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10.1 Passive Drug Delivery Systems

The complex wound healing process is divided into the steps of haemosta-
sis, angiogenesis and the restoration of skin barrier function (Figure 10.1).
In order for this process to take place correctly, the presence of growth fac-
tors (GFs) and cytokines is necessary. However, these factors are not always
present at sufficient levels, and this can lead to the derailment of the healing
process from its normal success or to its complete interruption.

The speed of the various physiological processes that affect wound healing
depends on therapeutic agents, such as growth factors, cytokines, antibac-
terial agents, proteins, small molecules and bioactive agents. In addition to
the speed of healing, there are several factors that should be considered in
deciding the route of administration of the therapies: (1) the dysfunction of
the vascularization of the wound bed, which decreases the bioavailability of
the compounds administered orally or intravenously; (2) the systematic side
effects of some drugs; (3) the richness of the wound environment of various
pro-inflammatory cytokines that can deactivate drugs; (4) the time of effec-
tiveness of the various physiological processes and the fact that the drugs
administered must be present during that period.

Localized controlled release in wound healing can provide spatiotemporal
control over drug dosage at the wound site, protect drugs from metabolic
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Figure 10.1
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(A-C) Different phases of normal wound healing. Normal wound heal-
ing is a complicated biological process, which can be divided into:
inflammatory phase (A), proliferation phase (B), and tissue remod-
eling phase (C). The inflammatory phase occurs shortly after injury,
and is characterized by the influx of inflammatory cells. In response to
inflammatory cues, neutrophils migrate to the wound first, followed
by monocyte/macrophage lineages, as well as mast cells. As the inflam-
matory phase subsides, the proliferative phase of tissue repair begins
by the migration and hyperproliferation of dermal and epidermal cells
within the wound bed. This phase is marked by epithelialization, col-
lagen deposition, angiogenesis, and formation of granulation tissue.
The tissue remodeling phase is characterized by matrix remodeling
and declined cellularity. During this phase, the wound undergoes
contraction, resulting in the formation of a scar with reduced tensile
strength. (D) Schematic to show the deleterious cycles of inflamma-
tion that contribute to wound chronicity. It is believed that persistent
inflammation is a hallmark of chronic non-healing wounds. Due to
repeated tissue injury, microorganisms (e.g. biofilms), and platelet-de-
rived factors stimulate the influx of inflammatory cells and the pro-
longed release of pro-inflammatory cytokines (e.g. IL-1p and TNFa),
leading to elevated levels of ROS and proteases (e.g. MMPs) in the
wound bed. Particularly, the protease levels in chronic wounds exceed
that of their respective inhibitors. High levels of ROS together with
the imbalances between MMPs and TIMPs result in the destruction of
ECM components and the degradation of growth factors. The proteo-
lytic destruction of ECM further in turn attracts more inflammatory
cells to the wound, thus promoting the inflammation into a detrimen-
tal vicious cycle and contributing to wound chronicity.

deactivation and maintain constant drug concentrations for an extended
period of time. To define a delivery system as optimal it should be able to
sequentially and selectively release antibacterial agents, growth factors, cyto-
kines and other small molecules in a controlled manner so that the wound
follows the natural course of healing.? For the purpose of this book it is useful
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Figure 10.2 Schematic overview of drug and cell delivery systems for cutaneous
wound healing. Reproduced from ref. 1 with permission from Elsevier,
Copyright 2019.

to start with an overview of the most well-known drug and cell delivery sys-
tems described in the literature (Figure 10.2).

10.2 Substrate-mediated Drug Delivery for Wound
Healing: Dressings

The fundamental prerogatives for wound dressings are to show good bio-
logical compatibility, biodegradability, water absorption and retention
properties, low cytotoxicity, non-stick capacity and antibacterial effects. Fur-
thermore, some properties of great importance for this type of systems are
the prevention of wound infection, the possibility of obtaining gas exchange,
the ease of removal and the absorption of part of the excrescent exudate
of the wound so that it remains part of the exudate itself to maintain local
wound moisture, thus accelerating wound healing. There are testimonies of
crude applications of plant herbs, animal fat and honey for the realization
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of tissue engineered scaffolds. In fact, especially in the tradition of medi-
cal plants in African culture, many were used for the treatment of wounds
thanks to their antibacterial properties.”” The problem with this type of
dressing obviously lies in the fact that crude plant extracts also contain other
types of chemical compounds, which can be potentially harmful and toxic
when tissues and wounds are exposed to them during the healing process.
In more recent years we have been confronted with dressing techniques such
as natural or synthetic bandages, wadding, lint and gauze manufactured to
have different degrees of absorbency. The main purpose of these devices
was to ensure a dry wound environment, thus facilitating the evaporation of
exudates from the wound itself and at the same time avoiding the possible
appearance of harmful bacteria. It has also recently been shown that keeping
the wound in a warm environment helps healing, making it faster and with
fewer complications. The various dressings can be classified: (1) according
to their function inside the wound (debridement, antibacterial, occlusive,
absorbent, adherence), (2) according to the type of material used to produce
the treatment (e.g. hydrocolloid, alginate, collagen) and (3) the characteristic
physical form of the dressing (ointment, film, foam, gel). For completeness,
there are also further classifications based on the type of dressing (primary,
secondary and insular) and the type of dressing method (traditional, modern
and advanced).

10.2.1 Traditional Dressings

Cotton wool, natural or synthetic bandages and gauze and composite dress-
ings of woven cotton with gauze are characterized as traditional dressings,
generally used as primary or secondary dressings to protect the wound from
contamination.®” Their low cost, easy use and cost-effective manufacture
define the main advantageous properties of these products. Unlike topical
pharmaceutical formulations, these dressings are dry and do not provide a
moist wound environment. As mentioned above, they can be used as pri-
mary or secondary dressings, performing a specific function. For the packag-
ing of open wounds, gauze pads are used, which with their fibres are able to
absorb liquids and exudates and act as a filter to suck fluid from the wound.
However, the disadvantage of these gauze dressings is that they need to be
changed regularly to prevent maceration of the healthy underlying tissue and
are therefore less convenient than more modern dressings. It is also neces-
sary to consider the other common disadvantages of these systems including
ischemia and necrosis and adherence to the wound bed, which limit their
use in managing healing. In fact, although dressings of this type have been
designed to provide sufficient bacterial protection, this is negated when the
external surface of the dressing is moistened due to wound exudate or the
presence of external fluids. Additionally, gauze dressings tend to become
more adherent to wounds as fluid production decreases and are painful
to remove, thus causing patient discomfort.® An effort to address these
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disadvantages has been to graft a gauze-cotton composite with a non-adhe-
sive inner surface, fabricated to relieve pain or minimize damage to renewed
skin during dressing removal.

10.2.2 Modern Dressings

Modern dressings are the result of improvement over the traditional dress-
ings described in the previous paragraph. Retaining and creating a moist
environment near the wound so that they can facilitate healing is their main
property and evolution. Modern dressings can be classified according to the
material from which they are made, in particular: hydrocolloids, alginates
and biological. These dressings then come, in most cases, in the form of gels,
thin films and foam sheets.

10.2.2.1 Hydrocolloid Dressings

Hydrocolloid dressings are among the most used dressings.”'’ The term
“hydrocolloid” refers to that group of products obtained from colloidal mate-
rials (gelling agents) and other materials (elastomers, adhesives) aimed at
wound management.'"'*> These systems come in the form of thin films and
sheets or as composite dressings in combination with other materials, such
as alginates. The real advantage of this type of dressings lies in their clinical
use, in fact these products are able to adhere to both wet and dry sites. They
also possess properties of being impermeable to water vapor, and with the
absorption of the exudate from the wound there is a change in the physi-
cal state of the dressing with the formation of a gel capable of covering the
wound. The permeability to water and air then increases as the gel formation
progresses.'® Finally, thanks to the absence of pain at the time of removal,
they are the ideal choice in the case of paediatric wounds, both acute and
chronic.

10.2.2.2 Alginate Dressings

Alginate dressings are produced by the union of calcium and sodium salts
of alginic acid, a polysaccharide comprising mannuronic and guluronic acid
units. These products can be presented as freeze-dried porous sheets (foams)
or as flexible fibres, which are more suitable in the case of cavity wounds. The
relevant properties of these systems in medical use derive from the ability to
form a gel in contact with wound exudates, thus acquiring a high absorption
capacity. The latter takes place through the formation of a hydrophilic gel
capable of limiting wound secretions and at the same time reducing possible
bacterial contamination. The mechanism of formation of the protective gel
film is based on the exchange of the ions present in the alginate fibres with
those present in the exudate when these dressings are applied to the wounds.
This phenomenon allows the wound to be kept under optimal humidity and
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temperature conditions. In detail, the gelling action of alginates is due to the
presence of calcium ions, able to induce slow degradation in cross-linked
polymeric gels. These cross-links that are formed between the calcium ions
and the alginic acid polymer justify the use of these materials as scaffolds
for tissue engineering.'*"* In addition to the formation of the gel, this type
of dressing has a pharmacological function that exploits the presence of
calcium ions. The effects of the dressing could therefore occur through the
calcium ions released by the alginate, making the calcium alginate able to
improve some of the cellular aspects of healing. In practice, the calcium ions
of alginate dressings, when released into the wound, help the coagulation
mechanism physiologically during the first phase of wound healing. More-
over, alginate dressings in the form of fibres are biodegradable and, there-
fore, very useful in the case of surgical wound closures, when trapped in a
wound'® and through saline irrigation they can be easily rinsed. Therefore,
no damage to the granulation tissue occurs during removal, and this leads to
the painless success of a possible dressing change. A limitation of these algi-
nate dressings is that, since they require moisture to function satisfactorily,
they cannot be used for dry wounds covered with hard necrotic tissue.

10.2.2.3 Biological Dressings

The name of these dressings derives from the fact that they are made with
biomaterials that play an active role in the wound healing process. Among
these wound healing dressings, there are also tissue engineering products
derived from natural tissues or artificial sources.'” In making these products,
polymers such as collagen,'® hyaluronic acid," chitosan,*® alginates and elas-
tin are generally combined. The main advantages of these biomaterials reside
in the properties of being part of the natural tissue matrix, of being biode-
gradable and of being active in wound healing and in the formation of new
tissues.”" In addition to being one of the natural constituents of connective
tissue, collagen is one of the main structural proteins of any organ. This poly-
mer is mainly used for its vital role in the natural wound healing process from
the induction of coagulation to the final scar formation.* In fact, collagen is
able to stimulate the formation of fibroblasts and to accelerate the migra-
tion of endothelial cells in contact with damaged tissue. Starting from these
systems it is also possible to produce lyophilized collagen biomatrices capa-
ble of collecting liquids, debris and cells.® The real key point of this matrix
is the possibility of being medicated, thus becoming a real reservoir for the
administration of the drug.*® Hyaluronic acid is a glycosaminoglycan compo-
nent of the extracellular matrix that is biocompatible, biodegradable, devoid
of immunogenicity and capable of lubricating joints and inflammatory pro-
cesses.”” Thanks to these properties, cross-linked hyaluronic acid hydrogel
films have been made for drug delivery.”® Chitosan is a linear polysaccharide
known to be able to accelerate granulation during the proliferative phase of
wound healing.”” Its application is also considered for wound healing.*®
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10.2.3 Dressings for Intracellular Delivery

The cells in the field of dressings can also be programmed to obtain a desired
phenotype, the most important phenotype in wound healing is represented
by macrophages, which are fundamental for tissue regeneration. More spe-
cifically, during the inflammatory phase, the polarization of the M1 macro-
phages (the pro-inflammatory phenotype) causes the removal of debris and
pathogens. Subsequently, during the proliferation phase, the phenotype will
then be biased towards the M2 anti-inflammatory phenotype.

However, it must be specified that in the case of a chronic wound this
change in phenotype does not occur and causes continuous inflammation.
It is for this reason that various tools have been developed for the transfer of
genes, plasmids and active molecules directly into cells. These drug delivery
systems tend to be active, but some passive systems also exist.

10.3 Substrate-mediated Drug Delivery for Wound
Healing: Scaffolds

10.3.1 Hydrogel Scaffolds

Hydrogels are insoluble and swellable hydrophilic 3D materials based on syn-
thetic or natural polymers. Hydrogels stand as new materials in the scaffold
design scenario that promote wound healing.***° The porous, hydrophilic
and transparent architecture that characterizes them allows the monitoring
of regeneration, gaseous exchange and fluid balance by controlling the evap-
oration of water and the absorption of exudate, ensuring humidity in the area
of the lesion. The application of the hydrogels can take place both in the case
of amorphous gels and solid elastic films. In the second case, the production
of elastic films requires the presence of cross-linked polymeric components
in order to physically trap the water.’ These films have the remarkable char-
acteristic of being able to absorb and retain significant volumes of water in
contact with suppurating wounds. Generally, hydrogel dressings, in addition
to requiring secondary coverage in the case of application to the wound in
the form of a gel, also require frequent changing. Films, on the other hand,
do not need a secondary dressing as a support and, thanks to their flexible
nature, can be adapted to any type of wound as they can be cut. It is logical to
use products in the form of gel in the case of primary dressings and products
in the form of film in the case of primary or secondary dressings. For both
types, the absorption of exudate is limited since the hydrogel naturally con-
tains significant quantities of water (70-90%) and consequently they are used
for light to moderately exuding wounds. Furthermore, this accumulation of
liquids can lead to various complications, such as bacterial proliferation
resulting in the onset of infections and bad odour. Furthermore, hydrogels
demonstrate low mechanical resistance making them very difficult to han-
dle,*" a disadvantage that can affect patient compliance.’



200 Chapter 10

On the other hand, hydrogels, boast many of the characteristics of an “ideal
dressing”.” They are in fact suitable for cleansing dry, sloughing or necrotic
wounds, also improving autolytic debridement. The hydrogel dressings are
non-reactive with biological tissue, permeable to metabolites and non-irri-
tating. Wet healing is promoted by these systems, the latter being non-adher-
ent and able to cool the wound surface itself with consequent reduction of
pain and therefore high acceptance by patients. Hydrogels are also excellent
products because they do not leave residues, are malleable and improve the

re-epithelialization of wounds.’

10.3.2 Foam and Spongy Scaffolds

Foam and spongy scaffolds are made of porous polyurethane foam or poly-
urethane foam film, with or without adhesive edges. Some foam scaffolds
have additional wound contact layers to prevent adhesion when the wound
is dry and an occlusive polymer backing layer to prevent excessive fluid and
bacteria loss. These systems are able to keep the environment around the
wound moist, provide thermal insulation and are easy to apply. They exhibit
important characteristics of high absorbency, which can also be controlled
by the properties of consistency, thickness and pore size of the foams. In
particular, in the case of an open-pore structure, a high water-vapour-trans-
mission speed is also obtained.*” This porous structure makes these systems
suitable for partial or full thickness wound types with minimal to moder-
ate drainage and highly absorbent structures with heavy wound exudation.’
Finally, foam is the preferred choice over gauze in terms of pain reduction
and patient satisfaction.*?

10.3.3 Bi-layered Scaffolds

Chronic wounds generally affect different layers of the skin, both dermal and
subcutaneous. The dermis, located under the epidermis, characterized by
an extremely vascularized and innervated connective tissue, has a low cell
density and is maintained by fibroblasts capable of supporting the vascular,
lymphatic and nervous systems. Given the structure of the dermis, its regen-
eration is less efficient and more complicated than the regeneration of the
epithelium, since the structure of the latter, in contrast, is mainly cellular.**
Here lies the reason for the development of double-layered scaffold sys-
tems capable of combining both the epithelial and dermal layers.>® The
structure identified to be the most effective is composed of a dense surface
layer and a porous lower layer, this is because this alternative would be the
most satisfactory for complete regeneration of the skin at full thickness. In
detail, the epithelial layer should prevent bacterial infiltration and dehydra-
tion in the wound area, while the ideal dermal layer should have great liquid
absorption properties and should favour the penetration of fibroblasts. That
said, a new double-layered acellular scaffold composed of chitosan hydro-
gels obtained through a low-energy physical cross-linking method has been
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produced, while also trying to avoid any additional chemical agents. The final
result was a top layer of hydrogel optimized to be rigid and dense to ensure
protection, gas exchange and adequate mechanical properties and a bottom
layer of soft hydrogel designed to be flexible and able to adapt and adhere
to the wound site. This type of scaffold thus promoted dermal-epidermal
interphase regeneration and wound healing of full-thickness skin tissue.*

10.3.4 Physical Drug Encapsulation in a Scaffold for Slow
Drug Release

These scaffolds are used as repositories for bioactive molecules to ensure their
stability and function and to allow sequential release for prolonged periods.
The physical encapsulation of the drug in a scaffold is done in such a way as to
protect the drug from degradation in the hostile environment that can be cre-
ated in chronic wounds and, at the same time, provides a more sustained and
localized administration of the drug than the administration of a bolus drug."

10.3.5 Tuning Drug Release From Scaffolds for Stage-wise
Drug Delivery

An encapsulation of multiple growth factors into a single scaffold with a dif-
ferent pattern of release for gradual delivery of growth factors was developed
to synchronize the wound healing process. In detail, a programmable release
of multiple growth factors via scaffolds would allow not only the gradual
delivery of the growth factor but also a synergistic effect with the same struc-
ture characteristic of the scaffolds, leading to greater efficiency in the healing
of chronic wounds. Thus, this type of sequential release of growth factors
would efficiently simulate the physiological course of wound healing.*®

Examples of degradable synthetic scaffolds are then able to regulate drug
release according to the desired dose and time by optimally combining the
degradation rates of the scaffold with tissue internal growth. In addition, the
degradation and drug release of hydrolytically degradable scaffolds can be
manipulated by working on the cross-linking of the density and porosity of
the systems."

10.4 Controlled-release Drug Delivery Systems

In the case of passive drug administration, diffusion occurs through the car-
rier matrix to reach the surrounding medium.?” Drug carriers can be of the
inorganic type (mesoporous particles, metal-organic structures, ceramic
or carbon-based nanotubes) and of the organic type (lipid-based systems,
layer-by-layer systems and hydrogels). The first type provides adequate
encapsulation for poorly soluble drugs, the second type is used as a passive
transdermal drug delivery tool since they are degradable and can overcome
the natural epidermal barrier.*®?° The characteristics of vector size, shape,
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porosity, degradability and electrostatic charge can influence the rate and
efficacy of drug release.*’

10.4.1 Synthetic-based Drug Delivery Systems

These systems are widely used due to their ability to be customized through
the physico-chemical properties of the polymers that compose them (non-de-
gradable or biodegradable) and thanks to the various possible encapsulation
methods.” The drug release for this type of systems depends on several
parameters: molecular weight (Mw), glass transition temperature (Tg), crys-
tallinity, solubility and degradation rate of the polymer.">** The molecular
weight of the polymer has a direct effect on the glass transition tempera-
ture, viscosity, crystallinity, mechanical properties and degradation rate. In
other words, in the case of low molecular weight polymers, a faster degrada-
tion rate and a higher elastic modulus are obtained. This results in greater
deformation and expansion of the pores after deformation, leading to higher
release. In contrast, in the case of high molecular weight polymers a lower
elastic modulus, a lower deformability to degradation and a more limited
drug release are obtained." The glass transition temperature (Tg) defines the
temperature at which amorphous regions pass from the glassy to the rubbery
state. For temperatures below Tg, amorphous regions are glassy and have a
more limited diffusivity and therefore release, while for temperatures above
Tg, amorphous regions have greater mobility and significantly greater diffu-
sivity, leading to higher release. Since the release depends on the permeation
that occurs through amorphous regions, the crystallinity of the polymer
is also a harmful parameter, especially in the case of low molecular weight
polymers, and therefore the crystallinity of the polymer is a parameter to be
taken into consideration for these systems.**"°

Furthermore, it should be emphasized that the hydrophobic polymeric
particles undergo surface erosion while the hydrophilic polymeric particles
swell and degradation occurs within the mass of the polymer, this means that
the hydrophilic: hydrophobic ratio of the polymer has an effect on release.”
Parameters such as the chemical composition of the polymer, the molecular
weight and the degree of crystallinity are able to modify the solubility of the
polymer in the aqueous system. The release mechanism of these systems is
mainly controlled diffusion and two types of release systems: matrix and res-
ervoir, can be considered. In the first case the diffusion rate is defined by the
diffusion distance, by the degree of swelling of the polymer and by the drug
concentration gradient; while in the second case, the release is regulated
by the thickness and permeability of the polymer particles.’® Finally, the
release of drugs from biodegradable polymeric particles can occur through
two methods of erosion: surface and bulk. In surface erosion systems the
degradation involves only the outer surface of the particle, while in bulk
erosion systems the degradation affects the entire polymer particle homo-
geneously.””” Therefore, the degradation and release phenomena can be
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optimized by regulating mixtures composed of hydrophilic and hydrophobic
polymers.

10.4.2 Lipid-based Drug Delivery Systems

These systems are a further class of drug carriers chosen for drug delivery
due to their affinity with cell membranes and their ability to pass through
biological barriers, as in the case of the skin.’! Liposomes are the most fre-
quently used carriers of lipid-based drugs.’>** The reason for this choice lies
in the fact that liposomes present themselves as excellent drug carriers, of
a biocompatible nature and capable of delivering drugs both in the intra-
cellular and extracellular environment. These characteristics make them
powerful drug carriers for wound healing applications.”® The disadvantage
of these, however, is that they have a shorter drug release than all polymeric
systems, as well as having a significantly lower load capacity than the others.
To overcome the limitations associated with liposomal structures, solid lipid
nanoparticles and nanostructured lipid carriers have been developed.*

10.4.3 Transdermal Delivery Systems

The selection of an adequate point of administration is an important factor
in the outcome of localized administration of drugs. Chronic wounds are
covered with a layer of non-viable tissue, which separates the external envi-
ronment from the underlying tissue. Therefore, at the time of topical admin-
istration of drugs and factors, they must first pass through dead tissue to
access the cells that really should receive therapy.

It is easy to understand how significant amounts of drugs or factors can be
deactivated before reaching the growing tissue. Furthermore, a hypothetical
significant production of exudate in chronic wounds can further reduce the
penetration rate of topically administered drugs. In this context hypodermic
injections, which are the traditional way of administering the drug through
the skin, are rather unfavourable as they are painful, need professional assis-
tance and capable of transmitting disease when hypodermic needles come
into contact with different patients. A significant push was therefore required
to develop tools capable of administering drugs transdermally. These trans-
dermal tools include microcarriers and/or nanocarriers capable of passing
through the skin barrier and stratum corneum and microneedles capable of
painlessly penetrating through the barrier and delivering drugs to the under-
lying vital tissue. Microneedles are arrays of short needles used for the pain-
less administration of drugs via the transdermal route.’® The dimensions of
these are small enough to allow the passage of the stratum corneum without
affecting the underlying nerves®® (Figure 10.3). It is possible to classify these
microneedles as: (1) solids, able to break the epidermal barrier and allow the
penetration of drugs administered topically,”” (2) coated with drugs, capable
of penetrating into the tissue and providing their internal payload,®® (3) sol-
uble, which penetrate the tissue and release their payload gradually during
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Figure 10.3 Images of microneedles used for transdermal drug delivery. (a) Solid
microneedles (150 um tall) (b) Solid microneedles (1000 Am tall)
(c) Solid microneedles (“microprojection array”, 330 Am tall) (d)
Solid microneedles (“microenhancer array”, 200 Am tall) (e) Hollow
microneedles (500 Am tall). Reproduced from ref. 56 with permission
from Elsevier, Copyright 2004.

their degradation® ' and (4) cables, which, once penetrated into the tissue,
facilitate the active administration of drugs to the interior of the region of
interest.®” An interesting application of microneedles for the treatment of
skin lesions has been proposed due to the development of microneedle
arrays with swellable tips.®® In practice, the system has been designed in such
a way that, once they penetrate the skin, the needles swell so as to remain
locked in position. The main application of these needles was the improve-
ment of the adhesion of skin flaps in the case of the treatment of burns and
chronic wounds. In general, microneedles are an interesting tool that can be
made from polymers known for their excellent drug protection and gradual
release of their payload. In these cases, the drug can be released over time for
the completion of physiological processes. These microneedles can be made
as composites of different materials and can also be developed in a multi-
layer manner to allow for the release of drugs required for late stage wound
healing at a later time.

10.4.4 Inorganic Materials

This last class of material is also widely used in drug carrier engineering,
although this type of inorganic materials does not possess proteins pres-
ent in natural systems and consequently are generally considered less
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immunogenic. Among these inorganic materials, gold nanoparticles (GNPs),
mesoporous ones and carbon nanotubes have certainly received consider-
able interest in various drug delivery applications due to their stability and
anti-inflammatory properties® (Figure 10.4).

In wound healing, gold nanoparticles, in particular, have been used for
the delivery of active compounds, such as antioxidants and nucleic acids.
The choice of these materials stems from their ability to increase the absorp-
tion of antioxidant and anti-inflammatory components added to the blend to
accelerate wound healing.®> Mesoporous particles, on the other hand, have
excellent drug carrying capacity and the electrostatic interaction between
the solid matrix and the encapsulated compounds can significantly increase
the release time.**®” Furthermore, these particles are one of the few cases
of drug vectors capable of offering an almost linear release profile and,
thanks to their biocompatibility, have been considered for various biomedi-
cal applications.®® It is therefore logical that the selection of the appropriate
material for the design of the drug carrier is essential for the success of its
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Figure 10.4 Various applications of gold nanoparticles. Reproduced from ref. 64
with permission from Elsevier, Copyright 2008.
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use; in particular, the charge and the water solubility of the product play an
important role in the selection of the drug carrier. As for the drug, it is then
necessary to consider its stability, as well as the potential effects of the envi-
ronment on the wound. It is then possible to customize the release profile by
exploiting the shape, size and microstructure of the carriers.

10.5 Carriers for Wound Healing: Nano and
Micro Carriers

10.5.1 Nanocarriers

Nanoparticulate drug delivery systems provide controlled drug delivery for
therapeutic purposes. Nanocarriers also have the interesting properties of
prolonging the drug’s half-life, improving bioavailability, optimizing phar-
macokinetic profiles and reducing the frequency of drug administration.
Nanocarriers cover a wide category of systems, in particular, polymeric, lipid
and inorganic nanoparticles can be considered because they are the most
used types in the administration of drugs in wound healing.!

10.5.1.1 Inorganic Nanoparticles

Various inorganic nanoparticles, such as gold, silica, iron oxide and quan-
tum dots, are used as attractive drug carriers due to their characteristics of
high surface area, adjustable size with small dispersion, functionalization
and multifunctional capabilities. In particular, some nanoparticles (metal,
silver oxide, copper oxide, zinc oxide and titanium dioxide), thanks to their
high intrinsic antimicrobial activity, are considered valid alternatives for
the treatment of drug-resistant bacterial infections.””’® Gold nanoparticles,
in detail, are widely used due to their ease of synthesis, their tuneable size
and shape, their flexible surface modification, bioconjugation and tuneable
optical and electronic properties.”! In the specific case of drug administra-
tion, particles of this type act as a nucleus in which the drug is immobilized
at a high concentration per surface area. To improve wound healing, gold
nanoparticles are chosen for their property of administering antimicrobial
agents, which is very useful in the case of infected wounds. In fact, given the
small size and large surface area, these systems are able to provide a large
contact area with bacteria with the consequent destruction of the permea-
bility and respiration functions of the bacterial membranes.*** Thanks to
their high surface area, their biocompatibility and degradability even sili-
con-based nanoparticles (Si NP) are promising drug carriers. Thanks to the
highly porous structure of these silicon nanoparticles, it is possible to trap a
variety of therapeutic loads. This porous structure of these particles also has
the advantage of being able to be regulated as regards the size of the pores,
covering a range that goes from a few nanometres to a few microns.”?
Furthermore, it is possible to regulate the degradation of these particles
depending on the pore size and the chemistry, on which non-toxic silicic acid
is produced.”’* As for the type of drug that can be loaded at high efficiency, the
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best choice includes low molecular weight molecules and these loads will then
be released when the nanoparticles degrade.”’® Storage takes place inside the
pores and this position allows effective protection of the loaded drugs from
enzymatic degradation at the wound site. Silane hydrogel nanoparticles are a
type of silicon-based nanoparticles, generally used for drug delivery using the
sol-gel nanoparticle preparation process.”” Furthermore, using organic addi-
tives it is possible to manipulate the surface and the loading-release profile
of the drug within the nanoparticle.”®’”® Inorganic nanoparticles can therefore
act simultaneously as both drug carriers and therapeutic agents thanks to
their intrinsic therapeutic properties useful for wound repair.

10.5.1.2 Polymeric Nanoparticles

Polymer nanoparticles are used for drug delivery due to their biocompati-
bility, biodegradability, injectability and intracellular delivery capacity. A
further reason for their extensive use stems from the physicochemical prop-
erties of these nanoparticles, which can be precisely tailored at the molecular
level to increase drug load and control drug release.

A significant example of this type of systems are poly (lactic-co-glycolic
acid) (PLGA)-based nanoparticles, which are very interesting thanks to their
versatile degradation kinetics and controlled drug release properties. The
preparation of PLGA nanoparticles exploits the double emulsion water-
oil-water method, thus designing a product with high drug encapsulation
efficiency and with a relatively uniform size distribution. In the context of
wound healing, it is interesting to note that PLGA can act by providing lac-
tate by-products upon degradation because exogenous lactate can accelerate
angiogenesis, activation of procollagen factors and the recruitment of endo-
thelial progenitor cells into wounds.*

10.5.1.3 Lipid-based Nanocarrier Systems

Lipid-based nanoparticles are attractive for the topical treatment of skin dis-
eases because the small particle size and lipid composition of the nanopar-
ticles means that close contact between nanoparticles and wound sites can
be achieved. This approach is advantageous since it leads to an increase in
the residence time of the nanoparticles in the wound bed. Examples of these
nanoparticles are solid lipid nanoparticles (SLNs) and nanostructured lipid
carriers (NLCs). The first type of particle, in particular, shows a slower drug
release because the ordered molecular conformation and the condensed
structure that characterizes it tends to retain a part of the drug incorporated
within the lipid nucleus. This behaviour is due to the strong hydrophobic
interactions between the lipid and the drug. However, even though both
SLNs and NLCs are prepared by the emulsification—ultrasonication method,
the difference between the two nanoparticles is in the fact that the prepa-
ration of SNLs requires an organic solvent while the formulation of NLCs
uses a liquid lipid (oil). In conclusion, although the wound healing efficacy
of both SNL and NLC incorporating growth factors are similar,®’ the NLC
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formulation is often chosen over SLN because the use of organic solvents is
not required for the preparation of NLC.*?

10.5.1.4 Applications: Nanocarriers in Hydrogels

To overcome the problems of low mechanical strength, inadequate flexibil-
ity and the inability to allow long-term drug release of hydrogels, the possi-
bility of incorporating ceramic, metal and polymeric nanoparticles in both
hydrogels and electro-spun yarns has been investigated.®** In this regard,
it is also possible to encapsulate nanoparticles, such as zinc oxide, titanium
oxide and silver particles as antibacterial agents in the hydrogel scaffolds
and electrospinning in order to avoid bacterial colonization, local and inter-
nal infections and depositions of disorganized collagen.®*® Incorporating
these nanoparticles improved adhesion, function, diffusion and prolifera-
tion of fibroblasts, thus promoting wound healing.?” In addition, in the case
of incorporation of biodegradable polymeric nanoparticles, the system is
able to load, protect and modulate the release of bioactive molecules such
as growth factors, drugs and proteins. It is therefore possible to combine
polymers suitable for drug carriers or with relevant micro-characteristics so
as to be able to design scaffolds capable of meeting the various physical and
biological requirements necessary for rapid wound healing.

10.5.2 Microcarriers

Microspheres are a valid choice thanks to their excellent control of the drug
release profile, especially in the case of low burst, in cases in which intracellu-
lar release is not necessary. The main advantage of these systems lies in being
able to obtain, thanks to the encapsulation of the microsphere, a long-term
release of an effective concentration of antibiotics, thus reducing the risk of
bacterial infection.®® The microencapsulation of highly hydrolatable drugs is
also particularly useful because it improves their bioavailability at the wound
site. In addition, the administration of exogenous H,S donors also greatly
improves the angiogenesis of diabetic wound healing. An example of an H,S
donor is sodium hydrosulphide (NaHS), a highly hydrolatable compound that
begins to generate H,S during the encapsulation process when exposed to
water.? Poly (ethylene glycol) (PEG) microspheres containing vascular endo-
thelial growth factor-binding peptides (VBP) can also be cited as a significant
example for the control of wound angiogenesis, which are able to regulate
angiogenesis by varying the rate of degradation of the microspheres.’® Hence,
adjustment of the microspheres can be beneficial to improve the angiogene-
sis of the wound healing process and also to reduce scar formation.

10.6 Active Drug Delivery Systems

The traditional methods of constant passive release of drugs over time
described so far often resultin a high plasma concentration of the drug which,
being outside the therapeutic window, can cause side effects and reduce the
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effectiveness of the treatment. Passive drug control allows the system to con-
tain larger quantities of drug, always ensuring a drug concentration in the
blood within the limits of the therapeutic window. By doing so, it is possi-
ble to use the drug for a longer period of time and more efficiently.” In the
dynamic environment of wounds, it is important to ensure the correct timing
of administration of the active compounds. However, there are cases of treat-
ments for some pathophysiological complications, such as infections, which
may require the release of the drug only at the right time. Treatment of infec-
tions is done by systemic or topical administration of antibiotics once the
infection has been detected. A system is needed for treating infected wounds
that can deliver antibiotics only when needed and with the correct dosage.

This situation is achieved through the use of two types of systems: (1) sys-
tems that can be activated externally and (2) systems that respond autono-
mously to changes in physiological conditions, such as pH, temperature or
other microenvironmental changes in the tissue (Figure 10.5).

Time (min)

Figure 10.5 (a) Schematic illustration of pH triggered MB and CV release from
APBA-MG and AAc-MG, respectively. As each microgel is neutralized,
the electrostatic interactions between the microgel and the charged
molecules are diminished, and the MB and CV are released from
the microgel sequentially. (b) The release profile for a device made
of APBA-MG and AAc-MG loaded with MB and CV, respectively. The
arrows indicate the times that the solution pH was changed to 7 (at ~5
min) and 3 (at ~17 min). Two different wavelengths were monitored
(590 nm and 664 nm, for CV and MB, respectively) that correspond to
the absorbance of the two different model drugs.
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In this section only systems of the second type will be analysed. For these,
polymers are the most used materials thanks to their tuneable character,
which allows precise control over the mechanical and physico-chemical
characteristics of the material.”* Compared with passive systems, active sys-
tems have several advantages. In particular, their capacity for spatial, tem-
poral and dosage control in drug release, in addition to the fact that these
systems require a lower drug load than passive ones. This makes drug deliv-
ery therapies more efficient, cheaper and safer.”?

10.6.1 Self-responding Drug Delivery Systems

In the case of drug delivery systems, the design of systems capable of
responding to their environment and changing their state is very interest-
ing. Particularly in the wound environment, parameters such as tempera-
ture and pH are indicators of the state of the wound that change as the level
of inflammation, oxygenation and infection varies. The skin temperature
is generally between 32 °C and 34 °C; however, it can reach higher values
locally due to inflammation. The exposure to blood and body fluids follow-
ing an injury temporarily increases the local pH to about 7. This value in the
healing process will then be reduced to a slightly acidic value of 4-5. In any
case, the pH can be changed at the time of the onset of a bacterial infec-
tion.”* In infected wounds we find an extremely acidic or slightly alkaline pH
depending on the classes of bacteria and the wound environment. The pH
also depends on the oxygenation level of the wound itself. It is therefore nec-
essary to consider changes in temperature and pH in the environment in the
development of drug delivery systems. Examples of temperature sensitive
systems are thermoreactive polymers, which can be divided into two classes
based on how they respond to heat: lower critical solution temperature
polymers (LCST) and higher critical solution temperature polymers (UCST).
The first type of polymers undergo desolvation with exposure to heat, while
the second become soluble when heated.” The characteristic critical tem-
peratures, upper and lower, can be modulated thanks to factors such as the
molecular weight and the concentration of the polymer.”® An example of an
ideal range for the critical temperature is between 35 °C and 45 °C.?”%

Examples of pH-sensitive systems are ionizable polymers, which are weak
acids or bases and function thanks to the change in their ionization state
with consequent change in the conformational state of the polymer.” To
develop materials that respond to changes in both pH and temperature,
copolymers of materials reactive to both parameters have been developed
and used to design better drug delivery systems. One class of these materials
that affects wound healing is that composed of reactive systems, i.e. mate-
rials that respond to the level of chemokines and cytokines in the wound
bed.'*>!* Therefore, by using separable protease peptides that can connect
suitable drugs to the polymeric structures, it is possible to obtain the forma-
tion of polymers with a drug release rate proportional to the concentration
of the targeted chemicals.
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