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Abstract

Although superficial wounds are often easy to treat for healthy individuals, there are
some more severe types of wounds (burns, ulcers, diabetic wounds, etc.) that are a
challenge for clinicians. A good therapeutic result is based on the delivery of a treat-
ment at the right time, for the right patient. Our goal was to sum up useful knowledge
regarding wound healing and wound treatments, based on creams and hydrogels with
various active ingredients. We concluded that both preparations have application in
preventing infections and promoting healing, but their efficacy is clearly conditioned
by the type, depth, severity of the wound and patient profile. However, due to their
superior versatility and capability of maintaining the integrity and functionality of the
active ingredient, as well as it is controlled release at site, hydrogels are more suited
for incorporating different active ingredients. New wound healing devices can com-
bine smart hydrogel dressings with physical therapies to deliver a more efficient treat-

ment to patients if the indications are appropriate.

KEYWORDS

1 | INTRODUCTION

Wounds represent a “silent epidemic” among the world population,
with a great social and financial impact, affecting the quality of life of
millions of people. While acute wound management in a healthy pa-
tient is somewhat more approachable, patients with chronic wounds
can represent a real challenge in terms of wound evaluation and
management. An analysis of Medicare records showed that ~8.2 mil-
lion people suffered from acute or chronic wounds, with costs of up
to $96.8 billion.! In Europe, ~2 million people suffer from chronic
wounds, while in the United States ~2% of the total population are

estimated to be affected by chronic wounds.»? Doctors and nurses

creams, smart hydrogels, wound classification, wound dressing, wound healing

caring for patients with wounds can have a huge impact at multi-
ple levels, social, economic and personal, so it is important that they
constantly improve. Knowledge about skin physiology and function,
as well as wound healing mechanisms, can enable healthcare staff to
better care for wound suffering patients. This basic information will
allow the patient to be correctly and efficiently evaluated so that the
best treatment plan can be chosen for him. The ultimate goal is to
have the best tools for wound management that will allow medical
staff to diagnose, make a prognosis and a personalized treatment
plan. Wound healing is a dynamic process and the ability to adapt
the treatment plan to changes in the wound site or the patient's en-

vironment will have a major impact on patient's recovery and quality
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of life. Because of these, extensive studies have been carried out
on the topic of wound healing processes and wound management
devices. Hydrogel wound dressings and creams can improve healing
and have a beneficial impact on the final outcome. Smart hydrogels
enable real-time wound monitoring and can be used as a conveyance
vehicle for bioactive compounds.®*

In this review, we briefly describe the anatomy of the skin, its
functions and the physiological mechanisms of acute wound heal-
ing and we correlated this knowledge with some abnormal healing
processes that lead to chronic wounds. We also present traditional
and modern tools for wound evaluation such as clinical evaluation,
biomarkers and imaging. We discuss the use of hydrogels for wound
dressing and wound monitoring and how their unique properties
make them suitable for sustaining healing. Also, we discuss the ben-
efits of using creams and ointments and their role in wound heal-
ing and highlighted the role of each type of product in the wound
healing process based on their unique properties. Finally, we present
new wound healing devices that are based on new technologies such

as combining smart hydrogels with physical therapies.

2 | SKIN ANATOMY

The skin is the largest organ in the human body, being responsible
for approximately 16% of total body weight. The two main structural
layers that form the skin are the epidermis and the dermis, joined by
the basement membrane (Figure 1). Below these layers, there is the
subcutaneous tissue—the hypodermis, with the adipose tissue. The
epidermis is divided into five layers: the stratum corneum, stratum
lucidum, stratum granulosum, stratum spinosum and stratum basale.
Stratum lucidum is only found in thick skin. In the classical literature,
a sixth layer is also described, derived from the continuous exfo-
liation of the stratum corneum, the desquamation layer. The dermis
consists of two layers: papillary dermis (superficial) and reticular der-
mis (deep). Regarding the embryonic origin, the epidermis is derived
from the ectoderm and is colonized by keratinocytes, melanocytes
and Merkel cells originating in the neural crest and Langerhans cells
originating in the bone marrow. The dermis and the hypodermis are
derived from the mesoderm. It contains fibroblasts, collagen and
elastic fibres, proteoglycans and glycosaminoglycans, free and en-
capsulated nerve endings, Schwann cells, endothelial cells organized
in the form of vessels, pericytes, mast cells, tissue macrophages and
other cells of the immune system. Skin characteristics and proper-
ties (eg thickness, elasticity) vary depending on many parameters (eg
age, sex, anatomical Iocation).S'7

The epidermis is an avascular keratinized stratified squamous
epithelium in which there are several types of specialized cells, of
which keratinocytes are the predominant cells. Keratinocytes are
formed from stem cells in the basal layer and as they differentiate,
they become corneocytes and form the stratum corneum, a process
that lasts between 3 and 6 weeks. They synthesize many proteins,
including keratin that has a major structural role in the stratum cor-
neum. Stratum corneum also consists of cell membranes, proteins
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and complex lipids and provides a major barrier against dehydra-
tion and microbial infections. Among the epithelial cells, the basal
keratinocytes are the primary cells involved in epidermal healing
processes. Langerhans cells are dendritic antigen-presenting cells,
support the local defence of the epidermis and are involved in local
immune reactions, for example contact allergies. The epidermis, at
the level of the basal layer, is separated from the dermis by the base-
ment membrane (dermo-epidermal junction), being attached to it by
hemidesmosomes. The dermo-epidermal junction is complex and ke-
ratinocytes from the basal layer and components of the extracellular
matrix participate in its realization, including the basal lamina but
also filaments and anchoring fibrils. The dermo-epidermal junction
must be restored in the wound healing process, otherwise, there is a
risk of mechanical separation of the epidermis from the dermis, with
the appearance of bullous pathologies (blistering and sloughing).g'14

At the level of the dermis, which is a dense irregular connec-
tive tissue, there is an abundant extracellular matrix, consisting of
specialized proteins and carbohydrates. The papillary layer, which
begins at the level of the epidermal basement membrane, is mainly
populated with fibroblasts and the reticular layer contains mainly
thick collagen fibres. The dermis provides metabolic and mechani-
cal support for the epidermis due to its special structure that allows
it to maintain its integrity even in case of exposure to intense me-
chanical stress. If injuries occur, the dermis does not regenerate, at
this level a repair process takes place. Under the dermis, there is the
hypodermis which is a type of connective tissue mainly consisting
of adipocytes. This layer separates the dermis from other structures
such as fascia, muscles or bone. In the case of a skin wound, the
hypodermis does not regenerate, being replaced by scar tissue rich

in collagen.”10:1215.16

3 | SKIN FUNCTIONS

Skin functions (Figure 2) are reflected by its structural character-
istics. First of all, it is a protective barrier against the harmful envi-
ronmental factors, with an important role in maintaining the body's
homeostasis. The tight intercellular junctions and the stratum cor-
neum form the mechanical barrier. The microbiome, the chemical
and the immunological barriers also participate in the fulfilment of
the barrier function. Many proteins such as cystatin, desmoplakin
and filaggrin contribute to the achievement of this role, while the
hydrophobic layer of lipids prevents water loss. The keratinocytes
from the spinous layer produce keratohyalin granules and lamellar
bodies containing a mixture of glycosphingolipids, phospholipids and
ceramides, these lipids are released by the lamellar bodies into the
extracellular space and strengthen the barrier function of the skin.
Immune function is due to both cellular immunity (Langerhans cells
or dendritic epidermal T cells) and humoral immunity. In addition,
antimicrobial peptides that are produced by keratinocytes and by
the cells of the immune system are involved in the process of in-
flammation and wound healing and are effective on a wide range

of pathogens such as bacteria, fungi or viruses. By regulating the
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FIGURE 1 Basic anatomy of skin

temperature and the water and electrolytes losses, the skin con-
tributes to maintaining homeostasis. Endocrine function includes
vitamin D production, and exocrine function is performed by the
sebaceous and sweat glands. Through the nerve endings, the skin
also has an important sensory role. The skin has a social and cos-
metic role and allows the appreciation of the general state of health
through the general appearance, colour or turgor. In addition, due
to its permeability, the skin can be used as a means of administering
drugs, with local or systemic effect.?6%

The barrier function of the skin is influenced by many factors.
For the skin to fulfil this role, it needs to be both structurally and
metabolically intact. An important role in supporting the barrier
function of the skin is played by the pH value. At the level of the
stratum corneum, the pH varies depending on the anatomical area,
the normal values being between 4 and 5.8, while at the level of the
granular layer the pH has higher values. At the level of the groin,
axilla and between the toes, the pH is between 6 and 7.4. Changes
in the pH value outside, the physiological limits can lead to impaired
skin barrier function by altering the microbiome, lipid synthesis and
enzymatic activity. In addition, the pH alteration affects the process
of epidermal differentiation and desquamation. Local inflammatory
pathologies (eg contact dermatitis, psoriasis, acne) altered skin bar-
rier (eg dehydration), some systemic diseases (eg diabetes) lead to an
increase in skin pH, when it approaches the value of 7. The pH of the

skin can also be affected by soaps or cosmetics that are left on the
skin for a long time. Bringing the pH value to a low value, in the acid
spectrum, is a known therapeutic approach for wound treatment. In
this process, acetic acid, ascorbic acid or hyaluronic acid can be used
to control microbial colonization, influence protease activity, release
oxygen, and improve epithelialization and angiogenesis. Some prod-
ucts dedicated to skin care have buffer capacity that allows them to
adapt to local needs, beside a physiological pH value. Buffers that
adjust to a specific pH may contain citrate, phosphate or glycolate,
or a combination and influence skin integrity.24'27 The quality of in-
tercellular junctions also influences the barrier function of the skin.
These junctions form a barrier for molecules of different sizes but
also for ions, so that a poor quality affects the permeability. The
junction's formation and their effectiveness depend on the presence

of certain proteins such as cingulin, claudin or occludin.?®%°

4 | TOOLS FOR ASSESSING A PATIENT'S
WOUNDS

A wound is defined as an interruption of the skin integrity, with the
loss of its functions and the onset of healing mechanisms. Given
the heterogeneity of causes and types of wounds, as well as pa-
tients suffering from these wounds, a standardized classification
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FIGURE 2 Skin functions. The barrier function is one of the most important functions of the skin, because it maintains the body's
homeostasis and protects against pathogens, chemicals, radiation and mechanical damage

is difficult to adopt, for the medical community. Currently, clinical
evaluation is the most widely used evaluation method. It is non-
invasive, fast, with a relatively optimal cost-effectiveness ratio
and can be done both in large medical units and in the outpatient
department or at home. The clinical significance of a correct as-
sessment and classification of wounds lies in the possibility of
preventing complications but also of having a prognosis for mor-
bidity, mortality and quality of life.3! In addition, it facilitates the
establishment of a therapeutic plan and allows the medical team
to assess whether the healing takes place within normal param-
eters. Given that clinical evaluation has a high degree of subjectiv-
ism, there is great variability in wound evaluation and management.
This variability can be attributed to the lack of clinical experience
and lack of context understanding, lack of medical staff ability
to identify essential and relevant elements, lack of knowledge of
treatment options and lack of ability to properly value clinical infor-
mation.* Clinical evaluation involves medical history, clinical exami-
nation and possibly the use of wound assessment charts. History
taking provides information such as the mode of onset, duration,
possible complications or comorbidities from the patient. The clini-
cal examination of the wound is based on the visual description

and establishes the parameters such as location, size and depth
but also the evaluation of complications (tissue viability, degree of
infection). Lazarus et al. (1994) describe a systematized approach
when wound assessment and classification is needed and propose
a number of terms and indicators. After clinical evaluation, the
healthcare provider can establish three major indicators (Figure 3):
wound extension, wound burden and wound severity. The degree
and depth of tissue damage, reflected by wound extension, influ-
ences the therapeutic plan. The tissues that can be affected are the
epidermis, dermis, subcutaneous tissue, muscles / tendon fascia or
bone / viscera. Wound burden and wound severity indicate the im-
pact that the injury has on the patient. Wound severity reflects the
burden of the wound, patient-related factors and environmental
factors. Patient-related factors refer to systemic diseases, medica-
tion and demographics that can influence wound healing. These
are dynamic indicators that change over the course of the healing
process or can also change in the event of environmental or patient
changes, giving healthcare providers the opportunity to better
monitor the patient and to adapt the treatment strategy.*?

Until now, a number of paraclinical parameters have been
used to monitor and classify wounds such as microbial load, pH or
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temperature. In an attempt to have a more complete picture, in re-
cent years, a number of new paraclinical examinations have been
studied that can provide objective information about wound healing
status using biomarkers or imaging. This information is especially
useful in the context of chronic wounds. For determining these bio-
markers samples such as tissue, wound fluid or the patient's blood
can be used. The analytical methods used are immunohistochem-
istry, polymerase chain reaction (PCR), Western blot or ELISA.
Following studies, a number of markers have been associated with
an abnormal healing process including B-catenin, cytokines, matrix
metalloproteinase (MMP) / tissue inhibitors of metalloproteinases
(TIMPs) ratio, growth factors or procalcitonin.®*** Imaging meth-
ods such as magnetic resonance imaging, computer tomography or
ultrasound can objectively assess parameters such as size, depth,
vascularity, temperature or the inflammation degree. Devices are
currently being developed that can track both physical and biologi-
cal parameters in real time. The developed applications and involve-
ment of artificial intelligence increase the efficiency of these devices

but also the quality of the medical act.®’

5 | HEALING PROCESS OF ACUTE
WOUNDS

Primary wound healing, unlike secondary wound healing, involves
going through all stages of healing in an orderly and well-timed man-
ner. The ultimate goal is to restore dermo-epidermal integrity and
function. Postnatal healing has different mechanisms and outcomes
than the foetal ones.3® After the aggression, the healing process be-
gins immediately, with the four essential phases:

e Haemostasis involves vasoconstriction and platelet activation,
following their contact with the extracellular matrix and damaged
collagen fibres. The fibrin clot is formed, which is a temporary
matrix that supports cell migration.

o Inflammation with the attraction of neutrophils and monocytes
from the circulation.

e Cell proliferation involves re-epithelialization, angiogenesis and
granulation tissue formation, which is the second temporary ma-
trix rich in fibroblasts and macrophages. At this stage, the fibro-
blasts synthesize collagen and the myofibroblasts will initiate the
process of wound edges contraction.

e Remodelling and maturation are processes by which the tempo-
rary matrix is replaced with the final one, organized and rich in

mature collagen.

Each phase follows the previous one and for short periods there
are transient overlaps. Each phase lasts from a few hours to a few
months—years, depending on the wound characteristics and patient.
Platelets, neutrophils, monocytes, lymphocytes and fibroblasts are
cells involved in the healing process. They release cytokines, chemo-
kines and growth factors such as vascular endothelial growth factor
(VEGF), fibroblast growth factors (EGE), epidermal growth factor
(EGF) or insulin-like growth factor-1 (IGF-1).

In the inflammatory phase, certain molecules produced by the
injured cells (hydrogen peroxide, chemokines, lipid mediators, etc.)
have the role of recruiting inflammatory cells on site such as neu-
trophils, macrophages, dendritic cells and T cells. Neutrophils are
usually the first responders and they have an important role in
preventing wound infection, by releasing toxic granules, oxidative
stress, phagocytosis and neutrophil extracellular traps. Studies show
that the presence of macrophages at the wound site is very import-
ant, as their absence can lead to a significant neutrophil influx, and
a decrease in other wound healing processes such as angiogenesis,
collagen deposition and growth factors production and release.’

Reactive oxygen and nitrogen (ROS and RNS) species have a se-
ries of functions such as host defence, vasorelaxation, growth reg-
ulation and transcription. However, an imbalance in the amount of
ROS/RNS produced and their elimination can lead to damaged pro-
teins, lipids and even DNA. A recent study showed that the redox

Wound size

Wound extension

Wound burden

Wound depth

Wound severity

duration, edema, degree of
contamination, inflammation,

Other attributes . . E :
innervation, nutrition, oxygenation,

Factors related to host
and environment

trauma, local metabolism.

FIGURE 3 Indicators used for wound assessment during clinical evaluation
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environment of the chronic wound is quite different from the acute
wound. Chronic wounds appear to have significantly higher levels of
TNF-a, interleukin 8, vascular endothelial growth factor (VEGF) and
lactate dehydrogenase, but the level of protein carbonylation, lipid
peroxidation and tyrosine nitration was very.3®

The re-epithelization process is one of the key factors in wound
healing and is dependent on keratinocytes proliferation in the basal
layer, followed by their migration and differentiation to form the
cornified envelope. Besides keratinocytes, proteins and lipids in-
volved in the epithelization process must also be delivered on site.®?
Peripheral blood fibrocytes were shown to stimulate cell prolifer-
ation and angiogenesis in diabetic mice, by increased synthesis of
chemokines, profibrotic factors and angiogenetic factors.*°

Angiogenesis is another important step in the wound healing
process, by forming new blood vessels from preexisting ones, dis-
tribution throughout the wound site and the formation of the mi-
crovascular network. This neovascularization process is regulated by
angiogenic cytokines in the serum (vascular endothelial growth fac-
tor, angiopoietin, fibroblast growth factor and transforming growth
factor beta) and the circumferential extracellular matrix.*!

There are certain situations in which the healing phases (es-
pecially the inflammatory and proliferative phase) are altered and
result in chronic wounds. The causes are the inefficiency of cyto-
kines, growth factors, proteases such as matrix metalloproteinases
(-MMPs) or cellular and extracellular elements. A poor regulation
of certain stages of wound healing can lead to excessive storage of
collagen resulting in defective healing and the formation of abnor-
mal scars—hypertrophic or keloid. In addition, local or systemic pro-
cesses (infections, hypoxia, diabetes) can compromise proper wound

healing, with the appearance of complications and chronicity.*?44

6 | HYDROGELS FOR WOUND HEALING
APPLICATIONS

A hydrogel is a three-dimensional elastic and porous network made
of hydrophilic polymers, with a minimum water content of 10%
(usually >90%). Hydrogels are classified according to the method
of preparation, the nature of the polymers, the ionic charge or the
types of bonds between the polymer chains. Depending on the
monomers that compose the hydrogel, the way it is obtained and
the possible additives, the hydrogels have extremely varied proper-
ties. They can respond to stimuli such as temperature, pressure, pH,
ionic charge or antigens with changes in certain characteristics (e.g.,
gel-soil transition) and then, when the stimulus ceases, it can return
to its original state. Due to their remarkable properties, hydrogels
can be included in the category of "smart" materials. In the medi-
cal field, hydrogels are used for wound treatment, drug delivery, cell
therapies, tissue engineering, the manufacture of medical devices
and biosensors.**” The use of hydrogels in the therapeutic strat-
egy of patients suffering from wounds brings many benefits such as
avoiding complications, shortening the healing time of the wound,
increasing the quality of life of patients and obtaining a better
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therapeutic result. Hydrogels have properties that make them ideal
for the treatment of deep wounds, such as non-adhesiveness, mois-
ture retention, gas permeability, exudate absorption, biocompatibil-
ity and are comfortable for the patient. In addition, they resemble
dermal tissue, having extracellular matrix-like structure, they allow
cell migration and have the ability to induce partial tissue regenera-
tion. A great advantage is that the intrinsic properties of hydrogels
can be improved by adding active compounds, such as antibiotics,
nanoparticles, stem cells and growth factors (Table 1). Hydrogels
that respond to external stimuli allow controlled release of drugs or
monitoring of the healing process.>*

Many research projects are now focusing on the development of
new devices for wound management. There are some essential as-
pects that must be present in the ideal wound care system. It is very
important to maintain optimal humidity at the wound site because if
the surface becomes dry, it will be more difficult for the nutrients to
reach the area and also the immune defences of the wound surface
would become impaired, as it will take more time to reach the wound
surface. The product must be non-toxic and non-allergenic so that it
would not cause any immune response at the wound site. It is also
important not to cause any harm at the wound site following the
removal; it must be resistant to bacteria, should allow gaseous and
water vapour exchange and it should be affordable at a large scale.
Thus, one of the most used applications is the use of hydrogels for
wound treatment.*®

Hydrogels containing antibiotics are now used in several wound
conditions, because of the capacity of the hydrogel to be non-toxic,
to have high water content, high oxygen permeability, improved bio-
compatibility, ease of loading and releasing drugs, structural diver-
sity and to not cause any immune response at the wound site.*?>!

Hydrogels can be used for the delivery of stem cells to the
wound site. They are an attractive alternative as conveyance vehi-
cles, as they increment the time span that stem cells live at a wound
site. This property emerges from the capacity of certain hydrogels
to elevate cell bonds and to engage stem cells activity by supporting
the upkeep of their ordinary aggregate. These highlights are fortified
by in vitro preculture of stem cells inside hydrogels, as exhibited by
the presence of relocated cells in the wound site for periods longer
than 11 days post—transplantation.52'56

Another application of hydrogels is the delivery of bioactive
agents like heparin, hyaluronic acid or ibuprofen. The properties
needed by a good hydrogel are safety, antimicrobial resistance, drug
loading capacity and easy drug release. It must have the capacity
to maintain its properties for a long time, as some wounds would
require treatment for a long period‘57'(’4

Hydrogels used for skin substitution research is still at the begin-
ning, though some studies show promising results, Zhao et al., 2015
used a photocrosslinkable gelatin acrylamide (GelMA) that provided
keratinocyte growth, differentiation and stratification into a recon-
structed multilayered epidermis, as well as excellent cell viability
(>90%), increased cell adhesion and proliferation of hydrogel con-
centrations.®® Also, they support keratinocyte growth, differentia-
tion and stratification into a reconstructed multilayered epidermis.
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In another study, Nicholas et al., found in their study promising skin
regeneration, less macrophage infiltration and increased angiogene-
sis using a Pullulan-Gelatin hydrogel.“’67

Smart hydrogels that respond to external stimuli can be used for
monitoring wound healing, for example by incorporating a pH indi-
cator. If the site becomes infected the pH will reach a value near 7
and the colour will change (eg from yellow to red). Another use for
smart hydrogels is drug delivery according to each healing stage by
incorporating active microparticles, thus sustaining the tissue regen-
eration process by modulating inflammation, sustaining proliferative
phase and minimizing fibrosis. Moreover, depending on the wound
environment, the degradation rate of hydrogels can be modified

thus releasing more bioactive molecules.®®7?

7 | CREAMS FOR WOUND HEALING
APPLICATIONS

Creams are the most common types of delivery system used for
emollients and moisturizers. They enable a wide variety of ingredi-
ents to be quickly and conveniently delivered to the skin.

On the base of a structural and functional definition, creams
are emulsions of water in oil (oily creams) or oil in water (vanishing
creams), in which the active agent is dispersed between the oil and
water phases according to formula partition coefficient. The com-
plete definition for a “cream” is suggested as an emulsion semisolid
dosage form that contains >20% water and volatiles and/or <50%
of hydrocarbons, waxes or polyethylene glycols as the vehicle for
external application to the skin.”?

By structural characteristics, creams are opaque, viscous, ranged
from non-greasy to mildly greasy texture and tend to evaporate or
be absorbed when rubbed onto the skin. In comparison with oint-
ments, creams are significantly less greasy, less viscous, less hy-
drating and more spreadable being used for their moistening and
emollient properties.

Being a multiphase compound consisting of a lipophilic moisturiz-
ers phase and an aqueous phase, its simplest composition can imme-
diately increase in a two-phase system containing immiscible liquids,
one of which is dispersed in the other in the form of microscopic or
submicroscopic droplet, usually ranged between 1 and 100 pm.”37*
Qil-in-water creams are best suited for water-soluble drugs, while
water-in-oil creams are best suited for lipid-soluble drugs.72 QOil-in-
water creams simplest form consists of aqueous phase, hydrophobic
phase, and emulsifying agent. The colloidal structures, which are
formed from the components, not only determine the viscoelastic
properties but are also responsible for the stability of the product.”®
Creams are inherently unstable and the internal phase tends to co-
alesce with time. A surface-active agent tends to stabilize the emul-
sion by lowering the free surface energy. The degree of agitation of
the two phases determines the surface area of any given internal
phase volume, and consequently the stability of the system.

Creams offer many advantages over other preparations, permit-
ting the incorporation of aqueous and oleaginous ingredients, allowing
a greater release of many incorporated medicines (Table 2), and their
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rheological properties can be controlled. Creams are used as topical
dermatological vehicles, and their influence on drug release and ab-
sorption has been studied by many authors.”””” When a topical for-
mulation is applied to the skin surface, it is submitted to the so-called
vehicle metamorphosis changes in composition produced primarily by
evaporation of volatile components, but also by penetration of com-
ponents into the skin (water, propylene glycol) and extraction of skin
components (skin lipids). These changes may have a deep impact on
formulation characteristics; in the specific case of emulsions, phase

transitions, inversion, flocculation and coalescence can take place.78

8 | HYDROGELS VERSUS CREAMS

The response of hydrogels to different stimuli (temperature, pres-
sure, pH, ionic changes, antigens, etc.) makes them very useful when
we want to monitor the evolution of a wound or to counteract its
degeneration by factors such as abnormal proliferation or infection.
However, their high sensitivity to environmental conditions can also
lead to their degradation, before fulfiling their purpose.

Hydrogels appear to be more effective in retaining moisture and
the wound site than creams and they also allow unhindered cell mi-
gration, both being key factors in the rapid and efficient healing of a
wound. Another fact worth mentioning is that due to their polymeric
structure, they provide a better protective barrier for the wound,
compared to the lipidic layer offered by creams.

As mentioned previously, studies show that hydrogels can protect
stem cells and deliver them to the wound site, this finding suggests
great versatility in terms of active ingredients that can be incorporated
and maintained functional for extended periods of time. Maintaining
the active ingredient integrity and functionality is crucial, but con-
trolled release is also very important in the treatment of severe lesions.

Although creams do not appear to have the same versatility as
hydrogels, they have their own advantages, for instance, due to their
basic composition, they offer the possibility of incorporating not
only water-soluble ingredients, but also lipid-soluble drugs.

Both hydrogels and creams have advantages and disadvantages,
and their efficacy in treating different wounds is closely related to
their type, depth and severity (Figure 4). For instance, Waycaster
and al. (2014), have shown that patients suffering from pressure
ulcer, treated with enzymatic debridement using an ointment with
clostridial collagenase, presented improved healing, in terms of
wound surface reduction and epithelization, compared to an auto-
lytic debridement with a hydrogel dressing.®’

Another interesting study showed that a honey-based hydrogel
was not only efficient in preventing bacterial infection, but was also
significantly more efficient in healing burn-induced wounds in mice,
compared to a commercially available product.®® Increased effi-
ciency in controlling bacterial infection of burn wounds was also re-
ported for an alginate hydrogel, with incorporated antibiotics, when
compared to controls such as commercial creams, blank hydrogel,
empty PWD and even intravenous antibiotic.®’

Silver sulphadiazine-based hydrogels were shown to have en-
hanced antimicrobial activity as opposed to commercially available
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creams and promoted faster wound healing (8 days instead of 12),
with complete angiogenesis and re-epithelization.”®

The antimicrobial properties of silver nanoparticles are well
known, but their use in wound treatment was restricted by intrinsic
cytotoxic effects that reflected in skin staining, irritation and burn-
ing at wound site. Using a mix of sericin and chitosan-capped silver
nanoparticles, scientists were able to develop an efficient wound
dressing, with excellent wound healing and antimicrobial properties.”*

Based on all the current available data, resulted from a series
of worldwide experiments, we could assume that the ideal wound
dressing would have to meet many requirements, such as no toxicity,
great stability, capability of wound isolation from external factors,
protection for the active ingredients and controlled release at site,
versatility in terms of incorporated substances. Also, the active in-
gredients should be selected mainly by their ability to stimulate the
body's intrinsic repair capacity and antimicrobial protection. Among
these nutrients are as follows: calcium, vitamin C, which promote
keratinocytes differentiation; ceramide for skin fortification and
natural moisturizing; glucose as an energy source for cellular pro-
liferation and keratinocytes differentiation; vitamins such as retinol
and riboflavin, that also promote cellular growth and differentiation;

Vitamin D which stimulates antimicrobial protection.

9 | TREATMENT OPTIONS THAT
PROMOTE WOUND HEALING WHEN USED
IN COMBINATION WITH HYDROGELS AND
CREAMS

A study published in 2020 demonstrated the beneficial effect of
carbon photon therapy, combined with a hydrogel dressing on the

wound microenvironment, in a full-thickness wound rat model.

Response to stimuli:
temperature, pH,
pressure, antigens, etc.

Retain moisture

Protective barrier

effect \

Carbon photons have been shown to produce thermal and photo-
chemical effects, with improved microcirculation, while the hydrogel
dressing had a protective effect on the wound, increased skin regen-
eration and minimized the drying effect of carbon light therapy.92
In another study, a hydrogel dressing combined with low-level laser
therapy showed reduction of scarring tissue, improved wound con-
traction and modulation of the inflammation process.”

A recent approach for wound healing used a microcurrent de-
vice, composed of silver and zinc nanoparticles and a medical cot-
ton cushion. The mixture of silver and zinc nanoparticles was then
sprayed on one side of the cotton cushion, while the other side was
covered with a thin film, in order to retain moisture and allow gas
exchange. The results revealed reduced cytokine expression and an
increase in the levels of EGF and VEGF factors that promote angio-
genesis and growth of keratinocytes‘94 Because of their moisture-
retaining properties and gas permeability, hydrogels could be used
in association with the microcurrent technology, in order to improve
their beneficial effects. To improve wound healing by modulating
local microenvironment researchers developed a Chitosan-Vaseline®
gauze combined with a flexible electrical stimulation device. Results
showed that high voltage monophasic pulsed current increased vas-
cular endothelial growth factor levels, promoted cell migration and
proliferation and decreased scar tissue formation.”®

Another promising alternative is the on-site production of
CXCL12 (C-X-C Motif Chemokine Ligand 12) by lactic acid bacteria,
which was shown to increase dermal cells and macrophages prolif-
eration and higher values of TGF-f, which manifested in a higher
wound closure rate.”® These modified bacterial cells could be em-
bedded in custom designed creams or hydrogels for the optimum
delivery and controlled release of CXCL12 on site. In another study,
a biologic gel containing Synechococcus elongatus, a bacteria that

can provide oxygen via photosynthesis to ischaemic tissue, was used

Can incorporate
hydrophilic and lipophilic

dotiveisubstances Rapidly absorbed in

the skin

h A | Good stability A
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FIGURE 4 Specific properties of creams (right) and hydrogels (left) that can be both beneficial and detrimental, depending on the wound

type
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in a rat model with peripheral arterial disease to treat skin wounds.
The results showed that healing time was reduced compared to con-
trol groups and that none had positive blood culture, indicating that
the bacteria did not passed the biological barrier.””

The transduction of four transcription factors involved in cell dif-
ferentiation has been proven to trick mesenchymal cells into becom-
ing epithelial cells, thus accelerating the wound healing process. In
order to assess the efficacy of the DGTM factors (DNP63A, GRHL2,
TFAP2A and MYC), in vivo researchers used an adenovirus (AAV)
and the green fluorescent protein (GFP). To further improve the
clinical relevance of the designed therapy, they enhanced the AAV-
GFP complex delivery by incorporating it into a collagen gel. Results
showed that by using the collagen gel both GFP expression and AAV
copy number in the ulcer tissue were increased and the overall effi-
cacy of the AAV system was improved.98 An adult kidney 2 human
(HK2) cell line, with epithelial morphology, was used to obtain neph-
ron progenitor cells using 15 different transcriptional factors.””
Besides integration, transcription factors can also be transported via
non-integrating methods, such as chemical or physical ones.*®°

The new trend in wound therapy is the development of all-in-
one patches, with the ability to monitor wound status and also at-
site release of the optimal amount of active compounds. Pang et al,
developed a flexible electronics-integrated wound dressing with a
double layer. One layer contains the electronic part encapsulated in
polydimethylsiloxane with a temperature sensor and UV light emit-
ting diodes, while the other layer is a UV-responsive antibacterial
hydrogel. The purpose of the “intelligent patch” is the detection of
infection in its early stages and the controlled release of antibiotics
on-site, in order to prevent complications.’°?

Another interesting device for wound monitoring and con-
trolled drug release was developed using a silk fibroin microneedle
structure, with a temperature-responsive hydrogel made from N-
isopropylacrylamide (NIPAM) and opal photonic crystals. This new
intelligent dressing allowed the monitoring of multiple inflammatory
factors and wound motion (such as stretching) and the controlled re-
lease of drugs, which lead to a faster recovery rate in diabetic mice.'%?

Skin-wound therapy can also be revolutionized by next-
generation technology such as four-dimensional (4D) printing.
Evidence of developing trachea mimetic tissue was already offered
by a recent study. To obtain a tissue similar to that of the trachea, the
base layer of hydrogel sheet was made of human turbinate-derived
stem cells (hnTBSCs) and the patterned layer contained human chon-
drocytes for the hyaline cartilage ring. The 4D-bioprinted hydrogels
that were implanted into a rabbit with damaged trachea has excel-
lent shape-morphing controllability, reliability and biocompatibility.
Also, the implantation of the obtained tissue in the host trachea de-
termined the formation of both epithelium and cartilage.**®

10 | CONCLUSIONS

Both creams and hydrogels have proven efficient in prevent-
ing wound infection and stimulating cell proliferation, growth and
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differentiation, but their efficacy is clearly conditioned by the
type, depth, severity of the wound and the patient's health status.
Hydrogels appear to be more suited for the development of the
ideal wound dressing, due to their many beneficial properties and
versatility. The development of dressings that could suit all types
of wounds is still very difficult to imagine, and the secret of ther-
apeutic success of patients with wounds lies in the knowledge of
medical staff about the pathophysiology of wounds and treatment
options. Development of new technologies and increased access to
them in medical practice bring new treatment resources for patients
but their successful use requires a good knowledge of therapeutic
indications. Researchers in the field can develop intelligent devices
that allow both wound monitoring and the delivery of biologically
active substances. In addition, due to technological advancement,
smart dressings can combine physical therapies that use the benefi-
cial effects of electrical simulation or photons. These devices have
the potential to increase patient compliance and improve therapeu-
tic outcome if used at the right time to the right patient.
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