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Abstract: Wound management represents a well-known continuous challenge and concern of the
global healthcare systems worldwide. The challenge is on the one hand related to the accurate
diagnosis, and on the other hand to establishing an effective treatment plan and choosing appropriate
wound care products in order to maximize the healing outcome and minimize the financial cost. The
market of wound dressings is a dynamic field which grows and evolves continuously as a result
of extensive research on developing versatile formulations with innovative properties. Hydrogels
are one of the most attractive wound care products which, in many aspects, are considered ideal for
wound treatment and are widely exploited for extension of their advantages in healing process. Smart
hydrogels (SHs) offer the opportunities of the modulation physico-chemical properties of hydrogels
in response to external stimuli (light, pressure, pH variations, magnetic/electric field, etc.) in order to
achieve innovative behavior of their three-dimensional matrix (gel-sol transitions, self-healing and
self-adapting abilities, controlled release of drugs). The SHs response to different triggers depends
on their composition, cross-linking method, and manufacturing process approach. Both native or
functionalized natural and synthetic polymers may be used to develop stimuli-responsive matrices,
while the mandatory characteristics of hydrogels (biocompatibility, water permeability, bioadhesion)
are preserved. In this review, we briefly present the physiopathology and healing mechanisms
of chronic wounds, as well as current therapeutic approaches. The rational of using traditional
hydrogels and SHs in wound healing, as well as the current research directions for developing SHs
with innovative features, are addressed and discussed along with their limitations and perspectives
in industrial-scale manufacturing.

Keywords: wound healing; wounds assessment tools; biopolymers; smart hydrogels; stimuli-responsive

1. Introduction

Wounds are injuries which occur when sudden, rash, and mostly unexpected accidents
affect the integrity of skin. The injury may result from different causes such as cuts, crushes,
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thermal/radiation burns, or surgical events, and could be extended from superficial dam-
ages, which affect only the skin’s layers, to deep tissues (muscles, nerves, and blood vessels)
destruction [1]. The main concern in wounds management is the high risk for chronicity.
Among the patients hospitalized for acute conditions, 25-50% present or develop wounds
during hospitalization, with high risk of infection and chronicity [2]. The rate of infection
of surgical incisions is 3-4% and causes an 5% additional increase in mortality [3,4].

It is estimated that 2% of the population in developed countries suffer from a chronic
wound during their lifetime [5]. In Europe, according to the European Wound Management
Association (EWMA), the prevalence of chronic wounds is 3-4/1000 (1.5-2.0 million out of
491 million inhabitants), the incidence being 4 million patients/year [6,7]. Patients suffering
from chronic wounds may experience continuous pain, loss of mobility and functionality,
increased stress level, social isolation, depression, anxiety, prolonged hospitalizations,
impairment of work capacity, and negative financial impact. Moreover, if chronic wounds
are located in the lower limbs (e.g., diabetic foot ulcer), amputation occurs in 85% of
patients [8] and the mortality rate increases to 40% after 5 years [9].

Currently, a wide range of pharmaceutical products such as creams, gels, ointments,
powders, pastes, and patches, with healing, antimicrobial, and /or moisturizing effects are
available for wound management. The medical approach of wound care must be correlated
with patients” individual reactivity and preferences in order to maximize the treatment
compliance.

2. Pathophysiology of Wound Healing

Immediately after injury, a cascade of physiological reactions is triggered in order
to restore the physical and functional integrity of the affected area [10]. Wound healing
involves four steps: hemostasis, inflammation, proliferation, and remodeling (Figure 1).
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Figure 1. The phases of the wound healing process.

As a result of the inflammatory and hemostasis phases, release of cytokines, growth
factors, and migration of leukocytes (in the first 2-5 days), phagocytosis and debride-
ment (late inflammation), and vasoconstriction, platelet aggregation, and coagulation are
occur [11].

The proliferative phase lasts between 2 days and 3 weeks and includes the following:
granulation (fibroblasts fill the defect with collagen fibers; new blood vessels are formed);
contraction (collagen fibers are reorganized, the edges of the wound come closer to each
other, reducing the size of the defect), and epithelialization (epithelial cells proliferate,
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covering the defect). If adequate tissue oxygenation is not achieved, the fibroblast function
and angiogenesis are disrupted and the healing process is impaired [11].

The remodeling phase continues after the proliferative phase for up to 2 years, when
new, thicker collagen fibers, oriented in the direction of the force lines, are formed. The
extracellular matrix is in a remodeling process and the activity of metalloproteases is
increased. Epithelial cells and fibroblasts enter apoptosis and the scar that is formed at the
end of this phase assures up to 80% of the strength of the original tissue [12].

The ability of the body to restore its homeostasis after a traumatic event depends on
maintaining the balance between the endogenous substances and the cells that mediate
the healing process. Any inconsistency between the physiological parameters can cause
the disruption, prolongation, or complication of the healing phases through infection,
chronicity, and expansion of the injured tissue [5,10]. The healing process is influenced
by several factors such as mass index body, local anatomy, associated medication, infec-
tion, dysmetabolism, and patient compliance. In addition, the associated comorbidities
(diabetes mellitus, high blood pressure, obesity, autoimmune diseases, peripheral vascular
dysfunctions) interfere with healing physiological process and can impact the outcome of
the treatment [13].

The common characteristic of chronic wounds is a persistent inflammatory phase,
which is responsible for reducing phagocytic capacity and bactericidal effect, as well as
increasing cellular and microbial residues at the site of aggression, which delays the re-
epithelialization process [14]. Thus, if the healing of acute wounds is completed within
3 weeks [2], for chronic wounds the healing ranges between 1-3 months, affecting the
normal recovery of the affected area [2,3].

The Wound Healing Foundation (WHF) classifies chronic wounds in several categories,
depending on their etiology: pressure ulcers, venous ulcers, diabetic ulcers, and arterial
insufficiency ulcers as well as radiation, surgical, and infectious wounds (Figure 2).
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Figure 2. The most common chronic wounds, according to WHF classification.

3. Wounds Care Management Protocol

Given the diversity of causes, types of wounds, and the individual characteristics of
patients, wound management is difficult to standardize. However, it is imperative that this
process be carried out as objectively as possible, so that the established treatment protocol
can be effective. The treatment should be closely related to type of wound and its healing
phase and in correlation with the patient’s comorbidity. Thus, a detailed anamnesis about
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the time of the wound appearance, previous treatments and therapies, the evolution until
presentation in the medical unit, the associated diseases and their treatments, and other
relevant information for the patient’s status (e.g., nutritional screening) should be noted. It
is also important to know that an impaired wound may favor the appearance of systemic
pathologies, which trigger a vicious circle for the healing process [4]

The evaluation of a wound is primarily based on visual observation which emphasizes
the location, size, and depth of the wound, drainage, and the type of tissue in the injured
area. Secondly, the wounds must be evaluated for microbial loading. The commonly known
signs of infection such as erythema, edema, pain, and fever may not always be present [15].

Two mnemonics are recommended for infected chronic wound identification NERDS,
with 73% sensitivity and 80.5% specificity when three criteria are met, and STONEES, which
has 90% sensitivity and 69.4% specificity when at least three signs are observed (Figure 3).
When NERDS criteria are met, biofilm is present or the wound is critically colonized. If the
STONEES are observed, then the chronic wound is infected [16,17].
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Size increasing
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Figure 3. Mnemonics for clinical assessment and differential diagnostic between infected and biofilm-
colonized chronic wounds.

The quantitative determination of the microbial load of a chronic wound is recom-
mended to be performed by biopsy and a positive result means more than 100,000 colony
forming units. Sometimes, even with the best care, some acute or chronic wounds do
not respondto the treatment properly. In these cases, no sign of healing is seen even after
six weeks of treatment and the physicians call them atypical wounds. These wounds
could have a variety of etiologies, such as metabolic, genetic, malignant, infectious, and
inflammatory [17].

To support the medical healthcare professionals, the TIMES acronym was imple-
mented two decades ago, and it is still used (Figure 4). It standardizes the indicators used
in wound evaluation and gives information to establish a treatment plan [18].

The first step in wound care is debridement, which consists in the removal of non-
viable and dead cells and/or tissue. Studies showed that after perseverant debridement,
the time healing of chronic wounds is halved [18]. In a cohort study of 154,664 patients
with more than 300,000 wounds, for which the debridement was made at least once a week,
an overall healing rate of 70.8% was reported [19].

The removing of biofilm is also important, even more than debridement, because it
causes the blocking of the healing process in the inflammatory phase [20]. According to the
National Institute of Health (NIH), biofilms are responsible for 80% of infections in chronic
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Figure 4. TIMES concept for evaluation of critical parameters during wound healing phases.

Moreover, the reestablishment of the moisture balance is mandatory. When the optimal
moisture is achieved, the risk of microbial colonization is lower and the healing process is
accelerated, in both acute and chronic wounds [11,12]. For a draining or a dry wound, the
optimal moistness is reach by applying a proper dressing. This prevents the desiccation of
a wound’s bed andholds the appropriate moisture in order to accelerate the proliferation
and remodeling phases [21,22].

The appropriate wound treatment is established in accordance with the principles
of the TIMES protocol. Thus, the debridement, medical or surgical control of persistent
inflammation, application of dressings (including negative pressure), protection of sur-
rounding skin with dressing, and appropriate emollients will be decided upon according
to the TIMES principles [12,23,24].

The Triangle of Wound Assessment recommends to extent the TIMES concept beyond
wounds’ edges and outlines the importance of inspecting three zones in the affected area:
wound edge, wound bed, and periwound area. For the wound bed and edge, the evaluation
is similar to the TIMES guideline. The examination of the periwound area gives information
on skin status around the affected area such as presence of maceration, excoriation, dry
skin, hyperkeratosis, callus, and /or eczema [25,26]. Keeping the skin around the wound in
a healthy state is crucial for reducing the extension of the affected area and to shorten the
healing time.

The best practice statement of Effective Exudate Management (EEM) was published in
2013 to help healthcare professionals in the assessment of exudate color, odor, and viscosity,
in order to select the proper dressing. The guideline was focused on the understanding
of the exudate role in the healing process and how its characteristic should vary based on
inflammation, capillary breakage, microbial colonization, and protein content [27].

The Pressure Ulcer Scale of Healing (PUSH) is often used to assess the evolution of
pressure ulcers over time in terms of dimensions of affected area, exudate amount, and
tissue type. This tool has a high accuracy; it is very fast and reliable, being validated by the
National Pressure Ulcer Advisory Panel [28].

4. Wound Care Treatment Approaches

A proper wound care treatment should correlate a systemic approach with topical
treatment and adequate nutritional support to assure the success of healing. Systemic
treatment mainly targets comorbidity or septicemia risk, while topical treatment focuses
on modulation of molecular reactions which occur in pathophysiological pathways on the
damaged area. The final scope of topical approach is the restoration of skin integrity with
minimum scar damages (as fibrosis, hypertrophies, keloids, red fibrous lesions, contrac-
tures) [19].
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Wound dressings have evolved over time, from clay tablets (2500BC) and cotton gauze
(manufactured for the first time in 1891) to modern dressings, whose development began
with proving (in 1948) the beneficial effect of a moist chamber for venous ulcers. Nowadays,
dressings include more than 2000 pharmaceuticals products, from topical creams, gels, and
ointments, to sophisticated medical devices such as bacteria-killing lasers and 3D steam
cells printers [19,29]. Approximately 30% of the wound care products market is held by
wounds cleansers, followed by the dressings segment [30].

An optimal wound dressing requires a balance between its benefits, safety for the pa-
tient, and cost-effectiveness. The ideal wound dressing should be biocompatible, biodegrad-
able, and have the optimal permeability for water vapor to ensure and maintain a favorable
environment during the entire healing process [31]. In addition, it should fit perfectly to
the wound'’s shape, but not be adherent to the wound surface, ensure protection from mi-
crobial contamination, mechanical, and thermal stress, and should optimize moisture in the
injured area [32]. The topical treatment for chronic wounds raises substantial costs for the
healthcare system. The global annual average financial burden is estimated to rise to almost
USD 100 billion per year. For example, in UK, the average cost per year is GBP 5.3 billion,
which is comparable with the average 5 billion GBP/year for obesity managing, according
to the National Institute for Health and Care Excellence (NICE) [24,33]. In addition, in the
USA, where there are approximately 6.5 million patients diagnosed with chronic wounds,
the cost on the health system is approximately 25 billion USD/year [6,7].

Wound dressings are divided intotraditional or conventionaldressings (such as cotton
gauze, bandages, lint, plasters) and modern multifunctional dressings (such as foams,
films, hydrocolloids, hydrogels, nanocomposites) [10,32,34]. Conventional dressings are
known as passive wound dressings and are useful to cover and stabilize modern dressings.
The latter dressings are defined as interactive products which modulate the entire healing
cascade by controlling the damaged tissue microenvironment (moisture, temperature,
pH), stimulating the granulation and reepithelization processes, and inhibiting microbial
growth [35,36].

4.1. Hydrogels as Modern Wound Dressings

Hydrogels were documented for the first time in 1960, when Wicherke and Lim pre-
pared a gel based on hydroxymethylacrylate for medical application [37]. Nowadays,
hydrogels still fascinate biomedical researchers, having applications in tissue engineer-
ing (bone, cartilage, and muscles), cell growth, wound healing, controlled drug release,
biosensors, and medical devices [34,38,39]. Hydrogels are defined as three-dimensional
(3D) hydrophilic polymer networks capable of encapsulating large amounts of water or
biological fluids. As a result of their hydrophilic character, oxygen permeability, ability of
diffusion, cell and molecules adhesion, and ease of use, hydrogels demonstrate important
beneficial effects for wound care [34,40].

In many aspects, hydrogels are considered ideal wound dressings because they mimic
the skin structure, promoting the growth factor synthesis and autolysis process. Moreover,
their ability to incorporate and release a wide variety of active pharmaceutical ingredients
(APIs) makes hydrogels suitable for the management of draining painful wounds, radiation
wounds, minor burns, or dry wounds [37].

Over time, extensive research has led to numerous types of hydrogels with varied
physico-chemical properties according to several criteria. The main categories of hydrogels
(Figure 5) were established according to the raw materials sources and polymeric compo-
sition, physico-chemical properties, release conditions of the APIs embedded in the 3D
matrix, and other properties [34,37,41,42].

Hydrogels have several advantages, such as the following:3D structure, similar to
the extracellular matrix, which plays a key role in cell proliferation, debridement, and
exchange of vital substances for epidermal cells; hydrophilicity, associated with hydrophilic
groups of the polymer matrix: NH,, -COOH, -OH, -CONH,, -CONH-, and -SO3;H; water
absorption capacity, due the porosity degree; high degree of flexibility similar to human
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tissue, due the water content; biodegradability and biocompatibility [43,44]. Along with
the positive aspects, some drawbacks reduce the applicability of hydrogels in medical
practice. These include poor mechanical stability, high risk for microbial contamination
(except chitosan-based hydrogels), toxicity potential, degradation, and variable release
profiles of embedded APIs [44,45].

Source Composition ‘ ’ Cross-linking ‘ ‘ Structure ‘ ‘ %ﬁ;ﬁgg:l
- naturals | homoplymers o physical || amorphous | non-ionic
. . crystaline/ cationic/
syntetics | | co-polymers | | chemical L semierystiine | | A
. . . . . amphoteric/
semisyntetics multi-mers enzymatic coloidale e
| Typelof APIs |  Physical Stimuli \ Degradability | Porosity
[ release | properties response
L time dependent conventional ‘ L physical bies del-;g:iable - nanogels
chemical ¢ Rl biod dabl microgels
| timulated smar chemic iodegradable
hysical |
P ysic biochemical macrogels
L induced L L

Figure 5. Hydrogels classification, based on polymers characteristics and technological manufactur-
ing process criteria.

The mechanical properties of hydrogels are closely related to several factors, such as
the cross-linking method, polymer type, ratio of polymer: cross-linking agent, structure of
the embedded APIs, and storage conditions [46]. An indicator of mechanical stability of
hydrogel is viscosity, which decreases over time, because its 3D structure is affected through
degradation reactions (oxidation, reduction, hydrolysis, free radical interactions) [47].
Hydrogels based on covalent interactions are more stable compared to hydrogels based
on hydrogen bonds or physical interactions [48]. Innovative hydrogels, based on dynamic
covalent bonds (dynamic Schiff bases), combine excellent stability over time with a versatile
stress behavior [49]. The dynamic covalent bonds break when shear forces (injection,
application) are applied or in presence of stressful stimuli (variations in pH, temperature,
electric/magnetic field), without breaking of the hydrogel’s backbone. When the stress
conditions are removed, the hydrogels partially or totally recover their 3D structure and
mechanical performance [49-51].

The high water content of hydrogels provides a proper environment for microbial
contamination (e.g., Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, Candida
albicans), which can delay the healing process [46]. Moreover, microbial contamination
causes changes in the aspects of hydrogels (color, smell) and negatively influences their
mechanical stability [43]. In order to reduce the risk of contamination, different materials
with antimicrobial effects (polymers, cross-linking agents, APIs, preservatives) or different
cross-linking methods were used. For example, 3D matrices obtained through Schiff bases
dynamic bonds have proven antifungal and antibacterial properties [50,52].

The aldehydes and epoxide compounds, used as cross-linking agents, lead to hy-
drogels with excellent mechanical stability, but the by-products as well as the unreacted
compoundsshow high toxicity, such as genotoxicity, cytotoxicity, or carcinogenicity [53].
Moreover, these compounds may affect the healing process by extending the inflammatory
phase [53-55].
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In order to improve the kinetics release of APIs embedded in the 3D polymer matrix,
different types of carriers (nanoparticles, nanospheres, nanofibers, liposomes, microparti-
cles) are combined with novel cross-linking methods [56,57].

4.2. Smart Hydrogels as Innovative Wound Dressings

Extensive researchhas expanded the functional roles of hydrogels to smart materials
that not only protect the wounds but have the ability to influence all phases of the healing
process. The concept of smart was mentioned for the first time in 1949 by Kunh et al., in
their research on polyacrylic acid 3D networks, capable of mimicking muscle contractions
under acidic conditions and absorbing huge quantities of water when alkaline substances
were added [58].

According to PubMed and Science Direct databases, in the last two decades, the
amount of research on smart materials for biomedical fields has increased year by year,
summing up to 8500 reviews and original articles in 2022, including more than 3600 on
smart hydrogels (SHs) dedicated to wound care management (Figure 6).
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Figure 6. The articles relating to SHs from PubMed (a) and Science Direct (b) databases.

In wounds approach, SHs bring some important benefits such as shortenedhealing
time and improved complication prevention, which lead to better results and increased
quality of life for the patients [38,40,59].

Both natural and semi-synthetic/synthetic polymers may be successfully used for SHs
formulation, using physical or chemical gelation methods [36].

Among the most widely used chemical cross-linking methods are Schiff-base reactions,
Michael addition reactions, free-radical polymerization of end-functionalized macromers,
high-energy radiation, and enzymatic reactions [55]. Chemical cross-linking results in
highly stable structures, with process controllable features such as time gelation, degree
of cross-linking, and pore size and pore density of the matrices [41]. The main drawback
of these methods is toxicity risk, due the by-products resulting from cross-linking reac-
tions [53]. In addition, the cross-linkers may interact with bioactive components (cells,
pharmaceutical active proteins—enzymes, hormones, growth factors) embedded in the
hydrogel matrix and affect their therapeutic target [55].

Physical cross-linking involves weak interactions such as hydrogen bonds, van der
Waals forces, ionic and hydrophobic interactions, crystallizations, chain entanglements
and coordination bonds, protein interactions, and freezing-thawing and heating/cooling
cycles [41]. The main limitation of these methods results from gelation reversibility under a
wide range of conditions which may be modulate in favor of targeted applications of the
final product, or, on the contrary, may induce stability problem over time [55].

Moreover, 3D and 4D bioprinting technics (ink writing, digital light synthesis/ process-
ing, stereolithography, fused deposition modeling) were tested for the manufacturing of
SHs with excellent mechanical properties (deformability, flexibility). The low productivity
due to slow speed of printing, restrictions due the biopolymers stability to heating, and
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expensive equipment are drawbacks that needs to be addressed before implementing these
methods on a microscale and industrial scale production of SHs via 3D /4D printing [60].

The target of multifunctional SHs in wound care is to overcome the drawbacks of
traditional hydrogels and to improve their therapeutic performance using the ability to
reversibly modify their 3D structure in response to one or more external stimuli [61]. The
comparative characteristics of traditional hydrogels versus SHs relevant for manufacturing
and performance of wound care products are summarized in the Table 1

Table 1. The relevant particularities of traditional hydrogels versus SHs, designed for wound healing.

Traditional Hydrogels SHs References
Protection of the damaged area to external factors Enhanced protection of the dan’lz‘:lged area due the [36,43]
self-adapting ability
Provide moisture of the wound bed depending on =~ Dynamic and interactive control of moisture, based
hydrogel composition without regarding on wound on responsive behavior to wound condition [42,62]
conditions (dry, wet) (exudate, pH) or external triggers (pressure, light)
Frequent changing during treatment The need of dress.mg changes may be ?edua.e(?l and [12,61]
adapted to patient and wound particularities
Strong ac.lh.e51.v e properties with discomfort and Excellent adhesive properties with intimate contact
secondary injuries when they are removed or lack of . .
. . L. . to the wound bed and easiness remove without [63-65]
adhesive properties with inadequate contact with . .
. damages or discomfort for patient
the damaged tissue
. . Efficient protection to microorganism growth
Low or no protection against - s L
. ) L2 through polymers characteristics, cross-linking [60,64]
microbial contamination X .
methods, and manufacturing design
No effect on physiological mechanisms of Promote, accelerate, and modulate the endogenous [35,46]
healing process mediators on wound site !
A wide variety of APIs (chemical and bioactive
A limited number of APIs (most water-stable) could molecules) could be embedded using versatile
. . . . . [45,59]
be embedded into 3D matrix carriers (vesicles, liposomes,
niosomes, nanoparticles)
Passive release of APIs. Controllable r.eleas.e of API ’fhrough endogenous or [46,66]
exogenous stimuli, depending on wound changes
No possibility to evaluate the wound condition Possibilities to real-time monitor the healing [59,67]
during treatment of wound ’
Low cost of production, simple design, robust Challenging manufacturing process, difficulties to [61,68]
manufacturing at industrial scale reproduce the quality attributes from batch to batch !
Safe raw materials with well-established New. §ynthetlzed raw materlals o modlf.1e.d from
. traditional sources which may raise stability and [39,55]
characteristics for human use .
safety issues
Simple to use, easy to apply Requires training of the patient and /or medical staff [38,42]

4.3. Stimuli-Responsive Hydrogels

Depending on the nature of the gelling agents and the manufacturing method, the hy-
drogels respond to different physical (temperature, light, pressure, ultrasounds, exposure to
magnetic and electric fields) or chemical/biochemical stimuli (pH variations, chemicals like
reactive oxygen species, glucides, enzymes, antigens, ionic charge, solvents). Depending
on their sources, the stimuli are also divided into endogenous or exogenous stimuli [39].
Endogenous stimuli result from physiological reactions or from pathological pathways:
(i) presence of glucose, enzymes, and ions in the human body, (ii) pH variations in blood
and exudates as result of infections, (iii) generation of reactive oxygen species in damages
tissues. Exogenous stimuli (temperature, light, magnetic/electric field, ultrasounds, pres-
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Figure 7. Stimuli that enhance the performance of SHs on the wound healing process.

Based on stimuli action, several changes in physical state and/or chemical properties
such as gel-soil transition, sequential deformations, shape adapting, viscosity variations,
conductivity, hydrophilicity, and degradation are produced [69]. These changes are trans-
lated into beneficial effects in medical applications such as modulation of drug release
kinetics, in situ gelation, enhancing biocompatibility and over-time stability, and over-
stress recovery ability. Once the stimuli are removed, the 3D networks may return to
their original state, acting as smart materials with applications in tissue engineering and
regenerative medicine, biosensors, drug delivery/stem cells systems, contact lenses, and
implants [59,62]. In addition, SHs are able to adapt to the wound shape for a perfect fit
on the affected area, which means that the damaged tissue has an intimate contact with
healing care products [70,71].

The SHs may respond to one or more stimuli, which endows the product with gradually
modified behavior correlated to spatial-temporal changes in each phase of wound healing.

4.3.1. Physical Stimuli-Responsive Hydrogels
Temperature-Responsive Hydrogels

Hydrogels based on natural/semi-synthetic/synthetic polymers (CS, methylcellulose,
gelan gum, poloxamers, polyethylenglycol (PEG), poly(N-isopropylacrylamide) (PNIPA),
poly(vinyl alcohol) (PVA), poly(N-vinylcaprolactam) and their derivatives) respond to tem-
perature variations with sol-gel transitions due to thermal disturbance of the pre-existing
equilibrium between the hydrophilic and hydrophobic units in the 3D networks [35,39].
These hydrogels, which mimic the extracellular matrix, can be easily functionalized with
bioactive molecules, and may exhibit a controlled degradation rate [36].

In the wound recovery process, temperature plays a critical role in the reactions
occurring in the affected area. A temperature around 37.8 °C is desired for optimal healing
and deviations of £2.2 °C indicate an ischemic or inflammatory process, which leads to
tissue deterioration. The temperature-responsive hydrogels must undergo sol-gel transition
at physiological temperature in order to be suitable for wound care.

A catechol modified quaternized CS, poly-lactic acid (PLA), and PEG were used as
gelling agents to develop temperature responsive injectable hydrogels. The modified CS en-
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dowed the hydrogel with antibacterial properties and wet-tissue-adhesiveness. In addition,
the functionalized CS lowered the gelation point to 32 °C, near the physiological value.
The in vivo study showed that the thermosensitive hydrogel properly seals the wound
area and promotesaccelerated healing [72]. Because thermo-responsive hydrogels behavior
only lies on the amphiphilic properties of the polymers” backbones, these formulations
are considered non-toxic, cost-effective, and easy obtained. However, in absence of a
cross-linker agent, the stability overtime may be limited.

A thermosensitive wound dressing was obtained from combination of CS with Pluronic
P123 (a triblock symmetric poloxamer) and gelatin, which was loaded with curcumin for its
antioxidant and anti-inflammatory effects. At temperatures higher than 30 °C, it undergoes
a sol—gel transition, depending on gelatin concentrations, and gradually releases the cur-
cumin on the wound site. An in vivo wound model revealed that the hydrogel stimulates
fibroblasts and immune cells migration and neoangiogenesis in the damaged tissues [73].

A combination of poloxamers with different molecular weights was used to develop
a thermosensitive hydrogel for controlled release of Nocardia rubra cell wall skeleton.
The formulation has proved excellent beneficial effects on in vitro and in vivo studies for
diabetic wound healing, as stimulation of vascular endothelium, expression of structural
proteins, activation of phosphatidylinositol, and protein kinase [74].

PNIPA and pullulan were associated to develop a 3D matrix in which silver NPs were
loaded. The release profile of silver, and thus the antimicrobial activity, were depended
on the wound temperature, the sustained released being maintain for 48h. In addition,
in vitro tests demonstrated nontoxicity and excellent swelling properties, the hydrogels
being suitable for wounds care [75].

A thermo-responsive multifunctional DNA-based hydrogel was design through cross-
linking of DNA units with polyethyleneimine and black phosphorus quantum dots, and
procyanidin B2 were embedded in its matrix. The finished product showed excellent uptake
capacity for exudative wounds, proper adhesiveness, self-healing capacity, and antibac-
terial and antioxidant activity. The pro-inflammatory M1 macrophages were proliferated
into repairing M2 phenotype and myeloid cells were attracted to the damaged areas. In
consequence, angiogenesis was sustained and skin nerves, follicles, and hair regeneration
were promoted [76].

Pressure-Responsive Hydrogels

Pressure relief is one of the main concerns of the treatment strategy in diabetic foot
ulcers and pressure ulcers pathology. The pressure occurs by frictions during physical
activities and environmental pressure and causes tissues necrosis and delayed healing [61].
Using pressure-sensitive dressings, secondary injures are prevented in wound care, with
benefits regardinghospitalization time and the healing period.

Sodium carboxymethyl cellulose, alginate, CS, and PNIPA were successfully used in
the development of hydrogels that are able modify their viscosity and swelling capacity
under pressure variations [38,77]. For natural polysaccharides-based hydrogels, the reac-
tivity to pressure was related to electrostatic repulsions that occur between the chemical
groups with the same charge (e.g.,, NH3;" in CS) which control the swelling rates and
the impact the osmotic pressure inside the 3D network [77]. A liquid hydrogel based on
PVA and acrylamide with antibacterial and anti-inflammatory properties was designed to
monitor movements and pressure status in real-time for bed-ridden patients. The hydrogel
possesses very high pressure sensitivity from 9.19 kPa~!, which allows to easy evaluate
the pressure of the injured site and avoid exceeding the limits and secondary tissues de-
structions. In addition, the hydrogel shows excellent mechanical strength, enhances cell
proliferation, and promotes tissue remodeling and regeneration [78].

Light-Responsive Hydrogels

An aseptic environment is crucial for wounds healing and it is a huge challenge to
ensure non-contamination of the affected tissue. The exposure to different types of light
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(ultraviolet or visible light) was demonstrated to improve the wound healing of chronic
wounds [79]. The high intensity of visible light has an efficient bactericidal effect and,
followed by exposure of the wound to low intensity illumination, promotes optimal wound
closure [80].

Alginate, CS, hydroxypropyl methyl cellulose, carbomers, and methacrylates were
used to design near-infrared, ultra-violet, and visible-light-responsive hydrogels. Their
formulation involves grafting photoactive groups (azobenzene, nitrobenzyl derivatives,
diaryne, spiropyrans, photoreversible dimerization groups such as coumarin, anthracene,
and pyrimidine derivatives) on polymers” backbones in order to absorb photons with
different wave length energy and trigger phase transitions or chemical reactions. The
absorbed light energy usual must be converted into thermal energy for the changes in
hydrogels 3D networks to occur [35,38]. Light-responsive hydrogels proved to be excellent
options for design matrices, with controlled release of APIs and exposure to light triggers
enhancing the antimicrobial and antioxidant activity [81].

Dodecyl moieties were added to CS and tungsten disulfide nanosheets were in-
cluded as a photothermal agent to develop a photo-sensitive hydrogel, which could re-
lease ciprofloxacin on wound sites when near-infrared red light is applied. The hydrogel
proved efficient antimicrobial activity and antioxidant effects which prevent prolonged
pro-inflammatory state in damaged tissues [82]. Poly(2-hydroxyethyl methacrylate) cova-
lently cross-linked with polyurethane was used to develop an antimicrobial light-sensitive
hydrogel. The nitric oxide (NO) photoactive donors (nitrosyls), hydrogen peroxide and
methylene blue, were incorporated in hydrogels as antimicrobial agents. The data sug-
gest the superior outcome of using the light-sensitive hydrogel over hydrogen peroxide
solutions for cleaning the chronic wounds [83].

Light-sensitive polyurethane nanofibers dressing for wounds beds and bandages with
tetraphenylporphyrin as photosensitizer were developed. Use of this dressing in a study
in which 162 subjects with chronic diabetic foot ulcers were enrolled showed inhibition
of Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli growth in the wound
site proportional with visible light exposure. Furthermore, an average of 35% shrinking
of wounds size and 71% wound-related pain reduction was observed on tested groups
compared to the control group [84].

A nanodelivery light-responsive system with sinoporphyrin sodium (a hematoporphyrin-
like photosensitizer) and fibroblast growth factor embedded into poly(lactic-co-glycolic
acid) nanospheres was developed based on a carboxymethyl CS and sodium alginate
hydrogel matrix. This scaffold showed promising antibacterial activity and antibiofilm
effects against multidrug-resistant Staphylococcus aureus on severe burn wound models,
which are photoirradiation-conditions-depended [85].

However, the prolonged ultra-violet light exposure of injured tissue during a potential
treatment with this type of SHs may raise some concerns regarding patients’ safety, due to
the carcinogenicity of UV rays. In addition, some injectable light-sensitive SHs could be
designed for deep wounds and the clinical applicability of these formulations is limited by
lack of penetration of UV in deep tissues.

Magnetic-Responsive Hydrogels

The application of a magnetic field is a promising approach in wounds treatment
strategies, being a non-invasive alternative and without significant side-effects [86]. The
mechanism of healing under external applied magnetic field is still unclear. There are
studies which showed a 25% faster healing of induced wounds in animal [87].

Alginates, xanthan gum, hemicellulose, and PNIPA were used to design magnetic-
sensitive hydrogels with iron oxide (Fe304, Fe;O3), ferrites (MnFe;O4 CoFeyOy), or alloys
(FePt), included in different 3D matrices as drug delivery sensing or tissue engineering
and wound healing applications [38]. The main advantage of these hydrogels is the smart
and precise remote response (deformation, motion, or heat generation) under magnetic
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exposure [86]. Controlling the magnetic pulse applied on/off, the hydrogels could enhance
or inhibit drug release and protein absorption in the wound site [88].

The development of SHs gives the ability to modify the APIs behavior, as their hy-
drophilicity and permeability is an ongoing concern for topical formulations [59]. For
example, a hydrogel based on alginate derivate and MXenes (two-dimensional inorganic
compounds that consist of atomically thin layers of transition metalcarbides, nitrides, or
carbonitrides)has demonstrated controllable release of antibioticsin response to photo and
magnetic stimuli. This hydrogel showed the successful healing of full-thickness cutaneous
and subcutaneous infected wound in a rat model [89].

Electric-Responsive Hydrogels

Alginate, agarose, HA, xanthan gum, PEG, polydimethylsiloxane, and poly(lactic-
co- glycolic acid) were used to develop biocompatible electroconductive hydrogels for
controlled drug delivery, wound dressing, biosensors, and tissue regeneration, which
are able to modify their swelling behavior and structure flexibility upon application of
an electric stimuli [35]. The electric charge could be transported by either an electrolyte
in hydrogel composition, by polymers with intrinsic conductivity (gelatine, CS, polyani-
line, polypyrrole), or by conductive particles (carbon, metals) embedded in a hydrogels
network [90].

As is known, cell migration starts in the first days when injury occurred, and it is
essential for a normal healing process. The electrical field simulates and coordinatescell
migration, cell differentiation, and regeneration in chronic and non-healing wounds [91].
The mechanisms are not yet clearly understood, but the studies outlined the activation
of some intercellular polyamines and cell membrane channels [92]. Using covalent or
non-covalent cross-linking methods, conductive responsive hydrogels were prepared. The
in vivo tests sustain the benefits of electric-responsive hydrogels in all steps of wound
healing, showing a hemostatic effect, proliferation of fibroblasts, granulation stimulation,
angiogenesis, and increased collagen synthesis [90].

A hydrogel based on quaternized CS-graft-polyaniline and benzaldehyde-functionalized
PEGdemonstrated self-healing ability, good hemostatic properties, excellent adhesiveness,
and more than a 99% bactericidal effect on Staphylococcus aureus and Escherichia coli [93].
HA functionalized with dopamine and reduced graphene oxide, as a photothermal agent,
was used to prepare a conductive hydrogel that mimics the human skin and proved in vivo
enhancement of antimicrobial activity of doxycycline under near-infrared radiation [94].

4.3.2. Chemical Stimuli-Responsive Hydrogels
pH-Responsive Hydrogels

The pH of wound exudates reaches values in the alkaline range (7.0-9.0) if it becomes
infected, while the pH of healthy skin is in the 4.5-6.5 range. Moreover, the values of pH
higher than 6.5 favor the growth of Staphylococcus spp., Pseudomonas aeruginosa, Klebsiella
spp., and formation of biofilms, which are commonly met in impaired wound healing.

The polymers that contain acidic (carboxyl, hydroxyl) or alkaline (amino) groups
(as poly(vinyl alcohol)-PVA, alginate, hyaluronic acid-HA, chitosan—CS, albumin, pectin,
gelatin, polymethacrylic acid, polyacrylic acid, and phenylboronic acids) are suitable for
development of pH-sensitive hydrogels, due the protons exchange between oppositely
charged groups. Polymers could also be functionalized by inclusion of amino acidmoieties
on the backbones to achieve pH responsiveness hydrogels [35]. For example, an alginate-
based hydrogel in acidic pH has non-ionized carboxyl groups in the network and exhibits
shrinkage with insignificant swelling rate. If the pH is towards alkaline (e.g., in chronic
wounds), the carboxyl groups become ionized and, due the electrostatic repulsion, the
hydrogel starts to uptake important amounts of fluids [95]. These types of hydrogels are
most suitable for exudative wounds management such as diabetic wounds and pressure
ulcers. In addition, due the swelling/deswelling behavior in response to pH variations,
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these formulations offer good opportunities for modulation of the drug delivery and 3D
cell culture.

Wang et al., developed a pH-sensitive hydrogel to monitor the wound status using
colorimetry. Based on a three-step monitoring model and using a machine learning tech-
nology, the monitoring algorithm has 94% accuracy. Moreover, the hydrogel has shape
adaptability for a perfect match to the wound surface [96]. Another study reports the
development of pH-sensitive hydrogels, based on carboxylated agarose and tannic acid,
and zinc ions as cross-linker, which exhibited antibacterial and anti-inflammatory effects.
The release of tannic acid was pH-controlled, being negligible at pH > 7 and sustained at
acidic values [97].

An in situgelling injectable hydrogel, sensitive to temperature and pH, was developed
based on PEG and poly (sulfamethazine ester urethane). The multiblock copolymer is a
solution at room temperature with an alkaline pH and is transformed to a gel inhuman
body conditions (37 °C and pH of 7.4). DNA-bearing polyplexes were included in the
copolymer solution and the controlled released from the 3D matrix formed in situ was
assessed. Moreover, the hydrogel showed excellent adhesive properties and was easy to
remove from the affected skin, being suitable for wound healing treatment [72].

A dual-stimuli-responsive (pH and oxidative stress) phenylboronic acid-modified
HA dynamically cross-linked hydrogel, loaded with tannic acid and silver NPs as APIs,
was developed. The hydrogel proved cytocompatibility, self-healing, antibacterial, anti-
oxidative, and injectable abilities, which means it is very promising for wound care appli-
cations [98]. Electron-rich furan groups were grafted on HA backbones in order to obtain
a redox-responsive hydrogel based on maleimide bonds, for controlled release of APIs.
Polyethylene glycol, which form disulfide bonds between HA backbones, was used as
redox-responsive cross-linker.

CS grafted with carboxymethyl moiety and oxidized HA were used to develop self-
healing and pH-responsive hydrogels through dynamic Schiff base interactions. Taurine
was loaded into the hydrogel matrix for its anti-inflammatory effect and proved to enhance-
healing by stimulating cell migration and reducing the inflammatory phase on an in vivo
diabetic wound model [99].

A dual-responsive 3D network with high drug loading capacity was developed by
cross-linking of alginate with glutamic acid cysteine dendrimer and polyethylene glycol.
The doxorubicine hydrochloride, which was embedded in the hydrogel matrix, was released
by over 76%, depending on gluthatione and pH variations [100]. Efficient antibacterial ac-
tivity on Staphylococcus aures and Escherichia coli was proved by a pH-responsive physically
cross-linked citric acid /alginate-based hydrogel. Vancomycin loaded in a hydrogel matrix
was best released in acidic conditions, up to 86%, on zero-order kinetics [101].

A multi-stimuli-responsive PVA-based hydrogel, physically cross-linked, loaded with
gentamycin and cyanine dyes (cyanine 3 and cyanine 5) as silica NPs, was developed. This
hydrogel was able to detect the microbial colonization in wound beds through delivery of
cyanine due to pH-responsive fluorescence resonance energy transfer, and to release the
gentamycin from cleavable linkers in response to near infrared light [102]. PVA and poly
6-acrylamidohexanoic acid were dually physically cross-linked through hydrogen bonds
and crystallizations in a pH-dependent self-healing 3D matrix. The hydrogel exhibits high
mechanical stability, undergoes structural breakage in acidic conditions, and recovers its
entire arrangement in neutral condition. In addition, it uptakes different amounts of fluids
in pH variations due to the breakage and restoration of hydrogen bonds, which allows the
control of moisture level on the wound healing process [103].

A double-networked multi-stimuli-responsive PNIPA and keratin-based hydrogel was
designed through covalent crosslinking and ionic interactions. The hydrogel matrix was
loaded with chlorhexidine, the release of which was regulated by the hydrogel’s response
to pH and temperature variations and the presence of reactive species of oxygen in the
wound site. Moreover, the antimicrobial effect of the hydrogel loaded with chlorhexidine
was superior to chlorhexidine alone, due its sustained release. In vivo evaluation of wound
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healing proved to be superior to commercial Tegaderm (based on polyurethane), due to
neoangiogenesis and superior collagen synthesis [104,105].

Reactive-Oxygen-Species-Responsive Hydrogels

Reactive oxygen species (ROS) which act as messengers in cell migration (immunocytes
and non-lymphoid cells) are involved in angiogenesis of new blood vessels on the injured
area and stimulate the pathogens phagocytose. The benefit key of ROS in wound healing is
maintaining equilibrium between the production and the scavenging of free radicals. In
chronic and non-healing wounds, an over-expression of ROS is observed, and it contributes
to prolonged inflammation [106].

ROS-responsive hydrogels could be obtained using polymers functionalized with
thioethers, which due the presence of sulphur in molecules could undergo phase transi-
tions when exposed to ROS. Thioethers are converted into sulfoxides in mild oxidative
conditions or into sulfones under strong conditions, which results in modification of poly-
mers solubility and disruption of the hydrogel network arrangement. Selenium-containing
polymers act similarlyto thioethers, with even higher sensitivity to ROS, and could be
oxidized to selenoxides and selenones, resulting in changing the polymer behavior from
hydrophobic to hydrophilic [107].

Gallic acid was used as antioxidant in a gelatin-hydroxyphenyl propionic acid hy-
drogel, which significantly reduced the destruction of dermal fibroblast in HyO;-induced
oxidative stress. L-arginine microparticles were incorporated in an ROS-responsive hy-
drogel to promote wound healing. Under ROS stimulation, a sustained quantity of NO
is generated from L-arginine, which promotes the fibroblast and macrophage chemotaxis,
collagen synthesis, and skin tissue regeneration [108].

Alginate functionalized with phenylboronic acid was used as a backbone for an in-
jectable dual (pH and ROS)-stimuli-responsive hydrogel with self-healing ability, in which
amikacin as an antibacterial, and naproxen as an anti-inflammatory drug, were embedded
via preloaded micelles. The in vitro experiments showed that the hydrogel effectively
killed bacteria by amikacin release, with an inhibition rate up to 90% for Staphyloccocus
aureus and 98% for Pseudomonas aeruginosa. Furthermore, naproxen was also controllably
released from the ROS-responsive micelles under pH 5.0 and H,O, in vitro [109]. Car-
boxybetaine/sulfobetaine dextran were used to obtain antioxidant self-healing zwitterionic
hydrogels, with the ability to scavenge free hydroxyl radicals and to inhibit Staphylococcus
aureus and Escherichia coli [110]. Fluorescein isothiocyanate conjugated bovine serum albu-
min as API was encapsulated within HA-based hydrogel, yielded through the Diels-Alder
reaction with a maleimide group containing redox-responsive PEG-based cross-linker.
When 1,4-dithiothreitol was added, the disulfide bonds between HA backbones were
broken, and the API loaded into the 3D matrix was rapidly released [111].

Glucose-Responsive Hydrogels

High levels of glucose, matrix metalloproteinases, and pro-inflammatory mediators
are involved in impaired healing in diabetic chronic wounds. Hyperglycemia prolongs the
healing processes by promoting microbial colonization, sustaining biofilms formation, and
impairing tissue neovascularization. Glucose-responsive hydrogels have gained much inter-
est in the controlled release of bioactive compounds as antioxidants and anti-inflammatory
molecules, for topical wounds treatments [112].

PEG functionalized with phenylboronic acid (PBA) derivatives or lectins (concanavalin
A) are promising polymers for the development of SHs that respond to elevated local
glucose concentration. PBA interacts with diols in polymer backbones and results in 3D
matrices. When glucose levels increase, the cross-linked network is disrupted because
glucose binds to PBA at pH higher than PBA acid pKa (around 9.0). Grafting amino groups
on polymers functionalized with PBA enable the scaffolds to function at physiologic pH by
reducing the pKa of boronic acid derivatives, translated in modifying the swelling behavior
and undergoing gel-sol phase transitions [113].
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PVA and CS functionalized with PBA were used to develop a temperature-sensitive 3D
matrix loaded with insulin and celecoxib, capable of quickly adapting to irregular wounds
shape at 37 °C. The release of APIs is regulated by high concentrations of glucose and ma-
trix metalloproteinase-9 (MMP-9) in exudate, resulting in their local down-regulation and
inflammation decrease, cell migration, and proliferation in diabetic full-thickness-wound
models. In addition, the hydrogel possesses special rheological behavior, combining a
fluid-like mobility at 37 °C for the intimal cover of irregular-depth injuries with a solid-like
elasticity at 25 °C, which ensures wound protection against environmental stress [114]. HA
was also functionalized with PBA as a glucose-sensitive molecule and mixed with PEG
diacrylates to obtain a hybrid network in which myricetin was loaded as an antioxidant
active compound. Interactions between phenol groups of myricetin and functionalized HA
result in dynamic bonds which endow the hydrogel with the ability to release myricetin
depending on the local glucose level. In addition, the ROS-scavenging effect was higher
than 80% and superoxide dismutase and glutathione levels were increased, while expres-
sion of pro-inflammatory mediators (IL-6) was reduced. Moreover, angiogenesis and tissue
remodeling were accelerated, which make this hydrogel promising for diabetic wound
care [113]. In a hyperglycemic wound environment, the glucose-oxidase turns glucose into
glucuronic acid and hydrogen peroxidase, lowering the local pH.

A self-healing injectable hydrogel based on co-assembling of zinc ions, organic ligands,
and deferoxamine mesylate was loaded with glucose-oxidase. The release of zinc ions
and deferoxamine from the hydrogel improves cell proliferation, angiogenesis, reduces
oxidative stress, and suppresses prolonged inflammation. In vivo evaluation on diabetic
wound models showed optimal re-epithelization with collagen deposition and inhibition
of microbial growth [115].

Glucose-sensitive hydrogels have shown excellent benefits for diabetic chronic wounds,
but their clinical applicability is questionable because of lack of predictability of the trig-
gered in vivo response when different molecules and/or microorganism are involved. In
addition, the stage of healing in chronic wounds and patient comorbidities may also affect
the responsiveness of hydrogels.

4.4. Polymers for SHs Formulation
4.4.1. Biopolymers
Polymers from Natural Sources

Natural polymers, such as CS, HA, alginates, dextran, cellulose, agarose, gelatin,
collagen, cyclodextrin, fibrin, pullulan, polylysine, pectin, carrageenan, and chondroitin
sulfate, may be obtained from a wide variety of natural sources and could successfully
design versatile SHs. Natural-polymers-based hydrogels have superior biodegradability
and biocompatibility compared to those based on synthetic polymers. In addition, natural
polymersendowhydrogels with inheritance bioactivities such antimicrobial and antioxidant
effects, similarities with endogenous molecules, and cytocompatility [116]. Moreover, the
complex structure of natural polymers offers plenty of chemical and physical structural
modulation opportunities in order to generate innovative products (Figure 8).

The use of natural polymers in hydrogels manufacturing, especially on anindustrial
scale, is associated with some drawbacks such as difficulties to ensure the reproducible
properties from batch to batch, high costs, lower mechanical strength over time, variable
stability, and high risks of microbial contamination for some finished products. A wide
variety of natural polymers were tested to design SHs, but despite favorable effects on
wound healing, some critical aspects were outlined which still need to be address for
successful development of innovative formulations (Table 2).
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Table 2. Challenges innatural polymers in the development of SHs for wound healing.
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Table 2. Cont.
Polymer Advantages Challenges Polymer-Based SHs (e.g.) References
. S Insoluble in water, Self-healing hydrogels based on
Stimulates cell migration, . . O .
roliferation, and collagen immunogenic and silk-fibroin and B-cyclodextrin;
1 . inflammatory etfects (due to esferrioxamine-loaded injectable -
Silk P ! infl y effi d Desferri ine-loaded injectabl [127-130]
production, wound .. . . .
) sericin content), high cost for silk nanofibers hydrogels for
remodeling .. . . .
sericin free silk diabetic wounds
Magnetic responsive hydrogel
Insoluble in water or other based on cellulose and
Cellulose Lack of toxicity, low cost common solvents; no B-cyclodextrin to control drug [131,132]
bioactivity; allergic reactions release by swelling
behavior

The most used natural polymers for SHs formulation are presented below.

Dextran is an exopolysaccharide derived from the condensation of glucose (D-glucoses
linked by a-(1—6) bonds, with possible branches of D-glucoses linked by o-(1—4), a-(1—3),
or x-(1—2) bonds), obtained through fermentation of some species of lactic acid bacteria
(Leuconostoc mesenteroides, Weissella, Lactobacillus, and Streptococcus) or by enzymatic poly-
condesation of glucose from sucrose via dextran saccharases. It is a neutral polysaccharide
with good solubility in water, glycerol, and electrolyte solutions depending on its molecular
weight and pH of media, and it is biocompatible, biodegradable, and stable in topical
formulations. Moreover, dextran is nontoxic, being included in the GRAS list of substances
since 1975 [133]. Food and Drug Administration (FDA) mentioned dextran on IIG as being
accepted in formulation of products for topical and intravenous routes [134].

In wound healing, dextran has beneficial effects due its antioxidant, antimicrobial, and
immunomodulatory ability, as well as promoting of angiogenesis in damaged tissue, prop-
erties which appear to vary with its molecular weight. For example, 40 kDa dextran from
Leuconostoc mesenteroides showed immunomodulatory ability much better than 10 kDa and
147 kDa dextran. More exactly, with 40 kDa dextran, a 50% increasing murine macrophages
proliferation and a 40% decreasing in cell release rate of nitric oxide were noted. Moreover,
40 kDa dextran showed the highest radical scavenging activity, with 70% inhibition of lipid
peroxidase [135].

For dextran-based hydrogels formulation, both physical and chemical cross-linking
methods are suitable. The characteristics of dextran-based hydrogels (as rheological
behavior, mechanical strength, release of APIs embedded in their 3D matrix, stimuli-
responsiveness) depend on the type of cross-linking method as well as on cross-linkers
concentration. Using physical cross-linking methods, self-healing hydrogels with swelling
behavior responsive to pH variations and promising controlled release of APIs were ob-
tained. Chemical cross-linking based on thermal-gelation, radiation, or addition of divalent
cations (Zn**" Mg?* Ca?*) also leads to versatile hydrogel with superior stability over
time [136].

Due their ability of modulating rheological behavior of 3D matrices, dextran and
its derivatives (methacrylated, aminated, oxidized) were used to develop non-Newtonian
pseudo plastic hydrogels, whose viscosity decrease when increasing the shear rate. Epichloro-
hydrin and basic amino acids were successfully used for cross-linking pH-responsive
dextran-based hydrogels. Thus, dextran-allyl isocyanate-ethylamine hydrogel demon-
strated beneficial effects for promoting neovascularization and total skin regeneration (with
hair follicles and sebaceous glands) in murine burn wound model [137]. A dextran/HA-
based hydrogel showed a sustained release of sanguinarine embedded in the 3D ma-
trix, stimulated fibroblast cell proliferation, and enhanced the healing of infected burn
wounds [138]. Oxidized dextran and methacrylated gelatin were also used to formulate
hydrogels for embedding black phosphorus nanosheets and zinc oxide NPs, which proved
immunomodulatory effects on macrophage with enhanced secretion of anti-inflammatory
factors [139]. A dextran/bacterial cellulose-based hydrogel showed superior cell prolifer-
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ation and skin regeneration on an in vivo wound model. Moreover, addition of dextran
in the hydrogel formulation endowed the final product with non-cytotoxicity compared
with unmodified cellulose [140]. Other information related to use of dextran and dextran
derivatives for SHs formulation are presented in Table 3.

Table 3. SHs based on dextran and dextran derivatives for wound healing.

Polymers APIs SHs Features References
Stimulation of myoblast

Oxidized dextran/quaternized CS - proliferation under electrical [141]

field; injectability

- . . pH-responsive injectable hydrogel
Oxidized dextran Sulfadiazine and tobramycin with controlled release of APIs [142]
pH-responsive hydrogel with

Oxidized dextran/peptide DP7 - scarless healing of
(VQWRIRVAVIRK) Ceftazidime multidrug-resistant [143]

infected wounds
Oxidized dextran/aminated gelatin ~ ZnO, paeoniflorin, norfloxacin ROS-responsive hydrogel [144]

Chitosan (CS) is a cationic polysaccharide with semicrystalline structure resulting
from repeated units of N-acetyl-D-glucose amine and D-glucose amine, linked by 3-(1-4)
bonds. It was discovered more than 100 years ago when it was obtained by chemical or
enzymatic deacetylation of chitin harvested from different sources [145]. The sources of
chitin are varied, being found both in animal and vegetable, as insects (cuticle, cocoon), crus-
taceae (exoskeleton of crabs, shrimps), diatomae (Thalassiosira fluviatilis, Algae), and fungi
(Mucorrouxi, Aspergillis nidulans) [146]. In 1970, after a long period of extensive research
and scientific doubts, the foundations were laid for the practical use of CS. Nowadays, CS
is one of the most used polymers based on its characteristics and biological properties such
as excellent biocompatibility, biodegradability, non-toxicity, antioxidant, antimicrobial, and
hemostatic effects, and mucoadhesivity [147]. Based on primary amino groups, CS has a
pKa ~ 6.5 and initiates protonation in a neutral environment, which is accentuated as the pH
decreases and the degree of deacetylation increases. Thus, CS becomes soluble in aqueous
solutions and has bioadhesion capacity by binding to electro-negatively charged surfaces
(for example, it can interact with sialic acid, a glycoprotein presents in mucus) [146].

CSis used for a wide area of pharmaceutical applications: mucoadhesive tablets, scaf-
folds for controlled release of drugs, growth factors, gels, films, beads, and liposomes. The
lack of toxicity (LDsg (mouse, oral) > 16 g/kg) and structural similarity with the proteogly-
cans of the extracellular matrix make CS very attractive for medical applications, including
wound care [148,149]. Due to its positive charge, CS interacts with the negative ions of red
blood cells and platelets, facilitating coagulation and thus homeostasis restoration, which
represents a challenge in wound management [150,151].

Through the action of lysozyme from the damaged tissues, CS splits into oligomers,
which stimulate the synthesis and orientation of collagen fibers to restore the components
of the extracellular matrix [152]. CS also stimulates the migration of inflammatory cells,
macrophages, and fibroblasts, thus accelerating the inflammatory process [153]. In this
way, the inflammatory phase is reduced, and the proliferative phase starts earlier in wound
healing. In addition, there is a large quantity of data which sustain the antimicrobial activity
of CS over a wide variety of microorganisms involved in wound colonization, such as
Escherichia coli, Staphylococcus aureus, methicillin resistant Staphylococcus aureus, Salmonella
typhimurium, Pseudomonas aeruginosa, Candida albicans, and Enterococcus faecalis [154,155].
This effect is due to the positively charged amino groups of CS that bind to the negatively
charged cell surface, disrupt the cell membrane, and cause cell death by inducing leakage
of intracellular components. The inhibition of genetic material synthesis by binding to the
microbial DNA is also possible due to the presence of the protonated amino groups [154]
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The effectiveness of CS in the treatment of wounds depends on its physico-chemical
properties: degree of deacetylation, molecular weight, viscosity, and acetyl group distribu-
tion [146,156]. These characteristics vary from batch to batch, depending on the source of
chitin, the period of the year of harvesting for the same source of chitin, and technological
process for converting chitin into CS. There are several types of CS for cosmetic, pharma-
ceutical, and food industries, with molecular weights in the range of 10*~10° Da and up to
95% deacetylation degree. The degree of deacetylation modulates is directly proportional
to the antimicrobial action. The greater the degree of deacetylation, the greater the number
of free amino groups available for protonation and the positively charge increases [154]. In
addition, the molecular weight influences the ability of microbial inhibition, with CS with
low and medium molecular weight penetrating the bacterial membrane more easily than
CS with high molecular weight [146].

To increase the solubility, enhance the antimicrobial effects, and modulate the hemo-
static and bioadhesive properties of CS, different physical, chemical, and enzymatic meth-
ods such as quaternization, thiolation, sulfation, copolymerization, and carboxymethylation
have been reported [157]. Other information related to the use of CS and CS derivatives for
SHs formulation are presented in Table 4.

Table 4. SHs based on CS and CS derivatives for wound healing.

Polymers APIs SHs Features References
CS/oxidized konjac glucomannan Silver (nanoparticles) Self-healing, self-adapting [71]
Oxidized CS/bacterial cellulose - Self-healing [158]
N,O-carboxymethyl CS/oxidized dextran - Self- healing, injectability [159]
Quaternized CS/oxidized dextran Tobramycin Self-healing [160]
Carboxymethyl CS/oxidized _ Self-healing [122]

quaternized guaran

Fusidic acid, alantoin,

CS/oxidized CS coenzyme Q10 Self-healing, self-adapting [161]

CS/polyvinylpyrrolidone/alginate / ) Thermo-responsive [162]
poly(e-caprolactone)

CS/poly(aspartic acid) Amoxicilin pH/thermo-responsive [163]

Alginate is an anionic natural copolymer, composed of blocks of guluronate and
mannuronate, obtained by alkaline extraction from brown algaes (Laminaria spp., Ascophyl-
lumnodosum, Macrocysti spyrifera) or by microbial synthesis (Azotobacter, Pseudomonas). It
is characterized by several properties, such as biocompatibility, low toxicity, economical
affordable, and ease of gelation, which makes alginate attractive for biomedical applications
such as tissue engineering, drug delivery, biosensing, and wound healing [164,165].

Alginate salts (ammonium, potassium, calcium, sodium) and alginate derivatives
(propylene-glycol alginate) are GRAS listed for 50 years, being considered safe for use
in food industry in Europe. The FDA has included alginates on the IIG list for products
administrated via topical and oral routes [133,134].

Several studies confirm the cytoprotective capacity of alginates due their antioxidant
effects and immunoregulatory activity. Moreover, alginates oligosaccharides (guluronate
and mannuronate) have proved anti-inflammatory effects through interfering with the pro-
duction of nitric oxide, prostaglandins, and pro-inflammatory cytokines. The proliferation
of human keratinocytes and endothelial cells was also attributed to alginates, especially
due the presence of guluronic acid at the end of the backbone chain. These effects are
related to molecular height, alginate sources, guluronate: mannuroanate ratio, as well as
purification and extraction technologies. The alginate with the highest molecular weight
(MW 38,000) and higher mannuronate: guluronate ratio (2.24) exhibited a higher effect on
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the stimulation of the secretion of tumor necrosis factor-oc (TNF-«) in murine macrophage
cell line [166,167].

Topical alginate-based products (dressings, films, foams, fibers, and hydrogels) may
absorb up to 20 times their weight in moisture, promoting tissue regeneration of highly
exudative wounds such as venous ulcers, pressure ulcers, and infected and large surgical
wounds. The combination of alginates with different natural and synthetic polymers leads
to biomimetic and biodegradable hydrogels, which could be used to achieve different
targets (antibiotics and protein delivery, cell culture). Other information related to the use
of alginate and alginate derivatives for SHs formulation are presented in Table 5.

Table 5. SHs based on alginate and alginate derivatives for wound healing.

Polymers APIs SHs Features References
Alginate Amikacin, naproxen pH/ROS-responsive [109]
Alginate/HA Doxycycline ROS-responsive [60]
Oxidized alginate/gelatin Ishophloroglucin A Dynamic me?hamcal [168]

properties

Alginate/polyacrylamide - pH-responsive (color change) [169]
Alginate/pluronic F127 Vascular enf(il (C):thal growth Thermo-responsive [170]
Alginate/polycaprolactone Melatonin Controlled release of APIs [171]
Alginate/HA Platelet rich plasma ROS/glucose-responsive, [172]

self-healing, injectability

Hyaluronic acid (HA) is a natural anionic glycosaminoglycan, consisting of D-glucuronic
acid and D-N-acetylglucosamine units. Unlike other glycosaminoglycans (heparin, chon-
droitin sulfate, dermatan sulfate, keratin), HA does not contain sulfur, it is not synthesized
by the action of the enzymes of the Golgi apparatus on proteins, and may have higher
molecular weights up to 10° kDa (compared to maximum 50 kDa for other glycosaminogly-
cans) [173]. HA is widely distributed in nature, being found in the epithelial, connective,
and nervous tissue of vertebrates, but also in the cells of microorganisms (Streptococcus
equi, Streptococcus zooepidermicus, Streptococcus equisimilis, Streptococcus pyogenes, Streptococ-
cus uberis, Pasteurella multocida, Cryptococcus neoformans) [85]. The human body contains
approximately 215 mg HA /kg, and 50% is found in skin, dermis, and epidermis. The
synthesis of HA is enzymatic controlled by hyaluronan synthetases (HASs) (HAS1, HAS2,
HASS3, located on the inner surface of the cellular membrane), while hyaluronidase and
oxidative stress are implicated in its degradation. The turnover is very fast (5 g/day), and
the half-life is less than 24h [174].

Currently, HA is a key molecule in the medical, pharmaceutical, nutrition, and cos-
metic industries and, as result, the researchers are looking for new synthesis routes and
optimization of production biotechnologies or structural modulation in order to obtain
new derivatives with improved features [148,175,176].

In wound healing, HA is involved in each phase, the effects being dependent to
its molecular weight. For example, HA with a high molecular weight exhibits anti-
inflammatory effects, while HA with a low molecular weight is responsible for medi-
ating inflammation, with both possessing scavenging properties against oxygen free radi-
cals [175,177,178].

In the hemostasis phase, white blood cells produce a significant amount of high
molecular weight HA (4 x 10?-2 x 10* kDa), which by interaction with fibrinogen forms
temporary white platelets. Due to the hydrophilic character of HA, water is attracted to
the area of the thrombus and edematization of the area is initiated, with the temporary
blocking of the penetration of immune cells into the injured area [176]. In the inflammatory
phase, HA with high molecular weight is degraded into fragments smaller than 120 kDa,
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with immunostimulatory properties and a proangiogenesis effect. These products stimulate
the production of cytokines (IL-1 and IL-8, TNF-«) and, consequently, the infiltration,
activation, and maturation of immune cells are accelerated [174,179,180]. During the
proliferation phase, HA with low molecular weight is degraded to oligomers, which will
interact with the CD44 and RHAMM receptors. As a result, keratinocytes, fibroblasts,
and endothelial cells mature and activate, which translates into inflammation reduction,
support for angiogenesis, stimulation of granulation tissue, and synthesis of type III
collagen (immature collagen) [49,176,181]. Finally, the oligomers determine the synthesis
of matrix-metalloproteinase and TNF-3. These mediators are necessary for remodeling the
extracellular matrix through the differentiation of fibroblasts into myofibroblasts and the
maturation of collagen [176,182].

Based on physical and biological characteristics, HA and its derivatives are used in
the manufacturing of wound care such as hydrogels, dressings, foams, nanofibers, and
sponges.

Through etherification or esterification of the hydroxyl and carboxyl groups with
different chemical compounds (hydrazide, phenylboronic acid, polyphenols), increasing
performance of 3D matrices was obtained, without the necessity of blending with other
polymers [180]. Other information related to the use of HA and HA derivatives for SHs
formulation are presented in Table 6.

Table 6. SHs based on HA and HA derivatives for wound healing.

Polymers APIs SHs Features References
Phenylboronic acid-modified HA Tannic ac1d—.sﬂver pH/ROS—responswe, [98]
(nanopartices) self-healing
Adipic acid dihydrazide grafted HA Sisomicin sulfate pH-responsive [183]

Tannic acid grafted HA

Silver nanoclusters and

deferoxamine pH-responsive, injectability [184]

Biological-like Polymers
Self-assembling peptides (SAPs)

Peptides are comprised from aminoacid residues linked through peptide bonds, with
a molecular weight of less than 10,000 Da. Peptides are ubiquitously present in both
vegetal and animal regna and are essential for life cycles. Every physio/pathological
process is regulated by various types of peptides with one or more functions. So, there are
antibiotic peptides which are part of natural immune systems of prokaryotes and eukary-
otes, cancer/anticancer peptides, immune/inflammatory peptides, endocrine peptides,
gastrointestinal peptides, cardiovascular peptides, renal peptides, respiratory peptides,
opioid peptides, and blood-brain peptides. In organisms, peptides are synthesized through
ribosomal translation (antibiotics in microorganisms-microcines and bacteriocines), hor-
mones and other signaling molecules (in the human body), or by enzymatic processes
(glutathione) [185].

The use of peptides in the formulation of a 3D matrix is relatively recent and is
based on the intra- and intermolecular self-assembling ability of aromatic short peptides,
biomimetic peptides, amphiphilic peptides, and dendrimers. In the assembling process,
super molecular structures are formed, such as spherical or worm-like structures, bilayer
micelles, high ratio aspect nanofibers, twisted ribbons, nanotubes, or flat forms, through
non-covalent interactions (hydrogen bonds, hydrophobic and electrostatic interactions, van
der Waals forces). The resulting structures are highly biocompatible and may be used in
tissues regeneration, scaffolds for drugs carriers and controlled release, and modulation of
APIs to overcome adverse effects and enhance their stability [186].

The discovery of the first SAP, coded Ac-(AEAEAKAK)2-CONH; (A-alanine, E-
glutamic acid, K-lysine), in a yeast protein zuotin in 1990 was regarded as a big innovation
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and a valuable tool to design new materials for a wide variety of applications [186]. The
chemical composition of SAPs consistsof alternating hydrophobic aminoacids (alanine, va-
line, leucine, isoleucine, and phenylalanine) with hydrophilic aminoacids (lysine, arginine,
histidine, aspartic acids, and glutamic acids), having very well-defined arrangements of
negative and positive charges [187].

Hydrogels based on SAPs are sensible to multiples stimuli such as pH, temperature,
ionic strength, and redox activity as a result of charging the amino and carboxyl groups
on the peptide backbones [186]. Due the resembling natural extracellular matrix, these
formulations are suitable for adhesion, migration, differentiation, and proliferation of cells
involved in wound healing.

The weak bonds within an SAP 3D structure could be easily modulated to achieve
targeted SAP performance, such as mimicking extracellular matrices, recognition of ligan-
dreceptors, and modification of their structural architecture. For example, the SAP solution
undergoes phase transition to a gel state under pH and ionic strength variations. In this
way, when are applied on damaged tissues with irregular shapes and depths, an intimate
contact is assured, the wound is filled with the product, and so the hemostasis is fast and
the healing is accelerated.

The temperature induces different 3D organizations of the peptide aggregates which
influence the water uptake and mechanical strengths of hydrogels. For instance, amyloid
beta peptide (C16-KKFFVLK) exhibits different self-arrangements at 20 °C (helical ribbons
and nanotubes) compared to its exposure to 55 °C (twisted tapes). In addition, peptide
RADA 16-1 maintains beta sheets assembling through 25 °C to 70 °C, but small-sized
globular aggregates were obtained at much higher temperatures [186-188].

Targeting microorganism resistance to antibiotherapy, SAPs nanofibers with antimi-
crobial effects have been developed [189]. It was shown that diphenylalanine-SAP inhibits
bacterial growth through cell membrane disruption, depolarization, and enhanced per-
meation resulting in elevated levels of ROS [190]. The addition of short SAPs to natural
or synthetic polymers allows the design of SHs with improved benefits on wound heal-
ing [181]. Arg-Gly-Asp-(RGD), cytosine-guanine-adenine (CAG), Arg-Glu-Asp-Va (REDV),
and Tyr-Ile-Gly-Ser-Arg (YIGSR) are short SAPs used to activate the physiological cascade
of wound healing because they are recognized by integrin receptors (RGD) or endothelial
cells and promote cell migration, granulation tissue formation, selective cell adhesion, and
neoangiogenesis in damaged tissues [191].

PuraStat®, PuraBond®, PuraDerm®, and PuraGel® are commercial products manufac-
tured by 3-D Matrix Europe SAS, France, based on a syringe prefilled acid solution (pH 2)
of self-assembling RADA16 peptide (which is composed of alternating positively charged
arginine (R), hydrophobic alanine (A), and negatively charged aspartic acid (D), that repeat
periodically throughout the composition). The acid peptide solution is neutralized in
contact with blood or physiological fluids and through exposure to ionic species (Na*,
K*), resulting in clear hydrogels that mimic the extracellular matrix with a fast hemostatic
effect, which serve as a mechanical barrier for exposed tissue and prevent the formation of
post-operative adhesions. The viscosity of the SAP solutions allows easy application, using
either a standard applicator, endoscopic catheter, or laparoscopic applicator, making the
products applicable to different kinds of injuries such as surgical wounds, nasal bleedings,
deep wounds (pressure ulcers, diabetic ulcers), and dental surgery [68,186,192-194].

Deoxyribonucleic Acid

Exceeding the initial focus on genetic information transmissions, synthetic deoxyri-
bonucleic acid (DNA) has been extensively investigated for new drug discovery, modified
release matrices, diagnostics tools, biomolecular therapies (including vaccines, enzymes,
and hormones), and in vivo metabolism modulation up to creating an artificial living or-
ganism, as interest areas for new generation medical fields. Based on the chemical features
of DNA and nucleobases (adenine, cytosine, guanine, and tyrosine), synthetic DNA is
suitable for molecular and topological editing with specialized software (caDNAno, Tiamat,
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Nupack, MagicDNA) in order to reproducibly and predictably design complex dynamic or
static structures [195].

Tetrahedral framework nucleic acids (a static DNA tetrahedral nanostructure) were
tested on multiple in vivo wounds model and proved significant anti-inflammatory and
antioxidant effects, preventing tissue destruction and sustaining regeneration on skin and
acute kidney injury, as well as in osteoarthritis [195,196].

Dynamic synthetic DNA-based nanostructures react with different types of biomolecules
(nucleic acid, proteins) and are sensible to environment variations (pH, temperature), which
make them attractive for tissue engineering. A cost-effective self-assembled DNA-based
hydrogel was developed through electrostatic interactions and hydrogen bonds between
DNA structure and tetrakis(hydroxymethyl) phosphoniumsulfate (THPS) molecule. The
hydrogel exhibited self-healing abilities, good cytocompatibility, prevented wound micro-
bial colonization through release of THPS, and enhanced the healing process. In another
study, DNA units, polyacrylamide, and L-ascorbic acid 2-phosphate were dynamically
cross-linked through hydrogen bonds in 3D hydrogel, which mimics extracellular matrices.
The hydrogel was loaded with borneol to relieve pain and itching and was proved to initiate
the phosphatidylinositol 3’-kinase signaling pathway, which promoted cell proliferation
and regeneration in burn wounds [197].

4.4.2. Synthetic Polymers

Synthetic polymers (as PVA, PEG, ploy(acrylamides), poloxamers) offer a more repro-
ducible physical and chemical characteristics from batch to batch of both raw materials
and hydrogels, higher flexibility and mechanical strength, very good stability over time,
compatibility or inertia for a wide range of APIs, and often allow higher water intake than
natural-based-hydrogels. However, some drawbacks, such as poor biocompatibility, high
risk of toxicity, slow biodegradability, and lack of bioactive effects, are associated with
synthetic polymers (Figure 9).

SHs based on synthetic polymers »Pj’
- I ’ n
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n Advantages ! Limitations
Poly(ethylene glycol : 4
. oL Y i )— ‘ High stability Lack of b10act1v1ty Pon(N isopropylacrylamitlc)
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I Low variability ‘ Slow biodegradability SHs with controHed release |
performances, controlled Inertia or good Poor biocompatibility of APIs, , temperature /pH
release of APIs ‘ compatlblllty with APIs | Rlsk of toxicity | responsiveness )
Poloxamers Poly(vinyl alcohol)
SHs with controlled release | . SHs with excellent water intake, ‘
of APIs, temperature / pH controlled release of APIs, self-healing
responsiveness abilities, light / pH-responsiveness

Figure 9. Synthetic polymers used in SHs formulation for wound healing management.

The combination of natural and synthetic polymers could improve the performance
of hydrogels. So, the biocompatibility and bioactivity of natural structures are sustained
by the robust structures of synthetic components, which result in improved therapeutic
benefits, costs optimization, and support of the industrial implementation of innovative
SHs manufacturing for biomedical applications. The most used synthetic polymers for SHs
formulation are presented below.
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Poly(ethylene glycol) (PEG) is a stable hydrophilic polymer derived from petroleum
or synthesized from ethylene oxide and water in both acidic and alkaline conditions.
Depending on reactants ratio and conditions, a wide variety of products with different
molecular weights (3 x 102-10” g/mol) and different geometries of polymer chains (star,
comb, branched) could be manufacturing. It is interesting to note that although the physical
characteristics (density, viscosity, aggregation state) depend on structural properties, all
PEGs are chemically identical. The presence of hydroxyl groups of the end of the back-
bones endow the PEG with the ability of attaching to multiple reactive functional groups
(methoxy, amino, thiol, vinyl sulfone, azide, acetylene, and acrylate), which improve its
performance. Moreover, PEG may be attached to large chemical entities such as proteins,
polysaccharides, oligonucleotides, or to small molecules such as mannose or folate to
improve biodegradability and biocompatibility [198].

PEGs are considered as nontoxic, non-immunogenic, and nonirritant substances, being
included in the IIG database for parenteral, oral, and topical pharmaceutical products [134].
For pharmaceutical applications, PEGs may be used as ointment/suppository bases, plas-
ticizers, solvents, emulsifiers, surfactants, tablets, and capsule lubricants. In addition,
branched PEGs derivatives were investigated for their applicability in the development
of biodegradable controlled-release matrices, regenerative medicine wound sealing, and
wound healing. Aqueous solutions of higher-molecular-weight PEGs may form flexible,
highly hydrophilic gels suitable for wound care using different cross-linking methods
(radiation, free radical polymerization, condensation, click chemistry, enzymatic reactions,
etc.) [199,200].

Poly(vinyl alcohol) (PVA) is a widely used highly water-soluble polymer obtained
through free-radical polymerization of vinyl acetate, followed by alkaline hydrolysis of
acetate groups. PVA has been shown to be chemically stable in a wide range of pH and
temperatures, being suitable for various chemical and technological modulations. Because
of its semicrystalline structure, it allows both the vital molecules (oxygen, glucose, and
aminoacids) and metabolism products to cross the cellular membrane. In addition, PVA is
biocompatible, biodegradable, and bioinert, being included in the IIG database of solutions,
suspensions, creams, aerosols, foams, tablets, and capsules for topical and oral routes [134].

The physical, chemical, and biological features of PVA support its use for a wide range
of biomedical applications (implantable medical devices, tissue regeneration—artificial carti-
lage and meniscus, contact lens, wound dressings, artificial tears). PVA-based hydrogels
proved excellent mechanical strengths, bioadhesion, and high water absorption uptake.

In order to design 3D networks using PVA, both a chemical and physical method
may be used. When applying repeated freezing-thawing cycles on PVA solutions, without
addition of external cross-linkers, clear, pure hydrogels with enhanced biological aging
resistance were obtained. The size and conformation of the hydrogel matrix are influenced
by the solvents (glycerol, ethylene glycol), molecular weight, and concentrations of the PVA
solutions. These characteristics are very important because they influence the performance
of the hydrogel on drug delivery, moisturizing the wound bed, and the hydrogel flexibility
for damaged tissue protection. It was noted that the water uptake enriched the hydrogels
with higher mechanical strength, while using ethylenglycol increased the toughness of
the products [201]. PVA-based SHs with versatile features such as self-healing, stimuli
responsiveness, and an improved controlled drug release profile were developed.

Poloxamers is a generic name for a group of nonionic water-soluble copolymers with
amphiphilic structure, due their central hydrophobic component (polyoxypropylene) and
peripheral hydrophilic chains (polyoxyethylene), HO(C;H4O)x(C3HgO)y (C2H4O)xH. De-
pending on the molecular weight and hydrophobic: hydrophilic ratio of the polymers, the
solution of poloxamers exhibited reversible temperature-depended phase transitions with
self-assembling gelation. At low temperatures and at concentrated solutions (above critical
micellar concentrations), the poloxamers are liquids. Upon skin contact, the polyoxyproy-
lene core starts the dehydration and micellization process, while the polyoxyethylene
blocks remain soluble.



Polymers 2023, 15, 3648

26 of 35

Poloxamers are widely used in the cosmetic and pharmaceutical industry as surfac-
tants, emulsifiers, solubility enhancers, stabilizers, viscosifiers, cell culture media, drugs
carriers, and in nanofiber synthesis [202,203]. These copolymers are included by the FDA
in the IIG list, accepted for intravenous injections, inhalations, ophthalmic preparations,
oral powders, solutions, suspensions, and syrups, and topical preparations [134].

Poly(N-isopropylacrylamide) (PNIPA) is a thermoresponsive water-soluble polymer
synthesized through free radical polymerization of N-isopropyl acrylamide. Depend-
ing on the molecular weight and polymer dispersity, PNIPA undergoes reversible phase
transition from a solution at lower temperatures to gel a state at near-body temperature
(32 °C £ 5 °C), which makes it attractive for medical applications such as wound dressings,
tissue engineering (artificial muscles), scaffolds for controlled release of pH-sensitive drugs,
macro and microgels formulations, cell culture, and biosensors.

Functionalization of the end-chain of PNIPA with different moieties, such as pyre-
nil, azobenzene, thiol, and azide, endows the polymer with tunable properties, such as
a modified low critical solution temperature, pH-sensitivity, and temperature responsiv-
ity [204-206].

In wound healing, the PNIPA solution with different APIs added is suitable to readily
apply on damaged skin and use the body temperature to convert it into a 3D matrix with
hemostatic activity. The adjustable geometries of the hydrogel matrix allow an intimate
contact with the wound bed, helping to create a proper environment for proliferation and
differentiation of cells involved in healing process [207].

5. Conclusions

The prevalence of acute and chronic wounds is increasing every year because of the
aging population and the growing incidence of wound-related comorbidities, and remains
a continuous concern of health systems worldwide. Overtime, medical specialists have
developed and implemented various protocols and tools to overcome misinterpretation in
wound assessment, which lead to impaired healing processes and complications. Choosing
the appropriate topical approach has proved to be crucial for the entire output of the
treatment.

Hydrogels have passed the test of time, being used for more than 120 years in wound
healing. Because of their undeniable benefits in the healing process, hydrogels constantly
have attracted the interest of researchers in the medical and pharmaceutical area and
sustained efforts are made to improve and to innovate the performances of hydrogels and
to widen their biomedical applications. SHs is a large category of versatile 3D matrices
which has made it possible to design intelligent products with the target of overcoming the
limitation of traditional hydrogels and properly responding to the increasing prevalence of
wounds with impaired healing.

Althoughimpressive research work is ongoing in the SHs field and various SHs have
been proved to exhibit innovative properties, some drawbacks are still to be investigated.

The controlled release of APIs is one of the top interest areas in SHs development.
Despite this, in vitro release tests showed reproducible kinetics, and in vivo assessment
could be affected by specific wound environment composition and irregular vasculariza-
tion, which could lead to over-release with potential toxic effects or, on the contrary, to a
decreased release rate which, especially in the case of antibiotics, leads to complications
due to under-dosing. A future target of research could be the inclusion of biosensors in
3D matrices, where online data regarding wound bed biochemistry and the command and
controlled release of the required number of APIs could be collected.

Reversible stimuli-responsive hydrogels are very attractive due their ability to over-
come exposure to a wide variety of external or internal stressors (mechanical, thermal,
chemical). Thus, the ability of hydrogels to undergo structure breakage when they are
passed through a syringe needle and to quickly restore their matrix is an excellent fea-
ture for products designed to be injected in deep, irregular wounds. These hydrogels
are more commonly based on physical interactions, which are less stable than covalently
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cross-linked networks. This is translated into low stability over time, which is a serious
limitation of industrial-scale applicability. The dynamic covalent interactions and adequate
functionalization of polymers may be successfully used to address this issue.

The biodegradability and non-cytotoxicity of SHs are widely discussed, but the be-
havior of the degradation products in human body is still unclear and not fully evaluated
(e.g., PNIPA-based SHs may generate carcinogen moieties). Further investigations might
comprehensively address this issue and the degradation pathways and resulting com-
pounds should be carefully documented. Moreover, the SHs showed promising healing
effects on various in vivo wound models, but clinical trials were not yet conducted in order
to evaluate the human safety of the finished products, to establish the optimal method
of application and dosage, and to assess the risk/benefits balance, in comparison with
commercially available alternatives.
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