higher retention effect
and accumulation at tumor site, drug stability protec-
tion and long-term delivery, as well as, continuous and
prolonged therapeutic efficacy.

Herein, we demonstrate that PvD is cytotoxic to
melanoma cells (human A375 and mouse B16V5
cell lines) but also to human ‘normal-like’ fibroblasts
(Detroit 551 cell line). Therefore, in order to promote
a targeted delivery of this drug toward melanoma, PvD
was loaded into nanoparticles coated with hyaluronic
and oleic acids (HAOA) and functionalized with
a-MSH, for overexpressed CD44 and MCIR recep-
tors in melanoma cell lines [27-29]. The nanosystems
showed a size around 300 nm, negatively charged, at
neutral pH, spherical mnrphnlogy. high Inading effi-
ciency (~87%) and long-term stability at 4, 25 and
37°C, over 1 year. Also, we have studied the interac-
tions between PvD and nanosystems, and confirmed
the presence of HAOA coating and peptide conju-
gation by different techniques, demonstrating that
the developed carriers present the ideal structure for
targeted anticancer drug delivery. Moreover, we have
demonstrated that a-MSH-conjugated HAOA-coated
nanoparticles were capable of a receptor-mediated
internalization into melanoma cells and maintained
PvD cytotoxic action after loading.

Materials & methods

Materials

PvD was isolated from P ecklonii Benth., accord-
ing to a previous method described by Simées er al.
(2010) [24). o-MSH (MW: 1665 g.mol") was sup-
plied by Alfa Aesar GmbH & Co.KG (A Johnson Mat-
they Company, Karlsruhe, Germany). Rhodamine B
(MW: 479 g.mol™), SA (MW: 284 g.mol"), OA (MW
282 g.mol”), Pluronic® F-127 (Poloxamer 147), PCL
(MW: 14,000 g.mol"), HA sodium salt from Strepto-
coccus equi (MW: 7000-250,000 g.mol"), cyclohexyl
isocyanide and acetaldehyde were supplied by Sigma-
Aldrich (Steinheim, Germany). All reagents used for
nanoparticle preparation were of analyrtical grade.
Water was purified through a Millipore system (Mil-
lipore, MA, USA). Thiazolyl blue tetrazolium bromide
(MTT), fetal bovine serum (FBS) and penicillin/
strepromycin were supplied by Sigma-Aldrich (Stein-
heim, Germany), as of cell culture grade. Dulbecco’s

Modified Eagle’s medium was supplied by Biowest
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(Nuaillé, France) and DMSO was supplied by Merck
(Darmstadt, Germany).

Flow cytometry: cell DNA content assay

The percentage of dead cells after treatment with
PvD was assessed for melanoma cell lines (A375 and
B16V5) by measuring the DNA content after prop-
idium iodide stain of fixed cells (30]. Briefly, 3 x 10°
cells/well were cultured in G-well plates. After 24 h,
cells were treated with PvD at 2.5 pg/ml and left to
incubarte for another 24 h. For sub-G1 (%) determina-
tion, floating and attached cells were harvested after
incubarion with 5 mM EDTA in phosphate-buffered
saline (PBS). Cells were washed twice with cold PBS,
centrifuged (160 x g, 8 min) in an Eppendorf centri-
fuge 5804 R (Eppendorf AG, Hamburg, Germany),
resuspended, fixed with cold 80% ethanol, keprt at
4°C for 2 h, washed twice with PBS and resuspended
in PBS with 1% FBS. Cells were then stained for
20 min at 37°C with containing 12.5 pg/ml prop-
idium iodide and 25 pg/ml RNase A in PBS. Finally,
stained cells were incubated, mixed with 200 ul of
PBS with 1% FBS and analyzed by flow cytometry
using a BD FACSCalibur Cytometer (BD Biosci-
ences, Singapore, Japan). Darta acquisition and anal-
ysis was performed using CellQuest software (BD)
and FlowJo (Tree Star, San Carlos, CA, USA), respec-
tively. Experiments were conducted in triplicate and

presented as mean + standard deviation (SD).

Cytotoxicity assay

Cell viability studies for PvD and nanoparricles were
conducted on human melanoma cells (A375, ATCC®
CRL-1619™), murine melanoma cells (B16V5,
CNIO, Madrid, Spain (31)) and ‘normal-like’ human
fibroblasts (Detroit 551, ATCC® CCL-110™), using
the MTT assay as previously described [52.33]. Briefly,
cells were cultured in Dulbecco’s Modified Eagle's
medium supplemented with 10% FBS and 1% peni-
cillin/streptomycin (P/S) solution and seeded onto a
96-well plate at a density of 5000 cells/well. Free PvD
(0.1-10 pg/ml per well, MeOH < 0.05%, v/v) and
nanoparticles were tested. In the case of the nanopar-
ticles, several formulations were assessed, namely:
PvD-loaded a-MSH-conjugated and non-conjugated
HAOA-coated nanoparticles (PvD: 0.1-10 pg/ml)
and empty a-MSH conjugated and non-conjugared
HAOA-coated nanoparticles, as the equivalent weight
of nanoparticles (without PvD). Cells were exposed to
treatment for 24 h, washed with PBS and incubated
with MTT solution (0.5 mg/mlin culture medium) for
2.5 h at 37°C. Finally, the medium was removed, cells
were washed with PBS and DMSO (200 pl/well) was

added to dissolve the formazan crystals. Absorbance

HO.

~
“
-

Figure 1. Molecular structure of parvifloron D.
The royleanone motif is pointed out by the arrow.

was read at 595 nm (Thermo Scienrific Multiskan FC,
Shanghai, China). [C50 values for PvD were deter-
mined by calculating the concentration of the samples
that resulted in 50% inhibition of cell viability, using
the software OriginPro 8.1 (OriginLab Corporation,
MA, USA). Two to three independent experiments
were carried out, each comprising four to eight rep-
licate cultures. Results are represented as mean + SD.

Preparation of hybrid nanoparticles

Hybrid nanoparticles were prepared according to a
previously described solvent displacement method [14],
with some modifications. First, 5 mg of HA and 20 pl
of OA (HAOA 1:1, w/w) were incubated in aqueous
solution at pH = 10 (NaOH 1 M, 0.3%, v/v), for 24 h
at 60°C and 400 rpm. The non-coated nanoparticles
were prepared in a sealed glass beaker (32 x 46 mm,
capacity: 25 ml, Simax, Czech Republic), where an
organic phase was prepared by mixing 100 mg of
PCL and 4.975 ml of acetone, through 10-min ultra-
sound exposure (Bandelin Sonorex Super Rk 510H,
frequency of 45 kHz). An SA solution in ethanol
(0.025%, w/v) was added ro the organic phase and
allowed to mix for 5-10 min with magneric stirring.
This solution was immediately poured on 10 ml of an
aqueous solution containing Pluronic® F127 (0.25%,
w/v) and, for the coating formation, the polymer
HAOA (0.05%), w/v) was added, in similar 25 ml
glass beaker, under magneric stirring (800 rpm) for 15
min, at room temperature. For loaded nanoparticles,
PvD (0.0625 mg/ml in ethanol) was also dissolved in
the organic phase before pouring to the aqueous solu-
tion. In addition, paclitaxel (PTX) at 0.06 mg/ml was
used as an anticancer model drug for encapsulation
into the nanoparticles. Nanoparrticles were recovered
under reduced pressure (Rotary evaporator from Hei-
dolph type VV2000, Apeldoorn, The Netherlands) to
10 ml (final volume) and were isolated by centrifuga-
tion at 16,350 x g for 15 min (Hermle Labortechnik
Gmbh type Z36HK, Wehingen, Germany) to remove
unloaded drug. Formulations were made in triplicate
to ensure the repeatability of the preparation method.
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Conjugation of nanoparticles with a-MSH

In order to conjugate HAOA-coated nanoparticles
with a-MSH, the peptide was prepared at a concen-
tration of 1 mg/ml in PBS pH 7.4 (10 mM). First,
HAOA-coated nanoparticles were prepared and con-
centrated under reduced pressure to a final volume of
10 ml as previously mentioned in the preparation of
hybrid nanoparticles. Then, a-MSH was added to the
formulation art a final concentration of 5 pg/ml. The
peptide was allowed to interact with the HAOA-coated
nanoparticles for 30 min, at 400 rpm, at room tem-
perature and the suspension was kept for 24 h at 4°C.
Finally, a-MSH conjugated HAOA-coated nanopar-
ticles were isolated by centrifugation ar 16,350 x g for
15 min (Hermle Labortechnik Gmbh type Z36HK,
Wehingen, Germany) to remove unbound peptide.
Formulations were made in triplicate to ensure the
repeatability of the preparation method.

Physical characterization of the nanoparticles
Mean particle size, polydispersity index (PI) and zeta
potential of the nanoparticles’ concentrated suspen-
sion were measured with a Coulter Nano-sizer Delsa
Nano™C (CA, USA). Experiments were performed
in triplicate. In addition, D-value was determined to
describe the particle size distribution of 10, 50 and
90% of the nanoparticles population. Measurement of
pH was conducted with a pH electrode meter (827 pH
Lab, Metrohm, Switzerland) calibrared daily with buf-
fer solutions pH 4.00 = 0.02 and 7.00 = 0.02 (20°C)
ST (Panreac, Barcelona, Spain).

Morphology of the nanoparticles: TEM & SEM
Morphology of freshly prepared non-coated nanopar-
ticles (i.e., without HAQA), PvD-loaded HAOA-
coated nanoparticles, a-MSH conjugated HAOA-
coated nanoparticles and PTX-loaded HAOA-coated
nanoparticles were also studied in terms of their
structure and surface morphology by Transmission
Electron Microscopy (TEM, Zeiss M10, Germany).
Samples were prepared through a ‘sequential two-
droplet’ method, by resuspending the nanoparticles
in distilled water and placing a drop (5-10 pl) of the
suspension on to a formvar grid for 30-60 s, When
the nanoparticles suspension had partly dried, the
grid was washed with distilled warer and the excess of
water was removed with a filter paper. Then, a small
drop of sodium phosphotungstate (PTA, 2%, w/v)
was applied to the grid for 10 s, the excess of stain
was removed with a filter paper and the grid was left
to dry at room temperature. Samples were analyzed
at an accelerated voltage of 60 kV. Different fields of
the images were recorded digitally (Zeiss M10 micro-
scope camera).

For empty and PvD-loaded HAOA-coated nanopar-
ticles, the morphology of freshly prepared samples was
determined by Scanning Electron Microscopy (SEM,
Zeiss DSM-950, Germany). Prior to SEM examina-
tion, an aliquort of each sample (10 pl) was mounted on
a glass coverslip and left to dry at room temperature.
Samples were coated with a thin layer of gold (500 nm
thick) and analyzed at an accelerated volrage of 20 kV.
Different fields of the images were recorded digitally
(Olympus BH2 camera).

Long-term stability of the nanoparticles

Non-coated nanoparticles (i.e., without HAOA) and
HAOA-coated nanoparticles were prepared and char-
acterized in terms of size, polydispersity index (PI) and
zeta potential, pH, morphology and UV-Visible absor-
bance spectra, over 1 year (see Supplementary Informa-
tion). Samples of freshly prepared nanoparticles were
kepr (in triplicare) as suspensions in closed 10 ml glass
vials at three different conditions: refrigeration condi-
tions (T = 4 £ 2°C) and at residual humidity (RH) of
70%; room temperature (T = 25 + 1°C) and at RH of
60%; body temperature (T = 37 £ 1°C) and at RH of
60%. Size, Pl, zeta potential and pH were measured as
described previously in the section ‘Physical character-
ization of the nanoparticles’. Nanoparticle morphology
was assessed by scanning electron microscopy (SEM,
Zeiss DSM-950, Germany) (see section ‘Morphology
of nanoparticles’). UV-Visible absorbance spectra
determination of HAOA-coated nanoparticles was
conducted with a spectrophotometer (Thermo Scien-

tific model Evolution 300 BB, UK).

HPLC method

PvD solubility, encapsulation efficiency (EE, %) and
in vitro release studies were carried out using a reverse-
phase HPLC chromatographic method for drug quan-
tification [14]. The same method was used to quantify
PTX, after entrapment into HAOA-coated nanopar-
ticles, as a model anticancer drug. Briefly, a HPLC
System Gold — Beckman Coulter (CA, USA) with a
wavelength UV-VIS 166 model spectrophotometer
detecror was used with a mobile phase comprising
acetonitrile (ACN) and Milli-Q water (60:40, v/v). A
Supelcosil LC-18 column (4.6 x 150 mm, 5 um par-
ticle size, Sigma-Aldrich, Spain) was used as stationary
phase with a flow rate of 1.0 ml/min and a detection
wavelength of 254 nm (PvD) and 227 nm (PTX).
Column conditions were maintained at 25°C, with an
injection volume of 20 pl and a run time of 20 min and
5 min, for PvD and PTX, respectively. Standards for
PvD ranging from 0.1 to 10 pg/ml were evaluated and
a calibration curve (y = 30.0 x + 2.4) was obtained with

R?> 0.998. Standards for PTX between 0.1 pg ml and
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10 pg/ml were also measured and a calibration curve
(y = 20.7 x — 0.98) was obtained with R* > 0.998. LOD
and LOQ) were determined for both PvD and PTX:
LOD and LOQ for PvD were calculated to be 0.57
pg/ml and 1.89 pg/ml, respectively, while LOD and
LOQ for PTX were determined to be 0.028 pg/mland
0.093 pg/ml, respectively. Chromatographic data were
processed using Gold-System Nouveau software. All
measurements were carried ourt in duplicare.

Drug quantification & encapsulation efficiency
EE (%) was determined by measuring the retained
drug by HPLC analysis. Retained drug was measured
inside the PvD (0.0625 mg/ml) and PTX (0.06 mg/
ml) loaded HAOA-coated nanoparticles (i.e., direct
quantiﬁcatil:ln), after exposure to organic solvents
(ACN: water, 60:40, v/v), sonication (Braun ultrasonic
sonicator at constant power of 160 watts [0.5 s cycles])
for 3 min and recovery after centrifuga[inn (16,350 x
g, 15 min). Measurements were carried out in triplicate
and according to the described formula:

Amount of encapsulated drug/initial drug amount x 100%

In vitro release studies

First, PvD solubility in phosphate buffer solution
pH 5.5 (USP XXX) was determined by measuring
the amount of compound dissolved in a saturated
solution (~40 pg/ml) after 8 h, at constant stirring
(200 rpm), in order to maintain sink conditions dur-
ing the in vitro release studies and as an approxima-
tion to the skin pH (34]. Then, PvD-loaded HAOA-
coated nanoparricles and PTX-loaded HAOA-coated
nanoparticles were lyophilized for 24 h atr -50 =
2°C (Freezone 2.5 L Benchtop Freeze Dry System,
Labconco, MO, USA) and weighted according to
the drug solubility limits. Each sample of weighted
nanoparticles was placed in an amber-glass recipient,
containing 30 ml of phosphate buffer solution pH 5.5
(USP XXX), under constant stirring (200 rpm), in
order to simulate the human skin pH (34]. At appro-
priate time intervals, aliquots of the release medium
were collected from three different points of the dis-
solution medium, in order to obrain a homogenous
collection of the sample. Nanoparticles were isolated
from the supernatant by centrifugation (16,350 x g for
15 min), mixed with organic solvents (ACN: Milli-Q
water at 60:40, v/v), sonicated at constant power (160
watts; 0.5 s cycles) for 3 min and, finally, ccntrifuged
again to separate the free drug from the nanoparticles
residues. PvD amount at each time point, collected
from the /n vitre release medium, was determined
by HPLC, according to the method described previ-
ously in the section ‘HPLC method’. The assay was

conducted for 2 months, until the total amount of
PvD was released. Volume corrections were applied
to the drug release profile curve. Three independent
measurements of different nanoparticles batches were
conducted (n = 3, mean + SD).

Physicochemical characterization of
nanoparticles’ HAOA coating

Interaction analysis by Fourier transform infrared
spectrometry

In order to study the possible interactions between
PvD, polymers and peptide of the developed hybrid
nanoparticles, Fourier transform infrared (FTIR)
spectroscopy was conducted on lyophilized nanopar-
ricles samples. KBr pellet method was chosen for this
assay and the FTIR spectra were recorded by using
a FT-IR Spectrum 2000 (Perkin Elmer, USA) from
4000 to 400 cm™. The pellet was prepared with
a ratio of 1:10 (w/w) of KBr to sample (powder of
nanoparticles or other component) and left to dry
in a desiccaror 24 h before analysis. The fnllowing
samples were compared: empty HAOA-coated and
non-coated nanoparticles (i.e., withour HAOA),
a-MSH-conjugated HAOA-coated nanoparticles and
physical mixture of HAOA and non-coated nanopar-
ticles (considering 100% HAOA coaring), physical
mixture of OA and HA (1:1, w/w) and the poly-
mer HAOA, after preparation. PvD-loaded HAOA-
coated nanoparticles, a physical mixture of free PvD
and HAOA-coated nanoparricles (1:1, w/w) and a
physical mixture of all components used for prepara-
tion of the nanoparticles, were also compared in the
same proportion.

Differential scanning calorimetry

To check the purity of the drug and to confirm pos-
sible physicochemical interactions between nanopar-
ticles and their raw components, including PvD,
thermal transformations and phase transitions of the
nanoparticles were studied by using a Merttler-Toledo
DSC-30, TA 4000 Calorimeter (OH, USA). Indium
was used to calibrate the instrument. Samples were
previously lyophilized, weighted (2.0 mg) and sealed
in an aluminium pan. First, free PvD thermal stud-
ies were carried out at three different heating rates:
5°C/min, 10°C/min and 25°C/min. Then, the same
samples compared in FTIR analyses were studied.
Results were demonstrated as curves of hear flux
versus temperature (°C). A controlled heating rate
of 10°C/min under a continuous nitrogen purge
(20-30 ml/min) and over a temperature range from
25 to 375°C was selected. The number of thermal
transitions, the melting point (Tm.°C) and difference
in Gibbs energy (AH, J.g') were determined.
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NMR spectroscopy

In order to verify the possible interactions berween
encapsulated PvD and raw materials used to prepare
the nanoparticles, 'H NMR and "C NMR spectra were
obtained and compared for non-coated nanoparticles
(i.e., without HAOA), empty HAOA-coated nanopar-
ticles and loaded HAOA-coated nanoparticles, by a
300 MHz spectrometer (Oxford Instruments, Eng-
land). Three different solvents (i.e., DO, DMSO-d6
and CDCIS) were used to dissolve all of the samples to
identify and confirm the presence of the nanoparticles’
main components, especially the HAOA coating and
the presence of PvD inside the nanoparticles’ core.

x-ray photoelectron spectroscopy

x-ray photoelectron spectroscopy (XPS) was used
to assess the presence of the HAOA coating on the
nanoparticles’ surface, by comparing the spectra of
non-coated (i.e., without HAOA) and HAOA-coated
nanoparticles. A Multichamber XPS UHV system
combined with a SPECS PHOIBOS 150 IMCD
Hemispherical energy analyzer and equipped with
both Al/Ag and Al/Mg x-ray source (SPECS GmbH,
Berlin, Germany) was used. Briefly, samples previ-
ously lyophilized and forced under pressure to a pel-
let, were exposed to vacuum for approximately 45 h,
before obtaining XPS spectra. XPS measurements of
the nanoparrticles were carried out using a nonmono-
chromaric Al-Mg radiation (200 W - 12 kV). Analyzer
Energy mode was fixed at 50 €V pass energy for sur-
vey spectra and 25 €V pass energy for high-resolution
spectra (regions). No electron flood gun was applied
for minimizing surface charge. Surface elemental com-
position was determined by using CasaXPS software
(Casa Software Lid, UK).

In vitro permeation studies

A parallel artificial membrane permeability assay
(PAMPA) was conducted as a preliminary character-
ization of the role of nanoparticles on drug permeabil-
ity using a 96-well filter plate Millipore MultiScreen®
IP 0.45 pm (Darmstadt, Germany). Previously lyophi-
lized empty and PvD-loaded HAOA-coated nanopar-
ticles (4 mg/ml), as well as free PvD (1.5 mg/ml), were
re-suspended in Milli-QQ water, to prepare the stock
solutions for the assay. The concentration (C) in the
starting solution was 20 pg/ml for the free PvD, PvD-
loaded HAOA-coated nanoparticles and free PvD +
empty HAOA-coated nanoparticles (1:1, w/w). These
were added (150 pl, 5% DMSO, v/v) to the donor
compartment, to achieve a homogenous covering of
the hydrophobic polyvinylidene difluoride membrane.
The accepror compartment was filled with PBS pH
5.5. (USP XXX). The membrane solution was consti-

tuted of soybean lecithin at 2% (w/v) prepared in 5
1!l dodecane. After 24-h and 72-h incubartion, residual
concentration in the donor compartment and retained
in the membrane were determined (33].

Two measurements were carried our, each com-
prising four replicate samples (n = 4), using the same
HPLC method described in section ‘HPLC method’
(methanol: water 60:40%, v/v, as the mobile phase,
with Scharlau Kromasil C 18 column (4.6 x 150 mm,
5 um, particle size) as the stationary phase). PvD stan-
dards in phosphate solution pH 5.5 were measured in
duplicate. A calibration curve equarion was found to be
y = 30.0x + 2.4, with R* > 0.998. Results are expressed
as mean £ SD.

Cell internalization of nanoparticles loaded
with Coumarin-6-confocal microscopy

Cell internalization studies of HAOA-coated nanopar-
ticles (i.e., without a-MSH) and a-MSH-conjugated
HAOA-coated nanoparticles (concentration: 12.3
ng/ml per well) were carried our on Detroir 551 (not
overexpressed CD44 and MCIR [36]), A375 (overex-
pressed CD44 and MCIR receprors [2737]) and BI6V5
cells (overexpressed CD44 and MCIR receptors [28.29].
Briefly, Coumarin-6 solution in ethanol at 2.5 ug/
ml was encapsulated in both HAOA-coated nanopar-
ticles, as targeting to CD44 receprors, and a-MSH-
conjugared HAOA-coared nanoparticles, as targeting to
both CD44 and MCIR receptors). Coumarin-6-loaded
nanoparticles were centrifuged twice (16,350 x g for 15
min) for removal of unloaded dye. First, to quantify the
dye release from the nanoparticles, they were incubated
at 37°C for 24 h, in PBS pH 7.4. Coumarin-G6 release was
determined by fuorescence spectroscapy (A = 504 nm;
3\.“=460 nm; sensibility: 2), accurl:ling to the calibration
curve y = 492 x — 3.54, R? > 0.992. Freshly prepared
Coumarin-6-loaded nanoparticles (dye concentration/
well: 1.2 pg/ml) were incubated for 2 h in 6-well plates
containing each described cell line at a density of 3 x
10° cells/well. After incubation, cells were washed and
visualized in a Confocal Micmscnpe SP5 (40X, CLSM,
Leica Microsystems, Barcelona, Spain) with an excita-
tion laser He-Ne 460 nm and a & of 300-600 nm
(Coumarin-6, &_ = 504 nm) to verify the internaliza-
tion of the nanoparticles. Different fields of the images
were recorded digitally (Nikon camera, LAS AF soft-

ware; Leica Microsystems).

In vivo preliminary studies for nanoparticles

In this preIiminary test, the in vive anticancer effect of
PvD and PvD-loaded a.-MSH conjugated HAOA-coated
nanoparticles was studied. Briefly, PvD stock solution in
methanol was prepared and diluted with water 1:100 to
reach a concentration of 100 pig/ml and kept in storage at
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-20°C unril the administration. This concentrarion was
based on previously conducted iz vitre cytotoxic assays
(MTT, 24 h) and also, in the case of the nanoparticles,
the amount of PvD released from the nanoparticles, as
obtained with the 7z vitro release studies in PBS pH 5.5.
Hairless 42-day-old male SHO-SCID mice (code: 474,
Charles River, Barcelona, Spain), immunosuppressed for
T and B cells were selected for the formation of mela-
noma xenografts models. The compatibility for imple-
menting models of melanoma xenografts with A375
cells has been described in literature (38]. This study was
conducted in accordance to the internationally accepted
principles for laboratory animal use and care as found
in Directive 2010/63/EU and the project was approved
by the Portuguese Veterinary General Division. Animals
were allowed to adapt to the laboratory for 7 days before
testing and then they were maintained with food and
water ad libitum and kepr at 22 + 1°C with controlled
12 h light/dark cycle at Faculty of Pharmacy, Univer-
sity of Coimbra. After this period, cells from section
2.2 were inoculated in the fold-back of the neck, using
a 1 ml syringe (needle size: 25 G x 5/8 in.) at a concen-
tration of 1 x 10° A375 cells/mouse in 200 pl of PBS
pH 74 as described in the literature [9]. Animals were
monitored twice a week for weight control, body condi-
tions (body condition score, BCS), behavior and signs
of tumor progression. The size of the rumor and rate of
growth were measured until they reached the desired
size (~1000 mm?) for inclusion in the study. For histo-
logical evaluation, 24 h after each treatment previously
described, the animals were sacrificed according to ani-
mal welfare principles. Tumors and organs (i.e., lungs,
hearrt, liver, spleen and kidneys) were excised, weighed
and measured. Then, organs were fixed in 10% forma-
lin, paraffin embedded and cut into 5-pum sections for
hematoxylin-cosin staining. Slices were examined under
an Olympus BX51 microscope (Olympus Corporation,
Tokyo, Japan) and images were taken using an Olym-
pus U-TV1X-2 color camera and the extent of tumor
necrosis was analyzed with Olympus analySIS software
(Olympus Corporation, Tokyo, Japan).

Statistical analysis

The signiﬁcance of differences between samples was
assessed using one-way analysis of variance (ANOVA)
for mean comparisons (Tukey’s test). A 0.05 signiﬁ-
cance level was adopted for every test.

Results

PvD is cytotoxic & induces cell death on
melanoma cells

To study the cytotoxicity of free PvD, MTT assays
were conducted. Free PvD was slightly more cytotoxic

to melanoma cell lines (i.e., A375 and BIGVS) than

o ‘normal-like’ skin fibroblasts, D551 cell line. PvD
showed an IC,| of 391 = 0.64 ug/ml for D551, and
271 + 0.86 pg/ml and 2.98 £ 0.03 pg/ml for A375
and BI6V3, respectively (Figure 2A). PvD (2.5 pg/ml)
strongly induced cell death of melanoma cells (A375
and B16V5) as determined by the PvD induced increase
in sub-G1 population when compared with the negative

control (Figure 2E).

®

—=— D551 (IC,, = 3.91 + 0.64 pg/ml)
-~ ®-- B16V5 (IC_, = 2.98 + 0.03 pg/mi)
~ A ASTS(IC = 2.71 + 0.86 pg/ml)

Cell viability (%)
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c
=
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Figure 2. Parvifloron D is cytotoxic and induces cell death on melanoma
cells. (A) Cytotoxic effect (MTT assay, 24h) of free PvD at a concentration
range of 0.1-10 ug/ml on A375, B16V5 and D551 cells; results are expressed
as percentages of the untreated control cultures (mean + SD; n = 2-3).

(B) The induction of cell death by PvD was assessed by sub-G1 (%)
determination. Melanoma cell lines (A375, B16V5) incubated in absence
or presence of 2.5 ng/ml of PvD for 24h were subjected to flow cytometry
analysis following fixation and propidium iodide labeling. Results are

representative of three independent experiments.
PvD: Parvifloron D.
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Physicochemical characterization of
nanoparticles

Considering the unselecrive cyroroxiciry of PvD, its
encapsulation into nanoparticles targered to mela-
noma cells was actemprted. Thus, nanoparticles loaded
with PvD were coated with HAOA and funcrionalized
with the peptide o-MSH. HA and «-MSH are natural
ligands for CD44 and MCIR receptors, respectively,
overexpressed in melanoma cells. For this purpose,
several formulations of nanoparticles were prepared
and characterized, sequentially, as the systems became
more complex (i.e., after addition of the HAOA coat-
ing, drug loading and ligand a-MSH conjugation).
QOur aim was to obrain nano-sized parrticles, with a
highly hydrophobic polymer-lipid core, for increased
PvD encapsulation. Also, we expect core nanopar-
ticles to be surrounded by HAOA, which would
function as a polymeric net for conjugation with the
a-MSH peptide. Therefore, parameters such as mean
size, PI, zeta potential and pH were determined for
the four types of nanoparticles studied: non-coated
nanoparticles (i.e., without HAOA coating), HAOA-
coated nanoparticles, PvD-loaded HAOA-coated
nanoparticles and a-MSH-conjugared HAOA-coated
nanoparticles (Figure 3).

Briefly, nanoparricles mean size increased after addi-
tion of HAOA coating, compared with the non-coated
nanoparticles, made of PCL and SA core (Table 1).
This increment (about 100 nm) was also visible after
drug encapsulation, as the particle size distribution
varied forming larger nanoparticles. However, in
terms of mean size value, PvD-loaded HAOA-coated
nanoparticles were slightly smaller than empry HAOA-
coated nanoparticles (~60 nm), as well as PvD-loaded

o-MSH-conjugated HAOA-coated

o
W
£

PvD

/ \ufMSH peptide

nanoparrticles

HAOA coating

HAOA-coated PvD-loaded a-MSH-conjugated
nanoparticles HAOA-coated PvD-loaded
nanoparticles HAOA-coated
nanoparticles

by solvent displacement method.

PvD: Parvifloron D.

(~90 nm). This fact is probably due to electrostatic
interactions, which may reduce and compact the par-
ticle size. Nanoparricles also changed their color ro
orange, when PvD was entrapped inside the hydro-
phobic core. In addition, the pH value was around 7.0
for all four formulations. Zeta potential mainrained its
negative charge value, as both non-coated nanopar-
ticles (mainly composed of PCL and SA), HAOA
coating and a-MSH peptide naturally show a negative
charge, in aqueous solutions.

The size and shape of the nanoparticles were also
confirmed by electron microscopy (TEM and SEM).
TEM images are presented in Figure 4A. Both non-
coated and HAOA-coated nanoparticles showed a
plain surface, a round shape and a broad distriburion
with different sizes of particles, mainly as according to
the mean value around 300 nm. For empty non-coated
nanoparticles, the core was heterogencous with the
appearance of lighter ‘channels’ in its interior. HAOA
coating was visible by the presence of a shell around the
nanoparticles” dark core, with a diameter of approxi-
mately 60-100 nm. In addition, o-MSH-conjugated
HAQOA-coated nanoparticles show a similar size and
structure to HAOA-coated nanoparrticles, not reveal-
ing an increment in the shell size after conjugation
with the peprtide. In order to evaluate the capacity
of the nanosystem to incorporate another anticancer
drug with different molecular weight, PTX was also
encapsulated into a-MSH-conjugated HAOA-coated
nanoparticles. Morphology of PTX-loaded nanopar-
ticles was similar, with a round shape and coated with
HAOA (Figure 44). Furthermore, empty and PvD-
loaded HAOA-coated nanoparticles were studied
by SEM (Figure 4B). It was possible to observe that
HAQA-coated nanoparticles tend to form aggregares
as ‘clusters’ of nanoparticles, linked by the HAOA
coating (Figure 4B). Both empty and PvD-loaded
HAOA-coated nanoparticles showed a size vary-
ing from 300 to 500 nm. Also, the diameter of par-
ticles visualized by clectronic microscopy is smaller.
However, the D-value for 90% of the nanoparticle
size distribution was determined to be around 430
nm for PvD-loaded a-MSH-conjugated HAOA
coated nanoparticles and 330 nm for empry a-MSH-
conjugated HAOA coared nanoparricles, conﬁrming
the acrual size of the nanoparticles.

Long-term stability at different storage
ter‘rlperatures

Regarding the importance of developing stable for-
mulations for drug delivery applications, we have
assessed the stability of both non-coated and HAOA-
coated nanoparticles at three different storage con-
ditions: refrigeration temperarure (4 + 2°C), room
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Table 1. Evaluation parameters for nanoparticles characterization, including mean size (nm), polydispersivity
index, zeta potential (mV) and pH of: empty non-coated nanoparticles (i.e., without HAOA), empty HAOA-coated
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nanoparticles, parvifloron D-loaded HAOA-coated nanoparticles and a-melanocyte-stimulating hormone-conjugated

HAOA-coated nanoparticles (mean value + SD; n =

Sample

Non-coated nanoparticles (without HAOA)
Empty HAOA-coated nanoparticles
HAOA-coated PvD-loaded nanoparticles

a-MSH-conjugated PvD-loaded HAOA-coated
nanoparticles

a-MSH-conjugated PTX-loaded HAOA-coated
nanoparticles

3).

Size (hnm) Polydispersivity index Zeta potential (mV) pH
351+ 41 0.192 -13+10 71+03
478 + 86 0.185 12+ 10 71205
414 + 60 0.240 18+ 1M 7.2+0.5
389+ 40 0.120 183 7.1+0.2
452+ 74 0.234 14+7 -

a-MSH: a-melanocyte-stimulating hormone; HAOA: Hyaluronic and oleic acid; PTX: Paclitaxel; PvD: Parvifloron D.

temperature (25 + 1°C) and body temperature (37 +
1°C). Stability experiments were conducted in order
to evaluate the longest period for stable nanoparti-
cles and if the temporal stabilicy was improved with
the addition of the coating material. Therefore, the
physicochemical characteristics and morphology of
the nanoparticles were studied over 1 year, as suspen-
sions. Graphics for UV-visible spectra and variation
of the physiochemical parameters (size, PI, pH and
zeta potential), as well as SEM images, are presented
as Supplementary Table 1 and Supplementary Figures
1 & 2. Before measurements, all nanoparticle sus-
pensions were easily redispersed by manual shaking.
Briefly, morphology studies by SEM showed that the
round shape and smooth surface of the nanoparticles
is maintained mostly over the study period. However,
swelling of the nanoparticles and aggregation was
observed mainly for the non-coated nanoparricles,
resulting in the formation of bigger particles. Non-
coated nanoparticles were less stable than HAOA-
coared nanoparrticles at 4 and 25°C, starting to aggre-
gate after 3 months. In spite of this, analysis of the
size showed that all nanosystems maintained their
original size around 300-400 nm, except for HAOQA-
coated nanoparticles, which had an initial size of 400
nm. Overall, both non-coated and HAOA-coated
nanoparticles when stored at room temperature (25
+ 1°C) showed lower stability, forming aggregates
after 1 month. PI was kept around 0.1 and 0.35 over
the study period. As for pH values, both non-coared
and HAOA-coated nanoparticles showed a decrease
of the neutral suspension (pH ~7), reaching acid pH
values around 3—4 at the end of the study period. In
terms of zeta potential, nanoparticles surface charge
was around -10 and -20 mV. HAOA-coated nanopar-
ticles had approximately ten-times higher values for
zeta potential than non-coated nanoparticles. Finally,
UV-Visible spectra (200-1000 nm) of diluted (1:200,

viv) nanoparticles suspension showed that both
non-coated and HAOA-coated nanoparticles absorb
mostly in the UV-range (~200 nm) and, in general,
the intensity in nanoparticles absorption decreased
as time went by. Nanoparticles size, pH values and
zeta potential did nor show significanr staristical dif-
ferences for each nanosystem (i.e., non-coated and
HAOA-coated nanoparticles) stored at 4, 25 and
37°C.

PvD solubility, encapsulation efficiency (EE, %)
& in vitro release studies

PvD is a hydrophobic compound thar is easily hydro-
lyzed in aqueous solutions, resulting in a mixture of
several decomposition products. Therefore, encapsu-
lation into nanoparticles may be a suirable strategy
to maintain the stability and activity of PvD. HPLC
studies were conducred to determine the solubility of
PvD in PBS (pH 5.5) before conducting in vitro release
studies and evaluation of EE% of PvD after entrap-
ment into the nanoparricles. PvD solubility after 8-h
incubation in PBS pH 5.5 was 2-8 pg/ml (n = 3) and
the EE% value for PvD was 86.7 + 7.5% (mean value
+ SD, n = 3). In addition, to compare the effect of
encapsulation and in vitro release of other anticancer
drugs from the HAOA-coated nanoparticles, PTX at
0.060 mg/ml was encapsulated in the HAOA-coated
nanoparticles. PTX aqueous solubility has already
been reported in literature as 0.3 pg/ml 39). EE% for
loaded PTX was derermined to be 50.5 + 3.2% (mean
value + SD, n = 3), a much lower value when compared
with PvD.

In terms of in vitro release studies, all entrapped
PvD was released from the HAOA-coated nanoparti-
cles after 60 days in PBS pH 5.5; for PTX only ~30%
of the drug was released after the same time period
(Figure 5). After 24 h, only approximately 7% of PvD
and of PTX was released from the HAOA-coated
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HAOA-coated NP

-

Figure 4. Morphology of the nanoparticles. (A) TEM micrographs

of: empty non-coated nanoparticles (scale bar: 100 nm); Empty HAOA-
coated nanoparticles (scale bar: 250 nm); a-MSH-conjugated PvD-loaded

HAOA-coated nanoparticles (scale bar: 250 nm); a-MSH-conjugated

PTX-loaded HAOA-coated nanoparticles (scale bar: 250 nm). (B) SEM
micrographs of: Empty HAOA-coated nanoparticles (scale bar: 2 um); PvD-

loaded HAOA-coated nanoparticles (scale bar: 1 um).

«-MSH: a-melanocyte-stimulating hormone; HAOA: Hyaluronic and oleic

acids; NP: Nanoparticle; PTX: Paclitaxel; PvD: Parvifloron D.
nanoparticles and no burst release was observed.
For both drugs, the release profile was continually
sustained over the time of the experiment. Moreover,
PvD degradation was assessed as the in vitro release
studies went by. PvD retention time was around 13
min, while the main degradation product appeared at
5-6 min. By calculating the percentage of the peak
area (at 5 min) in relation to the mean peak (at 13
min), it was determined that PvD degrades naturally
inside the nanoparticles (14-35% over 1 month),
while 70% of the PvD, in its original active state, was
released in PBS pH 5.5. As for PTX, the slow release
profile may be related to the fact that PTX shows high
affinity to the hydrophobic core of HAOA-coated

nanoparticles.

Physicochemical determination of
nanoparticles’ HAOA coating & of the presence
of ¢-MSH in conjugated HAOA-coated
nanoparticles

Interaction analysis by Fourier transform infrared
spectrometry

FTIR has demonstrated to be a useful technique to
interpret interactions between raw materials that com-
pose the nanoparticles, since this physicochemical
characterization is important to predict the nanopar-
ticles behavior in 77 vivo conditions. All peaks are rep-
resented in Supplementary Table 2, as well as the corre-
sponding functional groups described in the literature.
HAOA coating was confirmed by the presence of three
specific bands for amines (I, II and III) in both empty
HAOA-coated nanoparticles and PvD-loaded HAOA-
coated nanoparticles. Also, analysis of a-MSH-
conjugated HAOA-coated nanoparticles shows that
the peptide is present on the nanoparticles’ surface. As
for the interactions between drug and nanoparticles, it
was possible to differentiate the spectra of PvD-loaded
HAOA-coated nanoparticles and the physical mixture
of free PvD and empty HAOA-coated nanoparticles
(at 1:1, w/w). The drug was successfully entrapped
inside the hydrophobic core of the nanoparticles since
specific bands from PvD overlap probably due to the
presence of nanoparticles. Finally, the physical mix-
ture of nanoparticles’ components showed distinct
peaks compared with nanostructures, which may indi-
cate that the raw components interact differently after
formation of nanoparticles.

Differential scanning calorimetry

Differential scanning calorimetry studies allowed to
evaluate different assets of the developed nanosystems,
namely, PvD polymorphism, interactions between
drug, HAOA coating and nanoparticles and the
influence on their thermal events, comparing to raw
materials, including PvD after encapsulation (Figure 6).
First, it was verified that PvD is a polymorphic drug,
since the drug shows an exothermic peak (i.e., crystal-
lization effect) and an endothermic peak (i.e., melting
effect) between 150-200°C and recrystallizes, melting
again at higher temperatures. At different heating
rates, PvD showed varied melting points indicating
the presence of polymorphic forms by incomplete
crystallization. At lower heating rate (5°C/min) this
behavior is seen in detail, as the sample is exposed
more time to heating, allowing the occurrence of more
thermal events. To better understand the thermal
behavior of PvD, more crystallographic studies will
be conducted in the future. As for the thermal studies
conducted with the produced HAOA coating mate-
rial, new thermal events occur, compared with HAOA,
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alone. Empty non-coated nanoparticles and HAOA-
coated nanoparticles showed lower melting points (T
= 50-52°C), when compared with the raw materials
that compose them, especially PCL (T = 62°C). For
o-MSH-conjugated HAOA-coated nanoparticles, a
new peak was detected at around 43°C. PvD-loaded
HAOA-coated nanoparticles did not show a clear melt-
ing peak for the drug, suggesting that PvD is success-
fully entrapped into HAOA-coated nanoparricles (T,
= 51°C), as a drug dispersion.

NMR spectroscopy

NMR is another technique usually applied in the
nanoparticles chemical characterization. Although
the developed nanoparticles were very complex sys-
tems, with an extended number of peaks, the present
study confirmed the presence of HA and OA in empty
HAOA-coated nanoparticles, when compared with the
non-coated nanoparticles (i.e., withour HAOA). In
addition, the presence of the drug for the PvD-loaded
HAOA-coated nanoparrticles was also confirmed. The
use of three different solvents was essential to dissolve
the hydrophobic and hydrophilic components of the
nanoparticles in each of the samples. By comparing
the spectra, it was possible to verify that all compo-
nents were present in the nanoparticles formulation, in
spite of the complexity of these drug delivery systems.
Therefore, in Supplementary Table 3 are represented
the main NMR signals for 'H-NMR and “C-NMR
obtained, for cach sample of nanoparticles, in D,0,

DMSO-d6and CDCI,.

x-ray photoelectron spectroscopy

XPS is another technique used for chemical charac-
terization of materials’ surfaces. Thus, we have used
it in order to corroborarte the successful coating of the
nanoparticles with HAOA. Therefore, non-coated
(i.e., withour HAOA) and HAOA-coated nanoparti-
cles were compared. The binding energy (i.e. position
of the signal) and full width at half-maximum inten-
Sity (FWHM), as counts Cv, aﬂd [hﬁ Pel’cﬁﬂ[ﬂgﬁ Dfﬂ[ﬁa
of the element (%), for each XPS signal, corresponding
to C 1s, N Isand O 1s, in each sample, are represented
in Supplementary Table 4. In summary, low nitrogen
concentration was detected. Therefore, the presence
of nitrogen associated to the presence of HAOA coat-
ing was quantified, as a result of the charge transfer
of nitrogen to carbon, leading to an increase in C 1s
binding energy level [40]. Broadening of C 1s band of
non-coated nanoparticles (3.41 €V), when compared
with C 1s of HAOA-coated nanoparticles (2.50 V),
was observed. Although it was not quantifiable, the
presence of a peak at 290.7 €V position (1.7 x 10*
counts/s) was visible, corresponding to amide C(O)N
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—®— Parvifloron D-loaded HAOA-coated nanoparticles (0.0625 mn/ml)
—0— Paclitaxel-loaded HAOA-coated nanoparticles (0.06 mg/ml)

120

100

Time (days)

Figure 5. In vitro drug release of parvifloron D-loaded hyaluronic and
oleic acids coated nanoparticles at 0.0625 mg/ml (black square) and

paciltaxel-loaded hyaluronic and oleic acids coated nanoparticles at 0.060
mg/ml (open circle), for 60 days, in phosphate buffer pH 5.5 solution.
Results are expressed as mean of measurements of three independent

nanoparticle batches + SD (n = 3).
HAOA: Hyaluronic and oleic acid.

in the HAOA-coated nanoparticles sample (Figure 7).
In addirtion, there was an increase of 15% of C 1s level
for HAOA-coated nanoparricles, as expected, further
corroborating the presence of HAOA coating.

In vitro permeation studies

To help predict the in wvivo permeation behavior
of PvD as a free drug and after encapsulation into
nanoparticles, when applied onto skin, PAMPA stud-
ies were conducred for 24 h and 72 h of incubarion,
with free PvD, PvD-loaded HAOA-coated nanopar-
ticles and a mixture of free PvD and empty HAOA-
coated nanoparticles at 1:1 (w/w). While conducting
this experiment, it was very difficult to recover the
drug for HPLC quantiﬁcatinn, since PvD showed a
high affinity to the permeation membrane. There-
fore, very low recovery percentages (i.c., total amount
of drug recovered from donor compartment, acceptor
compartment and membrane) were obtained (around
22-48%). In addition, it was not possible to detect
PvD presence, by HPLC, in the acceptor compart-
ment (i.e., PBS solution at pH 5.5). Therefore, it was
also not possible to calculate the retention factors
(R) and permeability coefficients (log P) for tested
samples. In spite of this, the percentage of PvD in
the donor compartment (C,(t)/C_(0), %) and the
percentage of PvD rerained in the membrane, were
determined as represented in Figure 8.
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Figure 6. (facing page) Differential scanning calorimetry thermal transformations. (A) PvD thermal studies: free PvD at a heating rate
of 5°C/min, free PvD at a heating rate of 10°C/min and free PvD at a heating rate of 25°C/min; (E) HAOA polymer formation: polymer

HAOA, hyaluronic acid and oleic acid; (C) Nanoparticles coating: PCL, non-coated nanoparticles (i.e., bare core), mixture of non-

coated nanoparticles and HAOA polymer, as 1 mg/ml (100% coating material) and HAOA-coated nanoparticles; (D) PvD loading and
a-MSH conjugation: PvD-loaded HAOA-coated nanoparticles, a-MSH-conjugated PvD-loaded HAOA-coated nanoparticles, mixture of
all components of the nanoparticles (1:1:1:1, w/w), except PvD and a-MSH, mixture of HAOA-coated nanoparticles and free PvD (1:1,
w/w). Experiments were conducted with a temperature range from 25 to 375°C, at a heating rate of 10°C/min (except for PvD thermal
studies, as described). The number of thermal transitions, the melting point (T_,°C) and difference in Gibbs energy (AH, 1.g"), for each

sample, are also represented.

a-MSH: a-melanocyte-stimulating hormone; HAOA: Hyaluronic and oleic acids; PTX: Paclitaxel; PvD: Parvifloron D.

Cell internalization of nanoparticles loaded
with Coumarin-6

To determine if a-MSH-conjugated HAOA-coated
nanoparticles and HAOA-coated nanoparticles were
able to enter melanoma and non-melanoma cancer
cells, both nanoparticulate systems were incubated
for 2 h in complete media with Detroit 551, A375
and B16V5. Melanoma cells overexpress MCIR and
CD44 receprors, which natural ligands (i.e., a-MSH
and HA, respecrively) are present in surface of the
nanoparticles [2841-43]. Both HAOA-coated and
a-MSH-conjugated HAOA-coated  nanoparticles
entered melanoma cells, A375 and BI16VS5, reaching
the cytoplasm; but, in case of Detroit 551 ‘normal-
like” fibroblasts, the nanoparticles were also retained in
the cell surface (Figure 9). Internalization of a-MSH-
conjugated HAOA-coated nanoparrticles seems to be
equivalent in all cells.

In vitro cytotoxicity studies for nanoparticles

Regarding the cytotoxic effect of encapsulated PvD,
MTT assays were conducted with a-MSH-conjugated
non-conjugated PvD-loaded HAOA-coated
nanoparticles, and also with a-MSH-conjugated and
non-conjugated empty HAOA-coated nanoparticles
(Figure 10). For PvD-loaded nanoparticles, the con-
centration range for PvD in these studies was defined

and

based on the percentage of PvD released from the
nanoparticles after 24 h. Briefly, in accordance with
in vitre drug release study (Figure 5), after 24 h, 2.8
pg of PvD is released. Therefore, we tested concentra-
tions from 0.1 to 10 pg/ml to cover the drug release
range, since it takes 2 months to achieve 100% drug
release. It is observed that a-MSH-conjugated HAOA-
coared nanoparricles, especially, empry ones, generally
showed a smaller reduction in cell viability than their
non-conjugated counterparts. Hybrid nanoparticles
developed in this work are composed of biocompat-
ible and biodegradable materials, such as peptides,
lipids, biopolymers and polysaccharides. Previously,
we have reported a similar cytotoxic effect, concen-
tration-dependent, for the non-coated nanoparricles
(i.e., withour HAOA coaring), rcfcrring the occlusive
effect of the nanoparricles as the main reason for these

results (cellular asphyxia) [14]. The incorporation of
PvD in the nanoparticles system generally increased
the cell roxicity. At concentration of 1 pug/ml for A375
cell line and of 2.5 pg/ml for both D551 and B16V5,
there was a statistically signiﬁcam difference berween
samples.

In vivo preliminary studies for nanoparticles

In vive preliminary studies conducted with the anti-
cancer compound, PvD, showed that the tumors had
an extensive area of necrosis and were also highly
hemorrhagic (> 90%) (Figure 11). However, we could
not observe a signiﬁcam and immediare reduction on
the tumor volume, after treatment when compared
with phototherapy. Organs removed for analysis after
necropsy (i.e., heart, kidney, liver, spleen and lung)
showed no morphologic changes of these tissues,
except in spleen, which was extensively hemorrhagic.
PvD-loaded HAOA-coated nanoparticles also demon-
strated to cause multiple foci of necrosis (>20%), but
no reduction in tumor size.

Discussion

Although the primary treatment choice for cutaneous
melanoma is surgery, reoccurrences are frequent [2].
Application of nanoparticles could turn out to be a
promising tool for sustained delivery of anticancer
drugs. Local chemotherapy could limit the extension
of surgery and improve the overall patient response to
the treatment and, thus, topical chemotherapy is cur-
rently considered as an advantageous choice in recent
guidelines [1.44]. In addition, an extended exposure of
cancer cells ro local chemortherapy, during mulriple cell
cycles, appears to be more toxic than systemic chemo-
therapy over short-term administrations (3,8-9].

Herein, HAOA-coated nanoparticles, conjugated
with a-MSH capable of transporting anticancer drugs
were produced. PvD was selected as a natural diterpene
due to its great cytotoxic activity, at low micromolar
concentrartions, against cancer cell lines bur with low
selectivity [2526]. PvD shows lack of specificity, with
dramaric cytoroxic effects on noncancerous cell lines
(e.g., skin keratinocytes, HaCal; Fernandes er al.,
UnprusLIsHED Data). Also, PvD has been tested for
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Figure 7. High-resolution XPS C1s spectra for region 325-265 eV. (A) Non-coated nanoparticles; (B) HAOA-coated
nanoparticles. HAOA-coated nanoparticles spectra show the presence of amide (C(O)N) at 290.7 eV of biding
energy position (1.7 x 10* counts/s).

HAOA: Hyaluronic and oleic acid; XPS: x-ray photoelectron spectroscopy.

its anticancer activity on human myeloid leukemia contact with cells [2526]. Recently, a semipurified frac-
cell lines (HL-60, U-937, K652), lymphoid cell line  tion (DW-F5) isolated from Wrightia tinctoria (Roxb.)
(MOLT-3), human melanoma (SK-MEL-1) and breast ~ showed a high cytotoxicity (MTT assay, 72 h) against
cancer (MCF-7) cell lines, showing a significant inhib-  melanoma cells, especially A375 cell line, which IC;,
itory action on cancer proliferation (at concentration  was 8.8 pg/ml [4s]. In the present study, lower IC, | val-
of 3 uM), through a concentration-dependent man-  ues (<3 pg/ml) were obtained for PvD for A375 and
ner and by apoptosis induction, after 4 h or 24 h in  BI6V5 cells, while IC, | approximately 4 pg/ml was
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Figure 10. (facing page) Cytotoxic effect of HAOA-coated nanoparticles, MSH-conjugated HAOA-coated nanoparticles, PvD-loaded
HAOA-coated nanoparticles and PvD-loaded MSH-conjugated HAOA-coated nanoparticles, at a range of PvD concentration of
0.1-10 pg/ml (and equivalent mass of empty nanoparticles). In (A) A375, (B) B16V5 and (C) Detroit 551 cells. Results for MTT assays
are expressed as percentages of the untreated control cultures (mean £ 5D; n = 2-3). * p < 0.05, ANOVA, Tukey's test.

HAQA: Hyaluronic and oleic acid; M5H: Melanocyte-stimulating hormone; MTT: Thiazolyl blue tetrazolium bromide;

PvD: Parvifloron D.

obrtained for D551 cells. In addition, and as expected,
PvD was able to promote cell death of both A375 and
B16V5 melanoma cells, increasing sub-G1 (%) popu-
lation compared with the control. Due to its highly
hydrophobic character, PvD is insoluble and appar-
ently unstable in water. Still, this fact is only critical
when the drug is in contact with aqueous solutions, for
ll:lng periods. which did not occur l:luring the cell cul-
ture assays. Stability studies with free and encapsulated
PvD are still ongoing. Therefore, PvD is an interesting
anticancer drug to test for encapsulation into nanopar-
ticles in order to promote a local and sustained release
targeted for melanoma cancer cells.

Brieﬂy, nanoparticles were prepared according o a
traditional solvent displacement method [46], with sev-
eral improvements. Core nanoparricles (i.e., non-coated
nanoparticles) were conjugated firstly with HAOA and
secondly with a specific ligand for melanoma cells,
a-MSH. As demonstrated previously, PCL and SA, as
the materials for the core nanoparticles, can improve
drug encapsulation to greater values (>90%) and pro-
mote a controlled and prolonged drug release [14]. OA
was applied as the coating fatty acid. OA is described
as a skin permeation enhancer, a membrane ﬁuidizing
agent and capable of reducing nanoparticle aggrega-
tion [47]. In addition, as the coating material, a natural
non-sulfated high molecular weight HA was selecred.
HA is considered a nontoxic, biodegradable, biocom-
patible and water soluble polysaccharidc, which is also
anti-angiogenic and non-immunogenic [4s]. Moreover,
it is reported that lipid nanoparticles coated with high
molecular weight HA show higher binding affinicy
without dissociation to the CD44 receptors [48]. How-
ever, some aggregates of HAOA-coated nanoparticles
were visible as the HA rend ro form cross-link bridges
between them, creating ‘clusters’ that are difficult to
resuspcm:l [49]. This phennmenon is observed when the
concentration of HA is low (50].

Zeta potential is also an important feature of
nanoparticle formulations, with high impact on stabil-
ity and drug entrapment efficiency. Lower values for
zeta potential (< 20-30 mV) are indicative of low sta-
bility and faster aggregation of the nanoparticles. Still,
high molecular materials used to stabilize the nanosys-
tems, such as HA as the surface coating, act by steric
stabilization, maintaining an efficient colloidal stabil-
ity but reducing the value of surface charge [s1]. This
fact was larer confirmed throughout the long-term

stability studies, with non-coated and HAOA-coated
nanoparticles, where the stability of coated nanoparti-
cles was kepr for longer periods, despite the lower value
of zeta potential. In addition, zeta potential may vary
with the position of the drug inside or closer to the
surface, after entrapment [51].

TEM micrographs showed the difference between
l’ll]n—CDath nﬂnopa[ticlﬁs ﬂnd HAOA—COHICd l'lal'lopa[—
ticles was clear and quite similar to other HA-coated
nanoparticles described in the literature [5052-53).
Empty non-coated nanoparticles showed a size around
100 nm less than HAOA-coated nanoparticles and
small, low density ‘channels’ inside the PCL core,
which may be artributed to SA presence. The forma-
tion of these fatty acid compartments is described in
literarure and may promote a controlled drug release
as it stays stably entrapped inside them [54]. In this
work, PTX was also used as model drug to evalu-
ate the entrapment and release from HAOA-coated
nanoparticles, and to study the nanosystems’ flexibility
to incorporate multiple drugs. PTX is a natural diter-
penoid with potential application in melanoma treat-
ment [52,55], which is ~2.2-fold bigger molecule (MW:
854 g.mol™) than PvD. Comparing PvD- and PTX-
loaded HAOA-coated nanoparticles, it was observed
that they are very similar in terms of size, PI, potential
zeta and morphology.

PvD is a highly hydrophobic drug, with low solubil-
ity in PBS (2-8 pg/ml), and affinity to the hydropho-
bic PCL-SA core of the nanoparticles. As expected,
after addition of the HAOA coating we have promoted
a prolonged and sustained release, from 1 to 2 months,
when comparing to what we have obtained previously,
when encapsulating another hydrophobic molecule [14].
Also, as described previously, a slow drug release can
be associated with crystallization of the nanoparticles’
core, madﬁ PCL ﬂnd SA, due to high dl'l_lg concentra-
tion [56] or indeed by the presence of coating that pre-
vents the drug to escape the nanoparticles [s0]. How-
ever, it seems that HAOA-coated nanoparticles can
mostly entrap small hydrophobic drugs, bur it is less
efficient for large anticancer molecules such as PTX.

Nanosystems (i.e., empty non-coated and HAOA-
coated nanoparticles, a-MSH conjugated nanopar-
ticles and PvD-loaded nanoparticles) were extensively
studied in terms of physicochemical characterization.
By stability studies over 1 year, we could conclude that
refrigera[inn condirions (i.e., temperature of 4 + 2°C
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treated with parvifloron D and the organs also removed for analysis
after necropsy (i.e., heart, kidney, liver, spleen and lung). Each image

is representative of the organs removed for analysis after necropsy

(i.e., heart, kidney, liver, spleen, lung and tumor). Necrosis regions in
tumor sample are indicated with black arrows. All tissues were marked by
hematoxylin-eosin staining (H&E staining).

and residual humidity of 70%) were the best for stor-
age of HAOA-coated nanoparticles and non-coated
nanoparticles (see Supplementary Information).
However, HAOA-coated nanoparticles showed also
great stability over 1 year at body temperature (37 +
1°C). When colloidal properties were compromised or
apparent microbial growth was detected, the measure-
ments were suspended; thus, at 25 + 1°C the assay was
stopped at 6 months, for both non-coated and HAOA-
coated nanoparticles, and at 37 + 1°C, the assay was
finished for non-coated nanoparticles at 3 months of
storage. Especially non-coated nanoparticles tend to be
unstable and aggregate after 3-6 months, as a result
of the water molecules permeation though the porous
structure of PCL, which is directly exposed to the aque-
ous medium [57]. Also, PCL degrades quickly at 37°C
due to ester bonds cleavage [s8]; thus, HAOA coating,
as a shell for PCL core nanoparticles, can protect them
and improve the stability of the nanoparticles for more
than 6 months. However, stability at 25 + 1°C was
disappointing for both systems. Non-coated nanopar-

ticles and HAOA-coated nanoparticles showed a faster
disintegration probably as a result of PCL and HA fast
degradation process at room temperature [59]. Both
nanosystems maintained as an suspension of nanopar-
ticles showed an increasing acidic pH, which is associ-
ated with PCL slow degradation by acid catalysis [57].
In terms of physicochemical characteristics (namely
size, PI and zeta potential), 1-year-old nanoparticles
remained similar to freshly prepared ones, as described
for different polymeric nanoparticles (60,61]. Stability
(shelf-life) of well-defined nanostructures is one very
important issue regarding the application of these
nanoparticles for long term release of drugs, as, for
example, local implants based on the tumor site.

FTIR is a useful technique to interpret interactions
between raw materials that compose the nanopar-
ticles [62]. The presence of HAOA coating on both
empty HAOA-coated nanoparticles and PvD-loaded
HAOA-coated nanoparticles was identified by the
three specific bands for amines of HA [62.63]. In addi-
tion, the band at 1700 cm™ related with C=0O stretch-
ing vibration of carboxyl groups confirms the polymer
formation with OA [62,64], which is absent for HA and
OA mixture and isolated raw materials. The specific
band for PCL at 1730 cm™, corresponding to the -C=0
stretching, was also extremely visible, as the polymer
constitutes the main percentage of both non-coated
and HAOA-coated nanoparticles’ composition. PvD-
loaded HAOA-coated nanoparticles showed that some
characteristics bands from the drug overlapped due to
the nanoparticles matrix that involves it (e.g., 2945 cm
! for methylene C-H stretching and 1727 cm due to
the dominant C=0 stretching of PCL), and different
peaks (e.g., 1049 and 773 cm™) appear in this sample,
but not in the physical mixture. These results may
indicate that the drug is successfully entrapped inside
the hydrophobic core of the nanoparticles and that
they interact in a different manner than their physi-
cal mixture [65]. Furthermore, a-MSH-conjugated
HAOA-coated nanoparticles also show that the pep-
tide is present, especially due to appearance of band at
1645 cm™ (random coiled a-MSH), which is absent
in non-conjugated HAOA-coated nanoparticles.
Another characteristic band from a-MSH ~1670 cm
(amide I) was not seen, probably due to overlap by PCL
dominant band at 1730 cm™ (66,67).

Differential scanning calorimetry studies dem-
onstrated that PvD is a polymorphic drug. At lower
heating rate (5°C/min) we can see this behavior in
derail, as there is more time for the different effects to
occur [68,69]. To better understand the thermal behav-
ior of PvD, more crystallographic studies will be con-
ducted in the future. With regard to the nanoparticles
thermal behavior, and as described in other studies,
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PvD-loaded HAOA-coated nanoparticles didn’t show
a clear melting peak for the drug, suggesting that PvD
was converted from the crystalline stare to the amor-
phous state after loading into HAOA-coated nanopar-
ticles [4953). Interestingly, all nanosystems (i.e., non-
coated nanoparticles, HAOA-coated nanoparticles
and PvD-loaded HAOA-coated nanoparticles) showed
a lower melting point (50-52°C), in comparison with
the raw materials that compose them. This effect can be
attributed to the dimensions and high-surface-volume-
ratio of nanoparticles, as well as the incorporation of lip-
ids into the nanoparticles’ core [53,54]. Also for PCL, the
major component of the core, the raw polymer showed
higher endothermic temperarure (T _ = 62°C) compared
with nanoparricles (T =50 52“(:) as observed previ-
ously [14]. In spite of thls, the values of the heats of fusion
of PCL (107 ]J/g) and non-coated nanoparticles (93.4
J/g) were similar, indicating that the polymer main-
tained its semi-crystalline characteristics [70]. In relation
to HAOA polymer formartion and coating, three ther-
mal events were detected, at 46°C (endothermic), 134°C
and 230°C (exothermic), comparing to individual raw
components (i.e., HA and OA). Those peaks showed a
reduced height and sharpness, which can be associated
with formartion of new polymer, with a lower degree of
crystallinity [62,69). a-MSH conjugared HAOA-coared
nanoparticles showed small endothermic peak at 43°C
and, as expected, only apparent [¢7).

In terms of NMR Spectroscopy studies, the use of
three different solvents was essential to see the dissolu-
tion of the hydrophobic and hydrophilic components
of our nanoparticles in each of the samples [s6.71]. First,
both C and 'H were compared for organic solvents
such as CDCI, and DMSO-d6, which allowed to
identify peaks related to stearic and OAs, PCL, Plu-
ronic F-127 (longer hydrophobic chain [72)) and PvD,
while DEO was essential to identify peaks from Plu-
ronic F-127 (two hydrophilic chains (72]) and HAOA
(mainly HA). Non-coated nanoparticles showed the
presence of SA (CH, and CHB) 73], Pluronic F-127,
mostly the lipophilic central polypropylencoxide
(PPO moiety,C,H,) (73] and, predominantly, PCL as
the core polymer of the nanoparticles, identified by
hydroxyl end groups and methyl groups [74]. When
HAOA coating was added to the nanoparticles, HA
and OAs were also idenrified. Briefly, in CDC]A and
DMSO-d6, HA peaks were minimal but in D O,
anomeric H were present (4.60 and 4.70 ppm) [s6] CAs
for PvD-loaded HAOA-coated nanoparricles, specific
peaks for the drug were found mostly in analysis con-
ducted on CDCIl, and DMSQ-d6 solvents. Some shifts
in the peaks from “C and 'H (CDC]_J were detected
(e.g., 21.6 to 22.66 ppm (C-17 or C-18), 67.87 t0 69.06
ppm (C-2) and 127.45 to 129.7 ppm (C-8)) [75].

XPS is an X-ray technique thar focuses only on the
elements’ determination ar the surface of the nanopar-
ticles, which may increase our possibility to determine
the presence of nitrogen elements in HAOA nanopar-
ticles in comparison with non-coated nanoparticles.
The presence of an amide group (ie., C[O]N) at
290.7 eV position and an increase of Cls level (>15%)
was observed for HAOA-coated nanoparticles. This
increase may occur as a result of the charge transfer of
nitrogen to carbon and a change of the sample surface
and confirms the coating presence [39.76].

PAMPA was conducted to obtain a preliminary
characterization of the nanoparrticles system and drug
permeability, showing thar no signiﬁcan[ permeation
occurred after 24 h or 72 h, and thar almosrt all drug
was retained on the membrane. The membrane was
made of hydrophobic polyvinylidone difluoride mem-
brane and soybean lecithin (2%, w/v), which con-
firms the highly hydrophobic character of the drug.
This value also increased with time, indicating that
the drug is slowly released from the nanoparticles and
do not permeate easily. Further experiments should
focus on other iz witro or in vive models that allow
long-term drug permeation studies [77]. In spite of this,
it is expectable thar in biologic medium the nanopar-
ticles are capable of entering the cells and interacting
with membranes, due to the presence of two specific
ligands at the nanoparticles surface. Therefore, we
have conducted several in vitro studies with two mela-
noma cell lines (human A375 and murine B16V5) and
non-melanoma cell line from skin (fibroblasts Detroit
551) to understand the internalization and cytotoxic
mechanisms of the drug and nanoparricles.

Melanoma cells show several overexpressing mem-
branﬂ rCCCP[O[S, Whlc.h pfﬂmutﬂ g[uwth, diffﬂrcn—
tiation and invasion of tumor cells, ar early stages.
Therefore, polymeric nanoparticles in this study were
functionalized with two natural ligands, a-MSH and
HA, with affinity for MCIR and CD44 receptors,
respectively. First, a-MSH is an interesting rarget-
ing ligand, since it is a small molecule, natural ligand
showing higher affinity toward specific receptors and
is less immunogenic than antibodies (¢6,75]. When
a-MSH interacts with MCI1R-positive melanoma
cells proliferation and migration are inhibited [28]. As
for CD44 recepror, although it is not specific for mel-
anoma, this recepror acts in signalling of MIF, which
is a cytokine widely expressed in melanoma cells
(e.g., A375 and B16VS5), responsible for increased
cancer migration and progression [41,42]. CD44 recep-
tors are comprised within the glycoprotein family,
expressed ubiquitously in melanoma cells membrane
and showing multifunctional actions related with cell
migration, proliferation and drug resistance [16.29].
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HA, used as coating for nanoparticles, is a natural
mediator for CD44 and its binding to melanoma
cells is mainly a CD44-dependent mechanism [16,27].
Therefore, both murine B16V5 and human A375
melanoma cell lines, used in the present work, have
overexpressed CD44 and MCIR receptors. Inter-
nalization studies showed that both HAOA-coated
nanoparticles, conjugated or not with a-MSH, were
able to enter melanoma cells, but did not enter the
nucleus. Other studies have demonstrated thar ago-
nist a-MSH conjugated nanoparticles show higher
binding affinity and promote MC1R-mediated endo-
cytosis into melanoma cells (B16F10) [79]. How-
ever, we have observed that for noncancerous fibro-
blasts Detroit 551, nanoparticles also entered into
the cells. Dermal fibroblasts do not express MCIR
receptors [80], but express some CD44 receptors on
the cell membrane, which may cause HAOA-coated
nanoparticles internalization by receptor-mediated
endocytosis [36] or other non-mediated internalization
mechanisms. In addirion to cell internalizarion stud-
ies, cytotoxicity studies were conducted demonstrar-
ing that the use of ligand-mediated nanoparticles for
cell uptake associated with PvD delivery can reduce
cell viability of melanoma cells. Since nanoparticles
have a large surface area, they can adsorb a protein
corona from the biologic environment, such as cell
culture medium with FBS. This effect can cause a
concentration nondependent cytotoxicity pmﬁle‘
showing an increased cell viability at lower nanoparti-
cle concentrations. Pluronic-F127 can reduce the for-
marion of the protein corona, which may reflect the
results obtained for the MTT assays with o-MSH-
conjugated HAOA-coated nanoparticles [s1]. There-
fore, a small growth effect was observed, especially
for a-MSH-conjugated nanoparticles, as a result of
interaction between the peptide and the overexpressed
MCIR receprors, before PvD release. As previously
reported for gemcitabine-loaded nanoparticles [s2],
the cytotoxicity of our nanoparticles was similar to
the free drug. Polymeric nanoparticles are ideal anti-
cancer drug carriers, since they allow a sustained con-
trolled and targeted delivery of these drugs for long
periods. The goal of applying these nanosystems to
cancer treatment provides an increased stability of
drugs, reduce the adverse effects of chemotherapy and
maintain or, eventually, improve the efficacy of the
chemotherapy (s3]. In this context, biodegradability
and biocomparibility are important features, as well
as, higher permeability to tumor cells. Several stud-
ies have demonstrated that polymeric nanoparticles
work as excellent carriers and promoted a sustained
drug release; however, without improving the in vitre

cytotoxicity of the drug when loaded (s3.84]. The

prolonged release is pointed out as the main reason
for not reaching an effective drug concentration in
cells. In spite of this, nanoparrticles improve pharma-
cokinerics of drugs (8] and greater anticancer activ-
ity (82]. The application of polymeric nanosystems
to local cancer treatment improves the conventional
treatments for subcutaneous tumors. Preliminary in
vivo studies conducted in immunosuppressed hair-
less SCID mice for human melanoma (A375 cells)
xenograft models, with the anticancer compound, as
free PvD and PvD-loaded nanoparticles, showed that
the tumors had an extensive area of necrosis and were
also highly hemorrhagic. Therefore, this can be a pre-
liminary approach for targeting cutaneous melanoma
that may reduce cancer growth.

Conclusion

Through this experimental work, we have formulated
o-MSH-conjugated HAOA-coated nanoparticles,
characterized the systems in terms of their physical
characteristics (size dimensions, charge, strucrural
layers and morphology), raw materials and drug—
nanoparticles interactions, ligand-conjugation with
o-MSH, drug encapsulation, in vitro release profile
and permeation and, finally, cell internalization and
cytotoxicity studies. These nanosystems appear to
be promising platforms for a long-term drug release,
presenting the desired structure and a robust perfor-
mance for a targeted and local (i.e., intra-tumor) anti-
tumor therapy in cutancous melanoma in situ.

Future perspective

Hybrid nanoparticles for cancer treatment are inno-
vative nano-sized carriers, which can provide a stable
and biocompatible possibility to improve the efficacy
of drugs. Further experiments should focus on the
development of nanosystems comprising different
therapeuric stra[egies, based on distinct core struc-
tures and surface functionalization, with multiple
targeting ligands, for a broad and potential appli-
cation in heterogencous cancers, such as cutancous
melanoma.
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Executive summary

Parvifloron D is cytotoxic to melanoma cells

Characterization HAOA-coated nanoparticles

coated nanoparticles.
2°C) and 37 = 1°C.

Sustained drug release & local action
easily.

Cell internalization & cytotoxicity

melanoma cells.

« Parvifloron D (PvD) showed an IC,; of 2.71 + 0.86 pg/ml and 2.98 + 0.03 ug/ml for A375 and B16V5,
respectively, and increased sub-G1 (%) in those melanoma cell lines.

= Hyaluronic and oleic acid (HAOA)-coated nanoparticles showed consistent results, confirming the presence of
coating at the surface of the nanoparticles and an average diameter increase of 100 nm, comparing with non-

= Stability (shelf-life) of HAOA-coated nanoparticles for over 1 year was greater at refrigeration conditions (4 +

= PvD-loaded HAOA-coated nanoparticles showed an encapsulation efficiency value of around 87% and a
sustained release profile, over 2 months, while in vitro permeation studies show that PvD does not permeate

+ Ligand-mediated nanoparticles for cell uptake associated with PvD delivery can reduce cell viability of

« Preliminary in vivo studies conducted showed that the tumors had an extensive area of necrosis.
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Supporting Materials

Table S1. SEM images of non-coated nanoparticles (i.e. bare core nanoparticles) and

HAOA-coated nanoparticles, as an aqueous suspension, exposed to 4 °C, 25 °C and 37

°C, for over 12 months. Scale bars range from 500 nm to 10 pm.

Time Non-coated nanoparticles HAOA-coated
(months) nanoparticles
T=4°C+2°C

L e B TN
TM-1000_1383 2015/09/29 1301 L D56 x10k TM-1000_1385 2015/08/26 1310 L D56 x80k  10um

1.0pm

1.0pm
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TM-1000_1384 TM-1000_1381 2015/08/26 1244 L D48 x10k  10um

TM-1000_1381 2015/09/29 1336 L D54 x10k  10um

T=25°C+2°C

TM-1000_1373 2015/09/28 1224 L D49 x10k 10 um TM-1000_1375 2015/08/29 1231 L D50 x7.0k 10 um

1.0pm
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TM-1000_1379 20150929 1239 L D4,

TM-1000_1381 2015/08/29 1244 x10k  10um

TM-1000_1389 2015/09/28 13,

TM-1000_1386 2015/09/29 1350 L D52 x10k 10 um
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Figure S1. UV-Visible spectra (from 200 nm until 2000 nm) of non-coated nanoparticles
and HAOA-coated nanoparticles, as an agueous suspension, exposed to 4°C (total time:

12 months), 25°C (total time: 6 months) and 37°C (total time: 6-12 months), for over 12
months.
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Figure S2. Nanoparticle physicochemical parameters, as aqueous suspensions: (A)
size, (B) polydispersity index, PI, (C) pH and (D) zeta potential, ZP, of empty non-coated
nanoparticles (i.e., bare core nanoparticles), as dashed line, and HAOA-coated
nanoparticles, as continuous line, over 12 months (360 days) for nanoparticles stored at
4 + 2°C (m), 6 months (180 days) for nanopatrticles stored at 25 + 1°C (4 ) and 3-12
months (90-360 days) for nanoparticles stored at 37 + 1°C (O).Results are expressed as

mean of measurements of three independent nanoparticles batches + SD (n=3).
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Table S2. FT-IR spectra main peaks and correspondent functional groups identified for
all tested samples as raw components. For physical mixtures and nanoparticles, the
peaks are identified based on the functional groups of the raw components
(wavenumbers: 4000-400 cm™).

Peaks and correspondent functional
Samples

groups

Raw Materials
IR (KBr) v 1730 cm™ (C=0 stret.), 1296
cm? (C-0O, C-C stret. in crystalline
phase), 1106 cm™ (C-O stret.), 1046 cm™
(C-C stret.) and 732 cm™ (CH. rock.).
IR (KBr) v 2887 cm™ (C-H stret.), 1467
cm(O-H in-plane), 1343 cm™* (O-H
Pluronic® F-127 bend.), 1281 cm™ (C-O stretch.), 1113
cm™ (C-O-C stret.), 964 cm™ and 842
cm™.

IR (KBr) v 2915 cm™, 2849 cm?, 2655
cm?, 1702 cm?,1464 cm (O-H in-
plane),1298 cm (C=C),~ 900 cm™ (O-H
out-plane) and 719 cm (C=C rock.).
IR (KBr) v 2926 cm™ (CH;, strech.),2856
cm(CH; strech.), 1711 cm™ (C=0
Oleic Acid stretch.), 1467 cm™ (O-H in-plane), 1287
cm™(C-O stretch.),1245 cm™,~ 900 cm?
(O-H out-plane) and 617 cm?

IR (KBr) v 3412 cm™* (NH stretch.), 2908
cm?, 1652 cm™ (NH; bend.), 1618 cm™?
Hyaluronic Acid (@amine 1), 1558 cm (amine 1), 1418
cm?, 1370 cm?, 1322 cm® (amine Il1),

1314 cm™, 1233 cm™* and 1035 cm™.

Poly-g-caprolactone

Stearic Acid

IR (KBr) v 3328 cm'?, 2959 cm?, 2923
cm?, 2347 cm?, 1668 cm™, 1609 cm™,
1591 cm?, 1520 cm?, 1443 cm™?, 1351
cm?, 1314 cm?, 1292 cm® (C-O, C-C

PvD




Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

Article V

stret.), 1163 cm®, 1119 cm™, 1049 cm?,
846 cmtand 772 cm™.

Physical mixtures (1:1 w/w)

All components (except drug and

peptide)

IR (KBr) v 2917 cm™ (CH: strech.), 2856
cm(CHz strech.), 1705 cm™ (C=0
stretch.), 1465 cm™ (O-H in-plane), 1406
cm™®, 1359 cm™, 1340 cm™, 1292 cm™
(C-O stretch.), 1056 cm™, 957 cm™ (O-H
out-plane) and 717 cm.

Hyaluronic and oleic acids (1:1, w/w)

IR (KBr) v 3008 cm, 2924 cm* (CH.
strech.), 2853 cm™ (CH; strech.), 1709
cm? (C=0 stretch.), 1650 cm™ (NH;
bend.), 1408 cm™, 1336 cm™ (Amine Il1),
1075 cm?, 912 cm™ (O-H out-plane) and
717 cm,

HAOA polymer

IR (KBr) v 3432 cm™ (NH stretch.), 2924

cm?, 2849 cm (CH; strech.), 2362 cm?,
2325 cm?, 1738 cm™* (C=0 stret.), 1701
cm (C=0 stret.), 1561 cm™, 1462 cm?,
1403 cm?, 1384 cm (amine IIl), 1288
cm™, 1252 cm™, 1089 cm™, 1034 cm™,

931 cm* (O-H out-plane), 853 cm™ and

721 cm?

Empty HAOA-coated nanoparticles +
free PvD (1:1, w/w)

IR (KBr) v 2946 cm', 2863 cm, 2360
cm?, 1727 cm* (C=0 stret.), 1668 cm*
(NHz bend.), 1606 cm™, 1591 cm, 1521
cm?, 1365 cm™ (O-H bend.), 1241 cm™Y,

1049 cm™, 960 cm™, 842 cm™ and 769

cm™.
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Nanoparticles

Empty non-coated nanoparticles

IR (KBr) v 2947 cm, 2869 cm™?, 1727
cm?(C=0 stret.), 1559 cm?, 1472 cm?,
1419 cm™, 1294 cm™, 1241 cm, 1177
cm?, 1110 cm?, 1049 cm?, 962 cm™ and
734 cm™.
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Empty HAOA-coated nanoparticles

IR (KBr) v 2912 cm™, 2860 cm, 1749
cm?(C=0 stret.), 1715 cm?, 1652 cm™?
(NHz bend.), 1558 cm™, 1418 cm®, 1368
cm?, 1234 cm, 1048 cm™®, 961 cm™ and

933 cm™.

PvD-loaded HAOA-coated

nanoparticles

IR (KBr) v 2945 cm™, 2868 cm®, 2360
cm?, 2342 cm, 1728 cm* (C=0 stret.),
~ 1652 cm™* (NH; bend.), 1631 cm*,
1554 cm?, 1419 cm?, 1367 cm™ (O-H
bend.), 1242 cm?, 1049 cm, 841 cm
and 733 cm™.

a-MSH-conjugated HAOA-coated

nanoparticles

IR (KBr) v 3400 cm, 2929 cm?, 2862
cm?, 1730 cm? (C=0 stret.), 1645 cm,
1364 cm™ (O-H bend.), 1241 cm, 1050

cm?, 961 cm™* and 933 cm™.
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Table S3. Description of the main NMR signals for *H-NMR and **C-NMR (300 MHz,
D,0O, DMSO-d6 and CDCls) of the following samples: empty non-coated nanoparticles
(i.e., bare core), empty HAOA-coated nanoparticles and PvD-loaded HAOA-coated

nanoparticles.
Empty non-coated
Sample _ 5 3C (ppm) 5 H (ppm)
nanoparticles
Stearic acid, (CHs; CH>) 28.33 0.064 (m); 1.61(m)
24.55; 25.50;
Poly-e-caprolactone 1.64 (m); 2.28 (t);
CDCls 34.10; 64.14;
(COCHy; CH.COO; CH20) 4.03 (1)
173.52
Pluronic® F-127 (CzHa) 70.54 3.64 (s)
SA (CHs) - 0.059 (t); 1.21(s)
Poly- € -caprolactone 1.50 (m); 2.25 (t);
DMSO-d6 Y P - m) ®
(COCH,, CH,COO, CH20) 3.96 ()
Pluronic® F-127 (C2Ha) - 1.01 (d); 3.49 (m)
Pluronic® F-127
D20 69.47; 105.0 1.01(d); 3.54 (s)
(OCH2CHCH30)
Empty HAOA-coated
Sample _ 5 13C (ppm) 8 H (ppm)
nanoparticles
Stearic and oleic acids, 30.96 0.87 (m); 1.24 (s);
CHs ' 3.38 (M); 5.34 (1)
24.55; 25.51;
Poly- € -caprolactone,
28.31; 29.27, 1.39 (m); 1.64 (m);
(CH2)3, COCH2, CH,COO,
CDCls 34.08; 64.12; 2.30 (t); 4.05 (1)
CH20
173.52
) ) 1.99 (1); 3.54 (m);
Hyaluronic acid -
4.22 (1)
Pluronic F-127® 70.52 3.67 (m)
_ _ _ 0.83 (d); 1.22 (d);
Stearic and oleic acids, 28.57; 54.68;
1.28 (s); 2.25 (t);
CHs 69.28
5.30 ()
DMSO-d6
Poly- e-caprolactone
23.58; 26.05; 1.53 (m); 2.26 (s);
(CH2)3, COCH_2, CH,COO,
33.69 3.96 ()
CH-0)
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Hyaluronic acid

1.95 (d); 2.11 (b);
3.54 (s)

Pluronic® F-127

1.02 (d); 2.71 (s);
3.48 (s);

Pluronic® F-127

70.21 1.13 (m); 3.54 (s)
(OCH2CHCH30)
D20
Hyaluronic acid (anomeric
- 4.60 (s); 4.70 (s)
H)
PvD-loaded HAOA-
Sample _ 8 13C (ppm) & H (ppm)
coated nanoparticles
Stearic and Oleic acid 20 68 0.87 (m); 1.25 (s);
(CHs; CHy) | 5.34 ()
24.55; 25.51;
Poly- e-caprolactone 1.38 (m); 1.70 (m);
28.33; 34.14,
(COCHz2; CH.COOQO; CH:0) 2.30 (t); 4.07 (1)
64.14; 173.50
CDCls i
Pluronic® F-127 (CzHa) 63.26; 70.51 3.64 (s)
) ) 2.02 (d); 3.65 (m);
Hyaluronic acid -
4.21 (1)
22.66; 69.06; 1.12 (m); 1.35 (d);
PvD
129.70 3.71 (d)
Stearic and Oleic acid 0.83 (d); 2.25 (t);
(CHs; CHy) 531 (1)
Poly- e-caprolactone 22.50; 24.89;
1.48 (m); 3.94 ()
DMSO-d6 | (COCHz; CH,COO; CH:0) 63.87
Pluronic® F-127 (C2Ha) 70.872 1.01 (d); 3.48 (s)
Hyaluronic acid - 1.95 (d)
PvD 130.05 1.22 (m); 3.28 (1)
. 29.26; 69.47;
Pluronic® F-127
75.04; 129.62; 0.96 (m); 1.13 (m)
(OCH2CHCH30)
D20 173.15

Hyaluronic acid (anomeric
H)

3.41 (m); 4.59 (s);
4.70 (s)
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Table S4. Elemental Composition of C 1s and O 1s, for non-coated nanoparticles and
HAOA-coated nanopatrticles, regarding position (binding energy, counts eV), full width at

half-maximum intensity (FWHM) (counts, eV) and area (%) of the X-PS spectra.

Binding FWHM
Sample Element energy (counts Intensity Area (%)
evV) (counts eV)

Non-coated C1s 287.6 3.41 71.75
nanoparticles O 1s 534.6 2.53 28.25
HAOA-coated C1ls 286.6 2.50 86.39
nanoparticles O 1s 534.6 2.85 13.61
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Abstract

Background: UVB induced photochemistry of tryptophan and tyrosine residues in
proteins leads to the formation of photoproducts, such as kynurenine, N-
formylkynurenine and dityrosine and to the disruption of disulphide bridges. Epidermal
Growth Factor (EGF) is a small peptide with key medical relevance and a good model
protein for photochemical studies. Methods: This study reports the behaviour of EGF
when exposed to UVB light (295 nm), temperature and quenchers, such as polymer-
coated gold nanoparticles. Results: Gold nanoparticles (100 — 200 nm) were produced
by reduction with an aqueous plant extract and coated with oleic acid and hyaluronic
acid, showing a plasmon absorption band located within the near-infrared range (650-
900 nm), optimal for photothermal therapy applications. Conjugation of EGF onto the
nanoparticles was verified by fluorescence spectroscopy, confocal fluorescence
microscopy and circular dichroism. Cytotoxicity studies of EGF-conjugated nanoparticles
carried out in normal-like human keratinocytes (HaCaT) showed small decreases in cell
viability (0-25%), concentration dependent. EGF-conjugated nanoparticles were able to
activate and induce the internalization of EGFR in human lung carcinoma cells (A549
cells) overexpressing EGFR tagged with GFP. Conclusions: EGF photochemistry is
observed to be both temperature and light power dependent and conjugation of EGF
with polymeric-coated gold nanoparticles reduced or even avoided the formation of

photoproducts, such as, kynurenine and N—formylkynurenine.

Keywords: Epidermal Growth Factor; Epidermal Growth Factor Receptor; UVB light;

Photochemistry; Gold nanopatrticles; Receptor activation and internalization.
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1. Introduction

UV induced photo-oxidation causes protein conformational changes upon excitation of
the aromatic residues, i.e., tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe).
Three main photoproducts are kynurenine (Kyn, a photoproduct of Trp), N-
formylkynurenine (NFK, a photoproduct of Trp) and dityrosine (DT, a photoproduct of
Tyr) [1-5]. Since fluorescence excitation and emission spectra of NFK, Kyn and DT differ
from the fluorescence spectra of Trp and Tyr, formation of photoproducts can be
monitored by fluorescence spectroscopy [1]. Furthermore, UV excitation of the side
chains of aromatic residues induces the disruption of disulphide (SS) bonds mediated by
an electron transfer process, leading to the formation of a transient disulphide electron
adduct [4]. SS bonds are known to be excellent quenchers of protein fluorescence and

their reduction leads to changes in the fluorescence quantum yield of proteins [3].

The effect of UV light on the structure and function of key medically relevant proteins,
such as Epidermal Growth Factor Receptor (EGFR) [6], insulin [1] and plasminogen [2]
has been reported. Correia et al. (2014) have shown that 280 nm excitation of EGFR
hinders EGF bhinding to this specific receptor, which most likely explains why such
wavelengths can halt signalling pathways (e.g., AKT and ERK1/2 pathways) responsible
for cancer cells’ proliferation and differentiation [6]. EGFR is involved in cell proliferation,
migration, in cancer growth and invasion [6,7]. EGFR is a cell surface receptor that
belongs to the ErbB family of receptors and to the subfamily of receptor tyrosine kinases
[8]. EGFR is upregulated in several cancers, such as melanoma [8], and its
overexpression is correlated with the appearance of melanoma metastases [9]. EGF
shows high affinity to EGFR, promoting its dimerization and internalization by
endocytosis, which then activates the intracellular tyrosine kinase domain and a

downstream signaling pathway necessary for cell growth.

Bio-functionalization of nanoparticles with EGF has been applied to specific targeting
cancer cells, which overexpress EGFR and, therefore, with ample interest for cancer
treatment. EGF offers many advantages for this type of pharmaceutical application: 1)
EGF is smaller (53 amino acids; MW 6 kDa) than antibodies or other EGFR specific
ligands used for the same purpose; 2) unlike EGF, antibodies can trigger severe immune
response leading to cytotoxicity [10,11]; 3) EGF has three SS bonds, three Trp and five
Tyr and hydrophobic residues, all suitable for interactions with nanocarriers [12,13]; and

4) EGF is stable at physiological conditions and neutral pH since its pl value is around
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4.55, conferring the peptide a negative charge at pH > 7 [14]. The use of oleic acid (OA)
and polymers like hyaluronic acid (HA) can further promote the interaction and
entrapment of EGF onto gold nanopatrticles, independently of the pl and pH of the
solution, as previously reported [15]. Fourier Transform Infrared (FT-IR) studies also
showed that EGF presents a thermal unfolding at pH 7.2 that starts at 40°C, with the
transition midpoint at 55.5 °C and complete denaturation is observed above 76°C [16].
Another study evaluated the application of EGF for skin patches, showing the resistance
of this peptide to temperature (Tm ~ 79 °C) [17].

It is our aim to use EGF-conjugated HAOA-coated gold nanoparticles with plasmon
absorption band located in the near-infrared (NIR) range (i.e., 650-900 nm), for
photothermal therapy and local hyperthermia, without damage to the surrounding tissues
[18]. This study describes the behaviour of EGF when exposed to temperature, UVB light
(295 nm) and quenchers, such as gold nanoparticles coated by hyaluronic and oleic
acids (HAOA). The presence of quenchers shortens the fluorescence lifetimes and may
confer protection against photochemistry. HA is described to be an excellent
fluorescence quencher [19] and to give structural stability to small proteins [20]. OA is
also described as a good protein fluorescence quencher [21]. The present study reports
the time dependent effect of continuous 295 nm excitation of free EGF on the peptide’s
fluorescence emission intensity, as a function of irradiance level (power/unit area) and
temperature. Trp was selected as an intrinsic molecular probe and SYPRO® Orange was
used as an extrinsic molecular probe in order to monitor protein conformational changes
[22]. The formation of photoproducts, NKF, Kyn and DT, has been monitored. Moreover,
the expected protective effect provided by HAOA-coated gold nanoparticles against 295
nm-induced photochemistry on EGF was investigated by fluorescence spectroscopy.
Kinetics of the observed photochemical processes were analyzed and compared for free
EGF and EGF conjugated to HAOA-coated gold nanoparticles. Structures of free EGF
and EGF-conjugated HAOA-coated gold nanoparticles were monitored using circular
dichroism spectroscopy. Binding of EGF and EGF-conjugated HAOA-coated gold
nanoparticles to EGFR, present on the cell membrane of A549 human lung carcinoma
cells, was monitored using confocal fluorescence microscopy. Cytotoxicity assays (MTT)
were carried out in human immortalized keratinocytes, HaCaT cell line, in order to assess

the toxicity of the nanoparticles on non-cancerous cells.
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2. Materials and methods

2.1 Materials

Gold (Ill) chloride trihydrate (HAuUCls) (PubChem ID: 24895143; Product number:
G4022), L-ascorbic acid (L-AA) (PubChem ID: 24891246; Product number: A7506),
silver nitrate (AgNOs3) (PubChem ID: 24852543; Product number: S0139), hyaluronic
acid (HA) sodium salt from Streptococcus equi (MW 7,000-250,000 g.mol?) (PubChem
ID: 24878223; Product number: 53747), oleic acid (OA) (MW 282.46 g.mol?) (PubChem
ID: 24886786; Product number: 75090) were all supplied by Sigma-Aldrich (Steinheim,
Germany). Recombinant Human Epidermal Growth Factor (EGF) (PubChem ID:
62253638), Alexa Fluor® 647 and SYPRO® Orange Protein Gel Stain (5,000X
Concentrate in DMSO) were purchased from Life Technologies as molecular probes for
confocal microscopy and protein conformational studies. Primary mouse monoclonal
antibody anti-EGFR neutralizer antibody LA1 was obtained from Millipore (05-101). The
water used for buffer preparation was purified through a Millipore system. Thiazolyl Blue
Tetrazolium Bromide (MTT), Fetal Bovine Serum (FBS), puromycin and
penicillin/streptomycin were supplied by Sigma-Aldrich (Steinheim, Germany), as of cell
culture grade. Dulbecco's Modified Eagle's medium (DMEM) was supplied by Biowest

(Nuaillé, France) and DMSO was supplied by Merck (Darmstadt, Germany).

2.2 Preparation of EGF stock solution and EGF-conjugated gold nanoparticles

A 2.5 pM (16.5 pg/mL) stock solution of EGF was prepared in 2 mM Phosphate Buffer
Saline (PBS) at pH 7.4. In order to prepare EGF-conjugated HAOA-coated gold
nanoparticles, the EGF stock solution at 2.5 uM was mixed with the gold nanoparticles
solution (0.22 mM) and hyaluronic acid-oleic acid (HAOA) solution (1 mg/mL), at a 1:1
(v/v) ratio. The reaction mixture was kept for 30 min at room temperature and, then, left
overnight at 4°C protected from the light. Gold nanoparticles were produced based on
the addition of an aqueous extract of Plectranthus saccatus (10 mg/ mL) as the main
reducing and capping agent. The aqueous plant extract was used in alternative to cetyl
trimethylammonium bromide (CTAB), and prepared according to the procedure
described by Rijo et al. (2014), using a microwave method [23]. The nanoparticles
suspension was centrifuged twice at 500 x g for 20 min in a FV2400 Microspin (BioSan,
Riga, Latvia) to remove unbound peptides. The pellet was re-suspended in PBS buffer

(pH 7.4). EGF stock solution was stored at -20 °C until further use.
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2.3 EGF structure analysis and gold nanoparticles structure design

Crystallographic data used for the display of the 3D protein structure was extracted from
1JL9.pdb (3D structure of EGF, chain B), using Discovery Studio 4.1 (Accelrys Software,
San Diego, CA, USA). Distances between protein residues were obtained by using the
monitor tool in the program. Adobe lllustrator CS5 (Adobe Systems Software Ireland
Ltd.) was used in order to graphically display the EGF-conjugated HAOA-coated gold

nanoparticles.

2.4 Steady-state fluorescence spectroscopy studies

Steady-state fluorescence emission spectra were collected upon excitation of the Trp
pool of the protein at 295 nm. Excitation spectra were acquired with emission wavelength
at 330 nm. All measurements were conducted on a fluorescence RTC 2000 spectrometer
(Photon Technology International, Canada, Inc.347 Consortium Court London, Ontario
N6E 2S8) with a T-configuration, using a 75-W Xenon arc lamp coupled to a
monochromator. Samples were analyzed in quartz high precision cell with 10 cm x 2 cm
of light path (Hellma Analytics) and gently shaken before each measurement. All slits

were setto 5 mm.

2.4.1 Continuous 295 nm illumination of EGF

2.4.1.1 Temperature effect on EGF photochemistry

Continuous 295 nm illumination of EGF (fresh sample, 2.5 uM) was carried out for 2 hours
and the protein’s fluorescence emission intensity at 330 nm was monitored at five different
temperatures: 10 °C, 15 °C, 20 °C, 25 °C and 30 °C. Excitation slit was set at 0.8 mm,
with an equivalent lamp power of 1.67 uW. Fresh samples were used for each experiment.
Emission and excitation intensity spectra were corrected in real-time for oscillations in the
emission intensity of the excitation lamp. The Arrhenius plot for free EGF was also
represented and all parameters calculated, as explained further in the “Data analysis”

section.

2.4.1.2 Light power effect on EGF photochemistry

Continuous 295 nm illumination of EGF (fresh sample, 2.5 uM) was carried out for 2 hours
and the peptide’s fluorescence emission intensity at 330 nm was monitored using different
excitation slit openings: 0.1 mm, 0.5 mm, 0.8 mm, 1.2 mm and 2.0 mm corresponding to
0.12 pW, 0.30 uW, 1.67 uW, 2.34 uW and 4.40 pW, respectively. Fluorescence excitation
(em. fixed at 330 nm) and emission (exc. fixed at 295 nm) spectra of EGF were acquired

before and after each EGF illumination using different excitation slit openings. The
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excitation slit size versus excitation power was determined by measuring the power level
at the cuvette location with a power meter (Ophir Photonics StarLite Meter ASSY ROHS,
P/N7Z01565, Jerusalem, Israel) and a power head (Ophir Photonics, 30A-BB-18 ROHS,
PIN7202692, Jerusalem, Israel) upon varying the excitation slit size, as previously
reported for lysozyme [24]. The temperature of the solution was kept at 20 °C using a
Peltier element at the cuvette holder location. A fresh sample was used for each

illumination session.

2.4.1.3 SYPRO® Orange: probing EGF conformation changes induced by 295 nm and
temperature

SYPRO® Orange is used as a molecular probe in order to monitor protein conformational
changes since its fluorescence is greatly enhanced upon contact with hydrophobic
environments [25]. A 2 L aliquot (dilution 1:1000) of SYPRO® Orange stock solution
(5,000X Concentrate in DMSO) was added to a cuvette containing a fresh sample of EGF
(2.5 uM, 0.2 mL) prior to the 295 nm continuous illumination experiment. The sample was
gently shaken to mix both solutions. Fluorescence emission of SYPRO® Orange at 580
nm was monitored upon continuous illumination at 470 nm for 2 hours, at each of the
above mentioned temperatures, i.e., 10 °C, 15 °C, 20 °C, 25 °C and 30 °C. Fluorescence
intensity changes were quantified. In addition, the fluorescence emission of SYPRO®
Orange at 580 nm was monitored upon continuous illumination at 470 nm for 2 hours, at
each of the above mentioned power levels, i.e., 0.12 pyW, 0.30 uW, 1.67 pW, 2.34 pwW
and 4.40 pW (corresponding to 0.1 mm, 0.5 mm, 0.8 mm, 1.2 mm and 2.0 mm slits,

respectively). Fluorescence spectral changes were quantified.

2.4.1.4 Photoproducts of tryptophan and tyrosine

Fluorescence excitation and emission spectra of the Trp and Tyr photoproducts (e.g.,
NFK, Kyn and DT) were monitored. Excitation and emission fluorescence spectra of the
photoproducts differ from the ones of Trp and Tyr: NFK and Kyn are excited at 320 nm
and 360 nm and show a maximum emission between 400-440 nm and between 434-480
nm, respectively [26—28]. Therefore, EGF fluorescence intensity changes and spectral
shifts were quantified, before and after the illumination of EGF at 295 nm, at different

temperatures and different light power slit openings.

2.4.2 Photochemistry of EGF conjugated with HAOA-coated gold nanoparticles
The effect of continuous 295 nm excitation of EGF has been investigated for EGF

conjugated to gold nanoparticles covered by natural polymers, such as hyaluronic acid
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(HA) and oleic acid (OA). Results were compared with data obtained with free EGF. Four
samples were continuously illuminated with 295 nm light for 2 hours at 20 °C and their
fluorescence emission intensity at 330 nm has been monitored: a) free EGF, b) EGF-
conjugated HAOA-coated nanopatrticles, c) plain non-coated gold nanoparticles and d)
HAOA-coated gold nanoparticles. Based on previous studies [24], excitation slit was set
to 2.0 mm, with an equivalent power of 4.40 pW at the entrance of the excitation chamber.
Conjugation of EGF onto the HAOA-coated gold nanoparticles has been confirmed using
steady state fluorescence spectroscopy. Fluorescence excitation (em. fixed at 330 nm)
and emission (exc. fixed at 295 nm) spectra of non-conjugated EGF, of the supernatant
after centrifugation of the solution containing conjugated and non-conjugated EGF, and
of conjugated EGF onto HAOA-coated gold nanoparticles, have been acquired in order
to detect the presence of protein. In order to detect likely light-induced conformational
changes in EGF, SYPRO® Orange was used as a molecular probe. Fluorescence
emission spectra of SYPRO® Orange (excitation fixed at 470 nm) and fluorescence
excitation spectra of SYPRO® Orange (emission fixed at 580 nm) were also acquired prior
and after continuous illumination of EGF and EGF-conjugated HAOA-coated gold
nanoparticles at 295 nm for 2 hours. Formation of Trp photoproducts (Kyn and NFK) upon
295 nm excitation of free EGF and EGF-conjugated HAOA-coated gold nanopatrticles has
been confirmed using steady state fluorescence spectroscopy. In order to detect Kyn and
NFK, fluorescence emission spectra were acquired upon 320 nm excitation of the solution
before and after 2 hours of continuous illumination at 295 nm. In order to detect the
presence of Kyn, emission spectra were obtained upon 360 nm excitation before and after
295 nm continuous excitation. Fluorescence spectral changes have been quantified and
compared for free and conjugated EGF. A fresh sample was used for each illumination

run.

2.5 Physical characterization of EGF-conjugated HAOA-coated gold nanoparticles
Mean particle size, polydispersity index (PI) and zeta potential (ZP) for EGF-conjugated
HAOA-coated gold nanoparticles were determined with a Coulter Nano-sizer Delsa
Nano™C (Fullerton, CA). A low value of PI factor (< 0.25) will indicate a less dispersed
nanoparticles distribution in size. “D-value” was determined as the size distribution in
10%, 50% and 90% of the nanoparticles population [29]. EGF-conjugated HAOA-coated
gold nanoparticles were characterized by UV-visible spectroscopy (Evolution 600, UK)

and the respective maximum absorbance wavelength (Amax) was determined.
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2.6 TEM analysis of EGF-conjugated HAOA-coated gold nanoparticles

Structure and surface morphology of EGF-conjugated HAOA-coated gold nanoparticles
were analyzed by Transmission Electron Microscopy (TEM, Zeiss M10, Germany).
Samples were prepared through “sequential two-droplet” method by re-suspending the
nanoparticles in distilled water and placing a drop (5-10 uL) of the suspension on to a
formvar grid for 30-60 sec. When the nanoparticles suspension had partly dried, the
surface of the grid was washed three times with distilled water and the excess of water
was removed with a filter paper. Then, sodium phosphotungstate (PTA, 2%, w/v) was
applied to the grid for 10 sec, the excess of stain removed with a filter paper and the grid
was left to dry at room temperature for 24 hours. Samples were analyzed at voltage

setting of 60 kV. Different fields of the images were recorded digitally.

2.7 Confocal fluorescence microscopy studies with EGF-conjugated HAOA-coated
gold nanoparticles

EGF-conjugated HAOA-coated gold nanoparticles were marked with two different
fluorescent probes, Coumarin-6 and Alexa Fluor 647, as described below, for confocal
microscope visualization and colocalization. Firstly, an aliquot (20 pL) of a saturated
solution of Coumarin-6 (Amax_ex = 460 nm, Amax_em = 500 nm) in ethanol was added to an
aqueous suspension, containing the polymer HAOA and the gold nanopatrticles at 1:1
(v/v). Then, EGF marked with Alexa Fluor 647 (Amax_ex = 650 NnM, Amax_em = 665 Nm) was
added to the HAOA-coated gold nanoparticles suspension. Coumarin-6 labeled
nanoparticles were allowed to conjugate with the EGF-Alexa Fluor 647 for 30 min at
room temperature, and were left 24 hours at 4 °C, protected from the light. The
suspension was centrifuged twice at 500 x g for 20 min in a FV2400 Microspin (BioSan,
Riga, Latvia) to remove unbound EGF. The pellet was re-suspended in PBS buffer (pH
7.4). Confocal Laser Scanning Microscopy (CLSM, Leica, SP5, Mannheim, Germany)
was used to verify the colocalization of both dyes on the EGF-conjugated HAOA-coated
gold nanoparticles. The chosen excitation laser line He-Ne was 561 nm and the
fluorescence emission selected range was set to 569-666 nm. Each sample was
analyzed at room temperature and upon letting it dry on a glass slide. Different fields of

the images were recorded digitally.

2.8 Circular dichroism spectroscopy
Far UV circular dichroism (CD) spectroscopy was carried out to detect any changes in
EGF secondary structure after conjugation with HAOA-coated gold nanoparticles using

a Jasco J-720 spectropolarimeter (Jasco Corporation, Easton, MD, USA), with a
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photomultiplier suitable for the 200-700 nm range. After calibration to remove the noise
of the device, the PBS buffer used to prepare the native EGF solution and Milli-Q water
used for nanoparticles formulations were used as references to obtain the respective
baselines. Far UV spectra were acquired using a quartz cell containing solutions of free
EGF (0.3 mg/mL), EGF-conjugated HAOA-coated gold nanoparticles (16.5 pg/mL) and
HAOA-coated gold nanoparticles (without peptide). Furthermore, spectra of EGF
extracted from HAOA-coated gold nanoparticles by two different methods were
recorded: 1) EGF non-conjugated present in the supernatant after centrifugation of EGF-
conjugated HAOA-coated gold nanoparticles at 7200 x g for 10 min and 2) after
incubation of EGF-conjugated HAOA-coated gold nanopatrticles in PBS pH 5.5, at 37°C,
for 72 hours, followed by centrifugation at 9000 x g for 3 min. Scanning of each sample
was conducted from 200 nm to 260 nm with a resolution of 1 nm band width, 3
accumulations, scan speed 100 nm/min and 2 seconds response time. Data was
processed using 10 point smoothing in Origin 8.1 (OriginLab Corporation, Northampton,
MA, USA).

2.9 Cytotoxicity assays in HaCaT cell line model

Cell viability studies were conducted in human immortalized keratinocytes (HaCaT)
using the MTT assay [30,31] in order to assess the cytotoxicity of EGF-conjugated
HAOA-coated gold nanoparticles. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) medium supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin solution. HaCaT cells were seeded onto 96-well plate at a density
of 5,000 cells/ well to reach the desired confluence. EGF-conjugated HAOA-coated gold
nanoparticles were tested at different concentrations: 0-80 uM (based on the
concentration of gold). DMSO 5% (v/v) was used as the positive control. Cells were
exposed to nanoparticle suspension for 24 hours. After this period, cells were washed
twice with PBS and incubated with MTT solution (0.5 mg/mL in culture medium) for 2.5
hours at 37 °C. Culture medium was then removed and cells were washed again with
PBS. DMSO (200 pL per well) was added to dissolve the formazan crystals and
absorbance was read at 595 nm (Thermo Scientific Multiskan FC, Shanghai, China).
Three to four independent experiments were carried out, each comprising four replicate

cultures.

2.10 EGFR binding assay on A549 cells GFP-EGFR
In vitro studies were carried out in A549 cells, in which the genomic EGFR gene has

been endogenously tagged with a Green Fluorescent Protein gene (GFP) (Sigma-Aldrich
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ref. CLL1141), since this is a specific and well-studied cell model for EGFR binding assay
[32]. A549 cells were cultured in DMEM medium with FBS 10% and 1 pg/mL puromycin
and maintained at a 37 °C in a 5% CO; atmosphere, in order to analyze the effects of
adding free EGF (4 pg/mL), EGF-conjugated HAOA-coated gold nanoparticles (4 pug/mL
EGF; 60 uM gold nanoparticles) and HAOA-coated gold nanoparticles (non-conjugated;
60 uM). EGF-conjugated HAOA-coated gold nanoparticles were marked with two
different fluorescent probes, Coumarin-6 (Amax_ex = 460 nm, Amax_em = 500 Nm) and Alexa
Fluor 647 (Amax ex = 650 nm, Amax em = 665 nNm), as previously described, for confocal
microscope visualization and colocalization experiments. Free EGF was marked with
Alexa Fluor 647, while nanoparticles were labeled with Coumarin-6. Prior to the image
acquisition in the confocal fluorescence microscope, the cells were incubated 1.5 hours
with the free EGF and with the EGF-conjugated HAOA-coated gold nanopatrticles. In
specific wells, a primary mouse monoclonal antibody anti-EGFR (1 pg/mL of neutralizer
antibody LA1, Millipore (05-101)) was used to block EGFR. After 1 hour of incubation
with the antibody, free EGF or EGF-conjugated HAOA-coated gold nanoparticles were
added to the A549 cells’ incubation medium, for incubation during 1.5 hours, to see if
they compete for the receptor binding and consequent receptor internalization. As
controls, non-treated cells and HAOA-coated gold nanopatrticles loaded with Coumarin-
6 (without EGF) were used. EGFR binding and activation was analyzed by confocal
fluorescence microscopy (CLSM, Leica, SP5, Mannheim, Germany). Ligand binding to
EGFR activates the receptor and the GFP tagged receptor initially localized on the cell
membranes, is then internalized. This leads to the appearance of fluorescence granules
in the cell cytoplasm, as described previously for Human EGFR Live Cell Fluorescent

Biosensor Assay (Sigma-Aldrich, Germany).

2.11 Data Analysis
All data analysis, plotting and fitting procedures were done using Origin 8.1 (OriginLab
Corporation, Northampton, MA, USA).

2.11.1 Emission Spectra and Excitation Spectra

Emission and excitation spectra were first smoothed using a 10 points adjacent
averaging. All fluorescence spectra obtained were first Raman corrected by subtracting
the spectra recorded for the buffer in solution. Normalized emission and excitation
spectra were obtained by dividing each data point by the maximum intensity value in

each spectrum.
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2.11.2 Fitting Procedures

2.11.2.1 EGF fluorescence emission kinetic traces (em. at 330 nm) upon 295 nm
continuous excitation as a function of light power and temperature

Each decay curve acquired upon 2 hours of continuous 295 nm illumination of EGF
exposed at different temperatures (10 °C, 15 °C, 20 °C, 25 °C and 30 °C) and different
excitation slit openings (0.5 mm, 0.8 mm, 1.2 mm and 2.0 mm), was fitted using a single
exponential decay model given by the function F(t) = Ci*exp(-x*ki) + yo or a double
exponential decay model, according to F(t)=yo+Ci*exp(-ki*x)+C2*exp(-k2*x). F(t) is the
fluorescence emission intensity at 330 nm (a.u.) upon 295 nm at excitation time t (min),
Yo, C1 and C, are constants and ki, k» are the rate constant of fluorescence emission
intensity decrease (min-'); yo value was fixed to 0. Root mean square error R was > 0.99
for all fitted traces. A double exponential decay model was selected if the single decay
model did not provide a good fit. Data obtained with 0.1 mm slit size, was fitted using a
linear model (F(t)=yo+C1*x). A good fit was based on the errors associated to the different
parameters and the root mean square error. Fitted parameter values and corresponding
errors, and root mean square error values obtained after fitting the 330 nm emission

kinetic traces are displayed in Tables 2 and 3.

2.11.2.2 EGF photochemistry: Arrhenius plot and activation energy

Temperature dependence of the decay constant of the EGF kinetic traces (Fig. 2A)
(where the fluorescence emission intensity at 330 nm is displayed upon 295 nm
excitation), was analyzed using four different temperatures: 15 °C, 20 °C, 25 °C and 30
°C. Data was fitted according to the logarithmic form of the Arrhenius equation: In k = In
Ao + (E4/RT), where Ao is the pre-exponential factor, E, is the activation energy, R is the
universal constant for perfect gases (R = 8.314 J/ mol.K) and T is the temperature (in

Kelvin). The Arrhenius plot and extracted parameters are displayed in Fig. 3.

2.11.2.3 Free EGF and EGF conjugated HAOA—coated gold nanoparticles fluorescence
kinetics (em. at 330 nm) upon 295 nm excitation

Fluorescence emission intensity kinetic traces at 330 nm for free EGF, plain non-coated
gold nanoparticles, HAOA-coated gold nanoparticles and EGF-conjugated HAOA-
coated gold nanopatrticles samples are displayed in Fig. 5. Traces were acquired upon
continuous 295 nm illumination for 2 hours, at 20 °C, except for plain gold nanoparticles
and HAOA-coated gold nanopatrticles without EGF, which were illuminated for 1 hour. All

traces were fitted using a double exponential decay model according to the formula
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F(t)=yo+Ci*exp(-ki1*x)+Cz*exp(-k2*x). F(t) is the fluorescence emission intensity at 330
nm (a.u.) upon 295 nm excitation at time t (min), yo, C1 and C; are constants and ki and
k» is the rate constant of fluorescence emission intensity decrease (min?); yo value was
fixed to 0. The root mean square error R? was > 0.99 for all kinetics. The fitted parameter
values and corresponding errors, and root mean square error values obtained after fitting

the 330 nm emission kinetic traces are displayed in Table 4.

3. Results

Fig. 1 displays the 3D molecular structure of Epidermal Growth Factor, EGF (1JL9.pdb).
Although EGF is formed by two amino acid chains (A and B), only chain B is represented.
Tryptophan (Trp), Tyrosine (Tyr) residues and disulphide bridges (SS) are highlighted in
red, blue and green, respectively. In total, EGF has 2 Trp residues, 5 Tyr residues and 3
SS bridges. Table 1 lists the shortest distances between each Trp and Tyr residues and
the nearest SS bonds. The shortest distance between Tyrl3 (atom CD1) and the SS
bridge C14-C31 is 4.4 A. All considered distances were < 12 A. In addition, EGF has no
Phenylalanine (Phe) residues but has a considerable number of Arginine (Arg) residues
in its structure, close to Trp residues. Arg residues are of considerable importance since
they quench the aromatic residues fluorescence emission, when the NH2 groups become
protonated. The closest distances between these two amino acids occur between Arg45
(NE) and Trp50 (CH2) and Trp49 (CE3) at 4.5 A and 7.5 A, respectively.

Figure 1.Molecular structure of EGF (chain B) according to (1JL9.pdb). Aromatic

residues are represented by different colors: Trp (red), Tyr (blue) and Cys (green).
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Table 1. Shortest spatial distances between disulphide (SS) bonds and aromatic
residues (tryptophan and tyrosine) in EGF chain B (1JL9.pdb). The shortest distances (<
12 A) between atoms of each pair of elements (Trp, Tyr and disulphide bonds) were
considered. For Trp and Tyr residues, only atoms belonging to the indole and benzene
rings were considered, and for SS bonds one of the SG atoms. (W = Trp; Y = Tyr; PDB

atomtype descriptor used is given in parentheses).

Disulphide Bond Aromatic Residue Distance (A)
C6-C20 Y13 (CD1) 55
Y22 (CG) 9.2
Y29 (CD1) 4.8
C14-C31 Y13 (CD1) 4.4
Y29 (CD1) 9.5
Y37 (CD2) 9.7
Y44 (CD2) 11.8
C33-C42 Y13 (CD1) 7.9
Y37 (CG) 5.7
Y44 (CD2) 9.5
W49 (CZ3) 7.3

Figs. 2A and 2B display the fluorescence kinetic traces for EGF upon 2 hours excitation
at 295 nm (emission fixed at 330 nm) and for SYPRO® Orange an analogous experiment
(excitation of 470 nm and emission fixed at 580 nm), respectively. Traces were acquired
at five different temperatures: 10 °C, 15 °C, 20 °C, 25 °C and 30 °C. At all temperatures,
fluorescence emission intensity of Trp is observed to decay as a function of illumination
time. On the other hand, fluorescence emission intensity of SYPRO® Orange increases
with illumination time. The parameters and corresponding errors, as well as root mean
square error values, obtained after fitting each kinetic trace are displayed in Table 2. At

10 °C and 15 °C, EGF showed similar fluorescence emission decays with a decrease in
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Trp fluorescence emission intensity at 330 nm of 56.2%, 52.8%, respectively. The
corresponding increase in the fluorescence emission of SYPRO® Orange after 2 hours
excitation of EGF at 295 nm at 10 °C and 15 °C was 15.6% and 22.7%, respectively. At
20°C and 30 °C, the fluorescence emission intensity of Trp decreased 59.6% and 59.1%,
respectively, after 2 hours excitation of EGF at 295 nm, while the fluorescence emission
intensity of SYPRO® Orange increased 2.3% and 17.3%, respectively. At last,
continuous 295 nm excitation of EGF at 25 °C led to a 59.7% decrease in the
fluorescence emission intensity of the protein and to a 6.7% increase in the fluorescence

emission intensity of SYPRO® Orange.

EGF exc. at 20°C EGF exc. at 25°C — ¢ - EGF exc. at 30°C

= EGF exc. at 10°C — ¢ - EGF exc. at 15°C

1.8
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Figure 2. Temperature effect on EGF photochemistry: A) EGF fluorescence excitation
and emission wavelengths were fixed at 295 nm and 330 nm, respectively, at 10 °C, 15
°C, 20 °C, 25 °C and 30 °C; B) SYPRO® Orange fluorescence excitation and emission

wavelengths were fixed at 470 nm and 580 nm, at the same temperatures. Continuous
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illumination was conducted during 2 hours and the excitation slit size was set at 0.8 mm

(1.67 pW) for all experiments.

Table 2.Single exponential fit using model F(t) = C1*exp(-x*k1) + yo for each decay curve
of EGF at 10 °C, 15 °C, 20 °C and 30 °C. For the decay curve of EGF at 25 °C, a double
exponential fit using model F(t)=yo+Ci*exp(-ki*x)+C2*exp(-kz*x) was selected (see

Fig.2A). Fit parameters are displayed in this table. Adj. R? stands for Adjusted R- Square.

Decay Parameters Statistic
Yo Ci C. ky ko Aszl
10°C 7.1E+4+1.5E+2 1.0E+6+1.4E+2 - 1.1E+3+4.7 - 0.999
15°C 7.2E+4+1.5E+2 9.8E+4+1.4E+2 - 1.1E+316.2 - 0.999
20°C 7.7E+4+2.0E+2 1.2E+5+2.4E+2 - 2.2E+3+1.3E+1 - 0.999
25°C 5.6E+4+3.9E+2 4.3E+4+5.9E+2 7.1E+4+3.1E+2 2.8E+2+4.1 1.7E+3+3.0E+1 0.999
30°C 6.3E+4+1.7E+2 9.0E+442.8E+2 - 7.5E+245.9 - 0.997

In Fig. 3 is displayed the Arrhenius plot. Due to the temperature dependence of the EGF
rate constant (k), recovered from the fluorescence emission decays at 330 nm (excitation
at 295 nm), at the five different temperatures studied, we obtained an activation energy
(Ea) and a pre-exponential factor (Ao) of 19.9+0.9 kJ.moltand 0.44+0.37 s, respectively.
The equation obtained was y = -1.1x — 1933.4 (R?= 0.994).
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Figure 3. Arrhenius plot showing the linear correlation between the logarithm of the
kinetic rate constant (In k) and the inverse of temperature 1/T (In k = In Ao - Eo/RT), R? =
0.994). The activation energy (Ea) and the pre-exponential factor (Ao) were 19.91£0.9
kJ.mol! and 0.44+0.37 M™.s?, respectively. Uncertainty errors for In k values are

represented as error bars (percent of data: 1%).

In Figs. 4A and 4B are displayed, respectively, the kinetic traces for free EGF during 2
hours excitation at 295 nm (emission at 330 nm) at 20 °C and the kinetic traces for
SYPRO® Orange (excitation of 470 nm and emission at 580 nm) using different excitation
powers. Excitation of free EGF at 295 nm for 2 hours with different excitation slit sizes of
0.1 mm, 0.5 mm, 0.8 mm, 1.2 mm and 2.0 mm led to a 8.0%, 48.6%, 59.6%, 65.6% and
70.8% decrease in Trp fluorescence emission intensity, respectively. After 295 nm
excitation of EGF for 2 hours, the fluorescence emission intensity of SYPRO® Orange
increases 9.1%, 2.3%, 21.5% and 6.1% for slit sizes of 0.5 mm, 0.8 mm, 1.2 mm and 2.0
mm, respectively. In the same experiments, the fluoresce emission intensity of SYPRO®
Orange has maximally increased by 9.1%, 3.2%, 26.8% and 19.3% for 0.5 mm, 0.8 mm,
1.2 mm and 2.0 mm, respectively. No change was observed in the fluorescence emission
intensity of SYPRO® Orange at a slit size of 0.1 mm (decrease: 0.2% = ~0%). A single
exponential model (F(t) = yo +C1*exp(-x*k1)) was selected to fit the 330 nm decay curves
obtained with 0.5 mm and 0.8 mm slit openings. The traces obtained with larger slit
openings (1.2 mm and 2.0 mm) were fitted with a double exponential model

(F(H)=yot+Ci*exp(-ki*x)+C2*exp(-k2*Xx)). The corresponding fitted parameter values (C4, C>
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ki, k2, Yo) and corresponding errors, as well as root mean square error values, are
displayed in Table 3. The 330 nm fluorescence decay obtained when a slit 0.1 mm was
chosen was best fitted by a linear model.
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Figure 4. UV-light power effect (different excitation slit openings) on EGF
photochemistry: A) EGF fluorescence excitation and emission wavelengths were fixed
at 295 nm and 330 nm, respectively, for 0.1 mm (0.12 pw), 0.5 mm (0.30 pw), 0.8 mm
(1.67 pW), 1.2 mm (2.34 pyW) and 2.0 mm (4.40 uw); B) SYPRO® Orange fluorescence
excitation and emission wavelengths were fixed at 470 nm and 580 nm, for the same
power levels. Continuous illumination was conducted during 2 hours and the temperature

of each solution was kept at 20 °C for all experiments.
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Table 3. Single exponential fit using model F(t) = Ci*exp(-x*k1) + yo for each decay curve
of EGF at a power slit size of 0.5 mm and 0.8 mm (corresponding to 0.30 pwW and 1.67
KW, respectively) and double exponential fit using model F(t)=yo+Ci*exp(-k1*x)+Cz*exp(-
ko*x) for each decay curve of EGF at a power slit size of 1.2 mm and 2.0 mm
(corresponding to 2.34 W and 4.40 uW, respectively) (see Fig.4A). For slit 0.1 mm (0.12
uW), a linear model was selected. Fit parameters are displayed in this table. R? stands

for Adjusted R- Square.

Slit (mm) Decay Parameters Statistic
Yo C: C, k1 k> R?
0.1 1.8E+4+1.1E+1 -0.16£2.7E-3 - - - 0.921
0.5 5.7E+4+1.2E+2 6.2E+4+1.0E+2 - 3.0E+4+1.5E+1 - 0.999
0.8 7.7TE+4+2.0E+2 1.2E+5+2.4E+2 - 2.2E+3+1.3E+1 - 0.999
1.2 5.8E+4+1.1E+4 9.0E+4+5.6E+3 1.2E+5+5.5E+3 7.9E+3+2.1E+3 1.2E+3+3.7E+1 0.999
2.0 9.8E+4+1.8E+3 2.2E+5+1.3E+3 1.2E+5+6.4E+2 6.8E+2+4.9 5.1E+3+2.1E+2 0.999

After studying the temperature and power dependence of the kinetic traces for free EGF,
the behavior of this peptide has been monitored after conjugation with a nanosystem
made of a gold core and a biodegradable polymeric coating of HAOA. HAOA-coated gold
nanoparticles (i.e., non-conjugated with EGF) showed a mean particle size of 300 nm
(PI: 0.2) and a negatively charged surface (-19 mV) [24]. After conjugation with EGF, the
volume distribution for 90% of HAOA-coated gold nanoparticles (D 90%) was 220 nm,
as confirmed by TEM analysis, where EGF-conjugated HAOA-coated gold nanoparticles
showed a size around 100-200 nm and a spherical morphology (see Fig. 5). EGF-
conjugated HAOA-coated gold nanoparticles are displayed, both as an illustration (upper
left corner) and when imaged by TEM. EGF-conjugated HAOA-coated gold
nanoparticles are composed by a dense gold core observed in the TEM image as a dark
core, and by a soft polymeric coating of HAOA on the surface, visible in the TEM image
as a grey area around the core. EGF may be associated to the HAOA coating of the gold
nanoparticles as illustrated. Zeta potential of EGF-conjugated HAOA-coated gold

nanoparticles was around -5 mV when compared to the lower value of -19 mV for the
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HAOA-coated gold nanoparticles alone. EGF-conjugated HAOA-coated gold
nanoparticles showed a spherical morphology with the polymeric coating envelope. In
addition, a maximum absorbance peak at 655 nm compared to 800 nm observed for the
plain non-coated gold nanoparticles, indicating that a 145 nm blue shift has occurred

after conjugation.

Polymer

HAOA
Gold core

Figure 5. EGF conjugated HAOA-coated gold nanoparticles represented as an

illustration (upper corner) and as the TEM image at scale bar of 250 nm.

In Fig. 6, the EGF fluorescence emission intensity at 330 nm during 2 hours of continuous
295 nm excitation is displayed and compared for free EGF, EGF-conjugated HAOA-
coated gold nanoparticles, empty HAOA—coated gold nanoparticles and non-coated
plain gold nanoparticles, exposed to a 1 hour excitation at 295 nm (emission fixed at 330
nm). Plain gold nanoparticles (i.e., without HAOA coating) and HAOA-coated gold
nanoparticles were used as controls. The double exponential fit model (F(t)=yo+Ci*exp(-
ki*x)+Co*exp(-k2*x)) used to fit the kinetic traces for free EGF and EGF-conjugated
HAOA-coated gold nanopatrticles showed that the fluorescence emission intensity of free
EGF decayed faster than the one for conjugated EGF with HAOA-coated gold
nanoparticles. For free EGF, ki and k. were, respectively, ki = 6.8E+2 + 4.9 mintand k;
=5.1E+3 + 2.1E+2 min’, while for EGF-conjugated HAOA-coated gold nanoparticles, ki
and ko were, respectively, ki= 4.3E+2 + 1.8E+1 min! and k.= 3.9E+3 + 2.3E+2 min™.
Decay constants for conjugated EGF were 1.5-fold (k1) and 1.3-fold (k2) lower compared
to the ones for free EGF. Also, the initial Trp 330 nm fluorescence emission intensity
(excitation at 295 nm) for EGF-conjugated HAOA-coated gold nanoparticles is almost
three times lower than the initial fluorescence emission intensity of free EGF. Fitting

results are represented in Table 4.
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Figure 6. EGF fluorescence emission intensity at 330 nm for free EGF (2 hours 295 nm
excitation), EGF-conjugated HAOA-coated gold nanoparticles (2 hours 295 nm
excitation), and empty HAOA-coated gold nanoparticles and non-coated plain gold
nanoparticles (1 hour 295 nm excitation). All samples were analyzed at 20 °C and
excitation slit size fixed at 2.0 mm (4.40 pW).

Table 4. Double exponential fit using model F(t)=yo+Ci*exp(-ki*X)+Cz*exp(-k2*X) for free
EGF, EGF-conjugated HAOA-coated GNP (gold nanoparticles), plain non-coated GNP
(control) and HAOA-coated GNP (control) (see Fig. 5). Fit parameters are displayed in
this table. Adj. R? stands for Adjusted R- Square.

Pre-exponential factors

Samples Constants (yo, ki, k Adj. R?
p (Yo, ki, k2) j (€1 C)

Yo = 9.8E+4 + 1.8E+3
C; =2.2E+5 + 1.3E+3
Free EGF ki =6.8E+2+ 4.9 0.999
C,=1.2E+5 £ 6.4E+2
ko =5.1E+3 + 2.1E+2

Yo= 1.2E+5 + 4.4E+2

) C,=1.8E+4 + 4.4E+2
EGF - conjugated

k;=4.3E+2 + 1.8E+1 0.996
HAOA GNP

Cy=2.2E+4 + 2.2E+2
ko= 3.9E+3 * 2.3E+2
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Plain non-coated
GNP (control)

HAOA-coated
GNP
(control)

Yo= 7.7E+4 + 1.0E+3

ki=5.7E+2 £ 5.2E+1

k,=6.5E+3 + 5.2E+2

Yo= 8.9E+4 + 1.0E+3

ki= 3.5E+2 + 8.7E+1

ko= 7.6E+3 + 7.1E+2

0.997

0.989

C,=6.2E+3 + 3.7E+2

C,=2.6E+4 + 6.6E+2

C,=2.1E+3 *+ 2.6E+2

C,=1.8E+4 + 8.1E+2

Fig. 7 displays the effect of conjugation on the fluorescence spectra of EGF.
Fluorescence excitation spectra (emission fixed at 330 nm) and fluorescence emission
spectra (excitation fixed at 295 nm) were compared for free EGF in supernatant, EGF-
conjugated HAOA-coated gold nanoparticles (before centrifugation) and EGF-
conjugated HAOA—coated gold nanoparticles (after centrifugation) (see Fig. 7A).
Experiments were carried out at 20 °C, with a fixed excitation slit of 2.0 mm (power: 4.40
UW) and EGF was only illuminated with the light necessary for obtaining the represented
spectra. Centrifugation at 500 x g for 20 min was essential for the elimination of the non-
conjugated EGF. Isolated EGF-conjugated HAOA—coated gold nanoparticles (after
centrifugation) showed a clear emission peak at 326 nm, which confirms the presence

of Trp residues at the HAOA—coated gold nanoparticles’ surface (see Fig. 7B).
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Figure 7. A) Conjugation effect: EGF in supernatant (after conjugation) compared with
free EGF and EGF-conjugated HAOA-coated gold nanopatrticles; B) EGF-conjugated
HAOA-coated gold nanoparticles, at different scale bar. Fluorescence excitation spectra
was fixed at 330 nm and fluorescence emission spectra was fixed at 295 nm.
Experiments were conducted at 20 °C and excitation slit size fixed at 2.0 mm (4.40 pW).
No continuous excitation of EGF was conducted, beside the necessary for obtaining the

represented spectra.

Figs. 8 and 9 display the fluorescence excitation and emission spectra of EGF, as free
peptide and as conjugated with HAOA-coated gold nanoparticles, and of SYPRO®
Orange, acquired before and after 2 hours of 295 nm illumination. The fluorescence
emission and excitation intensity of SYPRO® Orange is 10 and 18.6 higher, respectively,
when added to EGF-conjugated HAOA-coated gold nanopatrticles than when added to
free EGF. After 2 hours of illumination, free EGF excitation intensity at 284 nm decreased
81.2%, while EGF-conjugated HAOA-coated gold nanopatrticles excitation intensity, at
474 nm, decreased 41.0%. Fluorescence emission intensity of free EGF at 328 nm
decreased 74.8%, after illumination, and a blue shift occurred from 344 nm to 328 nm,
while the fluorescence emission intensity of EGF-conjugated HAOA-coated gold
nanoparticles at 347 nm decreased 25.7%. After 295 nm illumination of free EGF for 2
hours, fluorescence excitation intensity of SYPRO® Orange increased 10.7%. On the

other hand, fluorescence excitation intensity of SYPRO® Orange after 2 hours of 295 nm
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illumination of EGF-conjugated HAOA-coated gold nanoparticles decreased 40.9%.
Fluorescence emission intensity of SYPRO® Orange decreased 21.4% and 23.8% after
illumination of both free EGF and EGF-conjugated HAOA-coated gold nanoparticles,
respectively. Interestingly, the fluorescence emission spectra of SYPRO® Orange
showed a blue shift (from 610 nm to 594 nm) when added to free EGF, while when added
to EGF-conjugated HAOA-coated gold nanoparticles, the peak of SYPRO® Orange

emission spectra showed a red shift from 584 nm to 628 nm (see Fig. 9).
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Figure 8. EGF fluorescence excitation and emission spectra acquired before and after
295 nm illumination for 2 hours. Trp fluorescence excitation and emission wavelengths
were fixed at 295 m and 330 nm, respectively. Excitation slit size was set at 2.0 mm (4.40

HW) and the temperature of each solution was kept at 20 °C for all experiments.
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Figure 9. SYPRO® fluorescence excitation and emission spectra acquired before and
after EGF 295 nm illumination for 2 hours. SYPRO® Orange fluorescence excitation and
emission wavelengths were fixed at 470 nm and 580 nm, respectively. Excitation slit size
was set at 2.0 mm (4.40 uW) and the temperature of each solution was kept at 20 °C for

all experiments.

In order to detect the putative presence of photochemical species such as NFK and Kyn,
fluorescence emission spectra upon 320 nm excitation were acquired for free EGF and
for EGF-conjugated HAOA-coated gold nanoparticles, before and after 295 nm
continuous illumination of the samples (see Fig. 10A). HAOA-coated gold nanoparticles
spectra, before and after 2 hours illumination at 295 nm, were used as controls. For free
EGF, a peak centered at 418 nm was observed upon 320 nm excitation. The
fluorescence emission intensity of the peak increases 51.0% after continuous excitation
with 295 nm for 2 hours. For EGF-conjugated HAOA-coated gold nanopatrticles, two
peaks were observed: a peak centered at 392 nm and a larger peak at 598 nm. The
second peak at 596-598 nm is also visible for the controls HAOA-coated gold
nanoparticles, without EGF, before and after continuous illumination, though 3 to 4 times
less intense. After continuous excitation with 295 nm for 2 hours, the fluorescence
emission intensity decreased by 14.8% and 5.8%, for the peak centered at 392 nm and
598 nm, respectively. In Fig. 10B are displayed the fluorescence emission intensity
spectra upon 360 nm excitation in order to detect the putative presence of the
photochemical species Kyn and NFK. HAOA-coated gold nanoparticles spectra, before
and after 2 hours illumination at 295 nm, were used as controls. For free EGF, a peak

centered at 460 nm is observed upon 360 nm excitation. The fluorescence emission
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intensity of the peak increases 127% after continuous excitation with 295 nm for 2 hours.
Two emission peaks were observed for EGF-conjugated HAOA-coated gold
nanoparticles: a peak centered at 461 nm and a larger peak at 580 nm. The second peak
at 580 nm is also visible for the control HAOA-coated gold nanopatrticles, without EGF,
before and after continuous illumination, but with less intensity, like observed upon 320
nm excitation. After continuous excitation with 295 nm for 2 hours, the fluorescence
emission intensity decreased by 5.7% and 40.8%, for the peak centered at 461 nm and

580 nm, respectively.
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Figure 10. A) Fluorescence emission spectra for NFK + Kyn, before and after excitation
of free EGF and EGF-conjugated HAOA-coated gold nanoparticles, at a fixed
wavelength of 320 nm. Experiments were conducted at 20 °C and excitation slit size
fixed at 2.0 mm (4.40 pW); B) Fluorescence emission spectra for Kyn + NFK, before and
after excitation of free EGF and EGF-conjugated HAOA-coated gold nanopatrticles, at a
fixed wavelength of 360 nm. Experiments were conducted at 20 °C and excitation slit
size fixed at 2.0 mm (4.40 pW).
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In Fig.11 is displayed the fluorescence emission of EGF-conjugated HAOA-coated gold
nanoparticles. EGF labeled with Alexa Fluor 647 appears in red and HAOA-coated gold
nanoparticles labeled with Coumarin-6 appear in green. Colocalization of both dyes, and
therefore of EGF and HAOA-coated gold nanoparticles, is displayed in yellow. The
sample was imaged in a confocal microscope (scale bar at 5 um). Some aggregation is

observed.

HAOA coated GNP - Coumarin-6 (green)

.

Colocalization (yellow)

7

EGF - Alexa Fluor 647 (red)

Figure 11. Colocalization of HAOA-coated gold nanoparticles conjugated with EGF.
EGF was dyed with Alexa Fluor 647 (red color) and HAOA-coated gold nanoparticles
were dyed with Coumarin-6 (green color). The parts were the HAOA-coated gold
nanoparticles are associated with EGF, in the same localization, are visible in yellow

(scale bar at 5 um).

Circular dichroism (CD) is a good method to evaluate changes in the secondary structure
of proteins. Fig. 12 shows far UV CD spectra collected for different samples. The spectra
show that after conjugation with HAOA-coated gold nanoparticles EGF maintains its
secondary structure. Although free EGF (non conjugated) has a signal of higher intensity
than the rest of the studied samples (i.e., EGF-conjugated HAOA-coated gold
nanoparticles, EGF in supernatant and extracted EGF with acidic pH solution), its
concentration was also 18 times higher. The CD spectra indicate that EGF probably has
a secondary structure, with contributions from different secondary elements. This is
suggested by the presence of a negative peak around 208 - 210 nm, characteristic of a-
helix structure. However, the negative band at 220 nm, also characteristic of a-helix
structure was not detected. The absence of CD bands above 215 — 220 nm range

suggests the presence of EGF’s B--sheets.
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Figure 12. The CD spectra of: free EGF (0.3 mg/mL), HAOA coated gold nanoparticles
(without EGF), EGF-conjugated HAOA-coated gold nanoparticles (16.5 pg/mL), non-
conjugated EGF in supernatant, extracted by centrifugation, and EGF extracted after
incubation of EGF-conjugated HAOA-coated gold nanopatrticles in phosphate buffer pH
5.5, at 37 °C, for 72 hours.

In Fig. 13 is represented the cell viability of human keratinocytes (HaCaT) exposed to
EGF-conjugated HAOA-coated nanoparticles for 24 hours. No aggregates were visible
after addition of the nanopatrticles to the plague wells. EGF has slightly promoted HaCaT
growth at lowest concentrations (1-35 puM). EGF-conjugated HAOA-coated gold
nanoparticles at 80 uM the highest concentration tested, showed a cell viability of around

75% of that of non-treated control cultures.
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Figure 13.Viability (%) of HaCaT cells exposed to EGF-conjugated HAOA-coated gold

nanoparticles for 24 hours, assessed by MTT assay (n=3-4; mean + SD).

Fig.14 displays the results from the EGFR binding assay carried out with human lung
carcinoma A549 cells. Images were taken 1.5 hours after the cells being in contact with
EGF and for the negative control. Three different samples were tested: free EGF labeled
with Alexa Fluor 647 (Al); EGF-conjugated HAOA-coated gold nanoparticles, being EGF
labeled with Alexa Fluor 647 (B1); and EGF-conjugated HAOA-coated gold
nanoparticles, with EGF labeled with Alexa Fluor 647 and the HAOA-coated gold
nanoparticles labeled with Coumarin-6 (C1). In addition, the same samples were tested
after the cells were incubated for 1 hour with anti-EGFR antibody, in order to block the
EGF receptors. Finally, two control groups were studied: CN1, corresponding to cells
from the non-treated group (i.e., cells without the addition of EGF or nanoparticles and
of the anti-EGFR antibody) and CN2, corresponding cells in presence of HAOA-coated
gold nanoparticles (without dye or EGF conjugation). In panels A1, B1 and C1 it can be
observed that EGF has induced EGFR internalization, alone and when conjugated with
the HAOA-coated gold nanoparticles. Both free EGF and EGF-conjugated HAOA-coated
gold nanopatrticles (panels B1 and C1) entered the cells’ cytoplasm but not its nucleus.
The anti-EGFR antibody blocked the binding of EGF to EGFR, preventing receptor
internalization (panel A2); however, the EGF-conjugated HAOA-coated gold
nanoparticles could still enter the cells (panels B2 and C2) despite the presence of the
antibody. The controls (panels CN1 and CN2) confirm that in the absence of EGF and in

the absence of nanoparticles there is no EGFR activation.
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CNA1 CN2

Figure 14. EGFR binding assay in A549 cell model, for 1.5 hours in contact with
treatment (100X). CN1 corresponds to the non-treated cells, while CN2 shows the
exposure to HAOA-coated gold nanoparticles (without any dye). As for the treatment
groups: Al) free EGF with Alexa Fluor 647, B1) EGF-conjugated HAOA-coated gold
nanoparticles (only EGF is marked with Alexa Fluor 647), and C1) EGF-conjugated
HAOA-coated gold nanoparticles (both EGF and HAOA-coated gold nanoparticles are
marked with Alexa Fluor 647 and Coumarin-6, respectively). For A2, B2 and C2, anti-

EGFR antibodies were added 1 hour before the addition of the tested samples.

4. Discussion

The presented data has shown that the structure of EGF (Fig. 1) can be modulated by
UV-light (295 nm) and that the photochemical changes are reduced when EGF is bound
to HAOA-coated gold nanoparticles (Fig. 6). Like other small proteins and peptides (e.qg.,

cutinase, insulin, a-lactoalbumin) [1,4,33], EGF is an interesting model protein for
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photostability studies due to the close spatial proximity between its aromatic residues
and its disulphide (SS) bridges. SS bridges are key structural elements in small proteins
[34], responsible for maintaining the proteins” structure and therefore their function.
Disruption of SS bonds induced by UV excitation of aromatic residues in those peptides
will most likely destroy its structure and impair its function [1,4,33]. Table 1 lists the three
SS bonds of EGF located in close spatial proximity to aromatic residues (Trp and Tyr).
The observed close distances will allow for electron transfer between the aromatic
residues and the SS bridges [4], leading to the disruption of such bridges. EGF is a
peptide where these reactions will occur in the presence of UVB light leading to

conformational changes and to loss of functionality.

EGF is a natural ligand for EGFR with significant biomedical importance in cancer
treatment and diagnostic [6]. Changes in the fluorescence spectra of the extrinsic
fluorescence probe SYPRO® Orange confirmed structural changes of EGF induced by
temperature (Fig. 2), prolonged illumination at 295 nm (Fig. 4) and pH, as its fluorescent
emission is enhanced upon binding to hydrophobic regions of the protein [22].
Temperature-dependent time based photochemical studies (see Fig. 2A) show that EGF
photochemistry and protein conformational space is temperature dependent, being
similar at 10 °C and 15 °C, at 20 °C and 30 °C but distinct at 25 °C. At 25 °C, SYPRO®
Orange appears to bind less to the peptide than at other temperatures, indicating that
EGF has fewer hydrophobic surfaces exposed to the solvent. The Arrhenius plot (see
Fig. 3) showed that the activation energy (Ea) associated with the photochemical
reactions induced by 295 nm on EGF was 19.9+0.9 kJ.mol? (i.e., 4.76 kcal/mol). This
value was similar to the one found for a-lactalbumin (E. = 21.8+2.3 kJ.mol™) [33]. Power-
dependent irradiation studies of EGF (see Fig. 4A) reveal that the larger the power used,
the faster the kinetics associated with the fluorescence decays. A single exponential
model was used to fit the Trp decay curves acquired with 0.30 pW and 1.67 pW (see
Table 3) but for larger powers (2.34 uW and 4.40 pW) a double exponential model was
needed. This shows that different photochemical processes are initiated at higher powers
when compared to lower powers. Experiments carried out with SYPRO® Orange (see
Fig. 4B) show the same trend. Conformational changes induced in EGF are larger when
illumination was carried out with higher powers: when using a 2.0 mm slit size opening,
the fluorescence emission intensity of SYPRO® Orange was higher than when working
with a 0.1 mm slit, indicating that the extrinsic probe is in contact with a larger

hydrophobic surface rendered accessible due to light induced conformational changes.
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Conjugation of EGF to HAOA-coated gold nanoparticles protected EGF from
photochemistry (Fig. 6, Table 4): the presence of the particles decreased the rate of the
light induced fluorescence changes and induced quenching. Both HA, OA and gold are
known to be fluorescence quenchers. EGF has a promising therapeutic value as a
targeting ligand for tumors overexpressing EGFR, such as melanoma [8,9]. Therefore, it
has been coupled to nano-sized delivery systems, made of either and both metallic and
polymeric materials [35—-39]. The photochemical protection conferred by nanoparticulate

carriers is advantageous.

Gold nanoparticles were prepared according to a seed-growth method [40]. An aqueous
extract of Plectranthus saccatus (Benth.), rich in anti-oxidative compounds (e.g.,
rosmarinic acid, caffeic acid and chlorogenic acid [41]), was used as the main reducing
and capping agent. Furthermore, a coating made of hyaluronic and oleic acids (HAOA)
was added to the gold nanoparticles. Natural polymers can work as reducing and
capping agents, activating “green” reduction of gold and being less toxic for healthy
tissues, which make them advantageous in the reduction and morphology of gold
nanoparticles [42]. Furthermore, the use of polymeric coatings is also interesting as a
way to control drug release and to increase the adsorption of ligands. Recently, Su et al.
(2014) showed that HA scaffolds can increase the adsorption and sustained release of
EGF, attached to the polymeric surface through self-assembly and electrostatic
interactions [43]. In addition, HA is reported to confer structural stability to proteins [20].
Herein, we studied the effect of mounting EGF to HAOA-coated gold nanoparticles. In
Fig. 5, it can be observed that EGF-conjugated HAOA-coated gold nanoparticles show
the gold core (dark core) surrounded by HAOA polymer. On the upper left corner of Fig.
5 is displayed a model of the EGF-conjugated HAOA-coated gold nanopatrticles. Kinetic
data displayed in Table 4 and Fig. 6 confirms that the polymers and the gold core
promoted protein quenching and induced slower decay kinetics when compared with the
data obtained with free EGF, protecting EGF from photochemistry. The same has been
reported by Oliveira Silva et al. (2015) when studying the photochemistry of free
lysozyme and comparing it to the photochemistry of lysozyme mounted onto HAOA-
coated gold nanoparticles [24]. It is likely that the structure of EGF, after conjugation to
HAOA-coated nanoparticles, sustains excitation at 295 nm for longer time periods, prior
to possible loss of structure and function. The presence of EGF conjugated to the HAOA-
coated gold nanoparticles was confirmed by fluorescence spectroscopy, after
centrifugation and re-suspension with PBS, demonstrating a clear emission peak at 326

nm for Trp residues (Fig. 7). The conjugation of EGF onto HAOA-coated gold
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nanoparticles conferred enhanced photostability to EGF. This is observed in Fig. 8,
where a smaller intensity reduction occurs in both fluorescence excitation spectra (41.0%
versus 81.2%) and fluorescence emission spectra (25.7% versus 74.8%), after 295 nm
continuous illumination. Furthermore, the observed blue shift in the fluorescence
emission spectra of free EGF, after 295 nm continuous illumination, is no longer visible
for EGF-conjugated HAOA-coated gold nanoparticles (Fig. 8). This is probably due to
the fact that conjugation of EGF has prevented conformational changes that rendered
the Trp moieties more apolar, responsible for the blue shift. SYPRO® Orange was used
as an extrinsic probe for monitoring UV-light (295 nm) induced conformational changes
in EGF (Fig. 9). Firstly, it was observed that SYPRO® Orange showed affinity towards
hydrophobic moieties in HAOA-coated gold nanoparticles, leading to an increase of its
fluorescence emission intensity signal compared to its fluorescence emission intensity in
free EGF solution (Fig. 9). Secondly, the fluorescence emission spectra of EGF-
conjugated HAOA-coated nanopatrticles suffered a red shift (from 584 nm to 638 nm)
after 2 hours of continuous 295 nm illumination. On the other hand, the fluorescence
emission spectra of free EGF suffered a blue shift (from 610 nm to 594 nm) after 2 hours
of continuous 295 nm illumination. The observed red shift for SYPRO® Orange reveals

that the probe is in a more polar environment after illumination.

Finally, the antioxidant compounds of Plectranthus saccatus, present in the HAOA-
coated nanoparticles formulation, can also have an important role in protecting EGF from
light induced reactions. Phenolic compounds are highly present in natural plant extracts
and are described to show anti-oxidant effects on Trp oxidation and to be fluorescence
guenchers [44-46]. It has been shown that the oxidation of the indole ring of Trp can be
inhibited and, consequently, the formation of NFK and Kyn, by associating proteins with
phenolic compounds from natural plant extracts [47]. This is positively correlated with
our data. Conjugation of EGF to HAOA-coated gold nanoparticles reduced or even
avoided the formation of photoproducts, such as NFK and Kyn (see Figs.10A and B).

The presence of oxidative conditions induced by light can lead to the oxidation of the
aromatic residues in proteins [1,2,6,33,48]. UVB excitation of aromatic residues in
proteins leads to the disruption of SS bridges [1-4,6] and to the formation of
photoproducts, such as N-formylkynurenine (NFK), kynurenine (Kyn) [26,49] and
dityrosine (DT) [27]. Since 295 nm excites specifically Trp residues, it is very likely that
the photoproducts formed are Trp derivatives such as NFK and Kyn and not Tyr

derivatives like DT. Furthermore, the emission spectrum of EGF upon 295 nm leads to

209



Annex |

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

a fluorescence emission spectrum that peaks around 330 nm, which makes it unlikely
that Tyr residues will be excited by EGF emission. Two excitation wavelengths were
used in order to detect the presence of photochemical products: 320 nm (Fig. 10A) and
360 nm (Fig. 10B). Light at 320 nm excites both NFK (enrk(21nm=3750 Mcm) [50-53]
and Kyn (gkynz2inm)= 1812 Mtcm™) [54]. At 315 nm, DT has an extinction coefficient equal
to 5200 Micm™ but, as explained above, it is unlikely that it has been formed [55,56].
Light at 360 nm excites NFK (€nrk@sonm=1607 M*cm™ [54] and Kyn (gkynzesnm=4530 M-
'em [57,58]) but does not excite DT. In Fig. 10A, the peak with maximum fluorescence
emission intensity (320 nm excitation) for free EGF occurs at 418 nm and for EGF-
conjugated HAOA-coated occurs at 392 nm. In Fig. 10B, the peak with maximum
fluorescence emission intensity (360 nm excitation) for free EGF occurs at 460 nm and
for EGF-conjugated HAOA-coated nanoparticles it is seen at 461 nm. This peak cannot
belong to DT, since DT is not excited at 360 nm. Therefore, it can be Kyn since the

wavelength of maximum fluorescence emission of Kyn lies within 434-480 nm.

Colocalization experiments carried out with confocal fluorescence microscopy (Fig. 11)
confirmed that EGF (red colour) appears to be associated and colocalized with HAOA-
coated gold nanoparticles (green colour), which can be visualized as yellow coloured
spots. Since EGF shows a pl around 4.55 and HAOA-coated gold nanoparticles have a
superficial negative charge (-19 mV), attractive electrostatic interaction between the
protein and the nanocarrier are not likely to occur at pH 7.4. In spite of this, a slight
increase of the nanoparticles’ surface charge after EGF conjugation (-5 mV) is observed
and, as already mentioned, the peptide conjugation onto the particles has also been
confirmed by fluorescence spectroscopy. Moreover, literature described that EGF is
likely to be associated to HA scaffolds through the polymer’s carboxylic groups and since
HA is a hydrogel with high hygroscopic character, interactions between EGF and the
polymer can occur by hydrophilic interactions [20,43,59]. Another possible mechanism
for EGF conjugation onto HAOA-coated gold nanoparticles is by means of binding
between an amino acid residue of the peptide and the HAOA coating or gold core.
Histidine has been described as a very strong metal binding amino acid [60]. EGF has
two histidine residues (His10 and His16). Lysine residues (Lys28 and Lys48) of EGF
were also pointed out as a potential binding site for EGF conjugation with HA polymer
[61], especially Lys48, which is located at the end of lateral chain of EGF.

Far UV spectra for CD showed that EGF maintained its non-helical, random coil

structure, before and after conjugation and after extraction from the HAOA-coated gold
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nanoparticles, when incubated at 37 °C in pH 5.5 phosphate buffer (Fig. 12). The native
structure of EGF is described to be mainly composed of random coil elements (72%) and
B-helical elements (25%) and only a trace of a-helical content [12,62]. The random coill
secondary structure contributes to the presence of a negative peak at 200 — 210 nm [63].
Although a typical shoulder formation at 220 nm is described for EGF [63], as indicative
of the presence of random non-helical forms and B-sheets, spectra with a flat curve
around 215 — 225 nm is also expected for EGF, suggesting a low content on 8 forms
[64]. It has been observed this flat curvature for all spectra of EGF samples above 215
— 220 nm (Fig. 12). EGF-conjugated HAOA-coated gold nanoparticles showed a
negative peak at 208 nm, as free EGF in its native form, in PBS pH 7.4. However, a
spectral blue shift was detected for both EGF in supernatant, as for the unbound peptide,
recovered after centrifugation of the EGF-conjugated HAOA-coated nanopatrticles and
EGF extracted after incubation of EGF-conjugated HAOA-coated gold nanoparticles in
phosphate buffer pH 5.5, at 37 °C, for 72 hours. Both EGF in the supernatant and
extracted EGF’s peaks shifted to 206 nm. Furthermore, HAOA-coated gold
nanoparticles, without EGF, showed an intense signal for the main negative peak at 200-
210 nm, with a minimum at 201 nm, which can be due to the fact that HAOA coating of

gold nanopatrticles, especially HA, also absorb in the far UV range [65].

After characterizing the EGF-conjugated HAOA-coated gold nanoparticles in terms of
pharmaceutical technology and protein stability, its potential biological application was
evaluated. Firstly, the cell viability in normal-like human keratinocytes (HaCaT cell line)
was tested in order to verify if our nanoparticles were safe when in contact with a healthy
non-cancer tissue (see Fig.13). Statistical analysis was based on Student’s t-test for
comparisons between cell viability values with non-conjugated HAOA-coated gold
nanopatrticles [66] and EGF-conjugated HAOA-coated nanoparticles (present work). No
significant differences (p > 0.05) were found between the viability of HaCat cells treated
with  HAOA-coated gold nanoparticles and EGF-conjugated HAOA-coated gold
nanoparticles at equal concentrations. Finally, when testing the biologic activity of EGF-
conjugated HAOA-coated nanoparticles, compared to free EGF, for EGFR binding, we
have used a well-studied cell model for described previously for Human EGFR Live Cell
Fluorescent Biosensor Assay [32]. Therefore, it was observed that both peptides, in
those different conditions, were able to bind to the receptor and activate its internalization
(visible green fluorescence as shown in Fig.14), making possible the downstream signal
transduction. It has been observed in our study that the antibody anti-EGFR

competitively inhibits the binding of free EGF to EGFR, but not for EGF-conjugated to
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HAOA-coated gold nanoparticles. Therefore, nanoparticles can also enter the A549 cells
by a putative different internalization mechanism than EGFR-modulated internalization.
EGF-conjugated HAOA-coated gold nanoparticles may modulate the endocytic
pathways for entering the cells. One example is the use of other cell receptors, such as
CD44, for which hyaluronic acid is a specific ligand, which are also described to be also
overexpressed in many solid tumor cells including breast, melanoma and lung cancer,
like the A549 cell model used in this study [67,68]. Quattal et al. (2011) confirmed this
possibility when they demonstrated by fluorescence microscopy that HA-coated
liposomes, made of high-molecular weight HA, led to increased uptake of liposomes by
A549 cells, with high and irreversible binding affinity [69]. As observed in Fig.14, EGF-
conjugated HAOA-coated gold nanoparticles accumulate around the peri-nuclear area,
but do not penetrate into the cell nucleus, after 1.5 hours-incubation. Wang et al. (2013)
showed that lipid-coated gold nanoparticles promoted the formation of acidic
compartments, which appear to be lamellar bodies, in A549 cells [70]. These vesicles
appear to internalize the nanoparticles, allowing them to enter the cell. Wang et al. (2013)
also state that internalization occurs as a result of the negative charge of gold
nanoparticles penetrating the lung surfactant, which primarily contains a mixture of
phosphatidyl choline and phosphatidyl glycerol lipids [70]. Other polymeric coated gold
nanoparticles, also highly negatively charged (-40 mV) were retained in the
endolysosomal compartments, also predominant presence at the perinuclear region,
after 1 and 2 hours-incubation with A549 cells [71]. This internalization was reported to
occur very quickly, around 1 hour to 2 hours, probably due to EGF small size and high
affinity to EGFR. Maybe, as a consequence, the clearance is also faster in lysosomes
and in cells with high expression of EGFR [72]. Finally, another study using A549 lung
cancer cells, sulfhydryl-activated EGF conjugation with lipidic nanoparticles were
colocalized with the labeled EGF receptors and the internalization of EGF-conjugated
nanoparticles was visible [37]. Therefore, the EGF-conjugated HAOA-coated gold
nanoparticles developed in this work show a potential application for near infrared (NIR,
650-800 nm) photothermal therapy, which may efficiently destroy cancer cells. NIR
photothermal therapy reduces the damage of the healthy tissue compared to visible

photothermal therapy [73].
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5. Conclusions

The photochemistry of free EGF, EGF-conjugated HAOA-coated nanoparticles and non-
conjugated nanoparticles (both coated and uncoated) has been compared as a function
of 295 nm excitation power and temperature. EGF attachment to HAOA-coated
nanoparticles was confirmed by fluorescence spectroscopy, confocal microscopy and
circular dichroism. HAOA-coated gold nanoparticles protected EGF from 295 nm
induced photochemistry and did not induce EGF denaturation, reducing the formation of
photoproducts such as NFK and Kyn. EGF-conjugated HAOA-coated nanoparticles did
not markedly decrease HaCaT cell viability and were able to enter the EGFR-

overexpressing tumor cell line A549, by different internalization mechanisms.
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Abstract

In this work in vivo efficiency and safety of multifunctional hybrid nanoparticulate systems
for cutaneous melanoma treatment were assessed for a targeted photothermal therapy.
Hairless severely immunocompromised mice were selected for xenograft models of
inoculated A375 human melanoma cells. Tumor-bearing mice were monitored twice a
week for weight, body conditions and tumor growth. For photothermal therapy studies, a
near-infrared laser at 811 nm was used in combination with hyaluronic and oleic acids-
coated gold nanoparticles conjugated with Epidermal Growth Factor. This treatment
allowed a tumor reduction of around 80% in volume and led to the formation of several
necrotic foci, observed after histological analysis. No significant skin erythema at the
irradiation zone was verified, as well as for other excised organs. In conclusion,
conducted preliminary in vivo assays show the potential of this local anti-tumor therapies,

based on multiple and specific targeted moieties conjugated with nanosystems.

Keywords: Human melanoma; Xenograft model; Photothermal therapy; Multifunctional

nanoparticles; Targeted delivery; Epidermal Growth Factor.
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1. Introduction

Pre-clinical studies for predicting efficiency and toxicity of anti-cancer therapies still
depend mostly on animal models [1,2]. Several cancer models have been developed for
pre-clinical animal studies, but xenograft models are still widely preferred, as they allow
the transplant of human cancer cells into mice [3]. Immunocompromised animals are
selected to avoid the rejection of the human cells by the mice immune system. In general,
human melanoma xenograft models show many advantages, such as the possibility of
human cells to interact directly with the murine stroma environment (i.e., lymphatic and
blood vessels) and the possibility of controlling the tumor growth and experimental
points, through a standardized technique of the injected cells [4]. Moreover, these
orthotopic tumor models also allow the evaluation of anti-tumor efficacy with

reproducibility, cost and time-effectiveness and are applicable to many cell lines [2].

Human melanoma is characterized to have a hypervascular tissue and metastasis
formation is associated with blood vessel density [5,6]. In addition, human melanoma
shows a natural tumorogenic potential, promoting the cancer proliferative and invasive
properties [4]. Xenografts of melanoma metastatic cells, such as A375 cells are used
both for local orthotopic tumor development through intra-dermal (i.d.) administration [7],
and for metastases appearance (e.g., lungs and brain), when administered intravenously
(i.v.) via tail vein [8]. Local administration (i.d.) can hinder this effect as compared to
subcutaneous (s.c.) or iv. injected cells by the tail vein [4,7]. Thus, A375 human

melanoma cell line has been used successfully in many pre-clinical studies [9-12].

As a result of the evolution of cancer study, nanotechnology has been applied, with a
significant outcome, in cancer treatment and diagnosis, by helping in molecular
characterization and detection of cancerous or even precancerous tissues, with high
accuracy and specificity [13]. Several and complex drug delivery systems that have been
developed in research environment are now reaching the pharmaceutical pipelines and
clinical trials [14]. Aiming a specific ligand-target receptor mechanism for internalization
by cancer cells, conjugation of drug delivery systems with polymers (e.g., polyethylene
glycol (PEG)) and targeting moieties (e.g., hormones, growth factors and antibodies), by
chemical coupling reaction or electrostatic interactions, can improve their specific

accumulation in the tumor site [15,16].
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In terms of targeted therapies for melanoma, there is an enormous increase in the
number of new medicines that enter clinical trials and are already available for patients
[17]. Furthermore, novel approaches aiming a targeted and more efficient melanoma
treatment are being studied, with promising outcomes, by the use of nanoparticles, such
as in gene and cell therapies, light-based therapies (i.e., photothermal and photodynamic
therapies) and chemotherapy [18]. In photothermal therapy, gold nanoparticles show a
great flexibility for obtaining multifunctional systems, as a result of their plasmonic
tunable properties and surface functionalization [19,20]. Recently, near infrared (NIR)
light-based therapies are being intensively studied to promote activation of metallic-
based nanoparticles [21]. NIR light is slightly absorbed by the chromophores present in
our healthy tissue (also called as the “optical window” or “therapeutic window”) and
allows a greater penetration depth (approximately 10-20 mm) [19,22]. Moreover,
research studies have shown that gold nanoparticles have greater accumulation and
tumor residence, when administered directly into the tumor (i.e., via intra-tumor injection),
rather than by systemic routes (e.g., tail vein i.v. injection) [23]. The addition of targeting
moieties and ligands, by physical adsorption of a coating polymer or by the use of linkers,
are also helpful in accomplishing a localized and selective therapy [21,24]. Additionally,
nanoparticles are extensively applied as carriers for anti-cancer drugs. These systems
are generally used to reduce systemic adverse effects of conventional chemotherapy,
improving the therapeutic efficacy of drug and its biodistribution specifically at the tumor
site, as a result of a higher drug accumulation in targeted tissue [25]. The uptake of
nanoparticles by tumor cells can also occur by passive uptake, via the enhanced
permeability and retention (EPR) effect, due to leaky tumor vasculature, as well as by

active uptake, where targeting receptor-mediated internalization takes place [18,25,26].

Herein, we aim to study the efficiency and safety of multifunctional nanoparticulate
systems, conjugated with multiple targeting moieties specific for melanoma cells, applied
to local and targeted phototherapy. Previously, we have developed and characterized
the nanosystems: firstly, Epidermal Growth Factor (EGF) conjugated gold nanopatrticles,
coated with a biopolymer (Hyaluronic acid, HA) and oleic acid (OA), were developed for
NIR photothermal therapy [27]. Thus, aiming the separated study of both strategies as
cutaneous melanoma therapies, orthotropic models made from A375 cells were
selected, since this cell line is described to overexpress multiple receptors with medical
relevance, on the cells’ surface, such as: 1) CD44 receptors, which natural ligand is the
hyaluronic acid, also present in the HAOA coating material of both developed

nanopatrticles [28] and 3) EGFR, for which EGF is also the natural peptide ligand [29].
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2. Materials and methods

2.1Materials
Gold (Ill) chloride trihydrate (HAuCls) (PubChem ID: 24895143; Product number:
G4022), L-ascorbic acid (L-AA) (PubChem ID: 24891246; Product number: A7506),
silver nitrate (AgNO3) (PubChem ID: 24852543; Product number: S0139), hyaluronic
acid (HA) sodium salt from Streptococcus equi (MW 7,000-250,000 g.mol?) (PubChem
ID: 24878223; Product number: 53747), oleic acid (OA) (MW 282.46 g.mol ) (PubChem
ID: 24886786; Product number: 75090) were all supplied from Sigma-Aldrich (Steinheim,
Germany). Recombinant Human Epidermal Growth Factor (EGF) (PubChem ID:
62253638) was purchased from Life Technologies. The water used for buffer preparation
was purified through a Millipore system. Fetal Bovine Serum (FBS) and
penicillin/streptomycin were supplied by Sigma-Aldrich (Steinheim, Germany), as of cell
culture grade. Dulbecco's Modified Eagle's medium (DMEM) was supplied by Biowest

(Nuaillé, France).

2.2 Cell culture
To conduct the in vivo preliminary assays for evaluation of both targeted photothermal
and chemotherapies, human melanoma A375 cell line (ATCC® CRL-1619™) was
selected for the implementation of cancer xenografts in immunodeficient mice. The
human melanoma A375 cell line is commonly used for human xenograft models and has
overexpressed receptors for all the two targeting moieties that are conjugated with the
nanosystems we assessed the in vivo efficiency profile: Epidermal Growth Factor (EGF)/
Epidermal Growth Factor Receptors (EGFR) [29], Hyaluronic acid (HA)/ CD44 receptor
[28]. Firstly, A375 cells were cultured in an incubator at 37 °C and 5% CO- for one week
in DMEM with 10% FBS and 1% penicillin/streptomycin, to obtain a confluence around
80%, before the day of the injection [3,12]. At the day of the injection, cells were treated
with versene and NaCOs for alkalinization and harvested with trypsin and EDTA. Then,
cells were centrifuged at 800 x g for 5 min (Eppendorf AG, Hamburg, Germany) and re-
suspended in a 50 mL- falcon tube with Phosphate Buffer Saline pH 7.4 (USP XXX) for

injection in mice.

2.3 Human melanoma xenograft
Hairless 42 days-old male SHO-SCID mice (code: 474, Charles River, Barcelona),
immunosuppressed for T and B cells were selected for the formation of melanoma

xenografts models. The compatibility in implementing models of melanoma xenografts
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with A375 cells has been described in literature [30,31]. This study was conducted in
accordance to the internationally accepted principles for laboratory animal use and care
as found in Directive 2010/63/EU and the project was approved by the Portuguese
Veterinary General Division (DGAV). Animals were allowed to adapt to the laboratory for
7 days before testing and then they were maintained with food and water ad libitum and
kept at 22.0 £ 1.0°C with controlled 12 h light/dark cycle at Faculty of Pharmacy,
University of Coimbra. After this period, cells from section 2.2 were inoculated in the fold-
back of the neck, using a 1 mL syringe (needle size: 25 G x 5/8 in.) at a concentration of
1x108 A375 cells/ mouse in 200 pL of PBS pH 7.4 as described in the literature [9].
Animals were monitored twice a week for weight control, body conditions (body condition
score, BCS), behavior and signs of tumor progression. The size of the tumor and rate of
growth were measured until they reached the desired size (around 1,000 mm?3) for

inclusion in the study. Tumor volume was calculated by the following equation (1):

(1) length (width)? /2

where length is the largest diameter and width is the smallest diameter perpendicular to
the length.

Follow-up was carried out in total over 60-90 days. After this period of evaluation, it was
concluded that there was a small change in total weight, over time, and physical and

behavioral conditions of the animals were kept stable.

2.3.1 Photothermal therapy

2.3.1.1 Preparation of the EGF-conjugated HAOA-coated gold nanoparticles
Firstly, EGF-conjugated gold nanoparticles, coated with hyaluronic and oleic acids
(HAOA-coated gold nanopatrticles) were prepared as previously described [27]. Gold
nanoparticles were produced based on the addition of an aqueous extract of
Plectranthus saccatus (10 mg/mL) as the main reducing and capping agent. Then, the
gold nanoparticles were allowed to react with the coating material HAOA for 15 min at
800 rpm, with a final concentration 0.5 mg/mL. Next, the EGF peptide (10 pg/mL) was
added to the formulation and allowed to interact with the HAOA-coated gold
nanoparticles for 30 min at 800 rpm. EGF-conjugated HAOA-coated gold nanopatrticles
were stored for 24h at 4°C, protected from light, and afterwards centrifuged at 10,900 x
g for 10 min (Hermle Labortechnik Gmbh, type Z36HK, Wehingen, Germany) to remove

unbound peptide. Finally, EGF-conjugated HAOA-coated gold nanoparticles were frozen
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and lyophilized for 24 h at -50.0 £ 2.0°C, in FreeZone 2.5 L Benchtop Freeze Dry System
(Labconco, Kansas City, Missouri, USA) and stored at -20 °C until the day of the in vivo

experiment.

2.3.1.2 Irradiation laser procedure
In this preliminary test, the following parameters were evaluated, such as variations in
tumor growth rate and weight of the mice over time, safety of laser application at 811 nm
(power: 2.5 W/cm?) and the effectiveness of treatment with nanoparticles and laser at
811 nm, at different exposure times (5 min and 10 min). The size and volume of the
tumors were determined before and 24 h after treatment application. After the
appearance of tumors (size ~1,000 mm?), mice were randomly chosen to integrate the
different treatment groups: 1) only laser exposure during 5 min (n = 4); 2) Intra-tumoral
injection of EGF-conjugated HAOA-coated gold nanoparticles and exposure to the laser
for 5 min (n = 4); 4) Intra-tumoral injection of EGF-conjugated HAOA-coated gold
nanoparticles and laser exposure for 10 min (n = 4); 5) Control group (i.e., no treatment)
(n = 3). In the case of treatment with laser and nanopatrticles, EGF-conjugated HAOA-
coated gold nanoparticles were reconstituted in Milli-Q water at the time of
administration. EGF-conjugated HAOA-coated gold nanoparticles were injected at the
tumor site (i.t.) at a concentration per mouse of 20 mg/kg in 100 uL. After 4 h of the
injection EGF-conjugated HAOA gold nanopatrticles, the animals were anesthetized with
a mixture of Ketamine + Chlorpromazine 10 mg/kg (intramuscular, i.m. injection), and
subjected to laser irradiation of 811 nm (JDSU L4-2495-003 coupled to a source
Laserpak ARO-485 -08-05) with a diameter of 2 mm and power at the target of 2.5
W/cm?2. The significance of differences was assessed using a Student’s t-test conducted
for independent (unpaired) samples for weight and size measurements of the organs

and tumors, for each group (p <0.01 vs. control, as the significance level).

2.3.1.3. Evaluation of phototherapy-induced in vivo safety and efficacy
Before and after laser exposure, mice were also evaluated for possible formation of
erythema, at the irradiation zone, by colorimetry (a *, AU) (Minolta Chroma meter CR-
300, Konica Minolta Sensing Americas, Inc. NJ, USA) (Figure 1). The significance of
differences was assessed using a Student’s t-test that was conducted for independent
(unpaired) samples for weight and size measurements of the organs and tumors, for

each group (p <0.01 vs. control (before irradiation), as the significance level).
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2.3.1.4. Evaluation of phototherapy-induced in vivo efficacy

For histological evaluation, 24 h after each treatment previously described, animals were
sacrificed according animal welfare principles. Tumor and organs (i.e., lungs, heart, liver,
spleen and kidneys) were excised, weighed and measured. Then, organs were fixed in
10% formalin, paraffin embedded, and cut into five-micrometer sections for hematoxylin-
eosin staining. Slices were examined under an Olympus BX51 microscope (Olympus
Corporation, Tokio, Japan) and images were taken using an Olympus U-TV1X-2 color
camera and the extent of tumor necrosis was analyzed with Olympus analySIS software
(Olympus Corporation, Tokio, Japan).

Control group
- (notreatment; n=3)

‘\IIR laser
M?c’ma Test group 1

o (laser 5 min; n=4)
\ \NIRIaser+GNP Test group 2
M‘ % (laser 5 min +

Hairl ID mi i
alrlessiSC e \ a@) EGF-HAOA GNP; n=4)

\ NIR laser + GNP Test group 3
A (laser 10 min +
- “@T EGF-HAQA GNP; n=4)

Tumor size (bef. treatment) Tumor size (aft. treatment)

Figure 1. lllustrated scheme of melanoma xenograft models assessed for in vivo anti-

cancer efficiency with photothermal therapy.

3. Results

3.1 Induction and follow-up of human xenograft models of melanoma in
hairless SCID mice
The variation of tumors growth in SHO-SCID mice was high, ranging from 2 weeks to 2
months. In spite of this fact, SCID mice showed stable body conditions with a BCS > 3.
All mice were monitored for 60-90 days, showing an average weight of 28.5 + 1.5 g
(mean + SD, n = 15). The weight was kept within these values throughout the study. In
addition, all rodents showed a normal water and food intake, normal respiratory activity,
posture (independently from the size of the tumor) and mobility. After necropsies, control

and treated groups showed similar histological morphology and size of internal organs
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(i.e., except the tumor), namely lungs (right and left), spleen, heart, kidneys (right and
left) and liver. The average weight and measures (for heart and spleen), for each group
included in the photothermal therapy, are represented in Table 1, showing that there was
no important variation in size of the organs. No micro or macrometastases for melanoma
were found in the lungs and there were no size variations of these organs between
control and test groups. As for the tumors, the average weight and volume was 0.46 +
0.03 g and 773.3 + 51.5 mm?® (mean * SEM; n = 15). Statistical analysis as Student’s t-
test (*p<0.01) showed that there were no significant differences for the treatment groups

compared to the control, in terms of weight and size of the organs.

Table 1. Average weight of excised organs after treatment or as control groups, for
photothermal therapy. Size measures were taken for the heart and spleen of the mice.

Results are presented as mean + SEM. Legend: (R) - Right; (L) — Left.

Group Organ Weight (g) Size (mm?)
R 0.163 +0.011 -
Lungs
L 0.060 + 0.004 -
Heart 0.183 £+ 0.012 180.0 +12.0
Control
_ R 0.260 + 0.017 -
(n=23) Kidneys
L 0.247 £ 0.016 -
Liver 1.723 +£0.115 -
Spleen 0.063 + 0.004 1415+9.4
R 0.141 + 0.009 -
Lungs
L 0.055 £ 0.004 -
Heart 0.174 £+ 0.012 165.0+11.0
Laser (5 min)
_ R 0.248 + 0.017 -
(n=4) Kidneys
L 0.248 + 0.017 -
Liver 1.477 £ 0.098 -
Spleen 0.045 +0.003 81.0+54
R 0.118 + 0.008 -
Lungs
) L 0.055 + 0.004 -
Laser (5 min) +
Heart 0.151 +0.010 191.5+128
EGF-HAOA GNP
_ R 0.242 +0.016 -
(n=4) Kidneys
L 0.233£0.016 -

Liver 1.856 +0.124 -
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Spleen 0.048 £ 0.003 65.6 4.4
0.429 £ 0.029 -
Lungs
0.046 + 0.003 -
Laser (10 min) + Heart 0.143 +£0.010 146.1 + 9.7
EGF-HAOA GNP _ 0.236 £0.016 -
Kidneys
(n=4) 0.229 + 0.015 -
Liver 1.543 £ 0.103 -
Spleen 0.060 + 0.004 102.7 + 6.8

3.2 Photothermal therapy
Mice with melanoma treated with photothermal therapy showed that laser at 811 nm
applied with EGF-conjugated HAOA-coated nanoparticles promoted tumor local necrosis
(Figure 2). Mice treated with EGF-conjugated HAOA-coated nanoparticles and 5 min-
exposure 811 nm laser beam showed a reduction to 81.1 £ 20.3% (mean + SEM, n = 4).
However, when we increased the laser exposure to 10 min, this value decreased to 32.3
+ 8.1% (mean + SEM, n = 4). In addition, we have evaluated the degree of erythema (a
*, AU) by colorimetry, before and after laser irradiation (mean £ SEM, n = 4 for each
group). Results showed that there was a small change on the skin redness after laser
irradiation alone for 5 min (Aa*= 0.44 + 0.34 AU) and also for laser irradiation for 5 min
after injection of the nanoparticles (Aa*= 1.44 + 0.01 AU) and for 10 min laser irradiation
after injection of nanoparticles (Aa*= 1.00 £ 0.25 AU). Statistical analysis as Student’s t-
test (*p <0.01) showed that there were no significant differences between the skin

colorimetry, before and after irradiation, of each treatment group.

In terms of histological analysis, it was observed the presence of several necrotic foci in
tumor samples exposed to the laser at 811 nm for 5 min, combined with EGF-conjugated
HAOA-coated gold nanoparticles, as mostly as coagulative necrosis (Figure 2).
Regarding the laser irradiation alone (without local injection of nanoparticles), few
morphological changes (< 30% extended necrosis) were also observed in the tumor
tissue of the mice. As for the control groups, no histological or morphological changes

were observed (Figure 2).
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Figure 2. Histological images (400X microscopic approach) of the tumor tissue from the
control group (i.e., without treatment), from the group treated with 811 nm-laser
irradiation for 5 min and from the groups treated with i.t. administration of EGF-
conjugated HAOA-coated gold nanoparticles and 811 nm-laser irradiation for 5 and 10
min. All tissues were marked with Hematoxylin-Eosin staining (H & E staining).

Then, we compared the histology of the different organ’s tissues (i.e., heart, kidney, liver,
spleen, lung and normal skin without tumor) in mice after exposure to laser irradiation at
811 nm for 5 min combined with EGF-conjugated HAOA-coated gold nanoparticles and
the control group since a high tumor volume reduction was observed. Similarly, the
histology of the mice’s organs (i.e., heart, kidney, liver, spleen and lung), exposed to the
laser and nanoparticles confirm that there were no morphological changes and were
comparable to the control (Figure 3), suggesting a very localized inoculation of tumor
cells and treatment. Dermis tissue from normal skin sample was, as expected, a stratified

epithelium, fibrous with sweat glands, present in the fatty tissue (hypodermis).
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Figure 3. Histological images (400X microscopic approach) of the tumor tissue from the
control group (i.e., without treatment) and from the group treated with 811 nm-laser
irradiation for 5 min and i.t. administration of EGF-conjugated HAOA-coated gold

nanoparticles. Each image is representative of the organs removed for analysis after
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necropsy (i.e., heart, kidney, liver, spleen, lung and skin). All tissues were marked with

Hematoxylin-Eosin staining (H & E staining).

4. Discussion

Preliminary results obtained in the present in vivo studies indicated that both therapeutic
strategies induce cancer cells death and may avoid melanoma progression to more
aggressive stages. Hairless SCID mice used in this study have been bread by crossing
an outbred SCID with an immunocompetent outbred hairless mouse (SKH1), resulting in
hairless immunocompromised SCID mice with higher tumor engraftment efficiency than
athymic nude mice. Although the animals have defects in T and B cell development,
which results in absent murine T and B lymphocytes, they have high natural killer (NK)
cell levels [31]. Xenograft models are normally successfully recreated but some variation
can occur. In this study, we wanted to develop a localized cutaneous melanoma and not
to recreate a model for metastatic and angiogenic melanoma. Therefore, SCID animals
were selected, since they tend to reduce formation of metastases and delay cell growth,
as demonstrated for transformed A375 cell line with lung tropism due to the presence of
NK cells [32]. As a consequence, an increased variation in tumor growth was verified.
Another research group have studied the variability of implantation of human melanoma
cells from patients into NOD/SCID mice, showing that there was a high variability and
that it could take more than 32 weeks for tumors to develop [33]. It was determined that
less than 10° cells per injection would fail greatly to form tumors in mice. Between 10°
and 107 cell per injection, a palpable tumor appeared after 8 weeks. When using Matrigel
(25%), melanoma cells become highly tumorigenic and, therefore, tumors were formed
faster (around 7 weeks). Matrigel can stimulate a faster tumor growth, but also influence
the cancer cells metastatic behavior and expression, since the addition of angiogenic
factors, present in Matrigel composition, modify the conditions of the tumor extracellular
matrix [34, 35]. On the other hand, it is known that melanoma shows natural tumorigenic

potential, which is related with the malignant behavior of cancer cells [4,36].

EGF-conjugated HAOA-coated gold nanoparticles were tested in association with a 811
nm-laser for 5 min at 2.5 W/cm?, as the photothermal therapy for cutaneous melanoma.
By photothermal therapy, tumors exposed to NIR laser and nanoparticles showed a
characteristic coagulative necrosis, resulting from denaturation of the tissue structural

proteins [37—39]. Therefore, histological images appear pale in staining since there is a



Annex Il

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

loss of cytoplasmatic and nuclear matter. In presence of tumor and without local injection
of the nanopatrticles, some necrosis foci were observed (< 30%) after laser irradiation (5
and 10 min). In spite of this, after laser irradiation also, the mice’s skin integrity was
maintained, as the dermis kept its stratified epithelium and fibrous with sweat glands,
present in the fatty tissue (hypodermis), which can be associated to the low temperature
reached at the site of the irradiation (< 40°C). The latter was also observed in other
studies [40,41]. NIR laser irradiation has been reported to not cause any type of
morphological tissue damage or cause less than 10% of necrosis after irradiation [39].
Different laser parameters were selected in those studies: in the first study, where the
laser caused no damage, irradiation was conducted at a wavelength of 785 nm, for 10
min with a power of 9.5 W/cm?; in the second study, laser irradiation occurred at a
wavelength of 808 nm, for 1 min at a power of 0.5 W/cm? [39]. NIR lasers are considered
as safe for skin irradiation and to penetrate deeper (up to 10 mm) than UV-visible laser
[19,22]. However, it has been reported the presence of thermal side effects and
coagulative necrosis in skin tissues, where NIR-laser was applied alone, mainly for the
first biological window (650—900 nm) region [42—44]. This can be avoided if the epidermal
skin area is efficiently cooled (< 20 °C) before laser irradiation [42,43]. Therefore, it is
critical to always verify the safety of the laser irradiation, at specific experimental
conditions, in every study. As an alternative, the actual use of low fluency lasers, such
as nanosecond and femtosecond lasers, allow a localized energy transfer, which induces

a temporary increase of cell permeability without affecting cell viability [45].

Regarding the treatment with EGF-conjugated HAOA-coated gold nanopatrticles, the
nanoparticles were administered 4 h before laser irradiation, via single i.t. injection.
Further, after 24 h -post laser irradiation for 5 min, several necrotic foci were detected.
In this case, a high tumor volume reduction was observed after laser irradiation. Several
factors may contribute to this reduction. Firstly, it is known that gold nanoparticles reach
their maximum absorption after the laser irradiation, promoting local hyperthermia of the
tissues (temperature in the range 41-47°C) and, consequently, irreversible cell damage
caused by the disruption of cell's membrane permeability and protein denaturation
[21,46]. Hyperthermia is known to induce apoptotic cell death in many tissues and has
been shown to increase local control and overall survival in combination with
radiotherapy and chemotherapy in randomised clinical trials. Normal tumor vasculature
dilates to aid heat dissipation, tumor vasculature constricts, providing some tumor
selectivity [46]. Secondly, the combination of polymeric coatings and bio-conjugation

avoid interactions with the immune cells and capture of the nanoparticles by the
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mononuclear phagocyte system (i.e., spleen, liver and lung) [47]. In our case, EGF-
conjugated HAOA-coated nanoparticles showed a size around 100-200 nm, a negative
surface change (- 5 mV) and a spherical morphology. Tumor tissue has leaky vasculature
and, thus, it may be possible an accumulation of the nanopatrticles in this tissue occurred
by both EPR effect and active binding of the EGF ligand to overexpressed EGFR [48,49].
As in another study, clusters of iron oxide magnetic nanopatrticles for NIR-laser PTT were
developed by Shen et al. (2015) for testing on A549 human lung adenocarcinoma
epithelial cell line [50]. The clusters were prepared by a modified solvothermal reaction,
in autoclave, and administered i.t. in mice. After 2 h of cell-nanoparticle interaction,
tumors were irradiated with a 808 nm continuous-wave NIR laser at 5 W/cm?2. Clustered
nanoparticles were more efficient than individual nanoparticles inducing tumor local
hyperthermia, reaching a temperature around 50 °C and killing 72.8% of cancerous cells;
in spite of this, the clusters were slowly cleared from the tumor after therapy, being
detected several days after the treatment in the mice’s organism [50]. In our study, we
have accomplished a high tumor reduction (> 80%), demonstrating an effective

hyperthermia and tumor destruction, at lower temperature values.

Finally, orthotopic xenografts models are widely used in pre-clinical studies, as they
easily allow the establishment of primary tumor or human transplanted cells to in vivo
conditions. However, these models do not reproduce exactly the tumor
microenvironment and cannot always represent the vast heterogeneity and complexity
of cancer tissues [4,51]. Immunodeficient environment, as a consequence for xenograft
human cells acceptance, can also compromise the tumor architecture and
microenvironment [4,51]. Cutaneous melanoma is a very heterogeneous cancer
associated with many signaling pathways and mutations that divide this cancer in several
subtypes. Thus, this cancer is one of the most challenging and clinically complex in terms

of anti-cancer drug efficacy studies.

5. Conclusions

Hybrid nanosystems were developed, comprising multiple targeting moieties for an
active uptake by melanoma cells by photothermal therapy. Palpable tumors were
assessed for volume growth after 15 days. Internal organs, such as, heart, lungs, liver,
spleen and kidneys did not show any structural change, suggesting a very localized

tumor cell inoculation. We also observed that the laser did not affect or slightly affected
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the skin integrity. In presence of the tumor, photothermal therapy showed that the light-
absorbing nanoparticles improved coagulative necrosis and strongly reduced the volume
of the tumors. The study of molecular mechanisms behind this anti-cancer effects on
human melanoma is still ongoing. Further, we will concentrate on the association of
laser-activated drug delivery systems, comprising an anti-cancer drug, as a promising

approach for an effective melanoma therapy.
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CONCLUSIONS

The experimental work included in this thesis aimed the design and characterization of
novel formulations based on hybrid nanoparticles for two different strategies in
cutaneous melanoma targeted therapy. Briefly, hybrid gold nanoparticles were designed
for a photothermal therapy approach (physical approach) and hybrid polymeric-lipidic
nanoparticles were developed for chemotherapy (chemical approach). The results

obtained allowed us to conclude the following points:

1. Polymeric-lipidic nanoparticles, made of poly-e-caprolactone and stearic acid,
showed high encapsulation efficiency, improved drug stability and sustained drug
release of the topical glucocorticosteroid, betamethasone-21-acetate. In addition,
coating with the permeation enhancer, oleic acid, increased drug permeation in
vitro and in vivo animal models, without causing skin irritation or other side

effects.

2. Gold nanoparticles were successfully produced by reduction with an aqueous
extract of Plectranthus saccatus Benth., rich in rosmarinic, caffeic and
chlorogenic acids, allowed us to obtain clusters of 100 nm-sized nanopatrticles,
with a spherical morphology and a surface plasmon band at near infrared region
(830 nm). These nanoparticles were successfully coated with hyaluronic and
oleic acids (HAOA), maintaining their physico-chemical characteristics, a safe in

vitro toxicity profile and responding to thermal activation (up to 50°C).

3. Conjugation of HAOA-coated gold nanoparticles with lysozyme (herein used as
a model protein) showed that these hybrid nanoparticles were able to positively
incorporate this model protein, by electrostatic interactions. In addition, HAOA-
coated gold nanoparticles enhanced the protection of this protein against UV
photodegradation, reducing the fluorescence decay of the aromatic residues,

mainly tryptophan, and the formation of photo-oxidative products.

4. Conjugation of HAOA-coated gold nanoparticles with Epidermal Growth Factor
(EGF) showed that these hybrid nanoparticles were also able to successfully
incorporate such a key relevant medical peptide, by electrostatic interactions.
HAOA-coated gold nanoparticles also increased EGF UV photostability and

reduced the formation of photo-degradation products. In addition, EGF-
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conjugated HAOA-coated gold nanoparticles were actively internalized by tumor
cells through EGFR-mediated endocytosis and showed safe in vitro cytotoxic

profile over normal-like cells.

Coating of hybrid polymeric-lipid nanopatrticles, made from poly-e-caprolactone
and stearic acid, with hyaluronic and oleic acids (HAOA) was also successful and
increased the sustained release of a novel anti-tumor compound, Parvifloron D,
extracted from Plectranthus eckloni, with remarkable cytotoxic action but low
selectivity. Parvifloron D showed a fast onset and high potency in vitro anti-tumor
action. HAOA-coated hybrid nanoparticles showed a size of 300 nm and a
spherical shell-core structure, confirmed by several physico-chemical
techniques. In addition, a-Melanocyte Stimulating Hormone (a-MSH) was
positively conjugated onto HAOA-coated hybrid nanoparticles, by electrostatic
interactions. In vitro cytotoxicity and internalization studies showed that those
nanoparticles were uptaken by tumor cells (B16V5 and A375), according to

different mechanisms.

In vivo efficiency studies showed that both therapeutic approaches promoted
necrosis of human cutaneous melanoma cells in xenograft models of
immunodeficient mices. Near infrared-based photothermal therapy in association
with EGF-conjugated HAOA-coated gold nanopatrticles reduced tumor volume in
80% and caused several coagulative necrotic foci on tumor tissue, but no
significant damage of the surrounding tissue or other side effects. Meanwhile,
local chemotherapy with Parvifloron D and a-MSH-conjugated HAOA-coated
polymeric-lipidic nanopatrticles promoted an extensive necrosis of the tumors (up
to 90%).

Finally, we can conclude that it is possible to modify different nanosystems,
starting from different core structures, and modulating the surface through a
successful and broad functionalization with multiple and distinct targeting
moieties. Thus, different therapeutic strategies can be applied in heterogeneous
cancers, such as cutaneous melanoma, destroying the tumor by diverse
approaches. Physico-chemical characterization and both in vitro and in vivo
biologic models are, therefore, crucial to obtain a robust, reproducible and

efficient hybrid nanosystem.

243



CONCLUSIONS | 244

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

8. As future prospect, we aim to conjugate synergistically both therapies studied in
this thesis. Therefore, we will continue to study the functionalization of hybrid
nanoparticles with different anti-tumor targeting moieties, comprising a light-
absorbing core, for photothermal therapy, and a polymeric structure, capable of

sustaining the release of novel anti-tumor drugs, for a local chemotherapy.
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DESCRICAO

NANOSSISTEMA DE OURD COM REVESTIMENTO BIOPOLIMERICO E GAMA DE
ABSORCAD NO INFRAVERMELHO PROXIMO E METODO PARA A SUA
PREPARAGAO

DOMINIC TECNICO DA INVENCEQ

A presente inveng3c pertence ao dominio das nanoparticulas
com atividade farmacéutica para usoc terapéutico.

B presente invengdo diz respeito a um nanossistema
desenvolvido para aplicagdc em fototerapia, gue consiste em
nanoparticulas de ouro preduzidas através de um  agente
redutor & base de extrato de planta que poderda encontrar-se
adsorvido a superficie, com revestimento polimerico e
peptidico & com gama de absorgic no infravermelho proxime. As
nanoparticulas da invengic possuem um extrato de planta como
agente redutor do ouro, adscrvide 3 superficie do ndcleo de
ourc, bem como um revestimentc polimérico e peptidico que
confere ao nanossistema estabilidade e o direciona para o
local do agdc. © nanossistema da invengdo apresenta  um
comprimento de onda na gama otima de terapia, designadamente
no infravermelho préximo, e adguire atividade terapéutica
quando exposto & incidénecia de um laser ou de uma fonte de

luz de aplicagdo similar.

A inveng3c compreende tambem um metodo de preparagdoc do
nanossistema de ouro, gue consiste nos passos de redogdo de
dcido cloroaurico (HAuCl,) com o extrato aguoso de uma
planta, com elevada concentragdo de compostos antioxidantes,
adigdo de nitrato de prata e L-acido ascdorbico e revestimento
das nanoparticulas assim obtidas com uma solugdo polimérica e

peptidica, gque confere wum aumento da estabilidade e
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vectorizagdo das nanoparticulas de ouroc para o local do

tumor, o de forma generalizada, para o local de agio.

Quando aplicavel, este nanossistema podera ser associado a
farmacos citostaticos e aplicado como sistema de weiculagio
para administragdc direcionada no local do tumor, sendo
igualmente, ativado por hipertermia atraves da incidéncia de

um laser ou de uma fonte de luz de aplicagdc similar.

ANTECEDENTES DA INVENCAO

A wersatilidade de aplicagfes farmaccldgicas, a facilidade de
produgic, as propriedades dpticas e a escala compativel com a
difus3c celular fazem com gue 25 nanoparticulas sejam uma das
Areas de maior interesse na biologia molecular e na medicina.
Em particular, as nanoparticulas tém merecido atengic como
sistemas dispensadores de farmacos.

0 pedido de patente internacional wWo 2011/116%63 AZ, por
exemplo, apresenta um sSistema nanoparticulado baseado numa
camada de encapsulamentc lipidica. © composto active @
encapsulade num revestimento polimérico de natureza lipidica.
Ja o pedidc de patente internacional WO 2012/03B061 A2
divulga nanocidpsulas poliméricas contendo microemulsdes de
4lec em dgua, Sem Iecorrer a reagentes organicos, gue podem
ser aplicadas como sistemas de weiculagio de compostos
farmacéuticos, alimentares e/ou cosmeticos.

Apesar da facilidade de difusac, estes sistemas de camada de
revestimento polimérica apresentam o inconveniente de ndo
serem muitc especificos guanto aoc local de administragdo.
Frequentemente, a camada lipidica dissclve-se antes de

atingir o alvo o gue reduz o tratamento da terapia.
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Procuraram-se assim outras ]'lEII.'leElItiCUlElS que oferecessem

maior estabilidade, biocompatibilidade e especificidade.

Neste dominic, um dos tipos de nanoparticulas gue tem
merecidoc mais atengic s3o as nanoparticulas com  ndcleo
metalico e em particular as de ouro. Uma vef gue O OUrc € um
metal nobre, reagindoe com um nomero limitado de espécies
quimicas, e tem a capacidade de formar complexos coordenados
estdveis com uma diversidade de compostos, as nanoparticulas
de ourc apresentam-se actualmente como particularmente
promissocras no desenvolvimento de metodos de diagnostico e
terapias antitumorais. Em particular, a atividade &tica das
nanoparticulas de ouroc tornam-nas especialmente adeguadas
para a fototerapia.

05 nanossistemas formados pela associagdo de nanoparticulas a
outros compostos, designadamente  ligandos, adguirem  uma
fungdo no diagndstico de tumores, quando os ligandos s3o
biomarcadores para as celulas tumorais, ou terapéutica,
quando o35 ligandos sdo compostos activos que o nanossistema

veicula ate a célula ou celulas alvo.

A conjugagdc  das  nanoparticulas de  ourc  com ligandes
especificos representa  neste momento o 2 maior desafio
cientifice. Por um lado os nancossistemas constituidos pelas
nanoparticulas e peleos ligandos tém de ser estidveis e
especificos para a fungdo a desempenhar, seja ela a marcagio
das células tumorais ou a administragdoc de farmacos, por
outro tém de ser biocompativeis ou seja, a difusdoc do
nanossistema pelas membranas celulares até a célula tumoral
tem de ser possivel.

Acontece gue frequentemente a natureza do ligandoe deforma a
estrutura do nanossistema. Assim, em wvezr de uma forma

esferica gue promove e facilita a difusdoc celular, os
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nanossistemas apresentam-se frequentemente  Com formas
cilindricas, alongadas ou triangulares. Desta forma, continua
a procurar-se um nanossistema com nidcleo de ouro gque seja

simultaneamente estavel, biccompativel e eficaz.

2 pedido de patente internacional wWo Z012/039685 Al descreve
um sistema coleidal contendo nanoparticulas  de  oure
revestidas por polietilenoglicol que se liga ao composto
farmacologicamente ativo para a sua velculagdo ao local de
administragdo. Wverifica-se no entanto que frequentemente as
particulas adguirem uma forma oblonga ou trilobada, o gue
dificulta a difus3c celular. Alem disso, a gama de absorgdo
do sistema situa-se nos 530 nandmetros, uma gama de absorgdo
que ndc € a mais adequada em fototerapia j2 gue tem uma maior
absorgi3o e um maior potencial para danificar os tecidos

saudaveis.

AR patente americana Us B057682 B2 diz respeito a
nanoparticulas metdlicas, entre elas de ouro, & 2 um método
para a sua preparagdo, envolvendo um extrato natural de uma
planta. AR particula envolve ainda o uso de um agente redutor
sintetico, de elevada reatividade =] toxicidade. 2
nanoparticula & assim usada para captagdo e remogdo de
contaminantes presentes em agua para abastecimento, Agua
residual e solos contaminados, demonstrando ser inadequada

para aplicagfes farmacéuticas.

O pedido de patente americanoc US 200%/0117045 Al divulga
também nancoparticulas com base num extrato natural de uma
planta & respetivo método de produgio. O composto natural é
proveniente de uma planta da familia Fabaceae, em particular
soja ou lentilha dande origem a um nanossistema com gama de

absorgio na ordem dos 535 nandmetros.
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A presente invengdo vem dar resposta as dificuldades
enumeradas, com um nancssistema de ourc constituido por
nanoparticulas (maicr Area de superficie de contacte} de ouroc
com um revestimento a2 base de extrato de planta natural,
revestida por um polimerc e wetorizada com um péptido. o©
extrato de planta natural ¢ da familia Lamiaceae © gue
confere ac nanossistema propriedades gquimicas antioxidantes,
contrariamente =208 nanossistemas do estado da tecnica que

recorrem a agentes redutores com efeitos tdxicos.

As nanoparticulas de ouro da invengdc s3c preparadas a partir
da redugidc do acido clorcaurico como fonte de ouro. O
nanossistema & formande por adigdc as nanoparticulas de
polimercs e péptidos com afinidade para recetores especificos
em celulas tumorais.

O nanossistema assim  preparado apresenta uma forma
essencialmente esferica, o gue favorece a difusdc celular e o

torna particularmente adeguado para a veilculagdo de farmacos.

Com vista 2 administragdo farmacBdutica, as nanoparticulas de
gure sdc formuladas em nancssistemas & base de polimeros,
wetorizados com peptidos, adguirindo desta forma a capacidade

de wveicular farmacos.

Verifica-se ainda gue o nanossistema da invengdo apresenta um
comprimento de onda de absorgdc das nancoparticulas de ouro na
gama do infravermelhc préxime, entre o3 650 e o5 900
nandmetros, & gama ceonsiderada dptima para fototerapia uma
ver gue a pele teolera a radiagdo sem sofrer alteragdes
morfoldgicas. Em particular, wverifica-se gue na gama do

infravermelhe proximo, entre os 650 e os 900 nandmetros, oS
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tecidos apresentam umsa menor absorgdo da radiagdo,

minimizando a possibilidade de alteragfes morfoldgicas.

As nanoparticulas de ourec aqui divulgadas, gquando expostas a
radiagioc no infravermelho prdximeo (650 - 900 nandmetros),
absorvem essa radiagdo sob a2 forma de energia, scbreaguecendo
e promovendo a 2 destruig3c dos tecidos  (necrose), por
hipertermia. A ativagio =] agio hipertermicas das
nanoparticulas gcorrem apdés a sua ligag3o per via dos vetores
especificos {peptidos) conjugados a superficie das

nanoparticulas de ouro.

& presente invengdo fornece assim um nancssistema de elevada
estabilidade, seguro, biccompativel = com elevada

especificidade para os recetores alvo.

SUMARIO DA INVENCEO

A presente invengdo diz respeito a3 um nanocssistema para
fototerapia de tumores = patologias dermatcldgicas,
administrado localmente e ativado por hipertermia atrawves da
incidéncia de um laser ou de uma fonte de luz de aplicagdo

similar.

A invengdoc agui divulgada compreends nanoparticulas de ouro,
com um extrato de planta como agente redutor adsorvido & sua
superficie, com um revestimento polimérico e peptidice e
apresenta um comprimento de onda na ordem dos &350 a 5900
nandmetros, na gama de infravermelho préximo. © nanossistema
apresentando  atividade  terapéutica, quando  exposto A&
incidéncia de um laser ou de uma fonte de luz de aplicagdo

similar, por hipertermia. Trata-se de um produto, com
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atividade multifunciconal, na medida em gue e adaptavel a

diversos tumores, e wvetorizado, na medida em gue possui

especificidade para =se ligar a diferentes recetores,
sobreexpressos nas células tumorais.

B inveng3oc diz ainda respeito ao um metodo de preparagdo do

nanossistema com trés fases distintas:

1. Redugdo de Adcido clorodurico (HAuCl,) com o 2 extrato
agquosc de uma planta com elevada concentragdo de
compostos antioxidantes;

2. Bdig3o de nitrato de prata e L-acido ascdrbico;

3. Revestimentoc  das nanoparticulas com  uma solugdo
polimérica e peptidica, gque confere um aumento da
estabilidade e wectorizagdc do nancssistema de ouro para

o local do tumor.

As nancparticulas de oure agul descritas apresentam uma
morfologia essencialmente  esferica, com  uma  populagdoc
monodispersa, com um tamanho médio de 100 nandmetros, indice
de polidispersdo de 0,2 e carga superficial média negativa
(-19 mv). O facto do nanossistema apresentar uma morfologia
maioritariamente esférica & crucial para executar o objeto da
inveng3oc, um=a vez Jgue O nanossistema de ourc oCuUpa um peJquenc
volume e, consedguentemente, apresenta uma maior 4drea de

superficie de contacto com as células alwvo.

contrariamente acs métcdos de preparagdco de nanoparticulas de
ouro convencionais, em gque habitualmente se recorre a agentes
redutores sintéticos, o metodo da presente invengdo recorre a
utilizagio de um extrato aguosc de uma planta da familia
Lamiaceae, COIm elevada concentragdo de ComposStos
antioxidantes, que s3ioc responsaveis pela redugdio do composto

de ourc existente nas nanoparticulas de ouroc. Ou seja, o©

257



SUPPLEMENTARY INFORMATION

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

extrato da planta funciona como agente redutor maioritario

das nanoparticulas de ourc agui descritas.

05 compostos com atividade antioxidante usados na invengao
gdo por exemplo os polifencis, mais precisamente o 4dcide
rosmarinico, dcideo cafeico e Acide clerogénico. Estes
compostos estdo naturalmente presentes nas plantas da familia
Lamiaceas e permitem evitar a wutilizagio de compostos
sintéticos, COMmo =) o caso do brometo de
hexadeciltrimetilaménic, gQue & um agente redutor efou

estabilizador com efeitos tdxicos.

As nanoparticulas de ouroc compreendem também a @ sua
funcionalizagdo com um peptido, o fator de crescimento
epidérmice (EGF), a superficie das proprias nanoparticulas
que conduz a vetorizagdo da formulagdo para as células alvo.
For exemplo, no casc de um tCratamento para o Cancro,
considerando que as células tumorais sobreexpressam  um
recetor especifico para o péptido, o fator de crescimento
epidermico, © nanossistema de ouro liga-se as celulas
tumorais. Deste modo © nanossistema e direcionade para as
celulas tumorais. Este tipo de direcionamento do nanossistema
de ouroc permite que os tecidos ndo-alvo (isto &, as células
saudaveis nas regides circundantes da =zona do tumor) nac
sejam expostos ao  tratamento  antitumoral, diminuindo

possiveis efeitos secunddrios adversos.

A presente invengdo referente a um nanossistema de ouro
apresenta wvantagens scobre outros nanossistemas do estado da
técnica com o mesmo objetivo, nomeadamente:
a) Bumento da wizbilidade de celulas ndo tumorais (devido a
utilizagdo de compostos naturais para redugdc do ouro,

aao revestimento com  polimeros biocompativeis =]
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bicdegradaveis e a wvetcorizacdo eficaz do nanossistema de
ourgo multifuncional, especificamente para as celulas
tumorais);

b) Eficacia na wvetorizagdc do nancssistema de ourc para as
ceélulas tumorais, dewvido a&a presenga de um péeptido,
designadamente o fator de crescimento epidérmico (EGF),
na superficie da prédpria nanoparticula, gue se liga aos
recetores do fator de crescimento epidéermice (EGEFR)
sobreexpressos em células tumorais, quea se torna
especifico e dirigido para o local do tumor;

c) Especificidade do nanossistema de ourc para as celulas
tumorais, nao afetando as celulas naoc tumorais
localizadas na regidc do tumor, o gque permite um
tratamento com menores efeitos secundarios;

d) Ativag3o do nanossistema de ourc por um processc exogenoc
e ndc invasivo aoc organismo, atraves da hipertermia
tecidual por um laser ou por uma fonte de luz de
aplicagdo similar, na gama de absorgioco da proximidade
aos infravermelhos, na ordem de &350 a 900 nandmetros;

e) Permite a utilizagdc de diversas técnicas de fototerapia
que apenas eliminam células tumorais, apds concentragdo
do nancssistema de ourc nessa regiio, por mecanismos de
ativagio fotonica;

f) Adaptabilidade do nanossistema de ouro modificado para
diferentes tumores e outras patologias dermatoldogicas,

bem comg para associagdo com farmacos citeostaticos.

Na presente invengloc & wutilizada uma planta da familia
Lamiaceae para preparagdo do extrato natural e obtengio de
compostos com atividade antioxidante que sdo adsorvidos a
superficie das nanoparticulas de ouro. O extrato das plantas
da familia Lamiaceae apresenta uma elevada concentragdoc de

antioxidantes, sende eficaz na redugioc do ourc, sem
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comprometer a biocompatibilidade das nanoparticulas de ouro

guando administradas no local de agao.

A presente invencdo & 0til no tratamento de tumores, sejam
estes superficiais ou preofundos, e de outras patologias
dermatoldgicas, como por exemplc a psoriase, a rosdcea, a
gueratose, ou outras patologias. Alguns exemplos dos tumores
para os guals esta inwvengdo & aplicavel e apresenta efeitos
positiveos na redugdo de células tumorais, s3oc os carcinomas
da pele, carcinoma do pulmac, tumor da mama, entre outros
tumores, gquer estes sejam tumores superficiais, ate 5
centimetros de profundidade, gquer sejam tumores profundos,
com mais de 5 centimetreos de profundidade. Sobre os tumores é
utilizado um laser ou uma fonte de luz de aplicagao similar,
gue ativa o nanossistema de ouro por hipertermia tecidual. ©
nanossistema de ouro liga-se as células tumorais, ao ser
ativada por hipertermia pela incidéncia de um laser ou de uma
fonte de luz de aplicagdo similar, promove o aguecimento
local do tumor e, consequente, provoca a morte ocelular

{efeito antitumoral hipertérmico).

DESERIQ.E'D DAS FIGURAS

A PFigura 1 consiste numa representaglo esquematica da
disposicgiao dos componentes do nanossistema e do seu processo
de producao por intermedio dos agentes redutores naturais. Ha
figura pode observar-se o niclec de nanoparticula de ourc
(1), © revestimento polimérico (2), o5 wetores péptidicos
(3), o extrato de planta da familia Lamiaceae (4), o acido

hialurdnico (5) e o acido oleico (E&).
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A Figura 2 representa o espetro de absorgio &tica com o
comprimento de onda em nandmetros no eixe das abscissas e a
absorvancia no eixo das ordenadas de: A) nanoparticulas
esféricas comerciais (pico de absorvincia maxima: 530
nm) {linha interrompida); B) nanoparticulas de ouroc produzidas
com o extrate aguoso de planta da familia Lamiaceae, com um
comprimento de onda de absorgdo maxima na gama otima de
terapia, iste &, no infravermelho préxime (650 - 900

nanémetro) (linha continua).

A PFigura 3 & uma imagem microscdpica de transmissio
electronica onde se observa a forma essencialmente esférica

do nanossistema da invencgdo.

DESCRICAC DETALHADA DA INVENCAO

A presente invencao diz respeito a4 um nanossistema
desenvolvido para a fototerapia gque contém nancparticulas de
curc com atividade multifuncional, funciconalizadas Com
polimeros e péptidos.

As nanoparticulas de ourc produzida através de um extrato de
uma planta da familia Lamiaceae como agente redutor do ours,
bem como um revestimento polimériceo (2) e peptidico (3) gque,
por sua wvez, confere estabilidade ao nanossistema e o
direciona para o local do agdo. 0O nanossistema de ouroc da
invengdoc tem comoe particularidade apresentar um comprimento
de onda na gama &tima de terapia, isto &, em infravermelho
proximo, e apresentar atividade antitumoral gquando exposta a
incidéncia de um laser ou de uma fonte de luz de aplicagio

similar.

261



SUPPLEMENTARY INFORMATION

Ligand-functionalized nanoparticles for targeted therapy of melanoma in situ

Os seguintes termos usados até agui té&m o seguinte
significado:

“igua purificada™ refere-se a agua decnizada e bi-destilada,
seguida por um pProcesso de esterilizagdo por raios
ultravioleta.

“Biopolimero™ entende-se como um material polimérico, de
origem natural = fonte de carbono, estruturalmente
classificado como polissacarido, poliéster ou poliamida.
“Compostos antioxidantes” compreendem moléculas capazes de
inibir a oxidacdo de outras moleculas e, consequentemente,
580 moléculas com um potencial agdo como agentes de redugdo.
“Diterpendide” ou “diterpeno” consistem em metabolitos
secundarics da classe dos terpencs constituidos por 20 atomos
de carbono, correspondendo a quatro unidades de isopreno.
“Gama &tima de terapia”™ compreends a intervalo de
comprimentos de onda no infravermelho préximo (630 - 200
nanémetros), para o gqual estd descritoc gue os tecidos tém uma
absorgdo muito reduzida da energia.

“Laser” refere-se a um dispositivo gque produz radiaciao
eletromagnetica resultante da ampliagdo de luz por emissiao
estimulada de radiacgio.

For “fonte de luz de aplicacdo similar” a laser entende-se
gualgquer dispositivo de amplificagdce de luz por emissao
estimulada de radiacdo Como por exemplo led
superluminescente.

“Polifenol®” consiste num composto antioxidante gue possul uma
ou mais grupos hidroxilos ligados a um anel aromatico,
podendo apresentar um cu mais grupcos hidroxilo e mais de um
anel aromatico. 8Saoc substancias naturais encontradas em
plantas, tais como flavondides, taninos, lignanas, deriwvados
do acido cafeico, entre outras.

A designagdo generica “nano” refere-se a uma estrutura cujo

didmetro estid compreendido entre 1 e 1000 nandmetros.
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“"Nanoparticula de ouro” refere-se ac nicleo metialico de ourc
(1}.

“Nanossistema”™ refere-se a estrutura formada por
nancparticulas e por um ou mais componentes depositados na
sua superficie.

“WNanossistema de ouro” refere-se a estrutura formada pelo
nicleo metdlico de ouro (1), pelo extrato natural de planta
{4) & pelo revestimento polimérico (2) e peptidico (3).
“"Revestimento polimérico™ (2) refere-se ac polimero gque esta
adsorvido & superficie do mnicleo metidlice de ouroc (1),
formado por redugdc do extrate de planta (4), cobrindo-o
uniformemente.

“"Revestimento peptidice” refere-se aos wvectores peptidicos
{3) gque se ligam em lugares especificos ao revestimento
polimerico (2).

“Wetorizagido™ entende-se como o© direcionamento de uma
nanoparticula (ou outrc sistema de wveiculagio de farmaco)
para um local de agio especifico, onde atua por ligagdo a

recetores especificeos, para os guais possul alta afinidade.

A presente invenc&o diz respeito a um nanossistema de ouro
composte por nanoparticulas de ouro com extrate de planta (4)
da familia Lamiaceae adsorvideo & superficie comoc agente
redutor, com revestimento polimériceo (2) e peptidico (3) e
gue apresenta um comprimento de onda gama de infravermelho
proximo, na ordem dos 650 a 900 nanémetros. O nanossistema da
invengdoc apresenta atividade antitumoral guandc exposte a
incidéncia de um laser ou de uma fonte de luz de aplicagio
similar. Trata-se de um produto, baseadc em nancparticulas de
ocurc com atividade multifuncional, na medida em gue e
adaptavel a diversos tumores, e wvetorizada, na medida em que
possui especificidade para ligar-se aos recetores

sobreexpressos nas células tumorais.
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A invengdc diz ainda respeito a um metodo de preparagiaoc do

nanossistema, em trés fases:

1. Redugdo de acido clorcaurico (HAuCly) com o extrato
agquoso de uma planta com elevada concentragioc de
compostos antioxidantes (como  por exemplo, acido
rosmarinico, acido cafeico e Acido clorogénico);

2. Adigdo de nitrato de prata e L-acido ascérbicop

3. Revestimento das nanoparticulas com  uma solugaoc
polimérica e peptidica, gue confere wectorizagio das

nanoparticulas de ocuro para o local do tumor.

A presente invengdo recorre a utilizagdo do extrato aguoso de
uma planta da familia Lamiaceas gue funciona como agente
redutor por agdoc dos compostos antioxidantes presentes na
planta, nomeadamente os polifendis e o5 diterpendoides. Em
particular, as plantas desta familia s3oc ricas em compostos
antioxidantes polifendlicos, mais precisamente, acido
rosmarinico, Acido cafeico e Acido cloregénico. As plantas da
familia Lamiaceae s3oc endémicas das regides mediterranicas,
embora possam tambem encontrar-se noutras regibes. Sao
habitualmente plantas de flor arcmiatica devideo aocs dleocs
essenciais, com caules quadrangulares e folhas simples,
opostas, pecioladas ou sesseis. Exemplos de plantas da
familia Lamiceae sd3c as plantas da subfamilia Salwvia, espécie
Acanthomintha, Achyrospermum, Acinos, Acrocephalus, Acrotome,
Acrymia, Adelosa, Regiphila , Aeollanthus , Agastache, Ajuga,
Ajugoides, Alajja, Alvesia, Amasonia, Amethystea,
Anisochilus, Anisomeles, Antonina , Aphanochilus, Archboldia,
Ascocarydion, Asterohyptis, Atelandra, Audibertia, Ballota,
Ba=zilicum, Becium, Benguellia, Betonica, Blephilia,
Bostrychanthera, Bovonia, Brachystemum, Brazoria,

Brittonastrum Bystropogon, Calamintha, Calapodium,
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Callicarpa, Capitanopsis, Capitanya, Caryopteris, Catoferia,
Cedronella, Ceratanthus, Ceratominthe, Chaiturus,
Chamaesphacos, Chaunostoma, Chelonopsis, Chloanthes, Cleonia,
Clerodendranthus, Clercodendrum, Clinopodium, Colebrookea,

Collinsonia, Colobandra, Colguhounia, Comanthosphace, Congea,

Conradina, Coridothymus, Cornutia, Cranioctome, Cruzia,
Cuminia, Cunila, Cyanostegia, Cyclonema, Cyclotrichium,
Cymaria, Dauphinea, Dentidia, Dicerandra, Dicrastylis,
Dorystaechas, Dracocephalum, Drepanoccaryum, Dysophylla,

Eichlerago, Elsholtzia, Endostemon, Englerastrum, Epimeredi,
Eremostachys, Eriope, Eriophyton, Ericopidion, Eriothymus,
Erythrochlamys, Euhesperida, Eurysolen, Eusteralis, Faradaya,
Fuerstia, Galecbdolon, Galeopsis, Gardoguia, GCarrettia,
Genliosporum, Germanea, Geunsia, Glecoma, Glechon,
Glossocarya, Gmelina, Gomphostemma, Gontscharovia, Hanceola,
Haplostachys, Harlanlewisia: Haumaniastrum, Hedeoma,
Hemiandra, Hemigenia, Hemiphora, Hemizygia, Hesperozygis,

Heterolamium, Hoehnea, Holmskioldia, Holocheila, Holostylon,

Horminum, Hosea, Ho=slundia, Hosta (botanica), Huxleya,
Hymenocrater, Hymenopyramis, Hypenia, Hypogomphia,
Hyptidendron, Hyptis, Hyssopus, Iboza, Isanthus,
Isodictyophorus, Isodon . Isoleucas, Karomia, Keiskea,

Kinostemon, Koellia, HRudrjaschevia, Kurzamra, Lachnostachys,
Lagochilus, Lagopsis, Lallemantia, Lamiastrum, Lamicophlomis,
Lamium, Lavandula, Leocus, Leonotis, Leonurus, Lepechinia,
Leucas, Leucosceptrum, Leucophae, Limniboza, Lophanthus,

Loxocalyx, Lycopus, Macbridea, Majorana, Mahya, Mallophora,

Marmoritis, Marrubium, Marsypianthes, Meeshania, Melissa,
Melittis, Mentha, Meriandra, Mesona, Metastachydium,
Microcorys, Micromeria, Microtoena, Minthostachys, Mcldavica,
Moluccella, Monarda, Monardella, Monochilus, Moschosma,
Mosla, Neoeplingia, Neohyptis, Neomuellera, Necrapinia,

MNepeta , MNewcastelia, Nosema, Notochaete, Ocimum , Octomeron,
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Ombrocharis, Oncinocalyx, Oreosphacus, Origanum , Orthodon,
COrthosiphon, Otostegia, Oxera, Panzerina, Paraeremostachys,
Paralamium, Paraphlomis, Paravitex, Peltodon, Pentapleura,
Perilla, Perillula, Perilomia, Peronema, Perovskia,
Perrierastrum, Petitia, Petrasovitex, Phlomidoschema,
Phlomis, Phlomoides, Phyllostegia, Physoleucas, Physopsis,
Physostegia, Piloblephis, Pitardia, Pityrecdia, FPlatostoma,
Plectranthast rum, PFlectranthus, Pogogyne, Fogostemon,
Poliomintha, Forphyra, Prasium, Premna, Prostanthera,
Prunella, Fseuderemostachys, Pseudocarpidium,
Pseudochamae sphacos, Fseudomarrubium, Fulegium, Puntia,
Pycnanthemum, Pycnostachys, Rabdosiella, Renschia,

Rhabdocaulon, ERabdosia, Ehaphiodon, Rhododon, Rosmarinus,

Rostrinucula, Rotheca, Roylea, Rubiteucris, Sabaudia,
Saccocalyx, Salazaria, Salvia, Salviastrum, Satureija,
Schizonepeta, Schnabelia, Scutellaria, Sideritis,
Siphonanthus, Siphocranion, Skapanthus, Solenostemon,
Spartothamnella, Sphacele, Sphenodesme, Stachydeoma,

Stachyopsis, Stachys, Stenogyne, Stiptanthus, Sulaimania,
Suzukia, Symphorema, Symphostemon, Synandra, Syncolostemon,
Taligalea, Tectona, Teiljsmanniodendron, Tetraclea,
Tetradenia, Teucridium, Teucrium, Thorncroftia, Thuspeinanta,
Thymbra, Thymus, Tinnea, Trichostema, Tsocongia, Tullia,
Vitex, Viticipremna, Volkameria, Wenchengia, Westringia,
Wiedemannia, Wrixonia, Xenopoma, Zappania, Zataria, Zhumeria,
Ziziphora. Em particular, as plantas preferidas da familia
Lamiaceas sdo0 as plantas da especie Plectranthus ornatus,
Plectranthus ecklonii, Plectranthus barbatus, Plectranthus
saccatus, Lavandula stoechas 58p. luisieri, Lavandula

pedunculata, Salwvia officinalis e Rosmarinus officinalis.
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Exemple 1

Preparagdc deo extrate agquosc a partir de uma planta da
espécie Plectranthus sacecatus

A planta & seca e cortada em pequenos fragmentos. A extracgiao
& obtida guando o5 fragmentos sdoc expostos ao microondas, com
uma frequéncia a 2,45 Ghz., e liofilizados. Um miligrama de
planta seca origina 5,9% 4&cido rosmarinice, 0,026% Acido

cafeico e 0,042% acido clorogeénico.

A fase da preparagdce do nanossistema de ourc consiste na
preparagic das nanoparticulas de ouro e mistura do extrato de
planta (4) da familia Lamiaceae para adscrgdc do composto

redutor & superficie do nicleoc de ouroc (1).

Exemple 2
Redugdc do 4&cide clorcaurico (HAuCl,) através do extrato
agqueso de planta e formacdc das nancparticulas de ocure
As nanoparticulas de ouro s3c preparadas por redugdc do Acido
clorcaurico (HAuCl,) com o extrato aguosc de planta preparado
ng Exemplo 1. 580 adicionados 9 mL de uma sclugidoc de acido
clorodurico (HAuCly) com a concentragio de 1 mM. Em seguida
adicionam-se seguencialmente os compostos seguintes:

a) solugdc agquosa de nitrato de prata (10 mM; 5 pL);

b} solugdo aquosa de L-dcido ascdrbico (20 mM; 500 pL);

c) solugdc adquosa de extrate de planta (10 mg/mL; 100 -

1000 pl) preparadc no Exemplo 1

Consoante a espécie de planta usada tambem o< conteddo em
compostos antioxidantes waria e deste modo, a razao molar do
extrato agqueoso da planta para as nanoparticulas de ouro
altera-se. Regra geral, a razao molar do extrato aguosoc da
planta para as nanoparticulas de oure varia entre 2:1 a 1:20,

conforme a massa molar do composto antioxidante maioritario
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presente na planta e a Cconcentragao do  ouro nas
nanoparticulas de ourc. Habitualmente, as plantas da familia
Lamiaceae contém dcido rosmarinico como composto anticxidante

maioritario.

& concentragao da solugdo de Acido clorcdurico usada na
redugdo pode wvariar entre os 0,2 e 1 mM & o tempo de reagdo
pode wariar entre 15 minutos a 24 horas, com uma agitagaoc
entre as 200 e as 1000 rotagdes por minuto, para um pH
compreendido entre o5 7 & 03 10 & uma temperatura entre o3

25°C & o3 35°C.

& adigdo de agentes moduladores e co-adjuvantes no processo
de redugidc do ouro, nomeadamente nitrato de prata, em
concentragdes entre © 1 2 o5 10 mM, & L-adcido ascérbico, em
concentragdes entre 03 2 e o085 Z0 mM e wvantajosa para o

rendimento da reagio.

Apds cbtengdc das nanoparticulas de ourc com o agente redutor
adsorvido a4 superficie, aplica-se o revestimento polimérico
i2) e peptidice (3) scbre as nanoparticulas para cobtengic do

nanossistema de ouro.

Exemplo 3
Revestimento das nanoparticulas de ourc com uma solugio
polimérica e peptidica
A preparagidc do nanossistema de ouro compreende o3 passos
seguintes:
a) Adigic de Acideo hialurdénico (5) e Zcideo oleico (HAOA)
(6) (1:1, w/wv), a concentragdoc de 1 mg/mL para cada
composto, gue sdo incubados numa solugdo aguosa, com pH

= 10 (MaCcH 1M, 0, 3%, wv/v), durante 24 horas a &0°C, 2
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solugdo contendo as nanoparticulas de ouroc preparada no
Exemplo 2;

Adig3ao do peptido fator de crescimento epidermico (EGF),
a concentragi3o de 2,5 pM (em tampdo fosfato salino pH
7.4), & solugic de nanoparticulas de ouro, acido
hialurdnico (%) e acido oleico (&) (1:1:1, w/w/wv), sob
agitagdo a 800 rotagdes por minuto, durante 30 minutos,
a temperatura ambiente e, posteriormente, em repousoc a
4=C;

Centrifugagdo de 1,820g a 7,200g da mistura obtida nos
passos a) e b)), durante 15 minutos e conservagdo das
nanoparticulas de ouroc, em 4&gua purificada ou tampio

fosfato salino.

O nancssistema de ourc da invengdo e produzido de acordo com

o metodo descrito, fol caracterizado em termos de:

a} Tamanho médic das particulas e indice de polidispers3o

b

(FI)

Az nanoparticulas de ourc agqui descritas apresentam uma
morfologia essencialmente esferica, com uma populagdo
monodispersa, com um tamanho médic de 100 nandmetros,
indice de polidispersdc de 0,2 e carga superficial média

negativa (-1% mv).

Comprimento de onda para a absorvancia maxima da amostra
{ Bna )

Fol obtido o espetroc de abscrgdo otica da Figura 2 onde
se pode observar um pico de abscrgdo na gama otima de
terapia, ou seja, no infravermelho préximo (650 - 500

nanometro).
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c) Morfologia = superficie das nancparticulas, por
microscopia eletrdnica de transmiss3oc e analisados com
uma tensao de aceleracgac de 10-20KV.

Foi obtida a imagem microscépica de transmissdo
electrénica da Figura 3, onde se cbserva a forma

essencialmente esférica do nancssistema da invengio.

As nanoparticulas de ouro gue apresentam estruturas
anisotrépicas ndc sdc faveraveis em termos de termodinamica;
contudo, guando associadas a agentes estabilizantes como, por
exemplo, as biomoléculas presentes nos extratos de plantas,
apresentam uma banda de absorgdo na regifo do infravermelho

prioximo na ordem dos 650 a 900 nandmetros.

As particulas preparadas segundo a inveng3oc apresentam
morfologia essencialmente esférica. Esta caracteristica é
relevante para cumprir o objetivo terapéutico da invengdo. Se
por um lado a morfologia esférica facilita a difusdo celular
do nancossistema, por outro, o facto de ocupar um pedquenc
volume faz com gue o nanossistema tenha uma maior area de

superficie de contacto com as células alwvo.

A atividade terapéutica do nanossistema de ourc da inwvengdo &
confirmada atravées de diversos ensaios, nomeadamente:
— Ensaic de vectorizaglo para a célula alve, apds a
conjugagdc das nanoparticulas de ouro com diferentes
péptidos (Exemplo 4);
— Teste de inocuidade das células nao alvo atravées de
ensaics de wviabilidade celular sobre linhas celulares
"normais”/ células nac tumcorais (Exemplo 5);
— Ensaio de eficacia do nanossistema por analise da
internalizacgioc celular em linhas celulares tumorais

(Exemplo &) .
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Exemplo 4

Comprovagic da vecteorizagio para a célula alve

Para comprovar a vectorizagdo do nanossistema para uma celula
ou celulas alvo, =530 agul apresentados dols ensaiocs das
nanoparticulas de ourc conjugada com dois modeles de
proteina/péptido, de cargas distintas. S3o feitos ensaios, um
com fator de crescimento epidérmico (EGF - “epidermal growth

factor”) e outro com lisozima.

B fim de preparar as nanoparticulas de curo conjugadas com oS
dois peptidos de diferentes cargas superficiais e massas
moleculares, tanto o fator de crescimento epidéermico EGF como
a lisozima, foram reconstituidos em tampdoc fosfato 20 mM (pH
7,4y a 10 pM e Z,5 pM, respetivamente. Em seguida, as Lrés
solugbes (proteina/péptido, nanoparticulas de ourc e solugdc
polimerica) foram misturadas numa proporgac de 1:1:1 (w/wv/v)
2 deixou-se interagir durante 30 minutos & temperatura
ambiente e Z4 horas a 4°C, sem agitagdo. A solugdo foi
centrifugada para remover péptidos ndo ligados e o
nanossistema de ouro foram resuspensas em tampdo fosfato pH
T, 4.

as particulas do nanossistema de ourc apresentam um tamanho
de cerca de 100-150 nanometros (FI = 0,2), apds andlise de
caracterizagic de particulas. © comprimentoc de onda de
absorg3c das particulas foli de aproximadamente 800 - B30

nanometros.

Aapds conjugagioc com o fator de crescimento epidermico estas
apresentaram uma banda de absorgdo aproximada aos 650 - 5900
nandmetros. Apds conjugagdo com  fator de crescimento

epidérmico, o potencial =zeta das nanoparticulas manteve-se

Fal
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negative. A conjugagdo do fator de crescimento epidermico as
nanoparticulas também fol werificada atrawvés da wvisuwalizagido
das mesmas através de microscdpic confocal. Fol aplicada a
tecnica de “co-localizagao” Ccom dois marcadores
fluorescentes, cujos  espectros de emissdo  apresentam
comprimentos de onda distintos. As particulas do nanossistema
de ourc foram marcadas com Coumarina-&, enguanto o fator de
crescimento epidérmico wutilizado para conjugagdoc nestes
estudos foli o fator de crescimento epidérmico marcado com
Alexa Fluor &47. A presenga de regifes em que hid sobreposigdo
de cores permitiu confirmar gue o fator de crescimento

epidermico estad conjugado ao nanossistema de ouro.

Estudaram-se também as possiwveis modificagdes associadas a
proteina lisczima e aoc péptido fator de crescimento
epidérmico, apds exposigidc a radiagdc ultraviecleta-B (foto-
iluminagdo), temperatura = apos conjugagao com as
nanoparticulas de ourc. 0s resultados obtidos através de
ensaios com espectroscopia de fluorescéncia mostraram a
iluminagdo continua a 295 nandmetros (radiagdo utravioleta-B)
da proteina lisozima e do péptide fator de crescimento
epidermico, no seu estado livre (ou seja, ndo conjugadas as
nanoparticulas bicpoliméricas) conduziun 2 diminwigic da
fluorescéncia dos residucs aromdticos (espectros de excitagdo
e emissic) e 4 formagdo de produtos fotoguimicos oxidatives
{por exemplo, di-tirusina, guinurenina, Nf-formil-
gquinurenina), provocando alteragdes na sua estrutura natiwva.
For sua wez, a conjugagi3oc com nanoparticulas de ouro ndo
induziu a desnaturagdic das proteinas. Além disso, as
nanoparticulas de ourc promoveram a protegdo tanto para a
lisozima como para o fator de crescimento epidermico,

reduzindo a cinetica de decaimento da fluorescéncia e,
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comparativamente, o3 efeitos de foto-oxidagdc e alteragdo de

conformagdo/estrutura proteicas foram inferiores.

Exemplo 5
Comprovagic da inocuidade das células niec alve

A inocuidade das celulas n3ac alvo & agui comprovada atraves
de ensaios de wviabilidade celular scbre linhas celulares
“normais®/ células ndo tumorais. Para tal, foram estudadas em
linhas celulares de gqueratindécitos humanos (modelo HaCaT),
atraves do meétodo colorimetrico de brometo de tetrazolina.
Inicialmente, awvaliou-se a citotoxicidade do extrato isolado
da planta da familia Lamiaceae a diferentes concentragdes e,
postericrmente, das nancoparticulas de ourc, com e Sem
conjugagdo com fator de crescimento epidermico. RAs celulas
foram cultivadas em meio de Eagle modificado por Dulbelcco
(DMEM - *“Dulbelcco’s modified Eagle medium”) suplementado com
10% S0OLo fetal bovino =3 solugdo de antibioticos
{penicilinafestreptomicina, 1%). As celulas HacaT foram
semeadas em placa de 96 pogos a uma densidade de 5000
células/pogo. A solugdo aguosa de extrato da planta da
familia Lamiaceae foi preparada por diluigdo em
dimetilsufdxido, com as seguintes concentragdes finais: 0-500
pg/mL. © nanossistema de ocurc fol tambem testado a diferentes
concentragdes: 0-80 pM (a2 partir da concentragdo de ourc). AS
células foram expostas aos diferentes tratamentos durante 24
horas. Rpds este pericdo, as células foram lavadas com tamp3o
fosfato salino pE 7.4 e incubadas com uma solugdo de brometo
de tetrazelina (0,5 mg/mL em meioc de cultura}) durante 2,5
horas e a 37°C. Por ultimo, o meio fol removido e as céelulas
foram lavadas com tampic fosfato saline pH 7.4. Uma azliquota
de 200 pL de dimetilsufoxido por pogo foi adicionada para

dissolwver os cristais de formazan e a absorvancia foi lida a
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595 pnanometros. Foram realizades, para cada tratamento, LIES
ensaios independentes, cada um composSto por guatro replicas.

O extrato da planta usado apresentou valores elevados de
viabilidade celular (> 80%, para concentragac mais elevada,
usada para a produgdo das nanoparticulas de guro). Tanto as
nanoparticulas de ourc conjugadas com fator de crescimento
epidérmico, como a5 nanoparticulas de ourc nd3c conjugadas,
demonstraram um valor elevado (> 70%) de wiabilidade celular

em modelo HacaT.

Exemplo &

Comprovagic da eficicia do nanossistema de ocure

Para comprovar a eficdcia das nancparticulas de ourc, foram
realizados ensaiocs para werificar a internalizagdo celular e
ligagdo do nanossistema de ouro em linhas celulares tumorais.
< ensaioc fol realizadeo numa linha de células de carcinoma do
pulmdo (celulas AR549).

Foram usadas nanoparticulas de ourc conjugadas cem fator de
crescimento epidermico em linhas de celulas AS4%, in vitro. O
ensaio baseia-se na expressdc da proteina fluorescente GFP
{(*green fluorescence protein”), que esta acoplada aos
recetores membranares da limha celular AS549. Quando ocorre
internalizagdc, o recetor muda para a cor verde, sSendo

possivel monitorizar in loco este processo.

As celulas foram cultivadas em pogos e apds 24 horas foram
adicionados, para alem do controle (sem tratamento), as
amostras em andlise, nomeadamente:

— Fator de crescimento epidérmico livre;

- Fator de crescimentoc epidérmico-nanoparticulas de ouro
(fator de crescimento epidermico marcado com Alexa Fluor

647y ;

24
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- Fator de crescimentc epidérmico-nanoparticulas de oure
(duplamente marcadas: Alexa Fluor 647 para o peptido;

Coumarina-& para as nanoparticulas de ouro).

Em alguns pogos fol tambem previamente adicionado anticorpo
neutralizante anti-EGFR (Yprimary mouse monoclonal antibody
anti-EGFR neutralizer antibody Lal), de modo a2 awvaliar o
possivel efeirto competidor do fator de crescimento epidérmico
livre, & o fator de crescimento epidermico conjugado as
nancparticulas de ourc. As células foram expostas aos varios
tratamentos durante dois tempos diferentes, a 1,5 horas e a 3
horas, & temperatura de 37°C. Apds este pericdo, as células
foram lavadas com tampac fosfato salino pH 7.4, para remover
residucs de péptido e particulas nd3c internalizadas e foram

analisadas.

25 resultados foram idénticos para ambos o©s ensaios.
Observou-se gue tante o fator de crescimento epidermico
livre, como as nanoparticulas de ouro conjugadas com fator de
crescimento epidermico internalizam ac final de 1,5h em
contacto com a linha celular de carcinoma do pulmdo. Mestes
ensaios fol igualmente possivel verificar que as
nanoparticulas de ocurc conjugadas com fator de crescimento
epidérmico s3c internalizadas pelas celulas de forma
eficiente, uma weZ JQue acrescem nos mecanismos de ativagio
comparativamente ac fator de crescimento epidermico isolado e

também competem diretamente com o anticorpo anti-EGFR.
03 exemplos de aplicagdc anteriores wisam confirmar a

atividade do nanossistema da invengdo & © Seu importante

potencial em terapia antitumoral.

25
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Ao demonstrar atraves de ensaics a wectorizagdo do
nanossistema de ourc da invengdo para o local de agao
comprova-se gue a2 invengdo wem dar resposta 2 necessidade de
nanoparticulas especificas =] direcionadas para o
desenvolvimento de uma terapéutica contra o 2Ccancro  ou

patoclogia dermatcldgica.

Por cutro lado, ao confirmar atrawves de ensaios a inocuidade
do nanossistema de ouro da invengdo para as células ndo alvo

demonstra-se a seguranga do nanocssistema.

Finalmente, ao confirmar a internalizagaoc celular do
nanossistema de ouro gquando aplicado a uma linha celular de
carcinoma humano de pulm3oc (linha A549), demonstra-se a
biocompatibilidade do nanossistema da inveng3c & a sua

adaptabilidade a condigles patoldgicas diversas.

HNo entanto, o5 exemplos de aplicagdo antericr nao devem ser
interpretados como limitadores da wvocag3o dos nanossistemas
de ouro da invengdo, podendo surgir aplicagdes futuras com o

aprofundamento da investigagdo associada a estes compostos.

Lisboa, 30 Movembro de 2015
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REIVINDICAGOES

1. HNancssistema de ourc ecaracterizado pele facto de ser
constituido por um niclec metdlico de ouro (1) com um extrato
de planta (4) adsorvido 2 superficie como agente redutor e
por um revestimentc de um polimeroc (2) e de um péptideo (3) e

por apresentar uma morfologia essencialmente esferica.

2. MHanossistema de ourc de acordo com a reivindicagdo 1
caracterizade pelo facte de 2 planta usada no extrato de
planta (4) wusado como agente reduter pertencer a familia

Lamiaceae.

3. NHanossistema de ourc de acordo com a reivindicagdo 1 & 2
caracterizade peleo facte de o polimerc ser seleccionadoc entre
o grupo constituide por polissacarides, poliésteres ou

poliamidas.

4. Nanossistema de ouro de acordo com a reivindicagdo 1 a 3
caracterizado pelo facto de o peptido ser selecciconado entre
o grupc constituidoc pelec fator de crescimento epidérmico

(EGF) e pela lisozima.

5. Nanossistema de ouro de acordo com a reivindicagdo 1 a 4
caracterizado pelo facto dz gama de absorgdc no infravermelho

préximo apresentar um maxime na ordem dos 650 a2 %00 nm.

6. MNanossistema de ouro de acordo com as reivindicaghes 1 a 5
caracterizado pelo facto de apresentar atividade terapéutica
quando exposto a incidéncia de um laser ou de uma fonte de

luz de aplicagido similar por hipertermia.

7. Hanossistema de ouro de acordo com as reivindicagies 1 a 6

caracterizado pelo facto de =er administrado localmente e
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ativade por hipertermia atraves da incidéncia de um laser ou

de uma fonte de luz de aplicagdo similar.

8. Processo de preparagic das nanoparticulas de ouro
constituintes do nancossistema de ouro das reivindicagdes 1 a
7, caracterizado por:

a) Se dissolver o acido clorodurico numa concentragac
compreendida entre 0,2 e 1 mM durante 15 minutos a 24 horas;
b} Se adicionar o extracto aguoso de planta da familia
Lamiaceas numa razdoc molar seleccionada entre o grupo 2:1,
1:2, 1:4, 1:8, 1:10 e 1:20;

c) 3e adicionarem agentes moduladores e co-adjuvantes no

processo de redugdc do ouro.

9. MNWanoparticulas de ourc preparadas de acordo com a
reivindicagic £ earacterizadas por conterem um  nacleo
metalico de ouro (1) e um extrato de planta (4) adsorvido a

superficie do metal com fungic redutora.

10. Processo de preparagdc do nanossistema de ouro das
reivindicagies 1 & 7 caracterizado pelo fato de z solugdc de
revestimento das nanoparticulas de ourc ser preparada segundo
05 passos sequintes:

a) Adigio de uma solugdo de &cido hialurdnico (5) e de &cido
oleico (6) numa proporgio de 1:1;

b} Adigio de um péptido seleccionado entre o grupo
constituido por Fator de Crescimento Epidérmico (EGF) e
Lisozima;

c} Obtengdoc das particulas deo nanossistema de ouro por

centrifugagio.

11. Usc do nanossistema de courc das reivindicagdes 1 a 7, na

fototerapia de Lumores seleccionados entre a grupo
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constituide por carcinomas da pele, carcinoma do pulmac e

tumor da mama.
12. Uso do nancssistema de ouro das reivindicagbes 1 a 7, na

fototerapia de tumores localizados a mais de 5 centimetros de

profundidade.

Lisboa, 30 Novembro de 2015
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RESUMO

MANOSSISTEMA DE OURO COM REVESTIMENTO BIOPOLIMERICO E GAMA DE
ABSORCAO WO INFRAVERMELHO PROXIMO E METODO PARA A SURA

PREPARACAD

Mancssistema composto por nancparticulas de ouro produzidas
atraves de um extrato de planta (4) como agente redutor
adscrvido & superficie de um ntclec metdalico de ouroc (1) e um
revestimento polimérico (2) e peptidico (3), de forma
essencialmente esferica e com  gama de absorgdo no
infravermelho prdximo, e método para a sua preparagioc a
partir de aAcide hialurdnico (53) e acido oleico (6&). ©
nanossistema apresenta atividade terapéutica em tumores
superficiais, nocmeadamente localizados a profundidade
inferior a 5 centimetros, = profundos, nomeadamente
localizades a profundidade superier a 5 centimetros, e em
patoclogias dermatoldgicas gquando ativade por hipertermia
através da incidéncia de um laser ou de uma fonte de luz de

aplicagdo similar.
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