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Resumo

As feridas crénicas representam um problema desafiante, ja que as atuais terapias sdo pouco eficazes,
com cicatrizagao prolongada e recorréncias frequentes. A insulina € um dos fatores de crescimento
mais barato, que estimula e reduz o tempo de cicatrizagao. Contudo, o severo efeito proteolitico no leito
da ferida, requer um sistema de administracao (SA) que proteja a insulina da degradacao. O objetivo
€ desenvolver um SA multifuncional de nanoparticulas-hidrogel associado com insulina para acelerar
cicatrizacao das feridas.

As nanoparticulas de PLGA revestidas com quitosano e associadas com insulina foram produzidas
por dulpa-emulsao e incorporadas em hidrogéis obtidos por congelamento-descongelamento. O SA foi
otimizado com uma abordagem de quality-by-design. As nanoparticulas foram caracterizadas por DLS
e SEM, e os hidrogéis por reologia e FTIR. A estrutura da insulina foi avaliada por CD e testes in vitro
do perfil de libertagao, cell scratch e citotoxicidade foram realizados.

As nanoparticulas apresentaram aumento do seu tamanho e alteragéo positiva do ZP, mostrando
um revestimento eficaz de quitosano. Imagens de SEM mostraram incorporacdo das nanoparticulas
no hidrogel, mantendo as caracteristicas sem sinais de agregacdo. Os resultados revelaram que a
estrutura da insulina foi preservada apos produgao do SA. O SA permitiu uma libertagdo sustentada da
insulina de 10% e 25% até 72h, para as nanoparticulas revestidas e nao revestidas, respetivamente. Os
resultados in vitro apenas mostraram migracao celular melhorada para o meio de cultura com insulina,
fechando a lacuna em 36h, comparativamente com 48h para as restantes condigoes. Todos os hidrogéis

foram considerados biocompativeis.

Palavras-chave: Cicatrizacéo de feridas; Nanoparticula; Hidrogel; Ferida crénica; Insulina;
PLGA.






Abstract

Chronic wounds present a challenging problem, since current therapies are not effective, with extended
healing time, high recurrence rates and risk of amputations. Insulin is among the cheapest growth factors
available, stimulating wound healing and reducing healing time. However, the harsh proteolytic effect in
the wound bed requires a delivery system (DS) able to protect insulin from degradation. The aim was to
develop an insulin-loaded multifunctional nanoparticle-hydrogel DS to accelerate wound healing.

Insulin-loaded chitosan-coated PLGA nanoparticles were produced by w/o/w double emulsion tech-
nique and embedded in hydrogels obtained by freeze-thawing. The DS was optimized by quality-by-
design approach. Nanoparticles were characterized by DLS and SEM, and hydrogels by rheology and
FTIR. Insulin structure was evaluated by CD, and in vitro release profile, cell scratch and citotoxicity tests
were performed.

The nanoparticles showed particle size increase and positive ZP change, showing an effective chi-
tosan coating. SEM images showed that nanoparticles incorporated into the hydrogel, maintaining its
features without signs of particle aggregation. The results revealed that insulin structure was preserved
upon encapsulation and production of the hydrogel. The nanoparticle-hydrogel allowed a sustained in-
sulin release of 10% and 25% up to 72h, for the insulin uncoated and chitosan coated nanoparticles, re-
spectively. In vitro cell scratch assay did not show enhanced cell migration for the hydrogel-nanoparticles
systems developed, but showed enhanced cell migration for the culture medium with insulin, closing the
gap at 36h, versus 48h for the other conditions. The cytotoxicity was evaluated and all hydrogels were

considered biocompatible.

Keywords: Wound healing; Nanoparticle; Hydrogel; Chronic wound; Insulin; PLGA.
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Chapter 1

Introduction

The amount of people suffering from Chronic wounds (CW) is a growing worldwide health and economic
problem due to the increasing prevalence of obesity, chronic diseases, and in general, high-risk popula-
tion like elderly people [1-3]. It is believed that 1-2% of the European and United states population are
affected by this, and for example, the incidence of diabetic ulcers alone has reached 10-22% of diabetic
patients [4], with the number of diabetic people reaching 20 million, and expected to double by 2030, in
the USA alone [5]. It is estimated that a single diabetic ulcer comes with a cost of nearly US$50,000
and CW covers as a whole US$25 billion per year. In Europe, the cost related to wound management is
6,000-10,000€ per patient and year [6]. Besides this, the market for wound care is around US$15 billion

and for wound scarring another US$12 billion [5].

Since the traditional existing treatments cannot guarantee effective healing, with a long-lasting ther-
apy and with a relapse rate of about 70%, it ends up being a heavy socioeconomic burden for the national
healthcare systems and the patients [4]. Besides this, patients are at risk of amputations, posing a bigger

hurdle to caregivers and the life quality of the patient [7].

The eager for an effective treatment to improve life quality for these patients, and the astonishing
budget spend for wound care, are what significantly drives the research for better wound healing (WH)
alternatives [4]. Significant efforts have been made in that regard, with the search for new treatments
and the improvement of existing ones by understanding the numerous factors involved in normal and

pathological tissue repair [8].

In this chapter a theoretical background is presented, starting with the anatomophysiology of the
skin and continuing with the characterization of acute and chronic wounds, and their healing mecha-
nism. An explanation on the current treatments follows, as well as treatment alternatives, portraying the
importance and advantages of the use of nanoparticles, bioactive drugs and hydrogels in drug delivery
systems (DDS).



1.1 Anatomophysiology of the skin

Skin is the largest and one of the most important organs of the human body as it covers the entire
exterior of the body, providing an essential and effective barrier between the body and the environment.
This self-renewing and self-repairing interface protects the body against mechanical, chemical, osmotic,
UV light and thermal damage as well as microorganisms invasion [4, 7]. Besides protection, the skin
has other functions: sensation - through the different receptors that sense pain, temperature, pressure
and touch stimuli; thermoregulation — with the assistance of hair and sweat glands in regulating body
temperature, homeostasis is maintained; Metabolism - adipose tissue in the hypodermis is vital in the
production of Vitamin D and lipid storage [9]. Healthy skin surface has an acidic pH, between 4.0 and
6.0 and it has a pH gradient reaching approximately pH 7 within the living layers of the epidermis. This
pH gradient controls physiological and infectious flora [10]. The skin contains a complex network of
nerves to provide sensation, and blood vessels to help maintain thermoregulation and provide nutrients,
all distributed in tree layers: epidermis, the external layer, dermis, the middle layer, and hypodermis, the

internal layer [8]. The skin layers are shown in Figure 1.1.

Hair shaft
Pore of sweat gland duct

Papillary dermis — Epidermis
Arrector pili
muscle
— Dermis
Sebaceous (oil)
gland
Hair follicle T
— Hypodermis

Eccrine sweat gland

Pacinian corpuscle

Cutaneous vascular
plexus

Adipose tissue

Sensory nerve fiber

Figure 1.1: Anatomy and organization of human skin. Adapted with permission from [11].

The external layer of the skin, called epidermis, is in the first defence line against exogenous fac-
tors, helping maintain homeostasis of the body [9, 10]. The epidermis is composed of epithelial cells,
comprising four to five layers depending on its location. From the most external to the most internal

layer: stratum corneum, stratum lucidum (for thick skin only), stratum granulosum, stratum spinosum



and stratum basale. The epidermis layers of the skin are shown in Figure 1.2.

— \/— Dead cells filled

with keratin

Stratum corneum
Stratum lucidum

Stratum granulosum
Lamellar granules

O R [
x - - — A g
Stratum spinosun ] I e et e S S arefipyts
: fj;, T =
e
= - = = Desmosomes

Stratum basale
Merkel cell

Melanocyte

Sensory neuron

Dermis

Figure 1.2: Layers of the epidermis (thick skin). Adapted with permission from [11].

The outermost layer is called stratum corneum, and it consists of layers of fully cornified dead ker-
atinocytes -corneocytes- and an intercellular matrix rich in fat [12]. This fat-rich composition regulates
water loss by preventing fluid evaporation [9] and the dead keratinocytes in this layer secrete defensins,
the skin first immune defence [13]. Keratinocytes are the primarily type of cell found in the skin and
they express keratin, the main protein in the skin that confers rigidity and helps form the skin barrier
protection. In the innermost part of this layer, cells are close to each other, but as it gets near to the
exterior, the cells start getting looser and scaling, a process called desquamation [10].

The next layer only exists in the thick skin of soles and palms, it is called stratum lucidum and consists
of a majority of immortalized cells. The stratum granulosum (granular cell layer) follows, and it comprises
many layers of cells with lipid-rich granules. These lamellar granules contain glycolipids secreted to the
surface of the cells, acting as the glue, keeping the cells together [13]. In this level, as cells are further
away from the nutrients present in the deeper tissues, they start to immortalize [9].

The subsequent layer, called stratum spinosum, (prickle cell layer) is composed of numerous cell
layers connected by desmosomes. Desmosomes are adhesive protein complexes localized in the inter-
cellular junctions, allowing a tightly bound and a contact point between cells, as well as maintaining the

mechanical integrity of the tissues. This layer represents most of the epidermis [9].



The layer deepest and closest to the dermis is the stratum basale (Basal cell layer). It is separated
from the dermis by the basement membrane and it contains stem cells, melanocytes and a single row
of keratinocytes, all bound with desmosomes, just like in the stratum spinosum layer. Melanocytes are
melanin-producing cells, the substance responsible for skin colour, and also protect against ultraviolet
radiation damage [11]. The stem cells from this layer are mitotically active, which means they are
constantly producing keratinocytes, that in turn, travel outward/upward, evolving and maturating to create
the other layers [9, 13]. The merkel cells are also present in this layer, above the basement membrane,
and they act as sensory mechanoreceptors for light touch, interacting with free nerve endings in the
skin, being very populous in the fingertips [13].

Under the epidermis is situated another skin layer: the dermis. Connecting these two layers, at
the basement membrane level, there is a formation of tiny finger-like projections that extend into the
epidermis called papillary dermis. In the lower layer of the dermis is located the reticular dermis (see
Figure 1.3). The papillary and reticular layers merge without clear demarcation. The papillary dermis
is thinner and composed of loose connective tissue, and the deeper reticular layer is thicker, with less
cellular content, and denser connective tissue and collagen fibres bundles [13]. The dermis provides
strength and flexibility to skin, mainly due to the presence of collagen and elastin. In addition, the dermis

also contains blood vessels, nerve endings and other structures like sweat and sebaceous glands [9].
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Figure 1.3: Layers of the Dermis: the papillary and the reticular layer. Reprinted with permission from

[11].

There are two types of sweat glands, eccrine and apocrine. Eccrine sweat glands are simple, coiled



and tubular glands existing throughout the body, serving as thermoregulatory agents by releasing wa-
ter to the skin surface, where it evaporates, cooling the skin and blood, and can also participate in ion
and nitrogenous waste excretion. Apocrine sweat glands are known for producing malodorous perspi-
ration and are confined to the axillary and perineal regions. They excrete a protein-rich product, initially
odorless, but may evolve odor after exposure to bacteria. Modified apocrine sweat glands can include
wax-producing ceruminous glands, in the external auditory meatus, moll glands, in the margins of the
eyelids and the mammary glands of the breast [14].

Sebaceous glands provide 90% of the skin surface lipids, as the production of sebum is their most
important function for maintaining skin homeostasis, lubrication and physiological defense against envi-
ronmental and infectious attacks. Besides sealing the moisture of the skin and preventing desiccation,
sebum also contains antimicrobial substances, free fatty acids and matrix metalloproteinase (MMP) pro-
tecting the skin from external insults. Sebocytes, the sebaceous gland cells, engage in lipid synthesis
and metabolism and possess numerous hormone receptors, making this gland a endocrine organ and
a hormonal target as well [15].

The hypodermis is also called the subcutaneous layer and is the deepest layer of the skin, in which
the border between the dermis and hypodermis can be difficult to distinguish [8, 9, 13]. Consisting pri-
marily of adipose and loose connective tissue, the dermis also contains hair follicles, sensory neurons
and blood vessels. The loose connective tissue serves the function of connecting the skin to the un-
derlying fibrous tissue of the bones and muscles, and the adipose (fatty) tissue provides insulation and

cushioning [11].

1.2 Wound Healing

Since the skin is exposed to the environment, it is vulnerable to several external factors. This exposure
can result in wounds, caused by trauma or some medical/physiological conditions. The breakage or
disruption of skin, damages the anatomical structure and physiological functions are lost. There are
generally two types of wounds: acute and chronic. The former is the result of mechanical damage or
exposure to extreme heat, irradiation, electrical shock, or corrosive chemicals and normally heal quickly
when given proper care. The latter is typically when a wound does not heal in 8-12 weeks, caused by
an underlying medical or physiological condition, which make the healing process difficult and longer
due to their high reoccurrence rate (unless the root problems are solved) [4, 7]. The wounds can also
be classified according to their depth: superficial wounds (affecting a part of the epidermis); partial-
thickness wounds (epidermis and dermal layers are disrupted) and full-thickness wounds (subcutaneous

fat and deeper tissue are damaged) [4].

1.2.1 Normal wound healing mechanism

The healing process for acute wounds follows a scheduled pathway composed of four stages: haemosta-

sis, inflammation, proliferation, and remodelling or maturation [4, 8, 16]. A representation of the different



stages of the WH sequence is shown in Figure 1.4.

Hemostasis phase

{fibrosis)
Fibroblast

Figure 1.4: Phases of wound healing: hemostasis and inflammation, proliferation, and maturation or
remodeling phase. Reprinted with permission from [17].

The WH process begins with the disruption of the epidermal barrier, which immediately prompts
haemostasis where the primary goal is to stop the bleeding. Almost immediately vasoconstriction hap-
pens as a reflex, as well as blood clotting where platelets form a plug along with fibrin acting as the
glue. After drying, this plug is transformed into a scab that serves as a barrier against microorganisms
[18]. This scab, during the healing process, also releases cytokines and growth factors (GF), such as
epidermal growth factor (EGF), insulin-like growth factor (IGF)-1, platelet-derived growth factor (PDGF),
fibroblast growth factor (FGF), transforming growth factor (TGF) (TGF-a and TGF-3) [4], that recruit in-
flammatory cells, initiating the inflammation [8, 19]. The presence of these GF in the wound bed are
very important, because they also attract cells, stimulate their proliferation and have great influence in
extracellular matrix deposition, all determinant factors for good wound healing [20].

The inflammation often lasts 2-5 days [4] and its goal is to eliminate any pathogens that may have

entered the wound. Since the bleeding has stopped, vasodilation occurs, with an increase in capillary



permeability and influx of phagocytes along with pathogen control. Through the presence of antigenic
determinants from invading microorganisms and chemotactic signals from resident cells, the immuno-
logical response is activated, and neutrophils, monocytes, leukocytes and macrophages are attracted
to the wound site, where GF are further released [4]. Neutrophils are the first to arrive at the site to
degrade microbes and dead tissue by phagocytosis. They are also involved in the resolution of the fibrin
clot, angiogenesis, and re-epithelialization. Then, chemokines such as monocyte chemotactic protein-
1 (MCP-1), macrophage inflammatory protein-1a (MIP-1a) and TGF-2 recruit the circulating monocytes
that are then differentiated into macrophages. At the beginning of the inflammatory phase, both M1 (with
proinflammatory phenotype) and M2 (with anti-inflammatory phenotype) macrophages are found in the
wound site, although M2 prevail later in the healing process. By 3-5 days, macrophages are predominant

in the wound bed to phagocyte bacteria and necrotic cellular debris, and to release proteases [19, 21].

The influx and activation of inflammatory cells are vital for the transition between inflammatory and
proliferative phases. The inflammatory and growth-promoting cytokines, chemokines, GF and nitric
oxide secreted by neutrophils and macrophages play a major role in the activation, proliferation and
migration of fibroblasts and endothelial cells (EC) from the adjacent dermis, triggering the proliferative
phase [8, 19].

The proliferation phase happens generally 3 days to 2 weeks after the trauma and consists of the
repair of both epidermal and dermal layers [4, 18]. The increased neovascularization, granulation tis-
sue formation, collagen deposition, and epithelialization are phenomena that occur in this stage. It also
consists of the migration and hyper-proliferation of keratinocytes at the wound edge and attraction of fi-
broblasts, epithelial cells, EC, and circulating and local progenitor cells to start the proliferation process.
To re-establish the nutrient and oxygen supply to the wound, neovascularization takes place. The neo-
vascularization process occurs when MMP are released by EC that consequently digest the basement
membrane of blood vessels and extracellular matrix (ECM) components. Thus, EC enter the wound bed,
proliferating and originating new capillaries. Besides this, bone marrow derived endothelial progenitor
cells (EPC) move to the peripheral circulation and later to the wound site where they turn into mature
EC, giving rise to new vascular networks and new ECM. This process is regulated by the vascular en-
dothelial growth factor (VEGF) released in a hypoxia condition, that in turn upregulates the production
of nitric oxide in the bone marrow, stimulating EPC mobilization and proliferation [22]. Simultaneously
with angiogenesis, TGF-b and PDGF from inflammatory cells, mobilize fibroblasts into the area. With
the accumulation and proliferation of fibroblasts, new ECM composed of collagen, proteoglycans, and
elastin is produced. Some fibroblasts differentiate into myofibroblasts to help with the contraction of the
wound and along with keratinocytes, re-epithelialization occurs along the borders of the wound creating

a constructive force and eventually closing the wound [19].

In the last phase, remodelling/maturation, varying from 3 weeks to 2 years post-injury, the granu-
lation tissue differentiates giving place to collagen and elastin fibres saturated with proteoglycans and
glycoproteins [4]. The blood vessels and cells used for wound repair, and now unneeded, are removed
by apoptosis or programmed cell death. The collagen fibers laid down during the proliferative phase,

in a disorganized manner, making the wound thick, are now rearranged and replaced by a more orga-



nized matrix structure. The collagen fibers lie closer together and are aligned along tension lines, which
reduces scar thickness and gives more tensile strength. Although this coordinated balance between
organized matrix production and degradation continues, healed areas are always weaker than uninjured

skin, with the tensile strength reaching a maximum of 70 % of that of unwounded skin [4, 5, 8, 23].

1.2.2 Chronic wound healing mechanism

CW are characterized as skin lesions that do not heal within 8-12 weeks and often reoccur [18]. The
complex process described above progresses easily for acute wounds, when it is firmly regulated, relying
on a balanced molecular environment with GF and cytokines working as the signalling network for the
healing process. Sometimes this balanced molecular environment is non-existing, and not regulated,
resulting in non-healing CW [6]. The healing process fails when there is an underlying pathology, like
diabetes, tumours, immunodeficiency, venous and arterial insufficiency, and metabolic and connective
tissue disorders, that breaks up or stalls the orderly sequence of events mentioned above, creating CW.
Such wounds comprise decubitus vascular and neuropathic ulcers, several burns, and other chronic

ulcerations [18]. A representation of these wounds can be seen in Figure 1.5.

The underlying reasons that cause the disruption of the WH cascade are various. The most com-
mon is the continuous inflammatory phase caused by uncontrolled positive feedback. This means that
neutrophils are always present in the healing process, and although their target is to kill pathogens
preventing the infection of the wound, they can also cause considerable tissue damage to the host by
releasing substantial amounts of proteases in the wound bed [26]. This proteolytic microenvironment
also causes the degradation of GF, altering the regulation of the process and further delay the healing
process. Besides this, in CW, fibroblasts usually present a compromised migration and reduced ability
to answer to stimuli, in consequence reducing the formation of new ECM and contraction of the wound
in the proliferation phase [6]. Other causes of CW can be impaired macrophages that are ineffective in
efferocytosis (competence to phagocyte cells) or neutrophils showing reduced chemotactic and phago-
cytic activity [27, 28]. The macrophages can also show diminished sensitivity towards biological signals,
hence having an altered capability of releasing cytokines, an important element in the healing cascade
[29]. Generally, CW have an increased expression and activity of MMP and decreased levels of MMP in-
hibitors, abnormal neovascularization and nitric oxide levels. Ischemia and vascular diseases (caused by
the impaired expression of VEGF and PDGF) also reduce the healing capacity of the wound by restrict-
ing leukocytes chemotaxis which leads to impaired pathogen elimination and migration of keratinocytes,
fibroblasts and EPC, responsible for tissue regeneration [23, 30]. Moreover, CW, by their long healing
periods, are very susceptible to infection, which understandably postpones the healing process [6]. A

schematic figure of what happens in a chronic wound healing is represented in Figure 1.6.

In summary, the dysregulated expression and degradation of matrix proteins, GF and cytokines
alter the healing process, and traditional wound treatment cannot solve these underlying complications

without a special approach [8].



Arterial ulcer

Figure 1.5: Types of chronic wounds: Arterial and venous ulcer, pressure ulcer and diabetic foot ulcer.
Adapted with permission from [24, 25].

1.3 Treatment for wound healing

With the increase in chronic wound prevalence, wound care has become very important. The goal
of wound management is to prevent infection and accelerate WH with reduced scars and pain for the
patient. The applied treatment depends on the wound characteristics, in which phase of the healing

process is in, if it is infected, necrotic or with wrong healing, or even if it is exuding or dry [32].

One important existing treatment normally begins with the debridement of the wound. This consists
in the removal of dead, damaged, or infected tissue material to expose healthy, well-perfused tissue that
is able to proliferate in the wound bed via epithelial cell migration, rather than keeping necrotic tissue that
can prompt an infection and stall WH or even cause sepsis. This can either be achieved through me-
chanical or autolytic/enzymatic mechanisms. Mechanical or surgical debridement timing and frequency
are still unclear and depend greatly on the type of wound treated. Despite sometimes causing pain to
the patient, it is of general agreement that this procedure is very important and cannot be replaced by

autolytic/enzymatic debridement. Autolytic/enzymatic debridement is the self-activation of endogenous
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enzymes involved in fibrin degradation generated in a moist wound environment and can be seen in
some wound dressings. Lately, there has been some interest in the use of "biosurgical” debridement,
or the application of larvae/maggots to a wound, that interestingly can achieve both mechanical and
enzymatic debridement. Although having the capacity of eliminating pathogens and stimulate fibroblast
proliferation, it is definitely an intriguing concept but more studies should be performed [5].

Generally, wound care aims to protect the wound from infection and help promote WH. The traditional
dry gauze dressing is often not the best option, since it removes the moisture from the wound bed
and can cause further injury when removed. A moist occlusive dressing helps in the inflammatory
phase because it creates a low oxygen tension environment and increases the rate of re-epithelialization.
Besides this, a limited amount of exudate retained in the wound allows for autolytic debridement, which
further promotes WH. For these reasons, wound dressing should aim to restrict liquid and microbial

penetration, but allow stable moisture and gas exchange environment [5, 33].

When it comes to the prevention of microbial infection, recent developments have focused on inte-
grating antimicrobial compounds in the wound dressing. These antimicrobial compounds could be silver,
betaine, chitin, polyhexamethylene biguanide, amoung others. These materials may be appropriate to
use in wounds where infection is a problem, especially when there is formation of biofilms, where a bar-
rier is formed, and antibiotics are not able to solve the problem. When this happens, the resolution of the
inflammatory phase may be prolonged, and addressing this problem by integrating antimicrobial agents
in wound dressing seem to be helpful in chronic pressure/venous ulcers affected by biofilms [34, 35]

Another therapy is the use of autografts and allografts, but the rigorous requirements of donor site
limits their usage, and when used, brings along a costly hospital stay. For the allografts, there is even

the risk of immune rejection or disease transmission [4]. One of the biggest challenges of traditional
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treatment is patient compliance. The existing long-lasting treatments and frequent dressing changes
often lead to non-compliance, which is a disadvantage for treatment success [32].

One promising strategy is to administer bioactive endogenous compounds, enhancing their bioavail-
ability, to make up for the absence of them in CW bed [6]. These bioactive molecules are either pro-
healing molecules and/or suppressors of elevated protease activity [36]. These molecules, for example,
could be GF or other bioactive proteins, essential for their biding to specific receptors to activate the
cascade of molecular events for WH [6]. Sadly, due to their protein nature, they are easily degraded
by the proteolytic environment in CW, requiring frequent administration. To overcome this problem, the
molecules can be incorporated in a DDS, protecting them from protease activity [6]. DDS will be further
studied in section 1.4.

A variety of therapeutic agents have been successfully used in patients for various applications. For
skin application, in CW specifically, these therapeutic agents could be GF such as insulin, EGF [37] or
TGF [38] (among others), hormones [39] and stem cells [8].

In a previous study, human recombinant EGF ointment was used in a rat full thickness wound model,
and the results showed significant wound closure from the 5th to the 12th postoperative day compared
with the control. This GF increases the rate of epidermal proliferation and accelerates the level of wound
contraction related to myofibroblast proliferation and collagen deposition, which all contribute to WH [37].
Another study used PDGF-BB gel in a randomized study with lower extremity diabetic ulcers patients.
The study revealed that the administration of PDGF-BB gel in a dose of 100 ng/g in combination of
good ulcer care, increased the probability of achieving complete healing by 39% compared with placebo
gel [40]. PDGF-BB has been shown to promote formation of granulation tissue at the wound site, and
promote wound healing [41]. A different study used VEGF in an ischaemic skin flap rat model, and the
results showed higher tensile strength and microvessel density with VEGF treatment when compared
with the wounds without treatment. These results suggest that application of VEGF can increase early
angiogenesis and tensile strength in ischaemic wounds, something common in chronic wounds [42].

Despite the progressing results, the cost of most GF discourages their application, which is not the

case for insulin, one the cheapest GF available.

1.3.1 Insulin as a growth factor

Insulin is an important peptide, hormone and GF, produced by pancreatic b-cells, that regulates blood
glucose levels. Besides regulating glucose and lipid metabolism, insulin is involved in processes in-
cluding protein synthesis, mitochondrial biogenesis, growth, autophagy, proliferation, differentiation, and
migration [43]. Insulin has been used to treat diabetes since the early 20th century. As a result of the
discovery of recombinant DNA technology, the production of human recombinant insulin was possible
and much safer and faster than the old alternative, where porcine and bovine pancreatic tissue was used
[44]. This was one the greatest achievements of the 20th century, and opened doors for the worldwide
use of insulin for diabetes and other applications like: organ preservation for transplant purposes [45],

solution for total parenteral nutrition [46] and WH.
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Most cells express insulin receptors - transmembrane glycoprotein - and have a regulated insulin-
signalling pathway. Upon insulin binding, autophosphorylation of the insulin receptor occurs, promot-
ing the recruitment of specific adaptor proteins. This leads to the activation of two major downstream
signalling pathways: the phosphatidylinositol-3-kinase pathway (PI3K/Akt) and the mitogen activated
protein kinase pathway (MAPK/ERK), represented in Figure 1.7.
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Figure 1.7: Molecular effects of topical insulin in the skin triggering two pathways: PI3K/Akt (right) and
MAPK/ERK (left). Reprinted with permission from [47].

The PI3K/Akt pathway activation triggers a cascade of events that regulates the insulin-dependent
redistribution of glucose transporter and growth and proliferation responses [48, 49]. The MAPK/ERK
pathway consists of MAPK kinase Raf and MEK, and extracellular signal-regulated kinase 1/2 (ERK 1/2).
The cascade of events from this pathway also plays a critical role in the mitogenic effects of insulin-like
cell proliferation, differentiation, and survival, but is not involved the metabolic regulation like the PI3K/Akt
pathway [49, 50]. Additionally, insulin also binds and activates IGF receptors. Generally, insulin regulates

several important biological functions in the liver, muscle, adipocytes as well as in the skin [19].

Since the 1930s, insulin has shown to improve WH, when used to treat bedsores in non-diabetic
patients [51], and since 1960s when used in diabetic patients with gangrene and decubitus ulcers [16,
52]. Although used in the 60s, few studies have been performed until the late 90s, and recently a growing
interest in insulin for WH is showing. The reason for this is because insulin is cheaper, compared to other
GF, and approved for human use while having no side effects apart from altering blood glucose levels,

which has no effect for topical application at low doses [19]. More recently, some research shows that
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topical insulin, insulin solutions, insulin-based sprays, creams and dressings have been successful in
the treatment of chronic ulcer in diabetic and non-diabetic patients, and burn wounds in humans and
animal models [16].

Insulin was reported to promote growth and development of granulation tissue, accelerate reepithe-
lialisation by stimulating migration and proliferation of keratinocytes, stimulate the migration and tube
formation of EC, improving angiogenesis and reducing the healing time [16, 33]. Moreover, [53] showed
that with insulin treatment the epidermis assumed a more mature morphology and the blood vessels
were more stable.

Concluding, studies suggest that insulin is an effective, safe and strong stimulator of WH in acute
or CW. Hence, encapsulating insulin in nanoparticles, protecting them from the peptidase-rich wound
environment, and maintaining the bioactivity of insulin could provide all the advantages described above
for WH.

1.4 Nanoparticle drug delivery systems

DDS are technologies engineered for the controlled and targeted delivery of therapeutic agents. De-
veloping a new drug is extremely expensive and time-consuming, so, taking advantage of existing “old”
drugs and using them with different delivery methods seems to be an attractive choice [54]. DDS con-
trol the rate and/or location at which the drug is released and can be used for a variety of applications:
anti-tumour therapy, infectious diseases, gene therapy, AIDS therapy, radiotherapy, vaccines, as vesicles
to pass the blood-brain barrier, among others. These drugs could be antibiotics, proteins, GF, or even
genes [54]. The targeted ability of these systems allows local treatment where increased drug concen-
trations may be beneficial without exposing the body to high systemic doses of the drug. For topical
applications, especially in CW, these systems can improve the patient compliance by delivering an ac-
tive substance to the wound site and releasing it in a controlled manner for a sustained period of about
a week, ultimately solving or minimizing one of the biggest problems of traditional wound treatment [32].

Polypeptides are complex molecules with molecular weights ranging from 5 to 200 kDa, and their
stability is very important in peptide-based biopharmaceuticals [55]. GF are one example of these bio-
pharmaceuticals and preserving their amino acid sequence and three-dimensional structure is essential
to keep their bioactivity and avoid undesirable immunological reactions [56]. Numerous attempts have
been made to provide stability and protection from enzymatic degradation and nanoscale systems have
opened new possibilities in this matter. Ideally, a nanomaterial should be easy to design and modify, a
natural/biological material, biocompatible, biodegradable, non-cytotoxic and chemically compatible with
physiological solutions [8]. These nanoscale systems could be liposomes, polymeric nanopatrticles, in-
organic nanoparticles, lipid nanoparticles, nanofibrous structures and nanohydrogel (see Figure 1.8)
[8, 57, 58].

Nanoparticles are generally defined as “solid colloidal particles with nano-dimension size, about
1-1000 nm” [59]. Compared to microparticles, nanoparticles provide better transport properties and

pharmacokinetic profiles, penetrating in deeper tissues due to their small size [8]. Besides this, some
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Figure 1.8: Nano scale delivery systems for skin regeneration and wound treatment. Reprinted with
permission from [4].

nano DDS are able to enter the cytoplasmic space across cellular barriers or activate specific transport
mechanisms [60]. Using nanoparticles can have several other advantages for drug delivery like an
increase in drug solubility, prolonged drug release, protect against degradation for bioactive compounds,
enhanced bioavailability, and enable a targeted drug delivery while reducing the toxic side effects of the
drug [61]. Additionally, for skin application, nanoparticles are also non-toxic and perfectly compatible
with the skin, creating a moist environment good for activation and acceleration of the healing process.
All these advantages fulfil the checklist for the reduction of dressing change frequency and cost and

improvement of patient compliance [4].

1.4.1 Use of polymeric nanoparticles

Natural or synthetic polymers have been extensively used for nanoparticle development. Natural poly-
mers include alginate, gelatine, fibrin, chitosan, collagen, hyaluronic acid, among others. They have
great biocompatibility owing to their similarity to macromolecules recognised by the human body. Ad-
ditionally, some of these polymers have cell biding sites and biomolecular signatures, being involved in
the repair of damaged tissue. However, they usually have a high price and can show some batch to
batch differentiation, difficulty in controlling the drug release, susceptibility to cross-contamination and
presence of immunogenic/pathogenic sections[6]. One study used chitosan nanoparticles loaded with
insulin to assess its therapeutic effect in diabetic rats. The results showed that both insulin and empty
nanoparticles were able to stimulate inflammatory cell proliferation, angiogenesis and wound matura-
tion. These results could be explained by the fact that the authors could not determine the release of

insulin from the nanoparticles. Although using a natural polymer with good wound adhesion, the authors
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expect that the high stability of the nanoparticles culminated in a low insulin release [62].

For these reasons, easily controlled and cheaper synthetic polymers could be a reliable alternative.
These types of polymers, however, also have a downside, their lake of good cell-recognition sites and
poor affinity for cell attachment. Some of the most used synthetic polymers are polylactic acid (PLA),
poly(e-caprolactone) (PCL), polyglycolic acid (PGA) and their combination (poly(lactic-co-glycolic acid)
(PLGA) and poly(l-lactide-co-e-caprolactone) (PLLCL)) [6]. The use of PLGA nanoparticles loaded with
curcumin in a full thickness excisional wound mouse model study showed sustained release up to 76%
over a period of 8 days, with consequence of complete wound closure at day 10, compared with 75% of
wound closure for the control groups- free curcumin and empty nanoparticles [63].

Some DDS combine these two types of polymers, natural and synthetic, in order to take advantage

of the strengths of all components [6].

PLGA

PLGA is a biodegradable, biocompatible hydrophilic and permeable polymer [32, 64] that has been used
for peptide delivery vehicles as oral or injectable, but also explored for topical application in WH [64].
PLGA is a polymer approved by FDA and EMA and when hydrolysed generates two monomers, lactic
acid and glycolic acid, both metabolized by the body (Figure 1.9). The degradation rate of PLGA can be

tailored by varying the relative amount of lactic acid and glycolic acid in the final polymer chain [18].
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Figure 1.9: Formation of monomers from biodegradability of PLGA.

Chitosan

Chitosan is a positively charged biocompatible and biodegradable polymer (structure in Figure 1.10).
Chitosan is also considered to be antimicrobial and has mucoadhesive properties [65, 66]. Besides
this, chitosan is known to promote new tissue regeneration through angiogenesis [18], and in general

promote WH at different healing stages by alleviating excessive inflammation and infections [65].

1.4.2 Hydrogel as a delivery system

In order to ensure better adherence of the nanoparticles, a substrate is often needed for skin application

like gels, foams, membranes or hydrogels. A hydrogel is a soft material with high water content and is
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usually made of 3-dimensional hydrophilic polymer networks. They can be crosslinked chemically by co-
valent bonds between polymer chains, or physically by non-covalent interactions such as van der Waals
interactions, hydrophobic association, electrostatic interactions or by a combination of both physical and
chemical connection. Natural and synthetic polymers are materials used for hydrogel production. Hy-
drogels have certain characteristics that make them suitable for tissue engineering and drug carriers
like their flexibility, water-absorbing and water-retaining properties, biocompatibility and biodegradability.
The hydrogel can be administered and match the shape of the damaged tissue, and some can even
transform into a gel by responding to environmental stimuli [66]. Using computer programs to create a
design to optimize the mechanical functions of the hydrogels is something that has been used for the
various tissue engineering applications [67, 68]. Hydrogel can even serve as a wound dressing by cre-
ating a moist and occlusive barrier to protect the wound from infection and dehydration while promoting
WH [69-71]. Additionally, hydrogels have shown great exudate capacity and avoid secondary damage
when changing dressings [66, 72].

Hydrogel synthesized from poly(vinyl alcohol) (PVA), chitosan and silver nanoparticles was used
in a study to assess its antibacterial activity and healing rate in a mice model. Results showed that
the antibacterial effects were satisfied, and in vivo results demonstrate that the groups treated with
hydrogel-nanoparticle system showed better wound reduction, especially the hydrogel with 30 ppm silver

nanoparticles concentration, compared to control groups [73].

Alginate

Alginate is a low-cost, linear, unbranched polysaccharide obtained from brown seaweed. It is composed
of D-mannuronic acid and L-guluronic acid units (Figure 1.11) and its biocompatible, biodegradable, non-
toxic and nonimmunogenic [74]. The polyanionic nature of alginate and its structure makes it suitable
for highly hydrated hydrogels, where the water is entrapped in the polymer network. Wound dressings
using alginate are able to absorb excess wound fluid and maintain a physiological moist environment

while minimizing bacterial infections [18, 75].

PVA

PVA is a water-soluble, biocompatible material (structure in Figure 1.12). PVA is used in biomedical

applications, in particular, to form gels through freeze-thawing cycles. Despite being non-biodegradable,
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Figure 1.11: Alginate structure and its D-mannuronic acid and L-guluronic acid units.

PVA is easily cleared from the blood via the reticuloendothelial system [59]. The major properties of
PVA include crystallizability, adhesion, mechanical strength, and diffusivity. The ease of crosslinking
PVA make it a good candidate for the formulations of hydrogels [76, 77].

OH |

Figure 1.12: Polyvinyl alcohol structure.

Glycerin

Glycerin is a colourless, water-soluble, odourless and viscous liquid with a high boiling point (structure in
Figure 1.13). Glycerin has over 1500 known uses for a broad diversity of applications due to its physical
or chemical properties. lts non-toxicity and safety have been established through years of safe use,
and glycerin is easily metabolized by the body. In the pharmaceutical area its widely used as a solvent,

moistener, emollient, humectant and bodying agent in various formulations [78].

OH
HO OH

Figure 1.13: Glycerin structure.
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Chapter 2

Objectives of the dissertation

The main aim of this work is to develop a nanotechnological multifunctional product for WH. This mul-
tifunctional product is a hydrogel embedding insulin-loaded chitosan-coated PLGA nanoparticles. The
insulin is used as a GF to promote wound healing. The PLGA is used as the matrix for the nanoparticles,
as well as for its prolonged release properties, drug protection and hydrolization of lactic acid. Chitosan
is used to coat the nanoparticles to compensate the lack of affinity for cell-recognition of the synthetic
polymer, PLGA, used for the nanoparticles. Besides this, chitosan is also considered to be antimicrobial
and is know for promoting WH and its mucoadhesive properties. PVA is used to form the hydrogel due
to its crosslinking abilities through freeze-thawing cycles. Alginate is also used for the composition of the
hydrogel mainly because of its ability of absorbing excess fluid from the wound bed, while maintaining
a moist environment and for its gelation properties. Finally, glycerin is used as a moistener, emollient,
humectant and bodying agent in the hydrogel formulation. This multifunctional product is intended for a
wide use of applications, from acute to chronic wounds, and even burn wounds.

The ultimate goal of this delivery system is to accelerate WH and reduce the frequency of dress-
ing changes, improving the life quality of patients and decreasing the economic burden in healthcare

systems. In detail, the objectives of this work are the following:

1. Optimization of the nanoparticle-hydrogel formulation using an experimental design approach. The
focus is to obtain nanoparticles with low particle size and high insulin loading, and efficiently coat

them with chitosan;

2. Obtaining a nanoparticle-hydrogel by freeze-thawing with good rheological properties and stability

for topical application;
3. Ensure the stability of nanoparticles upon hydrogel production by freeze-thawing;
4. Ensure the maintenance of insulin structural stability and bioactivity upon formulation;

5. Evaluate the in vitro performance of the nanoparticle-hydrogel formulation;

19



20



Chapter 3

Materials and Methods

3.1 Materials

For the nanoparticles production, it was used PLGA 50:50 Resomer RG 503 H (Mw 24,000-38,000;
Tg 44-48°C) from Evonik Industries AG (Essen, Germany), chitosan (low molecular weight 50,000-
190,000) and recombinant human insulin from Sigma-Aldrich (St. Louis, EUA), dichloromethane from
Thermo Fisher Scientific (Waltham, EUA), hydrochloric acid 1M and Acetic Acid glacial from Panreac
(Barcelona, Spain).

For the hydrogel production it was used PVA (Mw 89,000-98,000) from Sigma-Aldrich, pharmaceu-
tical glycerine from Ceamed (Funchal, Portugal) and sodium alginate from VWR International, LLC
(Radnor, EUA).

For the insulin structure characterization it was used thioflavin T from Acros organics (Geel, Belgium)
and chloroform from Thermo Fisher Scientific (Waltham, EUA).

For the high-performance liquid chromatography (HPLC) quantification trifluoroacetic acid and ace-
tonitrile from Thermo Fisher Scientific (Waltham, EUA) were used.

For the in vitro assays the used materials were phosphate-buffered saline (PBS) from Sigma-Aldrich,
low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) and trypsin from Thermo fischer Scientific,
fetal bovine serum (FBS) and antibiotic-antimycotic from Gibco (Waltham, EUA).

Different reagents were used to prepare the different solutions, and milli-Q water, produced in-house,

used as the solvent for all solutions.

3.2 Preparation of insulin-loaded chitosan-coated PLGA nanopar-

ticles

PLGA nanoparticles were produced using a solvent emulsification-evaporation method based on a
water-in-oil-in-water (w/o/w) double emulsion technique, previously developed by our group [79]. Briefly,

200mg of PLGA was dissolved in 2mL of dichloromethane. Then, 0.2 mL of an insulin solution with
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150mg/mlin HCL 0.1M was added to the polymer solution. The mixture was sonicated for 45 s with 50%
amplitude using a Bandelin sonopuls sonicator from Labometer - Sociedade Técnica De Equipamento
De Laboratério Lda (Lisbon, Portugal). After sonication, the primary emulsion was poured to 8mL of
PVA 2% (w/v) and further sonicated with the same conditions. The final emulsion was added to another
15mL of PVA 2% (w/v) solution and the organic solvent was completely evaporated in constant magnetic
stirring using a RT 15 magnetic stirrer from IKA Werke (Staufen, Germany) for 3 hours.

For the nanoparticles with chitosan coating, a 1.5% (w/v) chitosan in 1% acetic acid (v/v) solution
was prepared. This was added to the nanoparticles solution in different amounts, according to the
intended chitosan composition of 0.25, 0.5 and 0.75% and let to coat for 4 h. The coated nanoparticles
were then washed by centrifugation for 20min at 11000 rpm using a Centrifuge 5810 R from Eppendorf
International (Hamburg, Germany) and redipersed in 20mL of PVA 2% (w/v). As controls, unloaded

nanoparticles both coated and uncoated with chitosan were prepared.

3.3 Optimization of the nanoparticles-hydrogel formulation

After the nanoparticles production, they were embedded into a polymer solution for gelification by freeze-
thawing. Thus, sodium alginate and glycerin were added to the nanoparticle suspension according to
the desired composition, and dissolved in constant magnetic stirring for about 3-4 hours. Then, the
formulations were subjected to freeze-thawing cycles, in rounds of 6 hours to freeze and 6 hours to
thaw at room temperature, using a freezer at -20°C from Liebherr Group (Bulle, Switzerland). The
optimization of the hydrogel composition was achieved following a quality by design approach using the
Statistica software version 10 by TIBCO Software (Palo Alto, USA). The independent variables were the
composition of chitosan (0.25, 0.5 and 0.75%), sodium alginate (1, 1.5 and 2%) and glycerin (5, 7.5
and 10%) and the number of freeze-thawing cycles (1, 2 and 3). The effect of these parameters on
the product properties was analysed by evaluating the mean particle size and zeta potential, as well
as viscosity and spreadability of the hydrogel (dependent variables). The model chosen was a 2**(k-
p) standard design with 4 factors (k=4) (independent variables), 1 block (p=1), 8 runs with a triplicate
central point and 4 blank columns for the dependent variables. Using the software it was created the
matrix with the hydrogel composition for each experiment, and the Design-Expert program, version 6.0.4
by Stat-Ease Inc (Minneapolis, USA), was also used to obtain the optimal hydrogel formulation based

on the different compositions.

3.4 Nanoparticle-hydrogel Characterization

3.4.1 Insulin association efficiency and loading capacity

The amount of insulin carried by the nanoparticles is evaluated by calculating the insulin association
efficiency (AE). This calculates the difference between the total amount of insulin used and the amount

of free insulin present in the the supernatant after centrifugation, the non-associated insulin. The loading
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capacity (LC) is calculated as the ratio in percentage between the amount of insulin associated to the
nanoparticles and its total weight. The amount of free insulin is assessed by HPLC (see section 3.4.6)
using the supernatant of the formulation after centrifugation. The total weight of the nanoparticles is cal-
culated accordingly with the amount of the polymer used to encapsulate insulin. These parameters are
calculated to evaluate if the insulin association was efficient, and to have the information of the amount
of insulin in the nanoparticles to use in further tests, like the insulin release profile in section 3.6.1.
Therefore, the AE and LC of insulin were determined using the equations (3.1) and (3.2), respectively.

AR — Total amount of insulin — Free insulin in supernatant

1 A1
Total amount of insulin x 100 (3.1)

IO — Total amount of msulzn — Free insul?n in supernatant « 100 (3.2)
Total weight of nanoparticles

3.4.2 Particle size and zeta potential analysis

The particles hydrodynamic radius and superficial charge were analysed by dynamic light scattering
technique and electrophoretic light scattering, for size and zeta potential analysis, respectively, using a
Zetasizer Nano series from Malvern Panalytical (Malvern, United Kingdom). The samples were diluted
with milli-Q water with an appropriate dilution for the analysis, and all measurements were performed
in triplicate. To evaluate the maintenance of the particle size after hydrogel production, the gelification
ratio was calculated by dividing the mean particle size after gelification by the mean particle size before

gelification (equation 3.3).

Mean particle size after gelification

Gelification ratio =

(3.3)

Mean particle size be fore geli fication

3.4.3 Viscosity, spreadability and water content analysis

The rheological properties of the hydrogel were assessed by evaluating its viscosity, spreadability and
water content. These parameters were evaluated to asses the viability of the hydrogel for topical appli-
cation.

The viscosity was assessed using a DV-11+Pro Viscometer from AMETEK Brookfield (Middleborough,
United States) with the CPE-52 spindle and using a 500 ;L sample of the hydrogels until 100%, or close,
was reached for torque value.

For the spreadability the methodology described by Knorst 1991 [80] was used, with a modification in
the sample application mode. The method uses a glass plate with the centre marked, on top of millimetric
paper, in which the samples with the same volume (500 pL) were dropped. Predetermined weights of
48.69, 251.8g and 778g, were put on top of another glass plate, with 1-minute interval. The diameter
in opposite directions was measured for all weights, and used to calculated the mean diameter of the
hydrogel spread. Three weights were used, and the spreadability (Ei) for each weight was calculated

using the following equation:
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- gﬁ
Ei=d 1 (3.4)

Where d is the mean diameter calculated.

For the water content analysis, weighed samples, of around 1g of hydrogel, were placed in glass
vials, previously weighed, and then placed in a Heidolph Instruments (Schwabach, Germany) inkubator
1000 at 66°C for 22 hours. The samples were weighed at 1-hour intervals until a constant weight was
reached. The water content was calculated using the following equation:

Water content (%) — Hydrogel initial weight — Hydrogel final weight

Hydrogel initial weight

3.4.4 Scanning electron microscopy

Characterization of the PLGA nanoparticles surface morphology was assessed by scanning electron mi-
croscopy (SEM) using an Analytical FEG-SEM: JEOL 7001F microscope from Jeol Ltd. (Tokyo, Japan).
The nanoparticles were assessed after production and after the gelification process incorporated in the
hydrogel and without the hydrogel. For the nanoparticles after production the samples were prepared by
centrifugation at 13,300 rpm for 30 minutes, removing the supernatant and resuspending in the same
volume of milli-Q water. For the nanoparticles after gelification without the hydrogel, the hydrogel was di-
luted by 5x with milli-Q water and centrifugated at 13,300 rpm for 30 minutes, removing the supernatant
with hydrogel debris and re resuspending in milli-Q water. Then, the samples were mounted onto metal

stubs and vacuum-coated with a layer of gold/palladium before observation in the SEM microscope.

3.4.5 Fourier Transform Infrared Spectroscopy

The fourier-transform infrared spectroscopy (FTIR) spectra were collected using a Nicolet 5700 FT-IR
Spectrometer from Thermo Fisher Scientific (Waltham,EUA) with a Smart iTR accessory.

The FTIR spectra were obtained by collection of 256 scans with 4cm™ resolution in the 4000-600
cm™' region. The samples used were the lyophilized hydrogel to minimize the water spectra noise in the

FTIR spectra. All samples were run in triplicate and the average is presented.

3.4.6 Insulin quantification by HPLC-UV

The insulin concentration in the samples collected upon nanoparticle production and in the in vitro re-
lease study was determined using a previously validated reversed-phase HPLC-UV [81]. The HPLC
system used was Hitachi Chromaster from VWR International, LLC (Radnor, EUA). The mobile phase
of the chromatographic method consists of acetonitrile: 0.1% (v/v) trifluoroacetic acid (TFA) aqueous
solution initially set to a ratio of 30:70 (v/v), which is linearly changed to 40:60 (v/v) over 5 min. From
5 to 10min the ratio is kept constant at 40:60 (v/v). The mobile phase is pumped at a constant flow
rate of 1 ml/min, the injection volume is 20 ul and the detection wavelength used is 214 nm. The HPLC

method was performed using a Waters Corporation (Milford,USA) XTerra RP 18 Column with 4.6mm of
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diameter, 250 mm of length and pore of 5.0um and a LiChrospher 100 RP-18 5um particle size guard
column from Merck KGaA (Darmstadt, Germany). All experiments were performed in triplicate and at
room temperature, and the total area of the peak was used to quantify insulin. The calibration curves

were prepared using human insulin standard solutions at concentrations of 1, 3, 6, 12.5, 25, 50 and 100

pug/ml.

3.5 Insulin structural characterization

3.5.1 Insulin extraction

To assess the insulin structure after the nanoparticle and hydrogel production, the insulin from the
nanoparticle-hydrogel was extracted. For this, hydrogel samples, previously frozen at -80°C, were
lyophilized using the Alpha 1-2 LD plus freeze dryer from Martin Christ Gefriertrocknungsanlagen GmbH
(Osterode am Harz, Germany) for 48h at a condenser surface temperature of -52°C. To extract the in-
sulin, the samples were submitted to a chloroform treatment to dissolve PLGA and release the insulin.
The treatment included the lyophilized hydrogel, 500 pL of HCI 0.1M, and 1mL of chloroform. The mix-
ture was inverted for about 2 minutes so the two phases would mix, and then centrifuge at 5000 rpm
for 5 minutes to separate the phases. The bottom phase (cloroform) was excluded and another 1mL of
chloroform was added. This was repeated 10 times, and in the end the aqueous phase containing the

HCI and dissolved insulin was recovered and used for the protein structure analysis.

3.5.2 Circular dichroism analysis

The measurements using the extracted protein obtained in section 3.5.1 were collected using an 7*-180
circular dichroism (CD) spectrometer from Applied Photophysics (Leatherhead, UK) and Pistar software.
The lamp housing was continuously purged with nitrogen at a flow of 8L/min at 25°C. The extracted
protein solution was diluted with HCI 0.01M to a required concentration in order to avoid the maximum
voltage of the equipment. The control protein spectrum was obtained using a 0.2mg/ml solution of insulin
in 0.01M HCI. The CD spectra were collected from an average of 3 scans in the 190-250 nm region,
with a step of 0.5 nm and averaging time of 5 s using a 0.1 cm cell. The signal was converted to molar

ellipticity using with the following equation:

_ OD signal x MRW
N 10xexd

0 (3.6)

Where MRW is the mean residual weight of each insulin residue (116 Da), c is the insulin concentra-
tion and d the cell pathlength. The insulin concentration was determined by UV absorption at 280 nm
in 2 NanoDrop ND-1000 Spectrophotometer from Thermo Fisher Scientific (Waltham, EUA) and using a

molar extinction coefficient of 5800 M-'cm™!.
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3.5.3 Fluorescence spectroscopy analysis

The extracted protein solution obtained in section 3.5.1 was also used to obtain the fluorescence emis-
sion spectra. The spectra were obtained in a 260-400 nm range with 1nm step, with excitation occurring
at 280 nm and emission and excitation slits at 10 nm, an averaging time of 0.1 s with a Varian,Inc (Palo
Alto, USA) Cary Eclipse Fluorescence Spectrophotometer. The control protein spectrum was obtained
using a 0.2mg/ml solution of insulin in 0.01M HCI, and the reference spectrum was obtained with a 0.01M
HCI solution. The reference spectrum was auto subtracted from the samples spectra and normalized

based on the signal intensity.

3.5.4 Thioflavin T assay

To assess the existence of insulin fibrillation, an indicator of insulin denaturation, a thioflavin T assay
was performed. The extracted protein solution obtained in section 3.5.1 was used to run the thioflavin
T experiments in a Varian,Inc (Palo Alto, USA) Cary Eclipse Fluorescence Spectrophotometer. The
thioflavin T concentration was 25 ;M and insulin was around 11 M. The samples were excited at 450
nm and the intensity measured at 485 nm with both slit widths at 5 nm, and averaging time of 0.1 s.
The reference sample intensity was subtracted to the test sample. The positive control was a 0.2mg/ml
insulin solution heated overnight at 60°C and the negative control was a fresh 0.2mg/ml insulin solution
in 0.01M HCI.

3.6 In vitro studies

3.6.1 In vitro Insulin release profile

The insulin-loaded PLGA nanoparticles hydrogel samples were used to evaluate the in vitro release
profile of insulin. The method used was based in [82]. For this method cell culture inserts from Thermo
Fisher Scientific (Waltham,EUA) with 8 um pore size were used since the polycarbonate membrane
allows soluble material to pass into the receiver compartment. The hydrogel, previously weight around
19, was inserted in the inserts. In order to mimic the environment of a wound, the receiver phase was
kept at 10mL of pH 7.4 PBS solution and incubated at 33°C under stirring at 150rpm using a Heidolph
Instruments Inkubator 1000 and Titramax 1000. The experiment initiated when the inserts containing
the hydrogel were suspended in the aqueous receiver phase. Samples of the solution were taken at
predetermined time intervals of 0.5h, 1h, 2h, 4h, 8h, 24h, 48h and 72h and fresh medium at the same
temperature was replaced to keep the initial volume of the reservoir constant. The collected samples
were centrifuged at 13,300 rpm for 30min prior to determination using HPLC methodology. All samples

were run in triplicate.

26



3.6.2 In vitro cell scratch assay

Mesenchymal stromal cells (MSC) were cultured with low-glucose DMEM supplemented with 10% (v/v)
FBS (FBS MSC qualified) and 1% (v/v)antibiotic-antimycotic (MSC expansion culture medium) and kept
at 37°C, 5% CO; in a humidified atmosphere. Upon reaching 90% confluence, cells were detached us-
ing 0.05% (v/v) Trypsin and counted using the Trypan Blue exclusion method. Cells were sub-cultured
into 24-well tissue culture plates at a seeding density of 3000 cells/cm?. Cells were grown to 100% con-
fluence and scratched using a 200 pL sterile pipette tip. Cells were washed with PBS to remove dead
cells and debris, and cultured with the different treatment conditions: A) insulin-loaded chitosan-coated
nanoparticle-hydrogel (Ins-Chi-Np-H); B) insulin-loaded nanoparticle-hydrogel (Ins-Np-H); C) chitosan-
coated nanoparticle-hydrogel( Chi-Np-H); D) nanoparticle-hydrogel (Np-H); E) Hydrogel; F) MSC expan-
sion culture medium supplemented with insulin 10”7 M (CM with insulin) and G) MSC expansion culture
medium (culture medium) (2 wells/condition). The conditions A-E were diluted with MSC expansion cul-
ture medium (1:20). Cell migration was observed after 24h, 36h and 48h using an Leica DM IL LED
microscope with EC3 camera system and the area of cell migration into the scratch was quantified using
Imaged software.

The empty area across the scratch at Oh (ap) and at each time interval (ax) were used to calculate

the % of empty area in the scratch using the following equation:

Empty area in the scratch (%) = Zi x 100 (3.7)
0

3.6.3 In vitro cytotoxicity assay

The biocompatibility of the hydrogels was demonstrated through a cytotoxicity assay using L929 cell
line (mouse fibroblasts) according to 1ISO10993. The cells were cultured with DMEM supplemented
with 10% (v/v) FBS and 1% (v/v) antibiotic-antimycotic (L929 expansion culture medium) and kept at
37°C, 5% CO; in a humidified atmosphere. Upon reaching 90% confluence, cells were detached using
0.05% (v/v) Trypsin and counted using the Trypan Blue exclusion method. Cells were sub-cultured
into 24-well tissue culture plates at a seeding density of 80,000 cells/cm?. After 24h, spent culture
medium was removed and cells were incubated with the different treatment conditions: A) insulin-loaded
chitosan-coated nanoparticle-hydrogel (Ins-Chi-Np-H); B) insulin-loaded nanoparticle-hydrogel (Ins-Np-
H); C) chitosan-coated nanoparticle-hydrogel (Chi-Np-H); D) nanoparticle-hydrogel (Np-H); E) Hydrogel;
F) L929 expansion culture medium supplemented with insulin 107 M(CM with insulin); G) expansion
culture medium supplemented with 10% (v/v) DMSO (positive control) and H) L929 expansion culture
medium (negative control) (3 wells/condition). The conditions A-E were diluted with L929 expansion
culture medium (1:2 and 1:20) 48h prior to cell incubation. After 48h, the treatment conditions were
removed and cells were incubated with MTT solution (1mg/ mL) for 2 h. After the incubation period,
MTT solvent (HCI and IPA — 1:100) was added and the plates were stirred for 10 min. Absorbance was

quantified at 570 nm to determine total cell viability.
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Chapter 4

Results and Discussion

In this chapter, the results will be presented along with the discussion. Starting with the optimization
of the nanoparticle-hydrogel formulation using an experimental design approach, where the focus was
to obtain nanoparticles with low particle size and high insulin loading, and efficiently coat them with
chitosan, as well as obtaining a nanoparticle-hydrogel by freeze-thawing with good rheological properties
and stability for topical application. Then, the stability of nanoparticles upon hydrogel production by
freeze-thawing will be ensured along with ensuring the maintenance of insulin structural stability and
bioactivity upon formulation. Finally, in vitro evaluation of the performance of the nanoparticle-hydrogel

formulation will be discussed.

4.1 Nanoparticle-hydrogel optimization

The nanoparticles were composed of PLGA and chitosan and the hydrogel was composed of PVA,
alginate and glycerin. Each of these components was used for different reasons. The PLGA was
used as the matrix for the nanoparticles, and for its prolonged release properties, drug protection and
hydrolization of lactic acid. Chitosan was used to coat the nanoparticles to compensate the lack of affinity
for cell-recognition of the synthetic polymer, PLGA, used for the nanoparticles. Besides this, chitosan is
also considered to be antimicrobial and is know for promoting WH and its mucoadhesive properties. PVA
is used to form the hydrogel due to its crosslinking abilities through freeze-thawing cycles. Alginate is
also used for the composition of the hydrogel mainly because of its ability of absorbing excess fluid from
the wound bed, while maintaining a moist environment and for its gelation properties. Finally, glycerin is
used as a moistener, emollient, humectant and bodying agent in the hydrogel formulation.

The hydrogel composition was optimized using a quality-by-design approach which consisted of
varying the concentration of chitosan, alginate and glycerin in the nanoparticle-hydrogel and the number
of freeze-thawing cycles. These were the variables chosen because they are the ones that contribute
most for the hydrogel properties and the nanoparticles mucoadhesive properties, which is the main focus
of this optimization. For the optimization of the hydrogel all nanoparticles were prepared without insulin.

The chitosan varied between 0.25% and 0.75%, having a center point of 0.5%. The sodium alginate
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and glycerin were between 1-2% and 5-10% with a center point of 1.5% and 7.5%, respectively. These
variants were given to Statistica software using the DOE option menu with 2**(K-p) standard design.
The program returned a matrix with 11 formulations, 3 being the central point triplicates. The matrix

given by the program is the Table 4.1.

Table 4.1: Composition of the different formulations given by experimental design, based on the amount
of alginate, glycerin, freeze-thawing cycles and chitosan.

Alginate Glycerin Freeze-Thawing Chitosan

Formulation (% W) (% VIV) Cycles (% wiv)
A 1 5 1 0.25
B 1 5 3 0.75
c 1 10 1 0.75
b 1 10 3 0.25
E 1.5 7.5 2 0.5
F 1.5 7.5 2 0.5
G 15 7.5 2 0-5
H > 5 1 0.75
| > 5 3 0.25
J 5 10 1 0.25
K > 10 3 0.75

4.1.1 Nanoparticles Characterization

After production of the unloaded nanoparticles according to the matrix given by Statistica with the re-
spective chitosan coating, the mean nanoparticle size, polydispersity index (Pdl) and zeta potential were

assessed to understand the coating effectiveness and the results are shown in Figure 4.1.
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Figure 4.1: Mean particle size (left bars), polydispersity index (interval plot) and zeta potential (right bars)
characterization of different concentration chitosan-coated PLGA nanoparticles (n=3, mean + SD).

The results show an increase in the nanoparticle diameter with the increase in chitosan concen-
tration. In terms of diameter the values were 261.3+26.1 nm, 339.6+18.9 nm, 640.2+59.6 nm and
811.0+76.1 nm for the uncoated nanoparticles, 0.25%, 0.5% and 0.75% chitosan coating, respectively.

An increase in the size of the nanoparticles with the increase of chitosan concentration indicates that the
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chitosan attached to the nanoparticles, creating a thicker layer around the surface of the nanoparticles,
according to what is described in the literature [83].

The zeta potential values were -36.3+3.4 mV, 14.3+0.9 mV, 60.3+1.5 mV and 52.94+1.0 mV for the
uncoated nanoparticles, 0.25%, 0.5% and 0.75% chitosan coating, respectively. These values show
a change in the coated nanoparticles, exhibiting a positive zeta potential, as opposed to the uncoated
nanoparticles that show a negative zeta potential. These results further corroborate the results from the
mean particle size, since the change in negative to positive charge can be explained with the fact that
chitosan has a positive charge [84].

The results from the diameter and the zeta potential corroborate the effective chitosan coating of the
nanoparticles, in fact this coating is more efficient as the chitosan concentration increases.

For the values of Pdl they were 0.205+0.03, 0.296+0.02, 0.274+0.02 and 0.343+0.01 for the un-
coated nanoparticles, 0.25%, 0.5% and 0.75% chitosan coating, respectively. Since these values revolve
around 0.2-0.3, the sample can be considered homogeneous, according to Danaei et al [85].

The gelification of the hydrogel occurs by the addition of alginate and glycerin to the nanoparticle
suspension with PVA 2%. The freeze-thawing cycles further gelificate the hydrogel by making crooslink-
ing reactions with water and PVA, causing gelation due to the formation of semi crystalline structures.
Based on the mean nanoparticle size, Pdl and zeta potential of the nanoparticles after production, it was
intended to investigate the effect of the gelification by freeze-thawing cycles in these characteristics.

The mean nanoparticle size and zeta potential after gelification were assessed and the results are
shown in Figure 4.2.

The results shown in Figure 4.2 relative to the size of the nanoparticles are variable, which can be
due to the gelification process, where particle aggregation might have happened. However the zeta
potential values show a difference in the signal comparative to the nanoparticles post production. In
post production the nanoparticles were coated with chitosan conferring them a positive charge, but post
gelification the nanoparticles were embedded in the hydrogel were the sodium alginate was present, with
a negative superficial charge [86]. In this case the negative charge of the sodium alginate camouflaged

the chitosan, changing the surface charge of the nanoparticles.

4.1.2 Hydrogel Characterization

With the aim of achieving an optimal formulation with good rheological properties for topical application,
it was important to submit the hydrogels to rheological evaluation. Additionally, the macroscopical aspect
was taken into account. For the hydrogel characterization the viscosity and spreadability were assessed
and photos of the hydrogel after standing still overnight are shown in Figures 4.3 and 4.4, respectively.
The different formulations identified from A to K are represented in Table 4.1.

The results from Figure 4.3 show very low viscosity accompanied with high spreadability for formula-
tions A, B, C and D. Furthermore, in Figure 4.4 these formulations showed a deposit in the bottom of the
vial, which means that it has less colloidal stability than the other formulations. According to [87, 88] the

best viscosity range for topical application is around 1,000-10,000 cP, which further corroborates with
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Figure 4.2: Mean particle size (top bars) and zeta potential (bottom bars) characterization of the different
composition hydrogels (n=3, mean + SD).
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Figure 4.3: Viscosity (left) and spreadability (right) of the different hydrogel formulations.

the idea that formulations A, B, C and D are probably not suitable for this hydrogel-nanoparticle system.

The rest of the formulations macroscopically look good and homogeneous. The viscosity and spread-
ability of formulations E, F, G and J can be considered in the lower-medium range, between 1,000 and
2,000 cP. For formulations H, | and K the viscosity was high, around 5,000 and 7,000 cP, and the spread-

ability low. This happens because with the increase in viscosity, more force is needed to spread the
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Figure 4.4: Photos of the different hydrogels. From left to right and up to down: A, B, C, D, E, F, G, H, |,
J, K.

hydrogel, compared to more fluid formulations. The relationship between viscosity and spreadability is
like described, the more viscous the formulation, the less it spreads, and vice versa.

The relation between these results and the hydrogel composition will be discussed in the next section
4.1.3.

4.1.3 Experimental design analysis

In order to better understand the relations between each independent variable, alginate, chitosan, glyc-
erin and number of freeze-thawing cycles, and the dependent variables, mean particle size, zeta poten-
tial, viscosity and spreadability, these results were correlated in the Statistica program. The program
returned with the relation that each dependent variable had with the independent variables. These

results are shown in the following sections.

Mean particle size

For this dependent variable the relations given by the program are shown in Figures 4.5 and 4.6.

The p value indicates the evidence for the null hypothesis. The null hypothesis is a statistical theory
that suggests that no statistical relationship and significance exists in a set of measured phenomena
[89]. If the p value is less than 0.05, it indicates strong evidence against the null hypothesis, therefore
suggesting a statistical and significance relationship between the variables. If the p value is greater than
0.05, there is a greater than 5% chance of the null hypothesis being correct, therefore considering the
effect not statistically significant.

The F-statistic is another statistic test, that corroborates with the p-value. In order to reject the null
hypothesis, and considering a statistical significance, the F value needs to be high [90].

In Figure 4.5 it is shown that for this model and data, none of the independent variables are statis-
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Pareto Chart of Standardized Effects; Variable: Size
27%(4-1) design; MS Residual=2613678
DV Size

(2)Glycerin - 52748
Factor F P
(WSodium alginate S0tz Sodium Alginate 0.252117 0.633479
Glycerin 0.278235 0.616787
(4)Cycles 2081929 Chitosan 0.020331 0.891285
Cycles 0.043344 0.841966

(3)Chitosan

1425859

p=05
Standardized Effect Estimate (Absolute Value)

Figure 4.5: Pareto chart and analysis table of variation for ANOVA for the dependent variable, mean
particle size.

tically significant for the outcome of the mean particle size. This is seen in the pareto chart were none
of the variables reaches a p value of 0.5, and in the table of ANOVA variance. In this, the value of F
is small, which is considered to mean that there is no statistic significance. The p values are all above

0.05, which also suggests no statistical significance.

Observed vs. Predicted Values
2**(4-1) design; MS Residual=2613678
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Figure 4.6: Observed vs Predicted graph for mean particle size dependent variable, R2=0.09.

In Figure 4.6 it is shown a graph with the observed versus predicted values for the mean particle size
variable. This Figures corroborates what was presented before, no independent variable is statistically
significant and consequently the data in the graph is not linear with a really low R2, which means the

model cannot predict the mean particle size in function of the independent variables.

Zeta potential

For this dependent variable the relations given by the program are shown in Figures 4.7 and 4.8.
In Figure 4.7 it is shown that for this model and data, only sodium alginate is considered statistically
significant for the outcome of the zeta potential. This is seen in the pareto chart were only sodium

alginate reaches the p value line, and in the table of ANOVA variance where the F value is bigger than
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Pareto Chart of Standardized Effects; Variable: ZP
27%(4-1) design; MS Residual=144 6707

DV ZP

(1)Sodium alginate

Factor F P
@)Giycstin I"mm Sodium Alginate 6.111129 0.048322
Glycerin 3.267982 0.120649
(4)Cycles -1.21399 Chitosan 0.118277 0.742643
Cycles 1.473770 0.270363
(3)Chitosan 3439146

p=,05
Standardized Effect Estimate (Absolute Value)

Figure 4.7: Pareto chart and analysis table of variation for ANOVA for the dependent variable, zeta
potential.

the rest and the p value less than 0.05. This suggests the statistical significance of sodium alginate in

the dependent variable.

Observed vs. Predicted Values
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Figure 4.8: Observed vs Predicted graph for zeta potential dependent variable, R>=0.646.

In Figure 4.8 it is shown a graph with the observed versus predicted values for the zeta potential
variable. In this Figure the data is considered non-linear again with a low R? = 0.646, meaning the
model cannot predict zeta potential values based on the independent variables.

Considering that sodium alginate is statistically significant and that chitosan is positively charged it
is interesting to look at the fitted surface graph of these two independent variables and zeta potential.
Figure 4.9 shows these correlations.

By analysing Figure 4.9, with the increase of chitosan composition the ZP slightly increases. This is
to be expected since chitosan has a positive charge and the reason this is not more significant is that
the data here is referred after gelification, when the sodium alginate has already masked the chitosan
charge effect. Looking at the effect of sodium alginate, the zeta potential decreases with the increase in
sodium alginate concentration in the formulation, another expected result due to the negative charge of

sodium alginate.
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Fitted Surface; Variable: ZP
27*(4-1) design; MS Residual=144,6707
DV: ZP
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Figure 4.9: Fitted surface graph for zeta potential dependent variable and chitosan and sodium alginate.

Viscosity

For this dependent variable the relations given by the program are shown in Figures 4.10 and 4.11.

Pareto Chart of Standardized Effects; Variable: Viscosity
27%(4-1) design; MS Residual=1723219,
DV: Viscosity

odium alginate =
1)Sodi Igi 4331177

Factor F P
@hyeerin 169188 Sodium Alginate  18.75909 0.004922

Glycerin 2.86145 0.141677
(#)Cycles 1,196445 Chitosan 0.91948 0.374640

Cycles 1.43148 0.276652

(3)Chitosan 9588956

p=.05
Standardized Effect Estimate (Absolute Value)

Figure 4.10: Pareto chart and analysis table of variation for ANOVA for the dependent variable, viscosity.

In Figure 4.10 it is shown that for this model and data, only sodium alginate is considered statistically
significant for the outcome of the viscosity, because it is the variable that most contributes to the hydrogel
properties, like viscosity. This is seen in the pareto chart were only sodium alginate surpasses a p value
of 0.5, and in the table of ANOVA variance where the F value is much bigger than the rest and in the p
value which is less than 0.05, suggesting the statistical significance of sodium alginate in the dependent
variable.

In Figure 4.11 it is shown a graph with the observed versus predicted values for the viscosity variable.

In this Figure the data is considered non-linear again with a bigger R?, but still not acceptable for a
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Observed vs. Predicted Values
2**(4-1) design; MS Residual=1723219
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Figure 4.11: Observed vs Predicted graph for viscosity dependent variable, R?=0.7998.

linear model. This means the model cannot perfectly predict viscosity values based on the independent
variables.

Considering that sodium alginate is statistically significant and that the number of freeze-thawing
cycles are supposed to increase the consistency of the formulation and also that glycerin by its liquid
form could alter the formulation consistency, it is interesting to look at the fitted surface graph of these

three independent variables and viscosity. Figure 4.12 shows these correlations.

Fitted Surface; Variable: Viscosity
2**(4-1) design; MS Residual=1723219,
DV: Viscosity

Fitted Surface; Variable: Viscosity
2**(4-1) design; MS Residual=1723219,
DV: Viscosity
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Figure 4.12: Fitted surface graph for viscosity dependent variable and sodium alginate with cycles and
glycerin.

By analysing Figure 4.12, with the increase in the number of freeze-thawing cylces, the viscosity in-
creases slightly. This is to be expected since the freeze-thawing cycles are supposed to make crooslink-
ing reactions with water and PVA, causing gelation due to the formation of semi crystalline structures.
This also justifies why this parameter does not have more effect in the viscosity of the formulations,
since the formulations have in fact 2% PVA, but this is a fixed parameter in all formulations. Since the

concentration of PVA does not vary, the correlations between the number of freeze-thawing cycles and
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viscosity are not easily seen, causing it to be less significant in the viscosity outcome.
In terms of the effect of glycerin in the viscosity, with the increase of glycerin concentration the
viscosity decreases, which is to be expected since the glycerin is used in the hydrogel as an emollient.
Looking at the effect of sodium alginate, the viscosity increases with the increase in sodium algi-
nate concentration in the formulation, another expected result due to the alginate gelation properties in

aqueous solutions [91].

Spreadability

For this dependent variable the relations given by the program are shown in Figures 4.13 and 4.14.

Pareto Chart of Standardized Effects; Variable: Spreadability
2**(4-1) design; MS Residual=6,077727

DV: Spreadability
-3}28?

(1)Sodium alginate

Factor F P
()Chitosan 18T7E3 Sodium Alginate 13.90322 0.009752
Glycerin 0.95101 0.367123
(4)Cycles -1,17598 Chitosan 2.48859 0.165749
Cycles 1.38292 0.284147

(2)Glycerin

9751992

p=.05
Standardized Effect Estimate (Absolute Value)

Figure 4.13: Pareto chart and analysis table of variation for ANOVA for the dependent variable, spread-
ablity.

In Figure 4.13 it is shown that for this model and data, only sodium alginate is considered statistically
significant for the outcome of the spreadability. This is seen in the pareto chart were only sodium alginate
surpasses a p value of 0.5, and in the table of ANOVA variance where the F value is much bigger than
the rest and in the p value which is less than 0.05, suggesting the statistical significance of sodium

alginate in the dependent variable.

Observed vs. Predicted Values
2**(4-1) design; M5 Residual=6,077727
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Figure 4.14: Observed vs Predicted graph for spreadability dependent variable, R>=0.757.
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In Figure 4.14 it is shown a graph with the observed versus predicted values for the spreadability
variable. In this Figure the data is considered non-linear again with R2=0.757, still considered not ac-
ceptable for a linear model. This means the model cannot perfectly predict spreadability values based
on the independent variables.

Considering that sodium alginate is statistically significant and that the number of freeze-thawing
cycles and chitosan composition are supposed to alter the consistency of the formulation, it is interesting

to look at the fitted surface graph of these three independent variables and spreadability. Figure 4.15
shows these correlations.
Fitted Surface; Variable: Spreadability Fitted Surface; Variable: Spreadability
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Figure 4.15: Fitted surface graph for viscosity dependent variable and sodium alginate with cycles and
chitosan.

By analysing Figure 4.15, with the increase in the number of freeze-thawing cycles, the spreadability
decreases slightly. This is similar to the results from the viscosity, which is understandable since the two
are relatable.

In terms of the effect of chitosan in the spreadability, with the increase of chitosan concentration
the spreadability decreases. This is probably justified by the chitosan muco-adhesive properties, that
prevent the over spreading of the hydrogel [65].

Looking at the effect of sodium alginate, the spreadability decreases with the increase in sodium

alginate concentration in the formulation, another result similar to viscosity due to the alginate gelation
properties.

Optimal hydrogel formulation

In order to obtain the optimal hydrogel formulation, the constraints of each variable were given to the
Design-Expert program, and the list of these factors is presented in Table 4.2.

For the sodium alginate was given a goal to maximize its concentration, with a maximum of 2%.

This is because the ability of alginate of absorbing excess fluid in the wound bed is very important
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Table 4.2: Constraints given to the program to obtain the optimal formulation relative to all variables,
dependent and independent.

Name Goal Lower Limit Upper Limit
Sodium alginate Maximize 1 2
Glycerin In range 5 10
Chitosan Maximize 0.25 0.75
Cycles In target = 1 1 3
Mean particle size In range 133 3123
Zeta potential In range -78 -34.2
Viscosity In range 1000 6120
Spreadability In range 26.4 35

and it was a property worth maximizing. The glycerin had a goal of keeping in the range of 5-10%.
The reason for this is that the function in the hydrogel is to serve as a bodying agent, and therefore,
keeping the range allows the program to decide the better concentration for the desired outputs, mainly
the viscosity. The chitosan was chosen to maximize in the value of 0.75%, in order to obtain the best
muco-adhesion properties possible. The number of cycles was targeted to just one cycle due to energy
and time consumption and because this variable did not had a relevant influence with the dependent
variables.

For the dependent variables of mean particle size and zeta potential both were given the goal of keep
the results in range, since all these results were in conformation with what was expected. Since there
was certain formulations that did not have an acceptable macroscopic look, less colloidal stability, the
goal for the viscosity was to keep the range of around 1,000-10,000 cP. This is typically the better range
for topical application [87, 88] and a range that the results showed to have an acceptable macroscopic
look with good colloidal stability. For the spreadability, the goal was to range in between the results
obtained previously, since the spreadability does not directly affect the colloidal stability, and so it was
let to the program to decide the better glycerin concentration.

Given the constraints, the solution for the optimal formulation given by the program was 2% sodium
alginate, 6% glycerin, 0.75% chitosan and 1 freeze-thawing cycle. This composition will be used for the

remaining tests ahead, where insulin will be loaded in the nanoparticles.

4.2 Insulin-loaded nanoparticle-hydrogel characterization

The optimal formulation that resulted from the design experiment approach is the one used for the tests

with insulin loaded nanoparticles.

4.2.1 Nanoparticles Characterization

To begin the insulin-loaded nanoparticle-hydrogel characterization, using the optimal formulation ob-
tained by design of experiments, the effect of insulin association needs to be evaluated in the nanopar-

ticles characteristics. In order to understand the effects of insulin and chitosan in the characterization
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of the nanoparticles, four experimental groups were used: PLGA nanoparticles (PLGA Np), chitosan-
coated PLGA nanoparticles (Chi-PLGA Np), insulin-loaded PLGA nanoparticles (Ins-PLGA Np) and
insulin-loaded chitosan-coated PLGA nanoparticles (Ins-Chi-PLGA Np).

For this the mean insulin loaded nanoparticles size, Pdl and zeta potential after production were
assessed and the results are shown in Figure 4.16.
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Figure 4.16: Mean particle size (left bars), polydispersity index (interval plot) and zeta potential (right
bars) characterization of PLGA Np, chitosan-coated PLGA Np, insulin-loaded PLGA Np and insulin-
loaded chitosan-coated PLGA Np all with 0.75% chitosan (n=3, mean + SD).

The results show an increase in the diameter for the chitosan coated nanoparticles, when com-
pared to the uncoated. This was expected, as it happened in section 4.1.1, the chitosan attached to
the nanoparticles, creating a thicker layer around the surface of the nanoparticles and thus creating an
increase in the size of the nanoparticles. As showed, the insulin encapsulation did not significantly in-
fluence the size of the nanoparticles. The mean particle size values were 248.6+15.7 nm, 693.3+11.4
nm, 326.949.0 nm and 704.3+21.2 nm for PLGA nanoparticles, chitosan-coated PLGA nanoparticles,
insulin-loaded PLGA nanoparticles and insulin-loaded chitosan-coated PLGA nanoparticles, respec-
tively.

The zeta potential values were -39.2+2.5 mV, 62.5+7.3 mV, -36.2+2.3 mV and 59.64+2.0 mV for
PLGA nanoparticles, chitosan-coated PLGA nanoparticles, insulin-loaded PLGA nanoparticles and insulin-
loaded chitosan-coated PLGA nanoparticles, respectively. These values show a change in the coated
nanoparticles, exhibiting a positive zeta potential, as opposed to the uncoated nanoparticles.

The results from the diameter and the zeta potential corroborate the effective chitosan coating, al-
ready explained in section 4.1.1.

The values of Pdl were low enough to be considered homogenous samples. The values were
0.165+0.03, 0.420+0.08, 0.278+0.06 and 0.438+0.06 for PLGA nanoparticles, chitosan-coated PLGA
nanoparticles, insulin-loaded PLGA nanoparticles and insulin-loaded chitosan-coated PLGA nanoparti-
cles, respectively.

In Table 4.3 the AE and LC results are presented. The AE was evaluated to assess the insulin
association efficiency, an information very important to have in order to know the amount of insulin in the

nanoparticles, especially to use in further tests, like in section 4.3.1, for the insulin release profile. The
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Table 4.3: Association efficiency and loading capacity results for insulin-loaded chitosan-coated PLGA
Np hydrogel and insulin-loaded PLGA Np hydrogel (n=3, mean + SD).

Formulation Association efficiency (%) Loading Capacity (%)
Ins-Chi-PLGA Np 92.95 +1.76 12.12 + 0.23
Ins-PLGA Np 93.22 + 0.36 12.15 4+ 0.05

LC was used to know the insulin loading capacity of the nanoparticles. The association efficiency was
above 90% for both formulations, a very good result, taking into account the hydrophilic nature of insulin
and hydrophobic polymeric nanoparticles. The results for AE and LC are in conformation to previous
studies [92].

4.2.2 Hydrogel Characterization

To continue the insulin-loaded nanoparticle-hydrogel characterization, using the optimal formulation
obtained by design of experiments, the effect of insulin association needs to be evaluated in the hy-
drogel characteristics. In order to understand the effects of insulin and chitosan in the character-
ization of the hydrogel, five experimental groups were used: insulin-loaded chitosan-coated PLGA

nanoparticle-hydrogel (Ins-Chi-PLGA Np-hydrogel), insulin-loaded PLGA nanoparticle-hydrogel (Ins-

PLGA Np-hydrogel), chitosan-coated PLGA nanoparticle-hydrogel (Chi-PLGA Np-hydrogel), PLGA nanopatrticle-

hydrogel (PLGA Np-hydrogel) and hydrogel without nanoparticles (blank hydrogel).
The hydrogel characteristics were evaluated using the gelification ratio and zeta potential after geli-
fication, to evaluate whether the nanoparticle size and zeta potential changed after insulin loading and

gelification, and the water content. These results are shown in Table 4.4.

Table 4.4: Gelification ratio, water content and ZP after gelification for the different hydrogel formulations:
of insulin-loaded chitosan-coated PLGA Np hydrogel, insulin-loaded PLGA Np hydrogel, chitosan-coated
PLGA Np hydrogel, PLGA Np hydrogel and hydrogel without nanoparticles (n=3, mean + SD).

Formulation Gelification Ratio Water content (%) ZP (mV)
Ins-Chi-PLGA Np-hydrogel 0.95+0.13 89.2 £ 0.1 -129+1.6
Ins-PLGA Np-hydrogel 1.42 + 0.23 88.6 £0.2 -53.0 + 6.0
Chi-PLGA Np-hydrogel 1.27 £ 017 89.3+0.2 -95+13
PLGA Np-hydrogel 1.55 £ 0.15 88.7 £ 0.3 -56.1 £ 2.1
Blank hydrogel - 89.9 +£ 0.1 -

The gelification ratio divides the mean particle size after gelification by the mean particle size before
gelification, to assess the changes in the size of the nanoparticles after gelification. If the gelification ratio
is greater than 1, the nanoparticles size increased, which can indicate particle aggregation upon gelifi-
cation. If the ratio is less than 1, the nanoparticles could have suffered fragmentation in the gelification
process. If the ratio is equal to 1, the nanoparticles did not suffer size alterations.

In the results given in Table 4.4 the gelification ratio was close to the unit in all the formulations, but
a bit higher in the formulations without chitosan coating, suggesting that there might have been particle

agglomeration in these samples. The fact that the chitosan coated nanoparticles had a gelification ratio
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closer to 1 further addresses the advantages of the presence of the chitosan coating in the delivery
system.

The water content in all formulations was around 89%, which was expected for a hydrogel. The high
water content is very beneficial to provide a moist environment to the wound bed, promoting tissue re-
generation. The zeta potential values are all negative showing a change from positive to negative values
in the formulations with chitosan coating that conferred them a positive charge after production, and that
now are negative from the alginate present in the hydrogel. Like in section 4.1.1, the sodium alginate
camouflaged the chitosan, changing the surface charge of the nanoparticles. Another interesting find
was the fact that the uncoated nanoparticles showed a more negative zeta potential value, which is ex-

pected, since these nanoparticles did not had the chitosan to compensate the surface charge to a more
positive value.
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Figure 4.17: Viscosity and spreadability after 1 freeze-thawing cycle for blank hydrogel, PLGA Np hydro-
gel, chitosan-coated PLGA Np hydrogel, insulin-loaded PLGA Np hydrogel and insulin-loaded chitosan-

coated PLGA Np hydrogel.

In Figure 4.17 the viscosity and spreadability results show that the formulations with chitosan coating
were seen to have a tendency of a higher viscosity, although probably not statistically significant. This
tendency was not observed in the spreadability of the formulations, with all showing relatively approx-
imate results for the spreadability. All samples showed a proper viscosity range for topical application
(1,000-10,000 cP).

In Figure 4.18 photos of the different hydrogels are shown. Macroscopically all look acceptable, with
no signs of deposits in the bottom, which conveys good uphold of the nanoparticles in the hydrogel and
good colloidal stability. Additionally, the hydrogels with nanoparticles feature a milky aspect, typical from
the nanoparticles, and this is not shown in the blank hydrogel.

To evaluate the nanoparticle physiognomy, SEM images where obtained. To assess the changes that
happen when the nanoparticles are embedded in the hydrogel, and after the gelification, SEM images
where taken in tree different stages of the production process: after production of the nanoparticles (Np

after production), nanoparticles embedded in the hydrogel (Np loaded hydrogel), nanoparticles removed
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Figure 4.18: Photos of the different hydrogels. From left to right: insulin-loaded chitosan-coated PLGA
Np hydrogel, insulin-loaded PLGA Np hydrogel, chitosan-coated PLGA Np hydrogel, PLGA Np hydrogel
and hydrogel without nanoparticles.

from the hydrogel, after gelification (Np in hydrogel).

In Figure 4.19 SEM images are shown. In the after production phase it is possible to acknowledge
that the nanoparticles have a characteristic round shape and smooth surface. It is not possible to see a
difference between the different nanoparticles, which indicates that insulin encapsulation does not alter
the physiognomy of the nanoparticles. In the nanoparticle loaded hydrogel, although the hydrogel matrix
is overlapping the nanoparticles, it is possible to see that the nanoparticles are really well embedded in
the hydrogel, which corroborates with the macroscopic assay (Figure 4.18). In the nanoparticles in hy-
drogel column, the nanoparticles were removed from the hydrogel in order to assess their conformation
after the gelification process. The nanoparticles show no modification comparing to after production,
they remain round and with a smooth surface, which suggests that the gelification process did not alter
the nanoparticles conformation. However, there is a difference to be noted, the nanoparticles coated
with chitosan appear to have the chitosan coating still embedded around the nanoparticles. This also
means that the chitosan coating remained attached in the nanoparticles after centrifugation for hydrogel
removal. This is supported by the presence of a strong electrostatic interaction between the PLGA from
the particles and the chitosan coating them, due to their opposite charges - PLGA with negative surface
charge and the chitosan with positive. In all the different phases of the production, the nanoparticles

maintained their integrity and the size was in accordance with those from Figure 4.16.

Fourier-transform infrared spectroscopy

FTIR spectroscopy was used to assess the predominant interactions between the different constituents
of the nanoparticle-hydrogel formulation. The FTIR spectra are shown in Figure 4.20.

The formulations analysed were the hydrogel without the nanoparticles (Hydrogel), insulin-loaded
nanoparticle-hydrogel (Ins-Np-H) and the chitosan-coated insulin-loaded nanoparticle-hydrogel (Chi-
Ins-Np-H). From Figure 4.20, it is possible to see that the spectra from the nanoparticle-hydrogel is
very similar to the spectra from the the hydrogel without the nanoparticles. This demonstrates that the
predominant interactions between the different constituents of the formulation are the ones that allowed
the production of the hydrogel by freeze-thawing. This means that the interactions between the nanopar-

ticles and the hydrogel are not evident, and are probably masked by the hydrogel interactions. These
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Figure 4.19: Nanoparticles-hydrogel SEM images. Insulin-loaded PLGA Np, insulin-loaded chitosan-
coated PLGA Np, PLGA Np and chitosan-coated PLGA Np (from top to bottom), after NP production
and nanoparticles after gelification with and without hydrogel (left to right). Scale bar: 1 um for first and
third column, 10 um for second picture of second column and 20 um for the rest of the second column .

results support the claim that the hydrogel confers a good matrix to contain the nanoparticles without

altering their characteristics.

4.2.3 Protein Structure Assessment

After all the nanoparticle and hydrogel appraisal, the insulin structure from the loaded nanoparticles
was assessed. For this, the insulin was extracted from the hydrogel nanoparticle like described in

section 3.5.1, in order to assess the insulin structure and its bioactivity, after the nanoparticle-hydrogel

production.
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Figure 4.20: FTIR spectra of liofilized insulin-loaded chitosan-coated PLGA nanoparticles hydrogel,
insulin-loaded PLGA nanoparticles hydrogel and hydrogel without nanoparticles. Insulin 0.2 mg/mL in
0.01 HCl used as reference.

Thioflavin T assay

Thioflavin T is a cationic benzothiazole dye that exhibits enhancement of fluorescence at 485 nm when
bind to amyloid fibrils with crossed -sheet structures. The presence of these amyloid fibrils means the
protein structure and its bioactivity is compromised. Insulin may form these protein aggregates due to
various stress factors, so assessing this is very important to understand if the protein structure remains
unaltered. If there is no signal intensification, insulin is not aggregated, otherwise, if there is signal
intensification the insulin is aggregated [93]. The positive control is a insulin solution heated at 60°C
overnight to denaturate and form fibrils. The negative control is a insulin solution prepared fresh in the

moment.

Table 4.5: Thioflavin assay for insulin-loaded chitosan-coated PLGA Np hydrogel, insulin-loaded PLGA
Np hydrogel, chitosan-coated PLGA Np hydrogel, PLGA Np hydrogel, positive and negative control (n=3,
mean + SD). Insulin extracted from the nanoparticles.

Formulation Thioflavin T assay
Ins-Chi-PLGA Np-hydrogel -0.31 £ 0.12
Ins-PLGA Np-hydrogel -0.33 £ 0.19
Chi-PLGA Np-hydrogel -0.19 £ 0.24
PLGA Np-hydrogel -0.23 £ 0.16
Positive Control 92.7 + 0.34
Negative Control 0.029 + 0.27

Thioflavin T assay results are shown in Table 4.5. All samples showed no signal enhancement, which
means no presence of thioflavin T positive filaments or formation of amyloid fibrils. The positive control
showed signal enhancement which is expected since this was fibrillated insulin. These results show that

the production method maintained the insulin structure stable.
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Circular Dichroism

In order to further test the secondary structure of insulin CD spectroscopy was performed. The spectra

obtained are shown in Figure 4.21.
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Figure 4.21: Far-UV CD spectra of insulin extracted from insulin-loaded PLGA nanoparticles hydrogel
and insulin-loaded chitosan-coated PLGA nanoparticles hydrogel. Insulin 0.2 mg/mL in 0.01 HCI used
as reference.

The reference spectra used is native insulin at 0.2 mg/ml. In this, two minima were observed at 208.5
and 222 nm, which are distinct of the a-helix structure of the protein [94]. A maximum was also observed

at 197 nm. This spectra is in accordance with other described by research works [95].

The CD spectra from the samples showed a similar shape of the curve, with the two minina and
maximum at about the same wavelength. Maximum at 197 nm for both samples, and minima at 209 and
222.5 nm for Ins-PLGA nanoparticle hydrogel and 208.5 and 221.5 nm for Chi-Ins-PLGA nanoparticle

hydrogel. These results show no relevant changes in the a-helix structure.

As for the g-sheets, these are predominant if denaturation, aggregation or even fibrillation of insulin
occurs. It is possible to observe this presence of -sheets with a characteristic minima of ellipticity
at around 216 nm [96]. Considering this is not observed in Figure 4.21, the structural modifications
from «a-helix into s-sheets did not occur, so it is predicted that the insulin extracted from the hydrogel-

nanoparticle formulations maintained its secondary structure and bioactivity.

The differences observed in the CD spectra are related to the ellipticity signal, which represents some
change in the spatial conformation of the protein. This is to be expected since the insulin extracted from
the nanoparticles is exposed to some invasive procedures, like the production of the nanoparticles and
hydrogel, and the extraction in itself. Besides the presence of this insulin conformation change, the

maintenance of the minina suggest that the insulin maintained its bioactivity.
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Fluorescence
Fluorescence spectroscopy was used to assess the structure of insulin extracted from PLGA nanopar-

ticle hydrogel system. Insulin fluorescence depends on its four tyrosine residues, hence alterations in
the intensity of the emission spectra of insulin are indicators of conformation modification [97]. The

fluorescence spectra are shown in Figure 4.22
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Figure 4.22: Fluorescence spectra of insulin extracted from insulin-loaded PLGA nanoparticles hydrogel
and insulin-loaded chitosan-coated PLGA nanoparticles hydrogel. Insulin 0.2 mg/mL in 0.01 HCI used

as reference.
For the reference insulin spectrum an insulin solution at 0.2 mg/ml was used. In this spectrum, and
for the sample spectra a maximum was observed at 284 nm. This maximum is shifted when compared
to the literature [98], however when comparing between the reference insulin spectrum and the samples
spectra there is no shift in the maxima, which is an indication of the preservation of insulin structure.
However there are some differences regarding the increase in intensity observed, which hints to some
conformational changes [99]. Insulin from Ins-PLGA nanoparticle hydrogel showed higher intensity and
insulin from Chi-Ins-PLGA nanoparticle hydrogel showed even higher intensity when compared to native
insulin spectrum. Again, expected results due to the stress exposure of the insulin extracted from the
samples. Overall, the results indicate a stable structure, and are in agreement with previous structural

characterization results from CD and thioflavin T assay.

4.3 In vitro Results

4.3.1 Insulin release profile
To obtain an insulin release profile, the hydrogels containing insulin loaded nanoparticles, insulin-loaded
chitosan-coated PLGA nanoparticles hydrogel (Chi-Ins PLGA Np-Hydrogel) and insulin-loaded PLGA
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nanoparticles hydrogel(lIns PLGA Np-Hydrogel), were used in a release profile methodology for up to
72h. These results were obtained in order to understand the release rate of insulin from the nanoparti-

cles embedded in the hydrogel. The profile obtained is represented in Figure 4.23.
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Figure 4.23: Insulin release profile from insulin-loaded chitosan-coated PLGA nanoparticles hydrogel
and insulin-loaded PLGA nanoparticles hydrogel.

The insulin release profile shows the cumulative insulin release up to 72h, for the insulin-loaded
chitosan-coated PLGA nanoparticle hydrogel and insulin-loaded PLGA nanoparticle hydrogel. The re-
lease pattern for both formulations is similar, with the difference in the amount of insulin released. The
initial burst effect of insulin release in the first 4h is related to the existence of insulin in the surface of the
nanoparticles, which facilitates the diffusion to the medium. From that moment on, the release of insulin
is more controlled and steady. Until the 72h a sustained release pattern is observed, reaching about
10 and 25 % for insulin-loaded chitosan-coated PLGA nanoparticle hydrogel and insulin-loaded PLGA
nanoparticle hydrogel, respectively. The pattern also indicates that the release of insulin should continue
past the 72h, but it is not possible to confirm, without data with more time. The results also indicate that
the nanoparticles with chitosan-coating released more insulin over time than the ones without. The rea-
son for this is probably the higher muco-adhesive properties from the chitosan coating, that enables a
more intimate interaction between the nanoparticles and the insert membrane, which promotes a greater
insulin release. This particular result demonstrates the advantage of using chitosan coating in this de-
livery system. Furthermore, when comparing this release assay with others from insulin-loaded PLGA
nanoparticles without the hydrogel [79], where the insulin was 100% released over 48h, the very obvious
difference is the amount the insulin released. When the hydrogel is not present, the nanoparticles are
free from the hydrogel matrix, and can release the insulin with more ease. Having the nanoparticles
embedded in the hydrogel creates barrier for the release of insulin, which can be advantageous, if a
more controlled and sustained release is needed.
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4.3.2 Cell Scratch assay

To investigate the bioactivity of the insulin and the hydrogels with the nanoparticles, cell scratch assay
was performed in MSC. These cells were used as a prove of concept to evaluate the regenerative
properties of the hydrogel, but for future assays, HaCaT skin cells will be used. The area of the scratch
was measured at the beginning of the experiment at 24, 36 and 48h. The empty area of the scratch over
the time for each condition is represented in Figures 4.24 and 4.25.
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Figure 4.24: MSC cell scratch repair assays for evaluation of insulin’s bioactivity from Ins-Chi-Np-H,
Ins-Np-H, Chi-Np-H, Np-H, Hydrogel, MSC expansion culture medium supplemented with insulin 107 M
and MSC expansion culture medium. CM stands for culture medium.

The scratch assay provides a measure of cell migration, a critical process for wound healing. The
results show that insulin strongly stimulated cell migration, being the only condition that at 24h showed
around 90% of the scratch closed and full closure at 36h. For all other conditions cell migration was not
as evident, or significantly different between conditions. It was expected that the nanoparticles loaded
with insulin would induce cell migration as well, but this was not observed. As seen in section 4.2.3, the
insulin from the nanoparticles seemed to conserve its secondary structure, which should also indicate
its bioactivity. Knowing this, the probable justification for the fact that the Ins-Chi-Np-H and Ins-Np-H
conditions did not showed enhanced cell migration, when compared to the control conditions, could be
that the insulin release from the nanoparticles, as seen in section 4.3.1, was not sufficient to induce
cell migration. As seen in the insulin release assay, the insulin released in the Ins-Chi-Np-H and Ins-
Np-H reached a maximum of 25 and 10 % at 72h, which was lower than previously observed for these
nanoparticles without the hydrogel.
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Figure 4.25: MSC cell scratch repair assays from Ins-Chi-Np-H, Ins-Np-H, Chi-Np-H, Np-H, Hydrogel,
MSC expansion culture medium supplemented with insulin 10”7 M and MSC expansion culture medium.
CM stands for culture medium.
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4.3.3 Cytotoxicity assay

To assess the biocompatibility of the developed delivery system, a citotoxicity assay was performed. The

cell viability % for each condition and concentration, 1:2 and 1:20, are shown in Table 4.6.

Table 4.6: 1929 cell viability % at different concentrations, 1:2 and 1:20 and at different conditions:
Ins-Chi-Np-H, Ins-Np-H, Chi-Np-H, Np-H, hydrogel, L929 expansion culture medium supplemented with
insulin 10-7 M, expansion culture medium supplemented with 10% (v/v) DMSO (positive control) and
L929 expansion culture medium (negative control). CM stands for culture medium.

Viability (%)

Conditions

1:2 1:20
Ins-Chi-Np-H 42 86
Ins-Np-H 43 80
Chi-Np-H 68 84
Np-H 53 78
Hydrogel 34 78
CM with insulin 97
CM with DMSO (+control) 23
CM (-control) 100

The culture medium was used as a negative control, where 100% of the cells maintain their viability,
and this value is used for comparison to other conditions. Cell viability reduced to less than 70% of the
negative control is considered to have a cytotoxic potential. The culture medium with insulin showed
great biocompatibility, which was expected. For the different hydrogels, in the concentration of 1:2, 5ml
of culture + 5ml of hydrogel, all hydrogels showed cytotoxic potential. In contrary, for 1:20 concentration,
all hydrogels showed biocompatibility. Cell viability was similar for the chitosan-coated nanoparticles,
Ins-Chi-Np-H and Chi-Np-H with 86 and 84%, respectively, and similar for the other formulations, Ins-
Np-H, Np-H and hydrogel with 80, 78 and 78%, respectively. The slight increase in cell viability for the
formulations with chitosan, could be explained by the presence of the natural polymer, chitosan, which is
known to have great biocompatibility owing to the similarity to macromolecules recognised by the human
body.

Overall, with the right concentration, all the different hydrogels show good biocompatibility which is a

great sign, for further use of this approach for in vivo testing.

52



Chapter 5

Conclusions

5.1 Achievements

This research aimed to develop a DDS to aid in chronic WH. In this work, PLGA nanoparticles with and
without chitosan were produced with different compositions of chitosan. Later, the nanoparticles were
embedded in a hydrogel, which also had different concentrations of alginate and glycerin, and a different
number of freeze-thawing cycles. These variables were used to optimize the hydrogel-nanoparticles
formulation to better suit topical application. Once the optimization was achieved, the optimal formulation
was used for further tests with and without insulin loading. These tests aimed to test the bioactivity and
structure of insulin after the encapsulation, and also to address the insulin release profile. After having a
controlled release of bioactive insulin, in vitro tests followed to address the effectiveness of this approach
on cell growth and migration.

With the use of a design-of-experiments approach, it was possible to understand the relationship
between the variables given to the program - % of chitosan, alginate and glycerin, and number of freeze-
thawing cycles - and the dependent variables - mean diameter, zeta potential, viscosity and spreadability.
The variable with more significance was the amount of alginate, it was important for the change to
negative zeta potential and the variance in the viscosity and spreadability, only in the mean diameter
it did not have significance. With these correlations an optimal formulation for topical application was
reached with a composition of 0.75% chitosan, 2% alginate, 6% glycerin and 1 freeze-thawing cycle at
20°C.

Continuing with the optimal formulation, the insulin was loaded in the nanoparticles and tests fol-
lowed. The nanoparticles maintained their smooth surface and round shape after production and en-
capsulation of insulin, and after gelification. Results revealed that the insulin structure was preserved
upon encapsulation and production of the hydrogel. The insulin release profile was also determined,
and insulin was released in a sustained way, with results indicating that insulin probably continues to
be released beyond the time studied. In vitro citotoxicity study revealed that all hydrogels showed bio-
compatibility. /n vitro cell scratch assay showed enhanced cell migration for culture medium with insulin,

but no enhanced cell migration was found in the hydrogel-nanoparticle systems when compared to the
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controls.

Overall, all the proposed objectives for this thesis were achieved. Not only from the formulation point
of view, to understand the relationship between each ingredient in the formulation and achieving the
optimal formulation. But also, from the efficiency of this approach in protecting the insulin’s bioactivity
when encapsulated, the sustained release and the good biocompatibility of the delivery system. Only
the efficiency of this approach in the promotion of in vitro cell migration for the developed systems was

not as expected.

5.2 Future Work

It is important to point out the importance of continuing this research work whether to optimize the
production of the DDS or to continue with in vitro or in vivo testing.

When it comes to the formulation point of view, future studies could test the relationship between the
% of PVA in the formulation and the number of freeze thawing cycles and the effect it has in the viscosity
of the formulation. This could be achieved by altering the concentration of PVA in the formulation as well
as the number of freeze-thawing cycles, or even the temperature at which it is frozen, and studying the
effects of the crooslinking reactions with water and PVA on the viscosity of the formulation.

The in vitro release assay should also be revised, since the methodology had some difficulties related
to the little amount of receiver phase. Mainly, to obtain information of the total time it takes for 100% of
the insulin to be released, it would be a good idea to extend the period of time of the assay. Having that
information would be advantageous to fully understand the controlled and sustained release of insulin in
this approach, and further investigate the frequency of dressing changes for in vivo testing.

For the in vitro cell scratch, based on the results, it should be considered a revision on the time
at which measures of the empty area of the scratch are made. The reason for this is that at 48h all
the gaps are closed, and from the beginning only tree time points are measured. Since the scratches
rapidly closed, it would be beneficial to have more information on what happens between 0 and 24h, for
example. Another suggestion would be to repeat the assay with the nanoparticles without the hydrogel,
to understand the results obtained. The fact that none the insulin-loaded nanoparticles system had
the ability of enhancing cell migration, could be explained with the repetition of this test but without the
hydrogel. To comprehend if the hydrogel does act as a barrier for the insulin release, and therefore
insulin-like effects could not be seen in cell migration, or if the insulin released lost its bioactivity and
therefore insulin advantages were lost.

Finally, in vitro testing does not replace in vivo tests, since in vitro never truly acts like a living being, it
only mimics parts of it. For this reason, further research in in vivo models is needed to fully comprehend

the effectiveness of this approach.
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