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0.1. ABSTRACT iv

0.1 Abstract

Impaired wound healing and its medical complications remain one of the most
prevalent and economically burdensome healthcare issues in the world. In the
United States alone, chronic wounds affect 6.5 million patients. More than US$ 25
billion is spent annually on treatment of chronic wounds and the burden is growing
rapidly due to increasing health care costs, an aging population and a sharp rise in
the incidence of diabetes and obesity worldwide. Recent data indicate that 11.7%
of the Portuguese population is diabetic. One of the most serious and debilitating
complications of diabetes is the development of chronic non-healing wounds. In
recent years, there have been efforts to develop new advanced methodologies to
heal chronic wounds including the use of topic growth factors or cell-based thera-
pies. Unfortunately, in many cases, the therapeutic efficacy is low, the therapies are
expensive and require application in a clinical facility, and they have no antimicro-
bial activity. Therefore, development of new therapeutics is absolutely necessary
and important to satisfy the unmet clinical need. Antimicrobial peptides (AMPs)
synthesized in the skin provide a barrier to infection and some of them are very im-
portant for the regeneration of skin. LL37 is the most important AMP in skin, acts as
tirst line of defense against bacteria, virus, fungi and plays an important role in im-
munomodulation, angiogenesis and wound healing properties. Recently, phase I/1I
clinical trials have demonstrated its therapeutic efficacy in chronic wounds; how-
ever, multiple topical administrations were required. The main goal of this thesis
was to develop a LL37 nanoparticulate formulation with higher wound healing pro-
perties than the free peptide. The nanoparticulate formulation was prepared by a
novel methodology in which thiol-terminated LL37 acts as capping agent during
NP formation. This formulation has a gold (Au) core and a hydrophilic cationic
LL37 peptide shell. We have selected Au NPs because it is relatively easy the immo-
bilization of high concentrations of LL37 per surface area, the modification of their
properties (including size, charge and morphology), and they have been used in the
clinic for many years. LL37-Au NPs have controlled size (21 nm), low polydisper-
sity, positive zeta potential (15 mV), high density of LL37 (250 ug of peptide per mg
of NP) and high stability in aqueous solutions and cell culture media. They showed
antimicrobial activity against E.coli and high biological activity against mammalian
cells, namely pro-angiogenic activity against endothelial cells and pro-migratory
activity against keratinocytes. Remarkably, LL37-Au NPs have lower cytotoxicity
than LL37 peptide. Our results further show that LL37-Au NPs are internalized by

keratinocytes and endothelial cells, and in case of keratinocytes, the internalization
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process is mostly mediated by scavenger receptors. The internalized LL37-Au NPs
tend to accumulate in the endolysosomal compartment both in keratinocytes and
endothelial cells. In both cell models, LL37-Au NPs induce the transactivation of
EGFR. In case of keratinocytes, the process is initiated by the activation of P2X re-
ceptors that leads to a long-lasting phosphorylation of EGFR and ERK. This results
in enhanced migratory properties of keratinocytes. In vivo results show that LL37-
Au NPs have superior wound healing properties than LL37 peptide in a splinted
mouse full thickness excisional model. In case of endothelial cells, LL37 peptide but
not LL37-Au NPs activate FPRL1, intracellular accumulation of Ca?* and secretion
of VEGFjgs5. Yet, both LL37 and LL37-Au NPs have high pro-angiogenic activity as
demonstrated in a Matrigel and chorioallantoic membrane (CAM) assays. It is likely
that the pro-angiogenic activity of LL37-Au NPs is mediated by the transactivation
of EGFR but further studies are needed to address this issue. The results presented
here are an exciting first step toward the development of antimicrobial peptide-
based nanotherapeutics for skin disorders paving the way for additional studies
in more complex animal models. It is the first skin therapy that combines wound-
healing efficacy and antimicrobial activity in the same formulation, it is cheaper than

the actual advanced therapies, and may be administered only one time.

0.2 Resumo

Problemas de cicatrizacdo de feridas e suas complicagdes médicas continuam
a ser um dos problemas de satide mais prevalentes e economicamente onerosos
do mundo. Nos Estados Unidos, as feridas crénicas afectam 6.5 milhdes de pa-
cientes. Mais de 25 bilhdes de dodlares sdo gastos anualmente em tratamento de
feridas crénicas e a despesa ira crescer rapidamente devido ao aumento dos custos
de satide, o envelhecimento da populagdo e um aumento acentuado na incidéncia
de diabetes e obesidade em todo o mundo. Dados recentes indicam que 11.7% da
populacdo Portuguesa é diabética. Uma das complicagdes mais graves e debili-
tantes da diabetes é o desenvolvimento de feridas crénicas e nao cicatrizantes. Nos
altimos anos, tem havido esforcos para se desenvolver terapias avangadas para a
cicatrizagdo de feridas crénicas, incluindo o uso tépico de factores de crescimentos
ou terapias celulares. Infelizmente, em muitos casos, a eficicia terapéutica é baixa,
as terapias sdo caras, requerem aplicacdo clinica e ndo possuem actividade antimi-
crobiana. Portanto, é imperativo o desenvolvimento de novas terapéuticas para re-

sponder a esta necessidade clinica. Os péptidos antimicrobianos (AMPs) sintetiza-
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dos na pele podem constituir futuras terapias ja que sdo moléculas que formam uma
barreira a infec¢do e alguns deles sdo muito importantes para a regeneragao da pele.
O péptido LL37 é o AMP mais importante na pele, actuando como primeira linha
de defesa contra bactérias, virus, fungos e desempenha um papel importante na
imunomodulagdo, angiogénese e cicatrizacdo de feridas. Recentemente, foram pu-
blicados os resultados de um ensaio clinico fase I/II com o péptido LL37 que demon-
stram a sua eficdcia terapéutica em feridas crénicas; no entanto, foram necessarias
multiplas administragdes tépicas. O objectivo principal desta tese foi desenvolver
uma formulacdo de nanoparticulas conjugadas com LL37 de forma a possuir ma-
ior actividade de cicatrizacdo da pele que o péptido livre (ndo imobilizado). A
formulagdo de nanoparticulas foi preparada por uma nova metodologia na qual foi
utilizado o péptido LL37 com um terminal tiol, actuando o péptido como agente de
revestimento durante a formacdo da nanoparticula. Esta formula¢do tem um nticleo
de ouro (Au) e um escudo formado pelo péptido catiénico LL37. Durante esta tese
seleciondmos nanoparticulas de ouro porque é relativamente facil a imobilizagdo de
altas concentra¢des de LL37 por unidade de superficie, a modificagdo das suas pro-
priedades (incluindo tamanho, carga e morfologia), e pelo facto destas nanoparticu-
las terem sido utilizadas na pratica clinica ha muitos anos. Estas nanoparticulas pos-
suem um tamanho controlado (21 nm), baixa polidispersdo, um potencial zeta posi-
tivo (15 mV), alta densidade de LL37 (250 pg de péptido por mg de nanoparticula) e
alta estabilidade em soluc¢des aquosas e meios de cultura celular. As nanoparticulas
mostraram actividade antimicrobiana contra E.coli e elevada actividade biolégica
contra células de mamiferos, ou seja, actividade pré-angiogénica em células en-
doteliais e actividade pré-migratéria em queratinécitos. Surpreendentemente, as
nanoparticulas conjugadas com LL37 possuem menor citotoxicidade que o péptido
LL37 livre. Os nossos resultados mostram ainda que as nanoparticulas sdo inter-
nalizadas pelos queratindcitos e células endoteliais, e no caso de queratinécitos, o
processo de internalizacdo é mediado principalmente pelo receptor scavenger. As
nanoparticulas internalizadas tendem a se acumular no compartimento endoliso-
mal dos queratindcitos e das células endoteliais. Em ambos os modelos celulares,
as nanoparticulas induzem a transactivacdo do EGFR. No caso dos queratindcitos,
o processo € iniciado pela activagdo de receptores P2X que levam a uma prolongada
fosforilacdo de EGFR e de ERK. Isto leva a que os queratindcitos possuam maiores
propriedades migratérias. Os resultados in vivo mostram que nanoparticulas con-
jugadas com LL37 tém melhores propriedades cicatrizantes de feridas comparati-

vamente ao péptido livre. No caso de células endoteliais, o péptido LL37, mas ndo
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as nanoparticulas conjugadas com LL37, levam a activacdo do receptor FPRL1, a
acumulacdo de célcio intracelular e a secrecao de VEGF;45. No entanto, tanto o
péptido LL37 como as nanoparticulas conjugadas com LL37 tém elevada actividade
pré-angiogénica, demonstrado num ensaio de Matrigel e de membrana corioalantéica
(CAM). E provavel que a actividade pré-angiogénica das nanoparticulas conjugadas
com LL37 seja mediada pela transactivacdo de EGFR, mas mais estudos sdo necessdrios
para responder a esta questdo. Os resultados apresentados nesta tese sdo um pri-
meiro passo para o desenvolvimento de terapias baseadas em nanomedicina a base
de péptidos antimicrobianos. Esta é a primeira terapia que combina propriedades
de cicatrizacdo de feridas e actividade antimicrobiana na mesma formulagao, é mais

barata do que as terapias avancadas actuais, e pode ser administrada uma tinica vez.
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Chapter 1

Introduction

1.1 Aims and outline of the thesis

Impaired wound healing and its medical complications remain one of the most
prevalent and economically burdensome healthcare issues in the world. Chronic
wounds are those that have failed to proceed through an orderly and timely repara-
tive process to produce anatomic and functional integrity of the injured site. In the
United States alone, chronic wounds affect 6.5 million patients. More than US$ 25
billion is spent annually on treatment of chronic wounds and the burden is growing
rapidly due to increasing health care costs, an aging population and a sharp rise in
the incidence of diabetes and obesity worldwide [1], [2]. Recent data indicate that
11.7% of the Portuguese population is diabetic [3]. One of the most serious and
debilitating complications of diabetes is the development of chronic non-healing
wounds. In recent years, there have been efforts to develop new advanced metho-
dologies to heal chronic wounds including the use of topic growth factors or cell
based therapies. Unfortunately, in many cases, the therapeutic efficacy is low, the
therapies are expensive and require application in a clinical facility, and they have
no antimicrobial activity. Therefore, the development of new therapies is necessary
to address this unmet clinical need. LL37 is the most important AMP in skin and re-
cently, phase I/II clinical trials have demonstrated its therapeutic efficacy in chronic
wounds [4]; however required multiple topical administrations. The main goal of
this thesis was to develop a LL37 nanoparticulate formulation with higher wound
healing properties than the free peptide. The hypothesis was that LL37-conjugated
NPs would have enhanced wound-healing properties than soluble LL37 peptide
because they would prolong the biological activity of the peptide. So far no study

has compared the in vivo performance of soluble AMP relatively to chemically im-
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mobilized AMP formulations in terms of their regenerative potential. The results
of this thesis describe for the first time the development of a novel nanoparticu-
late formulation for wound healing based on LL37-conjugated gold NPs (LL37-Au
NPs). During this thesis, we have developed a novel methodology to produce sta-
ble LL37-Au NPs in which thiol-terminated LL37 acts as capping agent during NP
formation. The production of our nanoparticulate formulation involved only a pro-
cessing step, which facilitates the large-scale production of LL37-conjugated NPs
at a relative low cost. We have evaluated initially the physico-chemical properties
of LL37-Au NPs and the binding process of LL37 peptide to the NP formulation
by molecular dynamic studies. The stability of the formulation in cell culture me-
dia, cytotoxicity properties against endothelial cells and keratinocytes as well as
antimicrobial properties have been studied. To show the unique properties of this
formulation, we have evaluated their pro-migratory properties against keratinocy-
tes. Pro-angiogenic properties were also evaluated against endothelial cells. When
these NPs are exposed to keratinocytes, they activate purinergic receptors which in
turn trigger ADAM17 activity, the consequent release of EGF anchored to cell mem-
brane and finally the activation of EGFR leading to a prolonged cell migration and
enhanced wound healing. When these NPs are exposed to endothelial cells, they
promote cord-like structures formation in a Matrigel assay and new vessel forma-
tion in a CAM assay. Importantly, LL37-Au NPs have higher wound healing activity

than LL37 peptide in a splinted mouse full thickness excisional model.

The work conducted in this study is significant because it (i) shows that LL37 che-
mically conjugated to Au NPs have superior wound healing activity and lower cy-
totoxicity than LL37, a peptide that is currently being evaluated in clinical trials
for wound repair, (ii) it shows for the first time that both LL37 and LL37-Au NPs
mediate the migratory activity of keratinocytes through purinergic receptors and
(iii) the activation of purinergic receptors by LL37-Au NPs but not LL37 peptide
leads to long-lasting phosphorylation of EGFR and ERK which enhances the migra-
tory properties of keratinocytes (iiii) LL37-Au NPs do not mediate pro-angiogenic
properties of endothelial cells through FPRL1 as for LL37, meaning that a different

receptor and signaling is involved.

The PhD thesis is divided in five chapters.
Chapter 1 provides a general overview of the work, presents the problem ad-

dressed by the thesis and discusses the contributions to advance the state of the art.
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1.1. AIMS AND OUTLINE OF THE THESIS 3

Chapter 2 reviews the state-of-the-art for the biological mechanism of wound
healing and wound healing treatments. This section also describes novel formu-
lation for drug delivery systems based on NPs and peptides, their impact on cell
biology and their current applications mainly focusing on skin diseases. Moreover,
this chapter also reviews recent progresses regarding the biology of LL37 and its
biomedical applications.

Chapter 3 provides information regarding the synthesis and characterization of
LL37-Au NPs, NP cytotoxicity, internalization and intracellular trafficking in kerati-
nocytes. Further, it describes the inductive properties of LL37-Au NPs and LL37 in
the migration of keratinocytes, the underlying mechanisms and the in vivo regene-
rative potential of both approaches.

Chapter 4 describes the cytotoxicity, internalization and intracellular trafficking
of LL37-Au NPs in endothelial cells. It describes the results about the pro-angiogenic
properties of LL37 and LL37-Au NPs evaluated in term of intracellular free Ca®>* and
secretion of vascular endothelial growth factor (VEGF) in endothelial cells. Further,
it presents the pro-angiogenic activity of LL37-Au NPs and LL37 in a Matrigel and
chorioallantoic membrane model (CAM) assays.

Chapter 5 provides a general discussion of the results collected during the thesis

and discusses future opportunities.
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Chapter 2

State of the Art

2.1 Wound healing

Despite an increasing awareness of the pathophysiologic events that take place in
the development of wounds of various underlying etiologies, impaired wound hea-
ling and its medical complications remain one of the most prevalent and economi-
cally burdensome healthcare issues in the world. The annual wound care products
market has reached to US$ 15.3 billion by 2010 and still the need for post-surgical
wound care is sharply on the rise. In the US alone, there are more than 100 mil-
lion acute wounds annually, including surgical incisions, trauma, and burns, while
chronic wounds affect 6.5 million patients being considered the “new global epi-
demic” [1]. More than US$ 25 billion is spent annually on treatment of non healing
wounds and the burden is growing rapidly due to increasing health care costs, an
aging population and a sharp rise in the incidence of diabetes and obesity world-
wide (Fig. 2.1) [2]. Recent data indicate that 11.7% of the Portuguese population is
diabetic [3]. One of the most serious and debilitating complications of diabetes is
precisely the development of chronic non-healing wounds. More importantly, dia-
betes is the leading cause of non traumatic leg amputations in the United States.
While the incidences of diabetic ulcers are sharply on the rise, pressure ulcers in
critical care and intensive care patients are also increasing. Chronic wounds have
many psychosocial consequences, including stress, negative mood, pain, and social
isolation [5].

Current treatment options are limited, costly, and inefficient. Considering the in-
crease in the incidence of diabetes and obesity, investigation into tissue regeneration
in chronic wound repair is vital as well as the development of new therapeutics is

absolutely necessary and important to satisfy the unmet clinical need.
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Figure 2.1: Incidence of different types of non-healing wounds and costs among
patients treated in US Outpatient Wound Centers. Right side of the figure shows cumu-
lative cost care. Numbers in boxes represent number of wounds for each column. Among patients
followed for long periods, the cost of care increased as treatment duration lengthened. Although
data from patients in treatment for more than 2 years were available in only 30 cases, the cost of care
per patient was more than $18,000. In the left side the distribution of wound and ulcer types are
shown. Non-healing surgical wounds represent the largest category at 20.8% of the total, followed
by pressure ulcers on the body at 19.2%. Diabetic foot ulcers are the next most common ulcer type at
13.7% of the total while traumatic wounds or chronic ulcers represent 12.8% and 12.1%, respectively.
Venous ulcers represented 7.8% and arterial ulcers and non-healing amputations 1.5% each (adapted

from [2]).

2.1.1 The wound healing process

Disruption of the integrity of skin, mucosal surfaces or organ tissue results in
the formation of a wound. Skin is the largest plastic organ in the human body that
serves as protective barrier to the environment and external stimuli. Loss of the in-
tegrity of large portions of the skin as a result of injury or illness may lead to major
disability or even death [6]. When healthy skin is injured a normal wound healing
response, consisting of a well-organized interaction of cells and tissues, begins im-
mediately [7]. Cytokines, growth factors and proteases are also closely involved in
the wound-healing process to complete normal tissue repair after damage [8]. The
normal wound repair process takes around 7 to 14 days to complete and it consists of
different continuous, sometimes overlapping, phases that comprise a series of cellu-
lar and biochemical events. These are haemostasis, inflammation, proliferation, and
remodeling [9].

Haemostasis occurs immediately after injury. The exposure of subendothelial

Michela Comune - Doctoral Thesis



2.1. WOUND HEALING 7

collagen and the formation of thrombin lead to the activation of platelets, located in
the intravascular space. Activated platelets are able to initiate the coagulation cas-
cade leading to the formation of a fibrin clot that protects the denuded wound and
serves as provisional scaffold for other cells that later can migrate there during the
repair process. Importantly, the clot also serves as a reservoir of cytokines, growth
factors vasoactive substances such as platelet-derived growth factor (PDGF), trans-
forming growth factor-B (TGF-p), fibroblast growth factor (FGF), endothelial growth
factor (EGF), serotonin, thromboxane A2, platelet factor IV, prostaglandins, and his-
tamine that are released from activated platelets degranulate [10]. This cocktail re-
leased from platelets initiate the early events of wound closure process providing
chemotactic cues to recruit circulating inflammatory cells to the wound site. Addi-
tionally, it promotes the tissue movements of repithelialization and connective tissue
contraction, and stimulates the characteristic wound angiogenic response [9], [10].

The inflammatory phase begins in the first hours after injury and may continue
for up to 6 days. This inflammatory response consists in regional vasodilation and
increased capillary permeability, and a leukocyte infiltrate that occurs in response
to specific chemotactic factors generated in the wound. In fact, growth factors re-
leased from the platelets diffuse into tissues surrounding the wound promoting the
recruitment of inflammatory cells into the injured area. Neutrophils are the first
inflammatory cells to enter the wound, followed by monocytes. Neutrophils role
has long been considered to be confined to clearing the initial rush of contaminating
bacteria, but studies have shown that they are also a source of pro-inflammatory
cytokines that probably serve as the earliest signals activating local fibroblasts and
keratinocytes [11]. More, activated neutrophils release a number of lysosomal en-
zymes (such as elastase, neutral proteases, and collagenase) which proteolytically
remove damaged components of extracellular matrix (ECM) [12]. Subsequently, ac-
tivated monocytes are differentiated to macrophages, and recruited at the injured
sites and help in host defense. Macrophages play an important role in tissue de-
bridement and in augmenting the inflammatory response releasing a variety of
proinflammatory cytokines (IL-1 and IL-6) and growth factors (FGF, EGEF, TGF-8,
and PDGF). Macrophages also initiate the development of granulation tissue and
they are strongly essential for effective wound healing; if macrophage infiltration is
prevented, then healing is severely impaired [13].

The main events of the proliferation phase are the formation of the new ECM
and hence a new permeability barrier (repithelialization), the beginning of angio-

genesis and reinforcement of the injured dermal tissue. The cells are involved in
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this phase are mainly fibroblasts and endothelial cells. They proliferate in response
to growth factors and cytokines that are released from macrophages, platelets and
mesenchymal cells, or have been stored in the fibrin clot. During the first 2-3 days
after injury, fibroblasts activity predominantly involves migration and prolifera-
tion. After this time, fibroblasts release collagen and glycosaminoglycans (mainly
hyaluronic acid, chondroitin-4-sulphate, dermatan sulphate, and heparin sulphate)
in response to macrophage-released growth factors, hypoxia and by-products of
anaerobic metabolism. New collagen production remains the dominant process in
wound healing until approximately 6 weeks after wounding. The combination of
collagen and fibronectin forms the new ECM, which is essential for the development
of granulation tissue that eventually fills the wound [14]. Then fibroblasts stop pro-
ducing collagen and undergo apoptosis. Angiogenesis accompanies fibroblast pro-
liferation and allows nutrients and healing factors to enter the wound space. It is
also essential for the growth of granulation tissue. The main growth factors that reg-
ulate angiogenesis are FGF, released by damaged endothelial cells and macrophages,
and vascular endothelial growth factor (VEGF) which is released by keratinocytes
and macrophages [9].

The remodelling phase usually begins 3 weeks after injury and can take up to 2
years to complete. Unlike non-injured skin, the arrangement of newly formed col-
lagen fibers in the wound is random and disorganised. The remodelling of collagen
fibres into a more organised lattice structure gradually increases the tensile strength
of the scar tissue, though this never exceeds 80 percent of the strength of intact
skin. Remodelling of the ECM involves a balance between collagen synthesis and
degradation, which is operated by several proteolytic enzymes, like matrix metallo-
proteinases (MMPs), neutrophil-released elastase and gelatinase, collagenases and
stromelysins [15]. The results of remodelling phase is a scar formation less cellular
than normal skin and never achieves the same tensile strength as uninjured skin.

In summary, the normal healing cascade begins with an orderly process of hemo-
stasis and fibrin deposition, which leads to an inflammatory cell cascade, characte-
rized by neutrophils, macrophages and lymphocytes within the tissue. This is fol-
lowed by attraction and proliferation of fibroblasts and collagen deposition, and fi-
nally remodeling by collagen cross-linking and scar maturation. Despite this orderly
sequence of events responsible for normal wound healing, pathologic responses
leading to fibrosis or chronic ulcers may occur if any part of the healing sequence is

altered.
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2.1.2 Acute and chronic wounds

Wounds were classified mainly in two types: acute wounds and chronic wounds.
By definition, acute wound are the ones that proceeds through an orderly and timely
reparative process to establish sustained anatomic and functional integrity, and a
chronic wound as one that has failed to proceed through an orderly and timely
reparative process to produce anatomic and functional integrity or has proceeded
through the repair process without establishing a sustained anatomic and functional
result [17].

Acute wounds are categorized based on causes and type according to size and
depth (superficial or deep). Acute wound care is indicated in all patients with surgi-
cal and traumatic wounds, abrasions, or superficial burns [1]. Acute wounds heal in
a very orderly, timely and efficient manner following a normal wound healing pro-
cess characterized by the four phases previously described. The well organized cas-
cade of physiological events results in full epithelization in about 2 weeks. Any dis-
turbances in these events may result in an incomplete and improper restoration of
the injured part. Therefore, any acute wound can reach a chronic state if it does not
heal within the expected time due to some important factors that can influence the
healing process: nutrients, hypoxia, poor blood supply, hygiene, infection, immuno-
suppression (HIV), chronic diseases (diabetes), age, genetics, wound management
and surgical complications (Fig. 2.2) [16]. Whereas acute wounds go through the
linear progression of overlapping biological and molecular events, chronic wounds
do not progress through the orderly process. Some areas of chronic wounds are in
different phases at the same time and, presumably, progression to the next phase
does not occur in synchrony. All type of wounds that not heal within three months
are considered chronic wounds. Chronic wounds are classified into pressure ulcers,
vascular ulcers (eg. venous and arterial ulcers) and diabetic ulcers (Table. 2.1) [18].

A pressure ulcer is a localized injury in the skin and/or underlying tissue usu-
ally over a bony prominence, as a result of pressure, or pressure in combination with
shear and/or friction. Pressure ulcers are common in aged patients, stroke victims,
patients with diabetes, dementia, impaired mobility or sensation. Pressure ulcers
can lead to infection and lead to complications such as septicaemia, osteomyeli-
tis and, even death. It is estimated that there are over 7.4 million of patients with
pressure ulcers in the world where estimation was possible i.e. excluding the vast
number of developing countries [1].

Venous valvular incompetence in the deep and superficial veins can lead to ve-

nous ulcers characterized with a constant blood backflow resulting in an increase
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Figure 2.2: Normal versus chronic wound. Panel on the left displays the normal wound
microenvironment characterized by numerous growth factors, a well-organized ECM, and active cell
populations. Matrix synthesis in this scenario surpasses degradation, MMP activity is regulated by
the presence of MMP inhibitors (TIMPs). Phenomenon of angiogenesis/neovascularization in nor-
mal wounds occurs in a synchronous actions through well-regulated sprouting of existing blood
vessels and recruitment of endothelial progenitor cells (EPC), and by low bacterial burden. Chronic
wounds here represented by the panel on the right, are often characterized by a high incidence of
bacterial infection creating biofilms, which in turn lead to a persistent inflammation, excessive pro-
teolysis, and ultimately to the degradation of critical growth factors, receptors, and/or ECM. The
inability of the resident cells to proliferate and /or migrate effectively, creates a scenario where matrix
synthesis is ineffective, because of the absence of functional receptors or appropriate promigratory
matrix substrates. Angiogenesis/neovascularization impairment, are hallmarks of chronic wounds,
resulting into oxygen and nutrient depravation for the cells residing within the wound bed, leading

to further wound bed mutilation and impaired healing (adapted from [18]).

in venous pressure. Pressure-induced changes in blood vessel wall permeability
causing the leakage of fibrin and other plasma components into the perivascular
space [21]. Arterial ulcers are less common than chronic venous wounds. They are
due to arterial insufficiency caused by atherosclerosis or embolism that can progress
to narrowing of arterial lumen and ischemia, which empair timely healing of minor

traumatic injuries. Venous ulcers generally arise between the knee and the ankle
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while arterial leg wounds can appear at any spot distal to arterial perfusion like
a tip of a toe. It is estimated 100,000 Americans annually are affected by arterial
ulcers [19].

MAJOR TYPES OF CHRONIC WOUNDS

Wound Type Pathology No. of Affected Patients Cost of Treatment Total Annual Cost
Venous ulcers  Venous insufficiency, thrombosis, varicosis 400 000-600,000 $5000-510,000 $1.9 billion to $2.5 billion™
Arterial ulcers  Macroangiopathy, atherosclerosis, 10000033 $9000-516,000
arterial insufficiency
Diabetic ulcers  Neuropathy, microangiopathy, 2 million (http://www feetnet .com/statistics.php) ~ $6000/patient $150 million™
hyperglycemia
Pressurc ulcers  Immobility, excessive pressure 1.3 million to 3 million Up to $70000% $3.5 billion to $7.0 billion annually®

Table 2.1: Table showing types of chronic wounds, pathology associated to the occurrence of those

wounds and their socio-economical impact (adapted from [18]).

Diabetic ulcers are another type of chronic wounds do not follow an orderly and
reliable progression of wound healing. In patients with diabetes (diabetes mellitus)
wound healing is severally impaired. In fact, diabetic patients often have neuropa-
thy, which could be causative, or often linked to vascular impairment, deficiencies
in muscle metabolism, and a number of microvascular pathologies often caused by
hyperglycemia [20]. The diabetic foot ulcer is a leading cause of hospital admissions
for people with diabetes in the developed world and is a major morbidity associated
with diabetes, often leading to pain, suffering, and a poor quality of life for patients.
Diabetic foot ulcers are estimated to occur in 15% of all patients with diabetes and
precede 84% of all diabetes-related lower leg amputations [22].

Common features are shared by all type of chronic wounds including the ab-
sence of linear progression of healing, prolonged or excessive inflammatory phase,
persistent infections, formation of drug-resistant microbial biofilms, and the inabi-
lity of dermal and/or epidermal cells to respond to reparative stimuli [18]. In addi-
tion, chronic wounds have higher concentrations of proteases (such as MMPs) and
lower levels of growth factors and cytokines in the inflammatory phase than acute
wounds [16]. Therefore, pressure, vascular and diabetic ulcers showing peculiar
phenomena that make a different wound, they need of a specific management and
care. It has been shown that dermis of venous ulcers exceed in TGF-p1 and it may
cause fibrosis [31]. It is known that chronic wound fibroblasts contain aberrantly
high levels of metalloproteinases [32] and lack the integrin receptor for fibronectin
binding [33]. More, diabetic fibroblasts show impairment in cellular migration,
VEGEF production and in hypoxia response [30] leading to impaired angiogenesis

and abnormalities in granulation tissue and decrease in collagen. More importantly,
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some cells in chronic wounds are phenotypically altered. Keratinocytes on the edge
of chronic wounds are unable to migrate properly; therefore, the wound cannot be
closed. One reason for the inability of non healing keratinocytes to migrate is be-
cause they are, for one reason or another, non-responsive to activation signals that
promote cell migration [34]. It is thus critical to understand all the abnormalities are
occurring at the wound bed to better understand the reasons of the delayed and/or
nonhealing processes and to implement an effective therapies.

The optimal way to treat non-healing wounds is based on a multidisciplinary
concept consisting in a specific treatment plan including modern wound care pro-
ducts and well-educated personnel. Considerable developments have occurred in
wound healing and care over the last few decades that lead innovative technologies,
debated in the next section, to the clinic. These techologies have been advantageous,
but even the most advanced and sophisticated product requires proper wound care
and wound bed preparation in order to function optimally, contributing to the huge

economic burden of this medical area.

2.1.3 Wound healing treatments
Clinical treatments

Currently, chronic and acute wounds of different etiologies are treated using
a multistep approach based on contemporary knowledge of wound healing and
known by the acronym TIME. First, nonviable tissues (T) from within and around
a wound are removed using surgical debridement or debriding agents, such as ba-
cterial collagenase. Second, infection and inflammation (I) are minimized with an-
tibiotics and anti-inflammatory preparations. Third, moisture (M) imbalance is cor-
rected, generally with carefully selected dressings. Last step, epithelialization (E)
and granulation tissue formation are promoted by the application of specific thera-
pies, such as cell-based therapies or growth factors [23].

The use of TIME and current therapies are not always effective in some wounds.
In fact, the success of a therapy depends on a detailed understanding of the molecu-
lar and cellular components present in each wound bed. Recent advances in under-
standing those components using novel diagnostic approaches as for example the
“bar coding”, can lead to personalized diagnosis and therapies and therefore better
therapeutic outcomes [24]. Depending on the type of wounds, current treatments
consist of specific dressings, skin substitutes and growth factors. There is a variety

of wound dressings in the market, all of which function to preserve hydration within
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the wound in order to optimize regeneration, warm, protect against infection, and
avoid disruption of the wound base. The most currently available bioactive wound
dressings are made using chitosan as “HemCon® Bandage”, hyaluronic acid, col-
lagen and silicon as the product “Biobrane” [25]. In addition, other biomaterials
that are currently being investigated for wound dressings consist of alginates, hepa-
rin, cellulose, and gelatin [26]. Being these materials biodegradable and part of the
natural tissue matrix, they play an active part in the new tissue formation.
Dressings cannot replace lost tissue, particularly missing dermis as occurs in
chronic wounds. For the treatment of these cases, bioengineered skin substitutes
and growth factors represent the only Food and Drug Administration (FDA) ap-
proved products nowadays. Skin substitutes consists in autograft, allograft, xeno-
graft, and bioengineered skin substitutes such as polymers, naturals or synthetic,
acting as scaffolds for tissue engineered substrates that replace lost tissue rather
than just facilitate wound healing (Table. 2.2). Autograft is currently the preferred
option, but in many instances there is an insufficient amount of tissue available for
grafting, or the patient’s condition precludes the use of autograft. Allografts and
xenografts can provide a temporary coverage option, but they come with issues re-
garding rejection, and possible disease transfer, availability, as well as cultural and
ethical considerations [27]. A gold standard in chronic wound management is the
use of a full split-thickness autograft from a donor site and grafting it over the com-
promised region. Other options for chronic wounds are the use of donor keratino-
cytes or cultured epithelial autografts. This has been applied in form of confluent
sheets of cells applied directly to the wound bed or onto a pre-prepared wound base
made of allograft dermis. Limitations of tissue grafting are quantity of donor skin
available, the risk of complications including pain and infection, high cost, need of
multiple applications [27]. To avoid some of these problems bioengineered skin sub-
stitutes, both biosynthetic and cultured autologous engineered skin, are available to
provide temporary or permanent coverage, in large quantities and negligible risk of
infection or immunologic issues. The main limitation of these products is their costs

and still limited efficacy. Nowadays, some examples of FDA approved products are:

o Apligraf®), a bilayered living human skin equivalent indicated for the treat-

ment of diabetic foot and venous leg ulcers;

e Dermagraft®, a human fibroblast-derived dermal substitute, which is indi-

cated only for use in the treatment of full-thickness diabetic foot ulcers;

e REGRANEX®) Gel, a human platelet-derived growth factor for the treatment
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of deep neuropathic diabetic foot ulcers [28].

Dressing Type Major Components Manufacturers
Integra™ Artificial skin Collagen/chondroitin-6 sulphate Integra LifeScience
matrix overlaid with a thin (Plainsborough, NJ)
silicone sheet
Biobrane™ Biosynthetic skin Silicone, nylon mesh, collagen Dow Hickham/Bertek
substitute Pharmaceuticals (Sugar
Land, TX)
Alloderm™ Acellular dermal graft Normal human dermis with all Lifecell Corporation
the cellular material removed (Branchberg, NJ)
Dermagraft™ Dermal skin substitute Cultured human fibroblasts on a Advanced Tissue Sciences
biodegradable polyglycolic (LadJolla, CA)
acid or polyglactin mesh
Epicel™ Epidermal skin Cultured autologous human Genzyme Biosurgery
substitute keratinocytes (Cambridge, MA)
Myskin™ Epidermal skin Cultured autologous human Celltran Limited (University
substitute keratinocytes on medical grade of Sheffield, Sheffield, UK)
silicone polymer substrate
TranCyte™ Human fibroblast derived Polyglycolic acid/polylactic acid, Advanced Tissue Sciences
skin substitute extracellular matrix proteins
(synthetic epidermis) derived from allogenic human
fibroblasts and collagen
Apligraf™ Epidermal and dermal Bovine type I collagen mixed Organogenesis (Canton, MA)

Hyalograft 3-D™

skin substitutes

Epidermal skin

with a suspension of dermal
fibroblasts
Human fibroblasts on a

Fidia Advanced Biopolymers

substitute laser-microperforated (Padua, Italy)
membrane of benzyl hyaluronate
Laserskin™ Epidermal skin Human keratinocytes on a Fidia Advanced Biopolymers
substitute laser-microperforated membrane
: of benzyl hyaluronate
Bioseed™ Epidermal skin Fibrin sealant and cultured BioTissue Technologies

substitute

autologous human keratinocytes

(Freiburg, Germany)

Table 2.2: Tissue Engineered skin substitutes available commercially. Table displays
the new generation of engineered skin substitutes, their categorization by type of scaffold or matrices,
a brief description of the major components involved and the manufacturers responsible for the

development and commercialization (adapted from [27]).

REGRANEX®) Gel, recombinant human platelet-derived growth factor-BB in a
sodium carboxymethylcellulose gel, is the first and the only topical growth factor
therapy approved by FDA (Fig. 2.3). It has been shown to promote a rapid wound
healing and more completely heal of diabetic neuropathic ulcers [35]. It is currently
under investigation for the treatment of decubitus (pressure) ulcers, while it has
been demonstrated that is not effective in diabetic ischemic ulcers. However, there

is a concern about the regular use of this product because of risk of skin cancer [36].
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Figure 2.3: Percentage of complete wound healing after PDGF gel and antibiotic
ointment treatments. A 4 mm punch biopsy instrument was used to make 2 full-thickness
wounds on each arm of each volunteer. Fourteen wounds treated with PDGF gel were compared
with 14 wounds treated with antibiotic ointment. Healing was evaluated by visual determination of
the global percentage healed and wound depth. Wounds treated with PDGF gel showed a significan-
tly faster rate of healing on each of the initial 6 follow-up visits. The greatest difference was on day 10
when PDGF-treated wounds were 71% healed compared with 28% for antibiotic-treated wounds (P=
0.0005). At days 22 and 24, 92.9% and 100% of the PDGF gel-treated wounds were healed, compared
with 50% and 57%, respectively (P= 0.0313 and P=0.0313), in the antibiotic ointment group. By day
29, both PDGF gel and antibiotic-treated wounds were healed. (Adapted from [35]).

Another important class of treatments is represented by antibiotics and antimi-
crobials used to prevent and combat infections often associated with diabetic foot
ulcers and surgical and accident wounds [27]. Antibiotics from paraffin based oint-
ments such as bismuth subgallate are known to have significant effect in the wound
healing process [37]. Other antibiotic used consist of gentamycin from collagen
sponges [42]. Generally, antibiotics are delivered to the wounds preferably by anti-
biotic incorporated dressing products. Some example are dialkylcarbamoylchloride
into Cutisorbl (cotton wool dressing), povidone-iodine used with fabric dressing
and silver used with most of the modern dressings [27]. The use of silver to pre-
vent and treat infection is documented as early as 69 BC, and it is still one of the
most technologies currently used for antimicrobial prophylaxis [38]. Silver is a very
effective against a wide variety of bacteria, viruses, fungi, and molds, with low tox-

icity and low bacterial resistance [29]. Nanocrystalline silver dressings developed
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and introduced in the late 1990s, are still the latest used silver wound dressings.
The products currently in use consist of two layers of high-density polyethylene net
sandwiching a layer of rayon/polyester gauze [39]. The outer layer is coated with a
nanocrystalline (<20 nm), noncharged form of silver (Ag"), and the inner layer helps
maintain a moist environment for wound healing. A higher therapeutic effect and a
less frequent dressing changes are some advantages of nanocrystalline silver based
dressing compared with silver sulfadiazine and silver nitrate. To date, there have
been developed several new silver containing wound products as silver impreg-
nated modern dressings available on the UK Drug Tariff include Fibrous Hydrocol-
loid, Poyurethane Foam Film and Silicone gels [41]. Topical deliver of antibiotics by
dressings is preferred to their systemic administration to avoid the risk of systemic
toxicity, to promote tissue compatibility, low occurrence of bacterial resistance and
ineffective systemic antibiotic therapy resulting from poor blood circulation at the
extremities in diabetic foot ulcers [40].

Regarding antimicrobial products, novel dressings reported include, freeze-dried
tibrin discs for the delivery of tetracycline [27] and lactic acid based system for
the delivery of ofloxacin and the inhibition of S. aureus and P. aeruginosa in split-
thickness wounds in rats [44]. It has been demonstrated antimicrobial releasing
silicone gel sheets promotes epithelization of superficial burns [43]. Minocycline
incorporated in chitosan-polyurethane film dressing has also been developed for

treating severe burn wounds [45].

Treatments in pre-clinical testing

Some exploratory therapies are being tested in clinical trials. For example, FGF
loaded in absorbable collagen increased the complete wound closure by 68% after
3 weeks compared to the placebo group in patients with traumatic ulcers [46]. A
similar study showed diabetic foot ulcers treated with topical application of gel con-
taining human EGF healed faster and higher than placebo group (Fig. 2.4) [47].

Other biomolecule as siRNA, miRNA, genetic material, antimicrobial peptides
(AMPs) could be delivered at the wound bed to target a specific phase or molecu-
lar mechanism of the wound healing process. Delivery of growth factors or other
biomolecules presents some important limitations difficult to overcome as their fast
degradation by proteases or dilution by tissue fluid [51]. Moreover, they are able to
target just a molecular pathway but since wound repair is the result of a complex
set of interactions among cytokines, formed blood elements extracellular matrix and

cells, future therapies for chronic wounds and their complications will have to be
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based on correcting multiple deficits simultaneously. In conclusion, even if recently
different drugs and delivery systems have been extensively investigated targeting
the different phases of wound healing and to improve outcome, yet the standard
available wound procedure remains costly, limited and ineffective. Therefore, the
development of novel therapeutic strategy to satisfy the unmet clinical needs are

urgently and continuously required.

Figure 2.4: Clinical outcome of topical application of recombinant human EGF
in diabetic foot ulcers. Comparative study of two groups of 25 patients each. Group 1 was
the experimental group: patients in this group received topical application of recombinant human
epidermal growth (thEGF) gel. Group 2 was the control group in which patients received betadine
dressing. Clinical follow up after every two weeks for eight weeks. Left picture shows diabetic
foot ulcer prior to start of therapy while the right picture shows diabetic foot ulcer of experimental
group completely healed after 6 weeks of application of recombinant human epidermal growth; thus
rhEGF gel appliance shortens wound healing time significantly and the mean closure was significan-

tly higher in the EGF group compared with control (adapted from [47]).

Cell therapies

The unique capability of stem cells to differentiate into various tissues has been
also explored for skin regeneration and wound healing application. To date, bone
marrow, peripheral blood, and umbilical cord blood have been used as source of
stem cells to apply for healing acute and chronic wounds [48]. Mesenchymal stem
cells derived from bone marrow (BMSCs) either autologous or allogenic demon-
strate to enhance wound healing, increase blood vessel and granular tissue forma-
tion in chronic wounds [26]. Limitations of BMSC use consisting in their difficult
harvesting from living tissue and donor site associated morbidity led scientists to
explore other types of MSCs. An example, it is the use of adipose derived stem cells
(ADSCs) that are present in major quantity and they can be harvested with easier

procedures. Several studies have shown the capacity of ADSCs to promote angio-
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genesis by releasing angiogenic factors in wounds and to reduce scar formation by
releasing numerous cytokines and other cellular components [49]. ADSCs have
been also tested on a cellular derived matrix in a full thickness cutaneous murine
model. Results showed an improvement in wound healing, angiogenesis and vas-
cularization [26].

MSCs isolated from umbilical cord Wharton's jelly have been also used in a
poly(vinyl alcohol) (PVA) hydrogel membrane to promote wound healing in two
dogs showing non-healing large skin lesions after standard treatments. MSC-PVA
treatment significantly enhanced the skin regeneration in both the dogs [50]. Other
studies demonstrated that MSCs from umbilical cord Wharton's jelly promoted higher
wound healing, less inflammation and a thinner granulation tissue formation in
goat when compared with the control wounds [26].

Human umbilical cord perivascular cells (HUCPVCs) have also been used in
mouse excisional splinted wounds, showing faster wound healing compared with
human skin-fibroblast (hSFb)-treated and phosphate buffered saline (PBS)-injected
controls [50].

2.2 Nanotechnology and nanomedicine

<What I want to talk about is the problem of manipulating and controlling things
on a small scale... What I have demonstrated is that there is room that you can
decrease the size of things in a practical way... I will not discuss how we are going
to do it, but only what is possible in principle... We are not doing it simply because
we haven'’t yet gotten around to it...>.

With this words at the annual meeting of the American Physical Society, at Cal-
tech, on 1959, Nobel Prize winner Richard Feynman introduce the principles of a
new science, known nowadays as nanotechnology. In his visionary lecture entitled
“There is Plenty of Room at the Bottom” [52], Feynman speculated about the possibi-
lity to miniaturize object and the convergence of physical, chemical and biological
processes at the molecular level. However, it was only later with the publication of
the Eric Drexler’s book titled “Engines of Creation” to rise an active interest of many
scientists in the new field of nanotechnology [53]. Four decades after Feynman’s lec-
ture, scientists have learnt to manipulate materials on the same unimaginably small
scale which is used by nature as atoms, molecules, and clusters on surfaces and new
fundamental physics that governs the properties of nanoobjects are known. There-

fore, by definition, nanotechnology is the science able to deal with matter that range
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from 1 to 1000 nm (although in many studies, authors refer to objects in the range
of 1 to 100 nm) permitting the design, synthesis, characterization and application of
new materials and devices [54].

In the past 30 years, nanotechnology grew in several fields bringing innovation
in pharmacology, chemistry, biology, physics, materials science and engineering. In
recent years, burgeoning interest in the medical applications of nanotechnology has
led to the emergence of a new scientific field of “Nanomedicine”. Nanomedicine, as
the most important cross-link subject between nanoscience and biomedicine, is de-
fined as the process of disease prevention, diagnosis, and therapeutic using nanoma-
terials or nanotechnology [55]. The great potential of nanotechnology in medicine
is contributing to the improvement in health and make remarkable achievements
in new-generation of biological materials, artificial internal organ, interventional
therapy, drug carrier systems, blood purification, and biomacromolecule separa-
tion. Furthermore, nanotherapies can increasingly be tailored to each patient’s need
enhancing currently available medical treatments, like those for impaired wound
healing. So far nanomedicine in the skin therapy area has mainly been attributed to
the use of scaffolds and nanomaterials such as biocompatible nanoparticles for drug
delivery able get into the cells and modulate cell activity [57].

Nanoparticles (NPs), due to their small size and their unusual physical and
chemical properties, exhibit differential biological activities. In fact, high surface
area to volume ratio for a given mass of NPs augment the binding sites for multiple
cargos in order to modulate biological properties. More, the increased cell surface
interactions permit NPs to access into the cytoplasmic space crossing cellular bar-
riers and activate specific transport mechanisms [56]. This permits to achieve tem-
poral and spatial site-specific delivery of biologically active compounds and tune
their interaction with cell features resulting in significant biomedical effects. NPs

can offer the following advantages in the area of medicine:

e a tailored drug loading;

reduced dosage and reduced frequency of dosing;

improved drug solubility and high effciency;

controlled drug delivery and less side effects;

less invasive, cheaper and faster disease treatments.
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2.2.1 NPs for skin drug delivery

NPs are defined as the particulate dispersions, or solid particles with a size in the
range of 1-1000 nm [106]. In the past two decades, FDA approved 24 nanoparticle-
based therapeutic products for clinical use. Among these products, liposomal and
polymeric drug conjugates are two dominant classes, accounting for more than 80%
of the total amount [117]. Liposomes, spherical lipid vesicles with a bilayered mem-
brane structure composed of natural or synthetic amphiphilic lipid molecules, were
the first to be proposed as carriers for drug delivery for therapeutical purpose in
1960. So far, they have been already widely used, alone or functionalized, to en-
capsulate and protect both hydrophilic and hydrophobic therapeutic agents with
high efficiency [118]. Small molecule drugs conjugated to several polymeric based
nanocarries are the second most used NP-based drug delivery systems. Many poly-
mers have been proposed as drug delivery carriers, such as poly(ethylene glycol)
(PEG), polyglutamic acid, polysaccharides, poly(allylamine hydrochloride) and N-
(2-hydroxypropyl) methacrylamide [119].

Besides drug-encapsulated liposomes and polymer drug conjugates, other nano-
particle platforms such as micelles, dendrimers, engineered viral NPs and inorganic
NPs like iron oxide, gold NPs (Au NPs), silica, allumina NPs have also shown the-
rapeutic potential [120]. First generation of NPs for drug delivery were able to pro-
long drug half-life, improving solubility of hydrophobic drugs, reducing potential
immunogenicity, and/or releasing drugs in a sustained or stimuli-triggered fash-
ion compared with the conventional approach of drug delivery. Second generation
of NPs for drug delivery consists of more advanced systems for (a) gene therapy,
(b) active targeting of cells by specific ligands and (c) co-delivery [117]. One such
material being studied for gene therapy is poly(lactic-co-glycolic acid) (PLGA), a
specific polymer that can be applied to form NPs densely loaded with DNA or
siRNA for sustained gene silencing [121]. Combination of lipid and/or polymer-
based nanoscale systems, previously developed for single drug delivery, have been
applied to facilitate co-delivery of two therapeutics or combine targeted imaging
and therapeutic agents [122].

For skin drug delivery, NPs must be able to penetrate the skin barrier, mostly
in the form of the complex structural arrangement of the stratum corneum, deliver
efficiently their payload or actively target specific cells and then be cleared from
the body without adverse side effects. Research in NPs for skin delivery has fo-
cused in three main areas: (1) skin cancer imaging and targeted therapeutics, (2)

immunomodulation and vaccine delivery, and (3) antimicrobials and wound hea-
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ling [124].

Wound healing is one of the fields that will most benefit from clinical applica-
tion of NPs. A trend in skin repair is to use innate properties of nanocarries or use
them to deliver specific biomolecules, growth factors, antimicrobials and antibiotics
targeting the main phases of wound repair with their cellular signaling involved
(Fig. 2.5).
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Figure 2.5: Examples of nanoparticles currently under study for wound hea-
ling treatment. Current NPs strategies for wound healing consist on both pure, conjugated
or embedded NPs and scaffold as illustrated in this panel. Nanoparticle-bearing endogenous
molecules, nanosphere-based strategies and nanoscaffolds are emphasized highlighting a correla-
tion with the different healing phases that they may target. In the bottom of the figure, materials
commonly developed for nanoparticulate-delivery systems are listed. Different structures (two- and
three-dimensional) of nanofibrous sheets can be produced by both degradable and nondegradable

nanofibers (adapted from [123]).

Another current trend is to develop and use NPs for gene therapy and knock-

down of specific genes that are up-regulated or down-regulated in some phases of
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chronic wounds phenotype. Several studies have described the use of NPs in wound
healing. At the inflammation phase, iron oxide NPs conjugated with thrombin have
been developed to prolong its half life in human plasma. In fact, thrombin, essen-
tial to convert fibrinogen to fibrin and create the platelet clot, is rapidly degraded
by natural protease inhibitors. Thrombin-conjugated iron oxide NPs accelerated the
healing of incisional wounds than free thrombin [123]. An other example of the use
of NPs for wound healing is related to NPs for the release of nitric oxide (NO). NO is
a critical molecule for wound healing, involved in collagen formation, cell prolifer-
ation and wound contraction. Previous studies showed diabetic wounds are chara-
cterized by a decrease in NO production and therefore by decreased wound repara-
tive collagen deposition [125]. A new therapeutic approach, consisting in hydrogel
based NPs containing NO, accelerated wound healing in mice promoting angiogen-
esis and increasing fibroblasts migration and collagen deposition [126]. NPs bearing
antibiotics and silver NPs are also vastly used to treat wound infections, that often
impede the final wound closure, and with the aim to reducing the risk of antibiotic
resistance. Beside antimicrobial properties, studies in vivo demonstrated also a di-
rect acceleration of wound healing and reduction on hypertrophic scarring by silver
NPs mediated by cytokine-modulated inflammation [123]. Strategies to improve
proliferation and remodeling phases of wound healing have used NPs to guarantee
long-term protection from enzymatic degradation and prolonged delivery of exoge-
nous growth factors at the wound bed. Growth factors are important to accelerate
the healing process by attracting cells into the wound site, promoting cell migration,
stimulating the proliferation of epithelial cells and fibroblasts (FGF and PDGF), as
well as initiating the formation of new blood vessels (FGF and VEGF), and finally
participating in the remodelling of the scar [127]. Some of the formulations used are
PDGF-embedded PLGA nanospheres and PLGA NPs conjugated with VEGF and
EGF [123]. PLGA NPs have been also used to encapsulate LL37 AMPs or curcumin
with the aim to combine their bioactive properties and supplement the wound of
exogenous lactate, known to accelerate angiogenesis [129], [128]. Curcumin (difer-
uloylmethane) is a well-known topical wound healing agent for both normal and
diabetic-impaired wounds. Encapsulation of curcumin in PLGA NPs improves its
solubility and showed a twofold higher wound healing activity compared to that of
PLGA or curcumin in a full thickness excisional wound. PLGA-LL37 NPs signifi-
cantly accelerated wound healing compared to PLGA or LL37 administration alone.
PLGA-LL37 NP-treated wounds displayed advanced granulation tissue formation,

high collagen deposition, re-epithelialized and neovascularized composition. LL37
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has been also used also to create stabilized silver NPs (AgNP) for skin infections.
LL37-immobilized AgNPs showed similar antimicrobial activity of clinically used
ionic silver while LL37 on AgNPs promote fibroblast proliferation, compared to bare
silver NPs due to LL37 biological activity [130]. Wound healing properties of LL37
peptides and advantages to use LL37 conjugated NPs will be further discussed in a

subsequent section of this chapter.

2.2.2 Au NPs for skin drug delivery and regeneration

Au compounds are still used nowadays to treat rheumatoid arthritis [90], al-
though Au colloids were introduced to treat several arthritis as early as the 1920s
by Forestier [79]. Over the last century, Au NPs have been synthesized by differ-
ent methods in a variety of sizes and shapes including Au nanospheres, nanorods,
nanobelts, nanocages, nanoprisms, and nanostars (Fig. 2.6) [80]. These Au NPs
have been extensively investigated for biomedical application [81]. The most com-
mon method to prepare Au spherical NPs is a single-phase water-based reduction
method using citrate reduction as described by Turkevich and Frens [83], [84]. Vary-
ing the concentration of citrate and Au for the thermal reduction, size, shapes and
absorption peak can be tuned passing by an absorption peaks near 540 nm to a peak

closer to the optical window of tissue which is between 700 and 800 nm.

Figure 2.6: TEM images of Au NPs ranging several shapes and different sizes. (A)
Nanospheres. (B) Nanocubes. (C) Nanobranches. (D) (E) (F) Nanorods with different aspect ratio.
(G) (H) (I) J) Nanobipyramids with different aspect ratio (adapted from [75]).

In the last 15 years, Au NPs have received considerable attention for their phys-
ical and chemical properties. Au NPs surface is easy to chemically modified with

ligands containing functional groups such as thiols, phosphines, and amines, which
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exhibit affinity for Au surfaces [85] and hence be used for the delivery of oligonu-
cleotides, proteins, and peptides [86], [87], [88]. These properties, enabled Au NPs
to be used in various therapeutic and diagnostic applications. Au NPs have been
mostly explored for the treatment of cancer [87], rheumatoid arthritis [90], antimi-
crobial infections, inflammations and HIV therapies [93]. They have been used as
carriers for the delivery of drugs or biomolecules as peptides, proteins, oligonu-
cleotides, genetic materials and antigens, responding to endogenous or external
chemical or physical stimuli [89]. Rotello and co-workers have developed a cationic 2
nm Au nanoconjugate functionalized with thiol-modified alkyl amines that possess
photoactive o-nitrobenzyl ester linkages, which can be cleaved with near-UV irra-
diation [91]. An alternative method of releasing molecules from Au NPs consists
of a mixed monolayer of amine-terminated and fluorophore-labeled alkyl thiol li-
gands on Au NPs that after entering in contact with intracellular environments con-
taining an elevated glutathione concentration (a thiol-possessing peptide) results
in substitution and the passive release of the nanoconjugate ligands [92]. Gener-
ally, approaches used for using Au NPs as a drug delivery vehicle include systems
based on covalent binding, drug encapsulation, electrostatic adsorption, and other
non-covalent assemblies [131].

In the area of transdermal delivery, it has been recently reported that Au NPs
have a high potential to be absorbed in the skin, penetrate the stratum corneum,
enter the epidermis and deliver efficiently the drug in the dermis [124]. Size, shape
and coating of Au NPs also influence their absorption and penetration into the skin.
Dean et al. showed that DNA coated Au NPs could enhance the penetration of vac-
cines from the layer of the skin to Langerhans cells introducing an innovative ap-
proach of epidermal delivery of particle mediated vaccine [94]. In general, studies
have shown that spherical and smaller Au NPs (< 15 nm) present higher and faster
permeation in rat and mouse skin than larger Au NPs [74], [75]. Au NPs of 6 and
15 nm with different chemistries could penetrate the stratum corneum and migrate
in the deeper layer of human skin due to their interaction with skin lipids and in-
creased skin permeability [244].

In addition to immunomodulation and vaccine delivery, Au NPs have been used
on diagnostic [96] and treatment of skin cancer (Fig. 2.7) [95]. Melanocyte-stimulating
peptide conjugates Au NPs are specifically internalized by receptor-mediated active
targeting of melanoma cells and to be an efficient system for selective photothermal
ablation in vivo. There are various strategies for combining biomolecule on Au NPs,

however most of Au complexes for active targeting are based on covalent binding
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of small peptides directly on Au surface or on PEGylated Au NPs. Therapeutic plat-
forms based on Au NPs covalently conjugates with peptide will be discussed in a

subsequent section of the thesis.

Gene delwe\ %ug delivery

Photothermal Targeting
iherapy

Figure 2.7: Main biomedical applications of Au NPs. Au NPs have been used in drug

delivery and gene therapy applications either in vitro or in vivo (adaptated from [104]).

Au NPs have been also explored for skin therapy as new antimicrobials for
skin infections and wound healing treatments. In fact, both applications are as-
sociated because diabetic chronic wounds are frequently colonized with bacteria
infections. Au NPs are a potential candidate to treat effectively these pathologies
both for their innate antimicrobial and anti-inflammatory properties as metal based
NPs both for being a tunable system for topical delivery of specific drugs, anti-
oxidants and siRNA. Previous studies have demonstrated that Au NPs display ex-
cellent antibacterial potential for both Gram negative bacteria E.coli and the Gram
positive bacteria and they did not induce bacterial resistance even after 20 genera-
tions [98], [99]. In addition, 21 nm Au NPs have the capacity to reduce macrophage
infiltration and inflammation, inhibiting pro-inflammatory cytokine expression as
IL-6 and TNF-a, characteristics of non-healing wounds pro-inflammatory pheno-
type [102].

Conjugated Au NPs can act as anti-inflammatory and anti-oxidants agents. Stu-
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dies showed that Au NPs conjugated with a mixture of antioxidants, epigalloca-
techin gallate, and a-lipoic acid, significantly accelerated diabetic wound healing
through anti-inflammation and angiogenesis modulation than antioxidants alone.
Au NPs have enhanced the functionality of antioxidants serving as an adjuvant to
increase the skin absorption [97].

Au NPs can be used for the efficient delivery of siRNA and miRNA in order
to modulate wound healing. For example, Au NPs of conjugated with a specific
siRNA to silence Fidgetin-like 2 (FL2) gene, a fundamental regulator of cell migra-
tion, improved wound healing in a murine burn wound model. By knocking down
the production of this enzyme, epithelial cell migration was improved, as well as
the rate and quality of wound closure [100]. In addition, Au NPs (13 nm) conju-
gated with ganglioside-monosialic acid 3 (GM3) siRNA, efficiently knockdowned
GM3 expression in type 2 mice diabetic wounds and accelerate wound closure as

compared to non-treated wounds [101].

2.2.3 Cytotoxicity of NPs

As the development of NPs and their biological applications are rapidly expand-
ing, several studies and then a new science called “Nanotoxicology” has emerged
to study the toxicity mechanism of nanomaterials in living organism and other bio-
logical organism [58]. Nanotoxicology focuses on correlating the physiochemical
properties of NPs with biological response such as kinetics of their accumulation
and elimination, and biological targeting (cells, tissues, organs) (Fig. 2.8). Several in
vitro and in vivo tests have been proposed to evaluate the toxicology of nanomate-
rials that typically consist in colorimetric methods to evaluate features as plasma
membrane integrity (LDH release assay), cell viability (annexinV/propidium io-
dide) and cell metabolism (MTT, ATP kits). Further, cellular secretion of cytokines
and chemokines can be used to evaluate the pro-inflammatory activity of nanomate-
rials. The pro-inflammatory molecules such as IL-6, TNF-«, IL-8, IL-1, among others
can be evaluated by ELISA kits or Multiplex kits commercially available. The biolo-
gical impact of NPs can also be evaluated at gene level. In this case, a small number
of genes, tipically involved in cytotoxic response, or whole gene microarrays can be
performed [59].

The first step to evaluate the biocompatibility of NPs involves cell cultures stu-
dies. In many cases NPs when dispersed in cell culture medium aggregate and
change their physical properties or they can sediment affecting the NP concentration

that cells are exposed to [61]. Because cytotoxicity of NPs depends on parameters
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Figure 2.8: Summary of the toxicity pathways induced by NPs.

such as size, shape, surface area, agglomeration state, chemical composition, sur-
face chemistry and dose [60], it is very important to perform stability studies of NPs
in the cell culture media before assessing their toxicity profile. Spherical Au NPs
of size ranging from 4 to 100 nm are in general relatively not cytotoxic and do not
create any morphological change of various cells such as HeLa, human leukemia,
human dermal endothelial and mouse macrophage cells up to 100 ug/mL [62], [63].
This is similar to other biocompatible NPs. For example, organic PLGA NPs with
the overage diameter or 100 nm are substantially non-cytotoxic against several type
of cells for concentrations up to 100 ug/mL. PLGA NPs with surface area between 3
and 10 m?/g and concentration ranging from 1 to 100 ug/mL are non-toxic to Caco-
2 and Hela cells [64]. Importantly, the size of NPs affects oxidative stress. Au NPs
with diameter of 1.4 nm induce higher oxidative stress than Au NPs with a diameter
of 15 nm [62].

The shape of Au NPs is an other important parameter for their internalization
and Au NPs cytotoxicity response. The uptake of rod-shaped Au NPs is lower than
their spherical counterpart [63] may likely due to the larger contact area that rod-
shaped NPs have with the cell receptors than the spherical NPs. Another reason
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might be due to differences in the surface chemistry either from the synthesis pro-
cess of both nanomaterials or the adsorption of proteins from cell culture media.
Positively charged Au NPs functionalized with long carbon chains are more toxic to
cells at a lower concentration due to the strong electrostatic interaction with nega-
tively charged cell membrane and hydrophobicity induced toxicity [65]. They are
able to depolarize the membrane potential in a dose dependent manner on differ-
ent types of cells. Furthermore, cationic Au NPs increased the intracellular Ca**
concentration by stimulating Ca?* plasma membrane influx as well as Ca?* release
from the endoplasmic reticulum [66]. Compared to inorganic NPs, organic NPs
such as PLGA NPs do not have significant impact on structural properties of cell
membrane. Smaller size PLGA NPs trigger intracellular Ca?t flux in RAW 264.7
and BEAS-2B cells through ROS generation but do not cause any cell death or dam-
age to organelles [67]. On the other hand, negatively charged, and short carbon
chain functionalized Au NPs have low internalization and exert no toxicity effect
on cells [65]. NPs with high hydrophobicity induce high levels of ROS. Not only
inorganic but also organic NPs such as PLGA NPs of different sizes (60, 100 and
200 nm) induce the production of ROS. Mouse macrophages RAW264.7 and human
bronchial epithelial BEAS-2B cells incubated for 24 hrs with bare PLGA NPs with
different sizes (60, 100 and 200 nm) show a cytotoxic profile that was size depen-
dent [67]. The smallest NPs were the most effective in inducing cell damage, by the
generation of superoxide radicals, a decrease in mitochondrial membrane poten-
tial and an increase in cytosolic Ca?*. PLGA NPs coated with chitosan, poloxamer,
poly(vinyl alcohol), and cetyltrimethyl-ammonium bromide having positive, neu-
tral and negative charges do not induce cytotoxicity to cells [68]. Importantly, the
ligand present at the surface of the NP has an important role in their cytotoxicity. It
was found that cetyltrimethylammonium bromide (CTAB) capped Au nanorods are
cytotoxic to HeLa cells; however, the level of cytotoxicity was reduced after being
modified with PEG, phosphatidylcholine, poly(acrylic acid) or poly(allylamine hy-
drochloride), indicating that the chemicals involved in the synthesis of Aunanorods
play a role in their cytotoxicity [69]. It has been shown that PLGA NPs coated with
Tween-20 and poly (beta-amino esters) (PBAE) exhibit also toxicity to brain endothe-
lial and COS-7 cells respectively with the increasing concentration of functionalized
ligands and NP doses (Table. 2.3) [67].

NPs may act as immunomodulators. For example, it is well known organogold
compounds have been used to treat rheumatic diseases since 1930 [70]. Au NPs

with a diameter of 5 nm interact with extracellular IL-1 and down regulate the in-
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flammatory pathways in THP-1 cells, a human myeloid leukaemia cell line [71].
This is dependent on the size of the NPs since Au NPs with 15 or 35 nm have no
effect. In addition poly(acrylic acid) (PAA) coated Au NPs bind to and induce un-
folding of fibrinogen, which promotes interaction with integrin receptor (Mac-1) of
monocytes, resulting in release of inflammatory cytokines [72]. In some cases, the
immunomodulatory properties of NPs depends on their capacity to interact with
cellular toll-like receptors (TLRs). For example, Au NPs provoke specific inhibition
of TLR9 (CpGoligodeoxynucleotides) [73].

Beside the evaluation of NPs toxicity in vitro, it is of utmost importance the in
vivo evaluation of NP biodistribution, circulation, toxicity and elimination to deter-
mine their biological impact, since it is impossible to predict it or correlate with in
vitro results. Typically, these studies are performed in mice or rats and evaluated
by changes in blood serum chemistry and histological analysis. Different routes of
administration can result in various effects on biodistribution of NPs in body. Gen-
erally, systemically administrated NPs are taken up by liver and spleen in a large
amount and small amounts distributed in kidney, lung, heart and brain after sin-
gle administration [75]. The biodistribution of Au NPs is also found be influenced
by size, surface charge and coating. A large amount of small Au NPs (15 nm) was
also accumulated in blood, liver, lung, spleen, kidney, and stomach and was able
to pass blood-brain barrier, however, a tiny amount of 200 nm Au NPs was found
in brain, stomach and kidney. In another study, 1.4 nm Au NPs were able to cross
the air-blood barrier of the respiratory tract while 18 nm Au NPs were trapped in
the lungs [74]. Neutral and zwitterionic Au NPs (2 nm in diameter core; overall
hydrodynamic diameter of 9-10 nm) have longer circulation time via both intraperi-
toneal and intravenous injections, whereas negatively and positively charged NPs
have relatively short half-lifes [76]. PEG-coated Au NPs (13 nm) induced acute in-
flammation and apoptosis in liver and accumulated in liver and spleen up to 7 days
after injection [77]. Regarding transdermal delivery of NPs, long term effects and

side effects of applying Au NPs in vivo via the skin needs further investigation.
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Table 2.3: Citotoxicity of Au NPs. Toxicity profile of NPs having variable morphology, surface

functionalization, charge, shape and size against different cell lines.

2.24 Uptake of NPs

Cellular uptake, intracellular pathway and final location of NPs in the cells play

an important role in the delivered dose of the cargo and its bioactivity. Cells have

several compartments, therefore it is important NPs, after cross the plasma mem-

brane target the right place in order to obtain the desired effect with specificity and

efficiency. Studies have shown that the charge of NPs influences the driving force
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for the uptake and define their intracellular pathway [78]. This is due to the NPs
electrostatic interactions are created with the cell membrane and because charge
contributes for the adsorption of specific proteins, present in the cell medium, at the
NPs surface that might enhance or reduce their cellular uptake. Size and surface
functionality of the NPs affect their cellular uptake and intracellular fate. Endocy-
tosis is a process by which materials are engulfed by a cell through the invagination
of a portion of the plasma membrane, with subsequent formation of vesicles with
these materials inside the cell. The internalization of the NPs can be mediated by one
of the following pathways: (i) receptor mediated endocytosis (clathrin-, caveolin-,
and raft- dependent), (ii) non-specific endocytosis, and (iii) internalization under
endocytosis-inhibiting conditions (Fig. 2.9) [106], [103].

Another classification of endocytosis mechanisms consists in distinctions based
on the proteins required for a certain pathway (for example dynamin, clathrin, cave-
olin, or actin), the type of cargo being internalized (large versus small, specific re-
ceptors or extracellular fluid sampling), the morphological appearance of the en-
docytic process (vesicular or tubular appearance, or a ruffled appearance as seen
in circular dorsal ruffles), or the sub-cellular compartment/organelle it is associ-
ated with (such as the primary cilium). Clathrin-independent endocytic pathways
are further divided in phagocytosis (actin-dependent, professional endocytosis) and
macropinocytosis (receptor-independent), for internalization of large-sized parti-
cles, and pinocytosis for the uptake of fluids and solutes [107].

Uptake mechanisms of Au NPs into mammalian cells have been deeply reviewed
[103]. Several studies have shown as charge and hydrophobicity contributes to de-
termining the cellular uptake of functionalized Au NPs [104]. In addition, Chan et
al. have reported size of Au NPs plays likewise an important role in their cellular
uptake [105]. Au NPs get internalized through receptor specific or non-specific en-
docytosis pathways, depending on chemical composition of ligands present on NP
surface, size, shape, protein corona adsorbed and accumulate at endocytic vesicles,
cytoplasm or perinuclear regions of cells [63]. Furthermore, nanocomplexes, made
of cell-penetrating peptides complexed with Au NPs to deliver oligonucleotides,
turning negative charged in transfection medium, implied that their uptake in HeLa
cell is mediated by scavenger receptors, specifically class-A scavenger receptors
like SCARA3 and SCARAS [114]. Scavenger receptors are one of the six types of
phagocytosis receptors that are able to bind modified lipoproteins such as oxidized
and acetylated LDLs, and they demonstrate promiscuous binding of polyanionic

ligands [115]. In another study, Patel et al. demonstrated that the mammalian cell
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Figure 2.9: Pathways of endocytosis and intracellular fate. A number of endocytic path-
ways have been described, each mechanistically distinct and highly regulated at the molecular level.
These pathways facilitate cellular signalling and cargo transport. Controlling the route of NP uptake
is important for both mediating their intracellular fate as well as their biological response. After in-
ternalization via one or more of the endocytic pathways, NPs are trafficked along the endolysosomal
network within vesicles with the help of motor proteins and cytoskeletal structures. Vesicles can
transport their contents into sorting endosomes, or excrete/recycle them back to the cell surface by
fusing with the plasma membrane. Alternatively, endosomes can mature into lysosomes via luminal
acidification and recruitment of degradative enzymes, which target the vesicle contents for degra-
dation. In order to access cytoplasmic or nuclear targets, NPs must be capable of escaping from the

endolysosomal network as well as traverse through the crowded cytoplasm (adapted from [63]).

uptake of Au NPs functionalized with polyvalent oligonucleotides is also mediated
primarily by scavenger receptors. Cells preincubated with polyinosinic acid, which

are agonist for these receptors, decreased the level of Au NPs uptake by 60% [116].
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2.2.5 Intracellular trafficking of NPs

Independently of the mode of entry, endocytosed NPs are usually delivered to
the early endosome, where the fate of the cargo is decided in the first instance. From
the early endosome, NPs can (i) be trafficked to the late endosome and then to acidic
and oxidative environments of peroxisome and lysosomes for degradation, (ii) be
expulsed by exocytosis, or (iii) they can escape from the endo-lysosome compart-
ment and travel to other intracellular locations including cell nuclei [108].

In most of the case, Au NPs are trapped in endosomes, fuse with lysosomes
for processing, and leave the cell via the exocytosis process [112]. Several stu-
dies showed that citrate-capped Au NPs travel through the regular endolyso path
causing NPs to become trapped in either endosomes or lysosomes [63]. A differ-
ent intracellular path, consisting in endosome escape and cytoplasm localization,
has been demonstrated for peptide conjugated Au NPs [109]. For example, Au
NPs conjugated with peptides containing integrin binding domain can enter the
cell via the endocytosis process followed by escaping into the cytoplasm from en-
dosomes [110], [111]. Brust and co-workers also have suggested that an effective
approach of evading the well-established endolyso pathway of uptake to a signif-
icant extent is by surface modification of NPs by cell penetrating peptides often
used to deliver Au NPs loaded with target molecules via the cytoplasm to the cell
nucleus [112]. Modified Au NPs with the cell-penetrating peptide TAT enhances
HelLa cell uptake and leads to an unusual distribution pattern, by which particles
are found initially in the cytosol, the nucleus, and the mitochondria and later within

densely filled vesicles, from which they can be released again [113].

2.2.6 Peptide-conjugated Au NPs

Au NPs have been conjugated with peptides for drug delivery systems or ac-
tive cell targeting and cell bioactivity. Peptides are relatively cheap compared to
proteins, easy to produce in laboratory (using solid state chemistry) and their small
size minimally compromise the overall size of the resulting peptide-conjugated NPs.
Moreover the high surface volume ratio of NPs permits a high density of peptides
on their surface. Therefore, multiple different peptide species can be easily immo-
bilized on Au NPs surface, they prevent aggregation of Au NPs induced by salts
and are amenable to serve as intermediary linkers between Au NPs and other ac-
tive biomolecules [134]. So far, there have been developed three main approaches to

prepare peptide Au nanoconjugates:
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e ligand exchange method;
e chemical reduction method;
¢ and chemical conjugation method [135].

The ligand exchange method consists in using peptides with a cysteine moiety
in order to reach a spontaneous reaction of the thiol group with GNP surface. Thiols
form strong Au-S bonds with Au NPs [132], [133]. In general, a cysteine, at the
N-terminus is preferred to create strong Au-S covalent bonds as well as a core of
hydrophobic amino acids for packing and polar amino-acids at the C-terminus of
peptide to provide solubility in physiological environments [133]. In 2004, Levy and
colleagues reported the synthesis of CALNN, a peptide forming a self-assembled
monolayer on Au nanoparticles [136]. CALNN, a pentapeptide thiol capping li-
gand, was developed to tune citrate-stabilized Au NPs into stable and water-soluble
Au NPs with chemical properties comparable to proteins following this design: (i) a
thiol group in the side chain of the N-terminal cysteine (C) to make a covalent bond
to the Au surface, (ii) alanine (A) and leucine (L) in positions 2 and 3 with hydropho-
bic side chains to promote the self-assembly of the peptide, (iii) the uncharged but
hydrophilic amino acid asparagine (N) in positions 4 and 5, with the amide group on
the side chain, C-terminal asparagine in position 5 can bear a negative charge due to
the terminal carboxylic group [137]. Succesively, Shaheena Parween et al. replaced the
internal hydrophobic residues of CALNN peptide with hydrophobic non-natural
amino acids in order to avoid its degradation from Cathepsin L protease [141].

The chemical reduction method consist in one-step method (one-pot synthesis)
in which peptides are not only able to interact with surface but they are employed
as reducing agents and/or capping reagents. It has been found that the formation of
Au NPs by short peptides is primarily determined by two basic functionalities of the
amino acid residues: reducing capability for tetrachloroaurate (III) anions (AuClI,)
and capping (binding) capability for the Au NPs formed [142]. Several studies have
demonstrated the capacity of peptide sequences to control the composition, shape,
and size of Au NPs during the synthesis process [148]. Following this approach,
Au NPs are generally synthesized at room temperature, in water or in reducing
buffer such as 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), known
to dominate the reduction of Au(lIll), and in the presence of specific peptide residues
acting as capping and stabilizing agents that solubilize the growing NP [137]. Ser-
izawa et al. found that reductions of AuCl, by HEPES in the presence of adequate

amounts of Cys-terminal peptides led to the production of peptide functionalized
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Au NPs under ambient conditions [138].

Both linear and cyclic peptides containing arginine, tyrosine and tryptophan
residues are strong metal binders and they can reduce AuCl, to the gold atoms,
which eventually combine to form Au NPs [149], [142]. Amir et al. were also the
tirst to evaluate L-cyclic peptides as simultaneous reducing and capping agents for
generation of cyclic peptide-capped Au NPs (CP-Au NPs), into aqueous solution,
with the aim to develop a drug delivery system with cell penetrating properties and
able to entrap antiviral or anticancer drugs without any chemical modification and
functionalization on Au NPs surface [139].

Recently, functional Au NPs for the detection of Staphylococcus aureus were crea-
ted due to the ability of thiol group, from cysteine of the peptide DVFLGDVFLGDEC
(DD) to interact with Au ions and generate DD-immobilized Au NPs, while me-
thicillin resistant S. aureus (MRSA) was used as the reducing agent and protec-
tive group [140]. Another study reported the efficient strategy to develop in one-
pot synthesis Au NPs ideal for gene delivery and efficient transfection using posi-
tively charged polypeptides (e.g., poly-L-lysine, PLL) that serve not only as capping
agents but also as reductants without the need for an external reducing agent [143].

In the chemical conjugation method, Au NPs are capped with a linker, which is
then activated and functionalized with the peptide. Linkers contained a thiol group
(e.g., thiol-containing oligoethylene glycols as PEG or OEG) to bind the gold surface
of the NP and a terminal functional group (e.g. amine or carboxylic group) to bind
the peptide. In earlier studies, peptides have been covalently coupled first to bovine
serum albumin (BSA), which was subsequently adsorbed onto Au NPs via electro-
static interactions [145]. The frequent instability of peptide-BSA-Au nanoparticle
conjugates in biological media prompted scientists to explore the alternative ap-
proches. An example is the use of PEG as a co-adsorbate to create a mixed peptide/
PEG monolayers on Au NPs surfaces [146]. Bartczak and Kanaras successful coupled
KPQPRPLS peptide, relevant for angiogenic genes activation, to carboxy-terminated
oligoethylene glycol Au NPs (OEG NPs) using EDC/sulfo-NHS coupling reaction,
one of the most common used chemical conjugation technique [147]. Kumar et
al. have also successfully conjugated two peptides, therapeutic (p12) and targeted
(CRGDK) for cancer treatment, on the surface of tiopronin capped Au NPs with-
out changing the properties of peptides by the EDC/NHS coupling strategy [151].
There are other chemical conjugation methods available for cross-linking peptide to
Au NPs including click chemistry and biotin-avidin coupling [150].

Ligands, such as the TAT sequence (which enhances intracellular delivery), cyclic
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RGD peptide (which increases cell spreading and differentiation and enhances DNA
synthesis), Bombesin (BBN) peptide (which bind with high affinity gastrin-releasing
receptors), REV peptide (targeting ovarian surface epithelial cell) have been also
successfully attached to Au NPs [152], [153], [154], [155].

Beside being used in chemical sensing and biomedical imaging applications, pe-
ptide functionalized Au NPs have been used to delivery biomolecules in specific cel-
lular compartments and tumors. Therefore, CPPs as TAT or RGD (arginine-glycine-
aspartic acid) functionalized Au NPs have used to delivery drugs to a nuclear lo-
cation [152], [153]. The possibility to further functionalize the surface of peptide-
conjugated Au NPs with other specific biomolecules (e.g. oligonucleotides, pep-
tides, proteins) permit their delivery in the correct cellular target localization and
tackle a variety of therapeutic applications. For instance, Mirkin et al. have designed
a heterofunctionalized AuNP consisting of a 13-nm Au NPs containing both thio-
lated antisense oligonucleotides and cysteine-terminated basic peptides [156]. The
heterofunctionalized AuNPs were prepared easily and showed perinuclear local-
ization and an enhanced gene regulation activity when tested in a cellular model.
In the area of tumor targeting, peptide-conjugated Au NPs have been reported to
recognize specific receptors highly expressed on a variety of neoplastic and non-
neoplastic cells. RGD short peptides can specifically bind to integrin v3, an impor-
tant biomarker overexpressed in sprouting tumor vessels and most tumor cells. It
has been demonstrated that RGD-(GC)(2) coupled to Au NPs show a high level of
internalization in the cancer cells by receptor-mediated entrance with huge potential
as novel method for tumor diagnosis and therapy [157].

A class of peptides of utmost importance for skin care applications is AMPs.
Some formulations of AMP-conjugated NPs have been recently developed and used
for skin infections and wound healing. An overview of AMPs properties together
with some examples of application both in soluble form and nanoformulation will

be discussed in the next sections.

2.3 AMPs

AMPs are peptides produced by bacteria, insects, plants and vertebrates with
antimicrobial properties. In a broader sense, AMPs refer to all oligo or polypeptides
that kill microorganisms or inhibit their growth, including peptides that result from
cleavage of larger proteins or peptides synthesized non-ribosomally [158]. Even

if the first report on AMPs is from 1930, only in the last 15-20 years researchers
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started to explore therapeutical potentials of AMP against pathogens [159]. Cur-
rently, more than 800 natural AMPs of different origins have been isolated and cha-
racterized from practically all-living organisms, ranging from prokaryotes to hu-
mans and they are cataloged in a specific database located in Trieste, Italy [160].
Most of AMPs are small (usually containing less than 50 aminoacids), positively
charged, with an excess of basic residues like lysine and arginine and about 50% of
hydrophobic aminoacids and heat-stable (100°C, 15 min) [161], [162].

AMPs can be classified considering their origin, size, secondary structure or their
aminoacid structure. AMPs have been also described into two classes, nonribo-
somally synthesized peptides and ribosomally synthesized natural peptides [163].
Based on their gross composition and secondary structure AMPs are grouped into
four major classes: (i) linear peptides with an amphipathic a-helical structure such
as cecropin, magainins, human ubiquicidin and histatins, (ii) B-sheet structures sta-
bilised by disulphide bridges such as B defensin, (iii) peptides with predominance
of one or more amino acids such as the tryptophan-rich indolicidin of bovine neu-
trophils and the proline-arginine-rich peptide PR39 of pig neutrophils and (iv) pep-
tides with loop structures such as gramicidin [158], [164].

In humans, the most prominent innate AMPs are the cathelicidins and defensins
produced primarily by cells of the immune system and the histatins produced and
secreted into the saliva by the parotid, mandibular, and submandibular salivary
glands [161]. These peptides are normally synthesized in the skin at sites of potential
pathogens entry, providing a chemical barrier to keep human skin healthy. In case
of infection or injury, skin cells, including keratinocytes, sebocytes and mast cells in-
crease the synthesis of AMPs. Circulating cells as neutrophils and natural killer cells
give also an important contributions on secreting AMPs. Secretion of these peptides
is also induced in response to microbial products such as lipopolysaccharide, proin-
flammatory cytokines as tumour necrosis factor, interferon and interleukin [158].
They have potent activities against a broad range of microorganism, both gram-
positive and gram-negative bacteria, fungi and viruses hence representing essential
effectors of innate immunity [166]. The minimal inhibitory concentrations of the
more effective AMPs are in the range from 0.1-10 ug/ml.

The precise mechanism of action remains unknown, although electrostatic inter-
actions between the positively charged peptide and the negatively charged molecules
at the surface membranes of the target organisms are thought to be responsible to
initiate the process. A secondary step results in the modification of the biophysical

properties of the membrane that lead to loss of membrane function including break-
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down of membrane potential, pore formations leakage of metabolites and ions and
alteration of membrane permeability, therefore killing the pathogen [158]. Proof of
the host defence function of AMPs in living organisms have been already demon-
strated both in vitro and in vivo. Studies in knock-out mice deleted for CRAMP,
the murine LL37 cathelicidin, showed a significant infection after bacteria inocula-
tion [169]. In addition, mice deficient f-defensin-1 (mBD-1), revealed delayed clear-
ance of Haemophilus influenzae from lung [167].

In addition to their antimicrobial activity and rapid killing of microbes, AMPs
can also neutralize endotoxin and the ones that act in microorganism membrane are
less susceptible to microorganism resistance [168]. Besides the antimicrobial proper-
ties, AMPs have recently gained interests of scientists due to their immunomodu-
latory activities, their involvement in several inflammatory conditions as psoriasis,
atopic dermatitis, atherosclerosis and in wound healing and diabetic foot ulcer [170].
In fact, low concentrations of AMPs bind to cellular receptors and activate intra-
cellular signaling pathways and certain cellular functions. High concentrations of
AMPs have been described to be cytotoxic for eukaryotic cells [171]. Defensins are
able to attract human immature dendritic cells [174] and monocytes [172] and to
induce release of interferon (IFN)-vy, IL-6 and IL- 10 from T cells [173]. In addi-
tion, cathelicidin such as LL37 was found to bind to formyl peptide receptor like
1 (FPRL1), G-protein coupled receptor, and to attract neutrophils, monocytes and
CD4™T cells, and to activate mast cells [175]. Properties and biological function of
LL37 will be discussed below.

AMPs are very attractive to a number of therapeutic applications because they
have low propensity to induce bacteria resistance and they have a broad spectrum of
microorganism activity. To date, small biotech companies in association with larger
pharmaceutical companies carried out animal and human studies using AMPs with
the aim to evaluate their potential as useful drugs for clinical application including
infected and chronic diabetic foot ulcers, oral mucositis, stomach and intestinal dis-
orders, acne and fungal infections [158]. So far, no AMP has yet reached the drug
market; however, pharmaceutical companies remain enthusiastic about the prospect
of understanding more about AMPs molecular processing, mechanism of action and
regulation in order to use these novel agents as a new generation of medications, es-

pecially for skin therapy.
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2.3.1 AMPs targeting skin diseases

AMPs play an important role both in normal skin function and in various non-
healthy skin conditions. AMPs were first observed in mammalian skin when catheli-
cidin PR-39 was discovered in porcine wound fluid. By that moment, human cathe-
licidin LL37 was observed in epidermal keratinocytes as well as human S-defensins
(hBD). hBD-2 has been found in human skin, lung, uterus, and trachea epithelia, and
elevated hBD-2 expression in human keratinocytes exposed to pathogenic bacteria.
hBD-2 and hBD-3 are very low at the steady state and typically inducible in the skin
during infection, inflammation, and wounding. Other peptides with antimicrobial
properties like cystatin, adrenomedullin are also produced in skin [176].

In general, mainly defensins and cathelicidin (LL37) are secreted by skin, not
only, to serve as antimicrobial agents and contribute to innate immunity, but to
stimulate and regulate inflammation, angiogenesis and wound healing. Altered
production and availability of these appears to be associated with various skin di-
seases ranging from chronic inflammatory skin disorders to infectious complica-
tions. In this sense, controlling the secretion of AMPs may offer new therapeutic
approaches in skin diseases, dermatology, wound healing and in cosmetic applica-
tions. Changes in the expression of AMPs are already examined in a variety of skin
conditions to understand their involvement in the etiology of several diseases and
hence to envisage innovative therapies. More, the association of AMPs with inflam-
mation, led to the evidence that abnormal expression of AMPs is implicated in the
pathogenesis of diseases as psoriasis, atomic dermatitis, rosacea and lupus [170].

Cathelicidins and hBDs are well known to be strongly induced in psoriatic le-
sions in comparison with normal skin. LL37 and hBD-2 were found abundant in
the superficial epidermis from patients suffering of psoriasis. At the contrary, the
same AMPs were found downregulated in acute and chronic atopic dermatitis le-
sions than expected, despite the presence of skin inflammation. This lack in the
expression of AMPs following inflammation may explain the susceptibility of pa-
tients with atopic dermatitis to skin infections, as those due to Staphylococcus aureus
colonization [177]. It has also been demonstrated that patients with atomic der-
matitis have increased viral infections as manifested by the characteristic clinical
symptoms of eczema herpeticum and eczema vaccinatum, likely due to a deficiency
of AMPs in the skin [180]. An excess of LL37 have been also showed in rosacea, and
this drives inflammation and abnormal blood vessel growth by mechanisms of cell
activation involving the abnormal pattern recognition by TLRs, and proteases that

process hCAP18, the inactive form of LL37 [178]. Also in cutaneous lupus erythe-
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matosus, the higher amount of LL37 in the neutrophils, eosinophils, and dendritic
cells in the skin of lead to an upregulated autoinflammatory signaling, contributing
to the disease [179]. Expression of AMPs is also induced within the epidermis dur-
ing viral infectious diseases such as condyloma acuminatum and verruca vulgaris.
Studies have reported that human and mouse cathelicidin reduces vaccinia virus
plaque formation in vitro and in mice lacking cathelicidin [180].

AMPs can have an important contribution in angiogenesis and wound healing.
AMPs not only kill bacteria but also promote wound healing itself inducing angio-
genesis, stimulating cell proliferation and migration and regulating inflammatory
response at the wound area. Application of LL37 promotes angiogenesis impor-
tant for wound healing and tissue repair [183]. Mice skin transfected with a plas-
mid leading to the expression of LL37 peptide showed improved skin healing [184].
In contrast, mice lacking LL37 or in which LL37 was inhibited by LL37 antibody
showed a decreased in vascularisation and re-epithelisation during wound repair.

Burn wounds are also characterized by AMPs deficiency that increases the risk of
infections and the healing time [180]. LL37, defensins hBD-2, -3, and -4 also increase
human keratinocyte migration and proliferation along with intracellular calcium
mobilization and EGFR phosphorylation [186]. Both defensins and cathelicidins
have effect in promoting expression of collagen and decreased the expression of
matrix metalloproteinase-1 in cultured human fibroblasts, an other important cell
type in wound healing process [180]. These observations suggest that the induction
and activation of AMPs after injury has a dual function, both preventing infection
and assisting wound healing.

Importantly, the pleiotropic actions of AMPs, the many examples of relevance in
animal models, and their associations with several skin disorders, all point toward
this class of molecules as a new target for therapy. In fact, in case of infectious dis-
ease, atopic dermatitis or diabetic foot ulcer, the stimulation of AMP expression or
the deliver of exogenous AMP itself at the unhealthy skin lesion may be promising.
At the contrary, in case of psoriasis, rosacea or lupus, treatments targeting AMP
down-regulation by using siRNA knockdown would be beneficial.

New therapies based on AMP for skin diseases will require the synthesis of these
peptides, or in some cases chemicals capable of inhibiting their action. It is of utmost
importance to develop efficient ways of delivering these drugs in active form to the

skin.
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2.3.2 AMP-conjugated NPs

The biomedical application of AMPs is limited due to the fact that they show low
activity in presence of serum [198] and proteases [199], they are susceptibility to pH
changes and plasma components [201] and they show low stability and potential
toxicity [200]. AMPs suffer also from poor pharmacokinetics [170]. Therefore, an
efficient way of delivering AMPs in active form to their target sites at the skin is
necessary. As many of these peptides are greater than 500 Da and hydrophilic in
character they will not diffuse passively across intact skin, therefore their delivery
will require an enhancement system [197]. One of the most promising strategies to
increase the stability and antimicrobial /pro-regenerative properties of AMPs is by
the conjugation to NPs. Therefore, polymeric, lipidic or inorganic NPs have been
developed in recent years as AMPs carriers.

To date some formulations of AMP-NPs have been already tested for antitumor,
antiinfections and wound healing application. Dermaseptin encapsulated-chitosan
NPs have been shown to possess excellent antitumor activities [194]. Chitosan-
based NPs have been also used to encapsulate frog-skin derived AMP temporin
B against Staphylococcus epidermidis [192]. AMP encapsulation in NPs demonstrates
a higher and sustained antibacterial action for at least 4 days compared to bare chi-
tosan NPs and a reduced cytotoxicity against mammalian cells. PLGA NPs have
been also explored to encapsulate plectasin for the treatment of airway S. aureus in-
fections [193]. An other example consists in lactoferrin functionalized to the surface
of PEG-PLA NPs used to mediate blood-brain barrier (BBB) and blood-brain tumor
barrier (BBTB) and glioma cell dual targeting [195]. In addition, lipid NPs have been
conjugated with LL37, melitin or bombolitin V for endosomal escape and thus for
gene delivery [196].

Physical immobilization, both electrostatic and hydrophobic interactions, of AMPs
in carbohydrate NPs was used to minimize the loss of peptide during storage and
meanwhile realize an effective release of AMPs overtime [188]. In this study, Phy-
toglycogen (PG) based NPs were evaluated for their capability for loading nisin
and prolonging its efficacy against L. monocytogenes bacteria. Although, this ap-
proach prolonged the in vitro activity of the AMBP, its efficacy was never demon-
strated in vivo may due to a reduced efficacy mediated dilution effect of AMP
after being released. On the contrary, in vivo anti-infective activity of AMPs chemi-
cally conjugated with NPs has been already evaluated for the treatment of menin-
gitis [190], [191]. Antimicrobial core-shell structured NPs self-assembled from the
amphiphilic peptide CG3R6TAT showed to be able to cross the blood brain barrier
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in a S. aureus-induced meningitis rabbit model and suppress bacterial growth in the
brain with a high therapeutic index (50).

So far, only one formulation of AMP loaded NPs has been proposed for wound
healing treatment. In 2014, Chereddy et al. used PLGA NPs for the delivery of LL37
to promote wound closure [129]. LL37 has been also used to create silver NPs. LL37-
conjugated silver NPs showed similar antimicrobial properties as ionic silver. Yet,
LL37-conjugated NPs have higher capacity to induce fibroblast proliferation than
bare silver NPs [130]. To date, this was the first example of LL37 immobilization in

inorganic based NPs and it is the only one published.

24 LL37 AMP

LL37 is the active form of the unique human AMP belonging to the cathelicidin
family. In 1995, the proprotein form of LL37 was identified for the first time in
human and named hCAP-18 [202]. The hCAP-18 is encoded by the CAMP gene
and comprises a signal peptide, a highly conserved N-terminal prosequence termed
the cathelin domain and a highly variable C-terminal peptide domain in which the
antimicrobial activity is found [203]. LLGDFFRKSKEKIGKEFKRIVQRIKDFLRN-
LVPRTES, resulting from the hCAP-18 clavage by serine protease. The discovery of
LL37 marked the beginning of more than two decades of research on this exciting
AMP, in term of cell expression, structure and biological potential.

LL37 expression was found both in epithelial cells (intestine, airway, genitals,
ocular surface, keratinocytes and eccrine glands) and in cells from immune system
(neutrophils, NK cells,mast cells, dendritic cells, monocytes and macrophages) justi-
tying LL37 prominent role in the innate immune response [204]. Expression in most
epithelia is constitutive, although the expression in keratinocytes is induced, where
the cathelicidin precursor is stored in granules and lamellar bodies, in response to
several conditions. Activation of TLR receptors and/or an alteration in the cytokine
milieu, contact with bacteria or bacterial cell wall constituents such as LPS, stress,
inflammation, wounds, cell damage, provides a trigger that activates the cell to de-
granulate [207]. This leads to the release of the inactive hCAP18 precursor in the
extracellular environment, where it can be processed by specific proteases into the
active LL37 peptide, hence enhancing its expression.

It has been demonstrated that LL37 adopts an a-helical structure to exert his
function in lipid membranes, micelles, and ions such as hydrocarbonate, sulfate and

to a lesser extent chloride, but is a random coil in pure water [205]. The common am-
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phipathic structure of LL37 consist of a N-terminal a-helix followed by a C-terminal
a-helix, and a C-terminal tail. The two helices are separated by a bend or break. The
concave hydrophobic surface of LL37 is bordered by predominately positively char-
ged residues, enabling interaction with negatively charged molecules or structures,
such as LPS, genetic material and bacterial cell walls. The hydrophobic surface of
LL37 is formed by the four aromatic phenylalanine side chains that all point in the
same direction [206]. Many of the effects of LL37, either the antimicrobial action or
the effect on host immunity, can be attributed to its cationic and hydrophobic na-
ture. Studies have reported that N-terminal helix is involved in chemotaxis, peptide
oligomerisation, proteolytic resistance and hemolytic activity while the C-terminal

helix is responsible for the antimicrobial, anticancer and antiviral effect [208].

2.4.1 Antimicrobial properties of LL37

The effects of LL37 on microbial membranes and its antibacterial properties were
established only two years after their discovery. Acting on Gram-positive and Gram-
negative bacteria, they provide protection against a wide variety of pathogens and
could serve as a template for the development of novel antibiotics, especially to
overcome the bacterial resistance to current antibiotics. LL37 also has other antimi-
crobial properties including antifungal and antiviral activities and the inhibition of
biofilm formation [204].

The antibacterial activity of LL37 is derived from its secondary structure. In
fact, it has been shown that the replacement of L-amino acids in the sequence by
D-amino acids did not result in a loss of the antibacterial effect [208]. At the con-
trary, small changes in charge, helicity and hydrophobicity have a large impact on
the activity of LL37 [203]. LL37 firstly approaches the outer membrane as oligomers
and/or monomers and covers the surface, secondly bind parallel to the surface, with
the positively charged amino acids in contact with the head groups of the phos-
pholipids [210]. LL37 coats the phospholipid membrane surface until a threshold
concentration is reached when it induces such a high degree of membrane curva-
ture that toroidal pores in the membrane are formed. This mechanism is known
as toroidal pore carpet-like mechanism and it is commonly used by other cationic
AMPs [204]. Other studies have shown that the mechanism of LL37 depends on the
exact nature of bacteria membrane composition. In some cases, no evidence could
be found for the destruction of the membrane into small fragments indicating a non-
pore mechanism, while in the case of the fungal membrane found in Candida albicans,

LL37 induced rapid phase separation and ultimately disintegration of membrane
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into discrete vesicles, resulting in the formation of large pores or channels in the
cytoplasmic membrane [203]. Aside from the pore-forming action of LL37, electro-
static interaction with protein complexes responsible for electron transport, gener-

ating ATP, could lead to the disruption of membrane homeostasis.

2.4.2 Biological role of LL37

LL37 differs from most a-helical AMPs because of the relatively low specificity
of LL37 to distinguish between bacterial and eukaryotic cells. Generally, LL37 fa-
vorably interacts with bacterial membranes at lower concentrations because these
contain negatively charged lipopolysaccharides (Gram -) or teichoic acid (Gram +),
as opposed to the zwitterionic eukaryotic membranes. The only exception is the
membrane of erythrocytes, which contains sialic acid [211]. Therefore, a high con-
centration of LL37 in blood causes hemolysis. Furthermore, high concentration of
sterols, notably cholesterol and spingmyelin, in the outer layer of mammalian cell
membranes decreases the ability of LL37 to insert into the lipid bilayer, minimizing
the toxic effect [203]. Further, serum and apolipoprotein-1 bind the AMP effectively
reducing the concentration of free LL37 in vivo.

Although high concentrations of LL37 cause cytotoxicity in mammalian cells,
LL37 interactions with eukaryotic cells, at low concentration, stimulate a wide range
of cell receptors, transcriptional factors and relevant intracellular signaling. LL37s
are able to signal tissue and cell damage through chemoattraction, as well as sti-
mulation and modulation of cytokine release from cells of the innate and adaptive
immune system [204]. LL37 is considered an alarmin because it is able to attract
cells around the site of infection, such as monocytes, neutrophils, T-cells and den-
dritic cells, capable of dealing with the microbial threat to the site of infection [212].
Moreover, LL37 is able to indirectly attracts more innate immune cells by inducing
secretion of IL-8 by macrophages, fibroblasts [213] and epithelial cells [214]. Beside
the function of attract immune cells, LL37 stimulates and modulates their action
due to a directly inducting production and secretion of pro- and anti-inflammatory
cytokines in a number of cell types. LL37 causes production and release of IL-18
in monocytes and keratinocytes and TNF-a in macrophages and secretion of IL-6
in keratinocytes, epithelial cells, human gingival fibroblasts [204]. LL37 has also an
effect on the release of TNF-«, IL-6 and IL-12 in mesenchymal stem cells [215].

About LL37 modulatory role, studies have shown that treatment with LL37 de-
creases the TNF-a and nitric oxide levels, reducing the inflammation in macrophage-

like cell lines previously treated with lipopolysaccharide (LPS) [216]. Epithelial cells
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and fibroblasts also release less IL-8 after treatment with LPS and LL37 [218]. In ad-
dition, epithelial cells pretreated with flagellin and subsequently treated with LL37,
produce less IL-6 than without LL37 treatment [217]. In addition, one group reports
the ability of LL37 to enhance the activation of intracellular TLR4 by LPS in epithe-
lial cells, while several other studies report the opposite [204].

Apart chemotactic effect and modulation of cytokine release, LL37 also regu-
lates apoptosis of cells involved in infection, promotes angiogenesis and enhances
wound healing. LL37 is able to suppress apoptosis of epithelial cells and neu-
trophils, hence prolonging the production of chemokines and cytokines and the
clearance of pathogens at the site of infection, respectively. This suppression is
realized through the action of LL37 on the N-formyl peptide receptor 2 (FPR2) and
Purinergic P2X7 Receptor (P2X7R) with a mechanism that involves ERK1/2 activa-
tion leading to a decreased caspase-3 activity and an increased bcl-xL anti-apoptotic
protein expression [219].

LL37 plays also an important role in several important processes, aiming to re-
pair the impaired tissue, like migration and proliferation of epithelial cells [234],
angiogenesis [233], and the inhibition of collagen production by fibroblasts to avoid
too much scar tissue [222]. Additionally, LL37 is involved in diseases like chronic
ulcers and cystic fibrosis as well, where its action is impaired [220].

The formation of new blood vessels is a prerequisite of tissue repair and wound
healing. Angiogenic properties of LL37 have been associated with binding via formyl
peptide receptor-like 1 (FPRL1), a G protein-coupled found in endothelial cells [183].
More, LL37 is able to recruit endothelial progenitor cells to the site of wound hea-
ling and induces their proliferation through the activation of NFjB dependent path-
way [221].

Proliferation and migration of keratinocytes are other important steps in skin
wound healing and they most depends on the epidermal growth factor receptor
(EGFR) transactivation [223]. Activation of the EGFR on epithelial cells, endothelial
cells and fibroblasts results in the activation of several intracellular pathways such
as p38 MAPK, ERK1/2 and PI3K [204]. This causes the cells to migrate, proliferate,
and hence repair the tissue damage.

Previous studies have shown that LL37 activates keratinocyte migration by the
transactivation of epidermal growth factor receptor (EGFR) [224], [225]. The inser-
tion of LL37 on the cell membrane activates a metalloproteinase (likely ADAM10
and/or ADAM17) [226] which cleaves epidermal growth factor anchored to cell
membrane into a heparin-binding EGF (HB-EGF), by a recently elucidated pro-
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cess called ectodomain shedding, which then binds and phosphorylates EGFR. This
leads to the phosphorylation of STAT3, translocation into the nucleus and finally
the initiation of the transcription of target genes. In addition, there is the phospho-
rylation of ERK1/2. All of these signaling pathways lead to to enhanced keratino-
cyte migration to the wound site and cell proliferation (Fig. 2.10). Recently, studies
with another AMP (mellitin) suggest that the activation of the metalloproteases in-
volves the activation of purinergic receptors, in particular P2X receptor (ATP-gated
ion channel), although it is unclear which pathway/molecule links purinergic re-
ceptors with the activation of metalloproteases [227]. It has been also shown LL37
promotes similar proliferative effects as EGFR activation after activation of FPR2
and P2X7 on epithelial cells and fibroblasts [228].
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Figure 2.10: LL37-induced migration of HaCaT cells in an in vitro wound model.
(a) HaCaT cells were grown to confluence on fibronectin-coated six-well tissue culture plates. Cells
were serum-starved for 12 hours. Different concentrations of the synthetic LL37 AMP ranging from
25 to 500 ng/ml were used in an in vitro wound assay, where half of each well was denuded from
cells and then re-coated with fibronectin. Migration was monitored for up to 72 hours. (b) Retrovirus-
transduced HaCaT cells were used in a similar assay. Cells were grown to confluence on collagen
I-coated 24-well tissue culture plates. Cells were treated with mitomycin C to inhibit cell proliferation
and then an in vitro wound was produced using a sterile pipette tip. Cell migration was monitored
for up to 48 hours and quantified by image analysis. Results showed a clear induction of migration

either on fibronectin or collagen type I by LL37 (adapted from [234]).

P2X7 mediates also LL37 internalization in macrophages and leads to the release

of IL-18 and IL-8 promoted by the interaction with endogenous LL37 in monocytes
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and human gingival fibroblast, respectively [229] [213]. The precise mechanism by
which LL37 activates P2X7 is still an ongoing debate. It is suspected that LL37,
thanks to its hydrophobic nature, is able to interact with the C-terminal end of the
purinergic receptor, by inserting into the membrane. In fact, LL37 maintains its ef-
fect even if the affinity of the peptide to the ligand-binding site is altered when all
aminoacids and sequence are substituted by their enantiomers, while the physico-
chemical characteristics remain unaltered.

The wide range of responses caused by LL37 are fascinating and how one pe-
ptide is able to have multiple effects is still subject of debate. A number of poten-
tial different pathways have been proposed. Generally, the enormous potential of
LL37 is due to its ability to activate multiple receptors, in a simultaneous or succes-
sive manner, and consequently activate different transcription factors, downstream
pathways, causing cross-talk, resulting in a cell type- and context-specific response.
Receptors activation by LL37 can be obtained by a direct or indirect mechanism of
interaction.

Indirect mechanism is the one demonstrated for EGFR transactivation and pre-
viously described in this section [225]. Moreover, insertion of the LL37 into the
lipid membrane can increase membrane fluidity resulting in leakage of intracellular
signaling components, as the release of ATP and Ca®**, which can then modulate
P2X7 receptor (an ATP activated ion channel) [232].

Other studies have shown that the effect of exogenous ATP but not LL37 on P2X7
can be inhibited, suggesting that LL37 acts with a more direct interaction [231] [229].
Recent inhibitor studies have been also revealed a direct interaction of LL37 with the
G protein coupled receptor FPRL1, leading then to direct initiation of a signaling
cascade [183].

Furthermore, the concentration of LL37 and the duration of the stimulus further
affect the response. In the end, LL37 action results in a surprisingly tightly regu-
lated and balanced immune response, capable of effectively killing bacteria, fungi
and viruses, promoting wound healing and participating in the tumor surveillance
system. Due to this wide range of properties, many groups have recognized the
therapeutic potential of exogenous LL37 in several application such as novel antibi-
otics, anti-HIV drugs, in melanoma and in chronic wounds applications [203]. A
Sweden company (Pergamum AB) has reported recently the results of phase I/1I
clinical trials [4]. The company announced that the primary safety and tolerability
end-point for LL37 was met for patients with venous leg ulcers. The results further

show that patients treated with LL37 (twice per week; 0.5 mg/mL) had a statistically
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significant improved healing rate compared with placebo. However, the peptide
was administered twice per week and new systems for the sustained release of the
peptide while potentiating its activity may be need.

Therefore, to translate LL37 based therapeutics in the market, challenges as the
need to simplify the structure preserving helicity and hydrophobic nature (reduc-
ing production costs) and reduce host-cell toxicity whilst maintaining stability to
general proteolysis and enhancing activity and selectivity remain to be overcome.

One possible solution is represented on the use of nanoparticles. The nanotech-
nology is necessary to present high density of AMPs per surface area to activate
and prolong the regenerative mechanism and to reduce the degradation of the pe-
ptide by proteases in the wound. A NP formulation for the delivery of LL37 has
been developed by our collaborators in 2014.The hypothesis of this thesis is that the
chemical immobilization of LL37 on NPs will enhance its stability and bioactive pro-
perties to a level not achievable by the sustained release of LL37 from a conventional

NP formulation.
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Chapter 3

Antimicrobial peptide-nanoscale

therapeutic formulation with high skin

regenerative potential.

3.1 Introduction

LL37 is an antimicrobial peptide (AMP) predominantly found in human skin that
acts at different levels for the homeostasis of the skin [204]. LL37 acts as first line of
defense against bacteria, virus and fungi [253]. Importantly, LL37 plays an impor-
tant role in immunomodulation, angiogenesis and wound healing properties. It has
been shown that LL37 is a chemoattractant for mast cells, monocytes, T lymphocytes
and neutrophils [255]. Furthermore, they contribute to regulation of inflammation
and promote wound healing and angiogenesis [183], [233]. Angiogenic properties of
LL37 have been associated with binding via formyl peptide receptor-like 1 (FPRL1)
in endothelial cells [183], while the immunomodulatory and chemotactic proper-
ties have been associated with binding via P2X7, epidermal growth factor receptor
(EGFR) or FPRL1 [225], [229]. Although the wound healing properties of LL37 pe-
ptide have been demonstrated [225], [234], only recently the peptide has been im-
mobilized on NPs; however, the regenerative potential of the formulation was not
demonstrated [130]. To the best of our knowledge, indeed no AMP-conjugated NPs
have been tested in the context of their regenerative potential. The conjugation of
AMPs to NPs may offer a prolonged activation of signaling cascades and thus po-
tentiate their regeneration potential.

Here, we investigated the wound healing potential of LL37-conjugated NPs that
have a gold (Au) core and a hydrophilic cationic LL37 peptide shell. We have se-
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lected Au NPs because it is relatively easy the immobilization of high concentra-
tions of LL37 per surface area, the modification of their properties (including size,
charge and morphology), and they have been used in the clinic for many years [70].
The production of our nanoparticulate formulation involved only a processing step
(which included the mixing of the peptide with gold salts, at room temperature)
for one day followed by a centrifugation step. The simplicity of the process makes
possible the large-scale production of LL37-conjugated NPs at a relative low cost.
We hypothesize that LL37-conjugated NPs have enhanced wound-healing proper-
ties than LL37 peptide because they prolong in time the biological activity of the
peptide. So far no study has compared the in vivo performance of soluble AMP re-
latively to chemically immobilized AMP formulations in terms of their regenerative
potential. To verify this hypothesis we have evaluated initially the physico-chemical
properties of LL37-Au NPs and the binding process of LL37 peptide to the NP for-
mulation by molecular dynamic studies. The cytotoxicity properties of LL37-Au
NPs and LL37 peptide against keratinocytes have been evaluated by cell viability,
metabolism, stress oxidative, cell membrane and platelet activation assays. The in-
ternalization and intracellular trafficking of both LL37-Au NPs and LL37 have been
evaluated in keratinocytes by chemical and genetic inhibition, immunofluorescence
and transmission electron microscopy analyses. To show the unique properties of
LL37-Au NPs we have evaluated their pro-migratory properties against keratino-
cytes and evaluated their mechanism relatively to LL37 peptide. Finally, we have
evaluated in vivo the regenerative potential of LL37 and LL37-Au NPs in a splinted

mouse full thickness excisional model.

3.2 Results and discussion

3.2.1 Synthesis and characterization of LL37-Au NPs

LL37 peptide modified with a cysteine at C-terminus was used to prepare in a
single step LL37-conjugated Au NPs (Fig. 3.1a). In the absence of the LL37 peptide,
Au NPs with different sizes and zeta potentials were synthesized rapidly in HEPES
buffer within 30 min (Table. 3.1). In the presence of LL37, the formation of NPs
was slower than in the absence of the peptide. Several reaction conditions, inclu-
ding initial concentration of Au ions (Fig. 3.2), LL37 (Fig. 3.3) and pH (Fig. 3.4) were
screened to obtain rapidly Au NPs with low size, relatively low polydispersity and
high incorporation of LL37 (Fig. 3.1a). In the absence of HEPES buffer, no redu-
ction of Au ions was observed by LL37 peptide, indicating that HEPES and LL37
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peptide act as reducing and capping agents, respectively. In the presence of HEPES
buffer, we initially screened several concentrations of Auions and LL37. We selected
HEPES buffer pH 5 for this initial screening since at this pH the formation of NPs
was faster than at pH 6 or 7.5 (see below). Concentrations of Au ions of 0.5 mM
and LL37 of 0.25 mM were selected for further screenings since NPs were formed in
less than 1 day and showed a relatively low polydispersity (Figs. 3.2, 3.3). Next, we
screened the effect of pH in the growth kinetics of LL37-Au NPs. It is known that
the reaction pH affects the charge of LL37 peptide and species of gold ions, which in
turn influences the interaction of peptide with Au (0), leading to the formation of Au
NPs at different synthesis rates. NPs were rapidly formed at pH 5 with saturation
being reached in 2 h. In contrast, at pH 6 or pH 7.5, the saturation of NP formation
was observed after 1 and 9 days, respectively (Figs. 3.1b-f, 3.4). Based in these results
we selected pH 5.0 to generate LL37-Au NPs for subsequent tests. For subsequent
tests we have also prepared Au NPs with similar size, shape and homogeneity to
our LL37-conjugated Au NPs using citrate reduction (Fig. 3.1c-f). The reduction rea-
ction at pH 5.0 reached a steady state at 2-3 h (Fig. 3.1b), and the NPs formed had
a SPR band centered at 530 nm (Fig. 3.1c). As determined by transmission electron
microscopy (TEM) analyses, the Au NPs reached an average diameter of 21 + 8 nm
(n> 100) (Fig. 3.1 £.2). Fourier transformed infrared (FTIR) analyses indicated that
LL37-Au NPs typically had a random coil structure (amide-I and amide-II bands
at 1650 and 1582 cm ') as did LL37 peptide in aqueous solution (Fig. 3.1d). Ther-
mogravimetric analysis (TGA) was then used to determine the composition of the
NPs, showing that from 180°C to 300°C LL37-Au NPs lost approximately 25% of
its organic mass, likely LL37 peptide (Fig. 3.1e). The remaining mass is inorganic,
likely gold. Au NPs showed a 10% organic weight loss due to citrate and water,
the remaining mass is gold material. Zeta potential analyses (DLS) showed that the
NPs were positively charged (+15.4 &= 2 mV). The number of Au atoms per 21nm
LL37- Au NP was 106876 calculated using the equation described in [254]. Quantifi-
cation by spectrophotometry of LL37 peptides that were not conjugated to the Au
NPs after reaction indicates that each LL37-Au NP had approximately 154 peptides
conjugated.

To evaluate the binding process of the LL37 peptide during NP growth process
we performed molecular dynamic (MD) studies. These studies have been a valua-
ble tool to study the binding process of peptides to metal surfaces [256], [257], [258].
Most of the aminoacid residues took 50 ns to achieve a stable position (Fig. 3.5). At
the end, some cationic residues of LL37 (ARG7, LYS8, LYS10, LYS12, LYS15, ARG19
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and ARG34) as well as CYS38 (the terminal residue of LL37) were in contact (below
0.3 nm) with the surface of the NP while other cationic residues (LYS18, ARG23,
LYS25 and ARG29) were distant (Fig. 3.1g). Evaluation of the radius of gyration
(Rg) profile, which measures the mass of atoms relative to the center of mass of
the complex [259], also suggest that the peptide conformation changes during the
interaction with the Au NP, adopting a more compact structure after the immobi-
lization process (Fig. 3.1h). Although some regions of the peptide (the ones that are
distant from the surface of the NP) seem to adopt an alpha-helix structure during
the immobilization process, such structure is not present at the end of the simula-
tion, suggesting that no clear secondary structure exists in the immobilized peptide
(Fig. 3.1i).

To evaluate whether LL37-Au NPs maintained the bioactivity of LL37, we as-
sessed their antimicrobial properties. The antimicrobial properties of LL37-Au NPs
(10 ug/mL which corresponds to an immobilized concentration of 2,5 yg/mL) have
been assessed against 10> CFU of E. coli, a gram-negative bacteria. Both soluble
LL37 and Au NPs (without peptide) have been used as controls. As expected, Au
NPs had no antimicrobial activity while LL37 showed a minimal inhibition concen-
tration (MIC) of 5 ug/mL (Fig. 3.6). On the other hand, LL37-Au NPs have high
antimicrobial activity killing more than 75% of the microorganisms in 4 h. No an-
timicrobial activity was observed in the supernatant of the LL37-Au NPs, which

indicated that the peptide was not leached from the NP surface (data not shown).
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Figure 3.1: Synthesis and characterization of LL37-Au NPs. (a) Schematic represen-

tation of Au NP synthesis in the presence of LL37 peptide. (b) Time dependent absorbance for the

synthesis of LL37-Au NPs in HEPES buffer pH 5.0 (Au ions=0.5 mM; LL37=0.25 mM). (c) UV-visible

spectra of Au NPs (Img/mL) synthesized using citrate buffer and LL37-Au NPs (1Img/mL) synthe-

sized in HEPES buffer pH 5. (d) FTIR and (e) TGA analyses of Au NPs and LL37-Au NPs. (f.1 and

f.2) Representative TEM images of Au NPs (f.1) and LL37-Au NPs (f.2) and particle size analysis.

(g) Distance of LL37 aminoacid residues to the Au surface at the end of the simulation. The line at

0.3 nm represents the cut-off used to define direct contact between the atoms of the amino acids and

the Au surface. (h) Gyration radius profile of LL37 in LL37-Au NPs. Results are Average +95% CI,

n=20. (i) Time course of LL37 peptide secondary structure in LL37-Au NPs. Aminoacid residues are

identified by numbers that are displayed in Fig. 3.1g.
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pH
(HEPES A Zeta Potential

o 100mM) . (mV)
g 5 0.5 mM 167728
?
P 6 0.5 mM 4373036

}t? ;,é; 7.5 0.5 mM -35£11
L +
TR

Table 3.1: Au NPs synthesised in HEPES. The Au NPs showed a SPR band at 720, 650 and

920 nm for pH 7.5, 6 and 5, respectively. TEM analyses showed the formation of irregular shapes

Au NPs for pH 6 and 7.5 conditions and of large clusters of heterogeneous and aggregated Au NPs

synthesized at pH 5.0.
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Figure 3.2: Screening conditions for the preparation of LL37-Au NPs: effect of
concentration of Au in the growth of LL37-Au NPs. The reactions were performed in
HEPES buffer pH 5 in the presence of 0.25 mM LL37 and three different concentration of Au (0.25
mM, 0.5 mM and 1 mM). (a) Growth kinetic of Au NPs under different conditions, followed by UV
Vis spectroscopy. The reduction rate was faster for reactions having high concentrations of Au. (b)
Absorbance peaks of the NPs at the end of the reactions (Au ImM: 20 min; Au 0.5 mM: 1 day; Au 0.25
mM: 6 days). The absorbance peak of LL37 AuNPs (1 mM Au) at 550 nm confirms a large diameter
and not homogenous LL37-Au NPs. (c) TEM images and histograms showing the distribution of NP

diameters.
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Figure 3.3: Screening conditions for the preparation of LL37-Au NPs: effect of
concentration of LL-37 in the growth of LL37-AuNPs. The reactions were performed in
HEPES buffer pH 5 in the presence of 0.5 mM Au and three different concentration of LL-37 (0.25
mM, 0.5 mM and 1 mM). (a) Growth kinetic of Au NPs under different conditions, followed by UV-
Vis spectroscopy. The reduction rate was faster for the lowest concentration of LL-37 tested showing
smaller, spherical and homogenous LL-37 NPs after 1 day of reaction. (b) Absorbance peak of the
NPs at the end of the reaction (LL37 1 mM: 10 days; LL37 0.5 mM: 5 days; LL37 0.25 mM: 1 day). (c)

TEM images and histograms showing the distribution of NP diameters.
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Figure 3.4: Screening conditions for the preparation of LL37-Au NPs: effect of pH.

The reactions were performed in HEPES buffer pH 5, 6 or 7.5 in the presence of 0.25 mM LL37 and Au

(0.5 mM). (a) Growth kinetic of Au NPs under different conditions, followed by UV-Vis spectroscopy.

Time dependent absorbance at 530 nm was recorded with reaction time. In the presence of peptide,

the rate of reduction of Au ions was dependent on the aqueous conditions, being faster for pH 5.0

and slow for pH 7.5. (b) FTIR analysis. FTIR results indicate that LL37 conjugated to Au NPs have a

random coil structure (amine-I band at 1646) as it is usually observed by AMPs in aqueous solution.

(c) TEM images and histograms showing the distribution of NP diameters. The average diameters

for LL37-Au NPs obtained at pH 5.0 (shown in Fig. 3.1), 6.0 and 7.5 were 21 + 8,35 & 7 and 12 +

3 nm (n> 100 NPs), respectively. (d) Percentage of NPs with a circular or elongated morphology

obtained at different pH conditions.
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Figure 3.5: MD trajectories for the interaction of one Au NP with six LL37 pep-
tides. The trajectories for averaged distances of each amino acids residue of LL37 to the Au NPs

surface are represented.
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Figure 3.6: Antimicrobial activity of LL37 and LL37-Au NPs. (a) Scheme showing the
general procedure. LL37-Au NPs (10 ug/mL in PBS which corresponds to 2,5 ug/mL of immobilized
LL37) or LL37 (5 ug/mL in PBS) were added to LB medium containing E.coli (100.000 cells). After 2
or 4 h of incubation with NPs, aliquots of bacteria were plated on LB agar. (b) Colony forming units
(CFU) counted in LB-agar plate. Results were normalised by the control (bacteria treated with PBS.)
Results are average 4+ SEM, n=3.

3.2.2 LL37-Au NPs are relatively non-cytotoxic to keratinocytes.

The cytotoxicity of NPs can be influenced by their physicochemical properties
but also by their stability when resuspend in cell culture media. Therefore, it is of
utmost importance to study NP stability in cell culture media. Initially, we studied
the zeta potential, size and stability of Au NPs and LL37-Au NPs in keratinocyte
culture medium (DMEM medium supplemented with 10% FBS) by dynamic light
scattering (DLS). According to DLS studies, the LL37-Au NPs were positively char-
ged when resuspended in HEPES; however, they became negatively charged after
resuspension in cell culture medium likely due to formation of biomolecule corona
on the surface of NPs (Fig. 3.7a). The Au NPs (produced by reduction of citric acid,
average diameter of 17.4 4+ 1.8 nm) resuspended in HEPES or cell culture media
were negatively charged. Au NPs were more susceptible to sedimentation in cell
culture media than LL37-Au NPs (Fig. 3.7b). LL37-Au NPs did not sediment but
show some aggregation in cell culture media.

To evaluate the cytotoxicity of LL37-Au NPs, a human keratinocyte cell line
(HaCaT) was incubated with increasing amounts of LL37-Au NPs for 48 h and cell
viability was monitored by PI incorporation (Fig. 3.8a), cell metabolism by ATP pro-

duction (Fig. 3.8b), and cellular oxidative stress by the production of reactive oxygen
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species (ROS) using flow cytometry (Fig. 3.8d). LL37 and Au NPs have been used as
controls. HaCaT cells treated with LL37 or LL37-Au NPs up to a concentration of 10
ug/mL and 400 pug/mL (ca. 100 ug/mL of LL37), respectively, have no significant
decrease in cell viability or increase in ROS production. Yet, a decrease in cell via-
bility and an increase in ROS production were observed for concentrations of LL37
equal or above 10 ug/mL. We complemented the previous studies by measuring
the impact of soluble LL37, Au NPs and LL37-Au NPs on cell membrane (Fig. 3.8e).
HaCaT cells become hyperpolarized after 5 h exposure to LL37 peptide in solution
at concentrations above 25 pug/mL, while the effect is lost at 48 h. Interestingly,
the membrane potential of HaCaT cells is depolarized after exposure to LL37-Au
NPs or Au NPs for 48 h. These results suggest a likely interaction of NPs with cell
membrane. Finally, we evaluated the hemocompatibility of Au NPs and LL37-Au
NPs by assessing their capacity to induce platelet activation. This was evaluated
by quantifying the expression of CD62P (P-selectin) in mononuclear cells by FACS.
Our results show no significant effect of the LL37-Au NPs in platelet activation, as
the percentage of CD62P™ platelets was similar to TCPS (Fig. 3.8¢).

Overall, our results show that LL37-Au NPs are relatively non-cytotoxic to HaCaT
cells for concentrations up to 400 ug/mL (this means 100 ug/mL of immobilized
LL37) in HaCaT cells. This suggests that the immobilized LL37 might not be able
to form secondary structures and punch the human cell membrane. In contrast,
LL37 is relatively cytotoxic for concentrations above 10-30 yg/mL. These results are
in line with previous ones showing that LL37 is cytotoxic for human keratinocytes
in concentrations of 45 yg/mL when exposed for 6 h [230]. In addition, LL37 has
been reported to be cytotoxic to human peripheral blood leukocytes and T-cells for

concentrations above 45 ug/mL when exposed for 12-15 h [260].
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Figure 3.7: Stability of NPs suspended in culture medium. (a) Zeta potential of LL37-
Au NPs and Au NPs suspended in HEPES or DMEM medium containing 10% (v/v) FBS (HaCaT cell
medium). (b) Diameter and counts (Kcps) of LL37-Au NPs and Au NPs in DMEM containing 10%
(v/v) FBS. The average diameter of NPs (200ug/mL) suspended in 2 mL of cell culture media was
determined by a dynamic light scattering method (DLS) using a Zeta Plus analyzer (Brookhaven),

from six independent measurements. In a and b, results are Average £+ SEM, n=3.
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Figure 3.8: Cytotoxicity of soluble LL37, Au NPs and LL37-Au NPs. HaCaT cells were
exposed for 48 h to different concentrations of soluble LL37, Au NPs and LL37-Au NPs, followed by
the quantification of viability (PI staining) (a) or ATP (b). (c) Human peripheral blood was in contact
with LL37, Au NPs or LL37-Au NPs for 1 h and the percentage of activated platelets quantified by
the flow cytometric quantification of CD62P (P-selectin) expression, using ADP as mild activator. Re-
sults show no significant effect of Au NPs or LL37-Au NPs in platelet activation. As positive control
we used ADP, a platelet activator, which induced the activation of 40% of the platelets. (d) Percent-
age of HaCaT cells expressing ROS. Untreated cells and hydrogen peroxide-treated cells were used
as negative and positive controls, respectively. Cells cultured with Au NPs or LL37-Au NPs show
low capacity to generate ROS even after 48 h. Therefore, NPs do not induce an oxidative stress. In
contrast, cells exposed to LL37 for 5 h or 48 h generate ROS, mainly for concentrations above 10
ug/mL. (e)Measurement of the membrane potential by flow cytometry of HaCaT cells after 24 h of
contact with soluble LL37, Au NPs or LL37-Au NPs. Cells upon hyperpolarization, when the interior
becomes more electronegative with respect to the exterior, take up more dye and therefore have high
fluorescence. Conversely, cells that have undergone depolarization take up less dye (therefore have
low fluorescence). As positive control, we have used gramicidin (10 #M), a non-selective ionophore
that causes cell depolarization, and as negative control, we have used valinomycin (10 xM), a K™
ionophore that causes cell hyperpolarization. Our results show that HaCaT cells become hyperpo-
larized after 5 h of contact with LL37. This effect was not observed after 48 h. A depolarisation was
observed in HaCaT cells exposed to Au NPs for 5 h or 48 h while cells exposed to LL37-Au NPs are
depolarised only at 48 h. All Results are average &= SEM, n=3.
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3.2.3 LL37-Au NPs are mostly internalized by scavenger receptor-

mediated endocytosis in keratinocytes.

Internalization of LL37-Au NPs and Au NPs by human keratinocytes was moni-
tored after 5 h and 48 h of exposure by inductively coupled plasma mass spectrom-
etry (ICP-MS) (Fig. 3.9 al,a2). HaCaT cells internalized higher amount of Au NPs
than LL37-Au NPs (2 to 7-fold higher, depending in the initial concentration and
time of contact). The internalization of the NPs occurred essentially during the first
5 h since no significant increase was observed after 48 h of NP contact with the cells.

Next, we studied the mechanism of NP internalization in HaCaT cells. Cells were
incubated in the presence of endocytosis chemical inhibitors on concentrations that
were not cytotoxic for the cells (Fig. 3.10a), after which, rhodamine-labeled LL37-Au
NPs or rhodamine-labeled LL37 were added and the internalization process mon-
itored by flow cytometry. Filipin III inhibits cholesterol dependent internalization
mechanisms, nocodazole inhibits microtubule dependent pathways, cytochalasin D
inhibits all pathways dependent on actin, dynasore inhibits clathrin-mediated endo-
cytosis polyinosinic acid and dextran sulfate inhibit scavenger receptors and EIPA
inhibits macropinocytosis [59], [261], [262], [114]. Whenever possible molecules that
enter by a specific internalization pathway were used as positive controls to show
the efficacy of our inhibitors (Fig. 3.10b). Our results show that the internalization
of LL37-Au NPs and LL37 was mediated by endocytosis since significant inhibition
was observed at 4 °C. Our results further show that LL37-Au NPs and LL37 were in-
ternalized mainly by scavenger receptors, since keratinocytes inhibited with polyi-
nosinic acid or dextran sulfate had no significant NPs or LL37 peptide internaliza-
tion (Fig. 3.9 b1,b2). To confirm that NP are internalized by an endocytic mechanism,
keratinocytes were transfected with siRNAs to down-regulate key components of
different endocytic mechanisms (Fig. 3.9 c1,c2). We observed a 70% and 60% re-
duction of LL37-Au NPs and LL37 uptake, respectively, upon downregulation of
class-A scavenger receptor 3 (SCARA3), confirming a role of scavenger receptors in
NP internalization.

Overall, our results show that HaCaT cells internalize higher concentrations of
Au NPs than LL37-Au NPs however this might be due to the higher propensity of
Au NPs to sediment in cell culture media as compared with LL37-Au NPs. Our
results further show that LL37-Au NPs and LL37 are mainly internalized by sca-
venger receptors as confirmed by chemical or siRNA knockdown studies. Class-A
scavenger receptors (SCARA) are a family of cell surface glycoproteins able to bind

modified lipoproteins and polyanionic ligands such as oligonucleotides and double-
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stranded RNA [263], [264]. The expression of SCARAS3 in keratinocytes has been
described [265] as well as the involvement of this receptor in the internalization of
oligonucleotide-conjugated Au NPs in HaCaT cells [266]. It is likely that the nega-
tive charge of LL37-Au NPs in cell medium facilitates the interaction with scavenger
receptors in comparison with other endocytic pathways as previously described for

cell penetrating peptide nanocomplexes and DNA-functionalized Au NPs [114].
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Figure 3.9: Internalization mechanism of LL37-Au NPs. (a) ICP-MS quantification of
NPs (100-400 ug/mL) uptake by HaCaT cells after 5 h (a.1) and 48 h (a.2). The results are pre-
(b and c) In-
ternalization mechanism of LL37 AuNPs and LL37. Uptake of rhodamine-labeled LL37-Au NPs
(15 pug/mL) (b.1 and c.1) and rhodamine-labeled LL37 (1 ug/mL) (b.2 and c.2) in HaCaT cells

sented in mass of NPs and not mass of gold. Results are Mean + SEM(n = 3).

after chemically inhibition or after silencing key regulators of clathrin-mediated endocytosis (CLTC
and LDLR), caveolin-mediated endocytosis (CAV1), GPI-anchored protein-enriched early endocytic
compartment/clathrin-independent carriers (GEEC-CCLIC) pathway (CDC42), macropinocytosis
(RAC1 and CTBP1) and scavenger receptors (SCAR3) with siRNAs. In both cases, HaCaT cells were
incubated with NPs or LL37 for different times in the presence of the inhibitor. As controls, cells
incubated with NPs or LL37 without inhibitors were used. The results are expressed as Mean £+ SEM
(n=23). *P < 0.05, *P < 0.01, **P < 0.001, ****P < 0.0001 indicates statistical significance relatively
to control (cells exposed to LL37-Au NPs or LL37 without any inhibitor).
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Figure 3.10: Internalization mechanism of NPs. (a) Toxicity of chemical inhibitors used
for NPs internalization studies. HaCaT were exposed for 6 h to chemical inhibitors of several inter-
nalization pathways. The quantification of cell metabolism was assessed by an ATP kit. Results are
average £ SEM, n=3. (b) Inhibitory activity of Dynasore in the internalization of transferrin. Tran-
sport of FITC-labeled transferrin (1 pg/mL) known to selectively enter cells via clathrin-mediated
endocytosis. Dynasore at concentration of 80 M inhibits the internalisation of transferrin in HaCaT
cells. Cells were exposed to culture medium with and without dynasore for 30 min, exposed to
FITC-labeled transferrin for 3 min, at 4 °C, and finally characterized by FACS. ***P < 0.0001 indi-

cates statistical significance between groups.

3.24 LL37-AuNPs accumulate in the endolysosomal compartment.

In some cases, the bioactivity of LL37 requires its intracellular internalization.
For example, the expression of IL8 by epithelial cells exposed to LL37 requires the
internalization of the peptide [268]. In addition, the differentiation of human mono-
cytes into M1 phenotype might be related to LL37 internalization [269]. Moreover,
the maturation of dendritic cells likely requires LL37 internalization [270]. There-
fore, we examined the intracellular trafficking of LL37-Au NPs and LL37 by con-
focal microscopy. For this purpose, cells were exposed for 30 min, 4 h and 24
h to rhodamine-labeled LL37-Au NPs (100 #g/mL) or rhodamine-labeled LL37 (1
ug/mL). Early and late endosomes were stained with EEA1 and Rab7 respectively,
and cell membrane stained with anti-human EGFR (Figs. 3.11a, 3.12a, 3.13a). Images
of cells reconstructed from z-stacks of confocal images indicated extensive cellular
uptake of NPs. Our results showed that the highest co-localization of LL37-Au NPs
with EEA1 vesicles peaked at 4 h (ca. 25%) while co-localization with Rab7 peaked at
24 h (ca. 33%) (Fig. 3.12b). Some co-localization of LL37-Au NPs was also observed
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with EGFR. We further characterized the cellular uptake of LL37-Au NPs in HaCaT
cells by TEM analyses (Fig. 3.11b). TEM results confirm that NPs are taken up by
HaCaT and localize within endolysosomal vesicles already after 30 min of NPs in-
cubation. NPs are taken up by HaCaT cells with large membrane ruffles engulfing
aggregates of NPs when incubation time increases. We complement these studies
by evaluating the internalization of rhodamine-labeled LL37 (Fig. 3.13a). LL37 is in-
ternalized by HaCaT and 50% of LL37 was within the endolysosomal compartment
(EEA1 and Rab7 positive compartments) up to 24 h (Fig. 3.13b).

Taken together, our results show that a significant percentage of both LL37 and
LL37-Au NPs accumulate in the endolysosomal compartment. These results are
in line with the results obtained recently for macrophages that showed that LL37
accumulated in the endolysosomal compartment [267]. The accumulation of LL37
conferred high bacterial killing activity by enhancing macrophage ROS activity (in-
terestingly high ROS levels were also observed in our results in keratinocytes, please
see Fig. 3.8. It is possible that the accumulation of LL37 or LL37-Au NPs in kerati-

nocytes is related to its antimicrobial activity.
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a NUCLEI LL37- Au NPs

Figure 3.11: Intracellular trafficking of LL37-Au NPs. (a) HaCaT cells were exposed for
30 min, 4 h or 24 h to fluorescently labeled LL37-Au NPs (100 ug/mL). At the end of each time,
cells were washed with PBS and stained for endolysomal compartment markers as early endosome
EEA1 and late endosome/lysosome marker protein Rab7 (see results of Fig. 2.12) (cell membrane
was stained for EGFR). Confocal microscopy was performed to identify the intracellular location of
the NPs. Bar corresponds to 15 ym. (b) Characterization of LL37-Au NPs intracellular trafficking
in HaCaT by transmission electron microscopy (TEM). TEM results confirm that NPs are taken up
by HaCaT and localize within endolysosomal structures after 30 min (b1), 4 h (b2) and 24 h (b3).
Arrows indicate sites of internalization. Cell spots defined by a dashed square means areas of mag-
nification. In b.1 and b.2, bar corresponds to 2000 nm (left) and 100 nm (right, magnification). In b.3,

bar corresponds to 100 nm.
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Figure 3.12: Intracellular trafficking of LL37-Au NPs in HaCaT cells. (a) HaCaT cells
were exposed for 30 min, 4 h or 24 h to fluorescently labeled LL37-Au NPs (100 ug/mL). At the end of
each time, cells were washed with PBS and stained for endolysomal compartment markers as early
endosome EEA1 (see results of Fig. 2.11) and late endosome/lysosome marker protein Rab7 (cell
membrane was stained for EGFR). Confocal microscopy was performed to monitor the intracellular
location of the NPs following internalization. Bar corresponds to 15 ym. (b) Quantification of the
co-location of NPs with EEA1, Rab7 or EGFR. Results are Average + SEM, from 6 different confocal

images (40x objective). **P < 0.01 and ***P < 0.001 indicates statistical significance between groups.
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a NUCLEI LL37

EGFR MERGE

NUCLEI LL37 Rab7 EGFR MERGE

Figure 3.13: Intracellular trafficking of soluble LL37 in HaCaT cells. Cells were
exposed for 30 min, 4 h and 24 h to fluorescently-labeled LL37 (1 ug/mL). At the end of each time,
HaCaT were washed with PBS, fixed and stained for endolysosomal compartment markers as early
endosome EEA1 and late endosome/lysosome marker protein Rab7 (cell membrane was stained for
EGFR). Confocal microscopy was performed to monitor the intracellular location of LL37 following
internalization. Bar corresponds to 15 ym. (b) Quantification of the co-location of NPs with EEA1,
Rab7 or EGFR. Results are Average £+ SEM, from 6 different confocal images (40x objective) (see

results in the next page).
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Figure 3.14: (See caption above)

3.2.5 LL37-Au NPs, as LL37 peptide, promote HaCaT migration
through P2X, ADAM17 and EGFR.

Migration of keratinocytes is an important step in skin wound healing [225], [234].
Previous studies have shown that LL37 activates keratinocyte migration by the tran-
sactivation of epidermal growth factor receptor (EGFR) [225] (Fig. 3.16a). This pro-
cess involves the activation of metalloproteinases (likely ADAM10 and /or ADAM17)
that releases EGF anchored to cell membrane into a heparin-binding EGF (HB-EGF),
which in turn binds to EGFR [271]. This leads to the phosphorylation of ERK1/2 [272]
and STATS3, translocation of STAT3 into the nucleus and finally the initiation of the
transcription of target genes. So far little is known about how this cascade is initi-
ated. Recent studies suggest that P2X receptors might be the first target of LL37 in
keratinocytes [241], [267]; however, no experimental evidence has been described.
It has been hypothesized that LL37 binds non-specifically to purinergic receptors
on the basis of their cationic [241] or hydrophobic [267] properties. Furthermore, it
is unclear which pathway/molecule links purinergic receptors with the activation
of metalloproteases [227]. In this work, we have studied the pro-migratory pro-
perties of LL37 peptide, LL37-Au NPs and Au NPs by an in vitro scratch assay in
HaCaT cells for 72 h (Fig. 3.18). Initially, we evaluate whether EGFR was expressed
in HaCaT cells by flow cytometry. HaCaT cells express high levels of EGFR, FPRL1,
a receptor that has been described to be involved in the biological action of LL37 in
endothelial cells [183], and P2X7 (Fig. 3.15).
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Figure 3.15: Expression of EGFR, FPRL1 and P2X7 receptors in HaCaT cells. (a)
Flow cytometry plots for the expression of FPRL1, P2X7 and EGFR. Positive cells (light blue) were
calculated based in the isotype control (dark blue). (b) Quantification of receptor expression. Results

are average + SEM, n=3.

Next, we evaluated whether the migration of keratinocytes was due to the tran-
sactivation of EGFR. Both LL37 peptide and LL37-Au NPs induce the migration
of HaCaT cells (Fig. 3.16). The inhibition of FPRL1 by the antagonist WRW4 [274]
had no measurable effect in the migration of keratinocytes; however, the inhibition
of EGFR by Erlotinib decreased significantly the migration of keratinocytes treated
with LL37 peptide or LL37-Au NPs (Figs. 3.16 b1, b2).

To show the involvement of metalloproteases in the transactivation of EGFR we
have performed the scratch assay in the presence of Marimastat, a general ADAM
inhibitor (Fig. 3.16 b3). The pro-migratory properties of both LL37 and LL37-Au NPs
significantly decreased in the presence of the ADAM inhibitor. Because recent stu-
dies have shown the involvement of ADAM17 in the transactivation of EGFR [272]
we performed knockdown studies for ADAM17 using siRNA (Fig. 3.16 b4). Our
results clearly show that the inhibition of ADAM17 decreased the migratory pro-
perties of keratinocytes after activation by LL37 or LL37-Au NPs.

To show the involvement of purinergic receptors in the transactivation of EGFR
we have performed the scratch assay in the presence of pyridoxalphosphate-6-azophe
nyl-2’4’-disulfonic acid tetrasodium salt (PPADS) [227], [228], a broad-spectrum pu-
rinergic receptor antagonist (Fig. 3.16 b5). Our results show that keratinocyte migra-
tion was inhibited after activation with LL37 or LL37-Au NPs. In addition, PPADS
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treatment decreased significantly the phosphorylation of ERK1/2 a downstream tar-
get of the transactivation of EGFR (Fig. 3.18b). Because it has been hypothesized
recently that LL37 binds non-specifically to P2X7 receptors [267] [273], we inhibited
chemically the receptor by A-740003 [275], [276] (Fig. 3.16 b5) or siRNA (Fig. 3.16
b6). In both cases, keratinocyte migration was inhibited after activation with LL37
or LL37-Au NPs.

To further confirm the involvement of P2X receptors in the LL37-Au NPs and
LL37 activity in keratinocytes we performed electrophysiological recordings. In
whole-cell patch-clamped HaCaT cells at an holding potential of -70 mV, the expo-
sure to either LL37 peptide (1 ug/mL) or LL37-Au NPs (200 ug/mL which cor-
responds to 50 pg/mL of immobilized LL37) or Au NPs (200 ug/mL) elicited an
inward current (Fig. 3.17a). We next attempted to evaluate if the observed inward
currents were mediated by ATP-gated P2X channels. For that purpose, we evaluated
the impact of apyrase, an enzyme that catalyses the sequential hydrolysis of ATP to
ADP and ADP to AMP, to the inward-currents elicited by different compounds. We
observed that the presence of apyrase reduced the charge transfer (Q) triggered by
Au NPs and LL37-Au NPs but not by LL37 (Fig. 3.17 b1). Whole-cell patch clamp
recordings showed that LL37-Au NPs (Fig. 3.17 a3) or Au NPs (Fig. 3.17 al) trig-
gered the release of extracellular ATP from HaCaT cells, which in turn activated
P2X receptors. If cells were treated with apyrase after the pulse with LL37-Au NPs
or Au NPs there was a significant decrease in the inward electric current. In contrast,
whole-cell patch-clamp recordings showed that LL37 peptide (Fig. 3.17 a2) did not
trigger the release of extracellular ATP because no decrease in the inward electric
current was observed after treatment with apyrase.

Overall, our functional data indicate that both LL37 and LL37-Au NPs acti-
vate keratinocyte migration by the transactivation of EGFR while Au NPs have no
bioactivity. Our functional data further suggests that P2X receptors are involved in
the initial stages of the process followed by the activation of ADAM17 and EGFR.
HaCaT cells inhibited by general purinergic receptor antagonists or by specific P2X7
receptor inhibitors (chemical or genetic) have decreased migration after activation
by LL37 peptide or LL37-Au NPs. Our electrophysiology results suggest that the
activation of P2X receptors by LL37 does not involve extracellular ATP. Indeed re-
cent experimental results in mononuclear cells suggest that the biological role of
LL37 is likely mediated by a complex between LL37 and P2X7R [267]. P2X7R forms
a large multimolecular complex with several proteins in the plasma membrane such

as B-actin, integrin 82, heat shock proteins and non-muscle myosin [267]. Moreover,
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the direct or indirect (by one of the co-associated molecules) activation of P2X7R
can trigger PLD, MAPK- or PI3K-mediated downstream signaling pathways [277].
From our results and data in the literature is still unclear whether there is a spe-
cific domain(s) of P2X7R or some co-associated adhesion molecule that mediates
the binding of LL37. Importantly, in case of LL37-Au NPs, the activation of P2X
receptors seems to be mediated in part by extracellular ATP. Cell treatment with
apyrase decreased significantly, but not all, the inward electric current. Because Au
NPs also induce the release of extracellular ATP but have no significant effect in the
migratory properties of keratinocytes it is likely that the activation mechanism of
LL37-Au NPs might involve other mechanisms than extracellular ATP. Therefore,
we speculate that the activation of P2X receptors by LL37-Au NPs is due to a com-
binatorial effect by extracellular ATP and the direct/indirect interaction of LL37 of
the surface of the NP with P2X7R. Further studies are necessary to clarify this issue.
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Figure 3.16: Bioactivity of LL37-Au NPs: functional studies. (a) Schematic represen-
tation of the transactivation mechanism of EGFR. (b) HaCaT migration studies by a scratch assay.
Confluent HaCaT cells were starved for 15 h in DMEM with 0.5% FBS and then incubated for 1 h
with specific chemical inhibitors or transfected with siRNA for 24 h followed by the incubation for
5 h with LL37 (1 ug/mL; referred as LL37_1 in the graph), LL37-Au NPs (200 ug/mL which corre-
sponds to 50 ug/mL of immobilized LL37; referred as LL37-Au NPs_200 in the graph) or Au NPs
(200 ug/mL; Au NPs_200). Cells were then washed with PBS, a starch was created, the plates re-
coated with fibronectin, cells were again washed and maintained in starvation medium up to 72 h.
Cell migration was monitored by a high-content microscope. Wound area at 48 h post-treatment
was normalized by initial wound area. Results are average =SEM, n=6. The following chemical
inhibitors have been used: FPRL1 receptor inhibitor (WRW4), EGFR receptor inhibitor (Erlotinib),
ADAM metalloprotease inhibitor (Marimastat), P2X receptor inhibitor (PPADS) and P2X7 receptor
inhibitor (A-740003). #P < 0.05, ##P < 0.01, ##P < 0.001 and ####P < 0.0001 indicates statistical
significance relatively to control (cells without treatment). *P < 0.05, **P < 0.01, ***P < 0.001 and

##*P < 0.0001 indicates statistical significance between treatment groups.
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Figure 3.17: Bioactivity of LL37-Au NPs: electrophysiology studies. (a) Represen-
tative traces of inward-currents recorded in whole cell patch-clamped HaCaT cells at a holding po-
tential of -70 mV exposed to (al) Au NPs (200 ug/mL), (a.2) LL37 (1 ug/mL) or (a.3) LL37-Au NPs
(200pg/mL which corresponds to 50 ug/mL of immobilized LL37). Cells were fast perfused twice
to the different treatments and the inward currents recorded presented a reproducible ratio between
the charge transfer measured in the first 100 s (Q1qp) in the second exposure (S2) over the first expo-
sure (S1) as quantified in (b1). The inward currents triggered by Au NPs and LL37-Au NPs, but not
by LL37 were attenuated by the presence of apyrase (20 U/mL), as observed by a reduced charge
transfer in S2 in the presence of apyrase (darker background), as depicted in the lower traces in (a)
and quantified by a reduced S2/51 ratio shown in (b). Data are presented as mean £ SEM of the ratio

of (Qq00) in S2 over S1 measured from 4-5 different cells per condition. *P < 0.05 unpaired t-test.
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Figure 3.18: In vitro wound model. (a) Experimental protocol of the scratch assay. Confluent
HaCaT cells were starved for 15 h in DMEM with 0.5% FBS and then incubated for 1 h with specific
inhibitors followed by the incubation for 5 h with LL37 (1 ug/mL), LL37-Au NPs or Au NPs (both at
200 ug/mL which corresponds to 50 ug/mL of immobilized LL37). Cells were then washed with PBS,
a starch was created, the plates re-coated with fibronectin, cells were again washed and maintained in
starvation medium up to 72 h. Cell migration was monitored by a high-content microscope. (b) ERK
phosphorylation in the presence or absence of P2X antagonist. HaCaT cells were incubated with P2X
antagonist PPADS (100 #M) and then activated with LL37 (5 pg/mL) or LL37-Au NPs (200 ug/mL)
for 4 min or 8 min, respectively. Following activation, the cells were lysed and protein extracted. The
levels of ERK (phosphorylated and total) were determined by an ELISA kit. Results are Results are

average = SEM, n=3. *, ** means statistical significance of P < 0.05and P < 0.01.

3.2.6 LL37-Au NPs prolong EGFR and ERK phosporylation and
HaCaT migration compared to LL37 peptide.

Epithelial wounding induces activation of EGFR and its two major downstream
effectors PI3K and extracellular signal-regulated kinase ERK [278]. We have evalua-
ted the phosphorylation of EGFR in HaCaT mediated by LL37 peptide and LL37-
Au NPs. In line with previous results [225], the phosphorylation of EGFR by LL37
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peptide was rapid (peaked at 8 min) and persisted for 10 min (Fig. 3.19 al). Intere-
stingly, the phosphorylation of EGFR by LL37-Au NPs peaked at 10 min of contact
and persisted for at least 60 min. The phosphorylation level was not significantly
affected using a lower concentration of LL37-Au NPs (15 ug/mL) (data not shown).
In addition, LL37-Au NPs loose their capacity to prolong the phosphorylation of
EGFR in HaCaT cells if washed after 10 min of contact, indicating that NP contact
with cells is required for EGFR phosphorylation (Fig. 3.19 a2).

Next, we examined whether the prolonged phosphorylation of EGFR was corre-
lated with a prolonged phosphorylation of ERK1/2 [272]. The phosphorylation of
ERK1/2 in HaCaT cells by LL37 peptide peaked at 4 min and then decreased at time
30 min, while the phosphorylation of ERK1/2 in cells by LL37-Au NPs peaked at 30
min (Fig. 3.19b). Thus, our results confirm a correlation between EGFR and ERK1/2
phosphorylation.

To evaluate the functional impact of the prolonged phosphorylation of EGFR we
have conducted a scratch assay in which the wound was large enough to evaluate
the long-term migratory activity of keratinocytes. Remarkably, HaCaT cells treated
with LL37-Au NPs (15 pg/mL) had significantly higher migratory capacity than
cells activated with LL37 or the other controls (Figs. 3.19 c1, c2).

Taken together, our results show that LL37-Au NPs but not LL37 peptide have
the capacity to prolong the phosphorylation of EGFR and ERK1/2 (from few mi-
nutes up to 1 h) and thus enhancing the migratory properties of keratinocytes in a
large in vitro wound model. To the best of our knowledge, this is the first study
documenting the long-lasting phosphorylation of keratinocytes activated through
purinergic receptors. However, it is known that cells cultured in the presence of EGF
have long-lasting phosphorylation of EGFR and ERK (2 to 24 h) [279]. The differen-
ces in the phosphorylation of EGFR between EGF and ligands of purinergic recep-
tors is explained by differences in the recruitment of growth factor receptor-bound
protein 2 (Grb2) and other molecular players. The prolongation of EGFR phospho-
rylation observed in our studies may be explained by (i) an increased recycling rate
of EGFR or (ii) retention of the phosphorylated EGFR at the plasma membrane pre-
venting EGFR desphosphorylation [280]. Prolongation of EGFR phosphorylation
has been described in some studies associated with the prevention of EGFR despho-
sphorylation (mechanism ii). For example, the association of EGFR with the receptor
erbB2, a major interaction partner and coactivator of EGFR, is sufficient to prolong
and enhance the net phosphorylation of EGFR [281]. The prolongation of EGFR is
caused by erbB2-mediated retention of phosphorylated EGFR at the plasma mem-
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brane thereby preventing EGFR desphosphorylation and signal termination. In ad-
dition, it is known that CTEN, a focal adhesion molecule of tensin family, is able
to extend the life of phosphorylated EGFR by decreasing EGFR reduction though
the decrease of EGFR ubiquitination [282]. Moreover, EGF immobilized in two-
dimensional surfaces is able to prolong the phosphorylation of EGFR [283]. Our
results indicate that LL37-Au NPs contribute for the long-term phosphorylation of
EGFR by plasma membrane contact and not by NP internalization. It is tempting
to speculate that LL37-Au NPs before internalization induce a constant activation of
purinergic receptors (by both direct/indirect binding of LL37 or ATP release), which

in turn prolong the activation of EGFR and downstream signaling.
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Figure 3.19: Bioactivity of LL37-Au NPs:molecular studies. (a.1) Phosphorylation pro-
file (phospho/total protein) of EGFR in HaCaT cells after contact with LL37 (5 pug/mL), LL37-Au
NPs (200 pg/mL which corresponds to 50 yg/mL of immobilized LL37) or Au NPs (200 pg/mL) for
a certain time (up to 60 min). (a.2) Phosphorylation profile of EGFR in HaCaT cells after contact with
LL37-Au NPs (200 ug/mL) with or without washing the LL37-Au NPs. The “ 10’+ 20" ” on top of the
column means that cells were washed after 10 min of contact with LL37-Au NPs and then cultured
for more 20 min in medium without NPs. Epidermal growth factor (EGF) has been used as positive
control. Results are average + SEM, n=3. (b) Phosphorylation profile (phospho/total protein) of ERK
without washing the LL37-Au NPs in contact with HaCaT cells. Results are average = SEM, n=3.
(c) Scratch assay of HaCaT cells after 96 h of incubation with LL37 peptide (1 pg/mL), Au NPs (15
ug/mL) and LL37-Au NPs (15 ug/mL). (c.1) Light microscopy images of the healing of the scratch
at 96 h. Bars correspond to 1 mm. (c.2) Quantification of scratch closure at 96 h. Results are average
£ SEM, n=3. In graphs a, b and ¢, *P < 0.05, **P < 0.01, ***P < 0.001 indicate statistical significance

between treatment groups.

3.2.7 LL37-AuNPs have higher in vivo wound healing activity than
LL37 peptide.

To further verify the biological effects of LL37-Au NPs wound healing experi-

ments were performed in a splinted mouse full thickness excisional model. The
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freshly created wounds were immediately treated with LL37 peptide (70 ug), LL37-
Au NPs (200 pug) or Au NPs (200 pug). Wound area was monitored over a period of
10 days. At day 5, LL37-Au NP-treated mice showed an acceleration of wound hea-
ling as compared to the control (Figs. 3.20a, 3.22). LL37-Au NP-treated mice showed
complete wound healing after 10 days, whereas LL37 peptide-treated mice showed
70% healing after 10 days. No adverse effects on body weight, general health, or
behavior of the mice were observed after NP treatment. The effect of LL37-Au NPs
on wound healing was assessed by histological and immunohistochemical exami-
nation of epithelial gap closure. Skin sections were stained with hematoxylin and
eosin (H&E) for general observation of skin layers and the extent of collagen depo-
sition in healed tissue was determined by Masson’s Trichrome (MT) staining. On
day 5, the thick scab and the epithelium layer were formed in wounds treated with
LL37-Au NPs compared to LL37 and Au NP-treated wounds (Fig. 3.20e). In addi-
tion, the wounds treated with LL37-Au NPs have higher levels of collagen than the
ones treated with LL37 and Au NP-treated wounds, as shown by the sircol collagen
results (Fig. 3.20b). At day 10, a prominent thick epithelium layer was developed
in LL37-Au NPs group and wound re-epithelization and deposition of connective
tissue processes were mostly completed, leading to closure of wound (Fig. 3.20e).

It has been shown that IL6 is involved in wound healing by regulating leuko-
cyte infiltration, angiogenesis, collagen accumulation and LL37-mediated keratino-
cyte migration [284], [184]. Epidermal keratinocytes have been identified as the
main source of IL6 production in the skin and several host defense peptides in-
cluding LL37 have been shown to stimulate IL6 expression [186], [285]. Therefore,
we evaluated the expression of IL6 in the wounds of all the experimental groups
by qRT-PCR. Our results show that wounds treated with LL37-Au NPs have higher
expression of IL6 than wounds treated with LL37 or Au NPs (Fig. 3.20c). We exten-
ded these studies to quantify neutrophil infiltration in wounds by myeloperoxidase
(MPO) analysis. Myeloperoxidase is an enzyme that is found predominantly in the
azurophilic granules of neutrophils and can be used as a quantitative index of in-
flammatory infiltration [286]. MPO activity in wound tissue was significantly de-
creased after treatment with LL37 peptide and LL37-Au NPs on day 10, demon-
strating anti-inflammatory properties of LL-37 peptide (Fig. 3.20d). No reduction in
MPO activity was found in wound tissue treated with Au NPs.

Next, we assessed the impact of LL37 and LL37-Au NPs in the vascularization
of the wounds. The levels of VEGF were quantified by qRT-PCR and expressed as

percentage relatively to the control condition (Fig. 3.21a). Our results show wounds
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treated with LL37-Au NPs have higher expression of VEGF at day 10 than wounds
treated with LL37 or Au NPs. We complemented these studies by assessing CD31
expression by immunostaining at day 10. Wounds treated with LL37-Au NPs have
higher levels of CD31 than wounds treated with LL37 or Au NPs (Fig. 3.21b).

The interactions between skin and colloidal Au NPs of different physicochem-
ical characteristics have been previously investigated [101], [287]. We decided to
investigate the accumulation of LL37-Au NPs in the skin and in the main organs of
the mouse full thickness excisional model such as liver, lungs, spleen and kidney
by ICP-MS. LL37-Au NPs (200 ug/mL in water) were administered intradermally
at several sites around the wound. Our results clearly show that LL37-Au NPs ac-
cumulated in the skin, being 74% of the initial concentration of the NPs found in the
skin at day 2; however, only 10% of the initial concentration of NPs was found at
day 15 (Fig. 3.23a). Less than 1% of the topical dose was found in the main organs
at days 2 and 15. The toxic effects of the LL37-Au NPs against liver (transaminase-
GPT), kidney (urea), lung and general damage (lactate dehydrogenase) were also
measured after 48 h of exposure (Fig. 3.23b). Our results showed that the topical
administration of the LL37-Au NPs did not elevate the levels of these key parame-
ters, indicating that the NPs did not cause significant damage to organ functions at
the tested doses.

Overall, our results show that LL37-Au NPs have higher wound healing acti-
vity than LL37 peptide. Our results further show that LL37-Au NPs are eliminated
from the skin and likely excreted through the urine since they do not accumulate
in the spleen, lung, liver or kidneys. The wound healing mechanism of LL37-Au
NPs was mediated by an increased of IL6 production, decreased inflammation (as
evaluated by myeloperoxidae activity) and increased neovascularization. Although
our work is the first study to demonstrate the in vivo wound healing properties
of immobilized LL37, the in vivo wound healing properties of LL37 peptide have
been previously demonstrated in animal models [183], [233], [234] and in phase I/1I
clinical trials [236]. The primary safety and tolerability end-point for LL37 was met
for patients with venous leg ulcers. The results further show that patients treated
with LL37 (twice per week; 0.5 mg/mL) had a statistically significant improved hea-
ling rate compared with placebo. However, the peptide was administered twice per
week and new systems for the sustained release of the peptide while potentiating
its activity may be need. Recently, we have reported a delivery system of LL37
based on the encapsulation of the peptide in poly(lactic-co-glycolic acid) nanoparti-

cles [129]. We have shown that the sustained release of LL37 could accelerate wound
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healing. It is likely that the therapeutic effect observed was primarily due to the pro-
tection of LL37 against proteases in the wound area. In fact LL37 is degraded in a
few hours after exposure to fluid isolated from chronic wounds [288]. In the current
work, we have a nanoformulation that does not release the LL37 since the peptide
is chemically conjugated to the NP. The higher in vivo therapeutic effect of LL37-Au
NPs as compared to LL37 peptide is likely based in differences of the mechanism.
According to our in vitro functional and molecular studies LL37-Au NPs activate
keratinocytes by a prolongation of EGFR and ERK phosphorylation which leads
to a higher migratory activity of the cells than the one observed with LL37 activa-
tion. It is possible that the superior wound healing properties of LL37-Au NPs to
LL37 might involve different cells of the skin and not only keratinocytes. Work is in
progress to elucidate the effect of LL37-Au NPs in endothelial cells, a key player in
skin regeneration. Another important result in our study is the demonstration that
LL37-Au NPs are eliminated from the skin in a few days and therefore the risks of

Au NP accumulation in the skin are relatively low.
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Figure 3.20: In vivo wound healing properties of LL37-Au NPs: granulation tissue
and inflammation. (a) Wound closure in wounds treated with vehicle (0.9% NaCl), LL37 peptide
(70 ug per wound), Au NPs (200 pug per wound) or LL37-Au NPs (200 ug per wound). The formu-
lations were administered intradermally at several sites around the wound. Ten animals (therefore
20 wounds) were used per each group. Wound areas were quantified by a high definition camera.
Results are average £ SEM, n=20. (b) Quantification of collagen at days 5 and 10 by a sircol assay.
Results are average 4+ SEM, n=10. (c) Quantification of IL6 by qRT-PCR at days 5 and 10. Results are
average £ SEM, n=10. (d) Quantification of myeloperoxidase (MPO) activity at days 5 and 10. Re-
sults are average £+ SEM, n=10. (e) Histological analysis (Hematoxylin & Eosin staining and Masson
trichrome staining) of wound tissues at day 5 and 10 of treatment. In graphs a, b, cand d, *P < 0.05,
P < 0.01, **P < 0.001 and ****P < 0.0001 indicates statistical significance between treatment

groups. In graph a statistical significance is against non-treated animals.
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Figure 3.21: In vivo wound healing properties of LL37-Au NPs: neovasculariza-

tion. (a) qRT-PCR VEGF expression in wounds treated with LL37 peptide, LL37-Au NPs or Au NPs
at day 5 and 10. Results are average = SEM, n=10. Expression results were normalized for control
condition. (b) Expression of CD31 in wounds treated with LL37 peptide, LL37-Au NPs or Au NPs at
day 10. (b.1) Quantification of CD31 staining. The percentage of red pixel represents both endothelial
and red blood cells. Results were expressed as percentage of red pixels over the total amount of pixels
within the analyzed surface. Results are average = SEM, n=10. (b.2) Representative immunofluores-
cent images for each experimental group. Bars correspond to 500 ym. **P < 0.01 indicates statistical

significance between treatment groups (a) or between LL37-Au NPs and Non-treated.
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Figure 3.22: In vivo wound area closure. Optical images of full-thickness excisional wounds

up to 10 days for the different experimental groups
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Figure 3.23: In vivo distribution of LL37-Au NPs. (a) Au content in different organs of
mice at day 2 and 15, as quantified by ICP-MS. Animals were injected with a single dose (1 mg per
animal) of LL37-Au NPs. Results are average + SEM, n=5. (b) In vivo evaluation of biochemical
parameters after 2 days exposure to LL37 Au NPs. Blood Serum collected at day 2 was analyzed for
the following biochemical parameters: urea, transaminase-GPT and LDH. This analysis showed no
relevant changes compared with untreated animal values demonstrating absence of cytotoxic effect

in vivo.
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3.3 Conclusions

Although the wound healing properties of soluble LL37 peptide have been pre-
viously demonstrated, it is unknown the bioactivity of permanently immobilized
LL37. Here we report a new formulation based on LL37 conjugated to Au NPs that
have a gold (Au) core and a hydrophilic cationic LL37 peptide shell, made in a quick
one-step synthetic process. NPs have controlled size (21 nm) and low polydispersity.
Typically for the production of peptide conjugated Au NPs, Au NPs are produced
and then peptides are conjugated. In some cases this requires multiple steps and
the aggregation of NPs is a major issue. In the current work we proposed a novel
methodology to produce stable Au NPs conjugated with thiol-terminated AMPs
where the AMP acts as capping agent during NP formation. These NPs incorporate
approximately 250 ug of LL37 per mg of NP, they have an average diameter of 21
nm and a positive zeta potential (15 mV). When these NPs are exposed to kerati-
nocytes, they activate purinergic receptors which in turn trigger ADAM17 activity,
the consequent release of EGF anchored to cell membrane and finally the activation
of EGFR. Our results show that LL37-Au NPs are rapidly internalized mainly by
scavenger receptor endocytosis and accumulate in the cellular endolysosomal com-
partment. The work conducted in this study is significant because it (i) shows that
LL37 chemically conjugated to Au NPs have superior wound healing activity and
lower cytotoxicity than LL37, a peptide that is currently being evaluated in clinical
trials for wound repair, (ii) it shows for the first time that both LL37 and LL37-Au
NPs mediate the migratory activity of keratinocytes through purinergic receptors
and (iii) the activation of purinergic receptors by LL37-Au NPs but not LL37 pe-
ptide leads to long-lasting phosphorylation of EGFR and ERK which enhances the
migratory properties of keratinocytes. The results presented here are an exciting
tirst step toward the development of antimicrobial peptide-based nanotherapeutics
for skin disorders paving the way for additional studies in more complex animal

models.

3.4 Material and Methods

Materials. HAuCl4.3H,0 Na3CoHs507 and HEPES, all acquired to Sigma-Aldrich,
were used as received. Lyophilized LL37 peptide modified with a C-terminal cy-
steine (LLGDFFRKSKEKIGKEFK-RIVQRIKDFLRNLVPRTESC-NH2) was purchased

from Caslo Laboratory, Denmark. The peptide was synthesized by conventional
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solid-phase synthesis, purified by high performance liquid chromatography, and
characterized by matrix assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectroscopy. The purity of the peptide was 96%. Rhodamine B isothio-
cyanate and HEPES were purchased from Sigma.

NP preparation. LL37 (0.5 mM, 1 mg/mL) were dissolved initially in DMF (100
uL) followed by addition of HEPES (950 uL, 100 mM, pH 5). HAuCl4.3H,O (102
M, 50 uL) was added to a peptide solution (0.25 mM, 950 mL; therefore the final
concentration of HAuCly was 0.5 mM) and the NP synthesis was carried out at 25
°C. LL37-Au NPs were also synthesized using HAuCl4.3H,0 (final concentration
0.25 mM, 0.5 mM and 1 mM), and HEPES (100 mM, pH 6 and pH 7.5) by the same
procedure at 25 °C. The synthesized Au NPs were centrifuged at 14.000 rpm for
20 min at 4 °C followed by washing with Milli-Q water to remove unreacted pep-
tides and HEPES, frozen and freeze-dried at 223 K using a Snijders Scientific freeze-
dryer. Spherical Au NPs were also synthesized via citrate reduction method [83].
An aqueous HAuCly solution (0.5 mM, 100 mL of water) was boiled in a 250 mL
round bottom flask while being stirred after which an aqueous sodium citrate so-
lution (2%, w/v, in water) was added. The reaction was allowed to run until the
solution reached a wine red color, indicating the reaction was completed. Fluore-
scent Au NPs and LL37-Au NPs were prepared by addition of DMSO (0.5 mM)
solution of Rhodamine to achieve a final concentration of 25 yM for flow cytometry
and confocal microscopy studies. Free Rhodamine molecules in the colloidal gold
solution were removed by centrifugation at 12000 rpm for 15 min at 4°C followed
by two washings with Milli-Q water. The pellet obtained after centrifugation was
redispersed in Milli-Q water and then dialysed.

NP characterization: general analyses. The reduction of HAuCl;.3H,0O was
monitored by UV-visible spectroscopy using a BioTek synergy MX microplate reader.
TEM images were obtained using a Jeol JEM-1011 microscope operating at an accel-
erating voltage of 100 kV. A drop of NPs solution was placed on a 300 mesh copper
grid with a carbon-coated Formvar membrane and dried overnight before exami-
nation by TEM. A minimum of 100 NPs was measured using Image ] software for
the particle size analysis. FTIR spectroscopy analyses were performed in ATR mode
using a JASCO spectrophotometer at 4 cm~! resolutions with 64 scans. The hydro-
dynamic diameter and Zeta potential of Au NPs and LL37-Au NPs suspended in
water and in cell culture medium (EGM-2) were measured via a Zeta PALS Zeta Po-
tential Analyzer (Brookhaven Instruments Corporation). The amount of gold in Au
NPs and LL37-Au NPs was quantified by ICP-MS, using a 7700x ICP-MS (Agilent

Michela Comune - Doctoral Thesis



3.4. MATERIAL AND METHODS 89

Technologies). The content of LL37 in LL37-Au NPs was estimated by High Resolu-
tion Thermogravimetric analyses (Hi-Res-TGA), using a TA Instruments Q500 ther-
mogravimetric analyzer (thermobalance sensitivity: 0.1 ug).The temperature cali-
bration was performed by measuring the Curie point of a nickel standard and using
open platinum crucibles and a dry nitrogen purge flow of 100 mL min~!. This pro-
cedure was performed at the heating rate and temperature range used throughout

the experimental work, i.e. 2 °C min~!

over the 30-600 °C temperature interval.
The amount of immobilized peptide was determined indirectly by estimating the
peptide that remained in solution after NP synthesis. The concentration of the pe-
ptide used for the synthesis of NPs is calculated by spectrophotometry at 257 nm
using the Beer-Lambert law and an extinction coefficient of 195 M~'ecm~!. The syn-
thesized LL37-Au NPs (1 mL) were centrifuged at 20000 rpm for 30 min to settle all
NPs as a pellet. The supernatant was collected carefully. The ICP-MS analysis of the
collected pellet was performed to estimate the number of LL37-Au NPs present in
the pellet (or in 1 mL of the synthesized NPs). ICP-MS value provides the number
of gold ions present in the pellet and we know theoretically the number of gold ions
present in single NP and therefore the number of NPs present in the pellet or given
volume of solution can be estimated. Simultaneously, the amount of LL 37 peptide
in supernatant (1 mL) is estimated using Beer-Lambert law. The amount of immo-
bilized peptide is estimated by subtracting the amount of peptide in supernatants
from the initial added amount. The number of peptide per Au NP is obtained by
dividing the number of immobilized peptide per mL of solution by the number of
Au NPs per mL of solution.

NP characterization: MD analyses. MD simulations were performed using
GROMACS 4.6.5 code [289]. A 6.0 nm diameter Au NP in water was modeled based
on the force field parameters described elsewhere. The ff99SB force field was used
to model the peptides. In the case of water molecules, the TIP3P model was used.
The peptides were first relaxed in aqueous solution 50 ns at 323.15 K and then at
298.15 K for another 50 ns. The resulting conformations were then used as the ini-
tial structure for the subsequent simulations. Several independent systems were
simulated in view of obtaining data with statistical significance. Hence, a total of 6
peptide positions relative to the Au NP were prepared by rotation of the backbone.
All systems were pre-equilibrated using energy minimization simulations. Box vol-
ume was relaxed for 100 ps in NPT ensemble under periodic boundary conditions
(PBC). The simulations were carried out for 100 ns, with a 2 fs time step, in NVT en-

semble under PBC. The temperature was fixed at 298.15 K using the Nose-Hoover
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thermostat. The electrostatic interactions were treated with the particle mesh Ewald
(PME) method and a real space cutoff of 1.0 nm. A cutoff of 1.2 nm was applied
to Lennard-Jones interactions. Hydrogen bonds were constrained with the LINCS
algorithm.

NP characterization: antimicrobial properties. Escherichia coli (ATCC 25922)
was grown at 37 °C and maintained on LB plates (Luria-Bertani broth with 1.5%
agar). LL37-Au NPs, autoclaved LL37-Au NPs and soluble LL37 (5 ug/mL) were
evaluated against 10° bacteria (in 1 mL of PBS buffer) and incubated for up to 4
h at 37 °C. Aliquots (100 L) were taken out from the respective suspensions at
2 h intervals and diluted in PBS buffer to give 10 bacteria per mL and plated on
LB agar plates followed by incubation at 37 °C. Colonies were counted after 24 h
of incubation. The collected supernatant was tested for antimicrobial activity as
described above.

Cell Culture. A human keratinocyte cell line (HaCaT cell line, CLS, Eppelheim,
Germany) was cultured as recommended by the vendor. Briefly, cells were culti-
vated using DMEM supplemented with 1% (v/v) penicillin and streptomycin (In-
vitrogen) and 10% (v/v) fetal bovine serum (FBS, Invitrogen) until 90% of conflu-
ence. For passage, HaCaT cells were initially trypsinized and then scraped. The
cells were sub-cultured at a ratio of 1:3 until achieving the number of cells required
for the experiment.

NP cytotoxicity: viability, metabolism and ROS analyses. HaCaT cells were
seeded at a density of 2x10* cells per well in a 96 well plate and cultured for 24 h.
After that time, the medium was removed and cells were incubated with medium
containing LL37 (0.5, 1, 10, 30, 60 ug/mL), or LL37-Au NPs or Au NPs (in both
cases: 25,50, 100 and 200 pug/mL). After 5 and 24 h, CellTiter-Glo® luminescent cell
viability assay (Promega) was used to assess the ATP production in cells according
to the supplier’s instructions. For ROS quantification, cells were seeded at a den-
sity of 4x10* cells/cm? in a 24 well plate and cultured for 24 h. After that time, the
medium was removed and cells were incubated with medium containing LL37-Au
NPs or Au NPs (in both cases: 25, 50, 100 and 200 ug/mL) for 5 h or 48 h. At the end,
cells were exposed to 6-carboxy-2-7-dichlorodihydrofluoresce in diacetate (DCFH-
DA, 100 uM, Sigma), a dye commonly used to measure intracellular changes in ROS,
for 1 h. Then, cells were washed twice with PBS, trypsinized, centrifuged and re-
suspended in PBS for further characterization by flow cytometry (FACS Calibur, BD
Biosciences). Hydrogen peroxide (1 mM) was used as a positive control for ROS

production. In addition, propidium iodide (PI) (1 xg/mL final concentration) was
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used to quantify cell viability and to exclude the dead cells (i.e. PI positive cells)
from the DCFH analysis.

NP cytotoxicity: membrane potential. HaCaT cells were seeded at a density of
4x10* cells/cm? per well in a 24 well plate and cultured for 24 h. After that time, the
medium was removed and cells were incubated with culture medium containing
LL37-Au NPs, or LL37, or Au NPs at different concentrations. After 5 and 48 h, cells
were harvested, resuspended in medium with 5 nM of DiOC5(3) (Sigma-Aldrich)
and incubated for 5 min at room temperature in the dark, prior to the analysis with
the flow cytometer (FACS Calibur, BD Biosciences). Cells treated with gramicidin
(10 uM, Sigma) or valinomycin (10 uM, Sigma) were used as controls for cell depo-
larization and hyperpolarization, respectively.

NP internalization: ICP-MS studies. HaCaT cells were seeded at a density of
3x10° cells per well in a 6-well plate and cultured for 24 h. LL37-Au NPs and Au NPs
(50, 100, 200, 400 ug/mL) suspended in serum-containing medium were incubated
with cells for 5 h or 24 h. After incubation, cells were washed three times with
PBS to remove non-internalized NPs. Cells were then detached using 0.2% (v/v)
trypsin in PBS, centrifuged, counted and resuspended in nitric acid solution (1 mL,
69%, v/v). After acidic digestion, samples were diluted to 4 mL in Milli-Q water and
gold was quantified by ICP-MS, using a Bruckner 820-MS instrument (Fremont, CA,

USA). Elemental analysis detection of Au!®’

was performed after a calibration of the
apparatus using gold (Panreac) as standard at 5, 10, 50, 100, 250, 500 and 1000 ug/L.
Iridium (Panreac) was used as internal standard at 20 ug/L. Considering the total
cell number in each conditions, data analysis permitted to quantify total Au'®” per
cell and NPs per cell.

Internalization studies: endocytosis chemical inhibition studies. HaCaT cells
were cultured on 24 well plates (2x10° cells per well) and inhibited by one of the fol-
lowing chemicals during 30 min before adding a suspension of rhodamine-labelled
NPs (15 ug/mL) or thodamine-labelled LL37 (1 pg/mL): dynasor (100 M), cytocha-
lasin D (100 uM), nocodazole (25 uM), filipin IIT (1 xM) and polyinosinic acid (100
ug/mL), EIPA (100 ug/mL) or dextran sulfate (2,5 pg/mL). The inhibitor concen-
trations were based in values reported in literature and further validated by us to
have no cytotoxic effect over the period of the assay (6 h), as confirmed by a ATP
assay. The incubation of the cells with NPs for different times was performed in the
presence of the inhibitor. As controls, we used HaCaT keratinocyte cells without
NPs or LL37 and cells incubated with NPs or LL37 without inhibitor. At the end of

each time point, cells were centrifuged at 1.000 rpm, 20°C for 5 min, washed 3 times
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with cold PBS and then resuspended in PBS containing 2.5% FBS (400 uL) for FACS
analysis. A total of 10.000 events were obtained per measurement. To validate the
inhibitory activity of dynasor we performed uptake studies of FITC-labeled trans-
ferrin, known to selectively enter cells via clathrin-mediated endocytosis. Briefly,
HaCaT keratinocyte cells were cultured on 24 well plates (3x10° cells per well) and
treated or not with dynasor (80 #M, 30 min pre-incubation), followed by addition of
1 ug/mL FITC-labeled transferrin (Life Technologies). The transferrin was allowed
to bind for 3 min at 4°C. Cells were then evaluated as before.

Internalization studies: endocytosis siRNA studies. The NP uptake mecha-
nism was also studied on HaCaT cells by silencing specific proteins of clathrin-
mediated endocytosis (CLTC and LDLR), caveolin-mediated endocytosis (CAV1),
GEEC-CCLIC pathways (CDC42), macropinocytosis (RAC1 and CTBP1) and sca-
venger receptors (SCARA3) by siRNA (Thermo Fisher). Transfection was performed
in a 24 well plate with 1x10° cells per well in antibiotic-free complete medium with
100 nM siRNA and 1.5 uL of Lipofectamine RNAiMAX (Life Technologies) tran-
sfection reagent for 24 h. After this initial period, the transfection medium was
replaced by complete medium and the cells incubated for another 24 h. Then, cells
were cultured with Rhodamine-labelled NPs (15 pg/mL) or Rhodamine-labelled
LL37 (1 ug/mL)for 4 h. Once the incubations were terminated, the cells were cen-
trifuged at 1.000 rpm, 20 °C for 5 min, washed 3 times with cold PBS and then re-
suspended in PBS containing 2.5 % FBS (400 pL) for FACS analysis. Non-transfected
cells were used as controls. In all FACS analysis, a total of 10.000 events were
recorded per run. All conditions were performed in triplicate.

Intracellular trafficking: confocal microscopy analyses. HaCaT cells 3x10* were
plated on a p-slide 8 well (ibiTreat, Ibidi, Germany) and left to adhere overnight be-
fore adding rhodamine LL37-Au NPs (100 pg/mL) or rhodamine-labeled LL37 (at 1
nug/mL). After 30 min, 4 h or 24 h of NPs incubation, cells were washed three times
with PBS and were fixed with paraformaldehyde (4% (v/v)) for 10 min, at room
temperature, and washed two times with PBS. After blocking with BSA (1%, w/v
in PBS) for 1 h, fixed HaCaT were incubated with anti-EGFR antibody (Abcam, di-
lution 1:1000) for 2 h, washed three times with PBS and permeabilized with 0.3%
Triton X-100/PBS, and blocked with BSA solution for 1 h. Cells were incubated
with primary antibodies early endosomal marker EEA1 (Cell Signaling C45B10,
1:100 dilution) and the late endosome/lysosome marker protein RAB7 (Cell Signa-
ling D95F2, 1:100 dilution) diluted in BSA solution according to the manufacturer’s

instructions and incubated for 2 h at room temperature. Secondary antibodies were
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anti-mouse Alexa fluor 647 and anti-rabbit Alexa fluor 488 (both from Life technolo-
gies 1:1000 dilution). Un-bound antibody was removed by washing two times with
PBS before staining the nucleus of cells with Hoechst (Life technologies, dilution
1:1000) for 10 min. Six confocal images (40 objective) for each condition were taken,
using the optimal pinhole for better discrimination between foci and assuring no
overexposure or bleed-through between channels. Usually images were composed
of four channels (blue, green, red, and far-red), where different interactions were an-
alyzed. Images were exported to Image], and colocalization analysis was performed
using the automated co-localization tools available named JACOP.

Intracellular trafficking: TEM analyses. HaCaT (1 x 10° cells/cm?) were plated
in a 56 cm? cell culture Petri dishes until confluency. The cells were then exposed
to 100 u/mL of LL37-Au NPs for 30 min, 4 h or 24 h. After incubation, cells were
washed three times with PBS to remove the NPs not internalized by cells and then
fixed for 45 min with 2.5% (v/v) glutaraldehyde in PBS (0.1 M, pH 7.4). The fixative
was then removed, and new fixative solution (1.5 mL) was added to the plate to
scrap the cells. Floating cells were then collected in the eppendorf and centrifuged
at 3.000 rpm to obtain a pellet and the supernatant discarded. The samples were
then post-fixed with a solution of PBS containing 1% OsO4 and 0.8% CgNgFeKy,
for 2 h at room temperature, washed with PBS 0.1 M, and finally dehydrated (in a
graded concentration of acetone). The dehydrated samples were then embedded in
resin and sliced in blocs for visualization. TEM images were recorded with a JEOL
1010 microscope that operates at 80 kV.

FACS analyses. Cells were dissociated from the culture plate by exposure to
Cell Dissociation Buffer (Life Technologies) for 3-5 min and gentle pipetting, cen-
trifuged and finally resuspended in PBS supplemented with 0,1% (v/v) BSA. The
single cell suspensions were aliquoted (1.5x10° cells per condition) and stained with
either isotype controls and antigen-specific primary antibodies: Anti-EGFR anti-
body (ab30, Abcam, dilution 1:200) and Anti-P2X7 antibody (H-265) (sc-25698, Santa
Cruz Biotechnology, dilution 1:100) for 30 min at 4°C and. After the incubation
with primary antibodies, cells were washed 3 times and incubated with anti-mouse
Alexa fluor 488 and anti-rabbit Alexa fluor 488 (both Life technologies 1:1000 di-
lution) for 30 min, respectively. Once the incubations were terminated, the cells
were centrifuged at 1000 rpm, 20 °C for 5 min, washed 3 times with cold PBS and
then resuspended in PBS containing 0,1% BSA (400 uL) for FACS analysis. Differ-
ently for FPRL1 quantification, cells were fixed with 0,1% (v/v) paraformaldehyde
(PFA) for 10 min, washed, permeabilized with saponin 0,02% (v/v) for 20 min and
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then stained with either isotype controls and antigen-specific primary antibodies
Anti-FPRL1 antibody (ab101702, Abcam, dilution 1:200) for 30 min at 4°C. After the
incubation with primary antibodies, cells were washed 3 times and incubated with
anti-rabbit Alexa fluor 488 (Life technologies 1:1000 dilution) for 30 min. All condi-
tions were performed in triplicate. FACS Calibur (BD Biosciences, San Diego, CA)
and Cyflogic software were used for the acquisition and analysis of the data.

NP bioactivity: scratch assay. HaCaT cells (passage 35-40) were seeded at a den-
sity of 2x10* cells/well in fibronectin-coated 96-well plate in DMEM supplemented
with 1% (v/v) penicillin and streptomycin and 10% (v/v) FBS. After 48 h, cells were
initially starved for 15 h in DMEM with 0.5% FBS, inactivated with mitomycin (5
ug/mL) for 2 h, and then incubated with LL37 (1 #g/mL), LL37- Au NPs or Au NPs
(both at 200 pug/mL) for 5 h at 37 °C and 5% CO2. In case of chemical inhibition,
the chemical inhibitors for FPRL1 (WRW4, Calbiochem, 10 uM), EGFR (Erlotinib
HCL, OSI-744, Selleck Chemicals, 2 nM), ADAM17 (Marimastat, Sigma, 10 uM),
P2X (PPADS, Sigma, 100 yuM) and for P2X7 (A-740003, Sigma, at a concentration
of 500 nM) were added to the cells 1 h before the incubation with LL37 peptide
and LL37-Au NPs and then maintained during the assay. We tested all inhibitors
used in our study, and none of them showed any significant toxicity to cells under
our experimental conditions (data not shown). After the 5 h treatment, cells were
washed twice with PBS to remove non-internalized NPs and a scratch was created
with a sterile pipette tip. The detached cells were washed twice with PBS and then
plates were re-coated with fibronectin (10 yg/mL in starvation medium) for 1 h at
37 °C. Cells were washed and maintained in starvation medium up to 72 h. Cell
migration was monitored overtime by a In Cell Microscope 2000 (GE Healthcare)
(objective 2x). The cells treated with LL37 peptide were cultured with starvation
medium containing LL37 for the entire duration of the experiment. Scratch areas
were quantified using the AxioVision software (Carl Zeiss). Wound areas were nor-
malized by the initial area (n= 6 images). In case of siRNA knowck-down studies,
on-target plus human ADAM17 siRNA or P2X7R siRNA (both from Dharmacon)
were used to silence ADAM17 or P2X7 before performing the scratch assay. HaCaTs
were transfected with 50 nM siRNA using 0.25 L of Lipofectamine RNAIMAX (Life
Technologies) for 24 h in antibiotic-free complete medium before starting the scratch
assay. To test the prolonged effect of LL37-Au NPs on HaCaT migration, cells were
plated in fibronectin-coated 24-well plate (2x10° cells/well), after 48 h cells were
starved for 15 h in DMEM with 0.5% FBS and then the scratch was made with a ste-
rile pipette tip. Only after this step, the cells were incubated with LL37 (1 ug/mL),
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LL37-Au NPs and Au NPs (15 ug/mL) in starvation medium up to 96 h. During
this time, cell migration was monitored by scratch area quantification.

NP bioactivity: EGFR and ERK1/2 phosphorylation. The activation of EGFR
receptor in HaCaT (80% confluency, in 6-well plates) was induced by starving the
cells for 24 h in DMEM supplemented with 1% (v/v) penicillin and adding soluble
LL37, LL37-Au NPs and Au NPs for a given period of time. Following treatment,
the plates were immersed in ice and the medium was discarded. Then the proteins
were isolated from the cells. The levels of EGFR (phosphorylated EGFR and total
EGFR) were determined by ELISA kit (R&D Systems). The activation of ERK signa-
ling pathways in HaCaT (80% confluency, in one 96-well cell culture clear-bottom
black microplate) were obteined starving the cells for 24 h in DMEM supplemented
with 1% (v/v) penicillin and then stimulating them with soluble LL37 (5 ug/mL),
LL37-Au NPs and Au NPs (200 ug/mL). After treatments the level of ERK were
determined using a phosphoprotein and total protein ELISA kit (R&D Systems ref.
KCB1018) according to the manufacture’s instructions. Data were acquired with a
BioTek synergy MX microplate reader.

NP bioactivity: electrophysiological recordings. Whole-cell patch-clamp recor-
dings of HaCaT cells were performed using borosilicate glass patch pipettes with a
resistance of 2-5 M() and compensating the series resistance by 50-60% with a List
EPC-7 amplifier, as described previously [315]. The pipettes were filled with (in
mM): 135 K-gluconate, 10 CsCl, 0.4 NaH; POy, 0.73 CaCly, 1 MgCly, 1 EGTA, and 14
HEPES (pH 7.4). The external solution contained (mM): 140 NaCl, 3 KCl, 2 CaClj,
1 MgCl,, 15 HEPES and 10 glucose (pH 7.4). Cells were rapidly perfused as pre-
viously described [316] and all experiments were carried out at RT (22-25 °C). The
currents were recorded at -70 mV, filtered (2-pole Butterworth filter, -12 dB/octave)
and digitized to a personal computer at a sampling rate of 1 kHz for analysis using
pCLAMP software (AXON instruments). Charge transfer was calculated by the in-
tegration of the area under the current in the first 100 s (Q1¢p) from the beginning of
the exposure to Au NPs, LL37 or LL37-Au NPs in the absence or presence of apyrase
(darker background; 20U/mL; Sigma).

In vivo wound healing and tissue collection. 6-7 week old RjHan:NMRI female
mice (Janvier, BE) were anesthesized with isoflurane and the dorsal area was shaved
using a depilatory cream a day before the surgery. Two 0.5-mm-thick silicone (Grace
biolabs, UK) donut-shaped splints (OD=20 mm, ID= 10 mm) were fixed on either
side of the dorsal midline, approximately 3.5 cm from the ears and positioned with

6-0 nylon sutures (Monosof, USA). Full-thickness excisional wounds were made
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using an 8 mm round skin biopsy punch (Kai Europe GMBH, DE), centered within
each splint. 10 mice were randomly assigned per group and were administered in-
tradermally at several sites around the wound with only vehicle (0.9% w/v NaCl,
Mini-Plasco, BE), 70 ug of LL-37, 200 ug of LL-37 Au NPs, and 200 ug of Au NPs
in autoclaved water by sterile insulin syringe (BD medical, France) as a dispersion
in 30 ul of vehicle. Two wounds were made on each mouse to increase sample size
and to avoid cross-contamination both wounds were administered with the same
treatment. Thus, n=10 animals (20 wounds) per group. Wounds were covered with
transparent sterile adhesive bandage (IV3000, Smith & Nephew, UK) followed by
adhesive fabric tape (BSN medical, France) to prevent the chewing of splints by
mice. On days 0, 2, 5,7, 10, 13 and 16 wounds were digitally photographed by Leica
IC80 HD camera (Leica, Swiss). Optical zoom was maintained identical through-
out the experiments. Wound areas were quantified using the Jmicro Vision soft-
ware developed by N.Roduit at University of Geneva, Switzerland. Wound sizes
are expressed as percentage of the initial respective wound. On day 5 and 10, three
animals per group were sacrificed and wounds along with surrounding tissue were
collected for further experiments and bisected into two halves. Remaining animals
were sacrificed on day 16. The animal studies were approved by the animal care
and ethical committee of health science sector, Université Catholique de Louvain.
In vivo study: histology and immunohistochemistry. The wound halves were
immediately fixed with paraformaldehyde (4% in PBS, 0.01 M, pH 7.4) and after
24 h, the samples were transferred to PBS buffer at 4 °C. Wound tissue was em-
bedded in paraffin blocks and sequentially sectioned at 5 ym using a MICROM
17M325 microtome (Thermo Fisher Scientific, DE). Skin sections were stained with
hematoxylin and eosin (H&E) to assess the predominant stages of healing and with
Masson’s Trichrome (MT) green staining to study the extent of collagen deposition
in healed tissue during the course of wound healing. Images were taken with an
AxioCam camera on an Axioplan microscope (Carl Zeiss GmbH, Oberkochen, DE).
All histological analyses were performed on at least 3 wounds per group per time
point and images presented are representative of all replicates. A semi-quantitative
estimation of MT green staining was performed using FRIDA software (developed
by Johns Hopkins University, USA) and the staining values were expressed as stai-
ning per unit area. The wound halves (n=3) were embedded in Tissue-Tek O.C.T.
compound (Sakura Finetek, CA) and frozen. Sections were cut at 10 ym thickness
using a cryostat (Leica Microsystems, GE). An antibody directed against the murine

endothelial cell surface marker (CD31) was used to determine the extent of endothe-
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lial cell growth in the wound sections. After permeabilization (Triton X-100 0.1%
(v/v) in PBS) and blocking (5% (w/v) BSA in PBS), the primary antibody (rat anti-
CD31 (1:50, BD Biosciences, USA)) was applied for 1 h at 37 °C. Secondary antibody
(Alexa Fluor 568 goat anti-rat (1:500, Invitrogen)) was used to visualize the anti-
gen. Finally, sections were incubated with DAPI (Invitrogen) (50 ng/ml) for 5 min
to visualize the cell nuclei. Images of entire sections were acquired by a MIRAX
microscope (Zeiss, USA). Fluorescence of CD31 and red blood cells was quantified
on whole sections using a script of FRIDA software (developed by Johns Hopkins
University, USA). Results were expressed as percentage of red pixels over the total
amount of pixels within the analyzed surface.

In vivo study: collagen (sircol) assay. The homogenate of wound tissue was
used to measure the total acid-soluble collagen (types I-V) colorimetrically using
a Sircol Collagen Assay kit (Newtown Abbey, UK) following the manufacturer’s
instructions. Briefly, wound tissue sample (n=3) of 10th day, was homogenized
in lysis buffer (100 mM potassium phosphate, 0.1% Triton X-100, pH 7.8) and tis-
sue debris was removed by centrifugation at 12000 x g for 10 min (Biofuge 15 R,
Heraeus Sepatech, Chandler, Arizona, USA). Sircol dye reagent was added to tissue
extracts, stirred for 30 min at room temperature and centrifuged at 12000 x g for
10 min. Absorbance of the bound dye was measured at 560 nm in a spectropho-
tometer (Spectramax M2e & program SoftMax Pro, Molecular Devices, LLC, USA).
The amount of collagen protein in skin samples was adjusted to the amount of to-
tal protein using the BCA Protein Assay kit (Pierce, Rockford, IL, USA). Collagen
concentrations were expressed as pig collagen per gram of total protein.

In vivo study: MPO assay. The tissue-associated myeloperoxidase (MPO) assay
was performed to quantify the degree of inflammatory infiltration in the wounds [290].
Briefly, wound specimens from each group (n=3) on day 5 and day 10 were col-
lected as described in section 2.5 and snap frozen in liquid N, at the time of sacri-
fice and stored for later assessment. For determination of MPO activity, tissue was
placed in hexadecyltrimethylammonium bromide (HTAB) buffer (0.5% HTAB in 50
mM potassium phosphate buffer, pH 6) on ice and gently homogenized. The ho-
mogenate was centrifuged (Allegra X-15R, Beckman Coulter, CA) at 2000 x g for 10
min and subsequently ultracentrifuged (Biofuge 15 R, Heraeus Sepatech, Chandler,
Arizona, USA) at 18.393 x g for 20 min at 4 °C. The supernatant (7 uL) was added
to 96-well plates (Nunc, Roskilde, DK) together with 200 ul of a 50 mM potassium
phosphate buffer containing 0.167 mg/mL O-dianisidine (Sigma Aldrich, DE) and
500 ppm hydrogen peroxide (Merck, DE). Samples were analyzed in triplicate. MPO
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activity in the supernatant was measured spectrophotometrically at 460 nm for 30
min. The results were expressed as MPO units per gram of tissue, and one unit of
MPO activity was defined as the amount that degrades 1 mmol/min of hydrogen
peroxide at 25 °C.

In vivo study: RNA isolation and quantitative RT-PCR. Total RNA was iso-
lated from collected wounded tissues using TRIzol®) reagent (Ambion, Invitrogen,
USA). RNA samples were subjected to DNase I (Promega, USA) treatment to re-
move genomic DNA contamination in the presence of RNase inhibitor. The qua-
lity and quantity of RNA were evaluated by nanospectrophotometer (NanoDrop
2000, Thermo Scientific, DE). 1ug RNA was reverse transcribed using first stan-
dard synthesis system (SuperScriptTM, Invitrogen, BE) and oligo (dT) primer (Eu-
rogentec, BE) following the supplier protocol. The resulting cDNA was used as
template for 30 cycles of semi-quantitative polymerase chain reaction (PCR) in a
T100TM thermo cycler, Bio-Rad, BE. Primers of B-actin (internal control), IL6 and
VEGF were used to amplify respective cDNA by PCR. PerlPrimer software was used
to design the primers which are mentioned below. The PCR products were sub-
jected to electrophoresis on SyberTM Safe (Invitrogen, BE) stained 1% agarose gel.
All samples were analyzed in triplicates. The fluorescence of DNA was measured
by Image] software and the semi-quantitative fluorescence values were expressed
as relative mRNA expression. The sequence of the primers were (sequence 5" to
3"): TACAATGAGCTGCGTGTGGCCC (IL6, forward), AGGATGGCGTGAGGGA-
GAGCAT (IL6, reverse), TTCGGGAACCAGACCTCTCA (VEGE, forward), AATG-
GCGAATCCAGTCCCAC (VEGE reverse), CCGGAGAGGAGACTTCACAG (B-actin,
forward), TCCACGATTTCCCAGAGAAC (B-actin, reverse).

Statistical analyses. Statistical analyses were performed by a t-test or one-way
ANOVA test with a Newman-Keuls test applied post hoc for paired comparisons of
means (GraphPad Prism 5.0 software).
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Chapter I

Interaction of antimicrobial

peptide-conjugated nanoparticles with

endothelial cells.

4.1 Introduction

Ischemic diseases such as myocardial infarction, chronic wounds, stroke, cause
a high morbidity with important social impact. Platforms to promote angiogene-
sis and thus new blood vessel formation in order to deliver oxygen and nutrients
are thus required. One of the angiogenic therapies being tested to treat patients
suffering from these diseases is based on the delivery of growth factors such as vas-
cular endothelial grow factor (VEGFy45), placenta growth factor (PIGF), fibroblast
growth factor (FGF), among others [291]. Because of the fast plasma clearance and
short half-life of these growth factors [292] several controlled release systems have
been developed [293]- [298]. However, because of growth factor potency and, in
some cases, limitations in the control release of the growth factor, pathological pro-
cesses may occur [299], [300]. Furthermore, these approaches are relative expen-
sive. Therefore, alternative approaches based in pro-angiogenic small molecules
(e.g. peptides, chemicals) have been studied in the last few years [301], [302]. In
some cases, the pro-angiogenic drugs have been immobilized in nanoparticles to in-
crease their bioavailability [301] or to increase their targeting and bioactivity [250].
In other cases the bulk of the nanoparticle has been identified as the pro-angiogenic
component [251], [303].

LL37 is an antimicrobial peptide (AMP) predominantly found in human skin and

part of the innate immune defense system, with pro-angiogenic properties [204], [304].
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Exogenous application of LL37 in a chorioallantoic membrane assay or in a rab-
bit model of hind-limb ischemia resulted in neovascularization [183]. In endothe-
lial cells, the LL37 induced angiogenesis by the interaction with formyl peptide
receptor-like 1 [183] and downstream by the activation of cyclooxygenase 1 and
prostaglandin E; synthesis [304]. Yet, is unknown whether immobilized LL37 has
pro-angiogenic activity. Recently, we have shown that LL37-conjugated gold nanopar-
ticles (LL37-Au NPs) have superior wound healing properties than LL37 peptide
both in vitro (keratinocyte migratory properties) and in vivo (splinted mouse full
thickness excisional model) [Chapter 3]. These superior properties were likely due
to the capacity of LL37-Au NPs to prolong the phosphorylation of the epidermal
growth factor receptor (EGFR) and ERK1/2 (from few minutes up to 1 h) in kerati-
nocytes and thus to enhancing their migratory properties.

Here, we have evaluated the pro-angiogenic potential of LL37-Au NPs. We have
selected Au NPs because it is relatively easy the immobilization of high concentra-
tions of LL37 per surface area, the modification of their properties (including size,
charge and morphology), and they have been used in the clinic for many years [70].
The production of our nanoparticulate formulation involved only a processing step
(which included the mixing of the peptide with gold salts, at room temperature) for
1 day followed by a centrifugation step. The simplicity of the process makes pos-
sible the large-scale production of LL37-conjugated NPs at a relative low cost. The
cytotoxicity properties of LL37-Au NPs and LL37 peptide against endothelial cells
have been evaluated by cell viability, metabolism, stress oxidative and cell mem-
brane assays. The internalization and intracellular trafficking of LL37-Au NPs have
been evaluated in endothelial cells by mass spectrometry and immunofluorescence
analyses. Activation of endothelial cells by LL37 peptide and LL37-Au NPs was
monitored by the phosphorylation of receptors mediating the biological role of LL37
and by the intracellular levels of Ca?>". The pro-angiogenic properties of LL37 and
LL37-Au NPs were further evaluating by their capacity to promote the formation
of tube-like structures on an extracellular matrix and by induction of VEGF synthe-
sis. Finally, we have evaluated in vivo the pro-angiogenic potential of LL37 and

LL37-Au NPs in a chorioallantoic membrane assay:.

4.2 Results and discussion

LL37-conjugated Au NPs were prepared in a one-step procedure using a pro-
cedure developed by us [313] (Fig. 4.1a). Briefly, a solution of HAuCl4.3H,O (0.5
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mM) was added to a solution of LL37 peptide (0.25 mM) in HEPES bufer (pH 5.0)
and reacted for 4 h. The synthesized Au NPs were centrifuged, washed to remove
unreacted peptides and HEPES, frozen and freeze-dried before use. The LL37-Au
NPs have a surface plasmon resonance (SPR) band centered at 530 nm, a dominant
spherical morphology with an average diameter of 21 = 8 nm (n > 100, by TEM
analyses) (Fig. 4.1 b.1), a zeta potential of +15.4 & 2 mV and 25% of organic mass
in the NPs (as evaluated by TGA). Au NPs without LL37 were synthesized by a
citrate buffer reduction procedure to obtain NPs with a SPR band centered at 530
nm, spherical shape with an average diameter of 17.4 &+ 1.8 nm (n > 100, by TEM
analyses) (Fig. 4.1 b.2) and a zeta potential of -23.9 £ 3.4 mV.

a
Size= 21 nm
Zeta potential= 15 mV
i HEEES. g LL37 per NP= 154
1 day

Au ions : LL37
(0.5 mMm) (0.25 mM)

b.1 b.2

o® -
3
% . @ ® . .

Figure 4.1: Preparation and characterization of LL37-Au NPs. (a) Schematic representa-
tion of Au NP synthesis in the presence of LL37 peptide. (b) Representative TEM images of LL37-Au
NPs (b.1) and Au NPs (b.2). Bar corresponds to 200 nm.

4.2.1 LL37-Au NPs are less cytotoxic to endothelial cells than LL37
peptide.

The physicochemical properties of NPs like size, shape and stability can be al-
tered when resuspended in cell culture media and so influence their cytotoxicity and
bioactivity. Therefore, we studied the zeta potential, size and stability of AuNPs and
LL37-Au NPs in endothelial cell medium (EGM-2 containing 2% FBS) by dynamic
light scattering (DLS). According to DLS studies, the LL37-Au NPs were positively
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charged when resuspended in HEPES; however, they became negatively charged
after resuspension in cell culture medium likely due to formation of biomolecule
corona on the surface of NPs (Fig. 4.2a). In contrast, the Au NPs resuspended in
HEPES or cell culture media were negatively charged. Au NPs were more suscepti-
ble to sedimentation in cell culture media than LL37-Au NPs (Fig. 4.2b). Low counts
of AuNPs were already observed at time zero, which shows that a significant part of
the NPs were already sedimented. LL37-Au NPs did not sediment but show some

aggregation in cell culture media.
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Figure 4.2: Stability of LL37-Au NPs suspended in culture medium. (a) Zeta potential
of LL37-Au NPs (a.1) and Au NPs (a.2) suspended in HEPES or EGM-2 medium containing 2% (v/v)
FBS (endothelial cell medium). (b) Diameter and counts (Kcps) of LL37-Au NPs (b.1) and Au NPs
(b.2) in EGM-2 containing 2% (v/v) FBS. The average diameter of NPs (200 pg/mL) suspended in 2
mL of cell culture media was determined by a dynamic light scattering method (DLS) using a Zeta
Plus analyzer (Brookhaven), from six independent measurements. In a and b, results are Average +

SEM, n=3.

To assess the cytotoxic effect of LL37-Au NPs in endothelial cells, human vein en-
dothelial cells (HUVECs) were incubated with increasing amounts of LL37-Au NPs
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from 25 to 400 ug/mL for 5 and 48 h. LL37 peptide and Au NPs were used as con-
trol. Cell viability was monitored by propidium iodide (PI) incorporation (Fig. 4.3a),
cell metabolism by ATP production (Fig. 4.3b), and cellular oxidative stress by the
production of reactive oxygen species (ROS) (Fig. 4.3c) using flow cytometry. HU-
VECs treated with LL37 or LL37-Au NPs up to a concentration of 10-30 pg/mL and
400 pg/mL (ca. 100 ug/mL of LL37), respectively, have no significant decrease in
cell viability or increase in ROS production. Yet, a decrease in cell viability and
an increase in ROS production were observed for concentrations of LL37 equal or
above 30 pug/mL. Au NPs were also cytotoxic for concentrations of 400 pg/mL.

We complemented the previous studies by measuring the impact of soluble LL37,
Au NPs and LL37-Au NPs on cell membrane (Fig. 4.3d). For that purpose, we la-
beled cell membranes with 3,3’-dipentyloxacarbocyanine iodide (DiOC5(3)), a char-
ged lipophilic dye that emits a fluorescent signal proportional to the membrane
potential [305], and exposed the cells to soluble LL37, Au NPs or LL37-Au NPs.
Cells upon hyperpolarization (i.e., cell interior becomes more electronegative with
respect to the exterior) take up more dye and therefore have higher fluorescence.
Conversely, cells that have undergone depolarization take up less dye (therefore
have lower fluorescence). As controls, we used gramicidin (10 #M), a non-selective
ionophore that causes cell depolarization, and valinomycin (10 M), a K* ionophore
that causes cell hyperpolarization. Membrane potential of HUVECs is not altered
for LL37-Au NPs or Au NPs up to concentrations of 400 yg/mL. HUVECs become
hyperpolarized after 5 h exposure to LL37 peptide in solution at concentrations be-
low 30 ug/mL, while depolarized for concentrations above 30 pg/mL.

Overall, our results show that LL37-Au NPs are relatively non-cytotoxic to HU-
VECs for concentrations up to 400 pg/mL (this means 100 yg/mL of immobilized
LL37). In contrast, LL37 peptide was cytotoxic for concentrations equal or above 30
ng/mL. These results are in line with LL37 peptide expression in a disease setting.
For example, LL37 expression has been detected at 30 yg/mL and 5 ug/mL in in-
fants with pulmonary infections and in individuals with cystic fibrosis lung disease,
respectively [306], [307]. In addition, LL37 has pro-survival or pro-apoptotic effects
at certain concentrations depending on the cell type [308]. LL37 is a potent inhibitor
of human neutrophil apoptosis through P2X7 receptors and G-protein-coupled re-
ceptors, and thus not involving formyl peptide receptor-like 1 downstream signa-
ling. Yet, at the same concentration (25 ug/mL), LL37 induces caspase-mediated
apoptosis of epithelial cells. The underlying mechanisms that result in divergent

consequences of LL37 in different cell types remain unclear. However, it is known
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that at low concentrations LL37 peptide exhibits a non-pore formation carpet mode
on zwitterionic vesicles while at high concentrations penetrate the membrane [309].
Our results show that the cytoxicity of LL37 at 30 ug/mL in endothelial cells was
mediated by an increase in membrane depolarization and ROS levels. Similar be-
havior was not observed for equivalent concentrations of LL37 peptide once immo-
bilized on top of the nanoparticles. This suggests that LL37-conjugated nanoparti-
cles have minimal impact in cell membrane and is not able to penetrate the mem-

brane; however further research is necessary to clarify this issue.
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Figure 4.3: Cytotoxicity of LL37 and LL37-Au NPs. (a, b) HUVECs were exposed for 5 (a.1
and b.1) or 48 h (a.2 and b.2) to different concentrations of soluble L1.37, Au NPs and LL37-Au NPs,
followed by the quantification of viability (PI staining followed by flow cytometry evaluation) (a) or
ATP by an ATP kit (b). Results are average = SEM, n=3. (c) Percentage of HUVECs expressing ROS.
Non-treated cells and hydrogen peroxide-treated cells were used as negative and positive controls,
respectively. Results are average + SEM, n=3. *P < 0.05, **P < 0.01, **P < 0.001 and ***P <
0.0001 indicates statistical significance between sample and non-treated cells. (d) Measurement of
the membrane potential. Results are average = SEM, n=3. Gramicidin (10 #M), a non-selective
ionophore that causes cell depolarization, was used as positive control. Valinomycin (10 uM), a K*

ionophore that causes cell hyperpolarization, was used as negative control.

4.2.2 Uptake and intracellular accumulation of LL37-Au NPs.

Internalization of LL37-Au NPs and Au NPs by HUVECs at 5 and 48 h post-
exposure was monitored using inductively coupled plasma mass spectrometry (ICP-
MS). The internalization of the Au NPs occurred essentially during the first 5 h since

Michela Comune - Doctoral Thesis



4.2. RESULTS AND DISCUSSION 106

similar levels of Au NPs were quantified at time 48 h (Figs. 4.4 al, 4.4 a2). In con-
trast, the internalization of LL37-Au NPs increased significantly from 5 h to 48 h.
At 48 h, no significant differences in NPs internalization were observed in HUVECs
exposed to Au NPs or LL37-Au NPs.
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Figure 4.4: Internalization of LL37-Au NPs. (a) ICP-MS study of internalization of Au NPs
and LL37-Au NPs by HUVECs at 5 h (a.1) and 48 h (a.2). The results are presented in mass of NPs
and not mass of gold. Results are Average + SEM (n=3).

Next, we examined the intracellular trafficking of LL37-Au NPs and LL37 by
confocal microscopy. For this purpose, cells were exposed for 30 min, 4 h and 24
h to rhodamine-labeled LL37-Au NPs (100 ug/mL) and rhodamine-labeled LL37
(1 ug/mL). Early and late endosomes were stained with Rab7 and EEA1 and cell
membrane stained with CD31. Images of cells reconstructed from z-stacks of con-
focal images indicated cellular uptake of NPs (Fig. 4.5) and LL37 (Fig. 4.6). Co-
localization of LL37-Au NPs with EEA1- or Rab7-positive compartments increased
during 24 h (maximum time evaluated) while co-localization of the NPs with CD31-
positive regions peaked at 30 min (Fig. 4.5b). In contrast, co-localization of LL37
peptide with EEA1-, Rab7- or CD31-positive regions peaked upon to 4 h (Fig. 4.6b).

Overall, our results show that endothelial cells internalize higher concentrations
of Au NPs than LL37-Au NPs at time 5 h but similar concentrations were found
at time 48 h. The faster internalization of Au NPs by endothelial cells might be
due to the higher propensity of Au NPs to sediment in cell culture media as com-
pared with LL37-Au NPs. Our intracellular trafficking results in HUVECs suggest
that up to 30-35% of LL37-Au NPs and LL37 accumulate in the EEA1 and Rab7-
positive endolysosomal compartments upon 24 h. No significant differences exist in
the intracellular accumulation of LL37 and LL37-Au NPs at least in the EEA1 and
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Rab7-positive compartments; however, the kinetics of the process seems different in
both cases. It is important to note that the intracellular accumulation of LL37 in the
endolysosomal compartment has been described previously in other cells such as

macrophages [267].
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Figure 4.5: Intracellular trafficking of LL37-Au NPs. HUVECs were exposed for 30 min,
4 h and 24 h to fluorescently-labeled LL37-Au NPs (100 ug/mL). At the end of each time, cells were
washed with PBS and stained for endolysomal compartment markers as early endosome EEA1 and
late endosome/lysosome marker protein Rab7 (cell membrane was stained for CD31). (b) Quan-
tification of the co-location of LL37-Au NPs with EEA1, Rab7 or CD31. Results are aaverageverage
£ SEM, from 6 different confocal images (40x objective). *P < 0.05, **P < 0.01, **P < 0.001 and

#***P < 0.0001 indicate statistical significance between groups. Bars correspond to 15 ym.
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Figure 4.6: Intracellular trafficking of soluble LL37. HUVECs were exposed for 30 min, 4
h and 24 h to fluorescently-labeled LL37 (1 ug/mL). At the end of each time, HUVECs were washed
with PBS and stained for endolysomal compartment markers as early endosome EEA1 and late en-
dosome/lysosome marker protein Rab7 (cell membrane was stained for CD31). (b) Quantification
of the co-location of LL37-Au NPs with EEA1, Rab7 or CD31. Results are average = SEM, from 6

different confocal images (40x objective). *P < 0.05 indicates statistical significance between groups.

Bars correspond to 15um.

Michela Comune - Doctoral Thesis



4.2. RESULTS AND DISCUSSION 110

4.2.3 LL37 peptides but not LL37-Au NPs trigger an increase in in-
tracellular levels of Ca’>" in HUVECs.

Two main receptors have been described to mediate the biological role of LL37 in
many cells: FPRL1 and P2X7 receptors that mediate the transactivation of epidermal
growth factor receptor (EGFR) [225], [229], [183]. HUVECs express both receptors
although the expression is higher for FPRL1 than EGFR (Figs. 4.7a, 4.7b).
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Figure 4.7: Expression of EGFR and FPRL1 in HUVECsS. (a) Flow cytometry plots for
the expression of FPRL1 and EGFR. Positive cells (light blue) were calculated based in the isotype

control (dark blue). (b) Quantification of receptor expression. Results are average + SEM, n=3.

FPRL1 has been described as the natural receptor for LL37 in endothelial cells [183],
leading to an increase in intracellular calcium and the activation of cytosolic pho-
spholipase A2, PI3K, and PLC [310]. To assess the bioactivity of LL37 and LL37-Au
NPs we evaluated its ability to induce an increase in intracellular free Ca?" in en-
dothelial cells (Figs. 4.8a, 4.8b). HUVECs were cultured in serum-free medium for
7 h, loaded with a fluorescent dye to monitor the free intracellular Ca®* concen-
tration and then activated with LL37, LL37-Au NPs or VEGF¢5 as positive control.
As expected, LL37 added to the cell culture medium at final concentration of 50 or
100 ug/mL lead to an increase of intracellular Ca’™" (Fig. 4.8 a.1). Curiously, the
FPRL1 antagonist WRW4 [311] inhibited partial but not fully the intracellular levels
of Ca?*, which indicates that other signaling pathways are responsible for the intra-
cellular accumulation of CaZ™. In addition, LL37-Au NPs had no inductive effect in
the intracellular accumulation of Ca?™ up to 600 yg/mL (Fig. 4.8 a.2 and data not
shown).

Next, we evaluated whether LL37 or LL37-Au NPs could activate epidermal
growth factor receptor (EGFR). Previous studies have shown that LL37 leads to the
transactivation of EGFR [225] (Fig. 4.8b). This process involves the activation of
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metalloproteinases (likely ADAM10 and/or ADAM17) that releases EGF anchored
to cell membrane into a heparin-binding EGF (HB-EGF), which in turn binds to
EGEFR [271]. This leads to the phosphorylation of ERK1/2 [272] and STATS3, translo-
cation of STAT3 into the nucleus and finally the initiation of the transcription of
target genes. So far little is known about how this cascade is initiated [227]. We
have evaluated the phosphorylation of EGFR in HUVECs mediated by LL37 pe-
ptide and LL37-Au NPs. In contrast to LL37 peptide, LL37-Au NPs did activate the
phosphorylation of EGFR, thus showing that soluble and immobilized LL37 activate
different signaling pathways.

All together, our results are in line with previous data showing that soluble LL37
peptide activates FPRL1 receptor in endothelial cells [183]. However, other signa-
ling pathways may contribute for the accumulation of Ca?* since WRW4 peptide,
an antagonist of FPRL1, only partially inhibits the intracellular levels of Ca?*. Ac-
cording to our results the transactivation of EGFR does not occur in endothelial cells
cultured in the presence of LL37; however, it is known that LL37 may exert its bio-
logical role through other molecules/receptors such as GAPDH [274] or insulin-like
growth factor 1 receptor [312]. This issue should be further investigated in the near
future. In contrast, LL37-Au NPs have not the capacity to induce the intracellular
concentration of Ca?" in endothelial cells; however, the NPs have the capacity to
induce the phosphorylation of EGFR. It is tempting to speculate that the absence
of Ca?" intracellular accumulation by endothelial cells exposed to LL37-Au NPs is
due to the inability of the immobilized LL37 to interact with FPRL1. In line with our
recent data obtained in keratinocytes (chapter 2), LL37-Au NPs are able to transac-
tivate EGFR. The mechanism is not yet known for endothelial cells but, as it was
observed in keratinocytes, it may involve the activation of P2X receptors with the

consequent activation of metalloproteases that shed HB-EGF.
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Figure 4.8: Bioactivity of LL37 and LL37-Au NPs: molecular studies. (a) Capac-
ity of LL37 and LL37-Au NPs to induce intracellular Ca?" accumulation in HUVECs. HUVECs
were starved for 7 h, loaded with Fura-2 dye for 1 h, and exposed to LL37 (LL37_50 means LL37
at 50 pg/mL; LL37_.100 means LL37 at 100 ug/mL) or LL37-Au NPs (LL37_200 means LL37 at 200
ug/mL). VEGF45 (VEGF_100 means VEGFj45 at 100 ng/mL) was used as a positive control. (b)
Schematic representation of the transactivation mechanism of EGFR. This process involves the acti-
vation of metalloproteinases (likely ADAM10 and/or ADAM17) that releases EGF anchored to cell
membrane into a heparin-binding EGF (HB-EGF), which in turn binds to EGFR. This leads to the
phosphorylation of ERK1/2 and STATS3, translocation of STAT3 into the nucleus and finally the ini-
tiation of the transcription of target genes. (c) Phosphorylation profile (phospho/total protein) of
EGFR in HUVECs after contact with LL37 (5 ug/mL), LL37-Au NPs (200 ug/mL) or Au NPs (200
ug/mL) up to 10 min. Results are mean £+ SEM (n=3). *P < 0.05, **P < 0.01 indicates statistical

significance between samples.
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4.2.4 Both LL37 peptide and LL37-Au NPs induce angiogenesis in
a CAM assay.

The pro-angiogenic properties of LL37, LL37-Au NPs and Au NPs were evalua-
ted in a in vitro Matrigel assay (Fig. 4.9a). In this assay, the number of cord-like
structures was quantified by microscopy after 4 h of seeding HUVECs in the pre-
sence of LL37, LL37-Au NPs or Au NPs on top of Matrigel. LL37 and LL37-Au
NPs treatment induced endothelial cord formation by HUVECs, similar as VEGEF, a
pro-angiogenic factor (Fig. 4.9b). In contrast, HUVECs treated with Au NPs formed
similar number of cord-like structures as non-treated cells. Next, we evaluated the
inhibitory effect of FPRL1 antagonist WRW4 on the pro-angiogenic activity of LL37
and LL37-Au NPs in the in vitro Matrigel assay. As shown in Fig. 4.9b, WRW4 signi-
ficantly impairs the LL37-induced tube formation, but has low effect in the LL37-Au
NP-induced tube formation.

We further assessed the pro-angiogenic activity of LL37, Au NPs and LL37-Au
NPs in a chorioallantoic membrane (CAM) assay for 3 days (Figs. 4.10a, 4.10b). Both
LL37 and LL37-Au NPs induced vessel growth. In both cases, the mesenchymal re-
gion of CAM was dilated and a higher number of blood vessels and inflammatory
precursor cells were observed than in control (CAM treated with vehicle). This rea-
ction was similar to the one observed for basic fibroblast growth factor (bFGF) (data
not shown), a pro-angiogenic factor. Interestingly, Au NPs without LL37 are also
able to induce a pro-angiogenic and inflammatory response. A quantitative analysis
revealed that LL37, Au NPs and LL37-Au NPs induced an increase in erythrocyte-
filled blood vessels (Fig. 4.10c).

To investigate whether LL37 peptide or LL37-Au NPs might influence angio-
genesis by induction of VEGF synthesis, we determined VEGEF levels in HUVEC
supernatants by ELISA after cell contact for 24 h with LL37, Au NPs or LL37-Au
NPs (Fig. 4.10d). LL37 induced higher secretion of VEGF45 in HUVECs as com-
pared to non-treated cells, but this superior secretion is abolished after FPRL1 inhi-
bition. In contrast, cells treated with LL37-Au NPs or Au NPs had lower secretion of
VEGF;¢5 than non-treated cells. Cells treated with Au NPs had the lowest secretion
of VEGF¢5.

All together, our results suggest that the pro-angiogenic properties of LL37 pe-
ptide and LL37-Au NPs are mediated by different mechanisms. LL37 activates pri-
marily FPRL1 receptor that leads to an increase of intracellular levels of Ca?" and
the secretion of VEGF¢5, followed by an increase in the formation of cord-like struc-

tures. In contrast, LL37-Au NPs activate the transactivation of EGFR but has no ef-
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fect on FPRL1 receptor and consequent increase of intracellular levels of Ca?* and

secretion of VEGF;¢s.
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Figure 4.9: Formation of cord-like structures on Matrigel by HUVECsS treated with
LL37 or LL37-Au NPs. Cells were exposed to LL37-Au NPs (200 y:g/mL which corresponds to 50
ug/mL of immobilized LL37), Au NPs (200 ug/mL), LL37 (5 ug/mL) or VEGF (50 ng/mL) with and
without FPRL1 Antagonist WRW4 (10 uM). After 4 hours images were taken by a In Cell Microscope
2000 (GE Healthcare) (Objective 2x) (a) and then Image] was used to calculate the number of cord-
enclosed regions for each conditions relative to control (b). Bars correspond to 50 ym. Results are
mean + SEM (n=3-6). ** P < 0.01, * P < 0.001, *** P < 0.0001 indicates statistical significance

between groups.
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Figure 4.10: Pro-angiogenic activity of LL37 and LL37-Au NPs. Pro-angiogenic acti-
vity of LL37 (70 ug per egg), Au NPs (200 ug per egg), bFGF (400 ng per egg), vehicle (water) and
LL37-Au NPs (200 ug per egg which corresponds to 50 ug/mL of immobilized LL37) in a chorioal-
lantoic membrane (CAM) assay during 3 days. (a) Light microscopy images showing the region that
received the treatment (the ring has 3 mm of diameter). (b) Hematoxylin eosin staining of CAMs.
(c) Quantification of number of vessels with less than 20 ym that are recruited for the region that re-
ceived the treatment (within the ring). Results are mean &+ SEM (n=11-13). ***P < 0.0001 indicates
statistical significance between samples and vehicle. (d) Secretion of (VEGF;¢5) in HUVECs exposed
to LL37 or LL37-Au NPs or Au NPs as assessed by ELISA. Results are mean + SEM (n=5). *P < 0.05

and ****P < (0.0001 indicate statistical significance between samples and non-treated.
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4.3 Conclusions

Although the angiogenic properties of soluble LL37 peptide have been previou-
sly demonstrated, it is unknown the bioactivity of permanently immobilized LL37.
Here we report a new formulation based on LL37 conjugated to Au NPs that have a
Au core and a hydrophilic cationic LL37 peptide shell, made in a quick one-step syn-
thetic process. These NPs incorporate approximately 250 g of LL37 per mg of NP,
they have an average diameter of 21 nm and a positive zeta potential (15 mV). Our
results show that LL37-Au NPs are relatively non-cytotoxic to HUVECs for concen-
trations up to 400 ug/mL (i.e., 100 ug/mL of immobilized LL37). In contrast, LL37
peptide was cytotoxic for concentrations equal or above 30 ug/mL. Our results fur-
ther show that LL37-Au NPs are rapidly internalized and both LL37 and NPs stay
confined within the cellular endolysosomal compartment up to 24 h. When these
NPs are exposed to endothelial cells, they activate the transactivation of EGFR but
had no capacity to activate FPRL1 and downstream signals such as the accumula-
tion of intracellular Ca?". In contrast, LL37 activates primarily FPRL1 receptor that
leads to an increase of intracellular levels of Ca?* and the secretion of VEGF;¢s5. Im-
portantly, both LL37 and LL37-Au NPs have pro-angiogenic properties as demon-
strated in a Matrigel and CAM assays. This work highlights some important points:
(i) LL37-Au NPs have lower cytotoxicity than LL37, (ii) LL37 maintains the ability
to form cord-like structures and pro-angiogenic activity after the immobilization on
the NPs even if they cannot induce intracellular Ca?* accumulation and VEGF¢s5
secretion as soluble LL37, (iii) this divergence suggests that pro-angiogenic activity
of LL37-Au NPs are regulated by a different receptor and signaling than soluble
LL37. Future studies are required to further characterize the mechanism of action
of LL37-Au NPs in endothelial cells and hence their potential for therapeutic angio-

genesis.

4.4 Methods

Materials. HAuCly.3H,0 Na3zCqH507 and HEPES, all acquired to Sigma-Aldrich,
were used as received. Lyophilized LL37 peptide modified with a C-terminal cy-
steine (LLGDFFRKSKEKIGKEFK-RIVQRIKDFLRNLVPRTESC-NH?2) was purchased
from Caslo Laboratory, Denmark. The peptide was synthesized by conventional
solid-phase synthesis, purified by high performance liquid chromatography, and

characterized by matrix assisted laser desorption ionization time-of-flight (MALDI-
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TOF) mass spectroscopy. The purity of the peptide was 96%. Rhodamine B isothio-
cyanate and HEPES were purchased from Sigma.

NP preparation. LL37 (0.5 mM, 1 mg/mL) were dissolved initially in DMF (100
uL) followed by addition of HEPES (950 uL, 100 mM, pH 5). HAuCl4.3H,0 (102
M, 50 uL) was added to a peptide solution (0.25 mM, 950 uL; therefore the final
concentration of HAuCly was 0.5 mM) and the NP synthesis was carried out at 25
°C. LL37-Au NPs were also synthesized using HAuCl4.3H,0O (final concentration
0.25 mM, 0.5 mM and 1 mM), and HEPES (100 mM, pH 6 and pH 7.5) by the same
procedure at 25 °C. The synthesized Au NPs were centrifuged at 14.000 rpm for
20 min at 4 °C followed by washing with Milli-Q water to remove unreacted pep-
tides and HEPES, frozen and freeze-dried at 223 K using a Snijders Scientific freeze-
dryer. Spherical Au NPs were also synthesized via citrate reduction method [83].
An aqueous HAuCly solution (0.5 mM, 100 mL of water) was boiled in a 250 mL
round bottom flask while being stirred after which an aqueous sodium citrate so-
lution (2%, w/v, in water) was added. The reaction was allowed to run until the
solution reached a wine red color, indicating the reaction was completed. Fluore-
scent Au NPs and LL37-Au NPs were prepared by addition of DMSO (0.5 mM)
solution of Rhodamine to achieve a final concentration of 25 uM for flow cytometry
and confocal microscopy studies. Free Rhodamine molecules in the colloidal gold
solution were removed by centrifugation at 12000 rpm for 15 min at 4°C followed
by two washings with Milli-Q water. The pellet obtained after centrifugation was
redispersed in Milli-Q water and then dialysed.

NP characterization: general analyses. The reduction of HAuCl4.3H,O was
monitored by UV-visible spectroscopy using a BioTek synergy MX microplate reader.
TEM images were obtained using a Jeol JEM-1011 microscope operating at an accel-
erating voltage of 100 kV. A drop of NPs solution was placed on a 300 mesh copper
grid with a carbon-coated Formvar membrane and dried overnight before exami-
nation by TEM. A minimum of 100 NPs was measured using Image ] software for
the particle size analysis. FTIR spectroscopy analyses were performed in ATR mode
using a JASCO spectrophotometer at 4 cm™~! resolutions with 64 scans. The hydro-
dynamic diameter and Zeta potential of Au NPs and LL37-Au NPs suspended in
water and in cell culture medium (EGM-2) were measured via a Zeta PALS Zeta Po-
tential Analyzer (Brookhaven Instruments Corporation). The amount of gold in Au
NPs and LL37-Au NPs was quantified by ICP-MS, using a 7700x ICP-MS (Agilent
Technologies). The content of LL37 in LL37-Au NPs was estimated by High Resolu-
tion Thermogravimetric analyses (Hi-Res-TGA), using a TA Instruments Q500 ther-
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mogravimetric analyzer (thermobalance sensitivity: 0.1 ug).The temperature cali-
bration was performed by measuring the Curie point of a nickel standard and using
open platinum crucibles and a dry nitrogen purge flow of 100 mL min~!. This pro-
cedure was performed at the heating rate and temperature range used throughout
the experimental work, i.e. 2 °C min~!
Cell Culture. Human umbilical vein endothelial cells (HUVECs, Lonza, Walk-

ersville, Maryland, USA) were cultured in endothelial growth medium (EGM-2,

over the 30-600 °C temperature interval.

Lonza). Cells after 6 passages were used in all experiments. The cells were sub-
cultured at a ratio of 1:3 until achieving the number of cells required for the experi-
ment.

Cytotoxicity studies. HUVECs were seeded at a density of 1x10% cells per well
and cultured in a 96-well plate for 24 h and then incubated with LL37, LL37-Au NPs
or Au NPs suspended in culture medium at different concentrations. After 5 and 48
h, CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to assess the
ATP production of the cells according to the supplier’s instructions. For ROS quan-
tification, cells were seeded at a density of 4x10* cells/cm? in 24-well plates and
cultured for 24 h. Either LL37-Au NPs or Au NPs suspended in culture medium at
different concentrations were added to cells and left for 5 h and 48 h. Before the treat-
ment ended, cells were exposed to 6-carboxy-2’,7’-dichlorodihydrofluoresce in diac-
etate (DCFH-DA, 100uM), a dye commonly used to measure intracellular changes
in ROS, for 1 h. After washing the cells twice, they were trypsinized, centrifuged
and resuspended in PBS to proceed with flow cytometry analysis (FACS Canto I,
BD Biosciences). Hydrogen peroxide (1 mM) was used as a positive control for ROS
production. In addition, propidium iodide (PI) (1 ug/mL final concentration) was
used to quantify cell viability and to exclude the dead cells (i.e. PI positive cells)
from the DCFH analysis.

Membrane potential. HUVECs were seeded at a density of 4x10% cells/cm? and
in 24-well plates and cultured for 24 h. Then, LL37-Au NPs, AuNPs or LL37 peptide
suspended /solubilized in culture medium at different concentrations were added to
cells. After 5 and 48 h, cells were harvested, resuspended in medium with DiOC5(3)
(5 nM, Sigma-Aldrich) and incubated for 5 min at room temperature in the dark,
prior to the analysis with the flow cytometer (FACS Calibur, BD Biosciences). Cells
treated with gramicidin (10 uM) or valinomycin (10 M) were used as controls for
cell depolarization and hyperpolarization, respectively.

NP internalization studies. HUVECs were seeded at a density of 3x10° cells
per well in 6-well plates and cultured for 24 h. Then, LL37-Au NPs or Au NPs sus-
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pended in serum-containing medium were incubated with cells for 5 h or 48 h. After
incubation, cells were washed three times with PBS to remove non-internalized NPs.
Cells were then detached using 0.2% (v/v) trypsin in PBS, centrifuged, counted and
resuspended in nitric acid solution (1 mL, 69%, v/v). After acidic digestion, samples
were diluted to 4 mL in Milli-Q water and gold was quantified by ICP-MS, using a
7700x ICP-MS instrument (Agilent Technologies). Elemental analysis detection of
Au'®” was performed after a calibration of the apparatus using gold (Panreac) as
standard at 5, 10, 50, 100, 250, 500 and 1000 ug/L. Iridium (Panreac) was used as
internal standard at 20 pg/L. The mass of NPs per cell was calculated based in the
total Au'®” per cell, the Au'®” per mass of LL37-Au NPs and the total number of
cells per experimental condition.

Confocal microscopy analyses. HUVECs were plated on a pu-slide 8 well, ibi-
Treat (Ibidi, Germany) (3x10* cells per well) and left to adhere overnight before
adding rhodamine-labeled LL37-Au NPs (at 100 ;g /mL) or rhodamine-labeled LL37
(at 1 ug/mL) in EGM-2. After 30 min, 4 h or 24 h of NPs incubation, cells were
washed three times with PBS and were fixed with paraformaldehyde (4% (v/v))
for 10 min, at room temperature, and washed two times with PBS. After blocking
with BSA (1%, w/v in PBS) for 1 h, fixed HUVECs were incubated with mouse anti-
human CD31 (Dako, dilution 1:50) for 2 h, washed three times with PBS and perme-
abilized with 0.3% Triton X-100/PBS, and blocked with BSA (1%, w/v in PBS) for
1 h. Cells were incubated with primary antibodies against early endosomal marker
EEA1 (Cell Signaling C45B10, 1:100 dilution) and the late endosome/lysosome mar-
ker protein Rab7 (Cell Signaling D95F2, 1:100 dilution), diluted in BB according to
the manufacturer’s instructions, and incubated for 2 h at room temperature. Then,
samples were washed and labeled with secondary antibodies anti-mouse Alexa
fluor 647 and anti-rabbit Alexa fluor 488 (both from Life technologies 1:1000 dilu-
tion). Un-bound antibody was removed by washing three times with PBS before
staining the nucleus of cells with Hoechst (Life technologies, dilution 1:1000) for 10
min. Six confocal images (40 objective) for each condition were taken, using the
optimal pinhole for better discrimination between foci and assuring no overexpo-
sure or bleed-through between channels. Usually images were composed of four
channels (blue, green, red, and far-red), where different interactions were analyzed.
Images were exported to Image]J, and colocalization analysis was performed using
the automated co-localization tools available named JACOP.

FACS analyses. Cells were dissociated from the culture plate by exposure to Cell

Dissociation Buffer (Life Technologies) for 3-5 min and gentle pipetting, centrifuged
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and finally resuspended in PBS supplemented with 0,1% (v/v) BSA. The single cell
suspensions were aliquoted (1.5x10° cells per condition) and stained with either iso-
type controls and antigen-specific primary antibodies Anti-EGFR antibody (ab30,
Abcam, dilution 1:200) for 30 min at 4°C. After the incubation with primary antibo-
dies, cells were washed 3 times and incubated with anti-mouse Alexa fluor 488 (Life
technologies 1:1000 dilution) for 30 min. Once the incubations were terminated,
the cells were centrifuged at 1000 rpm, 20 °C for 5 min, washed 3 times with cold
PBS and then resuspended in PBS containing 0,1% BSA (400 uL) for FACS analysis.
Differently for FPRL1 quantification, cells were fixed with 0,1% (v/v) paraformalde-
hyde (PFA) for 10 min, washed, permeabilized with saponin 0,02% (v/v) for 20 min
and then stained with either isotype controls and antigen-specific primary antibo-
dies Anti-FPRL1 antibody (ab101702, Abcam, dilution 1:200) for 30 min at 4°C. After
the incubation with primary antibodies, cells were washed 3 times and incubated
with anti-rabbit Alexa fluor 488 (Life technologies 1:1000 dilution) for 30 min. All
conditions were performed in triplicate. FACS Calibur (BD Biosciences, San Diego,
CA) and Cyflogic software were used for the acquisition and analysis of the data.
Evaluation of Ca’" intracellular release. HUVECs were seeded at a density of
1.5x10* cells per well and cultured for 48 h in black opaque 96-well plates. After a
period of starvation (7 h, in EBM-2), cells were loaded with Fura-2 calcium fluore-
scent indicator by incubation with 5 M of the membrane permeable acetoxymethyl
(AM) derivative Fura-2/AM (Molecular Probes), using basal medium as vehicle (35
uL/well) for 1 h at 37 °C in 5% CO;. The medium was replaced and cells were
incubated in the same conditions for more 30 min to allow hydrolysis of the ace-
toxymethyl (AM) esters by cellular esterases, resulting in intracellular capture of
the probe. Cells were then washed twice with 100 L sodium salt solution (140 mM
NaCl, 5 mM KCl, 1 mM CaCl,, 1 mM MgCl,, 10 mM Glucose, 10 mM HEPES-Na™
pH 7.4) and again immediately before the incubation or not with test compounds.
Fluorescence reading was performed at 25 °C (Spectramax Gemini EM, Molecular
Devices, with SoftMax Pro Software) by measuring emission at 510 nm, using two
alternating excitation wavelengths (340 and 380 nm). Cells were then exposed to
different concentrations of LL37 peptide, LL37-Au NPs and Au NPs. VEGF (100
ng/ml) was used as positive control for intracellular calcium release. For measure-
ments in the presence of FPRL1 receptor inhibitor, cells were pretreated with the
antagonist WRW4 (Calbiochem, 10 uM), for 1 h before Fura-2/AM probe incuba-

tion.
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EGEFR phosphorylation. The activation of EGFR receptor in HUVECs (80% con-
fluency, in 6-well plates) was induced by starving the cells for 24 h in EBM2 sup-
plemented with 1% (v/v) penicillin and adding soluble LL37 (5 ug/mL), LL37-Au
NPs (200 pg/mL) and Au NPs (200 pg/mL) for 10 minutes. Following treatment,
the plates were immersed in ice and the medium was discarded. Then the proteins
were isolated from the cells. The levels of EGFR (phosphorylated EGFR and total
EGFR) were determined by ELISA kit (R&D Systems). Data were acquired with a
BioTek synergy MX microplate reader.

Evaluation of cord-like structure formation on Matrigel. HUVECs were seeded
at a density of 2x10° per well in 6-well plates and cultured for 24 h in EGM-2. Cells
were exposed to LL37-Au NPs (200 ug/mL) or Au NPs (200 ug/mL) for 4 h and
then washed, trypsinized, counted and seeded again at a concentration of 1x10*
cells per well (in 50 L of M199 medium) on 15-well slide (IBIDI GmbH, Munich,
Germany). Each well was previously coated with 10 uL of Matrigel (BD Biosciences)
and incubated for 30 min at 37 °C. For measurements in the presence of FPRL1
receptor inhibitor, cells were pretreated with FPRL1 antagonist WRW4 (Calbiochem,
10 uM) for 1h before adding NPs. In addition, 1x10* cells in 50 uL of M199 medium
were seeded on top of the polymerized Matrigel in the presence of LL37 (5 ug/mL)
with or without 10 uM of FPRL1 Antagonist WRW4. VEGF at the concentration of
50 ng/mL was used as positive control. After 4 h one image of each well (n=3-6)
for experimental condition was taken by a In Cell Microscope 2000 (GE Healthcare)
(objective 2x) and then the Image] cell counter tool was used to calculate the number
of cord-enclosed regions for each conditions relative to control.

Measurement of VEGF by Elisa. HUVECs were seeded at a density of 4x10*
cells/cm? in 24-well plates and cultured for 24 h in EGM-2 without VEGF. Then
cells were exposed to LL37 (5 ug/mL), LL37-Au NPs (200 ug/mL) or Au NPs (200
ng/mL) suspended in culture medium without VEGF at different concentrations
were added to cells. LL37 (5 ug/mL) and LL37-Au NPs (200 pg/mL) were also
incubated in the presence of 10 uM of FPRL1 Antagonist WRW4 (Calbiochem). After
24 h of incubation, cell medium from all the conditions was collected and used to
quantify VEGF secretion. Supernatant content was measured by a human VEGF
ELISA development Kit (PeproTech) according to the manufactures instruction. A
calibration curve was established for the calculation.

CAM assay. CAM assays were performed in chicken eggs as described previou-
sly [183]. Water (5 uL, vehicle, per egg), LL37 (70 ug per egg), LL37-Au NPs (200
ug per egg), Au NPs (200 ug per egg) or bFGF (400 ng per egg) were mixed with
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1% methylcellulose (5 pL) and placed onto the CAMs and incubated for 3 days.
After injection of 20% Luconyl black 0600 (BASE, Ludwigshafen, Germany), pho-
tographs were taken. CAMs were fixed, embedded in paraffin, sectioned, stained
with a Masson-Goldner solution, and vessels were counted in hot spots as described
previously [314].

Statistical analyses. Statistical analyses were performed by a t-test or one-way
ANOVA test with a Newman-Keuls test applied post hoc for paired comparisons of
means (GraphPad Prism 5.0 software).

Acknowledgements. The authors would like to thank the financial support of
European Commission (Marie Curie Initial Training Network NANODRUG, project
n° 289454, FP7-PEOPLE 2011-2015 and ERC grant, project n® 307384, Nanotrigger).
Michela Comune is an early stage researcher (ESR) of FP7 Marie Curie ITN NANO-
DRUG network.

Michela Comune - Doctoral Thesis



Chapter 5

General Conclusions

The development of new and efficient treatments for wound healing is of ut-
most importance to satisfy the unmet clinical need. In fact, impaired wound hea-
ling and its medical complications remain one of the most prevalent and economi-
cally burdensome healthcare issue in the world [1]. Current therapies are limited,
costly and ineffective. Some advanced technology have been developed over the
last few decades, including the use of topic growth factors or cell-based therapies,
but even the most innovative and sophisticated product requires proper wound care
and wound bed preparation in order to function optimally, contributing to the huge
economic burden of this medical area. Other exploratory methodologies have been
proposed consisting on different drugs and delivery systems for growth factors,
siRNA, miRNA, genetic material and other biomolecules with the aim to target dif-
ferent phases of wound healing and to improve outcome. Despite these advances,
the proposed technologies have shown limited effectiveness due to fast degrada-
tion of growth factor and biomolecule by proteases or dilution by tissue fluid [51].
Moreover, they are able to target just a molecular pathway but since wound repair
is the result of a complex set of interactions among cytokines, formed blood ele-
ments extracellular matrix and cells, there is the need of innovative therapies based
on correcting multiple deficits simultaneously. Therefore, the combination of thera-
peutic molecules with NPs has shown huge potential to overcome these lacks and
lead the development of a new successful formulation for chronic wound healing.
This thesis focused in the development of a novel nanomaterial for wound healing.
It comprises the immobilization of a therapeutic molecule, specifically the cationic
antimicrobial peptide LL37, in a core of gold NPs. The main hypothesis of this the-
sis is that LL37- Au NPs have superior regenerative properties and less cytotoxicity
than LL37 peptide.
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This work shows for the first time the chemical immobilization of LL37 on Au NPs
by a one-pot synthesis method. The methodology is relatively simple to allow the
preparation of NP conjugates with relatively low size (21 nm) and polydispersity,
with high stability in cell culture media or aqueous solutions and presenting antimi-
crobial and mammalian cell activity. We have screened several parameters to obtain
low size and relatively low polydispersed Au NPs with high incorporation of AMPs,
including aqueous conditions, time, pH, initial concentration of LL37 peptide and
Au ions. Previous studies have reported the physical immobilization of antimicro-
bial peptides in NPs [245]. In this case, the antimicrobial peptide was adsorbed to
a NP formulation and released overtime. Although, this approach prolongs the ac-
tivity of the antimicrobial peptide, it is insufficient to yield a high local density of
peptide on the NPs to enhance their interactions with the bacterial membranes and
to enhance its potential bioactivity against mammalian cells. Recently, an alternative
strategy has been developed based in the covalent immobilization of antimicrobial
peptides in the NP formulation [246] [247]. An antimicrobial peptide conjugated
with cholesterol and a TAT peptide easily formed core-shell structured nanoparti-
cles (micelles; average diameter of 177 nm) having a hydrophobic cholesterol core
and a hydrophilic cationic peptide shell. Despite the advances, it was unclear the in
vivo effectiveness of the nanoformulation compared to free peptide. In fact, to the
best of our knowledge, no study has compared in vivo the antimicrobial activity of

antimicrobial peptide-conjugated NPs relatively to free antimicrobial peptides.

This work shows in different cell models (keratinocytes and endothelial cells) that
LL37-Au NPs have lower cytotoxicity than LL37. LL37-Au NPs are relatively low
cytotoxic against endothelial cells and keratinocytes for concentrations up to 400
nug/mL (i.e, ca. 100 ug/mL of immobilized LL37). Our results show that the cytoxi-
city of LL37 at 10-30 ug/mL in endothelial cells and keretinocytes was mediated by
an increase in membrane depolarization and ROS levels. Similar behavior was not
observed for equivalent concentrations of LL37 peptide once immobilized on top
of the NPs. This suggests that LL37-Au nanoparticles have minimal impact in cell
membrane and is not able to penetrate the membrane; however further research is

necessary to clarify this issue.

LL37-Au NPs have high biological activity against mammalian cells. Our results in-

dicate that LL37-Au NPs have superior biological activity than LL37 peptide against
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keratinocytes. Keratinocytes exposed to LL37-Au NPs have prolonged migratory
properties than keratinocytes exposed to LL37 peptide. The enhanced migratory
properties of HaCaT cells, after exposure to LL37-Au NPs, was mediated by a pro-
longed transactivation of the EGFR via ADAM17 and prolonged ERK signaling acti-
vation. Our results further demonstrate that LL37-Au NPs have high pro-angiogenic
activity against endothelial cells. We show for the first time that LL37 immobilized
to a biomaterial still preserves its angiogenic activity and the mechanism mediating
this biological action is different from non-immobilized LL37. LL37 activates pri-
marily FPRL1 receptor that leads to an increase of intracellular levels of Ca?* and
the secretion of VEGF45. In contrast, LL37-Au NPs activate the transactivation of
EGEFR but has no effect on FPRL1 receptor and consequent increase of intracellular
levels of Ca?" and secretion of VEGF;g5. Importantly, both LL37 and LL37-Au NPs
have pro-angiogenic properties as demonstrated in a CAM assay and in vitro Ma-
trigel assays. So far it is unclear whether LL37-Au NPs have superior pro-angiogenic

activity than free LL37 peptide. Further studies are required to address this issue.

Endothelial cells and keratinocytes internalize LL37-Au NPs. In case of keratinocy-
tes, the internalization is mediated by scavenger receptors. Despite some differences
in the internalization kinetics and magnitude in the internalization of LL37-Au NPs
and Au NPs, the most significant aspect of our work is to demonstrate that LL37-
Au NPs are internalized by mammalian cells without killing them. Our results fur-
ther show that LL37-Au NPs are mainly internalized in keratinocytes by scavenger
receptors, and at lower extent by clathrin-mediated endocytosis, as confirmed by
chemical or siRNA knockdown studies. It is likely that the negative charge of LL37-
Au NPs in cell medium facilitates the interaction with scavenger receptors in com-
parison with other endocytic pathways as previously described for cell penetrating
peptide nanocomplexes and DNA-functionalized Au NPs [116]. The internalized
LL37-Au NPs tend to accumulate in the endolysosomal compartment in both kera-
tinocytes and endothelial cells; yet differences in the magnitude of the accumulation

in both cells have been observed.

The current work shows for the first time the involvement of purinergic receptors
in the biological role of LL37-Au NPs and LL37 in keratinocytes. Only recently,
some studies have reported the use of NPs to modulate the activity of purinergic
receptors [238] [239]. It is well known that purinergic receptors are not only widely

expressed in the nervous system but also in non-neural cells such as adult and fetal
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keratinocytes, fibroblasts, melanocytes, mast cells, Langerhans cells, and Meissners
corpuscles, as well as in hair follicles, sweat glands, and smooth muscle and en-
dothelial cells of skin vessels [237]. Consequently, purinoreceptors are involved in
many non-neuronal mechanisms including exocrine and endocrine secretion, im-
mune responses, inflammation, pain, platelet aggregation and endothelial-mediated
vasodilatation. Cell proliferation, differentiation and death that occur in develop-
ment and regeneration are also mediated by purinergic receptors. Purinergic signa-
ling is involved also in skin pathology including psoriasis, scleroderma, skin cancer
and wound healing defect, since extracellular nucleotides take part in all phases of
wound repair [240]. The majority of studies involving purinergic signaling has been
concerning their role in short-term events, such as neurotransmission, secretion, or
regulation of the vascular hemostasis. However, there is growing interest in the
long-term trophic effects of extracellular nucleotides on cell growth, proliferation,
migration and contraction and in the therapeutic potential of compounds that act
through purinergic receptors for modulating these phenomena and hence treating a
wide range of diseases. Previous studies have demonstrated evidence that puriner-
gic receptors have an essential bridging role in the AMP-ADAM/EGEFR stimulatory
effect [227] [241]. Other studies have indicated involvement of purinergic receptors
in mediating the EGFR transignaling effects of LL37 with the direct activation of
P2X7 by LL37 in monocytes [229]. In the present work, we have performed electro-
physiology studies on keratinocytes perfused with soluble LL37 and LL37-Au NPs
to evaluate whether their biological effect was initiated by extracellular ATP release.
Our results show that the biological role of LL37-Au NPs, but not LL37 peptide, is
in part due to extracellular ATP released from keratinocytes. Therefore, both LL37
peptide and LL37-Au NPs have different mechanisms to modulate/activate P2X7
receptor. It is possible that LL37 peptide activates directly P2X7 as suggested by
previous studies, without the release of ATP. Another possibility is that LL37 inserts
in the cell membrane disturbing it without involving ATP release but leading to the

release of other intracellular molecules such as Ca®t [232].

This work is the first to demonstrate the superior wound healing activity of im-
mobilized LL37 than soluble LL37 in the context of skin wound healing. In fact,
results obtained in a splinted mouse full thickness excisional model showed that
mice wounds treated with LL37-Au NPs have a faster wound closure than the ones
treated with soluble LL37, showing a complete wound healing after 10 days, whereas
LL37 peptide-treated mouse showed 70% healing after 10 days. LL37-Au NPs have
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also superior bioactivity than soluble LL37 concerning collagen synthesis, IL-6 and
VEGF expression and angiogenic activity. Further, no adverse effects on body weight,
general health, or behavior of the mice were observed after NP treatment and there
was no accumulation of NPs in spleen, lung, liver and kidney after 15 days and or-

gans functionality was not altered.

The LL37-Au NPs formulation developed in the current work may have a great po-
tential to treat chronic wounds. The formulation combines elements (LL37 and Au
NPs) that have a biomedical history that facilitates the regulatory pathway. Impor-
tantly, the formulation is effective in addressing wound healing at multiple levels
such as fighting bacterial infection, inducing angiogenesis and inducing the migra-
tion of keratinocytes to facilitate skin epithelization. In addition, the formulation
has superior efficacy and lower cytotoxicity than LL37 peptide. This is the first tech-
nology that combines wound-healing efficacy and antimicrobial activity in the same
formulation, it is cheaper than the actual advanced therapies, and may be admini-
stered only one time. Although the nanomedicine platform described in this work
has significant biomedical potential, further studies are needed before its translation

into clinical studies.

Perspective and Future work

One of the most significant contributions of the current work is to highlight the
possibility of a piercing mechanism underlying the biological mechanism of LL37-
Au NPs. This piercing mechanism is responsible for the release of intracellular ATP
that activates P2X receptors. So far, it is unclear the importance of this ATP in the
long-lasting activity of LL37-Au NPs. Future studies should be performed to ad-
dress this issue. A potential experiment will be to evaluate the effect of apyrase in a
keratinocyte migration assay. If the piercing mechanism and ATP release is impor-
tant for the long-lasting activity of LL37-Au NPs we have identified a new signaling
strategy to potentiate keratinocyte migration. It is tempting to speculate that such
principle could be used in the near future to coat medical devices for cutaneous

treatments like patches.

At the moment, it is unclear whether LL37-Au NPs have superior pro-angiogenic
properties than LL37 peptide. This requires further testing using different angio-

genic models, endothelial proliferation and cycle studies [8], endothelial migration
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studies, among others. In addition, it will be very important to evaluate the long-
term activity of LL37-Au NPs and LL37, as it was shown for keratinocytes. More-
over, further tests are needed to elucidate the mechanism of action of LL37-Au NPs
in endothelial cells. For example, it is not known the effect of the inhibition of EGFR

signaling in the angiogenic properties of LL37-Au NPs.

So far we have demonstrated the bioactivity of LL37-Au NPs in a non-diabetic
model with a single administration. Next steps include the evaluation of the the-
rapeutic effect of LL37-conjugated NPs in a diabetic wound healing animal models.
In fact, diabetic patients have a down-regulation in the expression of LL37 [220], and
thus it is of utmost importance to compare the regenerative effect of our NP formu-
lation in those patients. In fact, even if most animal studies indicate that LL37 acce-
lerates wound healing, there are some conflicting results in diabetic animal models.
Treatment with LL37 in wounds of diabetic ob/ob mice, showed a beneficial effect
in one study [234], while another study in diabetic db/db mice failed to show any
significant improvement [184]. For the clinical translation of our NP formulation,
further pre-clinical tests in GMP conditions are necessary to validate the experi-

mental results obtained in both normal and future diabetic mouse models.

Future studies may also explore LL37-Au NPs in the context of other diseases. For
example LL37-Au NPs are very promising for the activation/modulation of puri-
nergic receptors in neurological disorders where they have been shown to display
a neuroprotective role [252]. Another aspect could be explored is the use of LL37
gold NPs to delivery miRNAs. miRNAs are important players in angiogenesis, cell
proliferation and migration, which are essential components of proper healing of
wounds. A recent comparison of skin tissue from normal and diabetic mice showed
that 14 miRNAs were differentially expressed in diabetic skin; miR-146b and miR-21
were the most noteworthy [242]. Specifically, miRNA-21 showed a distinct chara-
cter with increased expression in diabetic skin but decreased expression in diabetic
wound healing. A recent study showed that miRNA-21 acts as a negative modu-
lator of angiogenesis [243]. So far, there are some studies about the use of siRNA

therapies, but not miRNA therapies, to improve wound healing.
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