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In recent decades, hydrogels have garnered significant attention, thanks to their
extensive biomedical and pharmaceutical applications [1,2]. These remarkable materials
closely mimic biological tissues and exhibit unique behaviors due to their high-water
content. The ability to customize their properties and enhance cell interactions by selecting
specific monomers and synthesis techniques has propelled hydrogels to the forefront of
biomaterial innovation.

Hydrogels’ versatility has led to successful applications in areas as diverse as injectable
particulate systems, contact lenses, cartilage substitutes, catheter linings, valves, suture
threads, wound-healing dressings, skin grafts, and biosensors [3]. Furthermore, hydrogels
are playing an increasingly vital role in tissue engineering, regenerative medicine, and tar-
geted drug delivery systems, cementing their status as a cornerstone of modern biomedical
science [4]. Figure 1 illustrates some of the areas where hydrogels are most applicable.
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Figure 1. Main areas of application of hydrogels at the biomedical and pharmaceutical level.

Although significant efforts have been made to develop new hydrogels with improved
properties and additional functionalities, several challenges remain and are currently the
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focus of intense research. These are being addressed through a multidisciplinary approach,
combining knowledge of biology, chemistry, materials engineering and other disciplines,
such as pharmaceutics. One major hurdle to overcome is the biocompatibility of hydrogels.
Ensuring that hydrogels do not provoke adverse immune responses and can integrate
seamlessly with biological tissues is crucial for their effective use in medical applications.
Additionally, the mechanical properties of hydrogels need to be finely tuned to match the
specific requirements of the different administration routes/tissues and clinical applications.
For example, hydrogels used in cartilage replacement must be strong and elastic, while
those used in wound dressings should be flexible and breathable. Depending on the case,
other features may be of major importance, e.g., oxygen permeability, transparency or
tribological behavior. Hydrogels with cross-linking/gelation capacity, which allows their
formation in situ at the target site, may be advantageous in some situations. Appropriate
degradation rates and bioactive surfaces that promote vascularization and support suitable
tissue architecture may also be desirable. In all cases, the ability to prevent colonization by
microorganisms, thereby reducing the risk of infection, is an added value. Their resistance
to sterilization methods is also a transversal requirement, to ensure that they remain
functional and safe after the sterilization procedures. Finaly, researchers are exploring
new synthesis and functionalization methods, as well as novel materials to make hydrogel
manufacturing more efficient and affordable [5]. The scalability and cost-effectiveness of
hydrogel production are essential for their widespread clinical adoption.

This Special Issue presents a selection of the cutting-edge research that is being carried
out by teams from diverse countries across Europe, Asia and America with the objective
of developing new hydrogels that can meet the aforementioned requirements. It gathers
eight original research articles covering topics that range from the production of hydro-
gels, addressing for example the influence of the nature of the raw materials and of the
incorporation of additives, to the evaluation of the effects of unconventional sterilization
methods. The characterization of the materials and their behavior is achieved through
in vitro testing, experiments with animals and clinical trials. The presented works cover
not only biotechnological applications, such as the immobilization of enzymes, scaffolds for
cellular metabolism studies or tissue engineering, and biofabrication, but also therapeutic
applications, e.g., ocular, local anti-cancer treatments and topical or transdermal drug
delivery (Figure 2). The latter application is the most representative and covers areas such
as wound or burn healing and treatment of sports injuries. The two reviews presented at
the end of this collection provide an overview of the latest advances in the production and
therapeutic potential of hydrogels in wound healing and cancer treatment. A summary of
each of the works published in the Special Issue is given below.

Hydrogel Fabrication & Sterilization Methods 3
Local (Injectable) Anti-cancer Drug Delivery 2
Ocular Drug Delivery [ 1
Topical / Transdermal Skin Drug Delivery | I

Figure 2. Topics covered in this Special Issue.

The first article evaluates the effect of the origin and variability of the raw materials
on the synthesis of gelatin methacryloyl (GelMA) and production of hydrogels. Eight types
of gelatin, from distinct sources (five porcine, one from fish, and two bovine) and with
different bloom values, were made to react with methacrylic anhydride in the presence
of urea to maintain room temperature and avoid GelMA gelation. The degree of func-
tionalization (DoF) of the obtained product was influenced by the bloom strength and
by the gelatin’s donor species. Furthermore, the characteristics of the product were also
affected by the batch-to-batch variability of the gelatins. In the second stage of the work,
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the authors produced hydrogel discs by UV photopolymerization using the synthesized
GelMAs and investigated their viscoelastic behavior, concluding that it depends on the
protein’s DoF, bloom strength and origin. Additionally, a microfluidic device was used
to generate droplets of GelMA solutions that were subsequently crosslinked to obtain
hydrogel microparticles. The droplet size was controlled through the ratio continuous
phase (GelMA solution) to the dispersed phase (sunflower seed oil). The swelling capacity
of the obtained microparticles varied inversely with GelMA concentration. As a potential
use of the microparticles, the authors advocate for cellular expansion and differentiation
in stirred bioreactors, due to the high surface to volume ratio and to the fact that GelIMA
presents cell adhesion sites. Comparatively to underivatized gelatin, the proposed mi-
croparticles are easier to produce, as the crosslinking can be performed in a single stage by
photopolymerization.

In another work, thermoresponsive hydrogels based on Pluronic® F127 containing
different polysaccharides (xanthan gum, alginate, k-carrageenan, gellan, or chitosan) were
prepared for possible application in injectable biomaterials or bioinks. The rheological
behavior of the materials was studied in different shear conditions and aqueous environ-
ments. Pluronic® F127 formed micellar networks with self-healing capacity, since after
being submitted to high strain cycles, they were able to recover the initial structure. The
viscoelastic behavior of the hydrogels containing xanthan gum was found to depend on
the testing liquid. They exhibited shear-thinning behavior, yield stress, and enhanced
self-healing capabilities. The experiments revealed that the best results were obtained for a
xanthan gum concentration of 1%. However, the addition of salt led to aggregate formation
and diminished the hydrogel performance. Hydrogels containing the same content of the
remaining natural polymers were also tested. Although good results have been obtained
with the hydrogels containing alginate, k-carrageenan and gellan gum, their ability to
recover the initial structure after application of high strains decreased. The addition of
chitosan implied the use of acetic acid for its solubilization, which must have been respon-
sible for the inferior viscoelastic performance and self-healing ability shown. The authors
concluded that the hydrogel’s structure and respective rheological properties can be tuned
by choosing the appropriate polysaccharide.

Covering different aspects of the hydrogel production process, this Special Issue also
includes an article on sterilization. This is a mandatory step to obtain biologically safe
materials that can be implanted /used in direct contact with the body. The sterilization
method and conditions must not only fulfill the sterility requirement but also ensure that
the material maintains adequate properties for the intended application. Many hydrogels
are thermo- and/or radiosensitive, precluding the use of standard industrial methods and
warranting the quest for alternative sterilization methods. Pires et al. investigated the effect
of three non-conventional methods, (a) microwave (MW); (b) high hydrostatic pressure
(HHP), and (c) plasma (PM), on the properties of reinforced polyvinyl alcohol (PVA)
hydrogels intended for articular cartilage replacement. The material was reinforced with
poly(p-phenylene-2,6-benzobisoxazole) (PBO) nanofibers to assure the high mechanical
performance needed in this demanding application. All the methods were effective at
achieving the materials’ sterility and did not affect the hydrogels” water content, nor their
hydrophilicity. However, they induced some changes in crystallinity and/or crosslinking.
MW was revealed to be the most suitable method for the studied hydrogel, since it further
improved its mechanical properties, namely the hardness, stiffness and shear modulus. In
addition, it reduced the friction coefficient observed against natural cartilage. The sterilized
hydrogel kept its non-irritant and non-cytotoxic behavior. MW is deemed a suitable method
for the sterilization of this type of hydrogel, due to the ease of use, low cost and short
processing time (3 min).

ustrating the application of hydrogels with bioactive agents for therapeutic purposes,
Francisco et al. used Pluronic® F127 to produce a hydrogel that, due to the incorporation
of silver nanoparticles (AgNPs), may be used in skin burn regeneration. In fact, AgNPs
have demonstrated antibacterial activity and are promising in wound healing, a major
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public health issue lacking effective therapeutic strategies. In this work, different meth-
ods of nanoparticle production were tested and the one that yielded less aggregates and
more homogeneous particles (dispersion index < 0.2) was selected. The AgNPs produced
were characterized by atomic force microscopy (AFM), diffraction laser scattering (DLS)
and zeta potential measurements. AgNPs were non-spherical, with an average size of
48.04 £ 14.87 nm and slightly negative surface charge (—0.79 £ 2.17); their solution was
translucent yellow, with an absorption peak at 407 nm. Pluronic® F127, an amphiphilic
poly(ethylene oxide)/poly(propylene oxide)/poly(ethylene oxide) triblock copolymer, was
used to produce a thermoreversible hydrogel (i.e., upon administration, at body tempera-
ture, a stable gel matrix is formed), incorporating the AgNPs. Antibacterial activity was
shown in vitro against known colonizers of infected skin burns (Escherichia coli, Staphylococ-
cus aureus and Pseudomonas aeruginosa). In vitro skin permeation studies, using an artificial
membrane to mimic the skin, demonstrated no AgNP permeation after 24 h, a good safety
indicator. The semi-solid formulation was tested in vivo (mice) in a chemical skin burn
model and its therapeutic effect and safety were compared to a commercial silver sulfadi-
azine cream. The skin regeneration performance of the topical hydrogel-loaded AgNPs
at lower silver doses was comparable to the more concentrated commercial formulation,
demonstrating the clinical potential of this approach.

Traditional hydrogels, despite their ability to absorb large amounts of water, typically
exhibit delayed swelling after application and are not suitable for the treatment of moderate
to heavily exuding wounds. Pinthong and co-workers developed a porous hydrogel
incorporating Manuka honey (MH, 1 and 10% w/w) for such use. The hydrogel matrix
was based on 2-acrylamido-2-methyl-1-propanesulphonic acid with the addition of pore-
forming excipients—sodium bicarbonate (foaming agent), methacrylic acid (to promote
CO; formation during gelation), and Poloxamer 407 (foam stabilizer)—to create a structure
capable of rapidly absorbing significant amounts of water. The formation of a gas-blown
porous hydrogel, with pores ranging from ~50 to 110 pm (scanning electron microscopy;
SEM), the superior bulk swelling performance (~5000% vs. ~2000% increase in weight, by
gravimetry) and initial surface absorption (10 uL vs. <1 pL, in <3000 ms, by contact angle
measurement) compared to the non-porous counterpart were confirmed. Incorporation
of MH resulted in smaller (~50 um) and more homogeneous pores, increased porosity,
more linear swelling behavior in the first 5 min, improved gel appearance and mechanical
properties. The inherent properties of MH, which altered the system by increasing viscosity
and lowering the pH, enhancing foam production during gelation, appear to be responsible
for the improvements observed. Cell cytotoxicity was tested by the XTT (2,3-bis-(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay, using normal human dermal
fibroblasts, to evaluate cell viability during 24 h. Despite the acidic nature and hydrogen
peroxide and flavonoid content of MH, cell viability was ~80-90% and the materials were
regarded as non-toxic. In conclusion, the porous hydrogels fabricated offer a promising
approach for advanced rapid-absorbing wound dressings.

To minimize discomfort, swelling, and inflammation following sports or accident
injuries, non-steroidal anti-inflammatory drugs are typically administered. Permeation
of the drug into the damaged tissues is paramount and dependent on formulation. The
following work by Bukhari et al. evaluated the efficacy of diclofenac potassium (DK 2, 4
and 6%) gels, with and without phonophoresis application, in the management of such
injuries. Marketed gels of the sodium salt of the drug (DS, 4%) and drug-free gels were used
as controls. The patients (n = 200) were randomly allocated into five groups (n = 20 each) to
which the different formulations were administered 3—4 times weekly, for 4 weeks, without
phonophoresis; for another five similar groups, ultrasounds were applied in continuous
mode (2:1), at a frequency of 0.8 MHz and an intensity of about 1.5 W/cm?, to maximize
the effect of the topical formulation. The patients were assessed (at baseline and sessions
4, 8,12 and 16) by using the Numeric Pain Rating Scale (NPRS) and the Western Ontario
McMaster Osteo-Arthritis (WOMAC) indexes for pain in disability and stiffness. Both
scales showed significant dose-dependent pain relief in DK-treated groups, as compared
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to the group treated with DS gel. The additional application of phonophoresis resulted
in faster and deeper pain relief due to the increased penetration of both DK and DS gels;
the significant increases in benefits were dose-dependent and particularly stronger for DK
gels. Moreover, phonophoresis was well tolerated by patients. The results demonstrated
the superiority of the therapeutic scheme combining 6% DK gel and a physical enhancer
of drug permeation, which is particularly suitable for the treatment of uncomplicated soft
tissue injuries (e.g., plantar fasciitis, bursitis stress injuries, and tendinitis).

Glaucoma is a neurodegenerative disorder that may lead to vision loss or blind-
ness because of damage to the optic nerve. One of the most significant risk factors for
developing the disease is elevated intraocular pressure, which may be prevented using
anti-hypertensive beta-adrenergic blockers such as carvedilol. However, due to its poor
water solubility and extensive first-pass metabolism, carvedilol demonstrates low oral
bioavailability, necessitating the use of alternative drug delivery routes (e.g., topical ocular)
and formulations capable of remaining at the target site for long periods of time. To this
end, Almutairy et al. fabricated a thermosensitive in situ gelling system for the ophthalmic
delivery of carvedilol-loaded spanlastics (CRV-SPLs). SPLs are elastic colloidal carriers
based on non-ionic surfactants and an edge activator, with enhanced corneal permeability
of the entrapped drugs. The incorporation of such vesicles into an in situ forming hydrogel
is anticipated to facilitate prolonged drug release, accurate dosage, straightforward admin-
istration, prolonged residence time and enhanced transcorneal permeation. Optimized
SPLs with minimal diameter, high entrapment efficiency and drug permeability were pre-
pared with Span 60:Brij 97 (80:20). Gels were formulated with thermosensitive polymers
(poloxamer 407 /poloxamer 188) and processing parameters (e.g., gelation temperature,
muco-adhesion, rheological properties, and in vitro drug release pattern) were optimized.
The gels produced were transparent (slightly less after loading with SPLs) with acceptable
pH for ocular use (~neutrality) and high drug content (>97.3%). Ex vivo drug permeation
studies using goat corneal membrane showed a marked drug permeation increase due to
the nanoencapsulation in SPLs. Visual appearance, drug content, pH, and gelling capability
were maintained over a period of 8 weeks, at 4 °C. In vivo pharmacokinetics, based on
calculations of the amount of CRV quantified in the aqueous humor of rabbits over time,
after a single administration, was analyzed using a non-compartment model. A rapid
onset of action, and increased drug residence time and penetration through cornea were
observed, resulting in higher AUC, t;,; and Cpax. The optimized carvedilol-loaded in
situ gel system was found to be efficacious in lowering intra ocular pressure, for up to 8 h
after instillation, demonstrating its sustained action. Irritation, evaluated by the Draize
rabbit eye test, was ruled out. In conclusion, the results demonstrated the potential of
CRV-loaded spanlastic vesicles to enhance ocular bioavailability and serve as an alternative
to conventional dosage forms in glaucoma treatment.

The high area/mass ratio and reactivity of polymeric nanofibers have been explored
in controlled release and targeting of biomolecules in several diseases including cancer.
Guerra and co-workers fabricated electrospun polyvinyl alcohol (PVA) and PVA/chitosan
(CS) hydrogel nanofiber systems of lysozyme (Lys), crosslinked with boronic acids and
functionalized with magnetic iron oxide nanoparticles (IONPs), for biological applications.
The antibiotic, antitumor and immunomodulatory properties of Lys justify the choice of
this enzyme. Magnetic nanovesicles have found usefulness in hyperthermia-based cancer
therapy due to the sensitivity of some cancer cells to temperatures > 41 °C. Application of
an alternating magnetic field to IONPs results in a temperature increase and irreversible
damage and selective death of tumor cells (damage to normal cells is reversible). Electro-
spinning solutions were characterized in terms of specific conductivity and surface tension;
morphological analysis of the electrospun nanofibers, as a function of processing parame-
ters, was conducted by SEM. Most of the nanofibers were white, uniform, relatively thin
and fragile and circular in shape (diameter ~ 3.3 cm) with an average mass of 4.12 mg. The
joint use of PVA and CS seemed to improve the chemical and resistance properties of the
nanofibers; crosslinking with boronic acids reduced its fragility. The effects of temperature
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and pH on the in vitro release and biological activity of the immobilized enzyme were
determined by the Micrococcus lysodeikticus method. The nanofibers showed controlled
release and Lys exhibited a high release rate at pH 6.74 and 45.5 °C. Since cancer cells exhibit
lower pH and are more sensitive to temperature than normal cells, these features may
prove useful in anticancer applications. The presence of IONPs does not seem to influence
Lys release, but crosslinking is essential for controlled release over time. Enzymatic activity,
ascertained by microbial lysis, presented a lag time and was not affected by the presence of
magnetic particles. The cytotoxicity of the systems was evaluated in a widely used model
of the intestinal mucosal barrier, an epithelial Caco-2 cell line, from colon carcinoma. After
10 days of contact, cell viability was evaluated by the MTT (3-[4,5-dimethylthiazol-2-yl1]-
2,5 diphenyl tetrazolium bromide) assay and these systems were found to be cytotoxic,
especially those coated with IONPs. The biodegradability and bioresponsiveness of the
nanofibers at high temperature highlight their potential for in situ application to reduce or
inhibit the process of tumor metastasis.

Moving to the literature reviews, Marques et al. collected information on the recent
advances over the past two decades, regarding the development of injectable poloxamer
hydrogels for anti-cancer local treatments. Local cancer therapies offer several advantages
relatively to systemic treatments, e.g., intravenous administration. In fact, intra/peri-
tumoral injections ensure high levels of the therapeutic agents at the target site, while
avoiding systemic toxicity, and their effect does not depend on the tumor vasculature.
Injectable biodegradable hydrogels present the added advantage of eliminating the need
for surgery and increase the retention of the drug in the tumor. Poloxamer-based gelling
systems have raised special interest due to their biocompatibility, ease of preparation,
thermoresponsiveness, and ability to incorporate various anticancer agents. The review
describes the physicochemical and biological properties of injectable poloxamer hydro-
gels and summarizes their applications in local cancer therapy, namely in chemotherapy,
phototherapy, immunotherapy, and gene therapy. Despite the promising preclinical re-
sults, such treatments are still at the proof-of-concept stage. To advance towards their
use, poloxamers must be modified /combined with other polymers to reduce erosion and
ensure precise drug delivery. Additionally, a more extensive characterization of the hydro-
gels is needed. Besides evaluating the rheological and biological behavior, insights into
morphology and thermal properties should also be gathered. The determination of the
therapeutic efficacy in animal models larger than those currently used (rodents) is also
critical. Future prospects point out the increasing use of phototherapy and immunotherapy
(in substitution of chemotherapy) and combination therapies as a new direction in cancer
treatment. Injectable poloxamer hydrogels will gain prominence not only for drug delivery
but also in fields such as tissue engineering and cartilage repair.

Finally, the concluding article offers a comprehensive overview and a critical analysis
of several issues related to the use of hydrogels for skin regeneration and wound healing.
After enumerating the advantages of hydrogels in wound care, the authors identify the most
commonly used polymers in this field and provide a detailed description of their chemical
structure, origin and extraction methods, as well as of their intrinsic properties and role in
the wound healing process. Whenever possible, the authors provide explanations on the
mechanisms of action of individual polymers and their effectiveness; the advantages and
limitations of the different polymers are also discussed. Strategies for promoting wound
healing, exploiting the intrinsic potential of hydrogels, are presented. These include the use
of polymers that stimulate angiogenesis, or the incorporation of bioactive agents, such as
drugs, antimicrobial substances or growth factors, which provide additional functionalities
to the hydrogels. The usefulness of hydrogels as a 3D matrix for cell culture is also discussed,
with particular focus on their potential to support the loading and recruitment of cells to
the wound site, where they can proliferate and give rise to new tissue. Finally, future steps
in the advancement of hydrogels for wound healing are critically analyzed with particular
emphasis on the need for the material to be effective, safe, and environmentally friendly.
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In conclusion, while substantial progress has been made in hydrogel development,
overcoming the remaining challenges requires a continued interdisciplinary collaboration
between specialists in different areas. The emergence of cutting-edge technologies will
help to address issues related with biocompatibility, mechanical properties, enhanced func-
tionality, and production efficiency, leading to the next generation of hydrogels with even
greater potential to revolutionize healthcare. Ongoing research is pushing the boundaries
of what hydrogels can achieve, exploring new directions [6] (Figure 3) such as self-healing
hydrogels that repair themselves after damage [7], bioactive hydrogels that promote spe-
cific cellular responses [8] and smart hydrogels, which respond to environmental stimuli,
such as pH, temperature, or light [9]. The latter have raised particular interest, due to their
potential of enabling adaptive tissue engineering scaffolds and /or controlled and targeted
release of drugs and other active agents, enhancing therapeutic outcomes. Current research
trends also include novel nanoarchitectured hydrogels, incorporating nanoparticulates
(as a second phase within the system) capable of accurately controlling drug delivery [10].
Recently, the potential of three-dimensional printing of hydrogels in producing living
tissue structures or organs [11], or customized dosage forms [12], has been noted.

N

Self-healing Bioactive Smart Nanoarchitectured 3D printing of
hydrogels hydrogels hydrogels hydrogels hydrogels

Figure 3. Trends in hydrogel research for biomedical applications.

Hydrogels will play a pivotal role in achieving more sophisticated medical treatments
and devices, opening possibilities for personalized medicine, improved patient outcomes,
and innovative solutions to complex medical challenges.
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Abstract: Gelatin methacryloyl (GelMA) is widely used for the formulation of hydrogels in diverse
biotechnological applications. After the derivatization of raw gelatin, the degree of functionalization
(DoF) is an attribute of particular interest as the functional residues are necessary for crosslinking.
Despite progress in the optimization of the process found in the literature, a comparison of the effect
of raw gelatin on the functionalization is challenging as various approaches are employed. In this
work, the modification of gelatin was performed at room temperature (RT), and eight different gelatin
products were employed. The DoF proved to be affected by the bloom strength and by the species of
gelatin at an equal reactant ratio. Furthermore, batch-to-batch variability of the same gelatin source
had an effect on the produced GelMA. Moreover, the elasticity of GeIMA hydrogels depended on
the DoF of the protein as well as on bloom strength and source of the raw material. Additionally,
GelMA solutions were used for the microfluidic production of droplets and subsequent crosslinking
to hydrogel. This process was developed as a single pipeline at RT using protein concentrations up
to 20 % (w/v). Droplet size was controlled by the ratio of the continuous to dispersed phase. The
swelling behavior of hydrogel particles depended on the GelMA concentration.

Keywords: biomaterials; bloom value; gelatin; GeIMA; hydrogel; microfluidics; microparticle

1. Introduction

Hydrogels are polymeric networks with a high water-binding and retaining capacity.
Since the backbone of the hydrogels is crosslinked polymers, the structural stability of
the hydrogel is preserved in aqueous phase [1]. These properties enable the transport of
dissolved molecules within the physical structure which can be beneficial for a variety
of biotechnological applications such as the immobilization of enzymes [2] and microor-
ganisms [3,4] in bioreactors, as well as cell culture for studies of cellular metabolism [5].
For these diverse purposes, advanced manufacturing strategies are applied for the creation
of defined physical structures such as microparticles in microfluidics [6] and tissue models
in bioprinting [7].

A suitable biomaterial for the production of hydrogels is gelatin, which is extracted
from collagen [8]. Furthermore, the molecular weight and molecular weight distribution
of gelatin not only depend on the sources but also on the processing conditions such
as treatment time, pH, and temperature. Gelatin extracted in acidic media, and media
extracted using alkaline milieus, shows isoelectric points (IEP) at pH 8-9, and pH 4-5,
respectively [9,10]. After processing, the protein backbone retains sites for cell adhesion
as well as for enzymatic cleavage such as those present in collagen [8]. A challenging
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property of gelatin for certain applications is the transition of the gelatin solution to a
gel below a physiological temperature. A way to handle the limited structural stability
of hydrogels at elevated temperatures is the formation of covalent bonds between the
proteins. For this purpose, gelatin is functionalized to gelatin methacryloyl (GelMA).
The methacrylate and methacrylamide residues present in GelMA enable the creation of
crosslinked networks via photopolymerization [11]. The first draft of the process was
proposed by Van den Bulcke et al. [11]. The study included the addition of methacrylic
anhydride (MAA) to the gelatin solution in phosphate-buffered saline (PBS) at pH 7.5
under stirring at 50 °C. Significant progress has been made by research groups to identify
the effect of process parameters on the resulting degree of functionalization (DoF) of
GelMA. Lee et al. [12] and Shirahama et al. [13] have presented a thorough characterization
of the reaction using porcine gelatin. In these studies, the MAA-to-gelatin ratio was
significantly reduced by using carbonate bicarbonate (CB) buffer at pH values above the
IEP of porcine gelatin. This enhancement is due to the fact that free amino groups are
not charged. Additionally, Shirahama et al. [13] studied the derivatization of gelatin in a
temperature range from 35 to 50 °C with no difference in the produced DoF. Our previous
study complemented the findings of both groups by producing porcine GelMA at room
temperature (RT) while keeping the MA A-to-gelatin ratio at the same value [14]. Despite the
improvement of the synthesis process concerning porcine GelMA, more work is required
to compare the effect of raw material on the final product. To the best of our knowledge,
a wide range of raw materials including a variation in species and bloom strength have
only been reported once [15]. However, the used synthesis buffer was composed of 0.1 M
CB buffer, lower than the optimum reported by Shirahama et al. [13]. Further studies have
compared the use of porcine and bovine gelatin pairwise. However, making a comparison
across studies is challenging. This is because the applied methods vary in terms of buffer
composition and pH (PBS at pH 7.4 [16-18] or CB at pH 9 [15,19,20]), as well as buffering
capacity (0.1 M [15,19] or 0.25M CB [20]).

As GelMA contains cell adhesion sites, hydrogel microparticles can be used for cellular
expansion and differentiation. Commonly used methods for the expansion of adherent
cell types are based on the use of tissue culture (TC) flasks. This limits the production of
large quantities of cells as the required physical space increases linearly with the number
of required flasks. In contrast, a significant advantage is shown by the expansion of cells
using microcarriers. Hydrogel microparticles offer a high growth surface-to-volume ratio
and can be implemented into stirred bioreactors [21]. The application of GelMA when
compared to underivatized gelatin has the advantage that crosslinking can be performed via
photopolymerization in a single stage when producing hydrogel microparticles. In contrast,
particle production with gelatin requires multiple stages [22]. The challenging property
of GelMA solutions, however, is the sol-gel transition below 30 °C. This issue has been
addressed in the literature by using relatively low concentrations of the protein, i.e., below
10 % (w/v) [23-25], or by heating the entire microfluidic systems [25,26]. In the first part
of this work, we apply the previously presented method to produce GeIMA at room
temperature. To characterize the effect of the raw material on the produced GelMA, we
use a wide range of gelatin products. Porcine gelatin of five different products was tested.
The samples included two separate batches of the most commonly studied gelatin product,
i.e., porcine gelatin, 300 g bloom strength. Additionally, fish gelatin as well as two bovine
products with varying bloom values were incorporated into the study. Furthermore,
the produced GelMA was used for the formulation of hydrogels. The elasticity as a
function of the source of the raw material was characterized. As a second part of the study,
fish and porcine GelMA were used for the microfluidic production of droplets and the
subsequent crosslinking to hydrogel microparticles. The manufacturing of microparticles
was performed on a single pipeline at room temperature. The resulting droplet size was
controlled by variation in the feed ratio of continuous to disperse phase, as well as by
variation in GelMA type and concentration. In addition, the swelling behavior of hydrogel
microparticles in aqueous media was determined.
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2. Results and Discussion
2.1. GelMA Synthesis and Characterization

As demonstrated previously, the dissolution of porcine gelatin of 300 g bloom strength
in urea-containing buffer was possible solely under stirring at room temperature [14]. This
method was applicable for dissolving porcine gelatin of various bloom strengths, and two
different gelatin products from bovine tissue. All used gelatin products are listed in Table 1.
The dissolution at room temperature was due to the fact that urea disrupts protein—protein
hydrophobic interactions and causes gelatin to unfold to coils in solution [27-29]. Even
though gelatin from cold-water fish does not form a physical gel above 5 to 10°C due
to the lower content of proline and hydroxyproline [9,30], the same synthesis buffer was
used for the sake of comparability during the synthesis of GeIMA. As the rheological
behavior of protein solution affects the distribution of reactants during a stirred reaction,
the viscosity of the gelatin solutions in the synthesis buffer was measured. Figure 1 provides
the corresponding results.

Table 1. Overview of gelatin types for the synthesis of gelatin methacryloyl (GeIMA). The products
were purchased from Sigma-Aldrich; the corresponding product information is provided includ-
ing source, Bloom strength is according to the manufacturer, as is the sample nomenclature used
throughout this manuscript.

Product Batch Source Bloom Nomenclature

Number Number Strength
G6144 SLCH4483 porcine 80-120 g p80
G2625 SLCC4273 porcine 175 ¢ p175
G1890 SLCC7838 porcine 300 g p3001
G1890 SLBX2973 porcine 300 g p300 I
39465 BCBW7164 porcine ultrahigh pUH
G7765 038K0681 fish - f
G6650 SLCM1231 bovine 50-120 g b50
G9382 SLCF9893 bovine 225¢g b225

The viscosity of solutions containing porcine gelatin increased significantly from
11.80 £ 0.17 mPas to 53.93 + 0.25 mPas with increasing bloom strength of the gelatin
product. The latter value was shown by the solution using a porcine source labeled as
gelatin with ultrahigh (UH) gel strength by the supplier. Two batches from the same
product with a bloom strength of 300 g were acquired and used for the measurements of
viscosity. The solution produced with p300 I and p300 II gelatin showed a viscosity of
46.63 + 0.42 mPas and 39.43 + 0.25 mPas, respectively. These two values were significantly
different (p < 0.05). Fish gelatin solution showed a viscosity of 13.26 + 0.06 mPas. The vis-
cosity of the solutions comprising bovine gelatin showed an increase in viscosity with
increasing bloom strength of the product from 14.07 + 0.06 mPas to 28.60 + 0.10 mPas. Sta-
tistically significant differences between the viscosity values were found between all data
sets (p < 0.05). The increase in viscosity of gelatin solutions with increasing bloom strength
is in accordance with other studies [30,31]. This is because the bloom value correlates with
the molecular weight (MW) of gelatin [9]. Therefore, an increasing molecular weight leads
to increasing intramolecular friction and to a higher amount of entanglements of proteins
in solution, and, thus, higher viscosity [32,33]. In the case of gelatin pUH, no bloom value
is stated by the producer. However, it was assumed that the MW is higher than that of
gelatin p300 I and p300 II due to the ultrahigh gel strength. This was confirmed by the
higher viscosity of the solution. Similarly, no bloom value is provided for fish gelatin. This
is because the determination of gel strength is performed following a standardized method
at 21 °C. Therefore, no bloom value can be measured for this product. The viscosity of the
fish gelatin solution was around the values of viscosity of porcine gelatin p80 and bovine
gelatin b50. Thus, the MW of fish gelatin was around the same magnitude as that of bovine
and porcine gelatin of lower bloom strengths, as has been observed in the literature [30].
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Figure 1. Viscosity of solution comprising gelatin at 10 % (w/7v) in reaction buffer, i.e., 0.25M carbonate
bicarbonate (CB) buffer, and 0.25M urea, measured at room temperature. Sample nomenclature is
provided in Table 1. The viscosity increased with increasing bloom strength of both porcine and
bovine gelatin. Additionally, the viscosity of gelatin solutions prepared with the same product but
different batches, i.e., p300 I, and p300 II, showed a significant difference. Statistically significant
differences between the viscosity values were found between all data sets (p < 0.05). Values are shown
as mean and standard deviation. Each gelatin solution was tested three times from independently
prepared samples.

Although it has been mentioned in the literature that the DoF of GelMA might vary
when different types of gelatin are used [34], not many reports have been presented on
this topic. In this study, GeIMA was synthesized using different gelatin products with
varying species of origin and various values of bloom strength. Table 1 provides relevant
information on the tested products. The DoFs of the produced samples are shown in
Figure 2. In the first part of the study regarding the synthesis of GelMA, the previous
method using a urea-containing buffer to process gelatin at room temperature was sim-
plified [14]. In contrast to the said study where MAA was continuously fed during the
reaction, the complete amount of reactant was added at the beginning of the reaction in the
present study. Additionally, the reaction time was shortened to 60 min. The GelMA sample
p300 I was produced using the same gelatin product and batch. At a MAA-to-gelatin ratio
from 100puL g~! (100 MA), the DoF exhibited a value of 0.899 + 0.010. This value is not
significantly different from the data shown previously with a value of 0.963 + 0.027 [14].
Reaching a similar DoF in spite of the reduction in reaction time is comparable to the study
by Shirahama et al. [13], as it was shown that the reaction is completed within 60 min
when the complete volume of MAA is added at the starting point. As mentioned above,
porcine gelatin with a bloom strength of 300 g has been widely studied for the production
of GelMA [18,20,35]. Moreover, batch-to-batch variability is known to be a drawback of
naturally derived polymers [36,37]. To test the effect of such inconsistencies, a second
batch of the same product was used to synthesize GeIMA p300 II. The DoF showed a
value 0.832 + 0.021 at 100 MA, significantly lower than that of GeIMA p300 I (p < 0.05).
Furthermore, the feasibility of using the developed method with porcine gelatin of varying
bloom strength and the effects thereof were studied at 100 uL g’l (100 MA). The DoF values
of GelMA were 0.732 + 0.014, and 0.810 + 0.007 for the samples produced with gelatin of
lower bloom strength, i.e., samples p80-100 MA, and p175-100 MA, respectively. These
values differed significantly from each other and from the DoF of GeIMA p300 I-100 MA
(p < 0.05). Additionally, porcine gelatin with ultrahigh gel strength was modified to GelMA
with a DoF of 0.910 + 0.010. However, these data did not differ significantly from the data
of the sample p300 I-100 MA.
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Figure 2. Degree of functionalization (DoF) of produced gelatin methacryloyl (GeIMA). Sample
nomenclature regarding the used raw materials is provided in Table 1. The DoF was determined by
the trinitrobenzenesulfonic (TNBS) acid method [38]. At a methacrylic anhydride (MAA)-to-gelatin
ratio of 100 pL g_1 (100 MA), asterisks denote a significant difference between synthesized samples
(p < 0.05). No significant differences are denoted with the abbreviation n.s. (p > 0.05). Moreover,
the DoF of porcine GelMA decreased significantly with decreasing MA A-to-gelatin ratio from 100
to 40 uL g*1 (40 MA) (p < 0.05). At a MAA-to-gelatin ratio of 40 uL g*1 (40 MA), no significant
differences regarding the DoF were proven (p > 0.05). These differences are not shown for the
purpose of clarity. Values are shown as mean and standard deviation. The functionalization of each
gelatin type was carried out separately three times. The DoF of each batch was determined.

Gelatin p300 I and p300 II were derived from porcine skin with an acidic treatment
(Type A) due to the high fat content of the tissue [10,30]. Individual differences within
a species could lead to differences in MW and MW distribution. Additionally, slight
differences in processing could also affect the properties of porcine gelatin as has been
shown by Duconseille et al. [39]. The study showed that minor differences in the raw
material and processing steps have a significant impact on the biochemical composition.
In the reaction of gelatin to GeIMA, the organic compound MAA is added to the aqueous
gelatin solution. As both liquids are not miscible, thorough stirring is required to disperse
the reactant to fine droplets. This issue has been addressed in the literature [13,35,40].
Hence, gelatin shows surface active properties leading to the adsorption of molecules to the
created interface [41,42]. During stirring, MAA droplets are formed, which then collapse
at different rates depending on the adsorption rate of gelatin to the interface and on the
stabilization mechanism of the droplets. For instance, Shirahama et al. [13] mentioned that
it was not feasible to evenly distribute MAA within a 1% (w/v) gelatin solution as not
enough protein was in solution to stabilize the MAA droplets. Furthermore, the adsorbed
amount is dependent on the MW and MW distribution [43]. Additionally, the MW of the
adsorbed protein affects the stabilization mechanism of the created droplets [41,43]. As the
reaction took place in a buffered solution at pH 9, around the isoelectric point (IEP) of
porcine gelatin, the stabilization mechanism is mostly steric. The magnitude of stabilization
as well as the amount of adsorbed protein both increase with increasing MW. Consequently,
the stabilization provided by gelatin of higher MW, i.e., higher bloom value, yields a higher
interface and therefore a higher reaction rate leading to higher values of DoF. A study
was presented by Aljaber et al. [15], where porcine gelatin of 300 g as well as 175 g bloom
strength was used to produce GelMA, and showed a higher DoF for the material of higher
bloom value, which is in accordance with the presented data in this study.

The possibility to transfer the developed approach to raw materials other than porcine
gelatin was tested using fish gelatin from cold water as well as two bovine gelatin products
with different gel strengths. The buffer system and the processing at room temperature
proved to be applicable to fish and bovine gelatin. As mentioned above, the presence of
urea in the buffer inhibits the formation of helical structures of the gelatin from bovine
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tissue, i.e., the transition from solution to a gel. Ata MAA-to-gelatin ratio from 100 uL g~
(100 MA), the DoF of fish GeIMA showed a value of 0.766 + 0.013. Furthermore, the effect of
various values of bloom strength was studied using bovine gelatin at 100 pL g ~*. The DoF
values of GeIMA were 0.804 + 0.006, and 0.765 + 0.013 for the samples produced with
gelatin of lower bloom strength, i.e., samples b50-100 MA, and b225-100 MA, respectively.
The DoF of both bovine GeIMA samples as well as fish GelMA differed significantly from
the DoF of GelMA p300 I-100 MA (p < 0.05). The effect of increasing bloom strength on
the resulting DoF of bovine GeIMA was not significant. As fish gelatin is extracted using
acidic media [10], the IEP of the protein is similar to that of porcine gelatin. The determined
DoF of GelMA {-100 MA is in the same range as the DoF of porcine GelMA with the lowest
bloom strength, i.e., p80-100 MA. This comparable result is due to the fact that the MW
of fish gelatin lies around the MW of gelatin p80, as was mentioned above regarding the
results of the viscosity of both gelatin solutions. Hence, the stabilization of MAA droplets
could take place at a similar magnitude. It has been shown by Lee et al. [12] that the reaction
is most effective when the free amino groups are not charged; therefore, the pH during
the reaction as well as the IEP of gelatin plays a significant role during the production
of GelMA. In the literature, a higher DoF of bovine GeIMA compared to that of porcine
GelMA has been reported [16,18]. Both studies performed the reaction using phosphate-
buffered saline, leading to the crucial difference in the surface charge of both proteins.
The IEP of bovine gelatin lies around pH 4-5 due to the alkaline pre-treatment of bovine
tissue where asparagine and glutamine are converted to aspartic acid and glutamic acid,
respectively, [9,10]. Therefore, at pH 7 the reaction rate of bovine GelMA is much higher
than the rate of porcine gelatin. Further studies producing GeIMA using CB solutions
have shown similar DoF values for porcine and bovine products. Lee et al. [19] prepared
GelMA using porcine gelatin with 175 g bloom strength and bovine gelatin with 225g.
Both samples showed similar DoF values, which is in accordance with the presented study.
Aljaber et al. [15] prepared GelMA using porcine gelatin with 300 g bloom strength, which
had a higher DoF than the GeIMA produced from bovine gelatin. Although the bloom
strength of the bovine protein was not stated in that study, the results are in accordance
with the results shown in this manuscript. As mentioned above, MAA and aqueous gelatin
solutions are not miscible, and gelatin molecules are adsorbed to the created interface.
The aqueous solution is buffered at pH 9; consequently, the bovine protein is negatively
charged, making it less suitable for the stabilization of MAA droplets compared to the
neutrally charged porcine gelatin [44]. This could lead to bigger droplets decreasing the
amount of total interface for the reaction to GelMA, and, therefore decreasing the DoF of
both bovine samples. The stabilization mechanism of MAA droplets could explain the
missing difference regarding the DoF of GeIMA b50 and b225. Additionally, proteins of
lower MW show an electrostatic stabilizing effect because of the negatively charged surface,
while the stabilizing mechanism of proteins with higher MW is rather steric [41]. As a
result, both gelatin types could stabilize the created interface at similar magnitudes, thus
showing similar DoF values.

The effect of the MA A-to-gelatin ratio was also studied using four gelatin raw materi-
als, i.e., p80, p175, p300 I, and p300 II. The DoF of each GelMA sample at 40 uL g1 (40 MA)
decreased significantly compared to each counterpart at 100 MA (p < 0.05). This result is
in accordance with similar studies [12,13,20]. Holding the MA A-to-gelatin ratio constant at
40 MA, the DoF did not differ significantly by increasing bloom strength. As the volume of
the reactant decreases, the created interface becomes smaller and the stabilization efficiency
provided by the proteins is equally effective.

This study shows that the gelatin source as well as bloom strength and even batch-to-
batch variations have a significant impact on the process. As the adsorption of the gelatin
molecules at the interface to MAA is highly influenced by the MW and MW distribution,
the setting of an optimal reactant ratio will depend on the used raw material. Our findings
imply process parameters developed using a certain raw material cannot be simply trans-
ferred to the operation with a different one. In the case of GelMA, the process parameters to
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meet a certain DoF have to be adapted according to the gelatin material to be used. Further
understanding of the reaction is required taking into account the properties of gelatin at the
interface to the reactant. The stirring conditions should also be thoroughly studied, as the
droplet size depends on the energy input to the process. As previously stated regarding the
use of the protein in the field of tissue engineering, detailed information about the range of
operating conditions to meet certain quality attributes is required. This is a requisite by
regulatory authorities to reach clinical stages.

2.2. Hydrogel Characterization

GelMA solutions can be covalently crosslinked to hydrogels. This possibility is crucial
when the intended application takes place at elevated temperatures. As shown in the
literature, the elasticity of the produced hydrogels is influenced by the protein concentration
and its DoF [11,14,45]. This study aimed to characterize the effect of the source as well as the
effect of diverse values of bloom strength of the raw material on the resulting mechanical
properties. For this purpose, hydrogels were prepared at 10 % (w/7v) as described above,
and the storage modulus was determined by oscillatory frequency sweeps on a rheometer.
The associated values are presented in Figure 3.
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Figure 3. Elastic plateau modulus of gelatin methacryloyl (GelMA) hydrogels of various sources
at 10 % (w/v). Sample nomenclature regarding the used raw materials is provided on Table 1. Ata
methacrylic anhydride (MAA)-to-gelatin ratio of 100 uL g~ ! (100 MA), asterisks denote a significant
difference between synthesized samples (p < 0.05). No significant differences are denoted with the
abbreviation n.s. (p > 0.05). Furthermore, the elasticity of the hydrogels produced with porcine
GelMA decreased significantly with decreasing MA A-to-gelatin ratio from 100 to 40 uL g_l (40 MA)
(p < 0.05). Ata MAA-to-gelatin ratio of 40puL g~! (40 MA), no significant differences regarding the
hydrogel elasticity were shown (p > 0.05). These differences are not shown for the purpose of clarity.
Data are shown as mean and corresponding standard deviation. Each batch of GeIMA was used for
the formulation of hydrogels. Three samples of each batch were tested.

The elastic moduli of the hydrogels prepared with porcine GeIMA 100 MA increased
significantly with the bloom strength of the respective gelatin raw material (p < 0.05).
The moduli were 2.15 + 0.16 kPa, 5.85 + 1.11 kPa, and 9.04 + 0.85 kPa, for GeIMA samples
p80-100 MA, p175-100 MA, and p300 I-100 MA, respectively. The hydrogels produced with
p300 II exhibited an elastic modulus of 7.60 + 0.91 kPa, and the data did not differ signif-
icantly from the data produced with p300 I-100 MA, i.e., the same gelatin product used
as raw material proceeding from a different batch. Similarly, the elastic moduli of GelMA
hydrogels p300 I and p300 II did not differ significantly from that of hydrogels produced
with GelMA pUH-100 MA. This effect is in accordance with the work of Aljaber et al. [15].
The study showed an increase in elastic as well as compressive moduli by increasing the
bloom of the raw material from 175g to 300 g. The increasing elasticity corresponds to
higher crosslink density in the polymeric network. This resistance to the deformation
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is influenced by both covalent bonds and physical entanglements [33,46]. GelMA with
higher bloom strength showed a higher DoF, and thus a higher amount of methacrylamide
and methacrylate residues. Furthermore, as the bloom value of the protein increases, so
too does the MW, which leads to an increment in the amount of physical entanglements,
as well. Although significant differences in viscosity at the same gelatin concentration were
measured meaning a difference in the MW and MW distribution, the missing difference by
means of the elasticity of samples p300 I, p300 II, and pUH could arise from the crosslinking
conditions in the present study. The irradiation dose was set to 2167 mJ cm~2. This condi-
tion is much higher than the presented methods in similar studies [11,20,47]. As studied by
O’Connell et al. [48], the reaction rate is proportional to the irradiance and photo-initiator
concentration in free radical polymerization. As a result, the diffusivity of radicals and
the accessibility of crosslinking sites are rapidly lowered by the increasing elasticity of the
polymeric matrix, thus limiting the formation of covalent bonds.

Not only the elastic moduli of hydrogels made of porcine GelMA were determined,
but also those of fish and bovine GelMA. The samples prepared with {-100 MA, and
b50-100 MA showed elastic moduli values of 1.69 + 0.50 kPa, and 2.75 + 0.79 kPa, respec-
tively. These data sets were not significantly different from each other. The elastic moduli
of b225-100 MA hydrogels had a value of 5.88 + 0.79 kPa, significantly higher than that
of GeIMA {-100 MA and b50-100 MA hydrogels (p < 0.05). The data measured from the
b225-100 MA hydrogel were significantly lower than the data acquired from hydrogels
p300 1, p300II, pUH (p < 0.05). The lower elasticity of fish GeIMA in comparison to porcine
GelMA and bovine GelMA has been shown in the literature. While both Young et al. [18]
and Aljaber et al. [15] state the use of porcine gelatin with 300 g bloom strength, only
Young et al. mention the bloom value of bovine gelatin, i.e., 225 g. In both cases, hydrogels
prepared with fish GelMA show the lowest elasticity. Due to the fact that the DoF of
p80-100 MA, £-100 MA, and b50-100 MA were similar, the covalent crosslinks and chain
entanglements contribute equally to the elasticity of the hydrogels. Moreover, the effect of
increasing elasticity with increasing bloom strength of porcine gelatin is exhibited by the
samples prepared with bovine GeIMA, as well. As both bovine GeIMA samples proved to
have a similar DoF, the increasing elasticity of the hydrogel b225-100 MA is a consequence
of the larger amount of physical entanglements due to the higher MW of the protein.

The effect of the DoF on the elasticity of hydrogels was characterized using porcine
GelMA. The samples prepared with GeIMA 40 MA were significantly less elastic than
the counterparts produced with GeIMA 100 MA (p < 0.05). The behavior is attributed
to the fact of the lower amount of methacrylamide and methacrylate residues required
for photo-crosslinking at an equal GeIMA concentration. The effect of DoF on elasticity
has been reported in similar studies [14,19,47,48]. Future research should include the
characterization of the relationship between the properties of the GelMA backbone, i.e., MW
and DoF, and hydrogel properties, i.e., elasticity. Additionally, the protein composition can
also be taken into account as the protein sources vary in terms of species. Hence, variability
regarding the amount of hydrophilic amino acids along the protein affects the mechanical
properties of the hydrogel as well.

2.3. Microparticle Generation and Characterization

GelMA has proved to be a versatile material in a wide range of applications, e.g., three-
dimensional cell culture in studies of disease and tissue engineering [49]. The formation of
physical gels at room temperature imposes a challenge for the manufacturing of GelMA-
containing products. Similar to gelatin solutions, GelMA solutions form physical gels
due to inter- and intramolecular interactions leading to the formation of helical structures.
Regarding the elasticity of physical gels, the effect is less pronounced in GelMA compared
to raw gelatin; however, the transition temperature remains that of unmodified gelatin [11].
Because the gelation occurs below physiological temperature, the production of GelMA
structures with techniques such as bioprinting [50], electrospinning [51], and microflu-
idics [52] relies on the addition of further polymers to the formulation in order to adapt the
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precursor solution to the particular method. Alternatively, the production equipment is
heated above the gelation point [25,26]. The aim of this part of the study was the production
of GelMA droplets using a microfluidic device at room temperature. For the production
of droplets, fish GelMA was dissolved in ultrapure water as the protein solution did not
form a physical gel at room temperature. In contrast, porcine GelMA was dissolved in 4 M
urea solution to inhibit the gel formation as the process took place at room temperature,
i.e., below the gel transition temperature. The processing of GeIMA to hydrogel micropar-
ticles consists of two consecutive steps. Firstly, GeIMA droplets are produced within an
oil stream using a microfluidic device. Subsequently, the droplets in oil are covalently
crosslinked to hydrogels under UV irradiation as fluid flows within light-transmitting
tubing. A schematic draft of the process is provided in Figure 4. The tested samples and
corresponding concentrations as well as the feed rates of both continuous and disperse
phases are listed in Table 2.
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Figure 4. Schematic of the microfluidic setup used in this study. (A) Disperse phase and continuous
phase, i.e., Gelatin methacryloyl (GeIMA) and sunflower seed oil, respectively, were fed into the
microfluidic device using a syringe pump. The droplet production took place within an outer
glass capillaries, where two inner capillaries were placed. The left and right inner capillaries had
diameters of 170 pm and 340 pum, respectively. The dispersed droplets in oil were crosslinked to
hydrogel microparticles under ultraviolet (UV) light-emitting diodes (LED). Figure adapted from
Leister et al. [53]. The complete experimental setup was used at room temperature. (B) Image of the
used microfluidic device. (C) Image of the light-transmitting tubing under UV irradiance for the
crosslinking of hydrogel microparticles.

As the droplet formation process is influenced by the viscosity of both inner and
outer phases, the viscosity of solutions prepared with fish GelMA and porcine GelMA,
as well as the viscosity of sunflower seed 0il, were measured. The data on the viscosity
of GeIMA solutions are shown in Figure 5. The viscosity of the oil exhibited a value of
60.5 = 0.2 mPas, which is shown as a line across the figure. A significant increase in
viscosity was shown with an increasing concentration of both fish and porcine samples,
i.e., samples f-100 MA, and p300 I-100 MA, respectively, (p < 0.05). The values of viscosity
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of the fish at the concentrations 10, 15 and 20 % (w/v) were 5.2 + 0.1 mPas, 9.9 + 0.2 mPas
and 17.4 + 0.6 mPas, respectively. Solutions containing fish GeIMA showed lower values of
viscosity compared to those of porcine GelMA at the same protein concentration with values
of 24.7 £ 2.0 mPas, 61.1 £ 6.1 mPas and 133.0 = 19.2 mPas. Furthermore, the viscosity of
solutions of both GelMA types at 10 % (w/v) are significantly lower than the viscosity of
the solution with the corresponding gelatin product shown in Figure 5.

Table 2. Composition of disperse phase as employed for the production of hydrogel microparticles

as well as the feed rate and feed ratio of continuous phase to disperse phase. The feed rate of the

continuous phase consisting of sunflower seed oil was set to 120 mL min~!.

Concentration Feed Rates Feed Ratios
GelMA Sample % (wlv) mL min~! x
f-100 MA 15 12,24, 60 10,5,2
f-100 MA 20 12,24, 60 10,5,2
p300 I-100 MA 10 12,24, 60 10,5,2
p3001-100 MA 15 12,24, 60 10,5,2
p300 I-100 MA 20 8,24,60 15,10, 5
| GeivA T 100MA I GelMA p300 | 100MA
10t F .
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©
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Figure 5. Viscosity of gelatin methacryloyl (GeIMA) solutions and sunflower seed oil measured
at room temperature. Sample nomenclature is provided in Table 2. The mean value and standard
deviation of the viscosity of sunflower seed oil are shown as a black region. The viscosity of oil was
measured three times from the same bulk. Fish GeIMA was dissolved in ultrapure water, and porcine
GelMA was dissolved in 4 M urea solution. The viscosity of both GelMA types was acquired at 10, 15
and 20 % (w/v). The viscosity of the solutions increased significantly with increasing concentration
of both types of GelMA (p < 0.05). Significant differences were found between the viscosity of the
solutions at a constant GelMA concentration (p < 0.05). The values are presented as mean and
standard deviation. GelMA solutions were measured three times at each concentration. At a constant
concentration, GeIMA from an independently synthesized batch was used.

The effect of increasing porcine GelMA on the viscosity is in accordance with litera-
ture [45]. The viscosity of the solution is affected by the amount of bound water which
increases with protein concentration. Additionally, the friction between protein chains
and the number of physical entanglements of protein chains increases with the concentra-
tion [32,33]. The higher values of porcine GeIlMA solution compared to those of fish GeIMA
solution have not been reported in the literature, but it is expected since the viscosity of
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porcine gelatin solutions is higher than that of fish gelatin, as shown above. Additionally,
the solution of fish GeIMA did not contain urea since fish GelMA does not form a physical
gel at room temperature. This fact could also account for the higher viscosity of the porcine
GelMA solutions in this study as urea increases the viscosity as well [54]. The decreasing
viscosity of the solution after the modification of gelatin to GelMA is in accordance with
literature [16,45] and is attributed to the reduction in hydrophilic interaction between the
GelMA backbone and the surrounding aqueous phase.

GelMA droplets were produced at the tip of glass capillaries within the microfluidic
system. Exemplary images of the droplets at the break-up point are shown in Figure 6A,B.
The droplets were formed in a co-flow configuration using the second capillary as a flow re-
striction to facilitate the droplet formation. Directly after droplet break-up, the particle size
was determined using high-speed image acquisition and using automated image analysis to
determine the droplet size. The effect of feed ratio as well as GelMA type and concentration
were tested. The associated data are shown in Figure 6C. Droplets were generated with fish
GelMA at 15 and 20 % (w/v). At both concentrations, increasing the feed ratio led to signifi-
cantly lower droplet sizes. A similar effect was exhibited in the production of droplets with
porcine GelMA solution at room temperature. For GelMA droplets at 10 and 15 % (w/v),
the decreasing droplet size was significant. At 20 % (w/v) porcine GelMA, the same trend
with respect to the lower concentrations was shown; however, the effect of increasing
the feed ratio was not significant. In the literature, GelMA droplets for the production
of microparticles have been studied at concentrations up to 10 % (w/v) [23,24,55]. Such
low concentration has been used due to the thermal gelation of GeIMA solutions at room
temperature. Additionally, the heating of the microfluidic devices has been implemented in
other studies to maintain the solutions as a liquid [25,26]. In the presented study, droplets
of porcine GelMA solution with a protein concentration of 20 % (w/v) could be produced
at room temperature. The processing without heating of the devices was feasible due to
the presence of urea in the solution. Moreover, the effect of increasing feed rate leading
to decreasing droplet size is in accordance with the literature [23,24,26,55]. This is due
to the viscous drag of the oil phase in contrast to the decreasing inertial and interfacial
force of the disperse phase [56]. Moreover, the study by Wang et al. [25] mentioned the
higher droplet size for the solution comprising porcine GelMA compared to the solution
containing fish GeIMA. Furthermore, the study by Samanipour et al. [24] stated the increas-
ing diameter of particles generated by increasing the GelMA concentration at the same
feed rate. These effects were justified as due to an increase in viscosity—the former due
to the higher viscosity of the protein of porcine origin and the latter due to the increment
of the protein concentration. The droplet formation was in the dripping regime. In our
study, this effect of the viscosity on particle size was partially exhibited, but it was not a
trend overall. Additionally, the mechanism of droplet formation shifted with increasing
viscosity of the protein solutions from dripping to jetting regime as shown in Figure 6A,B,
respectively. In our study, the high GelMA concentration lowers the interface tension at
a higher magnitude, and therefore the inner phase is more prone to forming a jet stream.
Additionally, the viscosity of the oil was not considerably higher than the viscosities of the
GelMA solutions. Especially for the sample at 20 % (w/v), where the viscosity of the inner
phase exceeds the oil viscosity, the required feed ratios were even higher for the break-up of
droplets. These conditions even lead to the widening of the jets, leading to higher droplet
sizes [57].
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Figure 6. Production of gelatin methacryloyl (GelMA) droplets in a microfluidic device. Fish
and porcine GeIMA were used in the disperse phase, whereas sunflower seed oil was used in the
continuous phase. Sample nomenclature is provided in Table 2. The feed rate of the continuous
phase was set to 120 mL min~'. (A,B) Microscopic images of the break-up points of GelMA droplets.
Scale bar: 500 pm. (A) 15 (w/v) Fish GelMA with a feed rate of 12mLmin"}, i.e., 10x feed ratio.
(B) 20 (w/v) Fish GelMA with a feed rate of 24mLmin"}, i.e., 5x feed ratio. (C) Droplet size of
disperse phase composed of fish and porcine GelMA, i.e., samples f-100 MA and p300 I-100 MA,
at different concentrations and different feed ratios. The droplet size was measured directly after
formation using the “Droplet Morphometry and Velocimetry” (DMV) software [58]. The data were
collected from at least 50 droplets of each GeIMA sample. Values of the droplet size distribution are
shown as a boxplot, where the middle line indicates the median and the edges of the boxes represent
the 25 and 75 percentiles. Whiskers indicate maxima and minima within a 1.5-fold interquartile range.
Moreover, the droplet size decreased with increasing feed ratio of continuous to disperse phase at
each tested composition.

Particles generated at a feed ratio of 5x were collected for further analysis regarding
the swelling behavior in DPBS. For this purpose, images were taken of the droplets in
oil, and after equilibration in DPBS. These images are shown in Figure 7A,B, respectively.
The particle diameters in both media were determined using an image processing and
analysis workflow developed in Matlab®. Moreover, the volumetric swelling ratio was
calculated according to Equation (2), and the associated results are shown in Figure 7C.
The swelling ratio of fish GelMA particles decreased from 4.10 + 1.00 to 1.35 + 0.35 with
increasing GeIMA concentration. Similarly, the swelling behavior of particles composed of
porcine GelMA decreased with increasing protein concentration. The volumetric swelling
ratio of the 10 % (w/v), 15% (w/v), and 20 % (w/v) hydrogel particles were 4.72 + 0.77,
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3.12 £ 0.05, and 2.81 + 0.01. The effect of GeIMA concentration on the swelling capacity of
hydrogels has been shown in similar studies [59-61]. The swelling process is driven by
the osmotic pressure difference between the aqueous phase within the polymeric network
and the bulk phase. Counteracting the swelling process is the elasticity of the crosslinked
network, which increases with increasing concentration of the protein [1,62]. As mentioned
above, the increasing elasticity originates from the higher amount of both covalent bonds
and physical entanglements [46]. The presented study shows the production of GelMA
droplets and the subsequent crosslinking to hydrogel particles in a single step at room
temperature. Fish GeIMA and porcine GelMA were used for this purpose, including
GelMA concentrations that have not been studied in the literature due to the complexity
of the material and its thermal gelation at temperatures below physiological conditions.
Further studies regarding droplet production and subsequent crosslinking should include
a thorough characterization of the mechanisms of droplet formation including the calcu-
lation of dimensionless numbers such as the capillary and Weber number. The droplet
formation is influenced by the composition of both phases, which depends on the intended
application. Surfactants could be used for the stabilization of GeIMA droplets, as the small
molecules adsorb rapidly to newly created interfaces, and, hence, avoiding coalescence.
For encapsulation of cells as well as biopharmaceuticals, fish GeIMA at high concentrations
could be used as it can be processed at room temperature without the use of urea as an
additive. This is of significant importance as urea induces protein denaturation and cell
disruption. Regarding cell delivery, research implies the biocompatibility of used surfac-
tants; therefore, the determination of non-critical concentrations to avoid cytotoxic effects
should be included. Furthermore, porcine GeIMA can be implemented for the production
of microcarriers. As previously reported, cells can attach to the GeIMA hydrogels after the
purification of GeIMA. Hence, hydrogel microparticles can be used for the expansion of
adherent cells. This approach increases the area-to-volume ratio of bioreactors compared
to the commonly used TC flasks. Similarly, such microcarriers can be implemented for
the selective differentiation of stem cells depending on the hydrogel formulation and its
stiffness [22,63]. In the present study, the robustness of the production process is increased
as the system is not sensitive to temperature fluctuations that could lead to the gelation of
the GelMA-containing solutions. Particularly, hydrogel particles at concentrations of 15 and
20 % (w/v) were produced, higher than previously reported in the literature. Hence, stiffer
hydrogels could be prepared, which is required for the differentiation and expansion of
certain cell phenotypes. Additionally, as GeIMA hydrogels can be enzymatically degraded,
cells can be easily harvested and separated from the aqueous media.

(A)

Figure 7. Cont.
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Figure 7. Volumetric swelling ratio of gelatin mathacryloyl (GelMA) microparticles. Fish and porcine
GelMA particles were produced at a feed ratio of continuous to disperse phase of 5x. Sample
nomenclature is provided in Table 2. (A,B) Microscopic images of GelMA microparticles. Scale bar:
1000 pm. (A) 20 (w/v) fish GeIMA particles collected after photo-crosslinking in the sunflower seed
oil phase. (B) 20 (w/v) fish GeIMA after swelling to equilibrium in Dulbecco’s phosphate-buffered
saline (DPBS). (C) Volumetric swelling ratio (VSR) of GelMA particles composed of fish and porcine
GelMA, i.e., samples {-100 MA and p300 I-100 MA. The swelling ratio was calculated according to
Equation (2). Moreover, the swelling behavior decreased with increasing GelMA concentration of
each type. Values are presented as mean and corresponding standard deviation. The particles size for
the calculation of the swelling behavior was detected from at least 40 particles of each sample.

3. Conclusions

Gelatin methacryloyl is well established for the formulation of hydrogels, finding
application in biotechnology, tissue engineering, and biofabrication. The studies on the
manufacturing progress have been focused on the use of porcine gelatin as raw material.
However, a comparison across the literature of the effects of raw materials on the final
product is challenging, as various approaches are employed including differences in the
composition of reaction buffer, pH, and buffering capacity. Additionally, the molecular
weight of the protein has not been the focus of the reports. In the first part of this study, we
produced GelMA at room temperature applying the previously reported method, where
urea is used in the reaction buffer to inhibit the thermal gelation of the protein solution. This
principle was successfully applied to the operation with a variety of raw materials other
than the one used in our previous report. Moreover, insights were gained into the effects
of batch-to-batch variability, as two different batches of the same porcine gelatin product
were used, and the degree of functionalization of the two products differed. Furthermore,
the bloom value, and hence the molecular weight of porcine gelatin, proved to have a
significant impact on the degree of functionalization, which decreased with decreasing
bloom strength. Additionally, fish gelatin and two bovine gelatin products with varying
bloom values were modified to GeIMA. The DoF of the products was lower than that of
porcine GelMA with high bloom. Our findings underline the significant impact of the raw
material on the processing of gelatin to GeIMA. As the reactants are not miscible, stirring is
required to disperse methacrylic anhydride droplets in the gelatin solution. The protein
adsorption at the interface, where the reaction takes place, depends on the molecular weight,
molecular weight distribution, as well as protein charge. Therefore, the optimization of
process parameters is highly dependent on raw materials, and a developed process cannot
simply be transferred to the operation with a different raw material. Further research should
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take into account the properties of gelatin at the interface to the reactant. Furthermore,
the produced GelMA materials of varying species and bloom strength were used for the
formulation of hydrogels, and the elasticity of the polymeric network was characterized.
By variation in the degree of functionalization, GeIMA hydrogels showed increasing elastic
moduli. In addition, the molecular weight of the raw materials affected the elasticity.
Decreasing the bloom strength of GeIMA hydrogels led to less elastic behavior.

As a second part of the presented study, two GelMA types were used for the mi-
crofluidic generation of droplets and the subsequent crosslinking to hydrogel particles.
Both processes were performed on a single pipeline at room temperature. Therefore, fish
GelMA was dissolved in water and porcine GeIMA was dissolved in urea solution to
maintain a solution at room temperature. The droplets could be produced at higher GelMA
concentrations than that found in the literature. Moreover, the droplet size decreased with
an increasing feed ratio of the continuous to disperse phase at each tested concentration.
The swelling behavior of crosslinked particles was characterized. Hydrogel particles ex-
hibited a higher swelling degree with decreasing GeIMA concentration. Future studies
should include the formulation of GelMA using surfactants as well as the adaptation of the
modular microfluidic device to stabilize the droplets by other means. Additionally, further
understanding of the mechanisms of GeIMA droplet generation is required, specifically
how process parameters affect dripping and jetting regimes.

4. Materials and Methods
4.1. Synthesis and Characterization of Gelatin-Methacryloyl
4.1.1. Precursor Solution for the Synthesis of Gelatin-Methacryloyl

Gelatin products were purchased from Sigma-Aldrich (St. Louis, M1, USA), and the
relevant product information is listed in Table 1. The buffer for the dissolution and syn-
thesis of GeIMA was prepared following the method by Grijalva Garces et al. [14]. Buffer
components for the synthesis of GelMA were acquired from Merck (Darmstadt, Germany).
The buffer composition was 0.25M carbonate bicarbonate (CB) and 4 M urea. After the
dissolution of the salts, the pH of the solution was adjusted to pH 9 using 1 M sodium
hydroxide (NaOH) or 1 M hydrochloridic acid (HCI). Gelatin was dissolved in the synthesis
buffer to a concentration of 10 % (w/v) at room temperature under stirring.

4.1.2. Rheological Characterization of Gelatin Solutions

The viscosity of the solutions at 10 % (w/v) gelatin in synthesis buffer was measured
using a rotational rheometer (Physica MCR301, Anton Paar, Graz, Austria). For the charac-
terization of the gelatin solutions, the configuration of the rheometer included a cone-plate
geometry (diameter 60 mm, cone angle 0.5°), and a solvent trap in order to avoid sample
drying during the measurements. The viscosity was determined within the shear rate range
of 0.5 to 5005 1.

The viscosity values of the gelatin solutions provided below were determined as
triplicates. Each value was measured from an independently prepared solution. Values are
shown as mean and standard deviation.

4.1.3. Synthesis and Purification

The synthesis was performed at room temperature under stirring. The reaction was
started by adding methacrylic anhydride (MAA, 94 %, Sigma-Aldrich) to the gelatin so-
lutions. The MAA-to-gelatin ratio was 100 uL g~ ! for all gelatin samples. Additionally,
porcine gelatin was modified to GelMA with a ratio of 40 uL g 1. Throughout this study,
sample nomenclature includes 100 MA, and 40 MA depending on the used MA A-to-gelatin
ratio. The reaction was carried out for 60 min. The process was terminated by two-fold
dilution with ultrapure water and a subsequent pH adjustment to pH 7.4. The diluted
reaction mixture was then dialyzed with a 3.5 kDa molecular weight cut-off tubing (Thermo
Fisher Scientific, Waltham, MA, USA) in an ultrapure water reservoir. This purification took
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place for 4 days at 40 °C. GelMA solutions were frozen at —80 °C overnight and lyophilized.
Solid GelMA samples were stored at room temperature until further use.

4.1.4. Determination of Degree of Functionalization

The degree of functionalization (DoF) of GeIMA samples was determined based on the
method by Habeeb [38]. Therefore, glycine (Sigma-Aldrich), gelatin materials, and GelMA
samples were dissolved in ultrapure water. Glycine standards for the determination of a
standard curve were prepared at 3, 5, 8, 10 and 20 pg mL 1. Gelatin references and GelMA
samples were dissolved in ultrapure water at 0.1, 0.3, 0.5 and 0.8 mgmL~!. A 0.1M CB
buffer at pH 8.5 was used as a reaction buffer containing 0.01 % (w/v) trinitrobenzene-
sulfonic (TNBS) acid (Sigma-Aldrich). A volume of 250 mL of the TNBS reagent solution
was mixed with an equal volume of the gelation as well as GelMA samples. Incubation
followed for 2 h at 40 °C. The reaction was terminated by addition of 250 uL of a 10 % (w/v)
sodium dodecyl sulfate (Sigma-Aldrich) solution and 125 uL of a 1 M HCl solution. A mi-
croplate reader (infiniteM200, Tecan Group, Mannedorf, Switzerland) for the measurement
of the sample absorbance at 335 nm. The concentration of free amines in the samples was
determined in comparison to a glycine calibration curve and normalized to the respective
gelatin concentration. The DoF was calculated according to Equation (1). The difference
between the number of free amino groups present in gelatin (cNp, gelatin), 1-€., before the
functionalization, and the amount in the produced GelMA (cnp, Geima), i-e., after the
reaction, was divided by the number of free amines in the raw gelatin.

CNHpy,gelatin — CNHy,Gel MA
CNHz,gelutin

)

Degree of Functionalization % =

The production and characterization of GelMA samples consisted of three experimen-
tal runs using each gelatin source. The measurement of absorbance in order to determine
the DoF was performed for each independently synthesized batch. The values are shown
as mean and standard deviation.

4.2. Hydrogel Characterization
4.2.1. Precursor Solution for the Production of Hydrogels

GelMA samples synthesized from different sources and MAA-to-gelatin ratios were
used for hydrogel preparation. For this purpose, a solution containing 0.1 % (w/v) the
photo-initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma-Aldrich)
was prepared in Dulbecco’s phosphate-buffered saline (DPBS, without calcium and mag-
nesium, 1x, pH 7.4, Thermo Fisher Scientific). Subsequently, the lyophilized material
was dissolved to 10 % (w/v) in LAP containing DPBS at 40°C. GelMA solutions were
transferred to cylindrical polytetrafluoroethylene (PTFE) molds (diameter 10 mm, height
3 mm) by pipetting a volume of 235 pL. The samples were then crosslinked to hydrogels
by exposure to an ultraviolet (UV) light-emitting diode (LED, 365 nm, OSRAM, Munich,
Germany) with an irradiation intensity of 12mW cm~2 for 3min. GelMA hydrogels were
equilibrated in DPBS until further analysis.

4.2.2. Mechanical Characterization

The viscoelastic properties of hydrogels were characterized using a rotational rheome-
ter Physica MCR301. A plate-plate geometry (diameter 10 mm) and a solvent trap were
part of the configuration of the rtheometer. The cylindrical hydrogels were placed on the
bottom plate and the top plate was positioned to a gap height of 2.5 mm. Storage and loss
moduli were measured within the linear viscoelastic (LVE) regime covering the frequency
range of 0.5 to 50rads~!. A constant stress amplitude was set to 0.5 Pa. The data of the
mechanical characterization were acquired from three experimental runs with three sam-
ples each. For each run, GelMA hydrogels from independently produced batches were
prepared. The data are presented below as the mean and standard deviation of the elastic
plateau modulus.
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4.3. Microparticle Fabrication and Characterization
4.3.1. Precursor Solution for the Production of Microparticles

The manufacturing of GelMA hydrogel microparticles at room temperature was
investigated. For these experiments, porcine GelMA, i.e., p300 I, and fish GelMA at
a reactant ratio of 100pnL MAA per gram gelatin were used. A 4M urea solution was
prepared for the dissolution of porcine GelMA. Subsequently, the photoinitiator LAP
was dissolved to 1% (w/v). Lyophilized porcine GelMA was added to the mixture and
dissolved under stirring. The precursor solution containing fish GelMA was prepared by
dissolving the lyophilized material in ultrapure water containing 1 % (w/v) LAP. Samples
from both sources were prepared at 10, 15 and 20 % (w/v). The precursor solutions were
protected from light prior to their use in the disperse phase in the microfluidic device
as described below. The tested samples and the used concentrations are summarized in
Table 2. Sunflower seed oil (Sigma-Aldrich) was employed as continuous phase.

4.3.2. Rheological Characterization of Disperse and Continuous Phase

The shear-rate dependent viscosity of sunflower seed oil and the GelMA solutions was
characterized as described in Section 4.1.2. For these measurements, the solvent trap served
additionally as protection from light to avoid photo-crosslinking during the measurement.

The viscosity of the oil phase was measured as triplicates from the same bulk. The value
is presented as the mean and associated standard deviation. Regarding the rheological char-
acterization of the GeIMA solutions, the viscosity was determined at each concentration as
triplicates. Each value was acquired from the prepared solution from each independently
synthesized batch.

4.3.3. Microfluidic Production of Droplets and Crosslinking to Microparticles

The setup for the production of GeIMA droplets and the subsequent crosslinking pro-
cess is shown schematically in Figure 4A. The disperse and continuous phases, i.e., GelMA
solutions and sunflower seed oil, respectively, were filled in high-precision glass syringes
(SETonic, Ilmenau, Germany). A Nemesys syringe pump was used to control the feed
rates using the software QmixElements v20140605 (both CETONI, Korbussen, Germany).
The rate of the oil phase was set to a constant value of 120 mL min~! for all experiments.
The tested GeIMA concentrations and the corresponding feed rates, as well as the feed
ratio, defined as the ratio of the feed rate of the continuous phase to that of the disperse
phase, are listed in Table 2.

For the formation of GelMA droplets, a microfluidic device with glass capillaries was
employed, as shown in Figure 4B. A detailed description of the equipment is provided by
Leister et al. [53]. The setup consisted of one outer and two inner glass capillaries (World
Precision Instruments, Friedberg, Germany). The inner capillaries (outer diameter 1 mm,
inner diameter 0.58 mm) were modified by pulling with a micro-pipette puller (P-1000,
Sutter Instruments, Novato, CA, USA). The tip diameter of the capillary for the disperse
phase was 170 um, while the tip diameter of the second capillary used as the outlet of
dispersed droplets in o0il was 340 pm. The inner capillaries as well as the outer capillary
(length 15 mm, inner diameter 1.56 mm) were treated with 2-[methoxy(polyethyleneoxy)6-9-
propyl]tris(dime thylamino)silane (Gelest Inc., Morrisville, PA, USA) in order to render the
surface hydrophobic. The capillaries were attached in the polyoxymethylene (POM) module
as published by Bandulasena et al. [64]. The distance between inner capillaries was set to
170 pm. The outlet of the microfluidic device was connected to a polyvinyl chloride (PVC)
tubing (outer diameter 1.8 mm, inner diameter 1 mm, Deutsch & Neumann, Hennigsdorf,
Germany). The tubing was arranged as a loop under four UV LEDs (OSRAM), where
photo-crosslinking took place with a total irradiation intensity of 25.6 mW cm~2. An image
of the tubing placed under UV light is provided in Figure 4C. The produced hydrogel
microparticles in oil were collected and stored at room temperature until further analysis.
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4.3.4. Determination of Droplet Size

Image sequences of the formation of droplets at the break-up point were acquired
using a monochrome camera (DMK 33U, The Imaging Source Europe, Bremen, Germany)
equipped with a 1x lens (TMN 1.0/50, The Imaging Source Europe) using the software
IC capture V2.5 (The Imaging Source Europe). The acquisition rate was set to 10 frames
per second. The resulting droplet sizes were determined using “Droplet Morphometry
and Velocimetry” (DMV) software [58] by analyzing at least 150 frames. The coordinates
of the center of each droplet, as well as the respective droplet diameter in each frame,
were exported. Detected objects with a center below or above the longitudinal axis of
the capillaries at the direct proximity of the break-up point were considered outliers and
removed from the distributions. The data distribution of at least 50 droplets per sample is
shown below as box plots including median, upper, and lower quartile, as well as maxima
and minima within a 1.5-fold interquartile range.

4.3.5. Determination of Hydrogel Swelling Behavior

For the determination of the swelling behavior of the hydrogel microparticles, the sam-
ples from both GelMA sources produced with a feed ratio of 5x were collected. DPBS was
added to the particle/oil mixture and centrifuged at 500 rcf. The excessive oil and DPBS
were removed keeping the particles in the bottom of the centrifuge tube. The microparticles
were suspended in fresh DPBS and centrifuged. This wash series was performed four
times. Microparticles were then equilibrated overnight in DPBS. Hydrogel microparticles
and the corresponding oil phase and DPBS were placed on a microscopy slide for image
acquisition. The imaging setup consisted of a monochrome camera (Genie Nano M2420
Mono, Teledyne Dalsa, Waterloo, ON, Canada) equipped with a 10x objective (Nikon,
Tokyo, Japan). For the quantification of the particle size, an image processing and analysis
workflow was developed using Matlab® R2023a (TheMathWorks Inc., Natick, MA, USA)
with the library Image Processing Toolbox 11.7. The variation in pixel intensities compared
to the nine-by-nine surrounding pixels was analyzed using the local entropy filter. The out-
put images contain high-intensity values in the regions of high-intensity variation, i.e., the
interface between microparticles and bulk media. Particle diameters were detected on
said output processed images. The swelling behavior of the hydrogel microparticles was
characterized by the ratio of media diameter after swelling in DPBS (d,, ppgs) to the median
diameter in oil (4, 0;1), as shown in Equation (2). The data sets presented below correspond
to the swelling ratio of at least 40 hydrogel particles of each sample.

d3
Volumetric Swelling Ratio % = p’BDPBS 2)

p,0il

4.4. Data Handling and Statistical analysis

Image processing, data evaluation, data visualization, and statistical analysis of the
data sets were performed with Matlab® R2023a (TheMathWorks Inc., Natick, MA, USA).
One-way analysis of variance (ANOVA) was performed in order to determine significant
differences. A p-value below 0.05 was considered as statistically significant.
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Abbreviations

The following abbreviations are used in this manuscript:

CB Carbonate-Bicarbonate

DoF Degree of functionalization

DPBS Dulbecco’s phosphate-buffered saline
ECM Extracellular matrix

GelMA  Gelatin-Methacryloyl

IEP Isoelectric point

LED Light-emitting diode

MAA Methacrylic anhydride

MW Molecular weight

RT Room Temperature
TC Tissue culture
TE Tissue engineering
TNBS 2,4,6-Trinitrobenzenesulfonic acid solution
uv Ultraviolet
VSR Volumetric swelling ratio
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Abstract: Thermoresponsive Pluronic® F127 (PL) gels in water were investigated through rheological
tests in different shear conditions. The gel strength was tuned with the addition of 1% polysaccharide
solution. In the presence of xanthan gum (XG), the viscoelastic behavior of PL-based hydrogels was
improved in aqueous environment, but the rheological behavior was less changed with the addition
of XG in PBS solutions, whereas in the presence of 0.1 M NaCl, the viscoelastic parameters decreased.
PL micellar networks exhibited a self-healing ability, recovering their initial structure after applying
cycles of high strain. The rheological characteristics of the PL hydrogel changed with the addition of
1% polysaccharides (xanthan gum, alginate, k-carrageenan, gellan, or chitosan). PL/polysaccharide
systems form temperature-responsive hydrogels with shear thinning behavior, yield stress, and
self-healing ability, being considered a versatile platform for injectable biomaterials or bioinks. Thus,
in the presence of xanthan gum in aqueous medium, the gel strength was improved after applying
a high strain (the values of elastic modulus increased). The other investigated natural polymers
induced specific self-healing behaviors. Good performances were observed with the addition of
gellan gum, alginate, and k-carrageenan, but for high values of strain, the ability to recover the initial
structure decreased. A modest self-healing behavior was observed in the presence of chitosan and
xanthan gum dissolved in NaCl solution.

Keywords: Pluronic® F127; thermoresponsive hydrogels; xanthan gum; shear-thinning; yield stress;
self-healing ability

1. Introduction

Hydrogels based on biomolecules are widely used materials in the biomedical field,
due to their biocompatibility, low toxicity, high permeability to metabolites or nutrients, and
water swelling ability. Among all polysaccharides, alginate, chitosan, hyaluronic acid, cellu-
lose, dextran, and their derivatives have been intensively studied as hydrogel components
during the last decades [1]. Polysaccharides have a low immunogenic profile, are easily
handled, and have relatively low costs, aspects which make them preferred candidates for
hydrogel fabrication [2]. One of the most important advantages of polysaccharide-based
hydrogels is their self-healing ability, which implies that these materials have the capacity
to self-repair and autonomously recover their original structure after damage [3]. The
self-healing mechanisms require particular functionalities, in order to provide linkages
between the injured parts of the gel. These mechanisms are based on dynamic interactions,
which are either dynamic covalent crosslinking or physical interactions (supramolecular
assembly) (Scheme 1), such as hydrophobic associations, ionic crosslinking, or hydrogen
bonding networks [4]. Thus, self-healing hydrogels have attracted attention for tissue
engineering applications, such as skin regeneration enhancement, due to their extracellular
matrix (ECM)-like damage-healing properties [2].
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Scheme 1. Schematic presentation of various types of interactions responsible for the self-healing
behavior of hydrogels.

In order to ensure their bio-applicability, hydrogels require stimuli-responsive prop-
erties, such as temperature-, light-, pH-, electric-, or magnetic field-responsive abilities.
Polymers that exhibit thermoresponsive behavior present a low critical solution tempera-
ture (LCST), being able to reversibly change upon heating from a hydrophilic state (non-
associative) to a hydrophobic state (associative) [5]. At low temperature (below LCST),
aqueous solutions of temperature-responsive polymers are in a sol state (characterized by
viscous flow), which allows them to be easily injected into a higher temperature environ-
ment, above the LCST (e.g., body temperature). Thus, due to the association of polymer
chains, these gelators form a physical network (gel state with solid-like behavior) at the
injection site [5].

Pluronics play an important role as polymeric excipients and they have been ex-
tensively used as stabilizers, solubility improvers, bioavailability enhancers, and ther-
mosensitive drug carriers [6]. Pluronic® F127 (PL) is an FDA-approved, non-toxic and
water-soluble triblock copolymer made of two hydrophilic poly(ethylene oxide) blocks and
one hydrophobic poly(propylene oxide) block placed in the middle of the hydrophilic seg-
ments (PEO;0p—PPOgs—PEO1p). PL is one of the most commonly used thermoresponsive
polymers and exhibits a rapid sol-gel transition above the critical gelation temperature and
concentration [7], when the hydrophilic PEO blocks stretch out, whereas the hydrophobic
PPO sections start to associate and form a dense core, resulting a network structure [8].
Thus, due to their temperature-sensitive characteristics that allow effortless injectability,
PL-based hydrogels are widely used in tissue engineering and drug delivery applica-
tions [9-11]. However, in contact with an excess of water, PL gels disintegrate within
several days [12].

In this context, many efforts have been carried out to improve the gel performances,
stability over time, viscoelastic and biological properties of PL gels [6,12-16]. Polysaccha-
ride addition appears to be a convenient way to ensure the shape stability, gel stabilization
against dissolution [12,17] and biocompatibility [18] of PL-based systems. The gels are
stabilized by the interactions of long polysaccharide chains with PEO blocks, which can be
combined with the hydrophobic interactions of hydrocarbon chains (>C16) with the core
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of the Pluronic micelles [12]. The PL micelles surrounded by the polysaccharide chains
cannot be separated from the micelles network, and thus the composite gel is more stable
in an excess of solvent (water or biological fluid) [12]. However, the stability of Pluronic
gels slowed down in the presence of nonionic polysaccharide, and pullulan addition in
concentrated systems caused a phase separation [18].

In recent years, PL-polysaccharides-based hydrogels have been discussed in many
studies, especially from a biomedical and pharmaceutical point of view [18-20]. These
materials are popular for drug-delivery systems, biosensor formulations, and tissue en-
gineering applications. Cellulose, hyaluronic acid, chitosan, alginate, starch, and gellan
gum are some of the most used polysaccharides in the preparation of hydrogels with
injectable and self-healing properties. The functional groups of these polysaccharides, such
as amino (-NHpy), carboxyl (-(COOH), aldehyde (-CHO), and hydroxyl (-OH), are involved
in hydrophobic interactions, which allow them to form physical networks [12,13,21-24].

The (cyto)toxicity of PL was deeply investigated, in order to evaluate the biocom-
patible properties and nontoxicity of the pure copolymer compared to other Pluronics
(e.g., Pluronic P94) [25]. A series of studies dealt with the increase in the cytotoxicity of
PL gels with chemical functionalization with different compounds [26,27]. For example,
a-tocopherol (TOC) was used as a toxicity enhancer grafted on PL. As the study concluded,
PL-SS-TOC showed low cytotoxicity, with an in vitro cell viability of about 85% after 48 h
incubation. Thus, the results demonstrated the potential of PL-SS-TOC in the biomedical
area [26]. Li et al. [27] reported the synthesis of a novel folated PL modified liposome
(cur-FA-PL-Lps) by attaching folic acid (FA) to PL chains via a dehydration condensation
reaction, followed by curcumin incorporation. Cytotoxicity studies of cur-FA-PL-Lps
demonstrated a cell viability of about 90-100% after 24 h of incubation, which indicates
that the complex was not toxic to cells.

The present paper first focused on the rheological behavior of PL hydrogels in the
presence of xanthan gum (XG). Then, the self-healing behavior of PL/XG gels was com-
pared with those of PL-based gels that contain other polysaccharides: alginate (Alg),
k-carrageenan (k-Carr), gellan gum (GG), and chitosan (CS). The main interest was to
obtain homogeneous and low-viscosity formulations at ambient temperature that undergo
a sol-gel transition under physiological conditions, developing shear thinning and elastic
networks with self-healing ability. How the addition of different polysaccharides changed
the gel behavior after undergoing high deformations was investigated, as encountered
in many applications. Pluronic® F127 was selected due to its wide-spread use in phar-
maceutical formulations and its FDA approval for intravenous use in humans [25]. The
Pluronics with higher PPO content exhibited cytotoxicity, due to their ability to incorporate
in the cellular membrane, altering its viscosity, and also reducing the intracellular adenozin
trifosfat concentration [25].

2. Results and Discussion

Table 1 presents the composition of the samples investigated in this paper. We used
two PL samples in water, sample 1 of 20% (wt.) and sample 2 of 16.83% (wt.), to compare
their behavior with PL/polysaccharide gels in similar conditions. Table 1 also includes the
main rheological characteristics of the samples determined in different shear conditions, at
constant temperature of 37 °C.

At low PL concentrations, micelles were isolated and the fluid was isotropic. For a
sufficiently high concentration, by increasing the temperature, more spherical micelles were
formed, increasing their density and determining their arrangement into a network [28,29].

PL sample of 20% concentration in water is in sol state at low temperature, with a
predominantly viscous behavior. It undergoes a sol-gel transition around 21.6 °C and
at higher temperatures a solid-like behavior prevails. This transition temperature slowly
shifts to higher values as the copolymer concentration decreases; thus, for 16.83% PL, the
transition was observed around 27 °C. The temperature-induced gelation of PL (Figure 1)
was due to the intensification of hydrophobic interactions, and as the concentration of
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micelles increased, the degree of hydration of the ethylene oxide units decreased; thus, the
hydrogels were rapidly formed by packing of micellar subunits [28,30] through an entropy-
driven process [8,28] into a lattice arrangement (lamellar, hexagonal or cubic) [31-33]. This
thermoreversible micellar mode of chains association (Scheme 2) makes PL attractive for
various applications [34-36]. Several studies have proposed XG-PL-based hydrogels for-
mulations with potential applications as ophthalmic drug-delivery systems [37,38], buccal
drug-delivery systems [39], and for topical application and administration of different
active principles [40-42]. Injectable Pluronic hydrogels were considered suitable systems to
assist local cancer treatment (for chemotherapy, phototherapy, immunotherapy, or gene
therapy). One limitation of their use is the high erosion rate of Pluronic hydrogels, which
reduces the therapeutic efficacy [43].

The rheological behavior of XG-containing systems is influenced by the anions (from
NaCl or PBS solutions) and also by the structure of polysaccharides in an aqueous environ-
ment. The effect of XG addition to 20% PL in water was investigated in detail for composite
gels by adding aqueous solutions of polysaccharide (samples 6, 9-11), pH = 5, or salted
solutions: 0.1 M NaCl solution (sample 7) and phosphate buffered saline (PBS) solution
(sample 8), pH = 7.4. Samples with various XG concentrations added to PL gels were
preliminary tested using rheology. An optimum concentration of 1% XG was found, with
XG addition at this composition able to increase the network strength, as can be observed
from the values of the rheological parameters shown in Table 1.

In aqueous solutions, XG macromolecules are able to form high viscous fluids, even at
low concentrations, being used as a stabilizer or thickening agent in various applications,
including in food, pharmaceutical, cosmetic, agricultural, textile, ceramic, and petroleum
industry [44]. The behavior of the XG solutions was not significantly influenced by the
temperature increase in the investigated range (up to 50 °C).

2.1. Gelation of Pluronic® F127 in the Presence of XG Chains

The effect of the addition of 1% xanthan gum (XG) in aqueous and salted (0.1 M NaCl
and PBS) solutions on the gelation of PL was investigated as a function of temperature and
at 37 °C using samples stored at 5 °C, in order to determine the transition temperature
(Figure 1) and time (Figure 2). At low temperatures, the PL-based samples behaved as
viscous fluids (liquid-like state), with an elastic modulus (G’) lower than the viscous
modulus (G”), with the loss tangent having values higher than unity. The sol state of
PL was characterized by low values of viscoelastic moduli (G’ and G"), which increased
considerably in the presence of XG, when G’ became closer to G” (tand decreased).

Table 1. Sample composition, gelation temperature (Tgel), and the values of rheological parameters
determined in different shear conditions at 37 °C.

Sample Polysaccharide PL Concentrationin T.. @ G'® G" ® 5 ® o, © o, @ yL @
Code Solution of 1% (wt.) Water (% wt.) gel (Pa) (Pa) tan (Pa) (Pa) (%)
1 - 20 21.6 17,200 4200 0.2442 197.5 220 1.49

2 - 16.83 26.9 10,923 2780 0.2545 189 209 1.55

3 1% XG/water - 20.9 7.03 0.3364 441 12.3 253

4 1% XG/0.1 M NaCl - - 32.52 8.47 0.2604 2.09 115 217

5 1% XG/PBS - - 56.4 13.1 0.2323 1.72 2.99 10.1

6 1% XG/water 20 254 13,100 763 0.0582 1080.4 1010 6.77

7 1% XG/0.1 M NaCl 20 23.6 10,800 1057 0.0979 273.1 338 4.58

8 1% XG/PBS 20 29.1 6643 1322 0.1990 104.9 133 1.38

9 0.5% XG/water 20 24.8 9710 832 0.0857 173 152 2.15
10 2% XG/water 20 28.0 9101 914 0.1004 159 180 2.17
11 4% XG/water 20 29.0 7864 793.4 0.1009 147 169 2.17
12 Alg/water 20 234 8990 © 2450 © 0.2725 306.4 422 2.74
13 k-Carr/water 20 23.5 10,300 © 2990 © 0.2903 204.48 217 173
14 GG/water 20 23.1 8680 ©) 2310 © 0.2661 277 311 2.51
15 CS/1% acetic acid solution 20 243 8800 © 3300 © 0.3750 108 124 1.73

@ temperature sweep test, heating rate of 1 °C/min; ® frequency sweep test, ¥ = 1% and w = 1rad/s; ©© continu-
ous shear flow (shear stress imposed); (9 amplitude sweep test, w = 10 rad/s; ©©) previous data [18].
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Figure 1. Temperature-induced gelation illustrated through the dependences of (a) complex viscosity
(n*) for samples 1-8; (b) viscoelastic parameters (G/, G” and tand) for PL/XG samples (heating rate of
1°C/min, w =10rad/s, y = 1%). All samples were previously stored at 5 °C.
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Scheme 2. Schematic presentation of temperature-induced gelation for Pluronic® F127.
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Figure 2. The evolution of viscoelastic parameters during gelation for (a) sample 2; (b) samples 6 and
8; (c) sample 7; (d) comparative behavior for samples 1-8. The samples were previously stored at
5 °C, introduced into the rheometer geometry, which was thermostated at 5 °C; firstly, they were
monitored at 5 °C for 120 s; then the temperature was suddenly changed to 37 °C and the in situ
gelation was followed over time.

By applying a controlled temperature rise (heating rate of 1 °C/min), the hydropho-
bic interactions inside the PL-containing samples increased and determined the micelles
and polymicelles formation, which further generated a physical network [6,14,15]. Conse-
quently, at the transition point, a jump of the viscoelastic parameters was registered, which
allowed the identification of the transition temperature (Figure 1) or the transition time at
constant temperature (Figure 2). After the transition point, G’ became higher than G” and
tand < 1, suggesting network formation (solid-like behavior). A visual illustration of the sol
and gel states is presented in Figure 3.

increasing

sol state temperature

decreasing
temperature

gel state

Figure 3. Illustration of the sol and gel states for PL-based hydrogels.

A well-defined transition point was observed for PL in the aqueous environment, when
the sol—gel transition occurred over a narrow temperature domain (around 2 °C), which
enlarged slightly in the presence of XG (around 4 °C). For the same polymer concentration,
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a further increase in temperature above the transition point determined an improvement in
the gel strength in the presence of polysaccharide.

In aqueous solutions at low temperatures, the XG macromolecules formed random
helix structures through hydrogen bonding [45]. Salt addition reduced the effective charge
of XG macromolecule, determining a chain aggregation and the viscosity increases. During
heating, the XG chains underwent a disruption of aggregates [46,47], slowing down the
dynamics of PL gelation (sample 7, Figure 1a,b and Figure 2c).

Figure 4 shows SEM photographs obtained of the cross-section of samples 2, 3 and 5.
The dry PL hydrogel (Figure 4a) exhibited a porous structure with pores of 1-5 um. In the
absence of PL, the XG sample presented large holes, higher than 20-30 pm (Figure 4b).

Figure 4. Scanning electron microscopy images of (a) sample 2; (b) sample 3, and (c) sample 5.

The pores become interconnected and their size increased to 5-10 pm through adding
XG chains into the PL gel (Figure 4c). Similar structures were reported for PL and chitosan
derivatives [48]. For the injectable hydrogels used as a scaffold for tissue engineering
applications, the pores avoid the passage of nutrients to deliver them to the cells.

Besides temperature and concentration, environmental conditions influence sol-gel
behavior. Light scattering studies evidenced that the nature and concentration of salts
influences the critical micellization temperature of Pluronics, changing the hydrogen bond-
ing in solution and the water structure [49,50]. In the presence of NaCl, corona-specific
dehydration occurs, favoring the formation of micellar clusters [14].

Most pharmaceutical Pluronic-based gels contain phosphate buffers, and it was shown
that sodium phosphates have a strong effect on copolymer micellization [49]. In the pres-
ence of anions from the buffers used as simulated body fluids, the water-water interactions
are enhanced and the entropy increases during micellization. In a phosphate buffer solution,
a less organized structure is formed by PL and the aggregates formed during micellization
are smaller and more stable, as compared with those observed in pure water [51].

2.2. Shear Flow Behavior at 37 °C

Figure 5 shows the flow behavior in steady shear conditions for samples 1 to 8, which
had previously been thermostated at 37 °C. The PL-based hydrogels exhibited a non-
Newtonian behavior over the whole range of investigated shear rates (Figure 5a). In the
presence of XG dissolved in water (sample 6), the hydrogel resistance to flow increased and
higher values of shear viscosity were obtained. This may have been due to the competition
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between the hydrodynamic interactions exhibited by different macromolecules in shear
conditions [52] or changes in the interactions of PL with water [14].
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Figure 5. Shear viscosity as a function of (a) shear rate and (b) shear stress for samples 1-8 (Table 1)
at 37 °C.

When XG was dissolved in 0.1 M NaCl (sample 7), a small increase in viscosity was
observed for 4 < 10 s~!; above this limit, the gel showed flow instabilities and viscosity
decreases, suggesting a loss of structural integrity under the action of the intense shear-
ing forces.

The 1% XG in water or salted solutions exhibited Newtonian behavior at low shear
rates (4 < 0.3 s7!) and they behaved as non-Newtonian fluids with higher shear rate values,
when the viscosity decreased with rising 7.

The yield stress value (0,) is the minimum shear stress applied to a sample for starting
the shear thinning flow when the rest of the structure is breaking down. Yield stress
analysis is useful for injectable hydrogels [53,54] and bioinks [55,56] when the hydrogels
are submitted to high shear forces. From the dependences of shear viscosity as a function
of shear stress (Figure 5b), the yield stress values were determined. For the investigated
PL-based hydrogels, the yield stress was of the order of a hundred Pa, in agreement with
other data in the literature [29]. The high yield stress values of PL-based hydrogels were
attributed to repulsive interactions between close-packed spherical micelles [57]. The
addition of 1% XG in aqueous and NaCl solutions induced a higher o, value to the PL
hydrogels. Similar effects were observed when adding aqueous solutions of Alg, k-Carr
and GG (Table 1). These systems had sufficient strength to resist tearing once they were
stretched (o0, varied from 104.9 Pa in PBS solution to 1080.4 Pa in aqueous medium), and
thus they present shape fidelity in 3D printing [58]. The XG in PBS solutions and CS in 1%
acetic acid decreased the yield stress value.

2.3. Delimitation of Linear and Non-Linear Viscoelastic Domains

Amplitude sweep tests were carried out to determine the upper strain amplitude
values (yp) limiting the linear domain of viscoelasticity and the corresponding shear stress
values (Table 1). In the linear range of viscoelasticity, G’ and G” were independent of
the applied stain, as shown in Figure 6 for samples 2, 6, 7, and 8 (w = 10 rad/s). For the
PL-based hydrogels, a linear range of viscoelasticity was reached from very low strain
values (y below 0.1%) up to a value of strain above 1%. It can be observed that the addition
of 1% XG (Figure 6a) or other polysaccharides (Table 1) determined an increase of v, i.e.,
the occurrence of an extended linear viscoelastic domain. Long XG chains in aqueous or
salted solutions are in an entangled state and they are able to develop a greater resistance
when increased strains are applied (Figure 6b), as compared with PL-based hydrogels with
a micellar structure (Figure 6a).
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Figure 6. The viscoelastic moduli during amplitude sweep tests for (a) PL-containing gels; (b) XG
solutions (10 rad/s, 37 °C).

The data obtained in the amplitude sweep tests also gave access to the yield stress,
when the flow of the sample started [59]. Thus, o, can be considered as the upper value of
shear stress, corresponding to the point that delimitates the linear and non-linear ranges
of viscoelasticity. Usually, the value determined by this method overestimates the yield
stress [54,56,60]. Thus, the o, values determined from these tests for XG solutions and PL-
based hydrogels (Table 1) were higher compared with those determined in the continuous
shear tests.

Samples withstanding higher deformations before yielding are considered more
stretchable [56], thus the v value can be correlated with the elasticity of materials. For
a stress value below o, the material only underwent reversible (elastic) strain, without
viscous (permanent) deformation. Above o,, irreversible deformation of material occurs.
From this point of view, XG addition to PL hydrogels seemed to be a suitable choice.

2.4. Self-Healing Behavior of Pluronic® F127 Hydrogels in the Presence of XG Chains

An important requirement of injectable hydrogels is self-healing ability; a fast recover-
ing of the non-deformed state once they are injected in the damaged site, avoiding a sudden
release of drugs or encapsulated cells after injection [24,61,62]. Similarly, it is necessary
for 3D printed materials to possess high thixotropy, i.e., the viscosity (or other rheologi-
cal parameters) quickly decreases when shear forces are applied, and the initial value is
recovered very quickly when the shear forces are removed. From a structural point of view,
the intermolecular interactions that ensure network formation recover rapidly to a high
degree after printing [56]. When a hydrogel is submitted to high shear forces in a syringe
needle, the network structure is strongly disturbed and the sample behaves as a fluid-like
material. However, with the cessation of the external forces, the structural integrity must
be recovered in order to maintain the functionality of biomaterials. Moreover, the shear
forces applied to gels during their use affect the cell viability [54,63-65]. In such cases, soft
materials with yield stress, shear thinning, and self-healing behavior are suitable materials.

Figure 7 gives the data obtained for PL hydrogel (sample 2) in the oscillatory three-step
strains experiments (for w = 10 rad/s), when the strain values were successively switched
each 300 s from a low amplitude (y = 1%) to a high amplitude value and again to a low y
value of 1%. The viscoelastic parameters (G, G”, and tand) were monitored as a function
of time. High values of applied strain during the second step were chosen in the nonlinear
viscoelastic regime (according to Figure 6): 50%, 100%, 300%, 500%, and 1000%, and in these
conditions, a liquid-like behavior was registered (G’ became lower that G” and tand > 1).
Sample 2 showed nearly complete recovery after applying high deformations, and the time
required for structure recovery was very short (on the order of a few seconds).

Figure 8 presents the behavior of the entangled XG aqueous solution (sample 3). The
strong intermolecular interactions determined a solid-like behavior at a low y value (1%).
They were perturbed by the high deformations during step 2 and partially recovered when
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the external forces were removed. A similar behavior was observed for samples 4 and 5,
but the recovery during step 3 was smaller compared with that of sample 3.
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Figure 7. Illustration of thixotropic behavior for sample 2 at 37 °C: (a) Elastic modulus as a function of
time during successive step strain measurements at low (1%), high (50%, 100%, 300%, 500%, 1000%),
and again low (1%) values of v; (b) G, G”, and tans for y = 1000%.
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Figure 8. (a,b) As Figure 7, but for sample 3.

The data obtained for PL hydrogels in the presence of XG dissolved in aqueous, NaCl,
and PBS solutions are given in Figures 9-11, respectively. A remarkable behavior was
depicted for sample 6, for which the network strength increased after each deformation
cycle. This feature was not found in the presence of NaCl, when the network became
weaker after increased deformations were applied. However, a good stability and total
recovery of rheological parameters was observed for sample 8.
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Figure 9. (a,b) As Figure 7, but for sample 6.
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Figure 11. (a,b) As Figure 7, but for sample 8.

A possible explanation for these results could be the ability of XG chains to penetrate
into the PL micellar network and to improve both the viscous and the elastic response, even
in conditions of high applied strains. The XG concentration considerably influenced its
viscosity and thermal history in aqueous solutions [66]. The addition of different amounts
of XG to PL aqueous solutions (samples 6, 9-11) influenced the gelation temperature and
rheological characteristics of the hydrogels (Table 1). It was observed that the addition of
1% XG induced improved rheological characteristics for PL/XG hydrogels compared to the
neat PL sample.

2.5. Self-Healing Behavior of PL Hydrogels in the Presence of Other Polysaccharides

Due to the unusual thixotropic behavior observed for XG, the self-healing behavior was
analyzed for PL gels containing other polysaccharides: Alg, k-Carr, GG, and CS (Figure 12).
For all these hydrogels (samples 12 to 15, Table 1), the high deformations applied during
step 2 determined a more pronounced decrease in the viscoelastic parameters, suggesting
that the network strength was smaller compared to the PL/XG hydrogels (Figures 9-11).

In order to compare the effect of each polysaccharide addition, we defined the self-
healing efficiency as

/
SH (%) = Cf Y x 100 (1)

rest

where G’ is the elastic modulus registered after applying a given value of y, and Gyest is
the initial value of G’ obtained at low 'y value, in the linear range of viscoelasticity.

Figure 13 presents the SH parameter for PL-based gels in the absence and in the
presence of various polysaccharides, in conditions of various strain values applied during
step 2. According to the thixotropic behavior investigated in similar conditions for all PL-
containing samples, the pure PL hydrogels (in the absence of polysaccharides) presented a
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complete and rapid structure recovery. Besides XG addition, GG included into PL hydrogels
determined an increase in PL network strength, but only for y < 300%; for y values of 500%
or 1000%, the G’ values decreased, but they were still above the initial value registered
for y = 1%. Alg or k-Carr addition was efficient for low values of strain 50% or 100%, but
the structure was disturbed at high values of strain (1000%). Similar effect was recently
reported for PL samples in presence of carboxymethyl pullulan for concentrations below
1% [67]. PL gels in the presence of 1% CS or XG in NaCl solution presented modest self-
healing ability, the structure was strongly perturbed by applying high strains that belonged
to non-linear range of viscoelasticity, and the network strength decreased after each cycle
of deformation.
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Figure 12. As Figure 7, but for samples (a) 12; (b) 13; (c) 14; (d) 15.

The addition of different XG amounts to PL samples revealed the existence of an
optimum XG concentration (Figure 13b): thus, sample 6 (1% XG added to PL gels) pre-
sented a considerably improved gel strength (Table 1), which increased after applying high
strains (the values of elastic modulus increased when increasing the applied strain). The
macroscopic self-healing of this sample is illustrated in Figure 14. The PL/XG hydrogel
was examined by taking pictures of two pieces of hydrogel, one of them colored with
fluorescein (Figure 14a), at different times after putting them in contact (Figure 14b,c). This
behavior was attributed to the re-formation of the hydrophobic interactions and hydrogen
bonds through the spontaneous diffusion of PL micelles and slow rearrangements of long
XG chains surrounded by PL micelles at the site of the applied strain.

The composite PL/XG gels were transparent and stable over time at room temperature.
The addition of natural gums to the PL-based hydrogel influenced the gelation and the
drug release profile of PL-based gels [38]. Thus, the main potential application of these
hydrogels is their use as drug-delivery vehicles for ophthalmic [37,38], buccal [39,57], or
transdermal drug delivery applications [40].

Another aspect concerns the influence of environmental conditions on the gel prop-
erties [49-51]. The solvent can change the mechanical performance of self-assembling
hydrogels, as it was reported for triazole-linked lipid derivatives, suitable for topical
formulations [68].
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Figure 13. Illustration of the influence of polysaccharide addition on the self-healing efficiency of PL
hydrogels after applying three step cycles of various levels of strain during step 2 (y = 1% for the
steps 1 and 3): (a) PL and PL/polysaccharides in water and (b) PL/XG hydrogels obtained by adding
various XG concentrations in water (w) or 1% XG in salted solutions (0.1 M NaCl or PBS).
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Figure 14. Macroscopic illustration of the self-healing behavior for sample 6: (a) sample 6 colored
with fluorescein; (b) two pieces of hydrogel after they were put into contact; and (c) the aspect of the
self-healed hydrogel after 12 h.

3. Conclusions

Hydrogels containing Pluronic® F127 in the presence various polysaccharides were
prepared and investigated through rheological measurements. In situ gelation of PL
hydrogels in the presence of XG was followed in detail. The PL/XG hydrogels were
shear thinning, and presented yield stress and improved self-healing ability, important
characteristics for injectable materials or bioinks. An optimum concentration of 1% XG
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was depicted in the rheological investigations. Salt addition determined the formation of
aggregates and decreased the PL-based performances.

The excellent self-healing ability induced by XG chains was not observed when this
biomacromolecule was replaced with other polysaccharides. The influence of alginate,
k-carrageenan, gellan, or chitosan addition was investigated in similar conditions. The
data analysis suggested that the network structure and rheological properties of the PL
micellar hydrogel can be tuned by selecting an appropriate polysaccharide structure. Thus,
good results were obtained in the presence of gellan gum, alginate, and «-carrageenan, but
the ability to recover the initial structure decreased after applying high strains. A modest
viscoelastic behavior and self-healing ability were observed when chitosan was added to
PL gels and this may have been due to the presence of acetic acid in the system.

In conclusion, the present study was focused on obtaining homogeneous systems in
sol state and on the investigation of the sol-gel transition and hydrogel properties, with
an emphasis on viscoelastic characteristics and self-healing behavior. The current findings
could provide a good starting point for discussion and further research.

4. Materials and Methods
4.1. Materials

All polymer samples, Pluronic® F127 (denoted PL), and polysaccharides: xanthan
gum (XG), sodium alginate (Alg), kappa-carrageenan (k-Carr), gellan gum (GG), and
chitosan of low viscosity (CS) were purchased from Sigma-Aldrich Co. (Taufkirchen,
Munich, Germany).

PL is a triblock copolymer with a central hydrophobic poly(propylene oxide) (PPO) block
and two hydrophylic poly(ethylene oxide) (PEO) blocks, i.e., (PEO)x-b-(PPO)y-b-(PEO)x, with
x =100, y = 65. The XG sample had a high molecular weight: M =2 x 10° g/mol. Three
polysaccharides presented closed values of molecular weight: GG: M =5 x 10° g/mol,
k-Carr: M = 4.85 x 10° g/mol and Alg: M = 4.70 x 10° g/mol. The CS sample had a M of
2 x 10° g/mol. The chemical structures of the polymers used in hydrogel preparation are
given in Figure 15.
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Figure 15. The chemical structure of the polymers.

4.2. Sample Preparation

PL and polysaccharides (excepting CS) were dissolved in Millipore water. Other
XG samples were prepared in 0.1 M NaCl and PBS solution. CS was dissolved in 1%
acetic acid solution. Stock solutions of PL (20%, wt. and 16.83%) and polysaccharides
(1%) were prepared by mixing the polymer with the solvent. For XG, samples of various
concentrations (0.5%, 1%, 2%, and 4%) were prepared in aqueous solutions.

PL solution was prepared at low temperature and then stored at 4 °C. Polysaccharide
solutions were freshly prepared at room temperature using a weak magnetic stirring system
and stored at 4 °C for 24 h, excepting the GG sample, which was kept at room temperature.
The biomolecules were added to homogeneous 20% PL solutions and the total concentration
of polymer (PL and polysaccharide) in all samples was 16.83% wt.

4.3. Rheological Investigation

Rheological measurements were carried out with a MCR 302 Anton-Paar rheometer
(Graz, Austria) using a plane-plane geometry (the upper plate of 50 mm, gap of 500 pum)
and Peltier device for temperature control.

The sol-gel transition was investigated using solutions stored at 5 °C and then intro-
duced into the geometry of the rheometer, which had previously been thermostated at 5 °C.
Temperature seep tests were carried out at a heating rate of 1 °C/min for an oscillation
frequency (w) of 10 rad/s and strain amplitude (y) of 1%. The elastic (G') and viscous
(G”) moduli were determined, and they give information about the stored and dissipated
energy during one cycle of deformation, respectively. A useful parameter expressing the
degree of viscoelasticity is the loss tangent (tand) determined as the G” /G’ ratio.

During the gelation experiments, the temperature was first set at 5 °C for 120 s and then
suddenly switched to 37 °C. The viscoelastic parameters G’, G"”, and tand were monitored
as a function of time at a constant oscillation frequency (w) of 10 rad /s and strain amplitude
(v) of 1%. The time-dependent self-assembly process was only observed with addition of
chitosan/acetic acid solution and XG/0.1 M NaCl. For these systems, incubation at 37 °C
for 24 h was required. For the other systems, the self-assembling was relatively fast, an
incubation at 37 °C for 1 h was sulfficient to reach equilibrium.

The gels thermostated at 37 °C were investigated in amplitude sweep tests carried out
to determine the upper limit of strain, vy, for the linear viscoelastic regime and the yield
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stress value (0,). The shear viscosity was determined in stationary shear conditions for
shear rates (y) varying from 0.01 s~ ! to 1000 s~ 1.

Self-healing tests were carried out in strain step oscillatory mode for w =10 rad/s and
the step strains varied every 300 s from low (1%) to high values (50%, 100%, 300%, 500%,
and 1000%), in the nonlinear range of viscoelasticity and again the low step of strain (1%).

4.4. Morphology of Hydrogels

The PL, XG, and composite PL/XG samples were frozen at —55 °C and dried using
a freeze drier (BenchTop Pro with Omnitronics ™ 'SP Scientific) for 48 h. Dry samples
were coated with a 6 nm platinum layer using a Leica EM ACE200 Sputter coater prior
to microscopic examination to improve the electrical conductivity and prevent charge
buildup. The morphology was analyzed using a Verios G4 UC Scanning Electron Mi-
croscope (Thermo Scientific, Brno, Czech Republic), operating at 10 kV in high-vacuum
mode with a backscatter electron detector, ABS (Angular Backscattered Detector). The SEM
images were observed at various magnifications.
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Abstract: Articular cartilage (AC) degradation is a recurrent pathology that affects millions of people
worldwide. Polyvinyl alcohol (PVA) hydrogels have been widely explored for AC replacement. How-
ever, their mechanical performance is generally inadequate, and these materials need to be reinforced.
Moreover, to be used in a clinical setting, such materials must undergo effective sterilisation. In
this work, a PVA hydrogel reinforced with poly(p-phenylene-2,6-benzobisoxazole) (PBO) nanofibres
was submitted to three non-conventional sterilisation methods: microwave (MW), high hydrostatic
pressure (HHP), and plasma (PM), in order to evaluate their impact on the properties of the material.
Sterilisation was achieved in all cases. Properties such as water content and hydrophilicity were
not affected. FTIR analysis indicated some changes in crystallinity and/or crosslinking in all cases.
MW was revealed to be the most suitable method, since, unlike to PM and HHP, it led to a general
improvement of the materials” properties: increasing the hardness, stiffness (both in tensile and
compression), and shear modulus, and also leading to a decrease in the coefficient of friction against
porcine cartilage. Furthermore, the samples remained non-irritant and non-cytotoxic. Moreover, this
method allows terminal sterilisation in a short time (3 min) and using accessible equipment.

Keywords: articular cartilage substitutes; PVA hydrogels; PBO nanofibres; sterilisation; microwave;
high hydrostatic pressure; plasma

1. Introduction

Osteoarthritis is a degenerative joint disease that affects more than 500 million people
worldwide and is recognized as the main cause of permanent disability. Rheumatoid
arthritis, injuries, or overuse can also lead to joint damage. The hip and knee are the most
commonly affected joints, due to the large loads sustained [1]. Articular cartilage (AC) is
a highly hydrated connective tissue that covers the ends of bones in diarthrodial joints.
It consists of a porous elastic solid matrix, containing interstitial fluid, and exhibits high
load-bearing and low-friction capabilities. Such features arise from its biphasic composite
structure, in conjunction with the lubrication characteristics of the synovial fluid (SF) [2,3].
The capability of cartilage to repair and regenerate is limited, due to its aneural and
avascular nature [4-6]. As such, the progression of cartilage degradation is generally
inevitable.

Presently, the available treatment options for injured AC range from physiotherapy
and/or the use of anti-inflammatories or viscosupplementation, when the damage is mild,
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to total joint arthroplasty, in the more severe cases [7,8]. Since the latter is a quite invasive
procedure, new treatment options have been pursued, to manage the problem in earlier
stages [9]. Cartilage replacement, by filling the defector in the form of a hemiarthroplasty
counter face, has been considered, as well as the possibility of using an interposition device
to alleviate pain and/or correct joint deformity [10]. Regardless, replicating the unique
biphasic and heterogeneous structure of AC is a challenging task. Among the studied
materials, hydrogels have emerged as a promising alternative, owing to their high-water
contents, porous structure, and viscoelastic mechanical properties that resemble those of
cartilage tissue [11,12].

Polyvinyl alcohol (PVA) has received special attention due to its excellent biocom-
patibility and non-toxicity. However, simple PVA hydrogels usually present insufficient
mechanical properties to resist the high loads experienced by diarthrodial joints [13]. The
preparation procedure may critically affect the performance of these materials. Cast-drying
and freeze-thawing are the most commonly used methods to obtain these hydrogels. In a
previous work [14], the authors found that PVA hydrogels obtained by cast-drying better
mimic the natural cartilage tissue, in terms of morphology, water content, and tribomechan-
ical properties. However, an improvement of these properties was still required. Different
strategies have been used for this purpose, e.g., post-production physical treatments, such
as thermal annealing [10,15], or the incorporation of reinforcement agents into the hydrogel
matrix, such as nanofibres or nanoparticles [16-19]. The addition of nano/microfibres to
a PVA hydrogel polymer network represents a promising method for cartilage substitu-
tion, since this can mimic the collagen fibres present in the extracellular matrix of natural
cartilage.

In a recent work, Oliveira et al. [20] synthesized a PVA hydrogel reinforced with
poly(p-phenylene-2,6-benzobisoxazole (PBO, commercial name Zylon®), which demon-
strated excellent mechanical properties for cartilage substitution, when the damage is still
circumscribed. In particular, it presented a large water content, high mechanical stiffness,
low friction, and excellent biocompatibility. PBO fibres show an extremely high tensile
strength (~5.8 GPa), approximately 1.6-times higher than Kevlar®. Its tensile elastic mod-
ulus depends on the type of fibre, ranging from 180 or 270 GPa for “as spun” (AS) or
“high modulus” (HM) fibres, respectively. PBO’s compressive strength is significantly
lower than its tensile strength, falling between 0.469 and 0.561 GPa. PBO also shows high
thermal stability (up to 650 °C) [21]. The PBO fibres can be tailored into nanofibres through
acid-catalysed hydrolysis. The high aspect ratio of the nanofibres can lead to multiple
fibre interconnections, promoting gelation. Furthermore, this process creates functional
sites in the nanofibres (i.e., carboxyl, amino and phenolic hydroxyl groups), which can be
combined with PVA molecules through hydrogen bonding [20,22].

Sterilisation is a mandatory step for biomaterials intended for AC replacement, in
order to minimize the incidence of medical device-related infections. Terminal sterilisa-
tion methods can induce changes to several material properties (e.g., aspect, size, colour,
chemical structure, physical integrity, and biocompatibility). Many hydrogels are sensitive
to conventional sterilisation methods (e.g., steam and heat or gamma-radiation) [23]. The
presence of water in these materials makes their sterilisation even more challenging, as the
water molecules may have harmful effects, such as the breaking of chemical bonds [24].
Thus, non-conventional sterilisation methods have been explored, to overcome possible
detrimental damage to biomaterials during processing.

Microwave irradiation (MW) is an accessible method that relies on the exposition of
the materials to electromagnetic radiation in the microwave frequency range (300 MHz
and 300 GHz). This induces rotation of the polar molecules (as water) and ionic polar-
ization, leading to a rapid increase in temperature [25], which results in the irreversible
denaturation of enzymes and structural proteins essential for microorganisms’ viability
and reproduction [26]. Another method recently investigated for the sterilisation of hydro-
gels is high hydrostatic pressure (HHP) [27,28]. In this method, the packaged materials
are immersed in a water bath and submitted to high pressures (e.g., 100-1000 MPa) at

50



Gels 2022, 8, 640

relatively low temperatures (50-70 °C). The high applied pressures induces changes in the
microorganisms’ cell membranes that lead to the leakage of the intracellular contents and
also denature key enzymes [29]. Low-temperature glow discharge plasma treatment has
also been investigated for its potential to sterilise polymeric materials. Gas plasma (PM) is
created through the application of strong electromagnetic fields in an inert gas atmosphere,
forming free radicals that cause etching of the cells” surfaces, leading to the release of the
inner contents from living cells [30,31].

This work aimed to study the effect of these three non-conventional sterilisation
methods (i.e., MW, HHP, and PM) on a PBO nanofibre reinforced PVA hydrogel intended
to be used as cartilage replacement material. The efficacy of sterilisation was accessed,
and the sterilised hydrogels were characterised in terms of their structural and mechanical
properties, wettability, swelling capacity, and rheological behaviour, to evaluate possible
effects of the different sterilisation procedures. Finally, the biocompatibility of the hydrogels
was ascertained via irritability (Hen’s egg test-chorioallantoic membrane, HET-CAM test)
and cytotoxicity assays.

2. Results and Discussion

PVA has been, to date, the most investigated synthetic hydrogel for cartilage replace-
ment. However, PVA alone presents mechanical and tribological properties below those
of natural cartilage [32]. Therefore, the reinforcement of PVA with fibres, and/or co-
polymerization with other compounds, has been attempted, to improve its properties [33].
In this work, PVA /PBO hydrogels were produced through the cast-drying method, which
leads to the formation of hydrogen bonds between PVA chains [34] and of those of PBO [20].
The PBO fibres were solubilized in a TFA (trifluoroacetic acid)/MSA (methanesulfonic acid)
mixture, to carry out acid-catalysed hydrolysis, tailoring them into nanofibres.

Sterilisation is a mandatory step, to ensure the biological safety of cartilage replace-
ment materials. However, it can change their properties and impair their performance
in extreme cases. Conventional sterilisation methods often rely on exposure to heat and
highly energetic radiation (e.g., steam heat, gamma irradiation), but PVA hydrogels are
generally sensitive to such agents [35]. In this sense, this work aimed to evaluate the effect
of non-conventional sterilisation methods on PVA /PBO hydrogels, to identify a possible
alternative that, while being effective, does not harm them. The materials were exposed to
microwaves, HHP, and Argon (Ar) plasma, and the efficacy of sterilisation was verified. In
all cases, they were processed in the hydrated state, except for plasma, where samples were
first dried. Such a procedure was adopted, as the presence of water, even in small amounts,
makes the argon plasma unstable and dangerously increases the temperature (which may
reach temperatures of several hundreds of °C) [36], potentially damaging the hydrogels.
Therefore, plasma-treated samples require a posterior hydration, which must be performed
in aseptic conditions.

2.1. Microbiological Load and Sterility Assessment

Determination of the microbiological load of the non-sterile PVA/PBO samples
showed a low bioburden value, in the order of 10> CFU/ sample for bacteria, and of
7.4 £ 2.8 CFU/sample for fungi. This was expected, taking into account that the method
of synthesis of the PVA /PBO hydrogels involved highly acid solutions. Nevertheless, the
potential for infection with such a bioburden is still of high risk.

The sterility tests did not allow visualizing any signs of contamination in the culture
media for all sterilisation processes after the 14 days of incubation (Figure 1), demonstrating
that all the studied methods ensured biologically safe materials. Exposure to plasma for 3
or 5 min (MW-3 and MW-5, respectively), led to sterile materials in both cases, whereby
only MW-3 samples were kept in the study.
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Figure 1. Culture media for bacteria and fungi after 14 days of incubation for MW-3, MW-5, HHP,
and PM PVA /PBO hydrogel samples. The negative and positive controls are also shown.

2.2. Morphology

Morphological analysis of the hydrogels” surfaces by SEM (Figure 2) showed some
irregularities on non-sterile samples, which had almost disappeared after HHP treatment.
MW led to an even smoother surface. This effect may have resulted from the temperature
to which the samples were submitted during the sterilisation procedures, and in the case
of HHP, also from the high pressure: 70 °C, 600 MPa for 10 min for HHP; and 100 °C,
atmospheric pressure for almost 3 min for MW. In contrast, the plasma induced some
heterogeneity, leading to the appearance of protuberances and an increase in the surface’s
roughness. Moreover, etching-derived holes could also be observed in these samples.
Etching is a common side effect of the plasma procedure, being primarily caused by the
enhanced energies of the ions and radicals that strike the surfaces [30,37].

2.3. Chemical Structure

Fourier-transform infrared spectroscopy (FTIR) analysis was carried out on the non-
sterile and sterile hydrogels, to attain information regarding possible chemical modifi-
cations induced by the sterilisation procedures. Figure 3 shows the FTIR spectra of the
different hydrogel types.

The hydrogels” spectra demonstrated several similarities to the PVA spectrum ob-
served in a previous study [20]. This was expected, since PVA had a much higher propor-
tion in the hydrogel composition. Additionally, no new peaks arose from the sterilisation
procedures.

The large band observed at ca. 3280 cm ™! is linked to the stretching of O-H bonds.
The vibrational bands observed between 3000 and 2840 cm ™! refer to alkyl group C-H
bonds stretching, and that at ca. 1085 cm~! to C-O-C, i.e., C-O in secondary alcohols,
such as those typical of PVA structures [17,38]. The region between 1700 and 1500 cm !
exhibits peaks typically attributed to the stretching of C-C bonds and the covalent double
bonds C=N and C=C from PBO, and the C=0 present in PVA [20,39]. The most significant
difference was the higher intensity of the peaks within the region 17001500 cm~! for
MW-3 samples, compared to non-sterilised ones. This is in agreement with what was
observed in other studies regarding the effect of microwaves on PVA and PVA /graphene
nanocomposites [40]. These authors found an increase in the C=0 and C=C peak intensity
after 3 min irradiation at 200 W and hypothesized that microwaves led to side chain scission,
enhancing the subsequent bonds between the polymer chains, i.e., the formation of a more
cross-linked structure. At lower wavenumbers, but above 1300 cm ™1, several peaks were
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identified, corresponding to C-N stretching of PBO and CH; bending of PVA, while the
peak at 704 cm ! was ascribed to the C-H bending of PBO [39].

B

30 pm
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Figure 2. SEM micrographs (1000x magnification, scale bar 30 pm) of the PVA/PBO hydrogels:
non-sterile (A), MW-3 (B), HHP (C), and PM (D) samples.

According to the literature [41], FTIR allows inferring the degree of crystallinity of
hydrogels through the analysis of the peak at 1141 cm~!. The intensity of this peak
is influenced by the crystalline portion of the polymeric chains, which is related to the
symmetric C—C stretching mode or stretching of the C-O of a portion of the chain, where
an intramolecular hydrogen bond is formed between two neighbouring OH groups that
are on the same side of the plane as the carbon chain. Following a procedure similar to that
adopted in [41], the ratio of band intensities (height) of the 1141 cm~! (C-O crystallinity)
and 1085 cm~! band (C-O-C bond stretching in PVA structure, secondary alcohol), was
calculated for each sample (Table 1). It should be noted that this latter band did not
significantly vary with the treatments. This analysis revealed that samples MW-3 and
HHP were the ones exhibiting a higher crystallinity, followed by the PM sample. In fact,
the highest peak ratio value observed for HHP was likely be due to the extremely high
pressures occurring during the HHP process, which might decrease the distance between
the polymeric chains, inducing the rupture of some intra/inter-molecular bridges and/or
the formation of new bonds, namely hydrogen bonds [42,43], and favouring order at long
distance, i.e., the formation of crystalline regions.
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Figure 3. FTIR-ATR spectra of the non-sterile and sterile PVA/PBO hydrogels, in the region of
4000-400 cm ™.

Table 1. Peak intensity ratios of relevant peaks from Figure 3.

Sample Peak Ratio Ij141 cm—1/I1gg5 cm—1 Peak Ratio I3p59 cm—1/I1gg5 cm—1 Peak Ratio Ijp56 cm—1/I1gg5 cm—1
NS 0.635 1.33 1.14
MW-3 0.673 1.35 1.20
HHP 0.675 1.37 1.08
PM 0.662 1.13 1.00

Regarding the O-H stretching vibration peak (ca. 3280 cm '), although no significant
change in its wavenumber was observed, a decrease in terms of intensity was found for
the plasma samples (PM), as Table 1 reveals through the peak ratio of the OH bonding at
3280 cm~! and that of the C-O bond at 1085 cm ™! (Izp89 cm ™! /I o085 cm™1). The effect of
plasma on the materials strongly depended on the conditions used (e.g., power, time, gas
flux). The literature is not consensual on the influence of argon plasma on PVA-based
materials: while some authors [44] found significant changes in the FTIR spectra, such
as the appearance of new peaks associated with amide, carboxylic acid, and OH/NH
functionalities, others [45] reported minor changes.

Concerning the samples MW-3 and HHP, a slight increase in the ratio I3pgp em ™1 /Tqos5
cm~! was observed relative to the non-sterile samples. The higher degree of crystallinity
of these samples (referred above) is probably associated with the higher number of OH
groups, important for establishing H bonds.

Finally, Table 1 shows a decrease for the PM samples in the relative intensity of the
peak at 1056 cm ™!, ascribed to C-O bond stretching in primary alcohols, when compared to
that of C-O bond stretching in the secondary alcohols typical of the PVA macromolecular
chains (195 cm ™! /Ij0g5 cm™1). This is in line with the lower amount of OH groups found
for the PM samples, i.e., a lower peak ratio I3pgp cm 1 /Tjpg5 cm L. In turn, the MW-3
samples exhibited a higher value for this peak ratio, suggesting more primary alcohol
moieties than the non-sterilised samples, which might eventually indicate some chain
breaking.
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2.4. Water Content and Wettability

The hydration process kinetics were studied over time (Figure 4). No significant
differences were observed between the sterile and non-sterile materials (p = 0.8793). A
sharp rise in WC was observed in the first 5 h, with equilibrium being reached after
24 h (values in the range 73-74.5%). Such values fall within the range observed for AC
(65-80%) [46].

100
g 80 - \
= ;
‘8 60 i
S
O 40 -
S
8
20
=
0 20 40 60 80 100 120 140
Time (h)
~Non Sterile MW-3 ~HHP PM

Figure 4. Water content over time for non-sterile and sterile PVA/PBO hydrogels. The error bars
represent the = mean standard deviations (1 = 3).

The wettability of polymers is often defined as a crucial parameter for cell attach-
ment [47]. The optimal contact angle values seem to depend on the type of cells, but
research suggests that moderate values are more desirable than having hydrogels with a
very high or low wettability [48]. The untreated PVA/PBO hydrogels led to an average
contact angle value of 40 £ 3° (in the range of those found in literature [15,49]), showing an
hydrophilic behaviour. The sterilisation methods did not cause meaningful modifications
of the samples” wettability (MW-3 39 & 3°, HHP 39 + 4°, PM 40 £ 4°).

2.5. Mechanical Behaviour

The mechanical properties of cartilage replacement materials are critical, since in the
body they will experience a variety of mechanical forces, namely compression, tension,
and shear [50]. In order to minimize strain mismatch at the implant-tissue interface, the
materials must present properties as similar as possible to the natural tissue.

2.5.1. Compressive Tests

Figure 5A shows typical compressive stress-strain curves obtained for the PVA /PBO
hydrogels.

Since hydrogels are biphasic materials, in the initial stages of the compression ex-
periments, the applied load was essentially supported by the liquid contained in the
hydrogels. Raising the load leads to the exudation of the fluid from the matrix, being the
load transferred to the solid phase. This is reflected by an increase in the slope of the curves.

Figure 5B depicts the compressive tangent modulus between 5 and 35% strains. Al-
though all samples showed an increase of this parameter over the entire strain range tested,
the rate of increase was different for the various tested sterilisation treatments. This leads
to distinct compressive behaviours, depending on the compressive strain. Bellow 15%,
the HHP and MW-3 samples exhibited a higher tangent compressive modulus, which
might have been due to the higher crystallinity level of these samples, as detected by FTIR
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analysis. Above this strain, the MW-3 samples stood out, with superior values, which may
have resulted from the higher content of intramolecular covalent double bonds.

B
5.0
1]
3
3
/ 8 40
/’ E
/ -
/7 E’A 3.0
ca
S =
o~ 20
2z
w
w
/ g_ 1.0
z ~ £
g =]
— © o0
10 15 20 25 30 35 40 45 0 10 20 30 40
Strain (%) Strain (%)

—Non Sterile - MW-3 —HHP PM

Figure 5. Typical compressive stress-strain curves (A) and compressive tangent modulus (B) for
non-sterile and sterile PVA /PBO hydrogels. The error bars represent the mean +standard deviations
(n=3).

2.5.2. Tensile Tests

Representative tensile stress-strain curves of all tested samples are shown in Figure 6,
as well as their tensile tangent modulus. All the sterilisation treatments led to an increase
in the tangent tensile modulus, due to the higher crystallinity level, as concluded from
the FTIR spectra. The highest value was observed for MW-3 samples, possibly due to the
greater content of covalent double bonds C=N and C=C from PBO, and the C=O present
in PVA. It should be emphasized that, contrarily to the compressive tangent modulus,
the tensile modulus decreased with strain. Indeed, both compressive and tensile stresses
promoted, in the initial stage, the release of water from the hydrogels. However, as the stress
was increased, compression led to the interpenetration of the polymer chains, resulting in
the materials” hardening, while stretching may cause the rupture of hydrogen bonds (that
ensure the intermolecular physical crosslinking), allowing the slipping of the chains over
each other and resulting in a lower material stiffness [15].
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Figure 6. Typical tensile stress-strain curves (A), and tangent tensile modulus (B) for non-sterilised
and sterilised PVA/PBO hydrogels. The error bars represent the mean +standard deviations (n = 3).

2.5.3. Rheological Tests

Oscillatory shear mode testing was conducted, by carrying out a frequency sweep
analysis in the range of 0.1-50 Hz within the LVER at a fixed shear strain of y = 0.1%

56



Gels 2022, 8, 640

(determined through an amplitude sweep assay). Figure 7A shows that for all hydrogels,
G’ was about one order of magnitude higher than G”, which indicates that, independently
of having been sterilised or not, they mainly exhibited a solid elastic behaviour, within
the frequency range studied. Measurements of G’ and G” at a fixed strain (y = 0.1%) and
frequency (w = 1 Hz) were carried out as a function of time for 1 h (Figure 7B). Again
G’ > G” for all hydrogels. Microwave treatment resulted in an increase of both parameters,
but this was more accentuated for G, showing that after this treatment the material could
store a higher amount of energy. These samples showed a larger loss factor (Figure 7C),
and therefore a higher damping capacity, which may have resulted from the larger amount
of primary alcohol moieties, suggesting the presence of smaller segments embedded within
the long polymeric PVA chains.
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Figure 7. Storage (G') and loss (G”) moduli for non-sterile and sterile PVA/PBO hydrogels (A) as a
function of the frequency (0.1-50 Hz) and (B) of time (1 h) with a frequency of 1 Hz, both at a fixed
strain rate y = 0.1%. Loss factor variation with time (C). The error bars are the + standard deviation
(n=3).

It should be underlined that both the non-sterile and sterile PVA /PBO hydrogels
showed a shear modulus value (G* = (G2 + G”?)1/2) within the reported range for AC. In
fact, although the reported values for the G* of AC vary between studies, they are typically
in a range of 0.2-2.5 MPa [51]. Studies of lamb cartilage plugs on a similar device as the one
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used in this study (1 Hz frequency and effective shear strain amplitude of 0.023%) reported
a storage moduli in the range of 0.4-0.6 MPa [52].

2.5.4. Hardness Tests

The Shore A hardness value of the non-sterile hydrogel was 45.0 &= 1.3 (Figure 8). HHP
treatment did not led to a statistically significant variation of this property (p = 0.1102),
while plasma treatment slightly affected it (p = 0.0191). However, MW-3 led to an increase
of ~18 (p < 0.001). This is in agreement with the superior mechanical behaviour observed
for these samples and may have been a result of the higher crystallinity and, possibly,
higher degree of cross-linking.
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Figure 8. Shore A hardness values for the non-sterile and sterile PVA /PBO hydrogels. The error bars
are the & standard deviation (n = 3). Statistical analysis was performed using Student-f test, with
significance set at * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. N.S. = not significant.

2.6. Tribological Behaviour

The coefficient of friction of the non-sterile hydrogel was measured against porcine
cartilage samples, using a normal load of 10, 20, and 30 N. Porcine cartilage is significantly
similar to human cartilage, and therefore is often used as a model to study the effects
of friction between cartilage surfaces and synthetic materials. DD water and SSF were
used as lubricants, the latter to better simulate the pseudo-synovial fluid. The average
values obtained after stabilization of the coefficient of friction are given in Figure 9A.
They increased with the normal load (p = 0.0056 and p = 0.0035 for DD water and SSF,
respectively). This was expected, due to the higher deformation of the hydrogel, which
should increase the contact area between the sliding surfaces and, therefore, the adhesion
forces. In addition, lower coefficient of friction values were observed with SSF lubricant.
The presence of hyaluronic acid and albumin significantly increased the viscosity of the
fluid (17.5 &= 0.7 mPa.s compared to ~1 mPa.s for water at room temperature), enhancing
the hydrodynamic component of the lubrication. This contributed to a mixed lubrication
regime over the boundary the one that should occur with DD water [53]. Moreover, the
adsorption of the biomolecules on the surfaces gives rise to a protective layer that will
contribute to decreasing the friction between the surfaces.
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Figure 9. Coefficient of friction values for the non-sterile PVA /PBO hydrogels at different applied
loads, using DD water and SSF as lubricants (A), and of the non-sterile and sterile hydrogels with 30
N of normal load and SSF as lubricant (B). Porcine cartilage was used as the counter body. The error
bars represent the mean =+ standard deviations (n = 3). Statistical analysis was performed using a
Student-t test, with significance set at * p < 0.05, ** p < 0.01, *** p < 0.001. N.S. = not significant.

The effect of the sterilisation procedures was only studied for the 30 N load (average
contact pressure ~1 MPa) and using SSF as lubricant (Figure 9B). MW-3 and HHP samples
led to coefficients of friction about 30% lower than the non-sterile hydrogels (p = 0.0406 and
p = 0.0412, respectively), while PM samples showed a slight increase (=8%), but this was
not statistically significant. The coefficient of friction was affected by multiple factors, for
example, the surfaces” adhesion, deformation, and roughness. In addition, in the presence
of biological molecules, this also depends on the characteristics of the adsorbed layer
(rigid or viscoelastic), which is determined by the surface chemical structure, polarity, and
roughness. Although the interpretation of the friction results was not straightforward, they
fell within the range of values found in the literature for natural cartilage, which range
from 0.002 to 0.5 [54], depending not only on the experimental conditions used (e.g., test
configuration, lubricant, applied load), but also on the type of cartilage and donor age [7,8].

After the tribological tests, marks were clearly visible on the hydrogels” surface. SEM
images of the inside of the wear tracks caused by the tribological tests performed with an
applied load of 30 N in SSF are depicted in Figure 10. The non-sterile samples showed
some signs of delamination. MW-3 and HHP treatments induced some rippling on the
surfaces, which become rougher. According to Dong et al. [55], ripples may be formed
due to a stick-slip process that occurs when the hydrogels are pulled and deformed along
the sliding direction by the sliding counter-body. This effect was more obvious for the
PM samples, suggesting that adhesion was more prominent for this material, which is in
agreement with the higher values observed for the coefficient of friction.
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Figure 10. SEM micrographs (5000 x magnification, scale bar 7 um) of the PVA /PBO hydrogels inside
the wear tracks, produced in the tribological experiments. Non-sterile (A), MW-3 (B), HHP (C), and
PM (D) samples.

2.7. HET-CAM Test

The HET-CAM test is a well-established prediction model for tissue irritation due
to chemicals, based on the observation of signs of lysis, haemorrhage, or coagulation in
the chorioallantoic membrane (CAM) surrounding the chicken embryo in eggs. Although
cartilage presents an avascular structure, the surrounding tissues of the joints and bone are
vascularized, thereby making the HET-CAM test relevant.

Photographs of the CAM after 5 min of direct contact with the non-sterile and sterile
PVA/PBO hydrogels are presented in Figure 11, as well as the positive control (after the
addition of NaOH) and the negative control (after the addition of NaCl solution). In
the positive control, visible signs of severe irritation can be observed (Figure 11F). Both
sterilised and non-sterilised hydrogels induced a behaviour similar to the one observed for
the negative control (Figure 11E), i.e., no visual signs of lysis, haemorrhage, or coagulation,
were observed. Therefore, the IS was equal to 0, and the hydrogels could be classified as
non-irritant.
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Figure 11. Chorioallantoic membrane images after 5 min of exposure to the negative control (NaCl
0.9%) (A), positive control (NaOH, 1 M) (B), and to the non-sterile (C), MW-3 (D), HHP (E), and PM
(F) hydrogel samples.

2.8. Cytotoxicity Analysis

The biocompatibility of the sterile PVA/PBO hydrogels was studied using an MTT
assay, after exposure of the chondrocyte cells to the extracts from the samples. The cell
viability was not affected by the extracts from PM samples (98.6 £ 6.8%), but MW-3 and
HHP hydrogels led to significantly lower viability (68.8 = 9.3% and 77.6 + 7.6%, respec-
tively) (p < 0.001) (Figure 12A). According to ISO 10993-5:2009, a material is considered
non-cytotoxic when the cellular viability >70% [56]. While HHP and PM samples led to
values above this threshold, MW-3 was slightly below. However, the sensitivity of this
assay was significantly higher than in vivo tests, so it is possible to consider the MW-3
samples as within the limit of non-cytotoxicity.

Figure 12B shows optical microscopy images of the incubated chondrocytes. Although
the cell proliferation had decreased for MW-3 and HHP, it can be observed that cells
displayed the normal elongated chondrocyte morphology, as in the negative control.
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Figure 12. Chondrocyte cell viability (%) determined by the MTT assay (A). The relative cell viability
is presented as a percentage compared to the negative control. The error bars represent the £standard
deviations (1 = 4). Optical microscopy images of the incubated chondrocytes after 48 h exposure
to the hydrogels” extracts and controls (B). Statistical analysis was performed using a Student-t or
Willcoxon test, with significance set at *** p < 0.005, **** p < 0.001. N.S. = not significant.

3. Conclusions

In this work, the effect of three non-conventional sterilisation methods (i.e., MW, HHP,
and PM) on a PVA/PBO hydrogel developed for cartilage replacement was assessed. This
hydrogel was able to combine a set of attractive properties that are quite difficult to achieve
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together in hydrogels, namely a large water content, high mechanical stiffness, low friction,
and excellent biocompatibility, which allow mimicking natural cartilage. Since sterilisation
is a mandatory step for implantable materials and as hydrogels are generally sensitive
materials, finding methods/conditions that ensure the maintenance of hydrogel properties
remains a challenge.

The results show that the chosen experimental conditions (MW: 700 W, 3 min; HHP:
600 MPa, 70 °C, 10 min; PM: Ar, 18 W, 5 min) were adequate to ensure sterility in all
cases. Sterilisation procedures did not cause significant changes in the surface’ morphology,
except for PM, which led to an increase in roughness, due to the etching effect. FTIR analysis
showed that the treatments induced some changes in the materials” chemical structure,
in terms of the degree of crystallinity and crosslinking, explaining some differences in its
behaviour. The samples” equilibrium water content did not suffer significant alteration
after the treatments, remaining ~74%. Similarly, the hydrophilicity was also not affected
(the water contact angle remained ~40°). In general, the sterilisation treatments did not
negatively impact the materials” mechanical properties. MW-3 stood out due to an increase
in hardness, stiffness (both in tensile and compression), and shear modulus. The coefficient
of friction obtained against porcine cartilage, using SSF as lubricant, was significantly
lower for these samples, when compared with the non-sterile. HHP led to a similar
reduction. HET-CAM tests showed that, after the treatments, the samples remained non-
irritant. Moreover, contrarily to PM, MW-3 and HHP led to a decrease in the viability of
chondrocytes upon exposure to samples” extracts. However, the observed values were still
above the cytotoxicity threshold.

Overall, among the three studied methods, MW irradiation proved to be the most
adequate to sterilise the samples. Due to its high penetration capacity and by achieving
high temperatures in the hydrated materials, it is quite efficient, allowing for terminal
sterilisation in exposure times as low as 3 min. Furthermore, it led to a general improvement
of the mechanical properties of the hydrogel. In turn, argon plasma had some detrimental
effects on the material, but more than that, it presents the drawback of not allowing terminal
sterilisation, since the materials cannot be processed in their final packaging (due to the low
penetration of plasma). Concerning HHP, this led to effective sterilisation of the hydrogel
and minor property changes. However, it is surpassed by MW, since it is necessary to have
specialized personnel to operate the expensive equipment required.

It must be stressed that in the choice of the ideal sterilisation method of a hydrogel,
besides guaranteeing that it keeps its integrity and key properties essential to ensure its
functionality, no toxic or hazardous residues should be left in the material. Moreover, other
aspects such as a high penetration capability, short processing time, low cost and simplicity
and ease of application are also desirable. MW meets all these requisites.

4. Materials and Methods
4.1. Materials

Polyvinyl alcohol powder (PVA, 99% hydrolysed, average molecular weight
146,000~186,000 g-mol~!), phosphate buffer solution (PBS, pH 7.4, buffer strength
150 mM), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), soy-
bean casein digest broth medium (CASO), Dulbecco’s modified Eagle’s medium (DMEM),
calf serum, L-glutamine, penicillin-streptomycin solution (10,000 U-mL~! penicillin,
10 mg-mL~! streptomycin), isopropanol, and dimethyl sulfoxide (DMSO) were all obtained
from Sigma-Aldrich (Saint Louis, MO, USA). Poly(p-phenylene-2,6-benzobisoxazole) (PBO,
Zylon®, AS type) fibres were obtained from Toyobo Co., Ltd. (Osaka, Japan). Thioglycolate
liquid medium (TIO) and sodium chloride (purity >99%, NaCl) were purchased from
PanReac (Barcelona, Spain). Sodium hydroxide (purity >99%, NaOH), octylphenoxy-
polyethoxyethanol (IGEPAL®) were obtained from Merck (Darmstadt, Germany). Tri-
fluoroacetic acid (TFA) (CF3COOH) and methanesulfonic acid (99% extra pure MSA,
CH405S), were purchased from CARLO ERBA Reagents (Milano, Italy) and ACROS Organ-
ics (Thermo Fisher Scientific, Waltham, MA, USA), respectively. Hyaluronic acid sodium
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salt (HA, average molecular weight of 1,000,000-2,000,000 g-mol_l) was purchased from
Carbosynth (Compton, Berkshire, UK). Lyophilized bovine serum albumin (BSA, Fraction
V, pH 7.0) was provided by Serva Electrophoresis GmbH (Heidelberg, Germany). Human
chondrocytes were acquired from CELL Applications, Inc. (San Diego, CA, USA). Special
sealed bags (polyamide and polyethylene, 90 um, 10 x 10 cm?) were purchased from Penta
Ibérica (Torres Vedras, Portugal). Distilled and deionized (DD) water (18 MQ) cm, pH 7.7)
was obtained with a Millipore water purifying system (Millipore system, Millipore Merck,
Darmstadt, Germany). Simulated synovial fluid was formulated with 3 mg-mL~! of HA
and 4 mg~mL’1 of BSA, dissolved in PBS, and stored in a refrigerator at 4 °C between
each use.

4.2. Synthesis of the Polymeric Materials

PVA hydrogels reinforced with PBO fibres were synthesized according to a protocol
described previously [20,57]. Briefly, PVA (6% w/v) was dissolved in pure TFA, while PBO
fibres (1% w/v) were added to a mixture of 80% TFA and 20% MSA solution. Both solutions
were left under magnetic stirring until complete dissolution of the solutes. After complete
dissolution, the vials were placed at 45 °C for 30 min, to decrease their viscosity, before
mixing. The composites were produced by mixing adequate volumes of PVA and PBO
solutions, to obtain a formulation with 6:1 PVA:PBO mass ratio. The PVA /PBO solution
was then poured into borosilicate petri dishes and, the lid was put on and left for 1 h.
Then a small airflow was let into the dishes for 2 h, by opening the lid slightly. Following
this, the lid was completely removed, and the gel was left for an additional 21 h. After
complete gelation, the hydrogels were removed from the petri dishes and washed in DD
water at 50 °C (7 days, changed 2 times a day, stirring at 200 rpm stirring) to remove acidic
components (until the pH was neutral). The washed samples were further cross-linked
using a thermal process, in an oven at 45 °C for 48 h. All the samples produced had an
average thickness of 2.0 £ 0.5 mm in their hydrated state (unless otherwise indicated).

4.3. Sterilisation Processes
4.3.1. Microwave Irradiation (MW)

PVA /PBO hydrogels were individually placed inside special sealed bags, with 3 mL of
DD water per 6 g of sample. The sterilisation procedure was carried out using a 2450 MHz
microwave oven (Kunft KMW-1698, Worten, Sonae group, Maia, Portugal), at 700 W for
3 min (MW-3 samples) and 5 min (MW-5 samples).

4.3.2. High Hydrostatic Pressure (HHP)

The PVA/PBO samples were packaged for HHP treatment in the same manner as
for microwave irradiation. The sealed samples were then submitted to 600 MPa at 70 °C
for 10 min in a High Pressure equipment (Hiperbaric 55, Burgos, Spain) (HHP samples)
according to [25].

4.3.3. Plasma (PM)

Plasma treatment was carried out using a compact Harrick PDC-32G Plasma Cleaner/
Steriliser (115 V, Harrick Plasma, Ithaca, NY, USA). The equipment was connected to a
vacuum pump (LVO 100, Leybold, Cologne, Germany) and an argon gas bottle (20 MPa,
Alphagaz™, Air Liquid, Lisbon, Portugal). Dry PVA /PBO samples were directly placed
into the quartz glass chamber and exposed to ionized argon at 18 W for 5 min (PM samples).
Then the samples were placed in sterilised falcon tubes containing 10 mL of DD water per
20 g of sample, in aseptic conditions.

4.4. Bioburden

The microbiological load (bioburden) of the non-sterilised PVA /PBO hydrogels (sam-
ples with an 8-mm diameter) was evaluated. Buffered peptone broth with sodium chloride
(pH 7.0) was sterilised by steam heat in an autoclave at 10° Pa, 121 °C for 20 min, and
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the samples were immersed in this medium (50 mL) for 2 h at 180 rpm. Afterwards, a
pre-selected quantity of the buffer was removed (25 mL) and filtered through cellulose
nitrate filters (pore size of 0.45 um). The used filters were incubated in Sabouraud dextrose
agar plates to test for fungi growth (25 °C, 5 days) and in tryptic soy agar (TSA) plates for
bacteria growth in aerobic conditions (30 °C, 5 days). The colonies were visually counted to
verify the microbiological load of the hydrogels and the mean of triplicates were calculated
for each sample.

4.5. Sterility Assessment

The sterility of the treated samples was verified following the Portuguese Pharma-
copeia [58] and the European Pharmacopeia 10th Edition [59], using the direct inoculation
method. Two culture media, TIO and CASQO for bacterial and fungi growth, respectively,
were prepared and sterilised according to the manufacturer specifications (autoclave, at
10° Pa, 121 °C, for 20 min). Sterilised PVA /PBO samples (8-mm diameter) were placed into
the culture medium in a laminar flow cabinet, to ensure aseptic conditions. Two positive
controls were performed with bacteria contamination by inoculation of Pseudomonas
aeruginosa (ATCC 15442) and Staphylococcus aureus (ATCC 6538) into TIO medium, and
a positive control for fungal contamination was carried out by inoculation of the CASO
medium with Candida albicans (ATCC 10231). Negative controls (sterile media) were
also performed. All flasks were incubated in aerobic conditions for 14 days, at 35 °C (TIO
medium) and at 25 °C (CASO medium). Validation of the sterility was performed if no
microorganism growth was verified after that period in both media. Triplicates were carried
out for each condition.

4.6. Characterisation of the Sterile and Non-Sterile PVA/PBO Hydrogels
4.6.1. Morphology

Surface morphology of the non-sterile and sterile samples was analysed through
scanning electron microscopy (SEM, Hitachi 52400, Chiyoda, Tokyo, Japan). Samples
(squares with 3 x 3 mm?) were first dried at 45 °C for 48 h and coated with Au/Pd
(100 nm) using a sputter coater and evaporator (Polaron Quorum Technologies, Laughton,
East Sussex, UK) for conductivity purposes.

4.6.2. Chemical Structure

The materials” chemical structure was studied through Fourier transform infrared
spectroscopy (FTIR), with attenuated total reflectance (ATR). FTIR equipment (model
Spectrum Two from PerkinElmer, Waltham, MA, USA) with a lithium tantalate (LiTaO3)
mid-infrared (MIR) detector (signal /noise ratio 9300:1) was used. This was equipped with
a diamond crystal ATR accessory (model UATR Two). The applied force was controlled,
to ensure a good contact between the crystal and samples. Spectra were collected at
4 cm~! resolution and 8 scans of data accumulation and normalized using the OriginPro
8.5 software. Three hydrogel disks (with 14 mm of diameter), non-sterilised and sterilised
in the different conditions, were analysed.

4.6.3. Water Content

The non-sterile and sterile samples (6 mm diameter) were dried at 45 °C for 2 days
prior to being weighed (dry weight, W;). Then, they were individually placed in 5 mL of
DD water, incubated at 37 °C, and periodically removed and weighed (wet weight, W)
until a constant value was achieved. The samples were carefully blotted with absorbent
paper before each measurement, to remove any remaining water present on their surface.
The water content (WC) was calculated along the tested time range (120 h), through:

WC (%) = w x 100 (1)

w

Measurements were performed in triplicate for each condition.
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4.6.4. Wettability

The water contact angle on non-sterile and sterilised samples was determined through
the captive bubble method (at least one week after treatment). The hydrated hydrogels
were fixed to a support and placed inside a quartz glass liquid cell filled with DD water.
Air bubbles were formed under the hydrogels’ surface using a syringe with an end curved
needle. Pictures were taken at predetermined times for 30 s after bubble deposition
using a video camera (jAi CV-A50, Spain), connected to an optical microscope (Wild
M3Z, Leica Microsystems, Wetzlar, Germany). Images were analysed using the ADSA
software (Applied Surface Thermodynamics Research Associates, Toronto, Canada). At
least 10 bubbles were captures in 3 different samples for each condition.

4.6.5. Compressive and Tensile Behaviour

The hydrogels” compressive and tensile mechanical behaviour was analysed in a
TA XT Express Texture Analyser (Stable Micro Systems, Godalming, UK) with a load cell
of 49 N, using the software Exponent. Uniaxial compression tests were performed in
unconfined mode.

For the compression tests, the hydrated samples (discs with § mm diameter and 4 mm
thickness) were completely immersed in DD water at room temperature and compressed
at a strain rate of 0.1 mm-s~! up to a 40% strain.

Tensile tests were carried out with a force of 49 N at a speed of 0.5 mm-s™" using
hydrated dumbbell-shaped hydrogel samples (5 mm width, 2.5 mm gauge width, 8 mm
gauge length, total length 18 mm).

The tangent compressive/tensile modulus (Et) were calculated in the strain range of
5-35%, in 5% increments, and using the finite difference method [32], through the following
equation:

1

(U'e + Ae — 0 — Ae)
Er = 2
T A, (2)
where 0¢ + A; and 0. — A, are the stresses correspondent to the strains € + Ac and € — A,

respectively and A was 1%. At least, five experiments were carried out for each condition.

4.6.6. Rheological Behaviour

The viscoelastic properties of the hydrogels were studied using a rheometer MCR
92 (Anton Paar, Ashland, VA, USA) with a parallel plate set up (PP25 geometry) and
RheoCompassTM software, Ashland, VA, USA, at 37 °C. Hydrated hydrogel samples
(25 mm diameter) were placed at the measurement gap, 15 min prior to the measurements,
with DD water surrounding the samples, to avoid evaporation artefacts. Amplitude
sweep tests were carried out at a fixed angular frequency (1 Hz) in a shear strain range of
0.01-70%, to determine the plateau values of the material’s storage (G’) and loss (G”)
modulus corresponding to the linear viscoelastic range (LVER). Dynamic frequency sweeps,
between 0.1 and 100 rad-s~! were performed, with a strain value fixed within the obtained
LVER. Furthermore, the samples were also submitted to an isothermal test for 1 h, at
a constant strain of 0.1% (within the LVER) and angular frequency 1 Hz. Triplicates of
non-sterile and sterile samples were analysed.

The steady shear rate viscosity of the SSF used in the tribology tests was also measured,
for a shear rate range of 0-100 s~! at room temperature. This measurement was performed
using a cone-plate geometry (CP50).

4.6.7. Hardness

A Shore A durometer (PCE-DD-A, PCE Instruments, Southampton, UK) was used
to measure the hardness of the non-sterile and sterile hydrogels in their hydrated state
(DD water). The samples were produced with a 4-mm thickness and cut into disks with an
8-mm diameter. Triplicates were analysed for each condition.
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4.6.8. Tribological Behaviour

The coefficient of friction between the hydrogel samples and natural cartilage was
measured at room temperature, using the lubricants DD water and SSF. Cartilage pins
were harvested from porcine cartilage, obtained from a local butcher’s shop. Full-depth
osteochondral plugs were collected using 6-mm hole punchers at randomly selected sites.
The cartilage samples’ edges were carefully cut with a scalpel, to prevent sharp edges,
washed in DD water, and stored at —20 °C in PBS solution till 2 h before use. The hy-
drogel samples were pre-hydrated (24 h) in DD water or SSF and placed in a liquid cell
with ~25 mL of those lubricant media. The experiments were carried out in a pin-on-
disk tribometer TRB3 (Anton Paar, Ashland, VA, USA), in reciprocal oscillating mode
(2500 cycles, amplitude 4 mm, sliding velocity 8 mm-s~!). The data were collected as a
function of time for 1 h, using the InstrumX 9.0.12 software, with an acquisition frequency
of 10 Hz. The samples hydrated in water were tested with applied normal loads of 10,
20, and 30 N, corresponding to a Hertzian contact pressure of 0.354, 0.707, and 1.061 MPa,
respectively, while the sterile samples were only tested in SSF and for the highest normal
load (i.e., 30 N). A minimum of three replicates were analysed for each condition studied.

4.7. Irritability Assay

HET-CAM was carried out, to evaluate if PVA /PBO non-sterile and sterile samples
could induce a possible adverse irritation reaction in tissues. Fertilized hen eggs (Sociedade
Agricola da Quinta da Freiria S.A., Roliga, Portugal) were incubated in an egg incubator
(Intelligent Incubator 56S, Nanchang Edward Technology Co., Ltd., Nanchang, China) for
8 days at 37.0 & 0.5 °C with a relative humidity of 60 £ 1%. On the 9th day of incubation,
the eggs’ shells were cut at the larger far end (which contains the air chamber) using a rotary
saw (Dremel 3000 from Breda, Netherlands) to expose the inner membrane. This membrane
was hydrated with a NaCl (0.9%) solution, and the egg was placed in the incubator for
30 min.

Afterwards, the inner membrane was removed to expose the CAM. Each sample type
was individually placed on top of the CAM for 5 min. The membranes were analysed,
to evaluate the appearance of any signals of irritation (i.e., lysis, haemorrhage, and co-
agulation), and the irritation score was calculated according to [60], using the following

equation:
(301 —-Ty 301 — T, 301 — T¢
IS = (300 X 5) + (300 X 7) + <300 X 9) (©)]

where Ty, T1, and T¢ represent the time (in seconds) when the first appearance of haemor-
rhage, lysis, and coagulation occurs, respectively. IS classification was done according to
the HET-CAM score, ranging from 0-21. An IS score of 0-0.9 signifies no signs of irritation,
while between 1-4.9 there are signs of slight irritation, from 5-8.9 a moderate irritation
occurred, and from 9-21 the eggs show severe irritation [61]. The assay was carried out in
triplicate for each hydrogel type. Two controls, a positive, and a negative were utilized,
through the addition to the membrane of NaOH (1 M) and NaCl (0.9%), respectively.

4.8. Cell Viability

Cytotoxicity analysis of the sterile samples was performed through cell viability
assessment. The assays were carried out using the extract test method, in accordance with
ISO 10993-5 (ISO 10993—part 5: tests for in vitro cytotoxicity) [56]. The sterile hydrogels
were first placed in DMEM (3 cm?-mL~!) and left for 24 h at 37 °C, in a humified 5%
CO; incubator, to obtain the corresponding extract from the hydrogels” leachate. Human
chondrocyte cells were cultured in DMEM, supplemented with 2 mM L-glutamine, 10%
calf serum, and 1% penicillin-streptomycin solution, and then seeded in 24-well plates to a
density of 0.5 x 10° cell/well and left to incubate for 24 h at 37 °C, with 5% CO, humidity.
After that, the cells were inspected using an inverted light optical microscope (Axiovert®
25, ZEISS Microscopy, Jena, Germany), and the culture medium was removed and replaced
by the hydrogels’ extract in the same amount. Both positive (DMEM + 10% DMSO) and
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negative (DMEM) controls were prepared simultaneously. An additional incubation of
48 h was carried out in the same conditions. The cells were visualized using an optical
microscope, and micrographs were taken.

Quantification of the cell viability was done using an MTT assay. Briefly, 300 uL of
MTT (0.5 mg-mL’1 in serum-free DMEM) were added to each well and incubated for
3 h. Following this time, 450 uL of MTT solvent (4 mM HCI, 0.1% IGEPAL in isopropanol)
was added to each well. The formed MTT formazan crystals were dissolved by agitating
in an orbital shaker for 15 min. Finally, the absorbance was measured in a microplate
reader (AMP Platos R 496, AMEDA, Labordiagnostik, Graz, Austria), and the relative
quantification of cell viability was normalized to the negative control.

4.9. Statistical Analysis

Statistical analysis was carried out, to evaluate the significance of the obtained quanti-
tative data, using the software R Project v. 4.2.1. The normality of the data was verified
through the application of a Shapiro-Wilk test. Data with normality were evaluated in
terms of similarity of variances with Levene’s test, and subsequently, the data’ significance
was evaluated using the parametric tests, one-way ANOVA test and Student’s t-test. For
the cases where equality of variances did not occur, Welch's t-test was carried out. The non-
parametric data was evaluated through the application of the Kruskal-Wallis or Willcoxon
tests. The level of significance was set to 0.05.
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Abstract: Presently, skin burns are considered one of the main public health problems and lack
therapeutic options. In recent years, silver nanoparticles (AgNPs) have been widely studied, playing
an increasingly important role in wound healing due to their antibacterial activity. This work is
focused on the production and characterization of AgNPs loaded in a Pluronic® F127 hydrogel, as
well as assessing its antimicrobial and wound-healing potential. Pluronic® F127 has been extensively
explored for therapeutic applications mainly due to its appealing properties. The developed AgNPs
had an average size of 48.04 + 14.87 nm (when prepared by method C) and a negative surface charge.
Macroscopically, the AgNPs solution presented a translucent yellow coloration with a characteristic
absorption peak at 407 nm. Microscopically, the AgNPs presented a multiform morphology with
small sizes (~50 nm). Skin permeation studies revealed that no AgNPs permeated the skin after 24 h.
AgNPs further demonstrated antimicrobial activity against different bacterial species predominant in
burns. A chemical burn model was developed to perform preliminary in vivo assays and the results
showed that the performance of the developed AgNPs loaded in hydrogel, with smaller silver dose,
was comparable with a commercial silver cream using higher doses. In conclusion, hydrogel-loaded
AgNPs is potentially an important resource in the treatment of skin burns due to their proven efficacy
by topical administration.

Keywords: silver nanoparticles; burns; wound healing; nanotechnology; topical administration

1. Introduction

Skin is responsible for a very different set of functions essential for human survival,
including acting as a barrier [1-5]. It is composed of three main layers, the epidermis,
dermis and hypodermis, differing in composition and purpose [2,3]. Upon injury, the skin
undergoes wound healing, an intricate and dynamic physiological process through which
the skin repairs itself, a key process to restore its normal function [6]. To heal, the wound
will undergo four stages. The first stage is haemostasias, starting with vasoconstriction and
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clot formation, acting as a protein reservoir. Next, the wound undergoes an inflammatory
process, in which vasodilation increases vascular permeability to promote chemotaxis;
consequently, neutrophils and macrophages migrate to the wound site, mediating and
ending a debridement process and secreting cytokines and growth factors. The third stage,
known as the proliferative stage, consists in epithelization, angiogenesis, granulation tissue
formation and collagen deposition, mediated by endothelial cells and fibroblasts. The
fourth and last stage is remodeling, with collagen depositing in an organized manner,
increasing the tensile strength of the wound. This last stage may last up to one year after
wound healing has started [6,7]. In exceptional cases, where the injured tissues are unable
to undergo complete regeneration, fibrous tissue will be deposited, creating scars [8].

Burns are one of the most common skin injuries and are the fourth most common type
of trauma worldwide [9,10]. Regarding their severity, they can be classified and divided
into three degrees, depending on the affected structures and area burned [3,11,12]. The
classification of skin burns largely depends on which skin layers have been affected: in first
degree burns, only the epidermis is affected; second degree burns usually extend to the
dermal layer of the skin; while third degree burns implicate the hypodermis, sometimes
completely burning through all the skin layers [13]. Whenever the skin is burned, its barrier
function is reduced, making the body much more susceptible to infection [14]. In addition,
extensive lesions that progress to adjacent tissue can lead to immunosuppression [12,14].
Moreover, burns can also lead to death by shock or septicemia caused by skin infection [15].

The treatment for burnt skin is described by many guidelines worldwide [16,17]. In
general, these guidelines suggest the application of antimicrobial products, such as a silver
sulfadiazine cream, followed by the application of a hydrocolloid to promote healing of the
affected skin [18,19]. This therapeutic strategy, starting with an antibiotic and followed by
a healing agent, is based on the premise that a non-infected burn heals faster.

Furthermore, innovative hydrocolloid dressings impregnated with silver also appear
to be effective, increasing the interest in these devices [18]. However, the treatment of
an infected burn is more difficult, prolonged and sometimes ineffective [20]. Although
healing agents may promote skin regeneration, they simultaneously create a favorable
environment for bacterial proliferation, which considerably delays healing time [20,21].
Thus, it is important to first apply an antibiotic or proceed with the concomitant application
of an antibiotic agent with regenerating properties for these burns. Moreover, wounds
can also be treated using dressings such as silver-based dressings that can release silver
ions into the wound, simultaneously presenting antibacterial potential and promoting
skin regeneration [22,23]. Currently, silver in topical sulfadiazine-based form is one of the
marketed silver formulations for treating burns in the western half of the globe [24].

Nanotechnology emerged in the last century and its application in medicine, referred
to as nanomedicine, has emerged mainly in the last three decades [25,26]. Silver nanoparti-
cles (AgNPs) are widely used in several fields [25,27-32], for example, in the treatment of
water, textile products, biosensors and storage of food products [33]. In healthcare, AgNPs
are essentially used as an antimicrobial agent, but other metallic nanoparticles also present
these properties (i.e., gold nanoparticles) [22,25,27-29,34,35]. In addition to antibacterial
properties, AgNPs also present antiviral, antifungal, anti-inflammatory, anti-angiogenic,
anti-tumoral and antioxidant activity, with applications as a delivery system in imageology
and in cosmetics [33,34]. The antimicrobial activity of AgNPs relies on their physicochemi-
cal characteristics, such as size, shape, distribution and concentration [35-39]. Due to their
high surface to volume ratio, AgNPs will require lower concentration and, consequently,
leading to lower toxicity when compared with conventional silver, i.e., silver sulfadiazine
or silver nitrate [36-39]. However, it is required that the formulation is maintained in the
burn area. With this aim, a thermoreversible hydrogel was prepared.

Gels have a great importance for many applications [40]. The production of polymer-
based gels started in the ‘70s, but in recent years, the interest in the physical gelation of
polymers has increased [40,41]. This rise in interest is also explained due to hazard and
toxic concerns related to conventional vehicles. In situ thermoreversible gels like hydrogels
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are alternative vehicle systems with many advantages [42]. Hydrogels are gels in which
the dispersed phase is composed by water and the gelling agents are polymers [43]. They
are three-dimensional (3D) hydrophilic polymeric networks able to retain large amounts of
water or biological fluids and characterized by soft and rubbery consistence in analogy to
living tissues. These gels are promising biomaterials due to their interesting properties such
as biocompatibility, biodegradability, hydrophilicity and lack of toxicity [44]. These and
other properties make hydrogels vehicles for many applications in the medical and phar-
maceutical fields [44]. Pluronic® F127 is an amphiphilic block copolymer, a poly(ethylene
oxide)/poly(propylene oxide)/poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymers,
extensively explored for therapeutic applications mainly due to its appealing properties,
such as being non-toxic, bioadhesive and stable, and presenting the ability to transform
into a gel at physiologic temperature [45-47]. At low temperatures, Pluronic® F127 is a
solution but, as temperature increases, the hydrogen bonds in the hydrophilic chains of
the Pluronic® F127 copolymer desolvate, favoring hydrophobic interactions between the
polyoxypropylene domains, forming a stable gel [46]. Due to its thermoreversible nature,
Pluronic® F127 becomes a gel upon administration, forming a physical and protective
barrier [46,47].

This work aims to develop a semi-solid formulation of AgNPs, incorporated in a
Pluronic® F127 hydrogel, for topical application with antimicrobial and skin regeneration
properties using three different methodological approaches. Compared to a commer-
cial formulation based on silver ions, it is expected to achieve a comparable therapeutic
effect. Several techniques and methodologies were applied to evaluate the skin perme-
ation, antibacterial activity, in vitro and in vivo efficiency and safety properties of this new
formulation.

2. Results
2.1. Physicochemical Characterization

AgNPs were prepared following three different preparation methods, using the same
reagents but differing in the temperature of the reagents used. The three methods (A, B and
C) resulted in the successful preparation of AgNPs, but especially the described method
C. As presented in Figure 1, the macroscopic appearance of the AgNPs prepared by this
method resulted in a yellow translucid dispersion, in contrast to the AgNPs produced by
methods A and B. Spectrophotometry analysis of AgNPs prepared by method C showed a
characteristic absorption peak at 407 nm.

Figure 1. Macroscopic appearance of samples prepared by methods A, B and C (from left to right).

Table 1 presents results regarding mean size, polydispersity index (PdI) and zeta
potential of AgNPs prepared using the different methods (A, B and C). Regarding particle
size, the AgNPs prepared following method C presented a similar average size compared to
AgNPs prepared following method A. However, the size dispersion of the AgNPs prepared
by method C was lower than that of A and B, exhibiting lower PdI values, representing a
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more monodisperse formulation. Regarding its surface charge, determined by measuring
the zeta potential, all of the prepared AgNPs have negative values of surface charge, close
to neutrality (—10 to 10 mV), regardless of the preparation method employed, suggesting a
potential biocompatibility.

Table 1. Mean size, polydispersity index (PdI) and zeta potential (mean + SD).

Preparation Method Size (nm) PdI Zeta Potential (mV)
A 47.85 £1.01 0.887 £+ 0.003 —0.06 £ 1.50
B 18.92 + 2.61 0.628 £ 0.162 —2.02 £ 0.34
C 48.04 £+ 14.87 0.180 £ 0.013 —0.79 £2.17

The morphology of the different AgNPs was assessed by AFM (Figure 2). Macro-
scopically, AgNPs suspension prepared by methods A, B or C were visually different, as
previously mentioned, and the observed color changes are closely related to the presence
of AgNPs’ aggregates. By analyzing the images obtained by AFM (Figure 2), it is possible
to conclude that the AgNPs prepared by method A, presenting a greyish tone, contained
clusters of much greater dimensions than that expected for free AgNPs, this being in accor-
dance with data obtained by DLS (Table 1). The AFM images (Figure 2) show the presence
of these aggregates for the AgNPs synthetized by methods A and B, corroborating the
large PdI observed by DLS. In general, AgNPs present a non-spherical shape and sizes
lower than 50 nm. Especially for AgNPs prepared by method A, large aggregates of AgNPs
were consistently present, with dimensions between 100-200 nm. Taking into account these
results, method C was selected for further tests as it yielded more homogeneous AgNPs,
with a PdI below 0.2, when compared with the AgNPs prepared following methods A
and B.
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Figure 2. 3D atomic force microscopy (AFM) images and corresponding profiles for AgNPs prepared
following (left) method A, (middle) method B and (right) method C.

With method C selected, different recovery processes were also assessed to select
the most suitable: centrifugation, lyophilization or solvent evaporation. The macroscopic
results of recovering AgNPs using the mentioned processes are shown in Figure 3. AgNPs
centrifugation led to the formation of a very dense pellet, impossible to resuspend, leading
to the rejection of this recovery method. The same was observed for lyophilization, as the
AgNPs were very difficult to resuspend in water. As for the vacuum rotary evaporator

74



Gels 2023, 9, 200

recovery method, it was much faster than lyophilization, and the AgNPs were easy to
resuspend.

Figure 3. Pellet of the centrifuged sample (left), samples prepared for lyophilization (middle) and
sample after solvent elimination by evaporation (right).

To assess if recovering AgNPs by solvent evaporation using a vacuum rotary evapora-
tor influenced AgNPs morphology, AFM images of AgNPs following solvent evaporation
were obtained, for the non-diluted and diluted AgNPs (Figure 4). A very dense sample with
considerable aggregates was observed in the non-diluted AgNPs recovered by a vacuum
rotary evaporator. However, when the sample was diluted, it was very similar to the
sample prepared by method C (Figure 4). This fact suggests that temperature has greater
influence during the AgNPs formation (i.e., reagents temperature), but does not seem to
have influence after AgNPs formation (i.e., AgNPs recovery). Thus, solvent evaporation
using a vacuum rotary evaporator was the selected recovery method.

Figure 4. 3D atomic force microscopy (AFM) images of non-diluted (left) and diluted (right) AgNPs
recovered by solvent evaporation. A profile was added for the diluted sample.

2.2. Antimicrobial Preliminary Efficacy Assessment

The bacterial strains used in this study were selected according to their tendency to
colonize and infect burnt skin (i.e., Escherichia coli, Staphylococcus aureus and Pseudomonas
aeruginosa) [48]. Table 2 displays the main results. Minimum inhibitory concentrations
(MICs) were determined by broth microdilution for the three bacteria under study and for
the different samples. The colloidal dispersion of AgNPs under the conditions of synthesis
showed very little or no inhibition for most of the strains. In turn, when concentrated,
whether by lyophilization, centrifugation or by evaporation, the bacterial inhibition was
more expressive. Though there is inhibitory activity, MIC values are beyond the range of
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concentrations tested. However, AgNPs concentrated by lyophilization presented a more
accentuated inhibitory activity against P. aeruginosa, and AgNPs concentrated by evapora-
tion presented a more pronounced inhibitory activity against E. coli and P. aeruginosa, thus
presenting higher efficacy against these strains.

Table 2. Minimum inhibitory concentrations (MIC) for Escherichia coli, Staphylococcus aureus and
Pseudomonas aeruginosa (n = 3, presented values are coincident between n > 2).

MIC (nM)
Sample
Escherichia coli Staphylococcus aureus Pseudomonas aeruginosa
AgNPs >1.65 >1.65 1.65
Centrifuged AgNPs (66 nM) >33 >33 >33
Lyophilized AgNPs (66 nM) + Pluronic® F127 hydrogel >33 >33 33
AgNPs concentrated by evaporation (66 nM) 33 N/A 33

2.3. In Vitro Permeation Studies

An in vitro skin permeation study was conducted for 24 h using an artificial membrane
that mimics the skin. After 24 h, the amount of AgNPs that permeated the membrane was
below the limit of detection of the analytical method used. This non-permeation of the
AgNPs through the deep layers of the skin can be considered a good safety indicator.

2.4. Physical Characterization of Pluronic® F127 Hydrogel

In order for the AgNPs to remain in the burned region of the skin, a thermoreversible
Pluronic® F127 hydrogel was prepared and characterized regarding its viscosity and tex-
tural properties. Pluronics or Poloxamers are non-toxic FDA-approved poly(ethylene
oxide)/poly(propylene oxide)/poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymers.
A variety of Pluronics is available on the market, differing for the molecular weight of the
building blocks and the ratio between hydrophobic and hydrophilic units. Pictures of the
prepared gel were taken at two different temperatures, in order to macroscopically charac-
terize the gel. The obtained images are shown in Figure 5. At 4 °C (storage temperature),
the hydrogel is in a liquid form, as can be seen in Figure 5A, and at 37 °C, physiologic
temperature and the temperature at which the hydrogel will be applied, Pluronic® F127 is
in its gelled form, as shown in Figure 5B.

37°C

Figure 5. Macroscopic appearance of the thermoreversible Pluronic® F127 hydrogel at (A) 4 °C, in
liquid state, and (B) 37 °C, gelled.
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Viscosity is also a very important parameter for any semi-solid formulation. The
viscosity was determined at different temperatures and results are shown in Table 3.
Looking at the results, the thermoreversible properties of the Pluronic® F127 hydrogel are
apparent, as at 4 °C, the gel presented a viscosity of 75.7 & 0.5 mPas, in its liquid form, and
at 37 °C, a notorious higher viscosity, of 7333.3 &= 23.1 mPas.

Table 3. Viscosity of the Pluronic® F127 hydrogel at different temperatures.

Viscosity (mPas)

Time (min)
4°C 25°C 37°C
10 76.0 360.0 7320.0
20 76.0 380.0 7360.0
30 75.2 360.0 7320.0
Mean + SD 75.7 £ 05 366.7 = 11.6 7333.3 £23.1

The textural properties of the gel were also evaluated in triplicates, and the maximum
peak force of displacement (Frax), also denoted hardness, obtained was 0.6 & 0.01 N. Vis-
cosity and textural properties were also evaluated after the incorporation of the lyophilized
AgNPs powder in the Pluronic® F127 hydrogel, and its properties remain stable when
compared to the hydrogel without nanoparticles.

2.5. In Vivo Efficacy and Safety Assessments

Skin burns started to appear on the second day of SDS application, and all animals
completed the assay. Moreover, the animals did not present signs of stress or pain during
the duration of the preliminary assessments.

The body weight of the animals was recorded for all groups, and the results are shown
in Figure 6. The body weight of the animals decreased for all the groups following the burn
induction but recovered after the beginning of treatment. Moreover, the body weight of all
groups followed the same trend except for the negative control (Pluronic® F127 hydrogel),
in which body weight presented a smaller decrease following the skin burn when compared
to the other groups. Furthermore, when comparing the body weights of the different groups
on the last day of the assay, the group treated with AgNPs incorporated in Pluronic® F127
hydrogel presented the best results, as the animals in this group recovered 96% of their
initial body weight.
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Figure 6. Body weight variation after chemically induced skin burn and treatment: Pluronic® F127
hydrogel (negative control, circles); Positive control (commercial formulation of silver sulfadiazine
squares); and test group, AgNPs incorporated in Pluronic® F127 hydrogel (triangles).
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Representative images of mice from each group are shown in Figures 7-9 and were
taken daily after the beginning of the treatment. By evaluating the photographic records,
it is possible to note that the AgNPs incorporated in Pluronic® F127 hydrogel (Figure 7)
caused rapid skin regeneration in the test group, with the skin practically healthy at the
end of the treatment schedule and without noticeable scarring. In contrast, the negative
control (Figure 8), Pluronic® F127 hydrogel, led to a pronounced scar. Regarding the
positive control (Figure 9), the commercial topical formulation of silver sulfadiazine led to
a complete regeneration of the skin at the same time as the test group, without leaving any
noticeable scars on the skin. However, the concentration of silver in the positive control
(15.3 umol of silver per cm?) was not equivalent, i.e., AgNPs were administered at a very

low dose (3.3 pmol of silver per cm?).
. i

3 ‘7 = ™

Figure 7. Progress of skin healing in test group treated with AgNPs incorporated in Pluronic® F127
hydrogel (66 nM, from day 3 to day 8, following the course of treatment).

Figure 8. Progress of skin healing in the group treated with Pluronic® F127 hydrogel (from day 3 to
day 8, following the course of treatment).

0

Figure 9. Progress of skin healing in the group treated with the positive control (commercial cream of
silver sulfadiazine, 10 mg/g, from day 3 to day 8, following the course of treatment).

Skin thickness was also evaluated and tended to increase with the progression of the
injury due to inflammation and subsequent skin regeneration with the formation of crusts.
This increase was quite consistent across the different groups (Figure 10). An ideal result
would be the achievement of a similar skin thickness the burn and at the end of the protocol.
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This did not happen for any of the groups under study. However, results showed a higher
tendency of improvement in skin thickness for animals treated with AgNPs incorporated
in Pluronic® F127 hydrogel.
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Figure 10. Skin thickness after chemically induced burn and treatment: negative control (Pluronic®

F127 hydrogel, circles); positive control (commercial cream of silver sulfadiazine, squares); and
AgNPs incorporated in Pluronic® F127 hydrogel (triangles).

2.6. Histopathological Analysis

The burns were histologically analyzed and representative images are presented in
Figure 11. Both skin of mice treated with silver sulfadiazine and AgNPs incorporated
in Pluronic® F127 presented epidermal closure with full epidermal differentiation, but
skin of mice treated with the positive control presented increased thickness and marked
hyperkeratosis. Moreover, the skin of mice in the positive control group presented scanty
granulation tissue and mixed orientation of the collagen fibers, while granulation tissue
was absent in the test group, and the collagen was present in a horizontal pattern. Moreover,
a previously described skin regeneration scoring system was used to compare the burns
of all animals that participated in this preliminary study (Table 4). The chosen scoring
system takes different aspects into account such as the presence of an ulcer or if the wound
is completely closed, the degree of epidermis differentiation, the amount of granulation
tissue present, and lastly, the collagen fibber orientation and pattern. A score of 16 indicates
full regeneration of the skin lesion while lower scores refer to the presence of histologic
changes compatible with skin injury. The highest score was of animals treated with AgNPs
incorporated in Pluronic® F127 hydrogel (test group, score of 14.60 & 3.13). It is to be noted
that the lowest score was seen in the animals of the positive control group, treated with a
commercial formulation of silver sulfadiazine. This animal model was previously validated
by our group, and the same scoring system was used to score the untreated burns of this
animal model, obtaining a score of 12.0 & 2.8 [9]. Thus, the skin of mice treated with AgNPs
incorporated in Pluronic® F127 presented an advanced wound healing.
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Figure 11. Histological section images of the skin of the mice after 5 days of treatment with (A,C)
commercial cream of silver sulfadiazine (10 mg/g), and (B,D) AgNPs incorporated in Pluronic® F127
hydrogel (66 nM). (A,B) Magnification 10x and (C,D) magnification 20x.

Table 4. Scoring of skin regeneration following 5 days of treatment, as follows: epidermal clo-
sure (0—ulcerated skin, 1—closed wound), epidermal differentiation (0—absent, 1—spinous epi-
dermal, 2—granular layer), amount of granulation tissue (1—profound, 2—moderate, 3—scanty,
4—absent), presence of inflammatory infiltrates (1—plenty, 2—moderate, 3—few), the orientation of
collagen fibers (1—vertical, 2—mixed, 3—horizontal) and collagen pattern (1—reticular, 2—mixed,
3—fascicle) [9,38].

. . Amount of Orientation
Epidermal E plderl}m! Granulation Inﬂarflmatory of Collagen Collagen Total
Closure Differentiation . Infiltrate . Pattern
Tissue Fibers
Commercial
formulation of 0.67 + 0.58 133+ 1.15 333 +1.15 2.67 + 058 233+1.15 233+£115 1267 +577
silver sulfadiazine
(n=3)
AgNPs incorporated in
Pluronic® F127 hydrogel 1.0£0.0 1.60 + 0.89 3.33 £ 0.89 2.80 + 0.45 2.80 £ 0.45 2.80 + 0.45 14.60 + 3.13
(n=4)

In the set of seven mice, only two of them did not have a maximum score indicating
why the skin was not fully regenerated. One of these animals was allocated to the group
treated with the commercial formulation of silver sulfadiazine. The skin was ulcerated and
showed no differentiation at the level of the epithelium. The granulation tissue and the
inflammatory infiltrate had moderate levels. Collagen appeared in a vertical orientation
with a reticular pattern. The total score for this mouse in the group treated with the
commercial formulation of silver sulfadiazine was 6. The other mice that did not reach
the maximum score were part of the group treated with AgNPs incorporated in Pluronic®
F127 hydrogel. In this case, contrary to the situation described above, the lesion was
already closed and the collagen was already in a more approximate to normal disposition.
However, both inflammatory infiltrate and granular tissue are present, indicating that skin
regeneration would not be completed. Thus, the final score for this animal was 9.

Although the skin of most animals, independently of treatment or control groups, had
completely recovered, as corroborated by the scoring system, the macroscopic analysis
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allowed for the classification of animals into two distinct categories: recovered with scarring
and recovered without scarring. As seen in Figure 8, the animal representative of the
negative control group had regenerated skin but presented a pronounced scar, unlike what
happened with the animals of the other groups (Figure 11). The spleen was also subjected
to analysis to check for possible toxicity, and all animals in the study showed no changes in
this organ.

3. Discussion

Different methods have been described to prepare AgNPs, and these can be of three
types: physical (i.e., evaporation—condensation, laser ablation), chemical (i.e., reduc-
tion, electrochemical and photochemical methods) or biological (i.e., based on oxidation-
reduction reactions mediated by microorganisms such as bacteria, fungi or plant ex-
tracts) [49-52]. Amongst these methods, the most commonly used is chemical reduction, as
it has a low cost of production, high performance and is fairly simple [49,52]. As described
above, this method uses a solution of NaBHj to reduce Ag* to Ag?, forming a cluster and
originating colloidal AgNPs [49,50,52]. To obtain a monodisperse AgNPs, all nuclei must
be formed at the same time, to consequently have the same growth, and this is dependent
on pH and temperature [53]. In this work, it is worth noting that preparation methods A, B
and C differed in the temperature of the reagents, and it seems that the temperature of the
reagents used in the preparation of the AgNPs influences their size, dispersion, morphology
and the presence of aggregates. On the other hand, AgNPs suspension produced by method
C showed a yellow color that previous studies claim to be indicative of the formation of
AgNPs without aggregates. In a previous study, AgNPs produced at 50 °C presented a
brown color after synthesis. When analyzed by AFM, the produced AgNPs were large
(~50 nm), non-spherical and presented several aggregates. When the same preparation
method was used but using cooled reagents, at a temperature of 10 °C, the reaction speed
was slower and the initial yellow color, seen right after synthesis, only shifted after a few
hours [53].

The influence of the particle size on the antimicrobial activity of AgNPs is not consen-
sual [33,54-56]. Although different bacterial species differ in the size ranges of AgNPs that
inhibit their bacterial growth, most bacterial growth is inhibited by smaller AgNPs (<50
nm) [57,58]. Martinez-Castafion et al. compared the MIC’s of AgNPs with different sizes (7,
29 and 89 nm), demonstrating that smaller AgNPs (7 nm) presented higher antibacterial
activity against E. coli and S. aureus [59]. In another study, Jeong et al. also compared
the antimicrobial activity of AgNPs with 10 and 100 nm. AgNPs with the size of 10 nm
showed comparable antibacterial activity against Methylobacterium spp. with the positive
control (methanol) [60]. Skin penetration rates and depth-of-penetration play significant
roles in determining the therapeutic potential of topical agents and their systemic toxicity.
Theoretically, the smaller the size of the particles, the higher the rate of penetration. In
our case, AgNPs produced by method C presented greater homogeneity (PdI of 0.180).
Although NPs are mostly preferred for their large surface area, smallness should not be a
core goal, as the physicochemical properties of NPs can be efficiently utilized in topical an-
timicrobial formulations. A study carried out with gold NPs showed that smaller particles
with 15 nm reached the deepest layers of the mouse skin while NPs with sizes of 102 and
198 nm only reached the epidermis and the dermis [61]. Another study with polymeric NPs
demonstrated that particles with a diameter of approximately 300 nm did not permeate
the human skin during the 6 h after their application without mechanical stress (passive
permeation) [62]. This was shown by Ezealisiji et al., who tested the skin penetration of
AgNPs with 22, 58, 76 and 378 nm [63]. Thus, considering the size of the herein developed
AgNPs formulation following method C (ca. 50 nm), our AgNPs should only reach the
most external layers of the skin, aiming at the goal of this study and potentially decreasing
the probability of the systemic absorption.

Silver itself is non-toxic to humans within the reference dose, i.e., oral reference
dose (RfD) = 5x 1072 mg/kg-day [64]. Overconsumption of silver, however, may lead
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to argyria, which results in permanent blue-grayish pigmentation of the skin, eyes and
mucous membranes. Systemic toxicity can be caused by rapid accumulation of NPs at
capillary/lymphatic junctions in the dermal layer, membrane pores/ligand-mediated en-
docytosis and physically breached leaky endothelium. Rapidly penetrating NPs could
circumvent macrophage-mediated immunological responses and can enter the blood circu-
latory system. In contrast, slow penetration offers better efficacy of NPs against the infected
cells and provides adequate time for the body’s immune system to detoxify NPs through
phagocytosis. In this work, the skin permeation study did not detect any measurable value
of silver, which is a good indicator regarding putative systemic toxic effects.

Besides the particle size, surface charge, determined by zeta potential, is a measure
of stability of colloidal dispersion, for which higher values in the module indicate greater
physical stability of the dispersion under analysis and less tendency to form aggregates. It
is described how negatively charged AgNPs diffuse through the skin at a greater speed [65].
In turn, particles that have a positive zeta potential (above 10 mV) are more likely to
bind cells and be recognized by the immune cells [29]. Therefore, particles developed in
this work presented a surface charge close to neutrality (between —10 and 10 mV) and
would be ideal due to presenting low or no skin penetration and increased biocompatibility.
Martinez-Higuera et al. developed negatively charged AgNPs, incorporated in a Carbopol®
hydrogel with Mimosa tenuiflora extracts, demonstrating the wound healing potential of
AgNPs [66].

The condition of the skin (i.e., whether intact or damaged) is another factor that
influences the ability of AgNPs to penetrate the skin. A study conducted by Larese
et al. showed that AgNPs with a mean size of 25 nm had an increase in skin penetration
when the skin was damaged (2.32 ng/cm?) when compared to intact skin (0.46 ng/cm?),
in vitro [67,68]. When the AgNPs are able to penetrate the skin, several works have shown
that these particles usually precipitate at the stratum corneum, preventing AgNPs from
precipitating into deeper layers of the skin [68-70]. Contrary to these studies, an in vivo
study conducted by George et al. on normal intact skin showed that AgNPs penetrate into
deeper layers of the skin, the reticular dermis, and thus, AgNPs are not retained in the
stratum corneum. Regardless, none of these studies reported the presence of AgNPs in
systemic circulation [68].

In the present study, it was also observed that the therapeutic effect of the resultant
AgNPs prepared by method C varied for different tested bacteria, probably due to the
disparity in the way AgNPs interact with different bacterial strains [48,71-73]. When
compared to the commercialized formulation, the developed AgNPs outperformed the
commercial silver sulfadiazine regarding in vitro antimicrobial activity for the tested strains,
using lower concentrations of silver.

The exact mechanism of action is not completely understood. After contacting with
the skin, one of the main concerns with AgNPs is the possible depletion of mitochondrial
function with the production of ROS. Results from an in vitro study carried out on 3D-
fibroblast cultures demonstrated that the reduction in mitochondrial activity only occurred
temporarily and did not affect their viability [74]. In addition, an in vivo study of a biopsy of
AgNPs-treated skin of a single patient showed a large amount of AgNPs without showing
signs of apoptosis or necrosis, which corroborates the absence of toxicity [74]. From the
results of these studies, it can be concluded that the toxicity conferred by silver is not as
accentuated as initially thought. Regarding the possible systemic toxicity of AgNPs, the
skin permeation study did not show any silver over time.

Semi-solid formulations have been indicated for better consumer acceptance of the
treatment and allow for good skin-spread ability of the formulation [75]. In particular,
hydrogels leave a semi-transparent layer over the burn, allowing a burn protection from the
external environment and accelerate the wound healing processes [43]. Thus, in order to
increase the contact time of AgNPs with the burn site and promote the wound healing prop-
erties of the AgNPs, the lyophilized AgNPs were incorporated in a semi-solid formulation,
a Pluronic® F127 hydrogel. AgNPs synthesized by other groups have been incorporated
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into hydrogels based on other polymers, e.g., Masood et al. impregnated a chitosan-PEG
hydrogel with AgNPs [76], Nguyen et al. loaded AgNPs into chitosan/Polyvinyl Alcohol
hydrogel [77], Ahsan et al. used a PVA hydrogel for AgNPs-hydrogel patches [78], Xie
et al. reinforced chitosan hydrogels with AgNPs [79] and Badhwar et al. loaded quercetin
hydrogels with AgNPs [80], with wound-healing applications. In fact, Pluronic® F127
presents unique features, such as being thermoreversible, even at low concentrations,
being liquid at temperatures lower than the physiological temperature, at which it be-
comes a gel [47,81-83]. This has led Pluronic® F127 to be vastly researched for dermal and
transdermal applications [46,83].

The wound-healing process was treatment dependent. The test group, treated with
AgNPs incorporated in Pluronic® F127 hydrogel, had a skin regeneration score below 16.
Although this indicates that the wound of the animals in the test group is yet to completely
heal, it was still higher than the skin regeneration score of the animals in the positive control
group, treated with a commercialized silver sulfadiazine cream. As the AgNPs incorporated
in Pluronic® F127 hydrogel presented a much lower concentration of silver in comparison
to the commercialized silver sulfadiazine cream, this result is very promising, as the AgNPs
were more effective in treating the skin burns in this chemically induced burn in vivo mice
model than the positive control. Zhang et al. analyzed the delayed treatment of burns
with AgNPs and besides results being also very promising, the wound healing was slower
and a higher concentration of silver was used [84]. Comparing our in vivo results with
the work developed by Stojkovska and colleagues, this was also the case, in which burns
were treated with formulations containing alginate and AgNPs but, again, with a higher
concentration of silver [85]. Posteriorly, biochemical analysis, to quantify inflammatory and
pro-inflammatory factors in the animals’ serum, and identification of the bacterial species
colonizing the scarred burn were also performed. Biochemical analysis demonstrated that
the animals in the test group did not present an inflammatory response, as the values for
IL-6 and TNF-« were 0 pg/mL and <4 pg/mL, respectively. Moreover, the bacterial strains
identified at the scarred burn site were common between the different experimental group
and were consistent with environment and/or fecal contaminations and/or colonization
(i.e., S. aureus, Enterococcus faecalis, Staphylococcus xylosus and Micrococcus luteus), as these
strains are commonly found in the environment, feces and/or commensal bacteria of the
skin, indication that the burns did not become infected. We hope that our proof-of-concept
study could facilitate a new paradigm for understanding NPs while developing an ideal
antimicrobial topical formulation.

4. Conclusions

The current study explores the application of silver nanoparticles (AgNPs) as a topical
treatment of skin burns, one of the most common types of skin injury in the world, with
antibacterial and wound-healing properties. In addition, this work explores the use of a
thermoreversible hydrogel to deliver those AgNPs.

Skin therapy using hydrogel drug delivery systems has been gaining attention because
of its dual functionality to simultaneously supply moisture and loaded actives onto infected
sites on the skin. AgNPs were successfully prepared by a chemical reduction method with
sodium borohydride at a specific temperature. Different methods were assessed, differing
in reagents’ temperature only. According to the results obtained in the various assessments,
it was observed that temperature differences when producing AgNPs have a significant
impact on its physicochemical characteristics. Moreover, the method that yielded AgNPs
with more desirable physicochemical characteristics used sodium borohydride at a lower
temperature, after being stored at —18 °C for 10 min, allowing the reaction to occur
at a slower speed. Of the different recovery processes assessed, solvent elimination by
evaporation resulted in AgNPs with efficient bacterial growth inhibition that were easily
dispersed in water and maintained AgNPs properties.

In vivo studies using a chemical burn model showed that AgNPs incorporated in
Pluronic® F127 hydrogel, at a lower concentration of silver, performed similarly to the
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positive control, a commercialized formulation of silver sulfadiazine with higher silver
concentration, in terms of skin thickness and wound healing. The water-rich structure of
the hydrogel and wound-healing properties of AgNPs seem to have the required dual-
characteristics for the treatment of skin burns, since they have high efficacy when topically
used, since it requires smaller concentrations of silver for the treatment of burns compared
to formulations found in the market and skin regeneration was effective using new safe
and hydrogel-based materials.

5. Materials and Methods
5.1. Materials
5.1.1. Reagents

Silver nitrate (AgNOj3, Cat. No. 209139), Pluronic® F127 (Cat. No. P2443) and sodium
borohydride (NaBHy4, Cat. No. 71320) were purchased from Sigma Aldrich (Steinheim,
Germany). Milli-Q water was obtained in filtration equipment from Millipore Corporation
(Burlington, MA, USA). A commercial silver-based formulation in which each gram of
cream contains 1 mg of micronized silver sulfadiazine was purchased. Reaction buffer for
NZY Tagll DNA polymerase (Cat. No. MB354), NZYTaq II DNA polymerase (Cat. No.
MB355) 5 U/ uL, magnesium chloride 50 mM, a standard solution, NZYDNA Ladder VI
(Cat. No. MB089), agarose powder of routine grade, GreenSafe Premium dye (Cat. No.
MB13201) and NZYGelpure (Cat. No. MB011) kit were purchased from Nzytech (Lisbon,
Portugal). All other reagents were of analytical grade.

5.1.2. Microbial Strains

The in vitro antimicrobial study was carried out using Gram-positive bacteria (Staphy-
lococcus aureus, ATCC 29213) and Gram-negative bacteria (Escherichia coli, ATCC 25922 and
ATCC 8739, and Pseudomonas aeruginosa, ATCC 27853).

5.1.3. Animals

Eight-week-old female CD-1 mice (2540 g), obtained from Charles River (Barcelona,
Spain) were housed in polypropylene cages in a 12-12 h light-dark cycle with a constant
temperature environment of 20-24 °C, relative humidity of 55 & 5% and received standard
diet and water ad libitum. All animal experiments were conducted according to the recom-
mendations of the Animal Welfare Board (ORBEA) of the Faculty of Pharmacy, Universidade
de Lisboa, approved by the competent national authority Dire¢do-Geral de Alimentacao e
Veterinaria (DGAV) for project with reference PTDC/BBBBMD/0611/2012, DGAV /2013,
and per the EU Directive (2010/63/EU), the Portuguese laws (DL 113/2013, 2880/2015,
260/2016 and 1/2019), and all relevant legislation.

5.2. Methods
5.2.1. Preparation of AgNPs

A solution of AgNO;3 (1 mM) was added dropwise to a NaBH4 (2 mM) solution under
constant stirring. The optimization of the synthesis protocol was achieved by varying the

temperature of the solutions used for preparation (Table 5) and thus, different batches of
AgNPs were prepared (method A, B and C).

Table 5. Temperature of the solutions used for AgNPs production following methods A, B and C.

Method Conditions
A AgNOj3 was cooled prior to the preparation of the AgNOj3 solution, and
the solutions used to prepare the AgNPs were at room temperature.
The AgNO3 and NaBH, solutions were prepared and stored at 4 °C prior
B .
to AgNPs production.
C AgNOs solution was produced and used at room temperature, while

NaBHy4 solution was cooled prior to being used in AgNPs production.
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The AgNPs suspension was protected from light with aluminum foil, at 4 °C. Synthesis
of AgNPs was confirmed by spectrophotometry (UV-Vis Spectrophotometer, Hitachi U-
2000 Dual-Beam UV-Vis, Oxford, United Kingdom) in which an absorption peak around
400 nm should be present.

Recovery of the AgNPs was performed by three different methods. The first one
consists of centrifuging the prepared AgNPs (Sigma 3-30KS, Sigma Zentrifugen, Osterode
am Harz, Germany) at 60,000 ¢ for 20 min, followed by 40 min at 40,000x g at 4 °C; the
solvent elimination by rotary vacuum evaporator method was adapted from a previous
study in which a vacuum rotary evaporator (Butchi RE 111, Butchi, Switzerland) in a hot
bath (70 °C, Butchi 461 Water Bath, Butchi, Switzerland) was used; lastly, lyophilization
was carried out by leaving AgNPs in a freeze dryer (Modulyo, Edwards, CO, USA) at
102 mbar for 24 h.

5.2.2. AgNPs Characterization
e  Mean Size and Surface Charge

AgNPs diluted in Milli-Q water (1:10, pH 7) were analyzed in terms of size and
polydispersity index (PdI) by Dynamic Laser Scattering (DLS) (Nano Z Zetasizer, Malvern
Instruments, Malvern, United Kingdom).

The AgNPs’ surface charge was measured through Laser Doppler Anemometry (Nano
Z Zetasizer, Malvern Instruments, Malvern, United Kingdom). For this measurement,
samples were diluted in NaCl 0.1 M solution (1:10, pH 7).

e  Morphology Analysis

The morphology of the nanoparticles was assessed by atomic force microscopy (AFM).
Briefly, 40 uL of the sample was placed on a freshly cleaved mica surface. The mica was
left to dry overnight and analysis was performed the following day. Images were acquired
by Multimode 8 HR coupled to Nanoscope V (Bruker, Billerica, MA, USA) using Peak
Force Tapping and ScanAssist AFM mode and silicon nitride ScanAsyst-Air probes (spring
constant of ca.0.4 N/m, Bruker).

e  Quantification of AgNPs

Finally, AgNPs were quantified using spectrophotometry. A calibration curve was
prepared, and the following equation was obtained (R? = 0.998):

Abs = 0.198C +9.209 x 1073 (1)
where Abs is absorbance, and C is AgNPs concentration.

5.2.3. Antimicrobial Preliminary Efficacy Studies

All strains used were kept stored at —80 °C and were previously grown overnight at
37 °C in Muller-Hinton Agar plates. All antimicrobial assays were carried out by broth
microdilution in Muller-Hinton broth in non-treated 96-well plates containing two-fold
dilutions of the compound/formulation tested. The inoculum was prepared by suspending
overnight bacterial growth in sterile distilled water as to obtain a bacterial suspension
adjusted to a 0.5 McFarland standard, followed by 1:100 dilution in Muller Hinton broth.
An equal volume to that present in each well was used to inoculate the plates to obtain a
final inoculum concentration of ca. 5.0 x 10° colony-forming units (CFU)/mL. Compound-
free and non-inoculated wells were included in each plate as positive and negative controls,
respectively. The plates were incubated overnight at 37 °C and the Minimum Inhibitory
Concentration (MIC) determined as the lowest concentration that inhibited visual growth
by each strain.

5.2.4. In Vitro Skin Permeation Studies

Permeation studies were conducted with Franz cells using a silicon membrane, in
a water bath at 32 °C for 24 h. The donor chamber was filled with 300 puL of AgNPs
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(2 mg/mL) using Tween®80 (0.04%, v/v) as a dispersing agent, and the receptor chamber
was filled with PBS at pH 7.4 (USP39) under constant stirring (100 rpm). Samples were
collected every hour for the first eight hours, as well as all of the cell content at the end of
the study being finished. The concentration of AgNPs was accessed by spectrophotometry,
following the above-described method.

5.2.5. Preparation and Physical Characterization of Pluronic® F127 Hydrogel

For in vivo assessment of AgNPs and to deliver these nanoparticles to the target
(burn) area, a thermoreversible hydrogel was prepared. Twenty-eight grams of Pluronic®
F127 were added to 100 mL of phosphate buffer solution (PBS pH 7.4, USP32) in a beaker,
according to a previous study [86]. The solubilization was then carried out using a magnetic
plate (100 rpm, 2 h). The prepared Pluronic® F127 hydrogel was stored at 4 °C. Viscosity was
determined using 100 rpm with needle n.° 3, in triplicate (n = 3), at different temperatures
(4,25 and 37 °C) using a Brookfield® Rotational Viscometer (Middleborough, MA, USA).
Texture analysis (firmness and adhesiveness) was performed using the Stable Micro Systems
TA-XT2i Texturometer (Godalming, United Kingdom). A test probe P/25P (25 mm/s) was
used, with a test speed of 3 mm/s, distance 5 mm, load cell with 5 k and Trigger Force
of 0.049.

5.2.6. In Vivo Efficacy and Safety Assays: Proof of Concept

Animals were randomly allocated into three experimental groups: a group dosed
with the vehicle of the test formulation (1 = 3); a group dosed with a commercial cream
of silver sulfadiazine (10 mg/g of cream) (n = 3); a test group dosed with AgNPs (66 nM)
dispersed in Pluronic® F127 hydrogel (n = 5). Each application of commercial cream of
silver sulfadiazine corresponds to 15.3 umol of silver per cm? and each application of
AgNPs dispersed in Pluronic® F127 hydrogel corresponds to 3.3 pmol of silver per cm?.

Before experimentation began, animals were lightly anaesthetized with isoflurane and
an area of 2 cm? of the back of each mouse was shaved with a commercial depilatory cream
to expose the skin. Then, a chemical burn was induced by topical application of 100 uL
Carbopol 940® gel containing 40% of SDS for two consecutive days.

All formulations were administered topically (100 uL) with a syringe and performed
daily, during 5 days of protocol, after light sedation with isoflurane. After administration,
the water provided to the animals contained codeine (30 mg/500 mL) to reduce any pain
and ensure welfare. During the 8-day experiment (since time zero), the body weight, skin
thickness (Fisherbrand™ Traceable™ Carbon Fiber Calipers 6”, FisherScientific, Hampton,
NH, USA) and welfare of all animal groups were monitored. The burns were photographed
each day to record burn evolution. A sterile swab was used to collect the skin flora of
animals in each group for bacterial strain identification.

After 8 days, the animals were sacrificed and approximately 1 cm? of the burn area was
harvested from each mouse, along with the spleen, and stored in formalin for histological
analysis. Biochemical analysis was performed on the serum of all animals in each group to
quantify IL-6 and TNF-«.

5.2.7. Histology

Specimens of skin and spleen were excised and fixed in 10% buffered formalin for a
minimum period of 48 h and were routinely processed, embedded and sectioned into 3
um thick sections, and stained with H&E. Slides were analyzed with a CX31 microscope
(Olympus Corporation, Tokyo, Japan), and images were acquired with the NanoZoomer-5Q
Digital slide scanner C13140-01 (Hamamatsu Photonics, Shizuoka, Japan).

A scoring system for wound healing was developed by adaptation of previously pub-
lished scoring systems [9,87]. Briefly, skins were scored for epidermal closure (0—ulcerated
skin, 1—closed wound); epidermal differentiation (0—absent, 1—spinous epidermal, 2—
granular layer); amount of granulation tissue (1—profound, 2—moderate, 3—scanty, 4—
absent); inflammatory infiltrate (1—plenty, 2—moderate, 3—few); collagen fiber orientation
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(1—vertical, 2—mixed, 3—horizontal) and pattern of collagen (1—reticular, 2—mixed,
3—fascicle).

5.2.8. Statistical Analysis

Results were expressed as mean + standard deviation (SD) for in vitro studies. For
biological assays, results were expressed as mean =+ standard error of the mean (SEM).
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Abstract: This work was concerned with the fabrication of a porous hydrogel system suitable for
medium to heavy-exudating wounds where traditional hydrogels cannot be used. The hydrogels
were based on 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPs). In order to produce the
porous structure, additional components were added (acid, blowing agent, foam stabilizer). Manuka
honey (MH) was also incorporated at concentrations of 1 and 10% w/w. The hydrogel samples were
characterized for morphology via scanning electron microscopy, mechanical rheology, swelling using
a gravimetric method, surface absorption, and cell cytotoxicity. The results confirmed the formation
of porous hydrogels (PH) with pore sizes ranging from ~50-110 um. The swelling performance
showed that the non-porous hydrogel (NPH) swelled to ~2000%, while PH weight increased ~5000%.
Additionally, the use of a surface absorption technique showed that the PH absorbed 10 pL in
<3000 ms, and NPH absorbed <1 pL over the same time. Incorporating MH the enhanced gel
appearance and mechanical properties, including smaller pores and linear swelling. In summary,
the PH produced in this study had excellent swelling performance with rapid absorption of surface
liquid. Therefore, these materials have the potential to expand the applicability of hydrogels to a
range of wound types, as they can both donate and absorb fluid.

Keywords: porous hydrogels; wound dressings; Manuka honey; surface absorption; 2-acrylamido-2-
methyl-1-propane sulphonic acid

1. Introduction

Hydrogels are chemically or physically cross-linked hydrophilic polymer networks
that are able to absorb and retain a large amount of water or biological fluids. They are often
used in tissue engineering [1], drug delivery [2-4], and biomedical devices (e.g., wound
dressings and contact lenses) [5,6] due to their biomimetic properties and high water
content. Hydrogel wound dressings are important medical devices that can be used for a
wide range of wounds such as shallow and deep open wounds (pressure sores, leg ulcers,
surgical and malignant wounds, partial thickness burns, scalds, and lacerations) that may
be located on hard-to-fit locations on the body (such as joints, hands, and face) [7,8].

However, one area where hydrogel wound dressings cannot currently be used is
medium and heavy-exudating wounds, which usually require foam dressings
(e.g., polyurethane) [9]. The reason for this is that hydrogels, despite their capacity to
absorb substantial amounts of liquid, typically experience a delay in swelling at the outset
of application. During this delay, the hydrogel network undergoes a process of structural
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reorganization where the polymer chains separate from one another, generating gaps that
permit water to enter the hydrogel [3,10]. This limitation means that traditional hydrogel
wound dressings cannot be used for medium and heavy-exudating wounds. Nevertheless,
by incorporating a porous structure into the hydrogel, it is thought that the hydrogel can
become capable of effectively absorbing higher amounts of exudate from wounds with
medium and heavy exudation. This is demonstrated by a group of hydrogels termed
“superporous hydrogels” (SPH) that have been shown to rapidly absorb large amounts of
water due to the presence of interconnected microscopic pores [11].

SPHs exhibit this behavior because of their porous configuration, which provides a
significantly larger surface area and shorter diffusion distance compared to conventional
hydrogels. These gels can have a similar composition to conventional hydrogels but contain
a system for producing a porous structure during the polymerization process. A variety
of methods exist to generate macroporous hydrogel structures, such as emulsion [12],
freeze drying [13-15], high internal phase emulsion (HIPE) [16], water in oil emulsion
templates [17], and the gas blowing technique [18].

Numerous polymers can be utilized to create hydrogel wound dressings, such as
poly(vinyl pyrrolidone), poly(vinyl alcohol), poly(acrylic acid), polyesters, 2-acrylamido-2-
methylpropane sulfonic acid (AMPS), and its sodium salt [19]. AMPS-based polymers are
highly desirable due to their inherent advantages. The presence of a sulfonate group in
AMPS resembles the glycosaminoglycan present in the skin’s extracellular matrix, which
plays a key role in maintaining and providing moisture to the body. This property makes
AMPS hydrogels act as synthetic counterparts of proteoglycans. Moreover, AMPS has been
proven to accelerate epithelialization, alleviate pain, and stimulate bioactivity in ulcerated
wounds [19-22]. This has enabled AMPS to be used for several hydrogel wound dressings
and injectable hydrogels. For example, AMPS has been combined with other polymers such
as poly(e-caprolactone) diacrylate and carboxymethyl chitosan to form AMPS-containing
wound dressing hydrogels [23]. Injectable sulfonate-containing hydrogels with AMPS have
also been produced from thiol-containing copolymers reacted with a four-arm acrylamide-
terminated poly(ethylene glycol) via a thiol-ene click reaction [24]. The aforementioned
benefits serve as the underlying justification for the utilization of AMPs in this study.

Many hydrogel wound dressing materials also benefit from the incorporation of nat-
ural healing aids. There are several options to consider, such as Aloe vera [25], Centella
asiatica [26], Echinacea purpurea [27], and Manuka honey [28-30]. Manuka honey (MH)
is a mono-floral honey obtained from the Leptospermum scoparium tree native to New
Zealand. It has been shown to stimulate angiogenesis, macrophages, and wound epithelial-
ization [31]. In addition, it can provide nutrition components during the wound healing
process [32,33] and exhibits inflammation modulation, thereby reducing the inflammation
phase and promoting wound healing [33]. Interestingly, MH possesses antibacterial and
antibiofilm affects, a low pH range (3.2-4.5), and degradation to hydrogen peroxide which
contributes to bacterial death [34,35]. In terms of manufacturing, MH also influences the
viscosity of the system, which can help control how the components are mixed.

In this study, we investigated the potential of gas-blown porous hydrogel sheets,
which is a novel approach to enhance the absorption properties of the hydrogels for treat-
ing medium to heavy-exudating wounds. The primary goal was to develop hydrogels
that exhibit not only high absorption capacity but also excellent mechanical stability. The
gas-blown porous hydrogel sheets were fabricated through the synthesis of hydrophilic
monomer and 2-acrylamido-2-methyl-1-propane sulfonic acid sodium salt (AMPs), a foam-
ing agent, and with the incorporation of MH. Non-porous hydrogels (NPH) were compared
to porous hydrogels (PH) by observing the appearance and rheological mechanical prop-
erties of the gels. Then, the absorption properties of the gels were assessed in terms of
bulk swelling capacity and a novel technique developed to measure the real-time surface
absorption. Two different concentrations of MH were added to the system (1 and 10% w/w),
and a range of material characterization techniques was used to study how the incorpora-
tion of MH affected the performance of the gels. Additional assessments were conducted
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to examine the morphology of the gels and cell viability to ensure that the materials were
non-toxic. These properties are crucial for ensuring that the material can effectively as a
wound dressing for all wound types, including those with heavy exudate.

2. Results and Discussion

The fabrication of porous hydrogels is achieved when the foaming agent (sodium
bicarbonate (BA)) is decomposed by an acid (methacrylic acid (MAA)) during gelation to
produce CO,. The hydrogels are polymerized around the gas bubbles, producing a porous
structure. Methacrylic acid (MAA) was selected to be incorporated into the hydrogel struc-
ture during the polymerization step. This fabrication of porous hydrogels (PH) requires the
balance of gelation time and gas blowing formation to obtain the optimal porous structure.
Figure 1 demonstrates that when gelation occurs before or after the maximum foam height,
the resulting hydrogels exhibit a two-layered structure. For example, for the gel in Zone
A, the concentration of redox initiators was increased to 2 M, resulting in rapid gelation.
This caused the gel to form in two layers because the foam reaction was still at the early
stages when the gelation was completed. This shows that an excessively fast gelation
time leads to the formation of a two-layered system, which is not desirable for creating
homogeneously porous hydrogels. In Zone C, the concentration of redox initiators was
decreased to 0.5 M. This resulted in a slower gelation time, which allowed for the foam
to reach its maximum height prior to dissipating before complete gelation. Consequently,
since the polymer matrix could not trap the foam before the gelation was complete, the
resulting gel also did not possess a homogeneously porous structure. This suggests that
gelation times that are too slow to occur during the maximum foam height may also not
be suitable for creating homogeneously porous hydrogels. However, when gelation takes
place at the ideal time (Zone B), which corresponds to the peak foam height, the resulting
hydrogel exhibits a homogeneous porous structure.

"'""“""""""""wx".". — Maximum Foam Helght

Gelation occurs BEFORE
maximum foam height maximum foam height maximum foam height

Time ———

Gelation occurs DURING Gelation occurs AFTER

====u== Fogam Duration

Figure 1. Relationship between gelation time and maximum foam height. (A) Gelation occurs before
foam reaches maximum height, (B) gelation occurs during maximum foam height, and (C) gelation
occurs after maximum foam height.

Initially, we compared the properties and differences between non-porous hydrogels
(NPH) and porous hydrogels (PH) without honey (Section 2.1). The confirmation of the
porous structure was examined, as well as how it influences the mechanical strength and
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swelling behavior of the gels. Additionally, a surface absorption method was employed
that was more closely related to the future application of the material in absorbing wound
fluid at the surface. After confirming that the porous hydrogel system was viable, the
addition of MH was studied. In preliminary studies, the %MH was varied at the following
compositions: —1%, 2%, 5%, 10%, 15%, and 25%, with 1 and 10% exhibiting homogeneous
porous structures, while the others altered the balance between gelation and foam quality
to produce dual-layered systems. Therefore, concentrations of 1 and 10% w/w were studied
further (Section 2.2).

2.1. Comparisons of Non-Porous Hydrogels (NPH) and Porous Hydrogels (PH)

Figure 2 shows a graphical representation (Figure 2A) and visualization/scanning
electron microscopy (SEM) micrographs (Figure 2B) of the NPH and PH. There was a
marked difference between the two hydrogels, with the NPH presenting a clear appearance,
while the PH was opaque. This opaque appearance was due to the porous structure of the
PH, which is schematically show in Figure 2A. To validate the morphology depicted in
the schematic, SEM was employed to examine the morphologies of both samples. Upon
analyzing the SEM samples, it was observed that the NPH had a smooth and unblemished
surface. On the other hand, the PH sample exhibited both macro structures formed by
“polymer droplets” and microstructures resulting from the gas blowing process.

A Non-Porous hydrogel Porous hydrogel
A (NPH) (fH)

Micro pores

Macro structure

PH
@& 3 4
t 3 \
"\7 7 N

Figure 2. A schematic of three-dimensional non-porous hydrogel (NPH) and porous hydrogel

(8)

¢

200_|1m

(PH) (A). Visualization and scanning electron microscopy micrographs of non-porous hydrogel
(NPH) and porous hydrogel (PH) structures (B).
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The bulk swelling behavior of NPH and PH samples is presented in Figure 3. Figure 3A
shows the appearance of the gels before immersion in water at 0 min, after 1 min, and after
5 min. Both the NPH and PH displayed a significant increase in size, swelling from their
original 10 mm diameter to 24 mm and 34 mm, respectively, after 5 min. Figure 3B shows
the swelling ratios calculated using Equation (1) over a period 30 min. The weight increase
for both samples was greater than 1000%, with the PH reaching over 5000%. This value
was reached in less than 2 min, with a more consistent % swelling reached after only 5 min.
In contrast, the swelling of the NPH samples showed a more linear increase over the entire
30 min. The main difference between the two systems was that the pores present in the
PH facilitated faster initial water absorption through capillary action. Another notable
observation was that the NPH sample still exhibited considerable swelling, reaching a
value of 2-3000% after 24 h. However, this was still considerably lower than the swelling
observed in the PH sample. Therefore, the formation of pores in the system led to a twofold
increase in swelling.

Top view

0 min 1 min
[ o NPH oPH
6000 -
® ® ® ®
s00 | ¢09@® ®
@
4000
3000
2000 ®
[ ]
& @
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@
o0
Y J
Y LA i . . . . .
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Figure 3. Bulk swelling in water and appearance of NPH and PH at 0 and 1 min respectively.
(A) Side view and top view. (B) Percentage swelling of NPH and PH.

Based on the results of the swelling ratio, further investigation was conducted to
examine the initial swelling or surface absorption of these gels. Plotting the drop volume
(uL) against drop age (milliseconds) allowed for the measurement of surface absorption.
The camera recorded at a rate of 36 frames per second, facilitating precise monitoring
of the drop volume throughout the absorption process. This enabled a comprehensive
real-time assessment of surface absorption for each sample. Figure 4 illustrates the real-time
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Drop Volume (nL)

surface absorption of the NPH and PH gels. The PH gel completely absorbed the initial
drop volume of 10 pL in less than 3000 ms (3 s), while the NPH gel absorbed water at a
considerably slower rate compared to the porous sample. Over the 4000 ms period shown,
the NPH sample only absorbed approximately 1 puL. This once again highlights that the
NPH experienced a lag in swelling as the polymer chains rearranged themselves to allow
water to enter the gel, whereas the pores in the PH enabled water to enter the system
immediately upon contact.

M
] ) o
)
o%%.b -m
Q%huh%%o prrry—
o NPH
IA - M ©PH
. P ow
0 ms :
0 500 1000 1500 2000 2500 3000 3500 4000
Drop Age (milliseconds)

Figure 4. Surface absorption of non-porous hydrogel (NPH) and porous hydrogel (PH). Inset:
appearances of droplet at instant of drop placement (0 ms) and after 2500 ms.

2.2. Comparisons of Porous Hydrogels (PH) and Porous Hydrogels with Manuka Honey (PH_MH)

The mechanical properties of the NPH and PH samples were assessed by measuring
the rheological properties, which are presented in Figure 5. The mechanical properties
of sheet hydrogels are important in many applications that require handling, such as
wound dressings. In regards to wound dressing function, two key requirements can be
identified: (1) the material should be able to withstand the expected forces during treatment,
and (2) the parameters should not impair normal skin function and preferably promote
healing [36]. The samples underwent two different testing regimes: a frequency sweep and
a strain sweep. The results from the frequency sweep in Figure 5A show that the NPH
had an average storage modulus value of ~17,000 Pa, while the PH has an average value
of ~1700 Pa. The frequency-sweep test did not show a crossover between G” and G” in
ether system, and each gel exhibited a modulus was independent of frequency, which is
conventional in gel-like systems. The strain sweep in Figure 5B was used to assess the
extent of the linear viscoelastic region for each gel. The results indicate linear behavior
up to approximately 20% strain (yYL) for PH and approximately 30% for NPH, before G’
started to decrease. As the strain increased, crossovers between G’ and G” occurred at 100%
(NPH) and 125% (PH) strain (yF), indicating a transition towards a liquid-like response.
A material with good cohesive strength should have a high G” and a low tan delta. The
tan delta values of the samples are also presented in Figure 5C, and the results show that
both samples have tan delta values below 0.1 at strains below 20%, with the NPH sample
exhibiting a lower tan delta value than the PH sample. When the tan delta value is less
than 0.1, it indicates that there is good cohesive force. In Figure 5D, the complex viscosity
vs. angular frequency plot shows a decreasing linear relationship for both samples, with
the NPH having a higher complex viscosity compared to the PH sample. This indicates
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that there was yield stress in both systems, and that both hydrogels were viscoelastic solids,
as they did not flow at rest.
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Figure 5. Rheological behavior of NPH and PH under (A) frequency sweep—Storage modulus G’
vs. Frequency. (B) Strain sweep—Storage and loss modulus G” and G” vs. % Strain. (C) Strain
sweep—Tan delta vs. % Strain. (D) Complex viscosity vs. Angular frequency.

The cross-section structural morphology of the hydrogel samples was observed using
SEM. The SEM micrographs showed that when MH was incorporated in the gels, there
was a reduction in the average pore size. Figure 6A,B, shows the presence of ‘polymer
droplets” and pores in the structure. In contrast, PH_10% MH (Figure 6C) exhibits a
more homogenous polymer structure with similar-sized pores to those in 1% MH. Table 1
presents the averaged pores size and % porosity values. The average pores sizes for PH,
PH_1% MH, and PH_10% MH were 108.5 um =+ 46.0, 51.5 &+ 24.2, and 50.5 um + 11.2,
respectively. These pore size values are in line with values observed for other porous
hydrogels fabricated using gas foaming techniques, which have been reported within
the range of 10-500 pum [37]. The impact of MH concentration on the % porosity within
the hydrogel structure shows that the incorporation of 1% MH into the PH resulted in a
decrease in porosity from 37.10 £ 34.5% to 21.73 £ 15.5%, whereas the addition of 10%
MH increased the porosity to 42.22 £ 11.1%. This indicates that the incorporation of 10%
MH caused an increase in the number of pores within the hydrogel structure, leading to
a higher overall porosity. The smaller pore sizes and increased porosity resulting from
the addition of 10% MH were attributed to the influence of MH on the system. Firstly the
viscosity of the system was altered, and secondly, MH is slightly acidic, which affected the
size and duration of the gas bubbles formed. Another noteworthy observation was the
shape of the PH_10% MH pores, which were highly spherical. This characteristic highlights
the enhanced stability of the foam produced by this particular sample.
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PH PH_1%MH PH_10%MH

Figure 6. SEM micrographs at 50 x magnification of (A) PH, (B) PH_1% MH, and (C) PH_1% MH.

Table 1. Average pore size and % porosity.

Samples Average Pore Size (um) % Porosity

Porous hydrogel (PH) 108.5 + 46.0 37.10 £ 345
Porous hydrogel with 1% Manuka

Honey (PH_1% MH) 51.54+24.2 21.73 £155

Porous hydrogel with 10% 505 4+ 11.2 4200 4111

Manuka Honey (PH_10% MH)

Figure 7A,B shows the bulk swelling behavior of PH and PH with MH. The results
show that the addition of MH resulted in a reduction in the swelling ratio, with 1% MH
resulting in a larger decrease compared to 10% MH. The majority of this additional swelling
capacity visibly occurred in the initial period (<3 min). After this initial period, the rate at
which the gels swelled was similar for all samples. A noteworthy finding was that the gels
containing MH seemed to retain their original shape better than the hydrogels that did not
contain MH. This was especially visible in the PH_10% MH after swelling for 5 min.
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Figure 7. Bulk swelling in water. (A) The appearance of PH and PH with 1% and 10% MH at 0, 1,
and 5 min, respectively. (B) Percentage swelling of PH and PH with 1% and 10% MH.

PH_10% MH exhibited a higher percentage of swelling due to its larger surface area
and interconnected network within the structure, which contributed to its higher swelling
capacity compared to PH_1% MH. Although PH had the most swelling capacity due to its
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Drop Volume (nL)

much larger pore size, when considering mechanical properties after swelling, PH with
MH had better appearances when compared to PH without MH.

Figure 8 compares the surface absorption PH samples with 1% and 10% MH. During
the initial period (0 to 500 ms), all hydrogels exhibited a very similar and fast absorption
rate. After this initial period, the PH samples continued to absorb at a similar rate. However,
after 500 ms, the PH_1% MH and PH_10% MH absorption rates decreased to 2700 ms
and 3000 ms, respectively. After this time period, the MH samples absorbed the rest of
the droplet. One limitation of this technique is that the software could not accurately
measure the last microliter of solution. Hence, all sample traces finished before reaching
zero. The properties of the hydrogels can be affected by pore size and porosity, with pore
size having a significant impact on the movement of water into the gels [38]. In the case of
hydrogels containing MH, the pore size was approximately half that of hydrogels without
MH, resulting in the distinct absorption behavior observed in these samples. The size of
the pores in the hydrogel plays a crucial role in determining the surface absorption capacity.
Generally, larger pores have a higher capacity for absorption compared to smaller pores.
This is because larger pores provide more surface area and volume for the absorption of
fluids or molecules. However, there is an optimal pore size range that balances surface
area with the diffusion distance to facilitate efficient absorption. The shape of the pores
also affects the surface absorption; pores with irregular shapes or tortuous pathways may
hinder the diffusion of fluids or molecules into the hydrogel matrix. On the other hand,
well-defined and interconnected pore structures can facilitate the flow and penetration of
substances, leading to improved surface absorption. The surface properties of hydrogels
significantly impact their ability to absorb substances. These properties include surface
charge, surface energy, and surface roughness.

e PH
oPH_1%MH
o PH 10%MH

(=]

1000 1500 2000 2500 3000 3500 4000
Drop Age (milliseconds)

Figure 8. Surface absorption of PH and PH with 1% and 10% MH. Inset: the appearances of droplet
at the instant of drop placement (0 ms), after 500 ms, and after 2500 ms.

Figure 9A,D presents the rheology properties of PH and PH with 1% and 10% MH.
These samples were tested using the same parameters as shown in Figure 5. Based on
the results shown in Figure 9A, the incorporation of 1% and 10% Manuka honey did not
significantly affect the storage modulus during the frequency sweep testing, as all samples
exhibited storage modulus values between 1000 and 2000 Pa. Figure 9B illustrates the
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behavior of PH and PH with 1% and 10% MH during the strain sweep. The results showed
that the addition of Manuka honey did not alter the storage modulus of the gels (G’), but
there was an increase in the loss modulus (G”) observed in the PH and honey-containing
gels (PH_1% MH and PH_10% MH) at 34.66 (PH), 58.62 (PH_1% MH), and 120.09 (PH_10%
MH) Pa, respectively. The linear viscoelastic region of the hydrogel (yL) was identical to
that of PH, but the crossover of G" and G” (YF) occurred at approximately 80% strain for
the samples containing honey and approximately 100% for the PH samples without honey.
The examination of tan delta (Figure 9C), comparing PH with MH at concentrations of
1 and 10% w/w, revealed a similar pattern. The addition of honey into the PH matrices
affected the resulting material’s tan delta values, resulting in a marginally reduced tan
delta as the honey concentration increased, while the trend in tan delta remained compara-
ble. Figure 9D shows the complex viscosity plotted against angular frequency for all the
samples. The results showed that all three samples exhibited a linear response, further
confirming that the samples behaved as viscoelastic solids. The rheological performance of
the samples showed that the inclusion of MH into the hydrogel matrix did not reduce the
mechanical properties of the hydrogel. The minimal impact of honey on the mechanical
properties can be attributed to the fact that honey does not undergo considerable physi-
cal crosslinking and exists as an interpenetrating network associated with the water and
polymer molecules. However, it is important to note that certain components present in
honey, such as 1,2 dicarbonyl compounds (Glyoxal and 3-deoxyglucosulose) and phenolic
acids (Gallic acid and 4-methoxyphenylactic acid) [39], have the ability to form hydrogen
bonds with the hydrogel network. These components play a role in preserving the strength
of the gels and contribute to the decomposition of the sodium bicarbonate blowing agent,
ultimately leading to an improved porous structure.
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Figure 9. Rheological behavior of PH and PH with 1 and 10% w/w MH. (A) Frequency
sweep—Storage modulus G’ vs. Frequency. (B) Strain sweep—Storage and loss modulus G” and G”
vs. % Strain. (C) Strain sweep—Tan delta vs. % Strain. (D) Complex viscosity vs. Angular frequency.

The cytotoxicity of NPH, PH, and PH with 1% and 10% MH was tested using the XTT
assay. Fibroblast cells were used to evaluate cell viability over 24 h. Statistical analyses were
conducted to indicate significant differences (p > 0.05) in cell viability between the samples
and the control. Figure 10 shows that all samples exhibited cell viability higher than
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80%, with only PH_10% MH demonstrating a cell viability <90% and showing statistical
significance compared to the control sample. High Manuka honey content is known to
result in a decrease in cell viability due to its hydrogen peroxide and flavonoid content.
Moreover, the pH of Manuka honey is acidic, ranging between pH 3.2 and 4.5, which
can decrease cell viability. Previous studies have indicated that cytotoxic effects start
at 3-5% MH [40]. International guidelines (ISO10993-5, 2009. Biological evaluation of
medical Devices, in: Standardization, I.O.f. (Ed.) Part 5: Test for in vitro cytotoxicity, 3 ed.
International Organization for Standardization, Geneva, Switzerland) state that a substance
is cytotoxic only if it reduces cell viability to less than 70%. All the tested samples exhibited
cell viabilities higher than 70% and can therefore be classified as non-toxic.

*
1
T
T
100% 97.8% 93.5% 94.4%
Control NPH PH PH 1%MH PH_10%MH

Figure 10. Cytotoxicity test to evaluate cell viability of NPH, PH, PH_1% MH, and PH_10%MH
(* p <0.05).

3. Conclusions

This work was concerned with the fabrication method for sheet porous hydrogels (PH)
that exhibit exceptional absorption capacity and rapid fluid uptake. The porous hydrogels
were synthesized through a delicate balance of three pre-mixtures, resulting in reproducible
and reliable production of the gels. Porous hydrogels exhibited higher swelling ratios
than non-porous hydrogels (NPH). Additionally, real-time surface absorption analysis
revealed significant differences, with porous hydrogels absorbing 10 uL of fluid in 3000 ms,
while NPH hydrogels absorbed only 1 puL. To enhance the properties of PH hydrogels for
use in wound dressings, Manuka honey (MH) was incorporated into the gel structure at
concentrations of 1 and 10% w/w. The results indicated that MH improved the appearance
of the gel, with smaller pores and more linear swelling behavior observed over the first
5 min. The incorporation of MH also improved the mechanical properties of the hydrogels.
These improvements were attributed to the inherent properties of MH, which altered the
system by increasing viscosity and lowering the pH, enhancing foam production during
gelation. Overall, the findings of this study suggest that the synthesized hydrogels have
potential for use in wound dressings for medium and heavy-exudating wounds, where
conventional hydrogels may not be suitable. When combined with the beneficial prop-
erties of MH, the improved properties of PH hydrogels offer a promising avenue for the
development of advanced wound dressings with rapid absorption. Future research should
focus on modifying the composition in order to achieve the desired pore size of the fabri-
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cated porous hydrogels. This can be accomplished by adjusting the balance of surfactants,
blowing agents, and acids, while also considering the inclusion of additional components
to modify the viscosity. Furthermore, the system can be enhanced by incorporating other
active agents, such as silver nanoparticles.

4. Materials and Methods
4.1. Materials

2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPs) (Mw = 229.23;
50% wt. in water) (monomer), Methacrylic acid 99% (MAA) (monomer), Di(ethylene gly-
col) diacrylate 99% (XL) (cross-linker), N,N,N’,N'-Tetramethylethylenediamine (TEMED)
(initiator), Ammonium persulphate (APS) (initiator), Poloxamer 407 (Pluronic® F-127)
(F127) (surfactant), and Sodium hydrogen carbonate (BA) (blowing agent) were all pur-
chased from Sigma-Aldrich Co. Inc, Singapore, Singapore. Manuka Honey (MH) (86%
Manuka pollen content) was purchased from Airborne Honey Ltd., Canterbury, New
Zealand. For the cell culture studies, Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin, amphotericin B, and 0.25% trypsin—-ethylene-
diaminetetraacetic acid were purchased from Gibco (Grand Island, NY, USA). The XTT
solution (Cell Proliferation Kit II) was supplied by Roche Diagnostics GmbH (Mannheim,
Germany). Phosphate-buffered saline (PBS) of pH 7.4 was supplied by KEMAUS, Cherry-
brook N.S.W., Australia. Normal human dermal fibroblast (NHDF) cells (Lot no. C-12302,
Promocell, Eppelheim, Germany) (1 x 10° cells/well, passage number 6) were provided by
the Faculty of Pharmacy, Naresuan University, Phitsanulok, Thailand.

4.2. Synthesis of Non-Porous Hydrogels (NPH), Porous Hydrogels (PH), and Porous Hydrogels
with Manuka Honey (PH_MH)

Synthesis of Hydrogels

Hydrogel samples were prepared using a redox-initiated free-radical polymerization
procedure. Three different hydrogel samples were synthesized, including non-porous hy-
drogels (NPH), porous hydrogels (PH), and porous hydrogels with Manuka honey (PH_MH).

All the hydrogels were prepared using an Ammonium Persulphate (APS) and N, N,
N, N,-tetramethyl ethylenediamine (TEMED) redox pair at a concentration of 1M. For the
redox pair, APS was added to vial A and TEMED was added to vial B for all samples.

Non-porous hydrogels (NPH) were synthesized by following the composition in
Table 2. Briefly, all components were split between two vials (A and B). The NPH gels
were comprised of AMPs, deionized water, XL solution, and a redox initiator pair (APS
and TEMED). Both vials A and B contained equal amounts of monomer, cross-linker, and
deionized water, with 1 M of APS and 1 M TEMED prepared and added in separate vials.
Then, each vial was mixed using an orbital shaker for 30 min until a homogenous solution
was obtained. In the final step, vials A and B were poured together into a mold, and the
mixture was mixed using an overhead mechanical stirrer for 15 s.

Table 2. Chemical compositions of the hydrogel samples.

AMPs DI DI Water XL TEMED APS BA MAA MH
Sample Water/F127
(g) () (g) (g) (g) @ (@ (@ (g
Non-Porous hydrogel (NPH) 5.00 - 4.00 0.20 - - - - -
Porous hydrogel (PH) 5.00 4.00 - 0.20 0.65 0.65 050 0.25 -
Porous hydrogel with 1% Manuka

honey (PH_1% MH) 5.00 3.90 - 0.20 0.65 0.65 050 0.25 0.1040
Porous hydrogel with 10% 5.00 1.96 - 0.20 0.65 065 050 025 1.0400

Manuka honey (PH_10% MH)
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For porous hydrogel samples, the monomers (AMPs/MAA), surfactant solutions,
cross-linker, blowing agent, and redox pairs were added in three separate sample vials
(A, B, and C). For vials A and B, the blowing agent (Sodium hydrogen carbonate) was
dissolved in the pre-prepared stock surfactant solution (Poloxamer 407—0.5% F127) and
split equally between vials A and B. The monomer AMPs were added to both vials A
and B, along with the cross-linker (Di(ethylene glycol) diacrylate). The final component,
methacrylic acid, was prepared in vial C by mixing the remainder of the extra added
water/surfactant solution. All the vials were then shaken for 30 min to allow the solutions
to mix thoroughly. Finally, vial C, followed by B and then A, were poured into a mold.
Using an overhead mechanical stirrer, the solution was rapidly stirred for a controlled
time period (20 s) in order to combine all the components before foaming and gelation
occurred. The amounts of each component used are listed in Table 2. The porous hydrogels
with Manuka honey (PH_MH) were prepared using the same method, with the Manuka
honey added to the surfactant solution in vials A and B at two different concentrations
(1 and 10% w/w).

4.3. Swelling Test

The swelling behaviour of the samples was investigated by completely immersing
them in deionized water at room temperature. Next, the swollen hydrogels were removed
and weighed at selected time intervals ranging from 1 to 30 min. Upon removal from
the deionized water, the hydrogels were blotted to remove excess surface water before
weighing. The swelling ratio (% swelling) was calculated based on the change in weight
using the following equation:

. Wy —W;
% Swelling = ———— x 100% (1)
Wi
where W; and Wy are initial weight and final weight at different times, respectively. The
measurements were conducted three times for each sample and reported as the aver-
age % swelling percentage, with the standard deviation reported to indicate the level
of uncertainty.

4.4. Surface Absorption

The surface absorption properties of all hydrogel samples were evaluated using a
Dataphysics Model OCA20 (Filderstadt, Germany) contact angle apparatus. The surface
absorption was found by plotting the drop volume (L) vs. drop age (milliseconds). The
OCA20 camera recorded at 36 frames per second, which allowed the drop volume to be
accurately recorded during the absorption process, enabling the detailed, real-time surface
absorption to be measured for each sample. The hydrogel samples were first cut into
10 mm sizes using a cork borer and placed on a glass sample holder. Then, a droplet of
10 pL of deionized water was deposited onto the surface of each hydrogel sample, and the
software recorded the volume of liquid vs. drop age.

4.5. Morphological Observations

The morphology of the hydrogels was measured using scanning electron microscopy
(SEM) (LEO Co., Cambridge, England, Model: 1455VP). The preparation of the samples
for SEM were as follows: the hydrogel samples were cut into a diameter of 10 mm and
placed on an aluminum stub. The hydrogels were then dehydrated in a desiccator in order
to remove the moisture present in the hydrogel before coating it with gold. At this point,
the hydrogels were ready for testing. The SEM images were used to measure the pore size,
which was calculated using Image] software (version 2.3.0) and presented as average value.

The porosity of the hydrogel samples was assessed using SEM images and analyzed
with the Image] software. The thresholding operation was utilized to distinguish between
pores and solid material based on their pixel intensities. Pixels with intensities below a
specified threshold value were identified as pores, while pixels with intensities above the
threshold were categorized as solid materials. The porosity was calculated by dividing the

103



Gels 2023, 9, 459

area of the pores by the total area of the image, and the resulting value was multiplied by
100% to express it as a percentage. The porosity calculation formula can be expressed as:

Area of pores

% Porosity = Total area

x 100 )

4.6. Rheological Measurement

A rotational rheometer, ARES G2 (advanced rheometrics expansion system), TA In-
strument, New Castle, DE, U.S.A was used to measure the viscoelastic behaviour of all
the hydrogel samples. The samples were cut to a diameter of 25 mm using a cork borer
and placed between two 25 mm serrated parallel plates with a 2-4 mm gap. The two test
parameters consisted of a stain sweep from 0.01% to 150% at a constant frequency of 1 Hz
and a frequency sweep from 0.1 to 25 Hz with 1% constant strain at 25 °C.

4.7. Cytotoxicity Test

The samples were cut into a cylinder shape with a diameter of 6 mm. Then, the samples
were impregnated in 1 mL of serum-free Dulbecco’s Modified Eagle’s Medium (DMEM)
Grand Island, NY, USA at room temperature for 24 h. At that time, the impregnated medium
was sterilized using a syringe filter cap (0.2 um). A suspension of normal human dermal
fibroblast cells (NHDF cells) was placed in 96-well plates at a density of 1 x 10* cells/well
and incubated in DMEM containing 10% FBS, 1% penicillin, 1% streptomycin, and 0.1%
amphotericin B at 37 °C in a CO; incubator for 24 h. The medium was discarded and the
NHDF cells were washed with PBS. Then, the cells were treated with the sterilized medium
of the impregnated samples in each well. The untreated control was prepared using the
NHDF cells with free-serum medium without the impregnation of samples. The cells
were incubated at 37 °C in a CO, incubator for 24 h and compared with the control group
(untreated NHDF). After treatment, the cells were washed with PBS. Then, both groups
were replaced with 200 pL of new free-serum medium. Then, 50 pL of XTT solution was
added to each well and incubated for 4 h. The cell viability was determined by measuring
the optical density (OD) at 490 nm using a microplate reader (EonTM, BioTek instrument,
Winooski, VT, USA.) and equation 3. The OD values of each sample were calculated as the
% viability and compared with 100% viability of the untreated cells:

D
Cell Viability (%) = gDS x 100 3)
C

where ODgs is the absorbance of the samples and ODc is the control.
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Abstract: Background: Pain remains a global public heath priority. Phonophoresis, also known as
sonophoresis or ultrasonophoresis, is when an ultrasound is used to maximize the effects of a
topical drug. Purpose: The objective of this study was to test, in patients injured in sports or accidents
(N = 200), the efficacy of diclofenac potassium (DK) 6%, 4%, and 2% formulated gels with and without
phonophoresis in comparison with market available standard diclofenac sodium (DS or DN) gel.
Methods: The patients were enrolled after informed consent. By using the lottery method, 100 patients
were randomly segregated into five groups without phonophoresis and repeated similarly with
phonophoresis at a frequency of 0.8 MHz, an intensity of about 1.5 W/cm?, and at continuous mode
(2:1). Group-1 was treated with 6% DK gel, group-2 was treated with 4% DK gel, group-3 was treated
with 2% DK gel, group-4 was treated with 4% DS gel and group-5 was given control gel three to four
times a week for 4 weeks. The patients were screened by using NPRS and WOMAC scales. They were
assessed on the baseline, 4th session, 8th session, 12th session, and 16th session. Results: Significant
dose-dependently relief was observed in NPRS (Numeric Pain Rating Scale) and the WOMAC
(Western Ontario McMaster Osteo-Arthritis) index for pain in disability and stiffness for each group
treated with DK gel compared to DS gel. Phonophoresis increased these benefits significantly when
used after topical application of DK gel or DS gel, and the dose-dependent effects of DK gel plus
phonophoresis were stronger than the dose-dependent effects of DS gel plus phonophoresis. The
faster and profounder relief was due to phonophoresis, which allows more penetration of the DK
gel into the skin as compared to the direct application of DK gel in acute, uncomplicated soft tissue
injury, such as plantar fasciitis, bursitis stress injuries, and tendinitis. In addition, DK gel with
phonophoresis was well tolerated. Thus, in this personalized clinical setting, according to the degree
of inflammation or injured-induced pain, disability, and stiffness, DK gel 6% with phonophoresis
appeared more effective and thus more recommendable than DS gel 6% alone or DS gel 6% combined
to phonophoresis.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

Keywords: diclofenac potassium gel; diclofenac sodium gel; phonophoresis; sport injuries; pain
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1. Introduction
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Sports injuries (e.g., acute ankle sprain, plantar fasciitis, bursitis) are commonly treated
with non-steroidal anti-inflammatory drugs (NSAIDs) to minimize discomfort, swelling,
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and inflammation [1,2]. They have been shown in clinical trials to be effective for the long-
term treatment of recurring or chronic illnesses (e.g., back pain, arthritis) as well as for the
quick control of severe and acute mild-to-moderate pain and inflammation resulting from
injuries such as ankle sprains, musculoskeletal pain, soft tissue, and /or joint injuries [1,2].
Over the counter, topical NSAIDs (1 to 10%, according to the clinical case, and commonly 1
to 2%) are used as an alternative to oral versions [3-5]. Topical diclofenac is a typical NSAID
that can enter joints, muscles, and synovial fluid through the skin. It spreads and lingers
primarily in the target tissues that are inflamed [6-9]. Clinical trials have also demonstrated
that NSAIDs are potent and well-tolerated anxiolytic and anti-inflammatory pain killers for
the treatment of both acute and chronic pain conditions, resulting in improved mobility and
recovery [3,10-12]. The ability of a pertinent NSAID to permeate thoroughly into damaged
tissue determines its effectiveness [13]. Efficient permeation and therapeutic response
require a delicate balance of lipid and water solubility. The formulation can influence local
permeation and pharmacokinetic profile [14-16].

Topical diclofenac, a phenyl acetic acid derivative, which is frequently formulated as
sodium salt (DS), has been demonstrated through pharmacokinetic investigations to swiftly
enter the skin and reach the underlying tissues (e.g., joints, muscles, synovial) [16-20].
Lecithin, a component that forms micelles, and an aqueous-alcohol micro emulsion serve
as the foundation of the 4% (w/w) diclofenac spray gel formulation (MIKA Pharma GmbH,
Speyer, Germany) [16]. Low systemic availability and positive cutaneous penetration
were observed [16]. Diclofenac is detected in plasma within 15 min, and due to analgesic
and antipyretic properties, efficiency (rapid and targeted actions) and security, diclofenac
spray’s is a viable model in severe painful situations [16-18]. As per its main molecular
mechanism, diclofenac blocks cyclooxygenase-2 (COX-2) [3,10], inhibiting the production of
prostaglandins (PGs) from arachidonic acid (AA) (Figure 1). In addition to DS spray gel for-
mulations, research has developed diclofenac patches [17,21-23]. Thereby, a semi-occlusive,
bioadhesive patch containing 180 mg of diclofenac epolamine (hydroxyethylpyrrolidine),
which is comparable to 129.7 mg of diclofenac acid and equivalent to 140 mg of diclofenac
sodium, has been prepared [17]. Epolamine (50.3 mg), a pharmacologically inert is used to
salify Diclofenac and increase its hydrophilic and lipophilic potencies, making it a viable
chemical for topical administration [17]. Unlike DS, DK has only been fabricated for oral
administration in the form of a fast-release tablet to deliver better results than oral DS in
terms of bioavailability [24-26].

i NF-kB |—— 18
'.Ibplcal L6 Diclofenac leads to
diclofenac l decreased in pro-

inflammatory

N, Prostaglandin -
\ Inflammation
<
e and pain
Positive feedback
I Diclofenac loop

leads to Prostaglandin E2

decreased in EP2/EP

PGE2

Figure 1. Mechanism of action of diclofenac potassium. NF-kb: Nuclear Factor-Kappa B; COX-2:
Cyclooxygenase-2; PGE2: Prostaglandin E2 (dinoprostone); IL-1f3: Interleukin-1beta (lymphocyte
activating factor (LAF)); IL-6: Interleukin-6 (B-cell stimulatory factor -2 (BSF-2)); IL-8: Interleukin-8
(e chimiokine); TNF-o: Tumor Necrosis Factor-alpha; VEGF: Vascular Endothelial Growth Factor.
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A musculoskeletal ultrasound is recommended to diagnose sport injuries-induced
heel pain, such plantar fasciitis [27-29]. Physiotherapists and orthopedic surgeons often
prescribe phonophoresis for the treatment of plantar fasciitis grade I and II [28,29]. Based on
the defined test, it incorporates various physiological, physiochemical, and chemical effects,
concluding that heat induced by sound waves plays a significant role in the management
of different medical conditions; it also produced mechanical results [30-32]. Technological
advances and high-frequency transducers have made ultrasound technology more desirable
than the imaging of abnormal magnetic resonance imaging (MRI) due to its high surface
area [30], and recent studies showed that on average, phonophoresis with analgesic gel
for the treatment of sports injuries is more effective than local ultrasound alone [32-36].
Although, topical analgesic delivered through phonophoresis in deeper tissues is advised
for the treatment of chronic muscular injuries [35,36]and that oral DK displayed a more
effective action than oral DS [24-26], we failed to find any previous study using DK gel
through phonophoresis for the treatment of sports injuries. To the best of our knowledge,
DK gel is not available on the market worldwide yet. Herein, we then decided, for the first
time, to test the efficacy of various concentrations (2-6%) of DK gels combined or not with
phonophoresis in patients suffering from injury-induced pain. The comparison has been
carried out with market-available standard DS gel at averaged use concentration (4%).

2. Results and Discussion

In total, 200 patients suffering from sport injuries were enrolled in this study. The
patients with planter fasciitis were the most frequent (16%), whereas bursitis (4%) and
capsulitis (4%) were the least frequent sport-related injuries (Figure 2). They were followed
up on the baseline, at the 4th session, 8th session, 12th session, and at the 16th session of
treatment. The quantitative data were presented for mean + S.D. Statistical insignificance
was considered if the p-value was less than 0.05. One-way ANOVA was used to determine
whether there are any statistically significant differences between the means of two or more
independent (unrelated) groups.

Relative Percentage (%)

Bursitis

Biceps tendinitis
Tendinitis

Wrist pain

Leg pain
Shoulder pain*

Knee pain*

Neck pain*

Ankle sprain

Adhesive capsulitis

I
| —— <]
| s |
e
|

Back pain*® I
—
e ———————;
_—

Plantar fasciitis

0 2 4 6 8 10 12 14 16 18

Figure 2. Incidence (%) of patients with sport-related injuries (N = 200) before treatment (which were
then subsequently treated). * Means pain in muscles and soft tissues.

Swelling in patients treated with gel combined with phonophoresis was signifi-
cantly decreasing in a dose-dependent manner (Figure 3a): 6% DK gel (p = 0.09-0.02),
4% DK gel (p = 0.09-0.03), 2% DK gel (p = 0.09-0.05), 4% DS gel (p = 0.08-0.02), and for
placebo (p = 0.09-0.08). Comparatively to patients receiving gel but without phonophoresis,
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swelling was also significantly decreasing in a dose-dependent manner (Figure 3b): 6%
DK gel (p = 0.08-0.03), 4% DK gel (p = 0.09-0.04), 2% DK gel (p = 0.09-0.05), 4% DS gel
(p = 0.08-0.04), and for placebo (p = 0.09-0.08).
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Figure 3. Swelling-related changes on the baseline, 4th session, 8th session, 12th session, and 16th
session of Diclofenac potassium (DK) treatment (a) with phonophoresis (b) without phonophoresis,
in sports-injured patients. Diclofenac sodium (DS) was used as a standard control. Control group
is the placebo. Statistical significance (p-values) is detailed in the main text. ns = no significant;
p<0.05% p<0.01*,p<0.001**,
NPRS in patients treated with gel combined with phonophoresis was significantly
decreasing in a dose-dependent manner (Figure 4a): 6% DK gel (p = 0.009-0.000), 4%
DK gel (p = 0.08-0.02), 2% DK gel (p = 0.08-0.03), 4% DS gel (p = 0.08-0.02) and for
placebo (p = 0.09-0.07). Comparatively to patients receiving gel but without phonophoresis,
NPRS was also significantly decreasing in a dose-dependent manner (Figure 4b): 6% DK
gel (p =0.009-0.03), 4% DK gel (p = 0.09-0.04), 2% DK gel (p = 0.08-0.04), 4% DS gel
(p = 0.08-0.04), and for placebo (p = 0.09-0.08).
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Figure 4. NPRS-related changes on the baseline, 4th session, 8th session, 12th session, and 16th
session of Diclofenac potassium (DK) treatment (a) with phonophoresis (b) without phonophoresis,
in sports-injured patients. Diclofenac sodium (DS) was used as a standard control. Control group
is the placebo. Statistical significance (p-values) is detailed in the main text. ns = no significant;
p <0.05% p<0.01**, p<0.001 **. NPRS: Numerical Pain Rating Scale.
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(WITH PHONOPHORESIS)

WOMAC ALDs relative change (%) from baseline
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WOMAC ADLs (activities of daily living) in patients treated with gel combined with
phonophoresis was significantly decreasing in a dose-dependent manner (Figure 5a): 6%
DK gel (p = 0.009-0.001), 4% DK gel (p = 0.08-0.03), DK gel (p = 0.08-0.04), 4% DN gel
(p = 0.09-0.03), and for placebo (p = 0.09-0.07). Comparatively to patients receiving gel
but without phonophoresis, WOMAC ADLs was also significantly decreasing in a dose-
dependent manner (Figure 5b): 6% DK gel (p = 0.009-0.04), 4% DK gel (p = 0.08-0.03), 2%
DK gel (p = 0.09-0.04), 4% DS gel (p = 0.08-0.03), and for placebo (p = 0.09-0.08).
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Figure 5. Index of WOMAC ADLSs on the baseline, 4th session, 8th session, 12th session, and 16th
session of Diclofenac potassium (DK) treatment (a) with phonophoresis (b) without phonophoresis,
in sports-injured patients. Diclofenac sodium (DS) was used as a standard control. Control group
is the placebo. Statistical significance (p-values) is detailed in the main text. ns = no significant;
p <0.05% p <0.01*, p <0.001 **. WOMAC: Western Ontario and McMaster Universities Arthritis
Index, ADLs: activities of daily living.

WOMALC pain in patients treated with gel combined with phonophoresis was signifi-
cantly decreasing in a dose-dependent manner (Figure 6a): 6% DK gel (p = 0.007-0.001),
4% DK gel (p = 0.08-0.02), 2% DK gel (p = 0.09-0.05), 4% DS gel (p = 0.08-0.03), and for
placebo (p = 0.09-0.07). Comparatively to patients receiving gel but without phonophoresis,
WOMAC pain was also significantly decreasing in a dose-dependent manner (Figure 6b):
6% DK gel (p = 0.008-0.04), 4% DK gel (p = 0.09-0.04), 2% DK gel (p = 0.09-0.05), 4% DN gel
(p = 0.08-0.04), and for placebo (p = 0.09-0.08).

WOMAC stiffness in patients treated with gel combined with phonophoresis was signifi-
cantly decreasing in a dose-dependent manner (Figure 7a): 6% DK gel (p = 0.008-0.001), 4%
DK gel (p = 0.09-0.03), 2% DK gel (p = 0.08-0.05), 4% DS gel (p = 0.08-0.03), and for placebo
p-value (p = 0.09-0.07). Comparatively to patients receiving gel but without phonophoresis,
WOMAC stiffness was also significantly decreasing in a dose-dependent manner (Figure 7b):
6% DK gel (p = 0.08-0.03), 4% DK gel (p = 0.09-0.04), 2% DK gel (p = 0.09-0.05), 4% DS gel
(p = 0.08-0.04), and for placebo (p = 0.09-0.08).
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Figure 6. Index of WOMAC pain on the baseline, 4th session, 8th session, 12th session, and 16th
session of Diclofenac potassium (DK) treatment (a) with phonophoresis (b) without phonophoresis, in
sports-injured patients. Diclofenac sodium (DS) was used as a standard control. Control group is the
placebo. Statistical significance (p-values) is detailed in the main text. ns = no significant; p < 0.05 %,
p <0.01 **, p <0.001 ***. WOMAC: Western Ontario and McMaster Universities Arthritis Index.
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Figure 7. Index of WOMAC stiffness on the baseline, 4th session, 8th session, 12th session, and 16th
session of Diclofenac potassium (DK) treatment (a) with phonophoresis (b) without phonophoresis, in
sports-injured patients. Diclofenac sodium (DS) was used as a standard control. Control group is the
placebo. Statistical significance (p-values) is detailed in the main text. ns = no significant; p < 0.05 %,
p <0.01**, p <0.001 ***. WOMAC: Western Ontario and McMaster Universities Arthritis Index.

Diclofenac is an antipyretic, analgesic, and steroidal anti-inflammatory drug (NSAID)
that reduces pain and inflammation by inhibiting the production of prostaglandin (PG)
cyclooxygenase-2 [3,10]. In a more detailed way, PGE2 activates the Gq-coupled EP1 recep-
tor, leading to increased activity of the inositol triphosphate/phospholipase C pathway.
Activation of this pathway releases intracellular stores of calcium, which directly reduces
the action potential threshold and activates protein kinase C (PKC), which contributes to
several indirect mechanisms. PGE2 also activates the EP4 receptor, coupled to Gs, which
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activates the adenylyl cyclase/protein kinase A (AC/PKA) signaling pathway. PKA and
PKC both contribute to the potentiation of transient receptor potential action channel
subfamily V member 1 (TRPV1) potentiation, which increases sensitivity to heat stimuli.
They also activate tetrodotoxin-resistant sodium channels and inhibit inward potassium
currents. PKA further contributes to the activation of the P2X3 purine receptor and the
sensitization of T-type calcium channels. The activation and sensitization of depolarizing
ion channels and inhibition of inward potassium currents serve to reduce the intensity of
stimulus necessary to generate action potentials in nociceptive sensory afferents. PGE2
acts via EP3 to increase sensitivity to bradykinin and via EP2 to further increase heat sensi-
tivity. Central sensitization occurs in the dorsal horn of the spinal cord and is mediated
by the EP2 receptor, which couples to Gs. Pre-synaptically, this receptor increases the
release of pro-nociceptive neurotransmitters such as glutamate, CGRP, and substance P.
Post-synaptically, it increases the activity of AMPA and NMDA receptors and produces
inhibition of inhibitory glycinergic neurons. Together, these lead to a reduced threshold of
activation, allowing low-intensity stimuli to generate pain signals. PGI2 is known to play a
role via its Gs-coupled IP receptor, although the magnitude of its contribution varies. It
has been proposed to be of greater importance in painful inflammatory conditions such as
arthritis. By limiting sensitization, both peripheral and central, via these pathways, NSAIDs
can effectively reduce inflammatory pain. PGI2 and PGE2 contribute to acute inflammation
via their IP and EP2 receptors. As with (3-adrenergic receptors, these are Gs-coupled and
mediate vasodilation through the AC/PKA pathway. PGE2 also contributes by increasing
leukocyte adhesion to the endothelium and attracting the cells to the site of injury. PGD2
plays a role in the activation of endothelial cell release of cytokines through its DP1 receptor.
PGI2 and PGE2 modulate T-helper cell activation and differentiation through IP, EP2, and
EP4 receptors, which is believed to be an important activity in the pathology of arthritic
conditions. By limiting the production of these PGs at the site of injury, NSAIDs can
reduce inflammation.

The goal of this randomized, single-blinded study was to determine in a relatively
large cohort population (N = 200 including n = 100 with phonophoresis and n = 100 without
phonophoresis) the dose and time (sessions) effects of a newly formulated topical gel
product, namely DK gel, with or without phonophoresis, in comparison with DS gel. DS
gel, marketed under the name of Voltaren®, is known to reduce pain and inflammation at a
usage concentration of 1-3%. While 10% DS is generally used for severe clinical cases, it is
avoided in patients with certain pathologies such as gastritis or renal/kidneys failure or
undergoing vaccination against diseases such as yellow fever or COVID. DK was then used
in this study at reasonable concentrations (2-6%). DS represented the standard product,
and placebo was used as the control. Phonophoresis is commonly used with a frequency
of about 0.8 MHz, intensity 1.5 W/ cm?, and continuous mode 2:1 [27,37]. Therefore, we
applied the same experimental settings in the present study.

To the best of our knowledge and as evoked in the Introduction, this study is the
first of its kind. The pertinence of such study resides in the fact that (i) oral DK has
shown better analgesic and anti-inflammatory effects compared to DS when they were
administered orally; (ii) DS exists in (spray) gels (and patches) for topical application [29]
and is commercialized, whereas we failed to find studies related to marketed DK gels;
(iii) phonophoresis is commonly used in combination with DS gels for the treatment of
musculoskeletal injuries [38,39], and it was proved more effective than DS alone [39,40],
but no studies have evaluated phonophoresis in combination with diclofenac derivatives,
such as DK.

DK was combined with phonophoresis to increase the pain-relieving effects of the
phonophoresis. Indeed, medication particles are pushed deep into the skin tissue by
ultrasound waves. A resting membrane potential caused by DK relaxed muscles and
phonophoresis increases the penetration of the drug into tissues and circulation, which in
turn decreased pain and inflammation [37-40].
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The results showed that (i) DK gel alone is more effective than DS gel alone at equiv-
alent concentration, which is a promising result and offers an alternative option in the
treatment of pain; (ii) DK gels 6%, 4%, 2%, or 4% DS gel with phonophoresis (as adju-
vant treatment) were more effective than the DK gel 6%, 4%, 2%, or 4% DS gel without
phonophoresis, confirming the important role of phonophoresis as adjuvant treatment
in pain [35,36]; (iii) the pain reduction (likewise other parameters tested) was dose- and
time-dependent, highlighting the necessity of several sessions of cycles of gel therapy with
phonophoresis to treat effectively and in a personalized manner patients (according to the
degree of suffering from sport injuries, the clinical history of the patient but also from a
holistic perspective).

At all time points, the percentage of responders (defined as the percentage of subjects
achieving a 50% reduction in swelling of the injured soft tissues for 4 weeks after three to
four times treatment in a week) was significantly greater in the group treated with DK gel
6% compared to the other groups. DK gel 6% also resulted in a significantly faster decrease
in pain, inflammation, and swelling of the injured soft tissues compared to the other groups.
Any comparison of the current study’s results with other intervention programs for soft
tissue injuries to assess the effectiveness of DK gel compared to other established products
is hampered by differences in study design, inclusion criteria, duration of treatment, and
efficacy assessment methods. Furthermore, in recent years, a variety of biomaterials (e.g.,
patches-based hydrogels, cryogels, nanofibers) together with their distinct physicochemical
features have been extensively investigated and developed in the fields of drug-delivery,
tissue engineering, medicine, and public health, including disease diagnosis [21,41-49].
Thereby, a most recent study in rabbits has reported an injectable thermosenstive hydrogel
for dual delivery of diclofenac and avastin (an anti-VEGF) to reduce the inflammation of
the corneal neovascularization more effectively [49]. Future studies shall compare DK gels
+ phonophoresis with hydrogel patches and pain killers-loaded nanomaterials not only in
animals but also in a cohort population of patients.

3. Conclusions

Group-1 DK gel (6%) with the help of phonophoresis proved highly significant benefits
when compared to group-2, group-3, group-4 and group-5 and similar groups without
phonophoresis in a good number of patients suffering from sports injuries. Not only did
the freshly prepared DK gel 6% quickly help in relieving pain, but it also improved patient
mobility because phonophoresis has more penetration of the gel into the skin as compared
to direct apply (massage) in acute, uncomplicated soft tissue injuries (e.g., plantar fasciitis,
bursitis stress injuries, tendinitis). Strain was also well tolerated. DK gel 6% alone proved
more helpful in relieving pain, stiffness, and morbidity than DS gel alone. The promising
data open new avenues in the management of musculoskeletal pain due to inflammation
or sports injuries because it offers a great alternative to DS in eligible patients. Ongoing
clinical studies aim at (i) studying the dose-dependent adverse effects of DK gel at higher
concentrations (e.g., 10-15%) in comparison to DS gels, with or without phonophoresis;
(ii) developing smart DK hydrogel patches and nanoformulations, and (iii) performing
comparisons studies between hydrogel patches, diclofenac nanoformulations and such a
present study in different populations.

4. Materials and Methods
4.1. Study, Patients, and Ethics

A single-blinded, randomized controlled trial (IRCT) was started after approval from
the Muhammad Institute of Medical and Allied Sciences’ ethics committee in Multan,
Pakistan (2021/IRB/2/PT/01). The study was conducted from November to April 2022.
By using the Formula (1), the sample size was determined.
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The sample size was 100 subjects calculated with Borkowf formula [50]:

n=202(Z1—a+271-p)°

(4o — pax)?

)

Patients (N = 200) must have met the inclusion requirements to be enrolled in the
study. Inclusion criteria considered both genders, adult patients between the ages of 18 and
50, and patients with injuries to the soft tissues (e.g., acute, uncomplicated plantar fasciitis,
bursitis, tendinitis, strains, and others mentioned in Figure 2) that occurred between two
and eighteen hours before the study enrollment. Exclusion criteria were the following: use
of any other medicine, inflammatory or painful disorders as well as fractures and ligament
ruptures that were not thought to be amenable to treatment with topical NSAIDS alone,
patients in whom NSAIDs treatment may cause serious adverse effects or is not indicated
because of other diseases (e.g., kidneys failure, gastritis). The patients were screened by
using a numerical pain rating scale (NPRS) and WOMAC index/scale.

All participants signed informed consent. The research was conducted in accordance
with the Helsinki Code of Conduct. As shown in Figure 8, out of N = 200 patients, n = 100
were randomly assigned /randomized into each of five groups with and n = 100 without
phonophoresis for the treatment of sports injuries. This was completed using the lottery
approach. Gel was applied just onto the affected area. Group-1 (n = 20) was given 6%
DK gel (1.0-1.4 g containing 40-56 pg, corresponding to daily dose of 96-120 mg DK),
Group-2 (n = 20) was given 4% DK gel (0.8-1.0 g containing 32—40 g, corresponding to
daily dose of 96-120 mg DK), Group-3 (n = 20) was given 2% DK gel (0.4-0.8 g containing
16-32 ng, corresponding to daily dose of 48-96 mg DK), Group-4 (n = 20) was given
4% DS gel (0.8-1.0 g containing 50-147 pg, corresponding to daily dose of 50-100 mg
diclofenac potassium), and Group-5 (n = 20) was given placebo (water, vehicle only, no
active ingredients used here as control group). The treatment was repeated 3—4 times in
a week for 4 weeks. Patients were examined on the baseline, day-7, day-14, day-21, and
day-28. Phonophoresis (Figure 9A-D), was applied as professionally instructed [51] and
set at a frequency of 0.8 MHz, an intensity of about 1.5W/cm?, and a continuous mode
(2:1) [37]. All the patients were blinded to the treatment.

Randomization of Assessment for
subjects with sport _ eligibility (N=200)

injuries
‘ Allocation ‘
Group 1 (DK 6% gel)| <"\ |Group 1 (DK 6% gel),
Group 2 (DK 4% gel), Group 2 (DK 4% gel),
Group 3 (DK 2% gel), Group 3 (DK 2% gel),
Group 4 (DS 4% gel), Group 4 (DS 4% gel),

Group 5 (control),

Group 5 (control), <: fl>
WITH the  help of WITHOUT the help of

phonophoresis phonophoresis

Follow-up Follow-up

v

‘ Analysis ‘

Figure 8. Consolidated Standards of Reporting Trials (CONSORT). DK stands for Diclofenac potas-
sium, and DS means Diclofenac sodium (used as a standard). Control group is the placebo.
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Figure 9. (A) Phonophoresis (ultrasound) for the treatment of sport injuries, (B) Phonophoresis on
a patient with neck pain after applying 4 pumps of DK gel, (C) Applying 4 pumps of DK gel on a
patient foot, (D) Phonophoresis on a patient foot.

4.2. Statistical Analysis

Data were analyzed by using SPSS version-22 (IBM SPSS, Inc., Chicago, IL, USA).
The quantitative data were presented for mean + S.D. Significance was considered if
p-value < 0.05. One-way ANOVA was used to determine whether there are any statistically
significant differences between the means of two or more independent (unrelated) groups.

4.3. Preparation of Diclofenac Potassium Gel

First, 6% DK of analytical grade was purchased from Bukhari’s pharmaceuticals, and
the gel was formulated by adding carbazole-940 (6%) into aqueous-methanolic diclofenac
potassium (6%). Continuous stirring was used to settle the mixture down until it gained
consistency like gel.

4.4. Numerical Pain Rating Scale

NPRS [52] is often made up of a sequence of numbers and oral anchors that indicate
the full range of pain intensity (Figure 10). Patients usually rate their pain on a scale of 0 to
10, 0 to 20, or 0 to 100. They are closely related to other levels of pain and exhibit sensitivity
to treatment that is expected to alter pain. Zero stands for “no pain”, while 10, 20, or 100
denotes the extreme of the pain cycle. NPRS can be performed orally or in writing, is basic,
easy to grasp, and can be readily controlled and scored. The NPRS’ fundamental flaw is
that it lacks the mathematical criteria to be effective. The 11-point numeric scale ranges
from 0 to 10, with 0 signifying no pain and 10 reflecting the other extreme degree of pain.
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We used NPRS in our study before and after the treatment. Then, we checked the scores of
pains to improve the stigma of receiving small changes. NPRS numerically modified NPRS
was used for scoring pain. The benefits of NPRS include simplicity, reproduction, ease of
understanding, and sensitivity to small changes in pain. Five-year-old children who can
count and have a certain sense of number (i.e., that 8 is greater than 4) can use this scale.
NPRS (whole and each body region) and the specific outcome measure for each region in
all 3 levels of change, using the receiver’s operating factor curve. Overall, 64% of NPRS is a
valid standard and should be part of a small database of clinical trials, while 14% of NPRS
estimates are valid but should only be part of the extended database, 20% of NPRS needs
further research to establish credibility and legitimacy before it can be recommended, and
2% of NPRS is not valid or should be used.

PAIN SCORE 0-10 NUMERICAL RATING

3 4 5 6 4 8 9 10

0 [ 2
No Moderate Worst
pain pain possible

pain

Figure 10. Numerical Pain Rating Scale (NPRS) indicating different intensities of pain: 0 means no
pain, 5 reveals moderate pain, and 10 indicates severe pains.

4.5. WOMAC Index

WOMAC [53] is scale estimation for osteoarthritis (OA) of the knee, constituting
24 options in three elements: pain, activities of daily living, and stiffness (Figure 11).
However, we assessed only functional disability through this scale. The WOMAC's test—
retest reliability depends greatly on the subscale. Although the pain subscale has not been
constant across research, it fulfills the basic criteria. The physical function subscale has
higher test-retest reliability and is more reliable. Test-retest reliability for the stiffness
subscale is minimal.
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Severity, on average, during the last 48 hours, of:

Pain

None Slight Moderate Severe Extreme
Pain — Walking [} O O O |
Pain — Stair climbing O | O O O
Pain — Nocturnal O O | | |
Pain — Rest O (| O | |
Pain — Weightbearing O O O O O

Stiffness:

Morning Stiffness
Stiffness occuring during the day O

oo
oo
ood
oa

Level of difficulty performing the following functions, on average, during the last 48 hours:

ne Slight Moderate Severe Extreme
Descending stairs

Ascending stairs

Rising from sitting

Standing

Bending to the floor

Walking on flat

Getting infout of a car

Going shopping

Putting on socks

Rising from bed

Taking of socks

Lying in bed

Getting in/out of bath

Sitting

Getting on/off toilet

Performing heavy domestic duties
Performing light domestic duties

oo

O00000000000000000%
OoooOOoodooooonooooood
OoooOOoooooooooooood
OoOooOOooooooonooooood
OOoO00ooooooooooo

The WOMAC parameters are:
0 —none, | —slight, 2 — moderate, 3 — severe, 4 — extreme.
The index is out of a total of 96 possible points, with 0 being the best and 96 being the worst

Figure 11. Western Ontario McMaster Osteo-Arthritis (WOMAC) scale/index indicating three
parameters: pain, stiffness, and functional activities.
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Abstract: The objective of the current study was to fabricate a thermosensitive in situ gelling system
for the ocular delivery of carvedilol-loaded spanlastics (CRV-SPLs). In situ gel formulations were
prepared using poloxamer analogs by a cold method and was further laden with carvedilol-loaded
spanlastics to boost the precorneal retention of the drug. The gelation capacity, rheological character-
istics, muco-adhesion force and in vitro release of various in situ gel formulations (CS-ISGs) were
studied. The optimized formula (F2) obtained at 22% w/v poloxamer 407 and 5% w/v poloxamer
188 was found to have good gelation capacity at body temperature with acceptable muco-adhesion
properties, appropriate viscosity at 25 °C that would ease its ocular application, and relatively higher
viscosity at 37 °C that promoted prolonged ocular residence of the formulation post eye instillation
and displayed a sustained in vitro drug release pattern. Ex vivo transcorneal penetration studies
through excised rabbit cornea revealed that F2 elicited a remarkable (p < 0.05) improvement in CRV
apparent permeation coefficient (Papp = 6.39 X 10~% cm/s) compared to plain carvedilol-loaded in
situ gel (CRV-ISG; Papp = 2.67 x 107® cm/s). Most importantly, in normal rabbits, the optimized
formula (F2) resulted in a sustained intraocular pressure reduction and a significant enhancement in
the ocular bioavailability of carvedilol, as manifested by a 2-fold increase in the AUC_g}, of CRV in the
aqueous humor, compared to plain CRV-ISG formulation. To sum up, the developed thermosensitive
in situ gelling system might represent a plausible carrier for ophthalmic drug delivery for better

management of glaucoma.

Keywords: carvedilol; glaucoma; in situ gel; poloxamer; spanlastics

1. Introduction

Glaucoma is a neurodegenerative disorder that is characterized by progressive optic
nerve degeneration, leading to permanent blindness [1]. Elevated intraocular pressure
(IOP) stands as a major risk factor for developing glaucoma. According to the World
Health Organization (WHO), glaucoma is considered the second leading cause of visual
impairment and blindness in the world [2]. Medical treatment of glaucoma includes topical
beta-adrenergic blockers (timolol, betaxolol and metipranolol), alpha agonists (Brimoni-
dine), carbonic anhydrase inhibitors (methazolamide and acetazolamide), prostaglandin
analogs (latanoprost, bimatoprost and travoprost), and rho kinase inhibitors (netarsudil
and ripasudil) [3]. Carvedilol is a beta-adrenergic blocker that is used to treat hypertension
and ischemic heart diseases. Carvedilol is a class II (high permeability /low solubility) drug
according to Biopharmaceutical Classification System. It shows poor bioavailability (~25%);
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owing to extensive first-pass metabolism, following oral administration [4]. Nevertheless,
recent research has underscored the plausible use of topical carvedilol to treat high intraoc-
ular pressure [5,6]. For instance, Hassan et al. have affirmed the efficacy of ocularly applied
carvedilol-loaded cationic nanoparticle (leciplex) in reducing the intraocular pressure to a
normal range in ocular hypertensive rabbits [6].

A major challenge in ocular drug delivery is to tailor a delivery system that can grant
adequate drug concentrations at the target region for sufficient time interval. Conven-
tional ocular drug delivery systems, such as eye drops and ointments, usually suffer from
poor drug bioavailability, presumably, due to the complex anatomy and highly selective
physiological corneal barriers, which hinder the entry of exogenous materials to the ocular
tissues [7]. In addition, excessive and rapid loss of drug due to high tear fluid turnover and
the nasolacrimal drainage could reduce ocular absorption by reducing the contact time of
instilled drug at the site of action [8].

Colloidal drug delivery systems such as nanoparticles, nanoemulsions, niosomes, and
liposomes have been extensively explored in ocular drug delivery [9-11]. The benefits
of colloidal carriers include controlled and/or sustained drug release at the targeted site,
the ability to deliver both hydrophilic and hydrophobic drugs to eye tissue, and the
potential to circumvent blood-ocular barriers/efflux-related problems encountered with
the parent drug [10,11]. Among a wide range of colloidal carriers in the realm of ocular
drug delivery, spanlastics (SLs), an elastic non-ionic surfactant based vesicular system,
have emerged as a viable delivery vehicle that could efficiently circumvent the limitations
of conventional ophthalmic drug delivery systems [12,13]. Spanlastics are composed of a
non-ionic surfactant as a main vesicle forming component, and an edge activator (EA). The
inclusion of EA to vesicles provides SLs with a great elasticity, compared to conventional
niosomes [14]. Such elasticity of the vesicles enhances the corneal permeability of the
entrapped drugs, underscoring the potential use of SLs as efficient drug delivery vehicles
for ocular administration [15].

In situ gelling systems are stimuli-sensitive polymeric viscous liquids that undergo sol
to gel transformation upon application to the human body in response to small changes in
specific conditions like pH, temperature and/or ionic strength [16]. Recently, ophthalmic
in situ gels have emerged as an ideal choice for ocular delivery. Compared to conven-
tional gels, in situ gels are applied as solutions or suspensions, which provides ease of
administration while maintaining dose accuracy. Afterwards, they are converted into a
gel state upon contact with tear fluids in response to definite stimuli such as temperature,
pH, etc. [17]. This would extend ocular residence time, decrease pre-corneal elimination,
and consequently, enhance the ocular availability of the administered drug along with
improving patient compliance via reducing dosing frequency [18]. Rawat et al. [8] have
recently emphasized the efficacy of dual-responsive in situ gel, composed of a combination
of the thermo-sensitive poloxamers (poloxamer 407 /poloxamer 188) and the ion-sensitive
polymer kappa-carrageenan, for enhancing the anti-glaucoma potential of the 3-adrenergic
antagonist, nebivolol. Intriguingly, the ocular applicability of in situ gels can be augmented
by the incorporation of nanoparticulate systems within in situ gel with the goal of extending
drug release and enhancing the therapeutic outcomes [19,20].

This study, therefore, aimed at formulating carvedilol in a dosage form, spanlastic-
laden in situ gel system, that combine the advantages of both nano-systems (spanlastics)
and in situ gels as a plausible tool to sustain drug delivery, enhance drug transcorneal
permeation and eventually ameliorate its ocular bioavailability for the management of
glaucoma. For such purpose, thermosensitive polymers; poloxamer 407 /poloxamer 188,
were utilized for the formulation of in situ gel system. Formulation parameters such as
gelation temperature, muco-adhesion force and in vitro release behavior of in situ gel
systems were optimized. Finally, the ex-vivo permeation, the in vivo fate, and the in vivo
efficacy of optimized carvedilol-loaded in situ gel system in lowering IOP were investigated.
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2. Results and Discussion
2.1. Formulation of Carvedilol-Loaded Spanlastic In Situ Gel (CS-ISG)

In our previous study, we succeeded to formulate carvedilol-loaded spanlastics (CRV-
SPLs) for augmenting the therapeutic efficacy of carvedilol in a hypertensive rat model [21].
In that study, a combination of Span 60 as main vesicle component and different edge
activators (EA), namely Tween 80 and Brij 97, were adopted for the fabrication of CRV-
loaded spanlastics at two Span:EA ratios (90:10 and 80:20). It was evident that spanlastics
prepared with Brij 97 as an edge activator at a Span:EA ratio of 80:20 showed optimal
formulation attributes such as minimum vesicle diameter, high entrapment efficiency, and
efficient drug permeability. In this study, we tried to extend our work via challenging the
efficacy of CRV-loaded spanlastics (CRV-SPLs) in the management of glaucoma. For such
purpose, the optimized CRV-loaded spanlastic formulation (CRV-SPLs) was incorporated
into an in situ gel formulation (CS-ISG) to facilitate its application, extend the residence time
onto the corneal surface after application, and subsequently, augmenting drug penetration
through the cornea. Herein, poloxamer-based thermo-sensitive polymers (poloxamer
407 / poloxamer 188) were utilized for the fabrication of carvedilol-loaded spanlastic in
situ gel (CS-ISG) formulations. Poloxamer-based polymers were selected because of their
advantages of high-water solubility, thermo-reversible gelation properties, and their ability
to produce translucent gels that do not interfere with normal vision. The composition of
different poloxamer-based in situ gel formulation is summarized in Table 1.

Table 1. Composition of various CRV-SPLs-loaded in situ gels (CS-ISGs) formulations.

Formula Poloxamer 407 Poloxamer 188

F1 20 5

F2 22 5

F3 25 5

F4 20 7.5
F5 22 75
Fé6 25 7.5
F7 20 10
F8 22 10
F9 25 10

2.2. Evaluation of CS-ISGs
2.2.1. Clarity

Clarity and homogeneity of various CS-ISG formulations were assessed visually
before and after loading with CRV-SPLs. Plain ISGs were transparent and homogeneous;
however, following CRV-SPLs loading, CS-ISGs became less transparent, but with no
suspended particles.

222. pH

Generally, for ophthalmic products to be well tolerated by eyes, the pH of the fab-
ricated products should fall within the normal ocular comfort range (pH range of 6.5 to
7.5) [22]. As illustrated in Table 2, the pH of all CS-ISG formulations was determined to be
between 6.48 £ 0.04 and 7.32 £ 0.05, which is considered within the acceptable limit for
ophthalmic treatments.
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Table 2. Physicochemical properties of different CS-ISG formulations.

Formula pH Drug Content Gelation Muco-Adhesion Viscosity (cp)
(%) Temperature (Tg; °C) Force (mN) At25°C At37°C

F1 6.48 £ 0.04 99.3 £04 36.8 £0.3 58.7 £4.9 58.6 £4.2 276.3 £ 13.8
F2 6.94 £ 0.03 99.1 £0.5 324 +05 872+£52 83.6 £5.9 369.3 = 10.9
E3 713 £0.07 98.6 £0.7 28.8 £0.6 1123 £ 6.1 112.8 £9.3 4243 +£13.7
F4 6.71 £ 0.06 984 £ 04 379 £05 781+£7.6 76.3 £ 44 303.5 +10.8
F5 7.03 £ 0.05 98.3 £ 0.6 349 +0.7 96.4 + 8.3 103.3 £ 6.1 363.7 = 18.8
F6 7.29 £ 0.08 979 £0.9 31.5+04 1345 +£9.7 146.4 £ 11.5 485.3 +43.9
F7 6.87 £ 0.08 982 £0.7 40.5£0.8 923 £8.2 96.1 £ 6.5 362.7 £ 11.7
F8 7.18 £ 0.06 978 £1.1 36.9 = 0.9 161.5+73 114.7 £ 9.6 4549 +11.4
F9 7.32 £0.05 97.3 £0.9 33.6 £0.7 174.8 £ 11.2 164.3 £ 12.0 549.8 £ 15.2

All data represents mean + SD. (n = 3).

2.2.3. Drug Content

All the prepared CS-ISG formulations showed high drug content fluctuating from
97.3 + 0.9% to 99.3 + 0.4% (Table 2). These results suggest that CRV-SPLs were uniformly

distributed within the prepared ISGs, and the preparation method was reproducible.

2.2.4. Gelation Temperature

Gelation temperature (Tg) is an important metric in determining the ability of the
applied ISG formulation to be transformed into gel state at ocular temperature upon eye
installation. To be readily instilled into the eye, an ophthalmic in situ gel should have a
Tg greater than room temperature (25 °C) and be transformed into a gel at pre-corneal
temperature (35 °C). Formulation with T greater than 37 °C is not desirable for ophthalmic
use because these formulations would stay in the sol state after ocular administration and
could suffer from nasolacrimal drainage prior exhibiting its pharmacological effect. In this
study, T of various CS-ISG formulations ranged from 28.8 £ 0.6 °C (F6) to 40.5 + 0.8 °C (F7)
(Table 2). It was obvious that, at fixed P188 concentration, increasing P407 concentrations
from 20% w/v to 25% w/v results in a significant decrease in gelation temperature. For
instant, in situ gel formula prepared at 25% w/v P407 (F3) showed a gelation temperature
of 28.8 & 0.6 °C, which was significantly lower than that prepared at 20% w/v P407 (F1;
36.8 = 0.3 °C). On the other hand, at fixed P407 concentration, increasing P188 concentration
from 5% w/v to 10% w/v tended to elevate gelation temperature, as summarized in Table 2.
The gelation temperature of F7 (40.5 £ 0.8 °C), prepared at 10% w/v P188 was remarkably
higher than that of F1 (36.8 £ 0.3 °C), prepared at 5% w/v P188. Poloxamers are triblock
copolymers composed of a core poly (propylene oxide) hydrophobic portion (PPO) and
two poly (ethylene oxide) hydrophilic parts (PEO) [23]. Many reports have revealed
that gelation properties of poloxamers relies on the ratio between the hydrophobic and
hydrophilic sub-units (PPO/PEO) in the polymer chain [23-25]. Reducing PPO/PEO ratio,
by either decreasing P407 concentration or increasing P188 concentration, resulted in a
significant rise (p < 0.05) in the gelation temperature of in situ gel formulation. This might
be accounted for the abundant hydrogen bonds between the comparatively hydrophilic
PEO blocks and water, which raises the energy necessary to break down the hydrogen
bonds between water and PEO blocks and, as a result, raises the sol-to-gel transition
temperature [26]. Similar results were reported by Cao et al. who highlighted the impact of
increasing poloxamer 407 concentrations in promoting gel formation at lower temperatures

for poloxamer-based azithromycin in situ gel formulations [27].

2.2.5. In Vitro Muco-Adhesion Force

Muco-adhesion force is the force with which the formulation binds to the corneal
surface. It is one of the essential parameters for ocular ISGs formulation since the ability of
ISGs to increase pre-corneal residence does not depend only on the ability to be converted
into gel after instillation into the eye but on the muco-adhesion power of the formed ISGs
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as well. Generally, polymers with good muco-adhesion properties will increase the muco-
adhesion force, prolong the pre-corneal residence time of the formulation, and thereby,
enhance the overall ocular bioavailability [28,29]. As summarized in Table 2 and Figure 1,
the muco-adhesion force of all ISGs formulations fluctuates from 58.7 + 4.9 mN (F1) to
174.8 £ 11.2 mN (F9). It was evident that increasing either P407 or P188 concentration could
result in a proportional enhancement in the muco-adhesion force between the prepared
ISGs formulations and corneal surface, presumably, owing to the elevated number of
co-polymer chains penetrating glycoprotein chains per unit volume of mucin [30].
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Figure 1. In vitro muco-adhesion force of various CS-ISG formulations. The data represent the mean
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2.2.6. Rheological Studies

Rheological properties play a key role in the formulation of in situ gelling solutions.
In general, ocular in situ gels should have a viscosity that permits easy instillation into the
eye and a rapid transition from sol to gel upon instillation [31]. Herein, the rheological
properties of all CS-ISG formulations were examined as a function of temperature. The
average results of the viscosity of the prepared ISGs before (at 25 °C) and after (35 °C)
gelling are tabulated in Table 2. As presented in Table 2, all CS-ISG formulations had low
viscosities at ambient temperature (25 °C), but when the temperature was raised to 37 °C,
a significant rise in the viscosity of all formulations was observed, presumably, because
of the thermosensitive in situ gelling property of these polymers systems. In addition,
it was obvious that, for all tested formulations, there was a remarkable increase in the
viscosity with increments in the concentrations of either P407 or P188. For instance, at
fixed P188 concentration, the viscosity of CS-ISG formulation prepared at 25% w/v P407
(F3; 112.8 & 9.3 cp) was significantly higher than that prepared at 20% w/v P407 (F1;
58.6 + 4.2 cp). In the same context, increasing co-polymer (P188) concentration was
associated with a pronounced increase in CS-ISGs viscosities. For example, at fixed
P407 concentration, the viscosity of CS-ISG formulation prepared at 10% w/v P188 (F9;
164.3 = 12.0 cp) was obviously higher than that prepared at 5% w/v P188 (F3; 112.8 £ 9.3 cp).
The same trend of a mutual increase in CS-ISGs viscosities with increasing either P407 or
P188 concentrations was observed at 35 °C. This increase in viscosity might be explained
by the interaction of the co-polymer (P188) with the micellar entanglement of P407, which
could cause the creation of stronger bonds and hence an increase in formulation viscosity.
Of note, viscosity results revealed that F1, F2, F4 and F7 met the requirement of ophthalmic
in situ gel viscosity 5-100 cPs at room temperature [32]. Nevertheless, F1, F4 and F7 did not
fulfill the criterion of having appropriate gelation temperature for ophthalmic application;
all these formulations showed TG values greater than pre-corneal temperature (35 °C).

Based on various characterization parameters, particularly, gelation temperature and
viscosity measurements, F2 was selected for further studies since formula F1, F4, F5, F7
and F8 had high gelation temperature (>35 °C), which would hinder their transformation
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into gel state at corneal temperature. Whilst F3, F6, and F9 had relatively higher viscosity
values at room temperature (>100 cPs) that might hinder proper in situ gel application.
By contrary, the selected formula (F2) has good gelation capacity at body temperature,
appropriate viscosity at 25 °C that would ease its ocular application, and relatively higher
viscosity at 37 °C, which would promote prolonged ocular residence of the formulation
post its instillation into eyes.

2.3. In Vitro Release Studies

The in vitro release profiles of CRV from different formulations was investigated using
STF (pH 7.4) as a dissolution medium. As depicted in Figure 24, it was clear that entrapping
CRYV within spanlastic (SPLs) system greatly slowed drug release. For CRV suspension,
~30% of CRV was released after 2 h and ~95% after 6 h. On the other hand, CRV-SPLs
demonstrated biphasic release, with ~40% of CRV was rapidly released in the first 4 h,
presumably owing to surface-adsorbed free CRYV, followed by continuous release from the
vesicle core for up to 24 h. Such slower release pattern of CRV from spanlastic formulation
was ascribed to the entrapment of CRV within vesicular system (spanlastics), which is
known to operate as a reservoir that slows down drug release, resulting in a prolonged
release profile.
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Figure 2. Invitro release profile of CRV from (A) SPLs in comparison with pure CRV and (B)
Spanlastic laden in situ gel (F2) in comparison with CRV-loaded in situ gel (CRV-ISG). The data
represent the mean & SD of three independent experiments.

The in vitro release profiles of selected CS-ISG formulation (F2), compared to CRV-
loaded in situ gel (CRV-ISG) were graphically illustrated in Figure 2B. In vitro release
results inferred that incorporating CRV-SPLs into ISGs had significantly sustained drug
release, compared to plain CRV-ISG. The percentage cumulative CRV released from CS-ISG
formulation (F2) in 8 h was ~70%, compared to 95% for plain CRV-ISG. This slower drug
release from CS-ISG formulation (2) might be related to the dual action of including the
vesicular system (CRV-SPLs) within in situ gelling system.

2.4. Ex Vivo Corneal Permeability

Ex-vivo drug permeation of plain CRV-ISG and CS-ISG formulation (F2) was con-
ducted using goat corneal membrane since it simulates the condition of the human corneal
membrane [33]. Figure 3 depicts the cumulative amount of CRV permeated through the
cornea membrane from both CRV-ISG and CS-ISG formulation. Figure 3 inferred that CRV
release from either CRV-ISG and CS-ISG formulation (F2) was comparable in the first hour.
Following that, an increase in CRV permeation was observed with CS-ISG formulation (F2)
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when compared to plain CRV-ISG formulation. The cumulative amount of CRV permeated
after 6 h (Qgp,) from CS-ISG formulation (F2) was 110.4 & 9.8 pg, which was ~3 times higher
than that of plain CRV-ISG (Qgp, 46.2 + 3.9 ug). The remarkable increase in drug permeation
from CS-ISG formulation might be ascribed primarily to the encapsulation of the drug with
nano-size vesicles (spanlastics) with superior corneal penetration properties. Similar results
were reported by Hassan et al. [6] who underscored the potential of entrapping carvedilol
within cationic nanoparticles (leciplex) for enhancing the transcorneal penetration of CRV
compared to plain drug solution.
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Figure 3. Transcorneal permeability of CRV across rabbit cornea from CRV-loaded in situ gel (CRV-
ISG) and optimized CS-ISG (F2) (mean + SD, n = 3).

In addition, transcorneal permeation parameters for both plain CRV-ISG and CS-ISG
formulation (F2) were calculated (Table 3). As summarized in Table 3, CS-ISG formulation
(F2) showed greater steady state transcorneal flux (Jss 22.37 & 2.1 ug/h) compared to plain
CRV-ISG (Jss 8.38 £ 1.1 ug/h). Interestingly, F2 triggered a considerable enhancement in
CRV apparent permeation coefficient (Papp 6.39 x 107¢ cm/s) compared to plain CRV-ISG
(Papp 2.67 x 1076 cm/s). This might be ascribed to the presence of span 60 and EA in the
spanlastics, which would promote higher drug permeation through corneal membrane [34].
Collectively, it is possible to infer that entrapment of CRV within SPLs greatly improved
CRV corneal penetration over the plain ISG formulation.

Table 3. Ex vivo permeation parameters of different CRV formulations.

Formula Jss (ng/h) Papp (cm/s) x 10-° Qgn (1g)
Plain CRV-ISG 8.38 + 0.95 2.67 46.2 + 3.9
CS-ISG formulation (F2) 22.37 +2.24 6.39 110.4 +£9.8

2.5. In Vitro Stability Study

The optimized CS-ISG formulation (F2) was subjected to stability study following
storage at 4 °C for 8 weeks. Visual appearance, pH, drug content and gelling capability were
examined. Based on a 2-month investigation, there is little difference in visual appearance,
pH, drug content and gelling capability, inferring that the formulation is stable (Table 4).
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Table 4. Stability study of optimized CS-ISG formulation (F2).

Time Visual Appearance pH Drug Content Gelling Capacity
0 Clear 6.94 +0.03 99.1+05 +++
4th week Clear 7.05 £ 0.10 98.3+1.0 +++
8th week Clear 7.21 + 0.09 97.5+1.3 +++

Data represent mean + SD. (n = 3). +++ Gelation immediately, remains for extended period.

2.6. In Vivo Pharmacokinetic Study

In vivo pharmacokinetic study was performed to estimate the ocular bioavailabil-
ity, based on calculating the amount of CRV penetrated to the aqueous humor of rabbit
eyes, following a single instillation of either plain CRV-ISG and CS-ISG formulation (F2).
Non-compartment model analysis was implemented to calculate several pharmacokinetic
parameters such as Cmax, tmax, and AUC from a graph drawn between CRV concentrations
(ng/mL) in aqueous humor and time [35]. As shown in Figure 4, CRV levels in aqueous
humor were elevated rapidly within 1 h post instillation of either plain CRV-ISG and
CS-ISG formulation (F2), indicating relatively rapid onset of action. Nevertheless, for plain
CRV-ISG, drug levels in aqueous humor declined rapidly, where very low concentrations of
CRV were detected in aqueous humor at 4 h post instillation. On the other hand, F2 showed
higher drug levels in the aqueous humor for an extended period of time, suggesting a
dramatic increase in drug penetration through corneal membrane.
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Figure 4. Carvedilol concentration in the aqueous humor following single ocular instillation of
various formulations. The data represent mean + SD (n = 6).

The computed pharmacokinetic parameters for both plain CRV-ISG and CS-ISG for-
mulation (F2) were tabulated in Table 5. As depicted in Table 5, plain CRV-ISG showed
tmax of 1 h, which was remarkably shorter than that observed with CS-ISG formulation
(F2; tmax = 2 h). This delayed tmax of F2 compared to plain CRV-ISG might be accounted to
the entrapment of CRV into spanlastic vesicles, which might pose an additional diffusion
barrier for drug release into aqueous humor. Nevertheless, it was obvious that F2 had a
significantly higher peak concentration (Cmax 781.4 £ 69.4 ng/mL) and greater AUC ¢,
(24945 £ 113.7 ng-h/mL) compared to plain CRV-ISG (Cpax; 485.7 £ 52.9 ng/mL and
AUCy gn 1161.3 £ 98.6 ng-h/mL). These results are consistent with ex vivo permeation
data, in which, the flux (Jss) and apparent permeability coefficient (Papp) were considerably
higher in F2 (Figure 3 and Table 4). Furthermore, the mean residence time (MRT) of F2
was 4.11 & 0.5 h, which was longer than that of CRV-ISG (MRT = 2.15 & 0.3 h). This
increase in MRT for F2 could be ascribed to the gradual and prolonged release of CRV
from spanlastic vesicles. Collectively, our results underscored the potential of CRV-loaded
spanlastic vesicles to augment the ocular bioavailability of CRV. These findings are con-
sistent with previous research on the effect of drug encapsulation into nanoparticulate

128



Gels 2023, 9,952

systems on drug ocular pharmacokinetics. For instance, Huang et al. discovered that, as
compared to commercial timolol eye drops, cubosomes had the ability to sustain timolol
release, and thereby, foster its retention in the aqueous humor and the anterior segment
of eye [36]. Similarly, Ban et al. accentuated the efficacy of charged lipid nanoparticle
to extend dexamethasone retention time and to boost its permeation through the cornea,
resulting in higher ocular bioavailability when compared to dexamethasone solution [37].

Table 5. Pharmacokinetic parameters of different carvedilol formulations in aqueous humor.

Pharmacokinetic Parameter CRV-ISG CS-ISG (F2)
Cax (ng/mL) 485.7 +£52.9 781.4 + 69.4
tmax (h) 1 2
t1/2(n) 1.01 0.2 221 +£04
AUCy g (ng-h/mL) 1161.3 +98.6 24945 + 113.7
MRT (h) 2154+ 0.3 4114+ 05

2.7. In Vivo Pharmacodynamic Study

The in vivo efficacy of the optimized CS-ISG formulation (F2) on reducing IOP was
investigated and compared to that of plain CRV-ISG. The change in IOP from baseline with
time following ocular instillation of either optimized F2 formula or plain CRV-ISG was
plot in Figure 5. As shown in Figure 5, plain CRV-ISG succeeded to elicit a rapid drop in
IOP (16.1 £ 0.5 mmHg) after one hour following ocular administration that lasted for three
hours, following which IOP progressively increased to its initial value (20.6 &= 0.7 mmHg) at
eight hours. On the other hand, in comparison to plain CRV-ISG, the optimized F2 formula
triggered a substantial decrease in IOP readings after 2 h, with a maximum reduction of
15.1 £ 0.4 mmHg. This IOP lowering activity was maintained for up to 8 h post F2 instilla-
tion, indicating a sustained action of F2. The average IOP at 8 h post F2 instillation was
17.9 + 0.9 mmHg, compared to 21.6 = 0.6 mmHg for control eye. These results suggest that
the inclusion of CRV-SPLs into ISGs formulation would sustain drug release for more pro-
longed time than plain CRV-ISG, and subsequently, the instilled dose could be decreased.
The double-layered structure of spanlastic, gel viscosity, and gel matrix structure all con-
tributed to the prolonged and sustained impact [38]. Similar results were stated by Leonardi
et al. who investigated the IOP lowering activity of cationic solid lipid nanoparticle encap-
sulating melatonin. They revealed that solid lipid nanoparticle entrapping melatonin had a
superior IOP lowering activity that lasted for 24 h after instillation, compared to that of
free drug, which exerted its effect for only 4 h post ocular application [39].
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Figure 5. IOP lowering effect CRV-ISG and CS-ISG (F2). The data represent mean + SD (n = 6).
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2.8. Ocular Irritation

The Draize rabbit eye test was adopted to scrutinize the possible irritation potential of
optimized F2 formula. In this study, ocular irritation was studied after ocular instillation of
CRV-ISG and optimized CS-ISG formulations. Both treated groups showed no symptoms of
ocular irritation such as tears, redness, or edema during the test (Table S1). These findings
ruled out the irritating potential of the test formulations.

3. Conclusions

In this study, we explored the influence of incorporating carvedilol-loaded spanlastics
into in situ gelling system on the anti-glaucoma action of carvedilol. Thermosensitive in situ
gel was prepared with a blend of two poloxamer analogs; 22% w/v poloxamer 407 and 5%
w/v poloxamer 188. Incorporating CRV-loaded spanlastics within poloxamer-based in situ
gel provided a dual action on sustaining drug release and prolonging the corneal retention
time. In addition, ex vivo permeation studies demonstrated that the optimized spanlastic-
laden in situ gel formulation (F2) significantly enhanced CRV permeation across the rabbit
cornea by a 2.4-fold compared to plain CRV-ISG formulation. Most importantly, in vivo
studies verified that incorporating CRV-loaded spanlastics within poloxamer-based in situ
gel triggered a 2-fold increase in the AUC of optimized formula (F2), compared to plain
CRV-ISG formulation. This enhancement in CRV ocular bioavailability was synchronized
with a superior IOP lowering potential of optimized formula (F2). Collectively, spanlastic
laden in situ gel might represent a promising alternative to conventional dosage forms for
promoting efficient corneal delivery of anti-glaucoma drugs.

4. Materials and Methods
4.1. Materials

Carvedilol (CRV) was generously obtained from SAGA Pharmaceutical Company
(Cairo, Egypt). Brij 97, poloxamer 407, poloxamer 188 and Span 60 were provided by Sigma
Aldrich (St. Louis, MO, USA). All other used chemicals were of analytical grade.

4.2. Formulation of Carvedilol-Loaded Spanlastics (CRV-SPLs)

Carvedilol (CRV)-loaded spanlastics (CRV-SPLs) were fabricated by the ethanol in-
jection method, as described previously [21]. Span 60 was adopted as the main vesicle
forming component, while Brij 97 was used as an edge activator (EA) at Span 60:EA weight
ratio of 90:10. To prepare CRV-loaded SPLs, CRV (62.5 mg) and a definite weight of Span 60
were dissolved in 5 mL ethanol. The ethanolic solution was then added dropwise to 15 mL
of a preheated Brij 97 aqueous solution (70 °C). The dispersion was continuously stirred
on a magnetic agitator (Jenway 1000, Jenway, UK) till the formation of milky spanlastic
dispersion. The resultant dispersion was sonicated for 5 min to minimize the particle size.
Finally, the obtained dispersion was stored at 4 °C until being used in further experiments.

4.3. Incorporation of CRV-SPLs into In Situ Gels (CS-ISGs)

Poloxamer-based hydrogel containing CRV-SPLs equivalent to 0.5% w/w of the drug
were fabricated by the cold method [40] using definite concentrations of Poloxamer 407
(P407) and Poloxamer 188 (P 188) as summarized in Table 1. Briefly, definite concentrations
of both P407 and P188 were mixed together and were dissolved in specific volumes of
deionized water at 4 = 1 °C. The mixture was stirred continuously overnight until a
clear homogenous solution without lumps was obtained. Finally, an accurately weighed
amount of CRV-SPLs was uniformly dispersed in the preformed poloxamer-based hydrogel
and stored overnight in a refrigerator to exclude any entrapped air bubbles for further
examinations.
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4.4. Characterization of CRV-SPLs-Loaded In Situ Gels (CS-ISGs)
4.4.1. Visual Appearance

Clarity and homogeneity of the prepared CS-ISGs were observed by visual inspection
of different formulations against a black and white background.

442 pH

pH meter (CG820 Schott Gerdte,, Gerbershausen, Germany) was adopted for measur-
ing the pH values of various formulation.

4.4.3. Drug Content

0.5 g of CS-ISGs were dissolved in ethanol using sonication to thoroughly lyse the
vesicles then filtered through a 0.45 m milipore filter. The filtrate was suitably diluted, and
the drug content was finally quantified spectrophotometrically at 242 nm using Ultraviolet—
visible (UV-Vis) spectrophotometer (Shimadzu, Kyoto, Japan). The drug content (%) was
calculated using the following formula:

Actual amount of CRV
Theoretical amount of CRV

Drug content (%) = x 100

4.4.4. Determination of Gelation Temperature

Gelation temperature (Tg) was assessed by an inversion method [41]. Briefly, 1 mL of
each CS-ISG formulation was placed into a 2 mL Eppendorf tube and allowed to equilibrate
for 5 min at room temperature. The tubes were then placed in a thermomixer (Eppendorf
ThermoMixer® C, Enfield, CT, USA) that had previously adjusted at 20 °C and subjected
to a temperature rise of 1 °C every 2 min. The temperature at which no movement
into the liquid was detected upon tilting up the tubes at 90° is referred to as the sol-gel
transition temperature.

4.4.5. Rheological Studies

Brookfield viscometer model DVII (Haake Inc., Osterode am Harz, Germany) was
used for viscosity measurements of different CS-ISG formulations before and after gelation
(at 25 °C and 37 °C). Briefly, one gram of gel under investigation was put in the sample
holder, and spindle no. 4 was lowered perpendicularly into it. The spindle was rotated at a
constant speed of 100 rpm, and all measures were done in triplicates.

4.4.6. Measurement of Muco-Adhesion Force

The muco-adhesion force was determined using the modified analytical two-pan
balance [28]. Freshly excised goat cornea was obtained from a local slaughterhouse. The
cornea was excised from the ocular tissue and rinsed several times with cold PBS (pH 7.4)
to get off any protein debris. Two same glass slides were used; one was fitted on the lower
pan using double-sided adhesive tape, and the other was fitted on a table bench. Two same
pieces of the cornea (2.5 cm?) were adhered to each slide using glue. A very thin layer of a
specific weight (0.5 gm) of each CS-ISG formulation was applied between corneal tissues.
A preload of 5 gm was applied over the balance pan above glass slides for 30 s and then
removed to ensure intimate contact between the excised cornea and the ISGs formulation.
Increasing amounts of water were added in the second pan until the slides detached from
each other and the water weight that cause complete detachment was recorded. The force
of adhesion (N), defined as the minimum weight needed to detach the cornea from the
formulation, was calculated using the following equation [42]:

_m-g
~ 1000

where (m) is the weight in grams of water needed to detach the CS-ISGs formulation away
from the cornea; (g) is the gravitational acceleration (9.81 m/s?).
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4.5. In Vitro Release Study

In vitro release of CRV from different CS-ISGs formulations was performed using a
modified Franz diffusion cell, employing freshly prepared simulated tear fluid (STF; pH 7.4)
as the release medium. In brief, a specific volume of each formula corresponding to 5 mg
of CRV was transferred to the donor chamber. The donor chamber was then suspended
in 250 mL of the release medium placed in the receptor compartment and was kept at
37 £ 0.5 °C and constantly agitated at 100 rpm. At predetermined time intervals, 1 mL
samples were collected and replaced with an equal volume of fresh medium. The collected
aliquot samples were diluted and spectrophotometrically analyzed at 242 nm to quantify
the amount of drug released.

4.6. Ex Vivo Corneal Permeability Study

Ex vivo corneal permeability across freshly excised rabbit cornea was investigated
using the membrane diffusion method [43]. Briefly, the excised cornea was sandwiched
between the donor and receptor compartments of Franz diffusion cell. Both free CRV
solution and selected CS-ISG formulation (equal to 1 mg CRV) were applied to the corneal
epithelium in the donor compartment. 25 mL of fresh STF (pH 7.4) was used as the receptor
medium. At predetermined time intervals, 1 mL aliquots were removed and replaced
with fresh medium. The samples were spectrophotometrically analyzed at 242 nm to
quantify drug content in each sample. The cumulative amount of CRV permeated through
corneal membrane per unit area was plotted versus time (h). Drug flux across cornea was
determined from the slope of the linear part of the curve, while the apparent permeability
coefficient was calculated using the following formula:

po_hQ 1
PP TOAF T 3600 X A x C,

where, AQ/ At is the cumulative amount of drug permeated across the cornea over time t,
A is the exposed corneal surface area (0.8 cm?), and C, is the initial drug concentration in
donor chamber.

4.7. Stability Studies

The stability studies for the optimized CS-ISG formulation were carried out by storing
the optimized formula at 4 °C for 8 weeks and then the formula was assessed for visual
appearance, pH, drug content and gelling capability.

4.8. In Vivo Experiments
4.8.1. In Vivo Pharmacokinetics

In vivo pharmacokinetic study was conducted on male albino rabbits (2-2.5 kg). The
study protocol was reviewed by the Animal Ethics Committee, Prince Sattam Bin Abdulaziz
University, Al-Kharj, KSA (approval number: 048/2022). In this study, the animals were
categorized into two groups; the first group was treated with 50 puL of CS-ISG formulation
(5 mg CRV/mL), while the other group was treated with 50 uL of CRV ophthalmic sus-
pension (0.5% w/v). Animal eyelids were lightly closed for 1 min to permit better contact
of drug with the corneal membrane. Prior to aqueous humor withdrawal, rabbits were
anaesthetized with sodium phenobarbital (30 mg/kg), and 100 uL samples of aqueous
humor were obtained at 0.5, 1, 2, 4, and 6 h using a 29-gauge insulin syringe needle. The
samples were mixed with 500 puL of methanol to precipitate protein, followed by centrifu-
gation at 5000 rpm for 15 min. The concentration of CRV in the supernatant was quantified
using an HPLC system equipped with a UV detector (Shimadzu, Tokyo, Japan) at 240 nm
and a Hypersil® C-18 column (150 mm x 4.6 mm, 5 um). The column was eluted with a
mobile phase consisting of KH;PSOj4:acetonitrile (50:50 v/v), adjusted to pH 3.0 with dilute
orthophosphoric acid solution. The flow rate was 1 mL/min and the injection volume was
20 pL. The pharmacokinetic parameters were determined using a PKSolver 2.0 software.
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4.8.2. Pharmacodynamic Study

In vivo pharmacodynamic study was conducted on male albino rabbits, with an
average IOP value of 21.6 mmHg. Twelve rabbits were divided into two groups: Group I
was instilled with 50 uL of CRV suspension (0.5% w/v), while Group II was instilled with
50 pL of CS-ISG formulation (5 mg CRV/mL), into the left eye. The right eye received 50 uL
physiological saline and served as control. At predetermined time points post treatments
(0,05,1,2,3,4, 5, and 6 h), the IOP was measured under surface anesthesia with 0.2%
lidocaine using a tonometer (Riester, Jungingen, Germany).

4.8.3. Assessment of Ocular Irritancy of CS-ISG Formulation

Male albino rabbits (2 groups of 3 animals in each) were employed to examine the
ocular tolerability of the formulated CS-ISG formulation. The animals were inspected for
any signs of irritation (redness, inflammation, or increased tear production) upon ocular
application. A 50 pL aliquot of CS-ISG formulation or an equivalent concentration of
CRV-ISG were ocularly applied into the left eye’s conjunctival sac, while the contralateral
eye served as a control and received no treatment. Direct visual inspection using a slit lamp
was used to examine both eyes of the rabbits for any signs of irritation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9120952 /s1, Table S1: Grading of ocular irritation by Draize
irritation test in rabbits.
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Abstract: Nanofibrous materials present interesting characteristics, such as higher area/mass ratio
and reactivity. These properties have been exploited in different applications, such as drug-controlled
release and site-specific targeting of biomolecules for several disease treatments, including cancer.
The main goal of this study was to develop magnetized nanofiber systems of lysozyme (Lys) for
biological applications. The system envisaged electrospun polyvinyl alcohol (PVA) and PVA /chitosan
(CS) nanofibers, loaded with Lys, crosslinked with boronic acids [phenylboronic acid (PBA), includ-
ing 2-acetylphenylboronic acid (aPBA), 2-formylphenylboronic (fPBA), or bortezomib (BTZ)] and
functionalized with magnetic nanobeads (IONPs), which was successfully built and tested using
a microscale approach. Evaluation of the morphology of nanofibers, obtained by electrospinning,
was carried out using SEM. The biological activities of the Lys-loaded PVA/CS (90:10 and 70:30)
nanofibers were evaluated using the Micrococcus lysodeikticus method. To evaluate the success of
the encapsulation process, the ratio of adsorbed Lys on the nanofibers, Lys activity, and in vitro Lys
release were determined in buffer solution at pH values mimicking the environment of cancer cells.
The viability of Caco-2 cancer cells was evaluated after being in contact with electrospun PVA + Lys
and PVA/CS + Lys nanofibers, with or without boronic acid functionalation, and all were magnetized
with IONPs.
Keywords: lysozyme; 3D-electrospun; hydrogels; chitosan; PVA; magnetic nanoparticles;
tunable properties

1. Introduction

Nanofibers can be produced from a wide range of natural and synthetic polymers.
Some of the natural polymers include hydrogels such as alginate (AL), chitosan (CS),
collagen (CO), gelatin (GE), fibrin (FI), and hyaluronic acid (HA) [1,2]. CS, a natural
polysaccharide obtained from the deacetylation of chitin, has found widespread use in the
pharmaceutical, food, and biotechnology industries due to its biodegradability, biocom-
patibility, and biological properties, such as antioxidant, and antibacterial properties [3].
In the field of biomedicine, chitosan gel has been employed as a polymeric component in
drug delivery, bone tissue regeneration, and the healing of skin lesions [4]. Additionally, it
is also appropriate to remark on the possibility of combining chitosan with other types of
hydrogels to create suitable materials for improved tissue engineering applications [5].

Synthetic polymers such as poly(vinyl alcohol) (PVA), poly(hydroxyethyl methacrylate),
poly(ethylene glycol dimethacrylate), poly(ethylene oxide), poly(propylene-co-ethylene
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glycol fumarate), polypeptides, and poly(acrylic acid) and its derivatives have also been
used to produce nanofibers. PVA is an electrospinnable hydrophilic gel with excellent
mechanical properties, biodegradability, non-toxicity, and biocompatibility. It has an
acceptable toxicological profile, with LD50 above 15-20 g/Kg, NOAEL of 5 g/Kg, low
gastrointestinal absorption, lack of accumulation in the body, no sub-chronic or chronic
toxicity events reported, and no mutagenic or carcinogenic effects observed on in vitro
assays [6]. PVA is considered a safe compound by the European Food Safety Agency (EFSA)
and the Food and Drug Administration (FDA). Owing to its properties, PVA is one of the
most extensively studied and widely used polymers in biomedicine, especially in contact
lenses, implants, drug delivery systems, tissue engineering, artificial organ development,
and immobilization [2].

Polymer blending has emerged as a method of enhancing the chemical and mechan-
ical properties of polymeric materials for practical applications [7-9]. The existence of
electrospinning emulsions of poly (L-lactic acid)/poly (vinyl alcohol) with chitosan were
used for wound dressing with antibacterial properties [10]. Electrospinning is one of the
most popular processes for producing nanofibers, and it has been of interest since the
1980s, inspired by the development of nanotechnology. Electrospinning allows for the
conversion of a polymeric solution into solid nanofibers via the application of electrical
force [11,12]. The nanofibers obtained using electrospinning are collected in the form of a
porous matrix with a high surface area, which is structurally similar to the extracellular
matrix [11,12]. These fibers are associated with a low production cost and simplicity of
manufacturing, making them a promising substrate with vast applicability in numerous
areas of chemistry, biology, medicine, and engineering, such as wound healing, wound care,
biosensors, drug delivery systems, medical implants, tissue engineering, dental materials,
filtration membranes, protective clothing, and other industrial applications [11,12].

Lysozyme is a widely distributed enzyme found in several organisms, such as bacteria,
bacteriophages, fungi, plants, and mammals [13,14]. Chicken egg white lysozyme, which
has 129 amino acids and reactivity 3—4 times lower than human lysozyme, has been widely
used as an experimental model due to its structural similarity, availability, and low cost,
making it one of the most studied enzymes [15].

The antimicrobial activity of lysozyme relies on its ability to catalyze the hydrolysis of
the 31-4 glycosidic bond between N-acetylmuramic acid and N-acetylglucosamine, which
are components of the peptidoglycan in bacterial cell walls [16].

Lysozyme’s bactericidal properties have been applied in the food and pharmaceutical
industries [17]. In addition to its bactericidal properties, antifungal, antiviral, antitumor,
and immunomodulatory properties have also been described [13]. Lysozyme’s association
with cancer began in the 1960s due to its role as a tumor biomarker in hematological
cancers [6,18].

In recent years, the immobilization of enzymes and magnetic nanoparticles on poly-
meric nanofibers has allowed their use in sensors, tissue regeneration structures, drug
delivery systems, and other applications [19]. Iron oxide nanoparticles (IONPs) have
paramagnetic properties, are biocompatible and non-toxic, and are suitable for biomedi-
cal applications.

A different approach was the development of co-immobilized cellulase and lysozyme
on the surface of amino-functionalized magnetic nanoparticles using glutaraldehyde [20].
Another approach [21] was the fabrication of magnetic lysozyme@Fe;O4 composites via
amyloid-like assembly for uranium extraction with magnetism for easy recovery and good
binding affinity towards uranium, respectively. These composite adsorbents also showed
excellent photothermal properties derived from the Fe3O,4 nanoparticles.

A 2D protein self-assembly film was reported to capture functional enzymes without
any further chemical modification, with enzymes immobilized between FezO,4 nanopar-
ticles and a lysozyme film, preventing enzyme leaching and ensuring contact with sub-
strates [22,23].
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To extend the lifespan and bioactivity of lysozyme for use in food packaging, medicine,
medical devices, and cosmetics, immobilization of lysozyme on solid supports showed
positive results, as demonstrated by the increased stability and extended half-life of the
enzyme [24].

Magnetic nanoparticles have gained widespread research interest due to their addi-
tional use in hyperthermia-based cancer therapy. The process is based on the increased
sensitivity of various types of cancer cells to temperatures above 41 °C. Iron oxide nanopar-
ticles (IONPs), such as magnetite (Fe3O4), can heat the surrounding environment to 45 °C
when an alternating magnetic field is applied to them (hyperthermia). The damage caused
by the application of temperatures in the range of 41-45 °C in normal tissue is reversible,
while tumor cells are irreversibly damaged, and cell death occurs [19,25]. Therefore hydro-
gel nanofibers magnetized with IONPs can be one strategy for tumor treatment based on
localized hyperthermia [19]. The use of magnetized scaffolds as a therapeutic system and
as a drug delivery system is an interesting approach to colon cancer therapy. The magnetic
nanoparticle properties directly rely on their morphology and size. Thus, as the nanoparti-
cle size decreases, the magnetic behavior of the particle enormously decreases [26], which
directly impacts their applications as drug carriers or in hyperthermia treatments. Colon
cancer is the third most common cancer worldwide and the fourth most common cause of
death [27]. Due to its invasive nature, there is a need for alternative colon cancer therapies,
especially ones that allow growth control, enclosure of metastatic cells, and recurrence. The
human epithelial cell line Caco-2, derived from colon carcinoma, has been widely used as
a model of the intestinal epithelial barrier [28-30] and was used in this study to test the
cytotoxicity of the developed lysozyme magnetized nanofibers. Therefore, the main goal
of this study was to develop a hydrogel nanofiber system using the electrospinning tech-
nique, with the encapsulation of lysozyme crosslinked with boronic acids and magnetized
with IONPs.

2. Results and Discussion

The morphology of nanofibers depends on several factors, namely, properties of
the polymeric solution (concentration, molecular weight, viscosity, conductivity, surface
tension), process parameters (voltage, flow rate, collectors, distance between collector and
syringe needle), and environmental conditions (humidity and temperature) [31].

2.1. Characterization of Electrospinning Solutions

The specific conductivity (k) was evaluated for the hydrogel solutions of PVA,
PVA + Lys, PVA/CS 90:10, PVA/CS 90:10 + Lys, PVA/CS 70:30, PVA/CS 70:30 + Lys,
and CS. Figure 1 presents the specific conductivity profile as a function of polymer concen-
tration. For CS, no conductivity profile was observed.

The specific conductivity increased linearly with hydrogel polymer concentration up
to the point of discontinuity (Figure 1). This profile was divided into two linear series
that were adjusted for each one and allowed the critical aggregation concentration (c.a.c.)
calculation for each solution based on the intersection of the two lines (Table 1). These
results suggest that both Lys and CS positively influence the conductivity values of the
tested solutions. Similarly, the contribution of the CS to the c.a.c. represents an increase
of about 1.5% in the concentration required for the 10% PVA solution to reach the c.a.c.
(Table 1). Moreover, Lys in PVA /CS solutions increased the c.a.c. values. On the contrary,
for the PVA + Lys solution, the conductivity values increased proportionally with the
concentration, with a cutoff point at 0.03% PVA concentration (Figure 1).

The surface tension (y) was another parameter used in the characterization of the
electrospinning solutions. Figure 2 represents the surface tension profiles as a function of
the logarithm of polymer concentration. The surface tension of the solutions decreased
with increasing concentration of the polymers, attaining an equilibrium at the point where
the c.a.c. was achieved for PVA solutions: PVA/CS 70:30 and PVA/CS 70:30 + Lys. The
presence of CS did not significantly alter the surface tension values; however, the PVA /CS
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70:30 solutions originated higher values. Moreover, the presence of Lys decreased the
surface tension values at c.a.c. of all analyzed solutions (Figure 2).
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Figure 1. Specific conductivity (average temperature of 18.5 °C). (A) PVA; (B) PVA + Lys; (C) PVA/CS
70:30; (D) PVA/CS 70:30 + Lys; (E) PVA/CS 90:10; (F) PVA /CS 90:10 + Lys. SD (Standard Deviation)
was £0.01, and each point of the graphic was carried out in triplicates.

Table 1. Critical aggregation concentration (c.a.c.), specific conductivity, and surface tension at c.a.c.
for each polymer solution.

. . k! ca.c.? 8 cacy?
Polymeric Solution (S em-1) (%;‘ (ml\}/m—l) (%;’
PVA 10% (m/v) 985 1.07 38.86 £ 0.40 0.68
PVA 10% (m/v) + Lys 1958 0.03 36.70 £ 0.36 2.27
CS 2% (/) 2324
PVA/CS90:10 (v/v) 1503 2.62 3792 £0.34 2.54
PVA/CS90:10 (v/v) + Lys 1958 2.69 35.25 £ 0.30 248
PVA/CS 70:30 (v/v) 1466 2.49 42.35 £0.37 243
PVA/CS70:30 (v/v) + Lys 1943 2.60 4131 £0.31 2.62

! Specific conductivity of the solution at the concentration that was used in electrospinning. 2 Critical aggregation
concentration from conductivity measurements. 3 Surface tension of polymer solutions diluted 1:2 in distilled
water. * Critical aggregation concentration from surface tension measurements.

The c.a.c. was calculated based on surface tension data and fitted for conductivity
data (Table 1). In this case, the values of c.a.c. are similar for all solutions except for the 10%
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PVA + Lys solution, which showed some variability between the results calculated from
the conductivity and surface tension.

B 80.0
A 70.0
y =-14.728x + 45.579
R?=0.967 = 60.0 y=-11.671x + 46.407
E Rz=1
z
A PVA E — A PVA/CS 70:30
y =-13.984x + 36.528 PVA+LYS = y =-8.5665x + 45.847 PVA/CS 70:30 + LYS
R?=0.9393 R? =0.9959
40.0
1 30.0 |
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -15 -10 05 00 05 10 15 20
log € log C

y=-12.474x + 45.661

4 PVA/CS 90:10
PVA/CS 90:10 + LYS

R? = 0.9595
y=-10.342x + 43.26
R? =0.9907
-1.5 -10 -05 00 05 1.0 15 20
log €

Figure 2. Surface tension profiles as a function of the logarithm of polymer concentration for PVA,
PVA + Lys solutions (A); PVA/CS 70:30, PVA/CS 70:30 + Lys (B); and PVA/CS 90:10, PVA /CS 90:10
+ Lys (C). SD (Standard Deviation) was 40.01, and each point of the graphic was carried out in
triplicates.

An increase in the conductivity of the solution promotes the formation of thinner
fibers, contrary to the surface tension, which should not be too high, as it directly influences
the shape of the formed structures, fibers, or drops.

It was not possible to produce nanofibers from the 2% CS gel solution despite having
a higher conductivity (2324 S cm 1) than the PVA/CS gel solutions. The results suggest an
increase in this parameter by mixing the PVA/CS gel polymers. In the various attempts to
produce fibers with this solution, the phenomenon of electrospray can be attributed to the
low concentration of the gel polymer and a probable increase in surface tension. This gel
solution was less viscous than the other solutions tested, which may hinder the production
of nanofibers.

2.2. Morphology of the Nanofibers

The morphology of nanofibers is influenced by several parameters during the produc-
tion process, namely temperature and humidity conditions, voltage, solution flow rate, the
distance between the capillary end and the collector, and, in particular, the properties of the
polymer(s) solution, including the concentration, viscosity, conductivity, surface tension,
and nature of the solvent.

Not all attempts to produce PVA or PVA /CS nanofibers were effective, with the temper-
ature of the electrospinning solution being the main parameter, with a consequent influence
on viscosity. Thus, the optimal temperature range for electrospinning was 18-20 °C.

In the electrospinning, the gel solutions of 2% CS in 2% acetic acid, 2.5% CS in 50%
acetic acid, and 4% and 3% CS in 90% acetic acid were tested, but in none of the cases,
nanofibers were obtained. The production of pure CS nanofibers was very difficult due to
the sensitivity of the process to humidity (<30%). However, the electrospinning process was

140



Gels 2023, 9, 968

improved by introducing the other gel polymer, PVA, and tested in different proportions
(90:10 and 70:30).

The nanofibers obtained with PVA or PVA/CS, with and without Lys, presented,
for the most part, a uniform appearance, white color, relatively thin and fragile, with a
circular shape with a diameter of about 3.3 cm and a mass mean of 4.12 mg (Supplementary
Material, Figure S1). Some reported studies where homogeneous fibers were obtained when
chitosan was mixed with synthetic resins and nanoparticles to strengthen the gathered
results [32].

PVA and PVA/CS nanofibers with different treatments were observed by optic mi-
croscopy and SEM with different magnifications (Supplementary Material, Figure S2).
Figure 3 shows the images of PVA and PVA /CS nanofibers using SEM, respectively.

1000x 5000x

Figure 3. SEM images of the nanofibers of PVA/CS 70:30 (A); PVA/CS 90:10 (B), and PVA/CS
90:10 + Lys (C), magnification of 1000, 5000 x and 20,000 x.

The mixture of PVA/CS polymers did not show significant differences in terms of
morphology. SEM images show, for both PVA /CS 90:10 and 70:30 ratios, nanofibers with
fibers of variable diameters, and some fibers appear folded on the surface, namely the fibers
with Lys and in the PVA /CS 70:30 ratio (Figure 4). In terms of fiber diameter, compared
with PVA fibers, they show similar diameters; however, there is greater porosity between
fibers, especially the PVA /CS 70:30 nanofibers. PVA/CS 70:30 nanofibers also appear to be
more flexible than PVA or PVA/CS 90:10 nanofibers.

The conjugation of PVA with CS in the formation of nanofibers seems to improve
their chemical and resistance properties [33]. The interactions between these molecules are
essentially based on the hydrophobic aggregation of the side chain and intermolecular and
intramolecular hydrogen bonds [34].

After crosslinking with boronic acids, the nanofibers become less fragile. The im-
mersion of these nanofibers in suspensions with iron oxide nanoparticles resulted in the
sedimentation of black nanoparticles on the fiber, presenting a rough appearance with
different colors (Supplementary Material, Figure S1).

All nanofibers produced presented randomly oriented fibers with variable diameters.
Through the optical microscopy evaluation, it was observed that the nanofibers with Lys
immobilized seem to have some drops on the fibers (Supplementary Material, Figure S2),
which translates into roughness in the SEM images (Figure 3). Using optical microscopy,
a deposition of brown drops on the fibers that have been crosslinked with boronic acids,
namely the acids PBA, aPBA, and fPBA, was observed. SEM images confirm the deposition
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of inhomogeneous structures on the fibers, making them straighter and thicker, which may
be due to the presence of boronic acids (Figure 3). Thus, the influence of these acids on
the fibers can be qualitatively inferred based on the fiber diameter, which decreased as
follows: fPBA > aPBA > PBA, while pore size decreased with aPBA > fPBA > PBA. The
BTZ acid, through observation by optical microscopy, did not affect the nanofibers in a
manner similar to the acids described, as it seems to affect the uniformity of the polymeric
fibers, destroying their cohesion.

1000x 5000x 20000x

Figure 4. Electron microscopy images of nanofibers of PVA + PBA (A); PVA + PBA + IONPs (B);
PVA + Lys (C); PVA + Lys + PBA + IONP (D); PVA + Lys + fPBA (E); PVA + Lys + aPBA (F) at 1000,
5000 and 20,000 .

2.3. Release and Enzyme Activity Assays

The influence of pH and temperature on the release of Lys immobilized on PVA + Lys
+ PBA + IONPs nanofiber is shown in Figure 5.

Figure 5 shows the absorbance decay at 450 nm corresponding to the activity of
M. lysodeikticus in contact with the nanofibers for 60 min for the different conditions tested,
based on the RSM model. In the case of temperature and pH conditions, the nanofibers
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showed a controlled release profile compared with the profile corresponding to the free
enzyme. After 60 min, a cell lysis rate was equivalent to the positive control with free
enzyme (about 80%) (Figure 5B).

Based on the optimized temperature and pH conditions generated from the Response
Surface Methodology (RSM) model, it was found that lysozyme showed a high release rate
from the nanofiber at pH 6.74 and temperature 45.5 °C (Figure 5C). The model demonstrated
excellent suitability as a tool to implement the lysozyme-tailored nanofibers to deliver the
enzyme in a potential anticancer application since the pH in the cancer cells is lower than
normal cells, and they are sensitive to temperature.

Figure 6A shows the cumulative release profiles as a function of time. The release
pattern does not seem to be influenced by the polymers used, showing similar profiles
between PVA fibers, PVA /CS 90:10 and PVA /CS 70:30. On the other hand, fibers with
PBA acid crosslinks show a controlled release profile over time, with a moderate release
up to 30 min [about 10% (w/w)]. Beyond 30 min, a highlighted release of the enzyme was
observed until 48 h or 24 h for PVA or PVA /CS nanofibers, respectively. The presence
of magnetic particles does not appear to influence the Lys release profile. In contrast,
nanofibers without the crosslinks release Lys slowly, not showing a controlled release
profile over time.

To study the enzymatic activity during the prolonged release assay, after reading by
spectrophotometry (UV 260 nm), the samples collected during the Lys release assay from
PVA and PVA /CS nanofibers 90:10 and 70:30, a solution of M. Iysodeikticus was added to all
samples, for about 8 min, to estimate the enzymatic activity as a function of the microbial
lysis rate (Figure 6B).

The lysis profiles of M. lysodeikticus in contact with the Lys released from the different
nanofibers were tested over time to confirm the results observed in the release assay. Solu-
tions in contact with fibers with PBA acid crosslinks showed microbial lysis activity from
30 min, 1 h, and 48 h for PVA/CS 70:30, PVA, and PVA /CS 90:10 nanofibers, respectively.
Contrary to the non-crosslinked fibers that show Lys release and antimicrobial activity
from the first minutes, with a release profile similar to the free enzyme (Figure 6), the pres-
ence of magnetic particles appears not to influence both the release and the antimicrobial
enzymatic activity.
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Figure 6. (A) Cumulative release profiles of Lys from PVA (1), PVA/CS 70:30 (2), and PVA /CS 90:10
(3) nanofibers. These results are based on the Abs (Absorbance) at 260 nm and the average mass of the
nanofibers used (5 mg). All samples were analyzed in triplicate; (B) Effect of the contact of nanofibers
with the solvent (phosphate buffer) on the lysis of Micrococcus lysodeikticus. Results are expressed
in percentages by the difference in absorbances at 450 nm. (1) PVA Nanofibers; (2) PVA/CS 90:10;
(3) PVA/CS 70:30; (4) Positive (Lys) and Negative Controls in the buffer. SD (Standard Deviation)
was £0.01, and each point of the graphic was carried out in triplicates.

Interestingly, the fibers without Lys, namely the PVA /CS nanofibers in both propor-
tions tested, showed some antimicrobial activity (on average 5% of the microbial lysis).
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2.4. In Vitro Assays with Human Colon Adenocarcinoma (CaCo-2) Cell Line

The efficiency of the foreseen biosystems (PVA + LYS + PBA and PVA + LYS + PBA +
ONPs) against Caco-2 cells, used as a model of colon cancer cells, was evaluated by placing
them in contact for 10 days with cells. Caco-2 cell viability was evaluated using the MTT
assay, and cells were visualized using SEM.

To assess the cytotoxicity of Lys and the studied boronic acids (PBA, fPBA, and aPBA),
various concentrations of these components were tested in an in vitro assay with Caco-2
cells. The viability of Caco-2 cells after one week of incubation in the presence of these
components and also when exposed to an aqueous mixture of Lys and boronic acids was
evaluated according to the CCD matrix design.

Statistical significance compared with the control group (Caco-2 cells) was consid-
ered for * p < 0.05, ** p < 0.001 through the One ANOVA and post-Tukey tests, and the
r? values represented the fit of the line to different experimental data. All boronic acids
are cytotoxic to Caco-2 cells, mainly at concentrations above 0.313 mg/mL (p < 0.001).
The fPBA acid showed the lowest rate of cell viability for all concentrations tested, show-
ing about 70 £ 8.37% cell viability for the minimum concentration tested (0.005 mg/mL;
p <0.005) and an IC50 of 3.22 mg/mL (r* = 0.9644) for Caco-2 cells after 7 days of incubation.
PBA acid showed a statistically significant difference in cell viability for concentrations
less than 0.039 mg/mL and greater than 0.313 mg/mL, with an IC50 of 8.18 mg/mL
(r? = 0.8203). In contrast, aPBA acid presented statistically significant values for concen-
tration values greater than 0.078 mg/mL, with an IC50 of 7.10 mg/mL (r?> = 0.915). They
showed cytotoxicity values with statistical significance about the negative control for values
greater than 1 mg/mL and less than 1.0 mg/mL, while for all concentrations of Lys tested,
there was a reduction in cell viability with an ICsg of 13.27 mg/mL.

The cell viability of Caco-2 for the mixture of Lys with boronic acids at concentrations
referring to the design of the RSM matrix showed similar results to those obtained with each
boronic acid individually, while Lys combined with boronic acids showed a cumulative
effect as a reduction in the rate of cell viability.

This study reports various types of nanofibers, including magnetized ones, and evalu-
ates their cytotoxic effects on colon cancer cells. The impact of nanofibers produced with
lysozyme and different gel polymers was evaluated on the cell viability of Caco-2 (Figure 7).
MTT results indicated a reduction in cell viability for all nanofibers tested, regardless of
the treatment or polymer used. The presence of the polymers studied showed cytotoxic
activity in Caco-2 cells.
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Figure 7. (A) Caco-2 cells viability after incubation with PVA and PVA /CS nanofibers by the MTT
method (595 nm) at 37 °C for 7 days. Statistical significance compared with the control group (Caco-2).
Statistical significance compared with the control group (Caco-2). * p < 0.05, ** p < 0.001 through
One ANOVA and post Tukey tests. All data are expressed as mean + standard deviation, n = 3;
(B) Electron microscopy images of PVA + Lys + PBA nanofibers; from PVA + Lys + PBA + IONPs;
PVA/CS 90:10; PVA/CS 70:30; PVA + Lys + fPBA and PVA + Lys + aPBA. After incubation with
Caco-2 cells for 7 days. Magnifications of 500x, 1000x and 5000 x.

Magnetized nanofibers, specifically PVA + Lys + PBA + IONPs and PVA /CS (70:30) +
Lys + PBA + IONPs, exhibited high cytotoxicity compared with non-magnetized nanofibers.
The cytotoxicity was observed to be significantly lower in non-magnetized nanofibers,
such as PVA + Lys + PBA and PVA/CS (70:30) + Lys + PBA. Crosslinking treatment with
different boronic acids resulted in a reduction in cell viability. A comparison of boronic
acids (fPBA and aPBA) with positive control (crosslinking with BTZ acid) showed a similar
effect on cell viability (<4%, p < 0.001).
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Blending of polymers PVA and CS in nanofiber formation had a higher cytotoxic effect
compared with PVA alone (p < 0.05). Figure 7B presents electron microscopy images of
nanofibers used in in vitro assays with Caco-2 cells. Polyhedral structures were visible on
all samples, with varying densities on different fibers. The structure of the PVA/CS 70:30
nanofibers showed “prismatic needles” that were distinct from other fibers, suggesting the
possibility of Caco-2 cell adhesion. The structure of the polymeric nanofiber was noted to
lose homogeneity and definition after incubation (Figure 7).

MTT results show that the nanofibers reduced the viability of Caco-2 cells. Fibers
crosslinked with PBA and coated with IONPs have relatively high cytotoxicity comparable
with bare PVA and PVA /CS fibers. This profile could favor the potential use of nanofibers
as a co-adjuvant therapy for colon cancer.

The nanobiosystems of PVA and PVA /CS were successfully built using electrospinning.
The nanofibers containing lysozyme encapsulated were produced, with increased stability
by crosslinking with boronic acid derivates. Lysozyme was released gradually in different
conditions of temperature and pH, namely in an acidic environment, simulated as a
tumor microenvironment. The nanofibers with lysozyme encapsulated, crosslinked with
fluorophenylboronic acid, and with IONPs adsorbed were able to reduce the viability of
Caco-2 cells seeded on them.

Using a self-assembled nanostructured hen egg white lysozyme [35], it was able to
induce 95% cell death in 24 h on MCEF-7 breast cancer cells, mainly by inducing oxidative
stress. The spherical nanosystem used by [35] consisted of partly folded monomeric
lysozyme crosslinked with glutaraldehyde and functionalized with folic acid and was
found to be stable at pH 7.4 and resistant to proteinase-K degradation. However, due to
the preparation process, lysozyme was found to have lost part of its biological activity,
meaning that cell death was not dependent on its enzymatic activity [35].

In vitro and in vivo studies confirmed the tumor-inhibitory activity of lysozyme. Ex-
amples of these human tumors include the uterus, colon, rectum, vulva, oral cavity, stomach,
prostate, mammary carcinoma, lung carcinoma, small bowel reticulosarcoma, and multiple
myeloma [36-39]. Different routes of lysozyme administration were tested, including
mixing with tumor cells, peritumoral and intratumoral treatments, or indirectly through
the systemic and oral routes [38,39]. The activity was dependent on the origin of the
lysozyme, the type of tumor, and its degree of immunogenicity, with a potential effect on
tumor lines that metastasize, suggesting that lysozyme influences the process of neoplastic
dissemination [38].

One hypothesis of the antitumoral activity of lysozyme can be related to the bacterici-
dal enzymatic action in the release of immunogenic substances, such as peptidoglycans,
responsible for immunopotentiation and, consequently, antitumor activity [38—40].

Mahanta et al. [35] prepared, using the desolvation technique, a nanostructured self-
organized lysozyme, which showed strong antiproliferative activity when tested in vitro
against MCEF-7 cells (breast cancer cell lines). When the antiproliferative activity of recombi-
nant human lysozyme was tested on different stomach cancer cell lines (MGC803, MKNZ28,
and MKN45), they showed positive results in inhibiting tumor evolution at concentrations
of 100 and 1000 mg/L [39].

Wang et al. 2016 evaluated the effect of this enzyme on human lung carcinoma cells
(A549 cell line) and observed that silencing lysozyme expression inhibits the invasive-
ness and migration of A549 lung carcinoma cells, suggesting that lysozyme is probably
involved in the progression and metastasis of lung carcinoma, as a possible biomarker in
the progression, prognosis and therapeutic effect of the disease.

3. Conclusions

Based on this study, some main conclusions can be addressed. Biodegradable nanofibers,
with cytotoxic activity against Caco-2 cells, were produced adsorbed on magnetic nanopar-
ticles, which make the system bio-responsive at higher temperatures, suggesting a potential
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in situ application in the treatment of tumors capable of metastasis, acting on the inhibi-
tion/reduction of the process.

4. Materials and Methods
4.1. Materials and Cells

The reagents used in this study were: poly(vinyl alcohol) (PVA, 99% degree of hy-
drolysis; average molecular weight 4441; Sigma Aldrich, Saint Louis, MO, USA); chi-
tosan (CS, low molecular weight, Sigma Aldrich, Saint Louis, MO, USA); acetic acid
(>99%, VWR, Darmstadt, Germany), lysozyme obtained from hen’s egg white (Lys,
~70,000 U/mg, Sigma Aldrich, Saint Louis, MO, USA), phosphate buffer [potassium di-
hydrogen phosphate (KH;PO4, Merk, Darmstadt, Germany) and di-potassium hydrogen
phosphate (K;HPO,4, VWR, Darmstadt, Germany)], phenylboronic acid (PBA, >97%, Sigma
Aldrich, Saint Louis, MO, USA), 2-acetyl-phenylboronic acid (aPBA, 97%, Alfa Aesar, Kan-
del, Gemany), 2-formyl-phenylboronic acid (fPBA) and bortezomib (BTZ); RPMI-1640
medium (Sigma Aldrich, Saint Louis, MO, USA); fetal bovine serum (PBAS, VWR, Darm-
stadt, Germany); 100 x antibiotic/antimycotic solution (Sigma Aldrich); 10x trypsin-EDTA
(Sigma Aldrich, Saint Louis, MO, USA); Hank’s Balanced Salt Solution (HBSS, Sigma
Aldrich, Saint Louis, MO, USA); MTT [3-(4,5-dimethyliazol-2-yl)-2,5-diphenyltetrazolium
bromide; Sigma Aldrich, Saint Louis, MO, USA) and dimethylsulfoxide (DMSO, Sigma
Aldrich, Saint Louis, MO, USA).

Lyophilized Micrococcus lysodeikticus (M. lysodeikticus, ATCC No. 4698, Sigma-Aldrich,
Saint Louis, MO, USA) was used.

A human colon adenocarcinoma cell line (Caco-2, ATCC No. HTB-37, Saint Louis,
MO, USA) was used for cytotoxic evaluation.

All aqueous solutions were prepared with Milli-Q water.

4.2. Development of Electrospinning Polymer Solutions and Lys Loading

The gel polymers, PVA and CS, were used in the production of nanofibers by electrospinning.

According to the protocol described by Nunes et al. 2016 [27], aqueous solutions
of PVA 10% (m/v) were prepared at about 90 °C for about 30 min under continuous
magnetic stirring until complete dissolution of the polymer to a translucent gel and were
subsequently stored at 4 °C.

For the CS gel solutions, a concentration of 2% (m/v) dissolved in 2% acetic acid was
used, according to [28].

A solution-blending technique was employed in the production of nanofibers with
both PVA-CS gel polymers. The aforementioned solutions were added in proportions
90/10 and 70/30 (v/v) with the aid of a 1 mL syringe and subsequently placed in magnetic
stirring at 40-50 °C until complete dissolution of the polymers occurred.

Lysozyme immobilization was carried out at room temperature by adding the solid en-
zyme to the PVA or PVA-CS gel solutions at a concentration of 3% (m/v) under continuous
magnetic stirring until complete dissolution (30—40 min).

4.3. Characterization of Gel Polymers Solutions
The electrical conductivity and surface tension of PVA and PVA-CS gel solutions

(90/10 and 70/30) with and without lysozyme immobilization, used in the electrospinning
assays, were evaluated.

4.3.1. Conductivity

For this procedure, it was necessary to prepare 10 mL of each gel solution, with
subsequent dilutions with distilled water in different proportions (%): 100, 50, 25, 12.5, 6.25,
3.125, 1.56, 0.78; 0.39; 0.20 and 0.10.

The electrical conductivity and temperature of the solutions were measured using the
multiparameter conductivity meter PC5 (ref. MPMT-005-001, XS Instruments). According
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to the device’s instructions, the probe was introduced into the solution (10 mL), the solution
was stabilized, and the conductivity value was recorded.

4.3.2. Surface Tension

Surface tensions were obtained using the Wilhelmy plate technique with a Kriiss K12
tensiometer. The method consisted of lifting the container containing the solution to be
analyzed until the liquid surface came into contact with the plate. The force applied to the
plate is measured by a microbalance. The surface tension was calculated using Equation (1):

Y =F/(p cos0) 1)

where F is the force acting on the balance, p is the wetted length of the plate, and 0 is the
contact angle. The platinum plate was washed with water and acetone and flame-dried
before each measurement.

4.4. Production of Nanofibers by Electrospinning
4.4.1. PVA Nanofibers Development

After the preparation of the polymeric solutions described in 2.2, nanofibers were
produced in an in-house electrospinning system consisting of a 3.4 cm diameter plastic
rotating cylindrical collector with a rotation controller motor; a continuous flow pump (New
Era, NE-1000, Shropshire, UK) and a potential difference generator (73030DC, Genvolt,
Shropshire, UK) with up to 30 kV.

All tests were performed under the following conditions: the plastic syringe (PIC,
1 mL) was filled with the solution to be tested, and a needle (Terumo, 23 G, 0.6 x 25 mm)
was connected. They were fixed to the flow pump at a distance of 8 cm from the collector
and, about 1 cm from the needle tip, the positive electrode of the potential difference
generator was fixed. The applied electrical potential was 17.4 kV. The nanofibers were
collected in the cylindrical collector previously lined with aluminum foil, with a rotation
speed of 300 rpm. The flow rate varied between 50-70 puL/min, taking into account the
most suitable conditions for each solution, namely in terms of viscosity (by extrapolation).
The electrospinning process took place at a room temperature of 17-19 °C.

After the formation of the nanofibers, they were carefully removed with the aluminum
foil base of the collector and placed in an oven at 50 °C for 15 min. Afterward, they were
stored at room temperature. The encapsulation efficiency of lysozyme in the nanofibers
was 95%.

4.4.2. Crosslinking and Magnetization

To improve the biomechanical properties of the fibers, they were crosslinked with
boronic acids. This process includes the immersion of previously dried nanofibers in an
aqueous boronic acid solution for ~10 min. Subsequently, the nanofiber was removed and
dried in an oven at 50 °C for 30—40 min. The boronic acids tested in this study are described
in Supplementary Materials (Table S1).

4.4.3. Iron Oxide Nanoparticles (IONPs)

The effect of magnetization of the nanofibers after crosslinking with different boronic
acids was evaluated. This process consisted of immersing the nanofibers in an aqueous
suspension of 2 mg/mL of iron (II, III) oxide for 1 h with stirring (40 osc/min). Then, they
were removed from the aqueous suspension, dried in an oven at 50 °C for 30-40 min, and
stored at room temperature.

4.4.4. Characterization

The morphology of the nanofibers was evaluated using optical microscopy (OM)
and electron microscopy (SEM). For SEM observation, 0.5 x 0.5 cm squares of nanofibers
obtained in the different procedures were cut randomly and analyzed. The nanofibers
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were further characterized using a scanning electron microscopy-field emission gun (FEG-
SEM) with a JEOL microscope, model JSM-7001F, operating at 5.0 kV. The surfaces were
previously sputter-coated with a gold layer 20 nm thick to avoid charging effects during
observation. Some fibers were cut to expose the interior.

4.5. Release and Enzyme Activity Assays

The Response Surface Methodology (RSM) is a statistical tool widely used in the
modeling and optimization of various biotechnological processes based on factor analysis,
which aims to obtain the maximum information about a process with a reduced number of
trials [41]. One of the matrices used to determine quadratic models in RSM is the Central
Composite Design (CCD). The design of a CCD matrix includes a 2 k factorial part, with
two levels (minimum, —1 and maximum, 1) for each factor, these points being represented
by (£1,..., £1); an axial part (2 k points), at levels & o (with « = /2) generally represented
by (£a,...,0) and (0,..., £«); and central points, represented by (0,. .., 0).

In order to study the influence of pH and temperature on the release of Lys immobi-
lized on the nanofiber, a CCD matrix was designed with 2 factorial levels and triplicate
of the central point, making up 11 tests: 22 factorial points; 3 repetitions of the central
point and 4 axial points, positioned at a distance « from the central point, with o = 1.147.
The pH and temperature values were defined based on previous studies. The range
tested for pH was 6.15 (—«) to 7.85 (+«), and temperature of 23.5 °C (—«) and 50 °C (+)
(Supplementary Materials, Table S2).

The release of Lys from the nanofibers was evaluated by its activity on a culture of M.
lysodeikticus. In each well of a 24-microplate (Orange Scientific, Braine-1’Alleud, Belgium),
the nanofiber of PVA + Lys + PBA + IONPs was placed and submerged in 2 mL of a
2.4 mg/mL solution of M. lysodeikticus in phosphate buffer at different pH values and
temperatures according to the experimental design described in Supplementary Materials
(Table S2), for 60 min, at 200 rpm. At 5, 10, 15, 30, and 60 min, a 100 mL sample was
removed. All samples were read in the spectrophotometer at 450 nm for 7 min in order to
evaluate the lysis of M. lysodeikticus and consequently deduce the enzymatic activity. As a
positive control, a free Lys solution at a concentration of 0.0125 mg/mL was used instead of
the nanofiber, and the negative control was only phosphate buffer or PVA + PBA + IOPNs
(without) nanofiber in contact with the M. lysodeikticus solution.

In order to obtain a release profile over time (168 h) in the different types of nanofibers
produced, and under physiological conditions of pH and temperature, 7.4 and 37 °C,
respectively. The following test was carried out: 0.5 x 0.5 cm of the nanofiber was cut
out and placed in a 1.5 mL Eppendorf with 500 mL of phosphate buffer. Subsequently,
it was placed in an oven at 37 °C, and 100 mL samples were collected at times 5, 10, 20,
30, 60, 120 min and 24, 48, 72, 96, and 168 h. The volume removed from each sample was
replaced with phosphate buffer at 37 °C, with the final contact volume of the fiber being
constant (500 mL). Each sample was collected on a 96-well microplate on ice to inactivate
enzyme activity, and spectrophotometry at wavelengths of 260 and 280 nm was analyzed
to estimate the amount of Lys over time. After UV reading, the physiological function
of the enzyme was evaluated, and 50 mL of M. lysodeikticus (7.2 mg/mL) in phosphate
buffer pH 7.4 was added to each sample, followed by a kinetic study of the enzyme activity
in a microplate reading at 480 nm for 75 cycles (£24 min) or 100 cycles (£32 min), every
£19 s. For each type of fiber, triplicates were performed. As a negative control, a sample
of phosphate buffer pH 7.4 was used. The positive control for kinetic evaluation was a
solution of free Lys at a concentration of 3 mg/mL in phosphate buffer pH 7.4.

4.6. In Vitro Assay with Human Colon Adenocarcinoma (CaCo-2) Cell Line
4.6.1. Cell Culture

According to the protocol described by Frade et al. [29], the Caco-2 (human colorectal
adenocarcinoma) cell line from ATCC (American Type Culture Collection) was cultured
in RPMI-1640 medium supplemented with L-glutamine, 10% FBS (Fetal Bovine Serum)
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and 1% 100 x antibiotic/antimycotic solution in 75 cm? cell culture flasks. Cultures were
maintained in a humidified incubator at 37 °C and 5% CO, until they reached 80-90%
confluence (8-10 days), approximately 10° cells/mL.

4.6.2. Influence of Lys, Boronic Acids, and IONPs on the Caco-2 Cell Viability

To evaluate the influence of Lys, the previously described boronic acids (PBA, fPBA,
and aPBA) and the IONPs were tested on the cell viability of Caco-2. Two assays were
performed: each one was tested individually in solutions of serial concentrations of Lys
(0.00049-0.5 mg/mL), [IONPs] (0.00098-2 mg/mL), boronic acids (0.0049-10 mg/mL)
(Supplementary Material, Table S2) and, a CCD array to assess the effect of both Lys
and boronic acids both on the cell viability of Caco-2. Details about solutions of Lys,
boronic acids, and IONPs at different concentrations, in distilled water are shown in
Supplementary Materials (Table S3).

The CDD matrix was designed to study the combined effect of two variables: Lys and
boronic acids (PBA, aPBA, fPBA, and BTZ), with a total of 11 trials, 22 trials for factorial
points, triplicates of the central point, and 4 axial points, and « = 1.147 from the central
point shown in Supplementary Materials (Table S3). The 11 trials were repeated 3 times for
each combination of variables in order to assess the repeatability of results.

After reaching confluence, Caco-2 cells were trypsinized with 1% trypsin-EDTA
(10 reagents in HBSS, diluted 1:5 in RPMI-1640 cell medium, previously supplemented with
FBS and antibiotic/antimycotic solution, and plated 96 sterile wells microplates (Nunclon
Surface, NuncTM), 100 mL per well. Cells were incubated with 100 mL of the compounds
to be analyzed individually (Lys, boronic acids, and IONPs) in triplicate at the concentra-
tions described previously. For the RSM assay, cells were incubated with 50 mL of each
dependent variable (Lys and boronic acids) at the concentrations designated in the CCD
matrix design (Supplementary Material, Table S4). The plates were incubated in a humid
atmosphere at 37 °C and 5% CO; for 5 days, and the cell culture was monitored using light
microscopy. In both assays, negative controls, in triplicates, of Caco-2 cells with RPMI-1640
medium alone (control cells) were used.

Cell viability was evaluated through the MTT (3-(4,5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide) assay, a colorimetric test, which allowed measuring the
number of viable cells after their incubation. First, the medium was carefully removed
from each well, 200 mL of 1 mg/mL MTT solution in HBSS was added, and the plates were
placed to incubate under the same conditions for 3—4 h. The medium was removed, and
cells were washed with HBSS (100 mL per well). Finally, 100 mL of DMSO was added,
which dissolved the purple formazan crystals. The plates were read on a spectrophotometer
at 595 nm, and cell viability was calculated using the ratio (Equation (2)):

% cell viability = (Abs 595 nm treated cells)/(Abs 595 nm control cells) x 100  (2)

4.6.3. Effect of PVA and PVA /CS Nanofibers on Caco-2 Cell Viability

In addition to the in vitro assays with Lys, boronic acids and IONPs in their free
form (in solution) were also tested when immobilized on PVA or PVA /CS nanofibers. In
this assay, nanofibers, previously produced and treated as described previously, were cut
into approximately 0.5 x 0.5 cm squares and placed in 24-well cell culture plates (Orange
Scientific). Subsequently, the fibers already on the plates were sterilized by UV for 20 min.
After the confluence of the Caco-2 cell culture, they were trypsinized and diluted 1:3 in
RPMI-1640 cell medium, previously supplemented with FBS and antibiotic/antimycotic so-
lution, and transferred (500 mL) directly on top nanofibers, and the cultures were incubated
in a humid atmosphere, 37 °C, and 5% CO; for 7 days. During the incubation time, the
culture was monitored. On day 7 of the incubation, the fibers were removed to a new plate,
the culture medium was removed, and the cell viability was evaluated using the MTT assay
in the plates with only cells. In this process, 500 mL of MTT and 200 mL of DMSO were
used. The plates that only contained the fibers removed from the cell incubation were later
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observed using electron microscopy to assess whether there was adhesion and proliferation
of cells in the fibers.

4.7. Statistical Analysis

All data referring to in vitro assays were repeated at least 3 times. The representative-
ness of these data was presented by the mean + standard deviation. Statistical analyses
were performed using IBM SPSS Statistics, version 24.0 55, considering a significance level,
o, of 0.05.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/gels9120968/s1, Figure S1: Nanofibers. (A) PVA; (B) PVA/CS
70:30 + Lys; (C) PVA + Lys + PBA + IONPs; (D) PVA/CS 90:10; Figure S2: Optical microscopy
(400x magnification) and electron microscopy (500 x magnification) images of the nanofibers of: PVA
(A); PVA + PBA (B); PVA + PBA + Lys (C); PVA + Lys (D); PVA + Lys + PBA (E); PVA + Lys + PBA +
IONPs (F); PVA + Lys + aPBA (G); PVA + Lys + fPBA (H); PVA + Lys + BTZ (I); PVA/CS 90:10 (J);
PVA/CS90:10 + Lys (K); PVA/CS 90:10 + Lys + PBA (L); PVA/CS 70:30 (M); PVA/CS 70:30 + Lys (N);
Table S1: Boronic acids used in the crosslinking process; Table S2: CCD matrix delineation of the
effect of pH and temperature on releasing Lys from the nanofiber; Table S3: CCD matrix design of the
effect of blending Lys and boronic acids (PBA, aPBA, fPBA and BTZ) on the cell viability of Caco-2;
Table S4: showed the different concentrations of lysozyme (Lys), boronic acids and IONPs tested on
the Caco-2 cell viability.
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Abstract: The widespread push to invest in local cancer therapies comes from the need to overcome
the limitations of systemic treatment options. In contrast to intravenous administration, local treat-
ments using intratumoral or peritumoral injections are independent of tumor vasculature and allow
high concentrations of therapeutic agents to reach the tumor site with minimal systemic toxicity.
Injectable biodegradable hydrogels offer a clear advantage over other delivery systems because
the former requires no surgical procedures and promotes drug retention at the tumor site. More
precisely, in situ gelling systems based on poloxamers have garnered considerable attention due to
their thermoresponsive behavior, biocompatibility, ease of preparation, and possible incorporation of
different anticancer agents. Therefore, this review focuses on the use of injectable thermoresponsive
hydrogels based on poloxamers and their physicochemical and biological characterization. It also
includes a summary of these hydrogel applications in local cancer therapies using chemotherapy,
phototherapy, immunotherapy, and gene therapy.

Keywords: cancer therapy; injectable hydrogels; poloxamer; intratumoral administration

1. Introduction

Local cancer therapy holds great potential to address the shortcomings of systemic
treatment options, namely the lack of specificity for the target, low therapeutic efficiency,
and drug resistance.

Different from intravenous (IV) administration, local treatments using intratumoral (IT)
or peritumoral (PT) injections allow high concentrations of therapeutic agents to reach the
tumor site, bypassing the bloodstream and non-specific interactions with healthy tissues [1].
Moreover, because local therapies are independent of tumor vasculature, delivery is not re-
stricted to tumor regions with better perfusion. Besides increasing the stability of anticancer
agents, local administration also allows for the use of novel combinations of co-solvents
and polymers for solubilization, encapsulation, and incorporation of water-insoluble drugs.

In contrast to delivery systems based on implants (wafers, rods, and films) and
particles, injectable biodegradable hydrogels require non-surgical procedures and promote
retention of free or encapsulated drugs at the tumor site [2]. Indeed, treatment with
injectable cisplatin (CDDP)/epinephrine gel has been proven practicable by direct injection
into superficially accessible tumors or endoscopically for esophageal cancer [3]. Regarding
the distribution dynamics, nanoparticles embedded in hydrogels were observed to cover
larger areas of the tumor than free nanoparticles upon IT administration [4].

Injectable gels include pre-formed gels with shear-thinning and self-healing properties [5]
and in situ-forming gels [6]. After injection as free-flowing polymer solutions, in situ gelling
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systems transform into gels at the injection site, acting as drug depots for sustained drug
release. Generally, the mechanism of depot formation is an in situ phase transition triggered
by external stimuli such as changes in temperature.

In this review, we emphasize the use of poloxamers in the development of injectable
thermoresponsive hydrogels and their characterization. The extensive application of
injectable poloxamer hydrogels in local cancer therapy, including chemotherapy, photother-
apy, immunotherapy, and gene therapy, is also summarized.

2. Poloxamer-Based Thermoresponsive Hydrogels

Hydrogels are thermoresponsive if they respond to changes in temperature. A case in
point is thermoresponsive polymer solutions exhibiting a sol-gel phase transition upon the
shift from room to body temperature (37 °C). The temperature at which the transition from
one phase to two phases (polymer-enriched and aqueous phases) takes place is termed the
“critical solution temperature” of the polymer [7].

Not many thermoresponsive polymers show an upper critical solution temperature
(UCST) in aqueous media under relevant conditions. Conversely, most thermoresponsive
polymers having a phase transition temperature near 37 °C present a lower critical solution
temperature (LCST) in water. When raising the temperature above the LCST, these polymers
become insoluble and separate from the solution, yielding a hydrogel. During this process,
polymer-solvent interactions based on hydrogen bonds are weakened, which leads to
partial dehydration and aggregation of polymer chains. The progressive exclusion of
water molecules with heating will expose the hydrophobic polymer domains and thus
facilitate the establishment of polymer—polymer hydrophobic interactions (hydrophobic
effect). Gelation is reversible at temperatures below the LCST because polymers become
miscible with water again [8,9].

The basic requirements of in situ gelling systems for local administration are injectabil-
ity and gelation under physiological conditions. Therefore, in addition to allowing the
incorporation of therapeutic agents, thermoresponsive polymer solutions should have low
viscosity to flow easily during administration and rapidly form a gel once injected [1].
Although other in situ-forming thermoresponsive hydrogels based on chitosan [10,11],
polyacrylamides [12], and polyesters [13,14] have been developed for this purpose, polox-
amers have gained significant attention from researchers over the past two decades.

This family of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO
PPO-PEO) triblock copolymers (Figure 1A) is synthesized by sequential ring-opening
polymerization of propylene oxide and ethylene oxide monomers, using an alkaline catalyst
(i.e., potassium or sodium hydroxide) [15]. A series of poloxamers diverging in molecular
weight and PPO/PEO ratio is available with different trade names like Pluronic, Lutrol, or
Synperonic [16].

The individual PEO-PPO-PEO block copolymers (unimers) self-assemble into micelles
above a “critical micelle concentration” because of their amphiphilic character in aqueous
solutions. Structurally, the micellar core comprising hydrophobic PPO blocks is surrounded
by a hydrophilic PEO shell that forms hydrogen bonds with the water molecules. Due
to the nanosized and core-shell structure of poloxamer micelles, it is feasible to entrap
hydrophobic drugs in the core and carry them into an aqueous environment [15]. Increasing
temperature to the “critical micellization temperature” also induces micelle formation by
favoring the dehydration of PPO groups and their interaction via van der Waals forces [17].
At a fixed PPO/PEO ratio, the longer the PPO block, the lower the temperature and the
poloxamer concentration needed to form micelles in water [18]. The effect of temperature
on micellization is reversible because cooling causes an equilibrium shift from micelles
back to unimers. Upon further heating above the LCST, micelles aggregate and entangle to
become a gel (Figure 1B).
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Figure 1. Schematic of the structure and reversible thermoresponsive behavior of poloxamers.

"1

(A) Poloxamers comprise a central block of “y” numbers of propylene oxide (PO) units and two side
blocks of “x” numbers of ethylene oxide (EO) units. (B) Heating above the critical micellization
temperature (CMT) and above the lower critical solution temperature (LCST) of poloxamer induces
micellization and gel formation by micelle packing, respectively. Reprinted from [17], Copyright
2019, with permission from Elsevier.

The rich phase behavior of poloxamer dispersions makes them a versatile platform
for drug delivery in the form of micelles or hydrogels, which have enduring popularity in
cancer therapy [19-21]. However, before considering the development of pure poloxamer
hydrogels, researchers should be aware of their limitations under high compression or in
aqueous media due to low mechanical strength and fast erosion, respectively [22]. Notwith-
standing that thermosensitivity is appealing in the biomedical field, this property depends
on concentrated aqueous dispersions of poloxamers [15]. Moreover, to impart biodegrad-
ability to the hydrogel, modifications in the polymer structure can be considered [23].

Among poloxamers, poloxamer 407 (P407) or Pluronic® F127 (PF127) solutions are
the most formulated for IT or PT injection on account of their reversible thermoresponsive
nature that allows gelation close to the physiological temperature (at concentrations of
20% (w/w) or less) and residence at the site of implantation as a sustainable carrier [18,24].
Accordingly, P407 exists in a sol state under colder conditions, during which it can be
loaded with therapeutic agents for posterior release from its gel form. Moreover, the matrix
structure of P407—and thus, the release kinetics of therapeutics—can be modified with
other polymers by altering the hydrogel degradation rate [25]. P407, with a molecular
weight of ~12.6 kDa, has been approved as an excipient by the U.S. Food and Drug
Administration (FDA) for pharmaceutical applications and is listed in the US and European
Pharmacopoeia [15,26]. The molecular weight and end group identity of P407 can also be
tailored to adjust gelling and adhesiveness properties [27].

3. Characterization of Injectable Poloxamer Hydrogels

Typically, poloxamer hydrogels are prepared according to the “cold method”, consist-
ing of adding an appropriate amount of polymer to water or phosphate-buffered saline
(PBS) solution for blank hydrogels, or to nanoparticle dispersions for nanocomposite hydro-
gels, under stirring at 4 °C until a clear dispersion is obtained [28,29]. It is also possible to
mix free drugs or drug-loaded nanoparticles with preformed polymer dispersions cooled to
4 °C. Then, the obtained poloxamer dispersions are usually characterized regarding sol-gel
transition, rheological properties, in vitro degradation, and release profile.
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3.1. Gelation Temperature

Different techniques have been used for measuring the sol-gel transition temperature
(Tsol-gel)- The simplest is the test tube inversion method, where each formulation is sealed
in a test tube and heated slowly in a water bath [30]. The temperature at which no flow
is observed as inverting the tube is considered the gelation temperature. Alternatively,
poloxamer formulations are gradually heated under stirring in a beaker containing a
small magnetic bar. Once the magnetic bar stops moving, the recorded temperature
is referred to as Tsol.gel [31]. Inasmuch as observation of gelation is straightforward and
requires minimal equipment, visual methods lack precision and accuracy [17]. More reliable
methods for investigating phase transition include rheological and differential scanning
calorimetry (DSC) measurements. Although temperature-controlled rotary viscometers can
be used [32], Tso).ge is determined more precisely by oscillatory shear rheology, measuring
the elastic (or storage) modulus (G’) and viscous (or loss) modulus (G”) of the hydrogel. In
oscillation mode, gelation can be detected as a function of temperature or time, with the
G’ /G crossover point indicating the gelation point. Contrastingly, the gelation process is
evidenced by a secondary endothermic peak in the DSC thermogram with no insight into
changes in the rheological behavior [17]. To be suitable for in vivo applications, gelation
temperature should be near body temperature but never above 37 °C. Otherwise, the
sol-gel transition might not occur at the injection site, resulting in leakage of the poloxamer
formulation to the surrounding tissues. The T, g Values are also expected to be higher
than room temperature to avoid premature gelation that impedes injection [31]. It is
established that poloxamer concentration and gelation temperature vary inversely [33].
Therefore, the combination of PF407 with poloxamer 188 (Pluronic® F68, PF68) is often
recommended to obtain an acceptable gelation temperature, which also increases gel
strength versus the polymers used alone [34].

3.2. Rheological Behavior, Mechanical Strength, and Injectability

As expected, the rheological properties of poloxamer dispersions are temperature-
dependent, exhibiting Newtonian behavior at low temperature and non-Newtonian, shear-
thinning behavior at higher temperatures [31,35]. The mechanical strength of the hydrogels
is essential for maintaining their integrity in the body, but is usually overlooked during
characterization. Nevertheless, in vitro degradation and release studies provide evidence
of low gel strength. As a result of rapid erosion, there is a burst release behavior, mean-
ing the fast release of a considerable fraction of payload into a hydrolytic medium that
simulates human physiological conditions (PBS at 37 °C) [36,37]. Of note, as to deliv-
ery to tumor cells, the tumor microenvironment is more closely imitated if acidity (pH
6.8) and the presence of enzyme hyaluronidase are considered [38]. Some researchers
sought to improve the mechanical properties of poloxamer hydrogels by introducing a
chain extender (hexamethylene diisocyanate, abbreviated to HDI) into the polymer [39]
or adding bioadhesive polymers such as N,N,N-trimethyl chitosan [40], alginate [41], or
xanthan gum [38]. Ju et al. [42] upgraded this strategy and prepared a P407 hydrogel
interpenetrated by a network of carboxymethyl chitosan crosslinked with glutaraldehyde
but losing thermosensitivity. Instead, chitosan can be crosslinked with genipin to form an
interpenetrating scaffold within P407 hydrogels [43].

Notwithstanding that injectability is a critical parameter of the injection performance,
not many authors assess the force required to perform the administration via a syringe [44].
Those who do either evaluate the easiness of passing the hydrogel through a needle in
qualitative terms [45] or conduct uniaxial tensile testing using a mechanical testing machine
with a syringe fitted with a needle or catheter [46].

3.3. Biocompatibility and Sterilization

The safety and non-toxicity of poloxamer hydrogels for local tumor administration
have been observed in vitro [47,48] and in vivo through histological examination for signs
of inflammation after subcutaneous implantation [39,49]. In addition to biocompatibility,
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sterility is a requirement for considering the potential clinical use of any material intended
to be in close contact with the human body [50]. However, the impact of sterilization
on poloxamer hydrogels has been understudied. To date, steam sterilization (121 °C,
15-20 min) was the most investigated, which was found to cause a slight decrease in gela-
tion temperature [25,51]. This observation can be explained by an increase in polymer
weight fraction due to water evaporation during autoclaving. It was suggested that auto-
claving at a lower temperature for a longer time (e.g., 105 °C for 30 min) would allow the
poloxamer hydrogels to be more like the non-sterilized ones [52].

4. Local Tumor Administration of Poloxamer Hydrogels

The proof-of-concept of poloxamer hydrogels for local tumor administration has
been demonstrated by the growth inhibition of several tumors in different mouse models.
Nevertheless, it is noteworthy that most tumor models were established in mice through
the subcutaneous inoculation of cancer cells. Subcutaneous (or ectopic) tumors might
be advantageous to monitoring tumor growth and performing local injections, but fail
to mimic the tumor microenvironment. Despite being more clinically relevant because
tumor xenografts are placed in the tissue/organ of origin, orthotopic mouse models still
do not reflect the size of tumors that develop naturally in patients. Moreover, potential
adverse effects in cancer patients with intact immunity may go unnoticed if studies in
immunodeficient animals are the case [53].

The application of injectable poloxamer hydrogels in local cancer therapy is depicted
in Figure 2 and discussed below, with several examples organized by therapeutic modality.

(1) Orthotopic tumor

~ oy (2) Ectopic tumor
Chemotherapy Phototherapy Immunotherapy Gene therapy
NIR light (f\_.______
\ V' o
__ shRNA
Drug-loaded nanoparticles, # Cytokine _ Antisense
nanocrystals, PTT PDT antibodies oligonucleotides
k_‘_i_‘\*\_’ t_/——’f”f_f_i})

Tumor cell death

Figure 2. The in vivo administration of poloxamer hydrogels for local cancer therapies including
chemotherapy, photothermal therapy (PTT), photodynamic therapy (PDT), immunotherapy, and
gene therapy.

4.1. Potential Applications in Cancer Chemotherapy

For local cancer chemotherapy, P407 or PF127 solutions were mixed with free drugs,
such as paclitaxel (PTX) [32], topotecan [54], doxorubicin (DOX) [55], and salinomycin [47].
Still, most PF127 hydrogels reported for IT or PT injection accommodate anticancer
drugs encapsulated in nanoparticles [56,57], nanocrystals [28,58,59], cyclodextrin inclusion
complexes [60,61], hyaluronic acid-based nanocomplexes [62,63], and mixed micelles [63,64].
The literature also contains several examples of in situ-forming gels using mixtures of PF127
and PF68 for the local delivery of free [45,65] and encapsulated [30,31,49,66] drugs.
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The direct incorporation of free PTX into a P407 solution at the final concentration of
0.5 mg/mL, albeit simple, resulted in a very slow in vitro drug release from P407 hydrogel
because of the poor water solubility of PTX. Moreover, although it was completely dissolved
at lower concentrations, PTX formed a suspension when the final concentration was
doubled (1.0 mg/mL) [32]. This reflects the low solubilization of hydrophobic drugs in P407,
which generally imparts limited drug loading and physical instability to poloxamer micelles.
Therefore, hybrid systems integrating drug-loaded nanoparticles and thermoresponsive
hydrogels have been intensively studied to improve drug release and increase drug loading
capacity [28,67].

The combination of liposomes and poloxamer hydrogels was proposed to stabilize the
lactone form of 7-ethyl-10-hydroxycamptothecin [66] and prolong the release of PTX [49,56].
Whereas PF127 /PF68 hydrogels enhanced the retention of drug-loaded liposomes at the
tumor site [49,66], the use of liposomes made of 0.21-1.25% soybean phospholipids was
suggested to allow a 3-9 wt% decrease in the poloxamer concentration required for an in
situ-forming PF127 gel [56]. Notwithstanding the evidence from studies in MCF-7 breast
cancer cells supporting the higher cytotoxic activity of tamoxifen citrate-loaded niosomes
compared to the free drug, the low viscosity of niosomal suspensions prompted their
dispersion into poloxamer hydrogels [31]. In a very interesting approach to the treatment
of melanoma, Yu et al. [57] prepared a PF127 hydrogel to intratumorally deliver CDDP-
loaded poly(x-L-glutamate)-g-mPEG nanoparticles and microspheres entrapping losartan
potassium that exerts antifibrotic effects, namely by inhibiting the production of collagen I
in tumors. The incorporation of both microspheres and nanoparticles into the gel enabled
most losartan to be released first and reduce the collagen content prior to the release of
CDDP, which occurred in the following days after the nanoparticles have penetrated more
deeply into the tumor. Differently, Shen et al. [68] combined nanotechnology and active
targeting with thermoresponsive polymers for IT administration of PTX in pancreatic
tumors. For that, they prepared a PF127/PF68/hydroxypropyl methylcellulose gel bearing
PTX-loaded mPEG-poly(D,L-lactide-co-glycolide)-poly(L-lysine) nanoparticles functional-
ized with a cyclic peptide, which specifically binds to «v[33 integrin overexpressed on the
endothelial tumor cells. Later, Xie et al. [69] also developed a PF127/PF68/hydroxypropyl
methylcellulose hydrogel to improve the efficacy and safety of norcantharidin (NCTD) for
treating hepatic cancer. In another work, Gao et al. [29] took into consideration that NCTD
has poor solubility in water, thereby preparing NCTD-loaded polymeric nanoparticles
before incorporating them into a DOX-containing PF127 hydrogel to treat hepatocellular
carcinoma via IT administration.

The formulation and dispersion of drug nanocrystals into PF127 hydrogels deserved
some attention, considering that nanocrystals provide higher drug loading than other
nanocarriers [28,58]. Further, Gao et al. [58] dissolved D-a-tocopherol PEG 1000 succinate
in PF127 solutions to impair drug efflux and reverse drug resistance of P-glycoprotein-
overexpressing liver cancer cells. Together with lapatinib-loaded microparticles, PTX
nanocrystals were incorporated into PF127 hydrogel for PT injection to imitate the slow
and fast release of these two drugs in clinical use [59].

Attempts to increase the water solubility of the anticancer agent 3-lapachone involve
the formation of inclusion complexes with cyclodextrins. Intending to design injectable
thermoresponsive hydrogels containing 3-lapachone, Landin’s group used Artificial Neural
Network modeling to understand the interactions between the polymer (PF127) and the
solubilizing agent (cyclodextrin) and obtain the optimal formulation [60]. A significant
decrease in cell viability and tumor volume was observed following the treatment of MCEF-7
cells and in the breast xenograft mouse model with this ternary system [61]. When studying
the effect of methylated -cyclodextrin and ethanol on the 3-lapachone solubility and gel
properties, these authors confirmed that both additives promote drug solubilization [70].
However, the addition of ethanol as a co-solvent may render Pluronic® (F127 and P123)
dispersions inappropriate for IT administration. Data from rheological characterization
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suggested that autoclaving may not affect the gelation temperature and gel strength of
Pluronic® systems with {3-lapachone [70].

An injectable PF127 hydrogel containing DOX complexed with HA and MgCl, was de-
veloped by Jhan et al. [62] and was demonstrated to cause the growth inhibition of C26 colon
cancer cells in a mouse model. This drug delivery system was patented (US9364545B2) [71]
and then ameliorated by adding a mixed micellar formulation composed of PF127 and
Pluronic® L121 for carrying a second chemotherapeutic drug (DTX) [63]. Mixed micelles
consisting of PF127 and another surfactant, such as Solutol® HS15 [30], Tween® 80 [64], or
D-o-tocopherol PEG 1000 succinate [72], have been incorporated into PF127 hydrogels to
deliver hydrophobic drugs, namely DTX [30,64] and PTX [72].

By synthesizing the dalteparin-P407 copolymer, Li et al. [73] repositioned low-molecular-
weight heparin as an anticancer agent and fabricated a novel thermosensitive and injectable
hydrogel carrying DOX-loaded laponite nanoparticles.

Only one of the articles reviewed [74] reported the use of poloxamer hydrogels for local
chemoradiotherapy. The concurrent IT administration of chemotherapeutics and radiation
was achieved by using PF127 hydrogels co-loaded with DOX and gold nanoparticles.

4.2. Potential Applications in Cancer Phototherapy

Considering the mechanisms of light conversion, phototherapy includes photother-
mal therapy (PTT) and photodynamic therapy (PDT). Phototherapy based on PTT or
PDT can eliminate cancer cells by generating hyperthermia or reactive species of oxygen
(ROS) [75,76].

PTT involves the laser activation of photothermal agents, followed by near-infrared
(NIR) light conversion into heat. Despite great progress in cancer PTT, most photothermal
agents are made of heavy metals and given intravenously, causing safety concerns to
arise. To reduce putative systemic toxicity and enhance local retention, Fu and colleagues
indicated PF127 hydrogels embedding copper sulfide nanodots [77] or Prussian blue
nanospheres [78] for PT administration. Given that seaweed polysaccharides have good
biocompatibility, biodegradability, and non-toxicity, Chen et al. [79] prepared an injectable
photothermal hydrogel using iota carrageenan-capped gold-silver nanoparticles and PF127.
The in vivo results pointed to a multifunctional hydrogel that could prevent tumor growth
and recurrence and promote post-surgical wound healing without chemotherapeutic drugs
and antibiotics [79]. An alternative to metal nanoparticles as photothermal agents is
organic agents (i.e., indocyanine green), but their intrinsic instability limits their therapeutic
effects. As a result, organic-inorganic hybrid nanomaterials such as titanium carbide
(Ti3Cy) nanoparticles have received attention and have been combined with PF127 through
a simple mixture to form an injectable hydrogel for local PTT [80].

The combination of chemotherapy with other therapeutic modalities, namely pho-
totherapy, has gained momentum in recent years. One such example is the work by
Zhang et al. [81], which was aimed at achieving complete tumor ablation via IT injection
of HDI-PF127 nanocomposite hydrogel incorporating PTX-loaded chitosan micelles and
PEGylated gold nanorods. Qin et al. [82] chose PF127 as the hydrogel matrix and black
phosphorus nanosheets as photothermal agents because of their broad absorption in the
NIR region and extinction coefficient larger than other 2D materials. While investigating the
in vitro release profile of gemcitabine, it was observed that black phosphorus nanosheets
accelerated drug release from PF127 hydrogel under NIR irradiation (808 nm, 2.0 W/cm?,
10 min). Compared to chemotherapy alone, this hydrogel exhibited a superior antitumor
effect and good photothermal effect in BALB/c mice bearing 4T1 xenograft tumors [82].
In another paper [83], the application of NIR light induced on-demand release for up to
14 days after a single administration of PF127 hydrogel with liposomes incorporating DOX
and gold-manganese oxide nanoparticles.

In addition to the analyses described in Section 3, the photothermal properties of these
poloxamer hydrogels are usually assessed in terms of photo-heat conversion ability and
photothermal stability under repeated 808 nm laser irradiation.
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Tumor destruction by conventional PDT relies on the photochemical reaction be-
tween a light-activated photosensitizer and molecular oxygen to produce ROS, resulting
in cell death [84]. However, PDT often fails to completely eradicate tumors due to the
limited penetration of currently available photosensitizers into the tissue. Building upon
the use of two-photon excitation to improve light penetration, Luo et al. [85] proposed
the co-encapsulation of a two-photon absorption compound (T1) and a photosensitizer
(pyropheophorbide a) into polymeric micelles combined with PF127. In 4T1 xenograft
mice, the obtained hydrogel was shown to inhibit tumor growth in more than 50% (under
1 cm-thick muscle tissue) after IT administration and NIR irradiation. By capitalizing
on the synergistic effects of chemotherapy and PDT, Li et al. [86] employed DTX-loaded
micelles and black phosphorus nanosheets as a hydrophobic model drug and photosen-
sitizer, respectively, incorporating them into a PF127/PF68 hydrogel. The photodynamic
performance of these hydrogels is evaluated by singlet oxygen detection.

4.3. Potential Applications in Cancer Immunotherapy

The most recent revolutionary wave in cancer therapy came with immunotherapy
and its improvements for patients in terms of survival and quality of life [87]. However,
two of the most used classes of immunotherapeutics, cytokines and checkpoint inhibitors,
face similar and appreciable delivery challenges. For example, the use of Toll-like receptor
(TLR) 7/8 agonists is often limited to IT administration because IV administration can lead
to systemic toxicity by stimulating the entire immune system [88]. Therefore, local delivery
of TLR 7/8 agonists, such as MEDI9197 [89] and imiquimod [90], is preferred, which can
be attained by mixing them with P407 aqueous solutions. Fakhari et al. [89] demonstrated
significant antitumor activity of P407 thermogel with MEDI9197 after two IT injections in a
B16-OVA melanoma tumor model. In another work [90], imiquimod was first encapsulated
in 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine liposomes before being incorporated
into PF127 hydrogel, with the final delivery system producing promising results in a breast
cancer model.

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), belonging to the class of check-
point inhibitors, can also be explored to generate antitumor immune responses. To control
the release of anti-CTLA-4 antibodies, Chung et al. [48] pioneered the optimization of
CTLA-4 therapy using P407-based injectable hydrogels. The authors observed a significant
reduction in serum anti-CTLA-4 levels and effective tumor growth inhibition in CT26
tumor-bearing mice receiving the hydrogel peritumorally. A major feature of the tumor
microenvironment is extracellular acidosis, which seems to antagonize the efficacy of
immune checkpoint inhibitors. One prominent strategy to alleviate extracellular tumor
acidity capitalizes on sodium bicarbonate therapy, but can cause metabolic alkalosis. As
such, Jin et al. [91] employed NaHCO3-loaded PF127 hydrogel for precise delivery into
the tumor, rendering its microenvironment immunologically favorable. Indeed, tumor
clearance was improved when treating MC-38-bearing mice with a low dose of immune
checkpoint inhibitors after local tumor neutralization with the gel. Very recently, the overall
goal of maximizing the therapeutic index of vemurafenib and antagonistic programmed
cell death protein 1 antibody used in combination to treat BRAF-mutated melanoma was
achieved with PF127-g-gelatin hydrogel and IT administration [92].

Although dendritic cells were initially recognized for their role in antiviral immunity,
recent attention has been directed toward their potential to boost the patients” immune
system in the fight against cancer [93]. Still, considering their short viability and low
in vivo migration capacity, treatment with adjuvants for the recruitment and maturation of
dendritic cells is of great interest. To illustrate, Lemdani et al. [94] designed a mucoadhesive
hydrogel consisting of P407 and xanthan gum for IT co-delivery of granulocyte-macrophage
colony-stimulating factor and heat-killed Mycobacterium tuberculosis to refine the local
antitumor immune response. Though administering a solution of these immunomodulatory
agents elicited minimal therapeutic effects, their IT injection in the gel led to the infiltration
of T cells in the tumor, as well as growth inhibition.
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4.4. Potential Applications in Cancer Gene Therapy

To date, the utilization of poloxamer hydrogels in local cancer gene therapy is scarce,
with only two works being reported.

After coupling conjugated linoleic acid (CLA) with P407, Guo et al. [95] demonstrated
that CLA-coupled poloxamer hydrogel could be a local delivery system for PTX with
enhanced antitumor efficacy. The evidence of apoptotic cell death inspired these authors
to use the obtained hydrogel for combination therapy with PTX and Aktl shRNA [96].
Knowing that the phosphoinositide 3-kinase/Aktl signaling pathway has emerged as
a target for breast cancer therapy, it is no surprise that the inhibition of Aktl warrants
special attention. In addition to synergistic inhibitory effects in vitro (MDA-MB-231 and
MCEF-7 cells) and in vivo (MDA-MB-231 xenograft), local treatment with PTX and Akt1 via
CLA-coupled PF127 hydrogel was confirmed to decrease Aktl phosphorylation levels and
inhibit angiogenesis [96].

Another promising target for breast cancer is survivin, whose inhibition merits in situ
injection to ensure tissue and cell specificity. Taking advantage of electrostatic interactions
between a cationic polymer (poly[(R)-3-hydroxybutyrate]-b-poly(2-dimethylamino) ethyl
methacrylate) and negatively charged survivin antisense oligonucleotide, Zhao et al. [97]
developed a gene delivery nanocomplex subsequently incorporated into injectable PF127
hydrogels for local retention. A single injection was enough to achieve a sustained gene
release for up to 16 days and counteract PTX-induced multidrug resistance by silencing
up-regulated survivin.

At the end of this subsection, Table 1 summarizes the described injectable poloxamer
hydrogels published for the period 2018-2023.

Table 1. Injectable poloxamer hydrogels for intratumoral or peritumoral administration.

Cancer Injection Hydrogel Cancer Cell Cancer Ref

Therapy Type Composition (In Vitro) (In Vivo) ’

Chemotherapy 1T P407, Topotecan - Retm(o\l(a%g;toma [54]

MC-38
Chemotherapy - P407, DOX (colon) - [55]
P407,
Chemotherapy IT Salinomycin U251 GBM [47]
P407, CDDP NP,

Chemotherapy IT LP microspheres - Melanoma (B16) [57]
P407, P188,

Chemotherapy IT SN-38 liposomes - HCC (H22) [66]
P407, P188,

Chemotherapy 1T DTX micelles - Colon (HT-29) [30]
P407, P188,

Chemotherapy 1T HPMC, NCTD - HCC (H22) [69]
P407, DOX,

Chemotherapy 1T NCTD NP HepG2 HCC (H22) [29]
P407, HA,

Chemotherapy IT HPMC KM, - - [72]

DOX, PTX micelles

Chemotherapy IT P407, P188, Alginate, 5-FU - Colon (CT26-1luc) [41]
P407, P188,

Chemotherapy 1T Xanthan gum, MCE-7 Breast [38]

PTX NP
Heparin-P407,
Chemotherapy PT DOX laponite NP 5180 Sarcoma [73]
PTT PT P40z, 4T1 Breast [77]

CuS nanodots
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Table 1. Cont.

Cancer Injection Hydrogel Cancer Cell Cancer Ref
Therapy Type Composition (In Vitro) (In Vivo) ’
PTT PT P407, Prussian 4T1 Breast 78]
blue nanospheres
P407, 4T1 Breast
PTT = CA-AuAg NP B16F10 Melanoma [79]
PTT IT P407, TizCy NP 4T1 Breast [80]
P407,
Chefnf)rltﬂh-:erapy IT BP nanosheets, - Breast (4T1) [82]
Gemcitabine
PDT 1T P407, T1 and PPa co-encapsulated micelles 4T1 Breast [85]
PDT + P407, P188,
Chemotherapy IT BP nanosheets, - Breast (4T1) [86]
DTX micelles
Immunotherapy IT P407, Imiquimod liposomes 4T1 Breast [90]
Immunotherapy PT CTIIji(Z/ Ab ?C/Isc_i? Colon (CT26) [48]
Immunotherapy IT P407, NaHCO3 - Colon (MC-38) [91]
P407-g-gelatin, DaM
Immunotherapy IT Vemurafenib, B16F10 Melanoma [92]
PD-1 mAb
Bl6
P407, CT26
Immunotherapy IT Xanthan gum, 3LL Colon (CT26) [94]
GM-CSF, HKMT (Lewis lung
carcinoma)
Gene therapy 1T P407, Sur-ASON, MCEF-7/PDR Breast [97]

PHB-b-PDMAEMA

5-FU: 5-fluorouracil; Ab: antibody; BP: black phosphorus; CA-AuAg: iota carrageenan-capped gold-silver;
CDDP: cisplatin; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; DOX: doxorubicin; DTX: docetaxel;
GBM: glioblastoma multiforme; GM-CSF: granulocyte-macrophage colony stimulating factor; HA: hyaluronic
acid; HCC: hepatocellular carcinoma; HKMT: heat-killed Mycobacterium tuberculosis; HPMC: hydroxypropyl
methylcellulose; IT: intratumoral; LP: losartan potassium; NCTD: norcantharidin; NP: nanoparticles; P188:
poloxamer 188; P407: poloxamer 407; PD-1 mAb: programmed cell death protein 1 monoclonal antibody;
PDT: photodynamic therapy; PHB-b-PDMAEMA: poly[(R)-3-hydroxybutyrate]-b-poly(2-dimethylamino) ethyl
methacrylate; PPa: pyropheophorbide a; PT: peritumoral; PTT: photothermal therapy; PTX: paclitaxel; SN-38:
7-ethyl-10-hydroxycamptothecin; Sur-ASON: survivin antisense oligonucleotide.

5. Conclusions

A myriad of in situ gelling systems triggered by temperature changes has been de-
veloped for the IT or PT administration of different therapeutic agents. Among thermore-
sponsive polymers, poloxamer-based hydrogels are in the spotlight due to their low cost,
simplicity of preparation, and compatibility with biological systems [15,98].

Over the past two decades, poloxamer dispersions have been proposed as injectable for-
mulations to assist local cancer treatment using chemotherapy, phototherapy, immunother-
apy, and gene therapy. However, the application of injectable poloxamer hydrogels for local
tumor administration remains in the proof-of-concept stage, despite promising preclinical
(in vitro and in vivo) outcomes. First, it is highly recommended that poloxamers are modi-
fied or used in novel combinations of polymers to reduce the erosion rate of conventional
poloxamer hydrogels and ensure precise delivery. Moreover, the developed hydrogels are
more likely to reach the clinical testing phase if researchers evaluate therapeutic efficacy
in larger animals (e.g., monkeys, pigs, and dogs) instead of using rodent models [75]. In
addition to clinical translation, the scale-up process from laboratory to industry is also very
effortful, the first step being a thorough characterization of the hydrogels including in-
sights into the morphology and thermal properties, and not only rheological and biological
analyses [99].
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In the future, injectable poloxamer hydrogels are expected to remain an exciting
research topic not only for drug delivery but also for tissue engineering [100] and cartilage
repair [101,102]. Regarding local cancer therapy, one can envision phototherapy and
immunotherapy succeeding chemotherapy as the most applied therapeutic modalities,
with increasingly frequent reports. Concurrently, more researchers will follow the trend
of combination therapy as a new direction for cancer treatment and establish injectable
poloxamer-based hydrogel as a key element in upcoming therapeutic strategies [103].
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Abstract: Hydrogels are polymeric materials that possess a set of characteristics meeting various
requirements of an ideal wound dressing, making them promising for wound care. These features
include, among others, the ability to absorb and retain large amounts of water and the capacity to
closely mimic native structures, such as the extracellular matrix, facilitating various cellular processes
like proliferation and differentiation. The polymers used in hydrogel formulations exhibit a broad
spectrum of properties, allowing them to be classified into two main categories: natural polymers like
collagen and chitosan, and synthetic polymers such as polyurethane and polyethylene glycol. This
review offers a comprehensive overview and critical analysis of the key polymers that can constitute
hydrogels, beginning with a brief contextualization of the polymers. It delves into their function,
origin, and chemical structure, highlighting key sources of extraction and obtaining. Additionally,
this review encompasses the main intrinsic properties of these polymers and their roles in the wound
healing process, accompanied, whenever available, by explanations of the underlying mechanisms
of action. It also addresses limitations and describes some studies on the effectiveness of isolated
polymers in promoting skin regeneration and wound healing. Subsequently, we briefly discuss
some application strategies of hydrogels derived from their intrinsic potential to promote the wound
healing process. This can be achieved due to their role in the stimulation of angiogenesis, for example,
or through the incorporation of substances like growth factors or drugs, such as antimicrobials,
imparting new properties to the hydrogels. In addition to substance incorporation, the potential
of hydrogels is also related to their ability to serve as a three-dimensional matrix for cell culture,
whether it involves loading cells into the hydrogel or recruiting cells to the wound site, where they
proliferate on the scaffold to form new tissue. The latter strategy presupposes the incorporation of
biosensors into the hydrogel for real-time monitoring of wound conditions, such as temperature
and pH. Future prospects are then ultimately addressed. As far as we are aware, this manuscript
represents the first comprehensive approach that brings together and critically analyzes fundamental
aspects of both natural and synthetic polymers constituting hydrogels in the context of cutaneous
wound healing. It will serve as a foundational point for future studies, aiming to contribute to the
development of an effective and environmentally friendly dressing for wounds.

Keywords: hydrogels; wound healing; natural polymers; synthetic polymers; critical attributes;
critical analysis
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1. Introduction

The skin is the largest organ of the human body, accounting for almost 10% of the
total body mass [1,2]. It serves as a fundamental anatomical barrier against pathogens
and protects the external environment. The skin performs several important functions for
maintaining the balance between the biological system and the surrounding environment,
such as controlling the thermoregulation process. Furthermore, it is the human organ most
frequently injured [1-3].

Thousands of years ago, ancient civilizations like the Greeks and Egyptians used tree
bark, turmeric, aloe vera, and honey to treat wounds. The increased perception that injured
skin is susceptible to contamination and dehydration boosted the development of both
synthetic and natural dressings [4].

Since the 1960s, wound dressings have been considered favorable for wound healing
because they create an environment conducive to skin regeneration [2]. The application of
wound dressings aims to cover the wound, promote re-epithelialization, prevent mechani-
cal trauma, and protect it from infections [5].

The ideal dressing should ensure a moist environment and have the capacity to absorb
tissue exudate while allowing gaseous exchange, which is related to its porosity. It must
protect the wound against microorganisms and stimulate tissue regeneration. Additionally,
it should be rigid enough to allow for fixation on the wound, while remaining flexible and
elastic to adapt to body movements. Moreover, it must be biocompatible and biodegradable,
ensuring that its by-products are safe. The dressing should provide mechanical stability,
and be widely available and cost-effective [1,2,4-9].

Due to their intrinsic properties, hydrogels fulfill various requirements for an ideal
wound dressing [10]. They offer protection against microorganisms and new lesions [3].
Additionally, they can absorb large amounts of water, up to thousands of times their dry
weight [5,11]. Therefore, the highly hydrated three-dimensional (3D) polymeric network
allows for the maintenance of a high level of moisture in the wound bed [11]. Moreover,
they adhere to the wound but are also easily removable. Their transparency facilitates
visual inspection of the wound, and they are customizable and easily adapt to the contours
of the wound, promoting autolytic debridement (removal of debris and necrotic tissues),
and intrinsically stimulating healing through various mechanisms [5]. These mechanisms
include promoting angiogenesis (formation and growth of blood vessels) in wounds with
poor perfusion, modulating the immune cells within the wound, or enhancing the migration
of keratinocytes and fibroblasts in wound healing [12-15]. Hydrogels overcome some
limitations of traditional treatments, such as prolonged healing, limited body movement,
traumatic removal, and poor regeneration of skin attachments [6].

Depending on the type of polymer that constitutes the hydrogel, it can be classified
as natural or synthetic. Natural polymers offer better biocompatibility, while synthetic
polymers exhibit improved mechanical strength and adjusted properties [3,9]. Regenerative
medicine takes advantage of natural polymers, especially as dressings for wound treatment,
due to their intrinsic characteristics of biocompatibility and biodegradability. They easily
induce tissue repair and skin regeneration because of their interconnected 3D networks
embedded in water or biological fluids, as well as their similarity to the extracellular
matrix (ECM) [16].

This review provides a comprehensive overview of dressings developed exclusively
from hydrogels, which also identifies the critical attributes of an ideal dressing for wound
healing. A detailed and in-depth description of various polymers, both natural and syn-
thetic, is also presented, outlining their origins, and alluding to their structure and intrinsic
properties. In addition, a critical analysis is provided, which brings together all the critical
attributes identified for polymers when used for wound healing. In addition, experimental
studies related to wound healing that have used hydrogels in different approaches will be
presented, taking advantage of the potential that hydrogels can offer in this context and for
different types of applications. This manuscript is a distinctive review that, in addition to
presenting detailed information on polymers and hydrogels, also provides a distinct and
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high-quality discussion about their critical attributes that are key tools for the successful
development of wound-healing dressings.

2. Wound Healing Process

Wound healing comprises four overlapping phases: hemostasis (blood clotting, stop-
ping bleeding), inflammation (inhibition of microbial growth and wound bed preparation),
cellular proliferation (stimulation of fibroblast proliferation and migration to cover the
wound surface), and matrix remodeling (strengthening of the tissue and collagen synthesis).
These phases cooperate to restore and recover the injured tissue [2,9,17].

A high level of angiogenesis is a critical factor for tissue repair and normal wound
healing, as an adequate blood supply ensures the transport of oxygen and nutrients to
the wound site [18,19]. Simultaneously, the survival of the new tissue and its integration
into the surrounding tissue depends on proper vascularization [20]. It has been observed
that fibroblasts cultivated in poly (vinyl alcohol) hydrogels with incorporated arginine, a
precursor of nitric oxide, which, in turn, is a key signaling molecule in the regulation of
angiogenesis and vasodilation, exhibit increased ECM production compared to fibroblasts
cultivated in hydrogels without arginine [4].

The focus of most studies is on the development of absorbent dressings for the treat-
ment of wet or exudative wounds. However, not all wounds require the same care. For
instance, burns require continuous hydration and not total moisture absorption [6]. Con-
ventional beliefs advocated for keeping wounds in a dry environment. However, George
Winter introduced the concept of moist healing [21]. The wet process accelerates wound
healing 3 to 5 times because dehydration (dry process) disrupts the ideal conditions neces-
sary to trigger the wound healing process [1]. The “wet wound healing theory” suggests
that a moist healing environment increases the activities of cells and enzymes, facilitates
skin cell division, and is advantageous for the formation of granulation tissue, thereby pro-
moting the healing process [21,22]. Therefore, it is crucial to keep the wound environment
moist [1,22]. This theory has revolutionized the area of wound management, redirecting re-
search focus from traditional passive drying materials to active moisturizing products [21].

Wound healing can be facilitated by cells, namely fibroblasts, which aid in the forma-
tion of the granulation layer, while keratinocytes are involved in re-epithelialization [23,24].
It is well established that fibroblasts and keratinocytes interact synergistically. Previous
studies have proven that treatment is more advantageous when applying both types of cells
and not just one type. Paracrine signaling provides mechanical, biochemical, and struc-
tural properties superior to those of isolated cells. Fibroblasts secrete growth factors that
stimulate the growth and differentiation of keratinocytes. Keratinocytes, in turn, secrete
molecules that promote the proliferation of fibroblasts [8].

Several growth factors regulate the wound healing process, namely the fibroblast
growth factor (FGF), which promotes cell migration and proliferation, as well as angio-
genesis; epidermal growth factor (EGF), which improves migration and proliferation of
fibroblasts, stimulates epithelization, angiogenesis, and induces the secretion of growth
factors by fibroblasts; vascular endothelial growth factor (VEGF), the main growth factor re-
sponsible for stimulating angiogenesis; and transforming growth factor (TGF-{3), which, in
addition to promoting angiogenesis, proliferation, and cell migration, induces the secretion
of ECM proteins [25].

3. Hydrogel Wound Dressings

The ideal dressing must meet certain requirements to create a conducive environment
for wound healing. It should prevent infections, promote the body’s self-healing process,
adhere to the wound site without causing damage during dressing changes, and adapt to
the body’s movements, among other characteristics. The key properties, which we will
refer to as critical quality attributes that an ideal wound dressing should possess, have been
outlined in Table 1 [1,2,4-9,11].
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Table 1. Critical attributes of an ideal wound dressing.

Critical Attributes

Justification

Ensuring a balanced and moist environment to promote cell migration and proliferation. It is

Moisture considered as key factor for wound healing.
(supplying moisture to the dry wounds and absorbing moisture and exudates from wet wounds)
. Controlling the level of wound exudate and preventing tissue maceration by effectively
Absorption . .
absorbing excess fluid
Permeability Facilitating gaseous exchange (water vapor, O‘z,‘ CO,) to the wound bed to accelerate
cellular activity
. Preventing microbial infections that could impede the wound healing process and prolong
Protection . .
its duration
Transparency Enabling clinicians to visualize the wound and monitor the healing process

Mechanical robustness

Mimicking the structure of native skin while being rigid enough to allow fixation on the wound

Flexibility and elasticity

Adapting to body movements and minimizing patient discomfort and pain during application
and dressing replacement

Providing good adhesion to healthy skin without sticking to the wound itself, facilitating easy

Adhesi o . e .
estveness removal after re-epithelialization, and preventing secondary injuries in the newly formed tissue
Biocompatibility Minimizing the risk of immune reactions or side effects
Ensuring the absence of toxic substances that could cause damage or result in dire consequences;
Safety ensuring that products resulting from degradation are safe and follow the normal

metabolic pathway

Cost-effectiveness

Supplying a cost-effective wound dressing solution

Availability

Widely available to all patients and healthcare centers

Hydrogels can play various roles in the field of tissue engineering, such as filling spaces,
functioning as wound dressings, or serving as drug delivery systems [8]. Interestingly, the
first hydrogel was developed in 1960 by Wichterle and Lim to be used as contact lenses [3].

Hydrogels are promising materials for clinical applications, particularly in the treat-
ment of wounds, due to their intrinsic characteristics that align with the essential aspects
an ideal dressing should possess. The primary goal is to stimulate and accelerate healing
while enhancing the quality of life for patients [2].

As the prefix “hydro” (water) suggests, hydrogels contain water in their composition,
up to 96%. However, the hydrogel sheet itself is not wet. Its hydrophilicity creates a
microenvironment in the area of the lesion with an adequate moisture content, which is a
critical factor for the rapid healing of the wound. Moreover, moisture is essential to ensure
cell viability and proper physiological functioning [2—4,8].

The presence of hydrophilic groups (-OH, -SOsH, -NH;, -COOH, -CONH),) is what
enables hydrogels to bind to water molecules [3]. The high water content facilitates the
transmission of water vapor and oxygen [10,26]. The water vapor transmission rate allows
for evaluating the ability of dressings to ensure an adequate level of moisture in the wound.
In the case of commercial dressings, it should be between 426 and 2047 g/m?/day [27].

In addition to moisturizing tissues, the 3D structure of hydrogels enables them to
absorb and retain excess exudate from the wound surface, as well as remove toxins and
water-soluble waste from the wound [2,3,10].

The swelling capacity of hydrogels is intriguing because this behavior increases the
pore size, facilitating the adhesion and proliferation of cells within the 3D structure. How-
ever, this property is only favorable to a certain extent, as it can negatively affect the
mechanical properties and integrity of the surrounding tissues [4].

Their dense network per se and their ability to adhere firmly and evenly to the wound
surface prevent bacteria from reaching and invading the wound. Hydrogels are very pliable
and soft, and their degradation occurs through hydrolysis. They are available in various
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shapes and sizes, and their flexibility and elasticity allow them to adapt to different parts of
the body, making them atraumatic [2,3,10]. In the clinical context, the mechanical stiffness
of wound dressings should fall within the range of normal healthy skin, where Young's
modulus varies between 0.42 and 0.85 MPa, allowing for painless movement. If the stiffness
falls outside this range, it may compromise the fixation of the dressing to the wound or
cause discomfort [6].

Also, the role of the hydrogel depends on the healing phase. For example, during
the inflammatory phase, they can intrinsically stimulate the cleaning of the wound bed
through the induction of autolytic debridement of the necrotic eschar tissue [2,3,8,10].

Despite the valuable properties of hydrogels and the fact that the polymer network
hinders the entry of pathogens, they do not have inherent antimicrobial properties. One
of the simplest alternatives is the direct incorporation of an antimicrobial agent, such as
minocycline, gentamicin, colistin, or 1% sulfadiazine, either onto the surface or within the
hydrogel structure itself (acting as a vector). One problem with these dressings is the rapid
release of the drug [3]. In addition to antibacterial drugs, they can effectively transport
other bioactive molecules to the wound site. However, the water content decreases as active
substances are added [2,3].

Additionally, their structure allows for the deposition and organization of cells, which
will differentiate according to specific stimuli and form specific tissue [8]. Moreover, they
can release growth factors to promote cell proliferation and stimulate vascular regeneration,
aiding in the proliferative phase [5]. Hydrogels also promote the process of keratinization,
and their hypoxic and slightly acidic environment promotes angiogenesis at the wound
site, inhibits bacterial growth, and attracts cells involved in the wound repair process,
such as fibroblasts [2,3]. In addition to participating in the formation of granulation tissue
during the healing process, human fibroblasts secrete growth factors, soluble cytokines, and
components of the ECM, such as fibronectin, collagen, and hyaluronic acid, that stimulate
the proliferation of epithelial cells [8,22].

A study on hydrogels incorporating arginine, a precursor of nitric oxide, which is
an important signaling molecule in the regulation of angiogenesis and vasodilation, also
demonstrated an increase in ECM production [4,28]. Hydrogels can also be loaded with
growth factors. Xiong et al. [29] studied the influence of FGF2 on fibroblast proliferation and
found a 40 to 75% increase in the proliferation rate when 100 ng/mL of FGF2 was added.
FGE, one of the main promoters of cell proliferation with chemotactic activity, plays an im-
portant role in skin healing [4]. Several studies on the incorporation of VEGF into hydrogels
have shown improvements in cell proliferation and wound tissue remodeling [30].

Some hydrogel polymers contain RGD (arginine-glycine—aspartic acid) peptide se-
quences, responsible for interacting with fibronectin and integrin, acting as anchors [6,31].
These sequences are involved in the mechanism of cell adhesion to the ECM and improve
cell survival [32], promote migration and proliferation of cells such as keratinocytes and
fibroblasts [33], and induce the secretion of growth factors and angiogenic cytokines crucial
for ECM remodeling [19]. The type of cell adhesion ligand, particularly RGD peptides,
their spatial arrangement within the hydrogel, the combination of several ligands, or the
association of ligands and soluble factors can regulate the phenotype and cellular function
of the formed tissues [34]. In addition to the described effects, in vitro and in vivo models
have demonstrated that RGD peptide enhances the formation of the keratinocyte layer, pro-
duction of granulation tissue, and strengthening of the wound matrix, thereby improving
wound healing [35].

Moreover, their transparency allows for the assessment of even small changes, visual
inspection of the wound, and monitoring of the healing process without removing the
dressing [2,3,36]. Additionally, removing the dressing negatively interferes with the healing
process and should be discouraged [36].

The properties of hydrogel dressings can be enhanced. For instance, the addition of
NaCl to the solution during the preparation of type I collagen hydrogels can improve their
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mechanical properties and optical performance. Similarly, increasing the pH (near the
isoelectric point) can enhance their transparency and linear viscoelastic properties [37].

Because hydrogels are designed to come into direct contact with the wound, they
should be immunologically neutral [2,3,38]. Hydrogels have shown low rates of adverse
effects and low irritation rates [3].

4. Polymers

Natural polymers (Figure 1) are biocompatible and often equivalent to macromolecules
recognized by the human body [11,17,20]. However, they have relatively low mechanical
strength compared to synthetic polymers [11,16,20]. Additionally, they are susceptible
to batch-to-batch variations, which may result in slight differences in physicochemical
characteristics [11].
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Figure 1. Representation of the chemical structures of some natural polymers classified into proteins
(collagen, gelatin, and silk fibroin) and polysaccharides (alginate, hyaluronic acid, cellulose, dextran,
and chitosan).

Synthetic polymers (Figure 2) are chemically synthesized and exhibit controllable and
predictable properties. They maintain constant and homogeneous physicochemical properties,
often displaying excellent mechanical properties and controlled degradation [5,11,17,39,40].
Some synthetic polymers, such as polyesters, are biodegradable and generally more cost-
effective compared to natural polymers [40] and have more abundant sources of raw
materials [5]. However, unlike natural polymers, which are biologically inert, synthetic
polymers carry the associated toxicity risk and may present biocompatibility issues [17,39,40].

Moreover, these materials often require surface treatment or combination with natural
polymers to improve cytocompatibility, as they exhibit weak cellular interactions. Surface
treatments aim to reduce hydrophobicity through chemical alterations or enhance cell
adhesion by adding adhesion peptides, for example [40]. The most commonly used strategy
involves combining synthetic and natural polymers [5,9,40,41], as the latter contribute to
their natural biological activity due to their similarity to tissues and the native ECM [20,40].
They mimic the natural microenvironment of cells in the human body;, facilitating processes
such as cell adhesion, proliferation, migration, and differentiation [20]. Blending polymers
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improves the mechanical properties of natural polymers. However, their biocompatibility
may be somewhat affected [16].
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Figure 2. Synthetic polymers and their respective chemical structures.

The selection of the polymeric composition of hydrogels should consider the most
suitable characteristics according to the type of wound to be treated and the patient’s

clinical conditions [2].
Table 2 gathers the main sources for obtaining natural polymers and the primary
pathways for the chemical synthesis of synthetic polymers.

Table 2. Main sources for obtaining natural polymers and chemical synthesis pathways of

synthetic polymers.

Polymers Main Natural Sources/Chemical Synthesis Pathways References

Natural polymers

Bovine, porcine, red algae, fish, from species such as Prionace glauca,
Oreochromis niloticus, and Lophius litulon, octopuses, starfish, [4,42]

Collagen jellyfish such as Rhopilema esculentum, polar bears, whales, seals,
and marine sponges
Gelatin Bovine, porcine, caprine, I.nammahan .’EISSUES, squid, sponges, [17]
jellyfish, and snails
Silk Fibroin Cocoons of Mulberry silkworm Bombyx mori and the non-mulberry [43]

silkworm Antheraea assama

Brown marine algae such as Laminaria, Ascophyllum, and
Alginate Macrocystis, red and green marine macroalgae, or bacteria like [1,34,38,44]
Pseudomonas and Azotobacter

. . Human vitreous humor, joints in the umbilical cord,
Hyaluronic acid A [45]
connective tissue
Bacterial cellulose Bacteria strains such as Gl.uconucetobacter, Rhizobium, Agrobacterium, [1,16,46 7]
Sarcina, and Rhodobacter
Dextran Bacteria, such as Leuconostoc, Weissella, Lactobacillus, [48,49]
and Streptococcus
Chitosan Insects, marine invertebrates, and crustaceans such as crabs, [9,16,50-53]

shrimp, and lobster, as well as in the cell walls of fungi
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Table 2. Cont.

Polymers Main Natural Sources/Chemical Synthesis Pathways References
Result from the polyaddition polymerization between polyols
Polyurethane (molecules containing hydroxyl groups) and isocyanates, in the [54-56]
presence of a chain extender and a catalyst
Polyethylene glycol Result from the condensation of ethylene oxide and water [57,58]
"
= . . . .
dé Polyvinyl alcohol Results from the hydrolys1s, aminolysis, or alcoholysis of 59]
=N vinyl acetate
°
;-' Poly-¢-caprolactone Results from the ring-opening polymerization of e-caprolactone [60]
g Poly-N-vinylpyrrolidone Results from high-pressure free-radical polymerizations [61]
g Results from the blend of polylactic acid (derives from lactic acid
» and results from renewable sources such as corn, starch, or
Poly(lactic-co-glycolic) acid sugarcane) and polyglycolic acid (results from the hydrating [9,54,60,62]

carbonylation of formaldehyde, with H,SOy as a catalyst, or from
the pyrolysis of renewable sources such as sugar beets, sugarcane,
cantaloupe, and grapes)

4.1. Natural Polymers

Within natural polymers, we can classify them as proteins (collagen, gelatin, and
silk fibroin) and polysaccharides, which can be further subdivided into acidic polysac-
charides (alginate and hyaluronic acid), neutral polysaccharides (cellulose and dextran),
or basic polysaccharides (chitosan) [16]. Figure 1 schematically represents some of the
natural polymers.

4.1.1. Collagen

Collagen is considered the most abundant protein in the human body [16], constituting
approximately 30% of the overall protein content [22]. The main types of collagens present
in the body are types I, I, III, IV, and V. This amino acid is ubiquitously present in the
ECM [4]. Native collagen is insoluble and needs to undergo a pre-treatment where non-
covalent bonds are broken to solubilize and extract it [63].

The main source of commercially used collagen isolation is from marine sources [42],
representing an abundant and environmentally friendly reservoir of collagen [64]. The
process of obtaining collagen from the transformation of by-products of fish skin and scale
is inexpensive and has minimal environmental impact [65].

Although different types of collagen have various structural organizations, they all
share the fibrillar triple helix structure [66], composed of the tripeptide sequence (Gly-X-
Y)n, where Gly (glycine) accounts for 30% of the total amino acids, and X is typically proline
while Y is hydroxyproline [37]. Within the three polypeptide chains, there are repetitive
sequences of specific amino acids, such as RGD (arginine—glycine-aspartic acid), which
interact with integrins present in cells and promote the adhesion and migration of cells
such as keratinocytes and fibroblasts [33,35].

This polymer is highly biocompatible [33,38], eco-friendly [67], and bio-stable. It is
a promising candidate for hydrogel applications due to its water absorption capacity, as
well as its abundance, and plain structure [4]. They are commonly employed as biomimetic
materials for the skin matrix, effectively simulating the natural microenvironment, particu-
larly concerning skin elasticity [68]. Collagen dressings are semi-flexible [69], easily applied
and removed, and serve as scaffolds for cytokines and growth factors [4]. Collagen-based
hydrogels have demonstrated desirable biodegradability, excellent shape consistency at
physiological temperature (37 °C), and good formation of micro and macropores, which
are important for cell adhesion and proliferation [20,70]. Collagen-based scaffolds exhibit a
high level of hydration and transparency, and provide an appropriate surface area for cellu-
lar adhesion, as well as the necessary conditions to ensure their viability, migration, and
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proliferation [70]. Collagen can polymerize in vitro into a fibrillar hydrogel at physiological
temperature, ionic strength, and pH [71].

Collagen stimulates the molecular and cellular cascade of wound healing [16], promotes
debridement of necrotic tissue [4,16], leads to the synthesis of growth factors that stimulate
angiogenesis, and provides a hydrophilic environment that favors re-epithelialization [4].
Collagen acts through a hemostatic effect mechanism [4,46], inducing platelet activation
and aggregation, resulting in the release of coagulation factors that lead to the deposition
of a fibrin clot at the wound site [33] and increasing the availability of fibronectin, which
plays an important role in cell endurance and is essential for the succession of the cell cycle.
Collagen plays a crucial role in maintaining cell viability and preserves immune system
cells such as macrophages and leukocytes [4].

Collagen dressings inhibit the activity of metalloproteinases (stagnate wound healing
in the inflammatory phase), allowing the healing process to proceed [4,46]. In the inflam-
matory phase, the activation of immune cells stimulates the secretion of pro-inflammatory
cytokines, recruiting fibroblasts, endothelial, and epithelial cells. Fibroblasts contribute to
collagen synthesis [4,33].

At the same time, collagen and its degradation products are responsible for various
cellular processes crucial for wound healing, including differentiation, migration, prolif-
eration, and protein synthesis, including collagen itself [35]. Collagen fragments, in turn,
release molecules that attract keratinocytes to the wound area [4] and recruit fibroblasts and
endothelial cells to regulate granulation and re-epithelialization [4,33,35], aiding in the for-
mation of new tissue [16], which is more resistant to remodeling [35]. Collagen also acts in
the remodeling phase (balance between the degradative activity of metalloproteinases and
the formation of the new matrix) determining tensile strength [33] and scar formation [33].

Although marine collagen exhibits a high degree of bio-adhesion, biocompatibility,
biodegradability, and low immunogenicity [4], it has a lower amount of hydroxyproline
amino acids, resulting in lower thermal resistance [72]. When subjected to chemical or
enzymatic hydrolysis, it forms marine collagen peptides with low molecular weight, which
have higher hydrophilicity, strong calcium affinity, and are more easily absorbed [25]. These
peptides possess physiological characteristics that provide activities such as antioxidant
and wound-healing properties [25]. Collagen sponges are commonly used in wound
treatment. They are highly porous materials and absorb a significant amount of water [4,9].
Their elastic nature and absorbent behavior make them resistant to bacterial infections [4].
However, their rapid degradation limits in vivo use [9].

Collagen-based dressings of avian, bovine, or porcine origin are recommended for the
treatment of full- or partial-thickness wounds with minimal to moderate exudate, but they
are contraindicated in allergic or sensitive patients and third-degree burns [16].

Collagen-based hydrogel has some limitations, particularly weak mechanical proper-
ties [73,74] and tissue adhesion [75]. Furthermore, when in contact with living tissues, it
may induce inflammation [74]. On the other hand, the lack of intrinsic antibacterial activity
is also a disadvantage, as it alone cannot protect the wound area from infections [76]. In
addition to the high cost of pure collagen, which makes it economically unfeasible for
large-scale approaches, collagen degradation results in amino acids with the ability to
activate the coagulation cascade and with thrombogenic potential, limiting its application
as a biomaterial [37]. It can quickly lose its shape and stability due to enzymatic degra-
dation [77]. Moreover, the long gelation time and low mechanical strength of printed
collagen-based hydrogels pose additional challenges [78,79].

In a neutral solvent, at a temperature close to physiological, collagen molecules can
autonomously assemble into collagen fibers. The hydrogel is then created through the
interaction among these collagen fibers [22]. The in vitro degradation of collagen hydrogels
occurs by incubating them with a collagenase solution (5 U/mL) at 37 °C, resulting in
complete hydrogel disintegration within 3 h [80].

Almeida Cruz et al. [42] compiled the results of several in vivo (animal models)
studies on marine-derived collagen. Overall, there was an increase in the amount of
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collagen in the wound bed, increased granulation tissue, angiogenesis, and promotion
of re-epithelialization in the animals with skin wounds, burns, or injuries treated with
collagen or collagen peptides extracted from different marine species.

In vitro studies demonstrated that marine collagen peptides isolated from the skin of
Nibea japonica increased the proliferation and migration of NIH-3T3 fibroblast cells and
were classified as non-cytotoxic and hypoallergenic [25,81]. These peptides also showed
antioxidant activity against superoxide anion, hydroxyl, DPPH, and ABTS radicals. In vitro
studies (scratch wound assay) showed that collagen peptides significantly improved scratch
closure rate, and according to another in vitro test (Western blotting), they increased the
expression of proteins such as nuclear factor kB (NF-kB) p65, inhibitory-«kB kinase (IKK)
o, and B, from the NF-kB signaling pathway, which regulates the transcription of genes
associated with cellular functions such as adhesion, migration, proliferation, and cell
survival. Moreover, they also increased in vitro (Western blotting) the levels of growth
factors such as EGF, FGF, VEGF, and TGEF-f, all related to wound healing [25]. These results
were similar to those obtained with marine collagen hydrolysate regarding skin repair and
tissue regeneration capacity. Collagen isolated from Chum salmon and Nile tilapia skin also
demonstrated excellent wound-healing properties [22].

Feng et al. [18] studied aminated collagen hydrogel, isolated from fish scales, in the
healing of full-thickness wounds. Aminated collagen is highly biocompatible, minimally
immunogenic, eco-friendly, sustainable, and low-cost. The results demonstrated that the
hydrogel improved angiogenesis (in vitro) and was effective in wound healing in vivo (rat
model). Mature and organized collagen deposition was observed at the wound site, along
with re-epithelialization after 14 days, with the formation of tight junctions between the
dermis and epidermis, which are crucial for tissue functional recovery.

Previous studies also indicate that hydrogels with higher collagen concentrations
are stable, enhance cell viability, and allow for the expression of genes related to matrix
macromolecules and cytokines involved in neovascularization and re-epithelialization.
This suggests that concentrated collagen hydrogels could be a novel option for cellular
therapy in the treatment of chronic skin wounds [82].

4.1.2. Gelatin

Gelatin is a natural polymer resulting from the hydrolysis and controlled denaturation
of collagen at high temperatures [6,11,61,83]. It is ubiquitous [84], eco-friendly [67,85,86],
sustainable [85], and recyclable [84].

Similar to collagen, gelatin possesses repetitive sequences of amino acids (Gly-X-Y)n,
where X and Y are typically proline and hydroxyproline, respectively [17]. Additionally, it
contains RGD motifs (arginine-glycine-aspartic acid), which promote cell adhesion, migra-
tion, and proliferation. By providing binding sites for integrins, it facilitates keratinocyte
migration and improves tissue remodeling [27,83,87,88].

Moreover, the structure of gelatin is flexible and contains numerous free functional
groups, such as hydroxyl, amino, and carboxyl groups [31,89], enabling the modification of
its structure through chemical conjugation [27].

Gelatin is highly biocompatible and biodegradable [17,27,83,87]. It is hydrophilic,
capable of absorbing large quantities of water and exudate [27,90], and mimics the native
ECM, making it interesting for wound treatment applications [11,20,38,83,90]. Moreover, its
extraction and synthesis are relatively easy [11,91], and dressings based on gelatin exhibit
good transparency [91-94].

Derived from collagen, the main protein of the dermal ECM, gelatin provides the
necessary ingredients for dermal regeneration and exerts a positive effect on the biological
response [6], without triggering immune responses [6,88]. Compared to collagen, gelatin is
cheaper and has lower antigenicity and immunogenicity, as it is partially denatured [27,83].
Gelatin can be used as a drug delivery system or as a scaffold for cell proliferation [17].

This biopolymer positively affects cell viability, mainly due to the RGD peptide se-
quences, which are responsible for interacting with fibronectin and integrin, acting as
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anchors and enhancing cell adhesion to the ECM and cell proliferation [6,31]. Despite its
cellular adhesion properties, and even though Ma et al.’s study [89] demonstrates that
adding gelatin to the polyacrylic acid and polyacrylamide hydrogel enhances the hydro-
gel’s viscosity and adhesion to surfaces like glass and plastic, the tissue adhesive properties
of gelatin are insufficient [90]. Therefore, it is often functionalized with dopamine, im-
parting adhesive properties to the hydrogel due to its structural resemblance to mussel
adhesive proteins [88,95,96]. The key to the good adhesive properties of mussels lies in the
abundance of catechol groups [88]. In Wang et al.’s study [96], the addition of 0.06% poly-
dopamine to the gelatin—polyacrylamide hydrogel improved the adhesion of the hydrogels
on porcine skin without compromising the ease of removal.

Gelatin undergoes easy and low-temperature processing and exhibits a thermore-
versible gelation process [84]. At ambient temperature, gelatin forms hydrogels, but at
temperatures above 35 °C, it dissolves in water and forms a transparent gel, due to the loss
of hydrogen bonds that connect the chains in a triple helix [17,90]. Furthermore, it has a
high degradation rate and is not very viscous above 27 &+ 1 °C, which limits its printability.
To overcome this low formability, gelatin can be combined with other biopolymers such as
alginate and silk fibroin or undergo specific modifications such as methacrylation [11,20].
Gelatin methacrylate, in addition to being a biocompatible and biodegradable polymer,
has high thermal sensitivity and facilitates cell migration, making it attractive for wound
healing applications. Moreover, its ability for UV radiation-induced photopolymerization
provides it with mechanical stability, resulting in high shape fidelity. It also exhibits in situ
and rapid gelling [20,87].

Gelatin hydrogels lack antibacterial activity [97], and their stability decreases at high
temperatures [98], while they exhibit poor mechanical properties [90,95,97,99]. One solution
to improve the mechanical properties of gelatin and reduce its water solubility is through
crosslinking. The strength and stability of the crosslinking depend on the crosslinking
agent, as well as the water absorption capacity. Recently, crosslinking agents such as
lactose, citric acid, and genipin have gained attention due to their biocompatibility. Lactose
reacts through the Maillard reaction and results in non-enzymatic glycation of the gelatin
chains, while citric acid and genipin react with the amino group, but genipin forms a
heterocyclic compound [27]. Lactose has a carbonyl group that reacts with the amino
group of gelatin. The resulting structure is more compact, reducing the water absorption
capacity. Citric acid has three carboxyl groups. Those that do not react can form hydrogen
bonds with polar groups of gelatin. The resulting structure is looser, increasing the water
absorption capacity [27].

Ren et al. [100] prepared a biodegradable, recyclable, sustainable, and environmentally
friendly gelatin hydrogel, avoiding secondary pollution.

Ionescu et al. [90] prepared a film based on a gelatin derivative containing norbornene
functionalities and evaluated its wound healing potential in vivo (rat model). The results
showed that there was no significant degradation during the 3-week study period. There
was a considerable improvement in the wound healing process. Additionally, a high
percentage of wound contraction (80% = 0.3) was observed at the end of 12 days.

4.1.3. Silk Fibroin

Silk fibroin (SF) is a natural protein-based biopolymer [54,60,101-112]. Silk fibers
are primarily composed of proteins derived from silkworms, namely fibroin, sericin, and
18 different amino acids [56,113]. Among these, alanine, glycine, and serine residues make
up the majority of the amino acid sequence [54,56,101].

Chemically, this fibrous bioproduct possesses abundant amino groups (primary
amines), hydroxyl, and carboxyl groups along its molecular chain that are accessible
for chemical modifications [101,107,112,114].

Furthermore, this structured amphiphilic copolymer is composed of alternatively
repeating units of hydrophilic light chains and disulfide-connected hydrophobic heavy
chains [60,101,115]. In solution, SF adopts metastable amorphous conformations such
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as random coil and o-helix structure (Silk I). When exposed to physical and chemical
stimuli, such as shear forces, high silk concentration, low pH, high temperature, vortexing,
sonication, cross-linking agents, blending with other polymers, or organic solvent treatment,
the amorphous portion of SF can be transformed into stable and insoluble anti-parallel
crystallized 3-sheets (Silk II) [106,114-118].

In physiological conditions, the SF protein adopts a low-energy {3-sheet conformation
and tends to aggregate, resulting in hydrogel formation through self-aggregation. This
self-assembly approach is relatively simple. However, it can be time-consuming [104,110].
Another technique used to induce hydrogel formation is the ultrasonication technique. The
formation of (3-sheets occurs through alterations in hydrophobic hydration. The application
of ultrasound waves promotes intermolecular interactions of fibers, leading to a structural
rearrangement of the protein. This process involves conformational changes from a random
coil to a 3-sheet, culminating in hydrogel formation [104,110,115]. Previous studies have
shown that this technique reduced the gelation time of SF from days to minutes, with the
formation of hydrogels reported within 15 to 45 s [110,115].

In general, the SF hydrogel state is preferred for its adaptability and ease of use [111].
The conformation of the SF chain determines the morphological structure and solubility of
the hydrogel. The higher the concentration of SF, the greater the content of the 3-sheets
(Silk II) [117]. In turn, the crystalline Silk II structure imparts greater mechanical resistance
and long-term stability to the hydrogel [104,113,116]. The hydrophilic blocks enhance
toughness and elasticity [113].

SF possesses excellent biological properties, including outstanding biocompatibility both
in vitro and in vivo, and tunable biodegradability, forming non-inflammatory by-products. It
also exhibits high tensile strength and robust mechanical properties, along with excellent flexi-
bility, elasticity, and malleability [16,17,54,57,60,104-108,110,112-114,116,117,119,120]. More-
overt, it is naturally abundant, bio-sustainable [121], and eco-friendly [121-123].

In addition to addressing biodegradation issues associated with non-biological mate-
rials [115], SF can act as a natural strengthening agent, providing the desired mechanical
strength and hardness, instead of relying on synthetic polymers and chemicals [106,110,113].
Studies have shown that the addition of small amounts of SF improved the physical and
mechanical properties of a collagen scaffold without affecting its biological nature [106].

The SF hydrogel has become a promising biomimetic dressing, given its similarity to
Young’s modulus of the skin and its ability to adjust mechanical properties to match the
desired resilience and elasticity of native tissues. In addition to supporting cell proliferation,
it allows for the controlled release of antibacterial molecules and bioactive compounds for
skin wound regeneration [110,112,114,117,120].

Furthermore, its low immunogenicity, non-toxicity, good accessibility, low cost (especially
when compared with collagen due to the rigorous processing associated with collagen extrac-
tion), easy processability, outstanding stability, and chemical modifiability significantly con-
tribute to its application in the biomedical field [54,57,102,108,110,112,115-117,120,124,125].

Moreover, due to the presence of hydrophilic groups on SF backbones that are easily
hydrated, such as hydroxyl and carboxyl groups capable of forming hydrogen bonds with
water molecules [101,112,114], SF hydrogels can absorb exudate and maintain a moist
environment. This helps keep the wound area hydrated, promoting cell adhesion and
migration [16,17,107,109,112,114,116].

SF hydrogel dressings exhibit excellent inherent potential in wound healing [17,60,102,
107,110,112,116-118,124]. They demonstrate a good water vapor transmission rate, water
retention capacity, gelation behavior, and proper oxygen permeation. Additionally, SF hy-
drogel dressings possess hemostatic properties and support the recruitment of various cell
types, including endothelial cells, macrophages, neutrophils, fibroblasts, and keratinocytes.
Furthermore, they promote cell proliferation and migration, facilitating re-epithelialization
and the formation of granulation tissue [17,104-106,108,109,112,119,126].
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In addition to numerous studies reporting the effectiveness of SF hydrogels in drug
delivery and the regulation of growth factors [60,104], the literature documents indicate
that SF can induce the release of EGF [107].

SF has excellent cell adhesion [125]. In vitro studies have demonstrated that SF-based
hydrogels provide mechanical support and act as a matrix for tissue formation, significantly
enhancing cell adhesion and proliferation. This effect may be attributed to their capacity
to provide nutrients, promote cell—cell interactions, and facilitate the spreading of normal
human keratinocytes and fibroblasts under in vitro conditions [17,54,101,107,109,115].

Moreover, SF-based scaffolds downregulate the expression of pro-inflammatory cy-
tokines, suppressing inflammation [115]. Low-molecular-weight SF can activate the intrin-
sic coagulation cascade, acting during the hemostasis phase [56].

Furthermore, previous studies have shown that SF is used due to its capacity to
stimulate collagen synthesis and contribute to the production and deposition of ECM
components. This makes a direct contribution to the wound repair and tissue regeneration
process [101,107,108,110,112,119].

NEF-kB is an important mediator of inflammatory responses. The NF-kB pathway is
crucial in the activation and differentiation of innate immune cells and inflammatory T
cells [102]. SF can activate the NF-kB signaling pathway through the expression of cyclin
D1, vimentin, fibronectin, and VEGF. In addition to modulating cellular activities such as
cell adhesion, differentiation, and proliferation, this activation promotes ECM deposition
and regulates inflammation and ROS elimination. This signaling pathway is closely related
to wound healing and constitutes the underlying mechanism in the healing process of
SF-based dressings [102,104,110,116].

Despite the highlighted promising inherent properties, SF hydrogels present some
limitations, such as the lack of angiogenic activity [115], and antibacterial and antioxidant
properties [110,115,116,124]. Additionally, they have a high gelation time [98].

As a single component, SF may not be sufficient for skin regeneration due to the
lack of cell-specific binding sites [109]. Furthermore, the high cutaneous affinity of SF
hydrogels allows them to adhere easily to the skin surface without the need for biological
adhesives [105,117]. However, in the case of wounds with irregular contours, additional
auxiliary fixation is required since they cannot adapt to deformation [111].

The transparency of SF hydrogels sparks controversy. Some authors acknowledge
their good transparency [121,125], while others assert that the production of hydrogels
leads to microstructures lacking in transparency [127].

The degradation of silk protein is carried out through proteases present in the bio-
logical system. The degradability and degradation rate depend on the type of silk, the
concentration of SF, and the content of 3-sheets [106].

Guan et al. [118] developed an SF-based hydrogel and investigated its mechanism
for skin repair and wound healing in a second-degree burn mouse model. The results
showed that the SF hydrogel provided a moist environment conducive to wound healing.
It improved adhesion and migration of fibroblast and keratinocyte cells in vitro through
the Talin 1 pathway, which is closely related to the healing process, and associated pro-
teins (vinculin, paxillin, p-FAK, and FAK). The interconnected porous morphology of the
hydrogel, suitable for cell growth, facilitated nutrient delivery to cells and promoted the
absorption of cellular debris or metabolic waste. In the in vivo study, the treated wound
appeared smooth and moist, with no apparent inflammatory reactions. After 12 days,
the burn skin treated with SF hydrogel exhibited morphology and histology similar to
normal skin, showing complete wound regeneration without edema or granulation tissue.
The hydrogel-treated group demonstrated faster re-epithelialization and wound closure
compared to the control groups.

Li et al. [117] investigated the therapeutic effect of an SF-based hydrogel on hyper-
trophic scars in vivo using rabbit ears. Hypertrophic scars, occurring in 33% to 91% of burn
victims, lack an established optimal treatment method. The findings of the study suggest
that the SF hydrogel exhibits outstanding inhibitory effects on hypertrophic scars, reducing
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their thickness and lightening their color. These effects were attributed by the authors to
the downregulation of x-smooth muscle actin (x-SMA) expression levels. Additionally, the
hydrogel-treated group demonstrated lower collagen fiber density and more organized
arrangements than the blank control and scar removal cream groups.

4.1.4. Alginate

Alginate is a natural polysaccharide primarily found in the cell walls of marine
algae (macroalgae) in the form of alginic acid. Additionally, it can be obtained from
bacteria [34,44]. Bacterial biosynthesis enables the production of alginates with more
defined physical properties and chemical structures compared to those derived from marine
algae. Moreover, the ability to manipulate bacteria has allowed for the customization of
alginate characteristics [34].

Alginate is an unbranched linear anionic polymer composed of repeating units of
(1,4)-linked «-L-guluronic acid and p-D-mannuronic acid, referred to as G blocks and
M blocks, respectively. Depending on the source from which alginate is extracted, these
two types of monomeric acids may be present in varying proportions and assume diverse
structural arrangements, thereby influencing the properties of alginate [1,21,34,44].

It is believed that only the G blocks are involved in the intermolecular binding with di
and trivalent cations [34,44]. A higher content of G blocks enables the formation of stiffer
hydrogels with improved mechanical properties [21] due to the cationic interaction they
establish with ions such as calcium, forming a structure resembling an “egg-box” [1,38].
On the other hand, a hydrogel with a higher content of M blocks tends to be less adhesive
and is capable of stimulating human monocytes to produce cytokines, making it applicable
in wound healing processes [1].

Alginate is an insoluble salt, but it can be extracted through treatment with aqueous
alkaline solutions, typically NaOH, resulting in the formation of water-soluble sodium
alginate [1,34].

It is a highly porous, hydrophilic, moisture-permeable, biostable, highly biocom-
patible, biodegradable, and non-toxic polymer. Furthermore, it is widely recognized
as safe, readily available in nature, inherently non-adhesive, easy to process, and pos-
sesses good resistance in acidic media [1,21,38,39,44,53,128,129] and transparency [78,92].
Moreover, alginate is renewable [130,131], has an eco-friendly nature [131-134], and is
cost-effective [1,39,44,129,130,132,134]. However, it still has some shortcomings, includ-
ing weak mechanical properties and cell adhesion [1,21,44,128], the inability to promote
angiogenesis, inhibit microbial infections, slow hemostasis, and difficulty in reducing
scar formation [129].

While some researchers have found little to no immune response, others have re-
ported that alginates with a high content of M blocks were immunogenic. This observed
immunogenic response was attributed to residual impurities in the alginate itself, such
as endotoxins, polyphenolic compounds, and heavy metals, due to its natural origin [34].
Orive et al. [135] demonstrated that purified alginates had fewer impurities and did not
induce any significant reaction when implanted in animals (mice).

Alginate is widely used either in its hydrated gel form to provide moisture to dry
wounds or in its dry form for wound fluid absorption [34]. It is highly absorbent, par-
ticularly in a lyophilized form, capable of absorbing water or body fluids up to twenty
times its weight [16,21]. It is especially useful in wounds with moderate to high exudate
levels [1,44,77]. Alginate can channel wound exudate towards the surrounding healthy
skin, a phenomenon known as “lateral capillarity”. However, research indicates that a high
content of M blocks hinders this effect [21].

Calcium alginate-based biomaterials (insoluble in water) tend to partially dissolve
when in contact with body fluids. As they absorb wound exudate, an ion exchange occurs
between calcium (from the alginate) and sodium (from body fluids), releasing calcium ions.
This results in the formation of a solubilized gel (sodium alginate), which is conducive to
wound healing, providing a moist microenvironment in the wound area that stimulates re-
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epithelialization, assists in granulation tissue formation and minimizes bacterial infections.
They promote autolytic debridement and do not adhere to tissues, making their removal
almost painless, accelerating wound closure, and preventing secondary injuries during
dressing changes [1,6,16,21,34,38,53,128]. However, the ion exchanges that occur under
physiological conditions limit the long-term stability of ionically crosslinked hydrogels [34].

Alginate biopolymers can be applied as drug delivery systems [1,21,34] and are com-
monly used in biomedical products for the treatment of bleeding /exudating skin wounds
and burns due to their hemostatic properties [16,53,77]. On one hand, calcium ions released
under physiological conditions promote hemostasis, and on the other hand, the hydrogel
itself allows for the aggregation of platelets and red blood cells within its matrix [34].
Alginate stimulates macrophage activation and induces the production of interleukin-6 and
tumor necrosis factor o by monocytes, initiating the second phase of the wound healing
process, the inflammatory phase [21,128].

The removal of alginate-based dressings causes less pain than traditional dressings
and will not induce additional harm to the wound site [1,21]. However, its weak ad-
hesive properties require a secondary dressing to protect and attach it to the wound
area [16,53]. Since the inherent cell adhesion properties of alginate are deficient [20,98],
recently, alginate derivatives have been prepared by chemically introducing adhesive cell
peptides, including the RGD sequence and others like YIGSR (Tyr-Ile-Gly-Ser-Arg) and
DGEA (Asp-Gly-Glu-Ala) [34].

Alginate exhibits relevant rheological properties such as viscosity, rapid gelation,
and the ability to stabilize dispersions [1,98]. However, it has weak mechanical prop-
erties and low tensile strength, which limits its application in wound healing [98,128].
Bahadoran et al. [136] prepared a sodium alginate/polyvinyl alcohol hydrogel and ob-
served that an increase in alginate concentration resulted in more porous structures with
enhanced swelling capacity, improved elasticity, and degradation rate.

Increasing the molecular weight is one way to enhance the physical properties of the
resulting hydrogel. However, an increase in molecular weight raises the viscosity of the
alginate solution, which may compromise the viability of cells or proteins incorporated
into the mixture due to generated shear forces. The viscosity of the pre-gelation solution
and post-gelation stiffness can be controlled independently, so a combination of low-
and high-molecular-weight polymers can be used to increase hydrogel elasticity with a
minimal increase in solution viscosity [34]. The viscosity of alginate solutions remains
unchanged within pH values between 5 and 11. When the pH falls below 5, protonation of
the -COO™ groups in alginate occurs, reducing electrostatic repulsion between alginate
chains, facilitating their approximation, and forming hydrogen bonds, leading to increased
viscosity. When the pH exceeds 11, depolymerization occurs, decreasing viscosity [34].

The functional groups of alginate enable it to easily cross-link with other biopolymers,
forming a network that enhances the physical stability of the dressing. The ionic nature of
alginate promotes the formation of bioactive interpolymeric complexes with compounds
such as chitosan, a cationic polysaccharide [1].

4.1.5. Hyaluronic Acid

Hyaluronic acid (HA) is an animal-derived glycosaminoglycan and is a structural
component abundantly present in the ECM found in embryonic mesenchymal tissues [7].
This linear polyanionic heteropolysaccharide consists of alternating units of 3-1,3-N-acetyl-
D-glucosamine and «-1,4-D-glucuronic acid [17,137].

HA is a highly biocompatible, biodegradable, non-toxic polymer that can be easily
chemically modified [7,9,19,38,137,138]. It is a non-adhesive, non-immunogenic [139],
and eco-friendly glycosaminoglycan [140,141] with high transparency [142-144]. In the
architecture of the ECM, HA plays regulatory roles in water homeostasis, ensuring proper
tissue hydration during wound repair [137,138]. It is a semi-flexible [145] and water-soluble
macromolecule. HA is one of the most hygroscopic molecules, capable of absorbing and
retaining large amounts of water, increasing its volume by up to 1000 times [7,142]. It has
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several carboxyl and hydroxyl groups in its structure, which impart a highly hydrophilic
character to it, enabling it to absorb exudate [45]. It provides a moist environment and
allows for oxygen permeation [142,146]. At physiological pH, HA carries a negative charge.
The acetamido and carboxyl groups in its structure form hydrogen bonds with water
molecules, stabilizing the polymer’s secondary structure [45].

Most approaches to obtaining HA hydrogel dressings involve high costs and tedious
multi-step reactions [45,146]. Recently, advances in HA extraction technologies have led to
a more stable and cost-effective form of HA [142].

HA-based hydrogels are reabsorbable and easy to scale up [98]. However, HA
hydrogels have relatively weak mechanical properties [45,147], require crosslinking for
stability [98], exhibit low adhesion strength in humid environments [147], and undergo
rapid enzymatic degradation (through the action of hyaluronidases) in physiological envi-
ronments [39,45]. However, its esterification enhances its stability, mechanical properties,
and degradation rate [7,45]. Moreover, crosslinking gelatin with HA-based products al-
lows for increasing the initial HA degradation time from one week to several months [31].
Clinical cases will be presented for two examples of medical devices that use ester deriva-
tives of HA later on, namely, Hyalomatrix and Hyalosafe. This chemical modification
reduces hydrophilic components and increases hydrophobic groups, aiming to enhance
its stability while maintaining its biological properties and initial safety profile. Solubility
depends on the percentage of esterification, which is a controllable process. In vivo data
have demonstrated that the degradation of this material is safe and occurs through ester
bond hydrolysis, resulting in gradual polymer hydration, making it increasingly resemble
native HA. Furthermore, studies have confirmed its biocompatibility. Hyalomatrix and
Hyalosafe are examples of two medical devices that use ester derivatives of HA. When
used in burns, these are alternatives that promote functional recovery and effective repair
of the burned area [7].

HA accelerates wound healing through various mechanisms [137]. It provides 3D
support to the extracellular space, is involved in the proliferation and migration of cells
such as fibroblasts and keratinocytes, stimulates angiogenesis, enables important complex
interactions for the healing process, and contributes to the organized and structured
construction of newly formed tissue. It is a valuable option, especially for application
in deep burns, due to its properties that facilitate nerve regeneration while simultaneously
limiting scar formation [7,19].

High concentrations of HA have been reported in processes of regeneration, remod-
eling, and morphogenesis. Interestingly, this molecule is involved in the early stages of
wound healing and tissue repair, assisting in the organization of endothelial cells and
fibroblasts at the site of injury [7].

In addition to its role in organizing the ECM, depending on the molecular weight, HA
can perform different biological functions [7]. High-molecular-weight HA allows for the
formation of structures with increased stability, viscosity, and viscoelasticity. It is considered
low-molecular-weight if values are below 1-25 x 10* Da, and high-molecular-weight if
values are above 1 x 10° Da [45].

After injury, platelets release high-molecular-weight HA, which accumulates at the
wound site and leads to fibrinogen deposition and clot formation. HA recruits neutrophils
involved in the removal of dead tissue and phagocytosis of debris and induces the release
of interleukin 14, interleukin 8, and tumor necrosis factor-c. It modulates the inflammatory
phase of the wound healing process, exerting an anti-inflammatory effect and regulating
early inflammation [45,137]. Experimental models have demonstrated that high-molecular-
weight HA inhibits angiogenesis, preventing the supply of oxygen and nutrients, and
consequently, tissue regeneration [7,148]. The secretion of inflammatory cytokines con-
tributes to the fragmentation of high-molecular-weight HA into low-molecular-weight HA,
which, in turn, recruits monocytes and leukocytes. It modulates inflammation by its activity
on free radicals, its antioxidant effect, and the exclusion of lytic enzymes from the cell. Low-
molecular-weight HA is pro-angiogenic, stimulates the production of pro-inflammatory
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cytokines and growth factors responsible for ECM remodeling, and regulates the migration
and proliferation of fibroblasts and keratinocytes, aiding in the proliferative and remodel-
ing phases of the wound healing process. Fibronectin and low-molecular-weight HA play
an important role in wound contraction, as they induce their differentiation into myofi-
broblasts and guide fibroblast proliferation, essential for collagen deposition, which will
form the new granulation tissue matrix, rich in HA itself. In the re-epithelialization phase,
low-molecular-weight HA interacts with keratinocytes, regulating the re-epithelialization
process [7,45,137]. Furthermore, previous studies have demonstrated that enzymes in-
volved in the degradation of HA promote cell proliferation, providing additional evidence
that HA must be broken down to enhance cell growth [148].

Some studies suggest that HA is not suitable for cell adhesion and proliferation [45,145].
While some authors attribute the inability to support cell attachment to insufficient strength [145],
others presume that it is due to the thermodynamic polyanionic and hydrophilic characteris-
tics of HA materials, hindering the adhesion of cells to anionic surfaces. Biomaterials based
on high-molecular-weight HA have shown lower adhesion compared to lower-molecular-
weight counterparts and are, therefore, used in situations where preventing adhesions
is desired, such as post-surgery [31]. Cross-linking it with biopolymers containing free
amine groups, such as gelatin, can enhance its cell adhesion and proliferation properties
due to the much more stable amide bond compared to ester bonds [31]. The main agents
for cross-linking HA chains include carbodiimides, polyfunctional epoxides, hydrazides,
sulfides, and aldehydes. Carbodiimides (water-soluble) are the most commonly used due
to their non-cytotoxicity, biocompatibility, and the fact that they are not incorporated into
the structure after cross-linking. Additionally, their cross-linking reaction is gentle and
easily controlled [31].

The rheological properties of HA depend on the pH, temperature, and ionic strength
of the solution. HA undergoes hydrolytic degradation when the pH of the solution is below
4 or above 11, resulting in a decrease in viscosity and the integrity of the polymer network.
This aspect is significant because the pH of the wound varies during the healing stages.
After an injury, the pH increases at the wound site, reaching approximately eight and
gradually decreasing as the healing process progresses until it reaches five when healing
is complete [45].

Based on current clinical experience, medical devices incorporating HA are considered
a safe and effective therapeutic alternative in burn treatment, demonstrating superior
outcomes in wound healing compared to standard care [7].

In the context of wound healing, exogenous HA has been the subject of investiga-
tion, with promising results emerging. Preliminary in vivo studies have shown that the
topical application of HA promotes skin regeneration in hamsters and rats. However, this
polymer possesses limited properties regarding its residence time and solubility, necessi-
tating chemical modifications to enhance resistance to degradation, prolong the in vivo
residence period, achieve other physicochemical characteristics, and explore different
production methods [7].

A retrospective study involving 11 burn treatment centers was conducted, encompass-
ing 57 patients, with 31 presenting deep partial-thickness burns and 22 full-thickness burns.
Hyalomatrix was applied, and medical follow-up was extended for 37 days. Notably,
after 7 days, enhanced re-epithelialization was observed in cases of deep partial-thickness
burns. By the 37th day, complete wound closure had been achieved in 85.7% of patients.
Hyalomatrix, an advanced, flexible, and conformable dressing, consists of two layers: a
thin, transparent silicone layer on top and a 3D fibrous matrix layer in contact with the
wound, composed of ester-derived HA. Upon contact with the wound, the biodegradable
fibrous matrix spontaneously integrates and undergoes hydrolysis, releasing HA [7]. In
a comparable study involving 300 individuals with deep partial-thickness burns treated
using Hyalomatrix, burns healed within 21 days for 83% of cases. Hypertrophic scars, evi-
dent in almost all individuals, disappeared within one year post-healing in 90% of patients
and after two years in 96% of cases. The incidence of infections decreased from 29.5% to
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10% [7]. The study’s findings underscore the effectiveness of Hyalomatrix as a regenerative
matrix, providing support for cell migration and deposition from the wound margins
while promoting the organization of constituents within the matrix, including fibroblasts
and endothelium in the injured area. The top layer serves as a physical barrier against
microorganisms, prevents excessive fluid loss, and allows for the monitoring of the healing
progress without necessitating dressing removal due to its transparent nature. Importantly,
this layer was designed not to cause pain or damage to newly formed tissue upon removal,
demonstrating a favorable safety profile, even in pediatric populations. For burn victims
undergoing surgical wound preparation involving necrotic tissue removal, this advanced
device safeguards the residual dermal layer and stimulates tissue regeneration from the
wound margins and cutaneous appendages [7].

Hyalosafe, another HA ester, serves as a dressing specifically designed for effective
coverage in treating first and superficial second-degree burns. This transparent HA film is
directly applied to the wound, creating and maintaining an optimal level of moisture in
the wound area. This, in turn, establishes favorable conditions for rapid epithelial renewal
without the risk of tissue maceration. The degradation of ester bonds releases HA, actively
promoting re-epithelialization. Importantly, this membrane is non-adherent, ensuring a
painless removal process [7].

Facial burns pose significant challenges, often requiring hospitalization and accounting
for 25% of pediatric burns. Due to the unique characteristics of facial tissue, there is a
notable risk of fluid loss. A study involving 40 children demonstrated that Hyalosafe
exhibits excellent wound-healing properties in second-degree facial burns, leading to
significant aesthetic outcomes. Remarkably, there were no reports of wound infection [7].

4.1.6. Cellulose

Cellulose stands as the most abundant biopolymer obtained from natural sources [47,
51,52,149,150]. It is considered the safest material on earth and an endless reservoir of re-
sources to develop environmentally friendly materials. It is biocompatible, biodegradable,
and possesses good mechanical strength and flexibility [149-151]. Additionally, it is eco-
friendly, renewable, and low-cost [130,131,149-154]. Consisting of a linear and unbranched
homopolysaccharide composed of 3-D-glucopyranose units linked by (3-1,4 glycosidic
bonds [17,47], cellulose is readily available, with wood being the primary natural source,
but it is also found in plants such as cotton and flax, as well as in vegetables, fruits, and
biowaste [47,149,150]. In the majority of biowaste materials, cellulose forms fibril structures
enveloped within a matrix composed of lignin and hemicellulose. Cellulose exhibits some
limitations, notably low solubility in both water and most organic solvents due to the pres-
ence of strong inter- and intramolecular hydrogen bonds and van der Waals forces [149,150].
Moreover, cellulose is challenging to hydrolyze, and both acidic and enzymatic hydrolysis
(cellulase) can result in the decomposition of the cellulose molecules [150].

Cellulose can also be produced by seaweed, fungi, and bacteria [36,47]. Bacterial
cellulose (BC), as the name suggests, originates from bacteria [16,46].

BC is chemically equivalent to vegetal cellulose. However, it does not contain by-
products such as hemicellulose, pectin, and lignin. BC is obtained through fermentation,
and any secondary metabolites, nutrients, and other substances it may contain are easily
removed [47,150]. Unlike vegetal cellulose, BC does not require purification because it
is already obtained in a pure form (with a high degree of purity), allowing for its nearly
direct use [46,47].

Other advantages of BC over vegetal cellulose include high porosity, high water
absorption capacity (due to a high number of available hydroxyl groups), a higher degree
of crystallinity, mechanical robustness, and permeability to gases and liquids. Despite
having a molecular formula similar to that of vegetal cellulose, BC exhibits significant
differences in its physical and mechanical properties. BC forms cross-linked networks of
fibrils that are 100 times finer than those derived from vegetal cellulose, imparting higher
elasticity, flexibility, resistance, crystallinity, and surface area to the 3D network [47,150].
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Therefore, BC is a natural hydrophilic polysaccharide that is highly biocompatible,
biodegradable, permeable, flexible, non-toxic, non-carcinogenic, and hypoallergenic. It
possesses a high degree of native purity, high porosity, crystallinity, and the ability to retain
large quantities of water. BC also has the potential for chemical modification [8,16,46,47,155].
The two most commonly used techniques for modifying and optimizing the morphological,
mechanical, physical, and chemical characteristics of BC and incorporating components
like antibiotics are ex situ solution impregnation, which involves the physical absorption or
impregnation of molecules into the pure BC chains (without any modification), through
the formation of hydrogen bonds due to the presence of hydroxyl groups in BC. Another
technique is in situ modification, which involves the incorporation of molecules (included
from the beginning in the culture medium) during the synthesis process of the BC fibril
network itself [46].

The properties of BC make it suitable for use as a wound dressing. Its dense nanofib-
rillar network can retain an appropriate amount of moisture in the wound area while
absorbing excess exudate [36,46]. The application of BC in hydrogels has gained promi-
nence due to the 3D arrangement of the BC nanofibrillar network. In addition to its
similarity to the ECM, its high surface area and porosity provide support for cell pro-
liferation [8,16,46,47]. It is flexible, soft, and easily removable without interfering with
wound healing [7,8,13,16,46,53]. Furthermore, it accelerates granulation [16,47], promotes
the re-epithelialization process, and serves as a matrix for tissue regeneration, reducing
pain and healing time [16,156,157]. Additionally, it exhibits excellent mechanical behavior,
similar to synthetic polymers [8,16]. The high mechanical strength, combined with great
flexibility, allows cellulose-based dressings to conform to the wound area [47]. Studies have
demonstrated that BC stimulates wound re-epithelialization, efficiently improving wound
healing. However, it does not possess antibacterial properties [46].

In vitro studies have demonstrated that culturing BC near cells, such as human umbili-
cal vein endothelial cells, adipose stem cells, and fibroblasts, does not alter their morphology
or proliferative capacity [36].

Kwak et al. [155] prepared bacterial cellulose membranes (BCM) for the treatment
of second-degree burns in Sprague-Dawley (SD) rats. The rats were divided into two
groups: one was treated with BCM, and the other with gauze. The results showed that
compared to the gauze-treated group, rats treated with BCM exhibited a thicker epidermis
and dermis, more blood vessels, reduced mast cell infiltration, decreased expression of
VEGF and angiopoietin-1, and increased collagen expression. Additionally, metabolic
enzymes indicative of kidney and liver toxicity remained at normal levels. These findings
suggest that BCM can enhance the burn healing process by regulating angiogenesis, re-
epithelialization, and stimulating connective tissue formation. Furthermore, they did not
induce specific kidney or liver toxicity.

4.1.7. Dextran

Dextran is a linear, neutral homopolysaccharide composed of repeated D-glucopyranose
units, primarily linked by «-1,6 glycosidic bonds. Additionally, it may include branching
«-1,2, x-1,3, and «-1,4 linkages [54,158-167].

Dextran can be produced by various lactic acid bacteria and results from glucose
condensation through the activity of a secreted dextransucrase enzyme, which transfers
glucose components from sucrose and synthesizes dextrans with different structures, molec-
ular weights, linkages, and branching patterns, depending on the bacterial genus [54,160].
Dextran produced by Leuconostoc mesenteroides contains about 5% of «-1,3-glycopyranosidic
linkages, while that extracted from Weissella strains has a highly linear backbone with only
3-4% «-1,3 branching [49].

This polymer is hydrophilic, biodegradable, highly biocompatible, non-toxic, and
non-immunogenic [158-162,168-170]. In addition to being sustainable, it is safe [171]
and eco-friendly [133,172,173], and is well known for its low cost and wide natural
abundance [130,160-162,167,173].
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Lately, dextran-based hydrogels have attracted significant attention as wound-healing
dressings due to their biocompatibility and flexible and soft characteristics [169]. In ad-
dition, this naturally derived material is promising for soft tissue engineering due to its
similarity to the native ECM [158]. It can provide nutrients and essential elements for tissue
regeneration and support cell proliferation [168].

It possesses excellent water solubility [163,167,170]. However, the high level of branch-
ing («-1,2, ®-1,3, and «-1,4 linkages) negatively impacts its solubility. It has been reported
that dextrans with more than 43% of «-1,3 linkages cannot be dissolved in water [48].

This glucose-containing polysaccharide possesses three hydroxyl groups on each
glucopyranose unit. These not only provide it with high hydrophilicity and good wa-
ter binding capacity but also make it available for chemical functionalization and cross-
linking [158,160,162,164,165]. In addition to effectively absorbing exudate and maintaining
the wound bed with appropriate moisture, dextran hydrogels are transparent, facilitating
the monitoring of the healing process [174].

Dextran-based hydrogels can be obtained by incorporating polymerizable groups into
dextran to facilitate cross-linking [165]. Moreover, the D-glucopyranose residues can be
easily chemically oxidized, resulting in oxidized dextran with aldehyde groups, which,
in turn, can react with polymers such as gelatin and chitosan or their derivatives with
amino side groups, forming in situ hydrogels with novel tissue adhesive characteristics
and hemostatic and antibacterial properties [159].

It has been reported that dextran hydrogel scaffolds can enhance angiogenic properties.
Additionally, they can serve as platforms to incorporate growth factors/drugs for skin
regeneration [169]. Dextran binds to glucan-specific receptors present in human fibroblasts,
which, in turn, induce the expression of growth factors that promote cell proliferation,
accelerating wound healing [158,170,175].

It possesses immunomodulatory functions, and it can activate neutrophils and macro-
phages, stimulate cytokine secretion, and strengthen the immune system [165]. Moreover,
dextran can function as a mild reactive oxygen radicals (ROSs) scavenger and potentially
reduce excessive platelet activation [163].

However, pure dextran hydrogels present some limitations, particularly concerning
low mechanical strength, weak tissue adhesion, poor drug loading ability, and undesirable
degradation, which chemical and physical modifications help to overcome [167,168].

The biodegradation of dextran in the human body is controlled by dextranases [160,162,163].
The modification of the dextran hydrogel provided gradual material degradation, allowing
for proper host tissue integration and ensuring complete skin regeneration [158].

Shen et al. [54] prepared a dextran hydrogel for the treatment of third-degree burn wounds
in pigs, and the hydrogel stimulated rapid wound closure, improved re-epithelialization and
ECM remodeling, and promoted angiogenesis in a third-degree porcine burn model. In
another study on third-degree burns in mice, the dextran-based hydrogel exhibited good
bioactivity, particularly in enhancing angiogenic responses and facilitating complete skin
regeneration in vivo throughout wound healing. In addition, it recruited endothelial
progenitors and cells, promoted epithelial cell migration to the wound area, and supported
epithelial differentiation [54,158,166,169,170].

4.1.8. Chitosan

After cellulose, chitin is the second most abundant polysaccharide on the planet,
containing amino and hydroxyl groups in its composition [51,52]. Chitosan results from
the partial deacetylation of chitin [9,16,50-53]. This process can occur under harsh alkaline
conditions, through treatment with sodium hydroxide (chemical hydrolysis), or in the
presence of specific enzymes like chitin deacetylase (enzymatic hydrolysis) [50,52].

There are different degrees of deacetylation, which is an important chemical char-
acteristic of this polymer. During the deacetylation process, the acetyl group (—-C;H3O)
is replaced by the amino group (-INH;) in the polymer chain. Chitosan is a copolymer
composed of units of D-glucosamine ((1,4)-2-amino-2-deoxy-3-D-glucan) and N-acetyl
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D-glucosamine ((1,4)-2-acetamido-2-deoxy-p-D-glucan). To be called “chitosan,” the degree
of deacetylation must be at least 60%, which means it has 60% D-glucosamine units and
40% N-acetyl D-glucosamine [50-52].

Its solubility depends on the degree of deacetylation and the pH of the solution.
Chitosan is soluble in slightly acidic solutions because the pKa value of its amino group
is approximately 6.3. When the pH is lower, protonation of the -NH, groups occurs,
converting them into -NHj3*, which increases electrical repulsion, resulting in a soluble
cationic polymer [50-52].

Chitosan is a linear cationic hydrophilic polysaccharide that is highly biocompatible
and biodegradable [11,38,46,137]. It is low-cost [98,130,132,134,176,177] and possesses
good swelling properties [78,178], providing a moist environment and promoting effective
hydration of the wound area [179,180]. Furthermore, it is renewable [130,131] and eco-
friendly [67,131-134,154,178].

It is an oxygen-permeable biopolymer, non-toxic, with excellent bioadhesive charac-
teristics, tissue adhesiveness, and hemostatic properties [11,16,46,50,53,137,181]. In other
words, blood coagulation occurs because chitosan, positively charged, binds to red blood
cells due to the negative charge on the cell membrane residues, resulting in hemaggluti-
nation [46,50]. The higher the degree of deacetylation, the greater the number of positive
charges, and thus, the better the tissue adhesiveness and hemostatic properties [52,182].
Hemostatic activity assists in blood clotting and reduces pain by blocking nerve end-
ings [46]. On the other hand, chitosan adsorbs plasma proteins and fibrinogen, resulting
in platelet aggregation [183]. Chitosan has anti-inflammatory activity and wound-healing
properties, accelerating wound closure [16,46]. Chitosan speeds up tissue regeneration
through wound contraction, stimulating cells such as macrophages and fibroblasts [46].
Furthermore, it exerts an immunomodulatory effect, which also contributes to wound heal-
ing [52]. Additionally, its structural similarity to the native ECM promotes cell adhesion
and proliferation [137].

Moreover, it exhibits intrinsic antibacterial activity [9,11,16,46,52,53,137], which de-
pends on its molecular weight, degree of deacetylation, concentration, and type of bac-
teria [184]. Several mechanisms have been proposed to elucidate this activity, with the
most widely accepted one being that chitosan chains contain amino groups that can be
protonated, giving them a positive charge. Electrostatic interactions occur between the
protonated amino groups (-NHj3*) of chitosan and the negative charges of the microbial
cell membrane, leading to alteration of cell permeability, resulting in cell membrane lysis
and, consequently, cell death [46,50,51,129]. Chitosan demonstrated a bacterial inhibition
rate of 95.6% for Escherichia coli and 99.2% for Staphylococcus aureus [184].

Chitosan degradation produces non-toxic residues, and the degradation rate varies
with the degree of deacetylation (lower degrees result in higher biodegradation) and the
polymer’s molecular weight (shorter chains degrade more rapidly) [50].

Chitosan-based hydrogels can be formed through physical, chemical, or metal ion
coordination cross-linking. Chitosan does not require any toxic additives for gelation. Phys-
ical bonds, such as hydrogen bonds, electrostatic interactions, or hydrophobic interactions,
are reversible and non-covalent. They depend on factors like temperature, pH, and others,
making them relatively unstable. The polycationic nature of chitosan, under acidic condi-
tions, allows for the formation of hydrogels through electrostatic interactions with natural
or synthetic polyelectrolytes or polyanions. Among natural polyanions, proteins (such as
collagen and gelatin) and polysaccharides (like alginate and HA) have been documented.
Examples of synthetic polyanions include polyacrylic acid. Hydrogels formed through
physical cross-linking are soft, flexible, and non-toxic. However, their main disadvantages
include low mechanical strength, the possibility of uncontrolled dissolution (instability),
and the difficulty of controlling pore size. Therefore, chemically cross-linked hydrogels
have been investigated. Chemically cross-linked hydrogels are much more stable because
covalent bonds are irreversible. In this approach, the primary structure (amino groups)
undergoes chemical modifications, which can alter some chitosan properties. There may
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be contamination with catalysts or residues of toxic reagents. Some commonly used cross-
linking agents are glutaraldehyde, glyoxal, ethylene glycol, and diglycidyl ether. However,
all of these can confer toxicity to the resulting hydrogel. Genipin is a naturally derived
cross-linker that has been used as an alternative, but its toxicity is not well-established.
Although chemically cross-linked hydrogels may be toxic, this strategy allows for the pro-
duction of soft, flexible, and stable hydrogels with better control of pore size. In addition
to these two strategies, chitosan hydrogels can be formed through coordination complex
cross-linking using metal ions such as Pd (II), Pt (I), and Mo (VI). However, they are less
suitable for medical use [50].

Carboxymethyl chitosan is derived from chitosan. It is a biocompatible, water-soluble
polymer with wound healing, hemostatic, and antibacterial properties [1,129]. In compari-
son to chitosan, carboxymethyl chitosan has more positive charges, leading to increased
electrostatic interactions and, consequently, higher antimicrobial activity [185]. Previ-
ous studies suggest that carboxymethyl chitosan exhibits healing properties in vitro and
in vivo by activating macrophages, secreting various cytokines, and stimulating fibroblast
proliferation [16].

4.2. Synthetic Polymers

Synthetic polymers are also widely used in biomedical applications, particularly as
wound dressings in the context of healing. Among the most commonly used synthetic
polymers are polyurethane, polyethylene glycol, polyvinyl alcohol, poly-e-caprolactone,
poly-N-vinylpyrrolidone, and poly(lactic-co-glycolic) acid. Figure 2 schematically repre-
sents these synthetic polymers.

4.2.1. Polyurethane

Polyurethane (PU) contains repetitive units of the urethane group [54,55]. It is a
polymeric resin [186] and has a microstructure comprising soft and hard segments, which
imparts antithrombotic properties and excellent mechanical properties [55,187,188]. The
soft segment (polyol part) provides better flexibility, while the hard segment (isocyanate
part) imparts strength and hardness [189]. It is possible to adjust the physical properties
based on the type and content of the segments used in the PU chain, according to the
desired final product [190]. For example, the stiffness of the polymer depends on the extent
of crosslinking [56].

This synthetic polymer is highly biocompatible [9,39,54,55,60,187,188,191] and pos-
sesses versatile features such as high strength, durability, excellent elasticity, and adjustable
degradation rates according to the application [39,54,60,190]. In addition to excellent flexi-
bility [9,55,186], PU-based hydrogels also exhibit great transparency, good adhesion, high
mechanical and tensile strength, fatigue resistance, and toughness, similar to biological soft
tissues [186,192,193]. PU hydrogels are non-toxic, easily modifiable [193], provide good
gaseous permeability, and are more economical compared to natural polymers [9].

PU and its derivatives are generally considered biodegradable, with few excep-
tions [60]. The selection of synthesis compounds for PUs enables control over their degra-
dation rate [191,194]. It forms highly porous and permeable hydrogels [188], with ease of
processing and the ability to modify surface functional characteristics [188,190]. Porous
tissue scaffolds possess a structure similar to that of the epidermis and are more suitable
for skin regeneration [194]. The ability to control pore size and polymer chemical proper-
ties allows for the regulation of drug release rates. Therefore, PU-based dressings can be
utilized as drug delivery systems [195].

It is a widely used polymer in the biomedical field, especially in wound dress-
ings [187,188,190]. It promotes cell proliferation, and its matrix allows for the regeneration
of deeper skin layers such as the dermis [11]. However, it has some limitations, such as the
absence of antibacterial properties [188,194,195], and the potential for side effects from its
degradation products [39].
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The primary application of hydrophilic PUs is in wound dressings. The majority of
PUs are hydrophobic. However, it is possible to obtain hydrophilic PUs by introducing
hydrophilic groups into the soft-segment PU structure, with polyethylene glycol being the
most common hydrophilic functional group [196]. It has been reported that PU cannot com-
pletely prevent water permeation due to the presence of various polar functional urethane
groups in its chain, which could be critical when incorporating batteries from biological
moisture or electronic circuits. One solution involves using a highly hydrophobic PU to
prevent water permeability and moisture diffusion [190]. The introduction of polyethylene
glycol gradients into the PU backbone enables it to absorb water effectively [193].

It is described in the literature that hydrophilic PU foams are highly absorbent and
excellent candidates for use as dressings, as they provide a consistently hydrated environ-
ment in the wound area [195]. PU dressings are suitable for the management of highly
exudative wounds, such as burns, because PUs effectively absorb exudate and maintain
wound moisture due to their small and uniform pores. There is a balance between water
absorption, moisture retention, and water loss through evaporation that makes PU effective
as a wound dressing [195]. Moreover, they are cost-effective and have a simple manufac-
turing process [197]. In vitro studies conducted on keratinocyte HaCaT cells indicate that
PU foams are non-cytotoxic [195]. Similarly, hydrophilic porous PU sponges exhibit high
water absorption and moisture retention capacity, as well as good gas permeability. They
are non-cytotoxic and cost-effective [197,198].

Little is known about the tissue adhesion properties of PU-based hydrogels. Wen
et al. addressed this by adding tannic acid to the PU-polyethylene glycol hydrogel. Tannic
acid, with its chemical structure containing multiple catechol groups that bind to ure-
thane groups and form hydrogen bonds, imparts good adhesion to the PU-polyethylene
glycol hydrogel [199].

Although PU is not considered eco-friendly, research has been conducted to develop
more environmentally friendly alternatives [200,201]. The isocyanates commonly used in
the production of most PUs typically derive from the reaction of amines with highly toxic
phosgene compounds [55]. Moreover, the isocyanates themselves are toxic and have been
associated with occupational asthma [202] due to their high volatility and the tendency to
convert in vitro into aromatic diamines, compounds that are toxic, carcinogenic, and/or
mutagenic to humans. Even in minimal amounts, there is a possibility of these toxic residual
compounds leaching from PU-based products [55]. The trend is to replace isocyanates with
alternatives that are less toxic and greener [202].

Efforts have been made to minimize toxicity, notably through the synthesis of PU
using polyisocyanates derived from amino acids that undergo controlled biodegradation,
resulting in non-cytotoxic byproducts. However, there is still the possibility of unreacted
polyisocyanates remaining in the final product [55]. In an attempt to develop alternatives
that do not involve the toxic chemistry of isocyanates, cationic, anionic, and neutral PU
hydrogels were prepared through a non-isocyanate route under mild conditions, without
the need for catalysts. Hydroxyurethane functions were obtained through the aminolysis
of five-membered cyclic carbonates. This approach is safer and more environmentally
friendly [202]. Chen et al. [203] prepared a water-borne PU nanofibrous membrane us-
ing water in its preparation instead of organic solvents, eliminating environmental and
toxicity concerns. The membrane was biocompatible, non-toxic, and biodegraded within
4 to 6 weeks. Waterborne PU is easily functionalized due to its numerous functional groups
(-COONH™ and -COO7), allowing it to interact with other chemicals effectively [204].
It has been widely used as an adhesive. It offers several advantages, including good
toughness, strong mechanical properties, wear resistance, and excellent adhesion [205].
Additionally, waterborne PU is eco-friendly [189,205-208].

4.2.2. Polyethylene Glycol

Polyethylene glycol (PEG) is a synthetic polyether [54,209] that can have linear or
branched structures, including multi-arm or star configurations. The basic structure of PEG
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comprises a PEG diol with two terminal hydroxyl groups. These groups can be converted
into various other functional groups, such as amine, carboxyl, vinyl sulfone, thiol, acetylene,
acrylate, and aldehyde groups, enabling their conjugation with other materials [209,210].

PEG is considered harmless to the human body [58], and is a recognized eco-friendly poly-
mer [211]. It is highly biocompatible, non-toxic, non-immunogenic [17,41,54,60,209,212-214],
a low-cost polymer [215,216], with good water solubility [17,41,60,212,213], flexibility [60],
great permeability [217], and adjustable mechanical properties [209,218]. In addition to
being soluble in water, it is also soluble in various organic solvents, such as ethanol and
acetone [214]. Moreover, PEG demonstrates good large-scale production capabilities, and
hemocompatibility [219].

PEG is often referred to as a “stealth material” [220], due to its resistance to protein
adsorption [17,39,40], and it generally resists cell attachment because of its higher affinity
for water binding [221]. Regarding its tissue adhesion capability, little is known about PEG
on its own. However, Krishnadoss et al. [222] incorporated choline molecules into synthetic
polymers such as PEG to enhance their adhesive strength. Another group of researchers
reported that PEG alone cannot adhere to tissue wounds; however, PEG derivatives,
specifically polyethylene glycol diacrylate, have been utilized as tissue glue, owing to their
capacity to adhere to both skin and injured tissues [223].

Studies have shown that PEG can improve the mechanical strength, stability, and
degradation rate of hydrogels [54,57,209,210]. However, it has also been reported that
PEG hydrogels are brittle and weak [223]. Furthermore, the ease of controlling its chem-
ical composition and scaffold architecture makes this polymer attractive for tissue engi-
neering applications [40]. PEG-based hydrogels exhibit very small variations between
batches, providing robust and reproducible substrates [218]. Some authors consider PEG
as biodegradable [54,58,214,223], while others assert that it is non-biodegradable [39,40].

This polymer has been studied in the context of wound healing due to its high bio-
compatibility, transparency, and ability to provide support for healing [41,54,224]. It is a
hydrophilic material capable of maintaining a moist environment while absorbing wound
exudate [19,30,212]. PEG hydrogels exhibit a high swelling rate [223], allow for gaseous
permeation [30], eliminate bacteria and prevent their proliferation [2]. Furthermore, PEG
hydrogels can also be utilized as drug delivery systems and for cell encapsulation [218,225].

PEG has some limitations, notably its tendency to swell and undergo oxidative degra-
dation in aqueous environments, compromising its mechanical durability and limiting its
long-term effectiveness. Additionally, PEG lacks antibacterial properties [226]. Further-
more, due to their bioinert nature, PEG hydrogels alone are unable to provide an optimal
environment to support cell adhesion and tissue formation [98].

4.2.3. Polyvinyl Alcohol

Polyvinyl alcohol (PVA), an eco-friendly polymer [86,227-229], is commonly used as a
wound dressing in the treatment of cutaneous wounds [11,40,54]. Structurally, it is a vinyl
polymer interconnected through carbon—carbon bonds. The presence of hydroxyl groups
in the side chains allows PVA to self-crosslink [40,230].

PVA is a synthetic polymer that is highly biocompatible, biodegradable, and hy-
drophilic, with high water affinity [17,39,60,119,230-235]. It is easily processed [231],
possesses good water solubility [17,40,60,230,233,234,236], high crystallinity, and pH sen-
sitivity [39,60]. Additionally, it has a low tendency for protein adhesion [59,119], good
chemical stability, and is toxicologically harmless [40,236], non-carcinogenic, non-toxic, and
cost-effective [17,59,215,233,237]. PVA possesses desirable physical and mechanical proper-
ties, including good gas permeability [17], and other favorable physical properties such
as a rubbery nature, high expansion index, high water swelling degree, fluid absorption
ability, and good transparency [59,233].

PVA is a promising candidate for the preparation of biomedical hydrogels, typically
prepared by physical crosslinking [236]. PVA-based hydrogels can be prepared without
the addition of a chemical crosslinking agent, through freezing-thawing methods, and are
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simple, safe, and non-toxic [238]. However, it was experimentally observed that pure PVA
hydrogels prepared through the cyclic freezing-thawing process exhibited relatively weak
mechanical performance, attributed to the limited number of crosslinking agents in the
formed polymeric network. Consequently, the combination of PVA with another polymer
is necessary to enhance its mechanical performance [214].

PVA hydrogels can also be formed using chemical methods and irradiation, among
others [234]. For instance, Oliveira et al. [3,239-241] prepared a PVA hydrogel through
gamma irradiation for burn healing and loaded it with silver nanoparticles, resulting in
antimicrobial hydrogels effective against S. aureus, E. coli, and Candida albicans. PVA hydro-
gels are permeable to small molecules [242]. Moreover, characteristics such as transparency,
mechanical resistance, biocompatibility, biodegradability, and the ability to maintain a
hydrated environment and ensure structural stability when hydrated make PVA-based
hydrogels favorable for treating wounds such as burns [54].

There is some controversy regarding certain properties of PVA, particularly its me-
chanical properties and tissue adhesion. Some authors argue that the polymer possesses
good mechanical strength, considering it to be similar to cutaneous tissue [232,236], and it
has even been described in the literature that PVA is often used to enhance the mechanical
performance of other polymers in wound dressings [59], while others claim that its me-
chanical properties are weak [234,243,244]. Regarding adhesive properties, some authors
state that PVA has good adhesive properties [235], while others assert that it exhibits weak
tissue adhesion [234].

PVA has some limitations that restrict its use as a wound dressing, such as a lack of an-
tibacterial properties [234], low elasticity, and poor adhesion to cells and tissues [11,231,234].
Some authors not only argue that PVA’s elasticity is inadequate but also consider its hy-
drophilic characteristics to be incomplete, and its membrane to be rigid. Therefore, it needs
to be combined with other polymers to overcome these limitations [11,59,234].

There are studies in which PVA was combined with chitosan [245], chitosan and honey [230],
chitosan and gelatin [232,233], or BC [234] that have shown promise. Shamloo et al. [232] pre-
pared a PVA-based hydrogel with chitosan and gelatin and found that increasing the
PVA concentration improved the encapsulation efficiency, slowed the degradation rate,
and reduced the drug release rate. Chopra et al. [230] developed a hydrogel based on
PVA and chitosan that was physically cross-linked without the use of organic solvents or
harmful chemicals.

4.2.4. Poly-e-Caprolactone

Poly-e-caprolactone (PCL) is a semi-crystalline linear petroleum-based polyester [39,
54,60,237,246]. This aliphatic polymer [40,56,246] is eco-friendly [247,248], non-toxic, non-
immunogenic, and has good biocompatibility and biodegradability. However, its degra-
dation rate is slower than other polyesters [39,237,246,249], making it less appealing in
biomedical applications. However, it is more attractive for long-term implant applications
or controlled release systems [59,237]. Currently, there are strategies to accelerate the
biodegradability of this polyester. This includes incorporating a more reactive hydrolytic
group into the structure, using more hydrophilic and acidic end groups, or employing PCL
with a lower molecular weight [250].

Additionally, it has advantageous properties such as excellent mechanical properties,
high toughness, elongation, good elasticity, and flexibility [40,54,60,237,251]. Its hydropho-
bic nature makes it water-resistant and less prone to swelling, and it is also minimally
permeable to water vapor [252]. It is cost-effective [40,253,254]. It possesses a low melting
point (55-65 °C) [40,54,246,249,254], enabling the easy processing of PCL through a variety
of techniques [254], and a glass transition temperature at —60 °C [40,54,246]. Moreover,
PCL exhibits high physical stability, simple preparation methods [54,253], remarkable blend
compatibility, good solubility in many solvents, and high ductility and plasticity, which
facilitate its handling and conformation. Furthermore, PCL dressings are semi-permeable
and occlusive, and are easy to remove, because they are non-adherent [246]. Moreover, it is
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possible to control the mechanical properties, geometry, fiber, and pore size, among other
properties, of PCL scaffolds [250]. PCL is suitable for low-temperature 3D printing [255].

It is widely employed in biomedical applications [249], especially in the context of
wound healing and tissue regeneration, owing to its properties of reducing inflammatory
infiltration and promoting rapid wound healing [59], and as a drug delivery system for
controlled release [54]. Features such as low toxicity, slow biodegradation [256-258], and
great permeability to many drugs allow PCL to be used as microcarriers for the adminis-
tration of active compounds over extended periods [217]. Studies indicate that PCL can
remain intact in the body for long periods before being fully metabolized and excreted.
The low degradation rate is attributed to the presence of five CH, groups in the polymer’s
composition, making it hydrophobic and less susceptible to hydrolysis [258]. Its degra-
dation by-products are non-toxic [255]. Moreover, short- and long-term biocompatibility
studies were conducted in animal models, and no adverse effects were observed with PCL
scaffolds over 2 years [250].

However, its application in tissue engineering is primarily limited by its high hydropho-
bicity [39,40,60,249], as well as low bioactivity. This limitation arises from the absence of func-
tional groups and proper cell recognition sites on the scaffold’s surface [40,54,249,255]. One
possible solution to address these issues is to combine PCL with other polymers [40,54,249,253].
On the one hand, the high hydrophobicity significantly limits PCL’s ability to absorb wound
exudates [253]. Partial hydrolysis of ester linkages does not compromise the mechanical
properties and increases the concentration of free hydroxyl and carboxyl groups, enhancing
the hydrophilicity and water binding capacity of PCL [253]. Polymers such as PEG create
more hydrophilic structures, exhibiting improved mechanical properties and degradabil-
ity [40,54,259]. Therefore, by moderately increasing hydrophilicity, the exudate absorption
capacity of PCL-based dressings would be enhanced, which is highly desirable in wound
healing processes [253]. On the other hand, the lack of functional groups that facilitate
cellular adhesion reduces its cellular affinity, compromising tissue regeneration [249,253].
Gelatin/PCL scaffold allows for leveraging the suitable mechanical strength of PCL and
capitalizing on the positive aspects of gelatin, including good biodegradation, cell adhesion,
and proliferation [249]. Another drawback of PCL is the lack of antibacterial activity, which
can be addressed by loading the PCL dressing with antibacterial drugs [59].

The ester linkage of PCL is prone to hydrolytic degradation by lipase enzyme, an
ester-like enzyme. Bacteria-producing lipase could be employed for specific and localized
delivery of antibacterial drugs at the infection site [260].

Gupta et al. [261] prepared a PEG-PVA-based hydrogel for burn treatment. The
hydrogel exhibited high elasticity, good long-term stability, robust mechanical strength,
and a favorable water vapor transmission rate. Additionally, it demonstrated a significant
capacity for absorbing bodily fluids (in vivo), resulting in enhanced healing efficiency.

4.2.5. Poly-N-Vinylpyrrolidone

Poly-N-vinylpyrrolidone (PVP) contains a hydrophobic polymeric chain and a hy-
drophilic amide carbonyl group in its structure [262].

This synthetic polymer is widely used as a skin alternative product since it does not
cause skin irritation [40]. It offers several beneficial features, including good biocompatibil-
ity, biodegradability, low cytotoxicity, excellent water vapor transmission, environmental
stability, and high thermal and chemical resistance [17,39,40]. Furthermore, PVP is eco-
friendly [263] and demonstrates good molecular control, large-scale production capabilities,
and hemocompatibility [219].

Due to its molecular structure, PVP is water-soluble and exhibits very good solubility
in most organic solvents, as well as good affinity to complex hydrophobic and hydrophilic
substances [17,39,40,262].

The adhesive properties of PVP surpass those of PEG. While PEG relies on hydrogen
bonds provided by repeated ether groups for adhesion, PVP offers tertiary amides that
provide multiple sites for hydrogen bond formation, significantly enhancing adhesive prop-
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erties [264]. Moreover, it is low-cost [263] and possesses hemocompatibility, temperature
resistance, and pH stability [17].

This hydrophilic polymer has been employed in drug delivery systems and tissue
engineering [262], and in the biomedical field for wound treatment, due to its biocompati-
bility, biodegradability, and low toxicity [265,266]. Moreover, it has been reported that PVP
can be used in the treatment of first- and second-degree burns, as well as severe sunburns,
in the form of PVP-based hydrogels [54,262].

PVP hydrogels, formed through the crosslinking of PVP under ionizing radiation,
resulting in crystal-clear hydrogels with outstanding transparency [54,262]. However,
there is no consensus regarding their swelling capacity. Some authors claim that the
properties are good [262], while others assert that the swelling capacity of these hydrogels
is limited [54]. In vitro and in vivo studies suggest that PVP biomaterials obtained through
ionizing radiation did not exhibit toxic effects and are considered safe. Therefore, they can
be used in contact with the skin, such as wound dressings [262].

The mechanical properties also generate some controversy. On the one hand, some
authors argue that PVP has good mechanical properties [266,267]. On the other hand,
some authors contend that its mechanical properties are weak [54], and PVP needs to be
mixed with polysaccharides [54] or hydrophilic plasticizers such as PEG to overcome these
limitations [268]. Additionally, the combination of PVP with other polymers allows it to
acquire useful characteristics for wound healing, such as the ability to prevent microbial
penetration [40,54].

4.2.6. Poly(lactic-co-glycolic) Acid

Polylactic acid (PLA) is an aliphatic polyester that exhibits excellent biocompatibility,
biodegradability, and good integrity, along with tunable mechanical properties, making it
suitable for various biomedical applications [9,39,40,60,237]. Moreover, PLA is hydropho-
bic, non-toxic, chemically inert, structurally highly stable, and inexpensive [9,39,40,60].
Unlike some natural polymers, PLA can be used on contaminated wounds as it effec-
tively inhibits the propagation of bacteria [237]. PLA and its copolymers are considered
eco-friendly [237,269]. The ester backbone is naturally biodegraded through enzymatic
action or hydrolysis under physiological conditions. This process leads to non-harmful
and non-toxic products that are easily absorbed by the body through natural metabolic
pathways [39,40,56]. Its degradation can be properly controlled, and it is relatively mod-
erate [237]. PLA can be employed as drug delivery systems, with low-molecular-weight
PLAs degrading more slowly and proving more efficient in drug release [237].

Polyglycolic acid (PGA) is harmless, non-toxic [270], and eco-friendly [270,271]. PGA
is another linear aliphatic polyester. This polymer is biodegradable and biocompatible, with
high tensile strength and excellent mechanical properties. While more hydrophilic than
PLA, PGA is rapidly biodegraded through hydrolysis, yielding glycolic acid. Excessive
production of glycolic acid leads to a decrease in pH in its microenvironment due to carbon
dioxide production, resulting in local necrosis of cells and tissues. Additionally, it can
trigger an inflammatory response [39,40,251]. In addition to tissue inflammation, PGA can
induce a severe foreign body reaction [237]. Moreover, the glycolic acid released from PGA
may exhibit bacteriostatic properties [237].

Poly(lactic-co-glycolic) acid (PLGA) is a linear aliphatic polyester copolymer that possesses
good biocompatibility, biodegradability, easy handling, and mechanical strength [40,54,57,60].
It is also eco-friendly [272] and exhibits weak tissue adhesion [237]. PLGA is relatively
hydrophobic [56,237], making it soluble in organic solvents such as acetone, ethyl acetate,
tetrahydrofuran, and chlorinated solvents [56]. If the polymer contains less than 70%
PLA, it is considered unstructured [56]. Its glass transition temperature is between 40 and
60 °C, and it undergoes hydrolysis in the body [60], and its hydrolysis products can be
uptaken in the cellular metabolic pathway [57]. The hydrolysis of PLGA results in the
formation of natural metabolic monomers (salt form of lactic acid and glycolic acid), which
are relatively harmless, minimizing the risk of systemic toxicity [273]. The degradation

197



Gels 2024, 10, 188

rate can be adjusted by varying monomer ratios [9,39]. The healing process occurs within
a specific time frame and depends on the synchronization of the epithelialization rate
with the degradation rate of PLGA [54]. In vitro studies have shown that PLGA exhibits
excellent cytocompatibility in fibroblasts, with minimal toxicity [237]. It is widely used in
tissue engineering and as a drug delivery system, primarily due to its beneficial character-
istics such as adjustable and controllable mechanical properties [40,54,237,273,274]. It can
transport both hydrophobic or hydrophilic drugs, small or macromolecules [56,273], and
protect them from degradation and control their release [273]. PLGA films are hydrophobic,
stiff, and semi-permeable. They lack the ability to absorb exudates or provide a humid
microenvironment. On the other hand, PLGA nanofibers are highly dense, allowing them
to prevent bacterial invasion. PLGA possesses characteristics that make it suitable for use as
an outer layer, capable of preserving moisture content and isolating a hydrogel matrix from
the external environment [274]. Wang et al. [274] prepared a bilayer membrane scaffold
using 3D printing, consisting of an outer layer made of PLGA and a lower layer of alginate
hydrogel, mimicking the epidermis and dermis, respectively. The multiporous alginate
hydrogel was employed to enhance in vitro cell adhesion and proliferation, while the
PLGA membrane served to prevent bacterial invasion, reduce evaporation, and maintain
the moisture content of the hydrogel.

5. Overview of Critical Attributes of Polymers

Table 3 compiles key information on critical attributes of polymers as candidates for
the ideal wound dressing. The terms used in the table, though relative, aim to facilitate
the interpretation of individual properties of each polymer and enable comparison. To the
best of our knowledge, the literature lacks comprehensive information on all the features
we consider critical for all polymers, both individually and in the form of hydrogels. The
table presents a relative critical analysis on a scale from “-” to “+++” where “-” indicates
the polymer lacks a specific property, and “+++" signifies excellent performance.

It should be noted that regarding moisture, the literature does not clearly distinguish
between the different abilities of hydrogels to provide a hydrated environment in the
wound bed. Similarly, concerning transparency and cost-effectiveness, there is also no clear
distinction among polymers in the literature. Regarding protection, although it is generally
known that hydrogels, to some extent, prevent the entry of microorganisms by forming a
physical barrier between the wound and the external environment, here, we aim to convey
the capacity for protection in terms of having intrinsic antibacterial properties. Regarding
safety, we considered the concept of “non-toxic”. A more in-depth discussion of this issue
may be necessary. Finally, concerning the availability of synthetic polymers, since they are
chemically synthesized, it was not considered. In addition to the commonly considered
critical quality attributes for an ideal wound dressing, we also considered the environmental
aspect and added a column on the environmental sustainability of the polymers.

“ o
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6. Applications of Hydrogels as Wound Dressings

Hydrogels are promising candidates for the treatment of cutaneous wounds and can
be approached in different ways given the potential of their characteristics. Some of the
applications of hydrogels as dressings include promoting wound healing through their
inherent properties, delivering substances such as drugs and growth factors, enabling
cell growth within their 3D structure, which mimics the native structures of the skin, or,
more recently, incorporating biosensors for real-time monitoring of wound characteristics.
Figure 3 provides a schematic representation of these applications.
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Figure 3. Representation of some of the applications of hydrogels as wound dressings: intrinsic

capacity to stimulate healing; drug delivery systems or transporters of other substances; support for
cell growth; real-time monitoring of the state of wounds through the incorporation of biosensors.

6.1. Hydrogels with the Intrinsic Ability to Promote Wound Healing

Hydrogels can promote wound healing through their intrinsic characteristics, notably
by providing an appropriate cell-friendly microenvironment, stimulating angiogenesis, a
key factor for tissue regeneration, or, for example, recruiting cells involved in the healing
process [2,3,11]. For instance, Sun et al. [275] prepared a hydrogel based on dextran and
PEG for the treatment of third-degree burns in mice. The results show that the hydrogel’s
structure allows for the infiltration of neutrophils, which, in turn, facilitates the degradation
of the hydrogel during the repair phase. This results in the recruitment of endothelial
progenitors and angiogenic cells, stimulating rapid in vivo neovascularization after one
week of treatment. Epithelial repair was observed within 14 days, with complete skin
and appendage regeneration (sebaceous glands and hair follicles) noted by the end of
21 days. Another example is the hydrogel prepared by Yang et al. [109], composed of
SF, HA, and alginate. SF serves as the primary matrix for tissue formation, providing
mechanical support and promoting cell adhesion and proliferation. HA enhances biocom-
patibility, angiogenesis, and tissue regeneration, while alginate improves biocompatibility
and hydrophilic performance (Figure 4A). The hydrogel mimics the structure of the ECM
in native tissue. This 3D porous microstructure possesses soft and elastic characteristics,
along with good physical stability in environments simulating bodily fluids, ensuring
adequate mechanical performance. These features enable the adhesion, growth, and prolif-
eration of NIH-3T3 fibroblasts in vitro. In vivo (Figure 4B), the hydrogel creates a favorable
environment for healing, facilitating enhanced re-epithelialization, increased collagen depo-
sition, ECM remodeling, and improved angiogenesis, thereby accelerating the burn wound
healing process.

200



Gels 2024, 10, 188

A 150 SF/HA  SF/HA/SA
-SF s :
125-
B sF/sA
reras B s A
s I s¥/HA/SA
S 75
=1
£ so0-
=
25+
04

14 21
Time (days)
After treatment (days)

C

Before
treatment

{ \
1 i H
1 =1 -~
i / t . “ !
| o | !
i cm P c r»--:
- - ]
i }' OH 00" on C00" oy oo™
/

\ Electrostallc interaction, ', Divalent chelation /

o

P eIE Rsaruginose Sy ——— Control  Hydrogel Hydrogel+cells I Hydrogel + cells

=4 Hydrogel
E= Control

g

Control - S. aureus Treated - S. aureus

Wound reduction (%)
8 & 38 8

0
A L) K K
Day
G ¢ .
Heater
Bluetooth ~  patch substrate
communication . ;
to mobile device | )
\ pH sensors
Hydrogel
T J
Wound region 3D-printed
Thermally-activated flexible
drug-releasing substrate
. microbeads
Sensor readings It—ll’leater/ )
/‘ ermometer
4 //,_- pH sensor

array

Electronic control signals

Re-usable
electronics Ll b Detachable flex cable Disposable bilayer patch
module for changing patch with sensors and therapeutics

Figure 4. (A) Comparison of wound size over 21 days after treatment with hydrogels. (B) In vivo
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promotion. (D) Schematic representation of EGF loaded in carboxymethyl chitosan and alginate
hydrogel. (E) In vitro inhibition of S. aureus and P. aeruginosa growth after loading ciprofloxacin in
SF hydrogel. (F) In vivo study on partial-thickness burns treatment with hydrogels loaded with ker-
atinocytes and fibroblasts (* means significant difference (p <0.05) between the groups) (G) Schematic
representation of the operation of a hydrogel incorporated with poly (N-isopropyl acrylamide)
stimuli-responsive particles. Adapted from: [8,109,276-278].

6.2. Hydrogels as Drug Delivery Systems and Other Substance Carriers

Furthermore, the matrix of hydrogels allows for the incorporation of substances, such
as growth factors, cytokines, or drugs, namely, antibacterials and anti-inflammatories,
that assist in the healing process [3,11]. Numerous studies focus on incorporating growth
factors into hydrogels to expedite skin healing, such as 3-FGF, primary promoters of cell
proliferation with chemotactic activity, and VEGF, which enhances cell proliferation and
tissue remodeling in wounds [4]. Similarly, in the study conducted by Hu et al. [177]
(Figure 4C), they loaded EGF into a carboxymethyl chitosan and alginate hydrogel to
protect the EGF from proteolytic degradation (ensuring its bioactivity) (Figure 4D) and to
allow for its gradual release, improving cell proliferation. Dong et al. [278] prepared an SF
hydrogel loaded with ciprofloxacin for the healing of deep partial-thickness burns in rats.
The results showed that the hydrogel effectively delivered the antibiotic, inhibiting in vitro
bacterial growth and biofilm formation of S. aureus and P. aeruginosa (Figure 4E). In addition,
the hydrogel promoted autolysis, a reduction in inflammation, fibroblast proliferation
(attributed to the silk protein environment), increased collagen deposition, accelerated re-
epithelialization, formation of granulation tissue, stimulation of angiogenesis, and showed
complete reconstitution of the epidermal layer in rats after 18 days. In the study conducted
by Yin et al. [114], they also prepared an SF-based hydrogel, but this time loaded it with
rhein to simultaneously prevent bacterial colonization/infection and reduce inflammation.
Rhein is a bioactive anthraquinone isolated from the traditional Chinese medicine rhubarb
that possesses good anti-inflammatory and antibacterial properties. By incorporating it
into SF hydrogels, the stability and structural integrity of rhein might be improved, thus
enhancing therapeutic efficacy and minimizing negative effects. The SF/Rhein composite
hydrogels combined the excellent biocompatibility and physicochemical properties of
SF, along with the antibacterial and anti-inflammatory efficiency of rhein, accelerating
the bacterially infected burn wound healing rate by reducing inflammation, expediting
angiogenesis, and promoting skin appendages formation.

6.3. Hydrogels as 3D Scaffolds for Cell Adhesion and Proliferation

Hydrogels can serve as a platform for loading cells [3,11]. The 3D matrix of hydrogels
allows for the deposition and organization of cells [8], mimicking the environment of the
natural biological ECM better than two-dimensional substrates [279-281]. The architecture
of the hydrogel, characterized by suitable biocompatibility, morphology, and mechanical
behavior, enables it to function as a temporary support, facilitating cellular processes such
as adhesion, proliferation, and differentiation for the formation of new tissue [282]. The
hydrogel can be loaded with cells such as keratinocytes and fibroblasts, as demonstrated
in the study by Mohamad et al. [8], where they loaded keratinocytes and fibroblasts into
a hydrogel based on BC and acrylic acid. The results were very promising, achieving
complete re-epithelialization of a partial-thickness burn within 13 days (Figure 4F). Fur-
thermore, there was a more organized deposition of type I collagen fibers, attributed to
the synergistic effect of the hydrogel with the incorporated cells in accelerating skin re-
generation and strengthening the dermis. Additionally, the incorporated cells can be stem
cells. It is considered that stem cells promote healing through differentiation into specific
cell types or through paracrine effects to stimulate the host tissue regeneration [19]. Stem
cell therapies have shown promising outcomes in the context of wound healing [283,284].
Dong et al. [19] demonstrated that the HA and poly (ethylene glycol) hydrogel loaded
with adipose tissue-derived stem cells provided an optimized 3D microenvironment, en-
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hancing the therapeutic efficiency of stem cell-based therapies. The hydrogel promoted
cell paracrine secretion and increased the expression of pro-angiogenic growth factors and
cytokines, such as angiopoietin, VEGF, platelet-derived growth factor, stromal cell-derived
factor, contributing to the wound healing treatment in a burn animal model.

6.4. Hydrogels with Integrated Biosensors

Moreover, the incorporation of biosensors into hydrogels can solve various challenges
associated with wounds, such as the early detection of infections and the acquisition of
relevant information about the wound microenvironment in real-time. This information can
be used to provide timely and accurate reports on the evolution of the healing process [9,11].
Villanueva et al. [285] developed a smart antimicrobial wound dressing based on keratin
hydrogels with zinc oxide nanoparticles (nZnO), taking advantage of the pH-responsive
behavior of keratin and the antimicrobial activity of nZnO. Infected wounds exhibit alkaline
pH due to the by-products of bacterial metabolism. As the wound undergoes healing,
the pH becomes acidic. In a clean wound, the dressing acts as a barrier, isolating the
injury from the external environment and protecting it from microbial contamination. In a
bacterially contaminated wound, the increased pH leads to hydrogel swelling, increasing
its pore size, and facilitating the release of the antimicrobial agent into the medium, thereby
controlling the infection. Mostafalu et al. [276] developed an alginate hydrogel sheet
incorporated with poly (N-isopropyl acrylamide) stimuli-responsive particles (a drug-
releasing system), loaded with cefazolin for real-time monitoring of the wound environment
for individualized treatment of chronic wounds (Figure 4G). This automated, smart, flexible
wound dressing comprises pH sensors and a microheater to trigger thermo-responsive
drug carriers containing antibiotics. The pH sensors are connected to a microcontroller
through an electronic module that processes the data measured by the sensors. Once the
pH exceeds an acceptable range, it communicates wirelessly in a closed-loop manner to
smartphones or computers to remotely activate the heater and program the on-demand
release of the antibacterial drug.

7. Future Prospects

As we envision the future of biomedical research, particularly in the field of hydrogel
polymers, numerous promising opportunities emerge, prepared to revolutionize wound
healing and tissue engineering. We will witness an intensified focus on the research
and development of innovative biomaterials, with an emphasis on sustainability and
environmental friendliness. Currently, the concept of sustainability is a foundational pillar
across all scientific domains. The increasing demand for environmentally friendly materials
has driven research towards the exploration and development of biopolymers derived from
natural raw materials that are eco-friendly and sustainable. Thus, biomass-based materials
have gained prominence as candidates for applications that leverage renewable resources
and address environmental concerns [149,150]. Cellulose, in particular, is a biopolymer
that is not only biocompatible, biodegradable, and non-toxic but also renewable, as it is
present in the cell walls of a large number of plants [150]. However, further studies should
be carried out to explore more alternatives to polymers. Additionally, more research is
needed for the development of eco-friendly polymer synthesis and acquisition techniques.
It is crucial to clarify the environmental impacts resulting from the methods used to obtain
both natural and synthetic polymers. Moreover, the possibility of recycling industrial waste
should be considered. As a purely illustrative example, collagen can be extracted from fish
scales. With hundreds of millions of tons of fish annually, a significant amount of waste
is generated in fish shops and processing factories, where scales constitute a major solid
waste. Improper disposal techniques lead to unpleasant odors and environmental pollution.
Therefore, it would be worthwhile to explore solutions to optimize the potential of such
waste for the production of valuable end products. On the other hand, further in-depth
studies on the degradation pathways of polymers, both natural and synthetic, are necessary,
as well as the assessment of the potential formation of toxic compounds and the possible
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risks of degradation products. Due to certain limitations of polymers, most studies involve
polymer blends, and the individual potentials and risks of each polymer are not always
clear. Therefore, additional research is required to elucidate the effective contribution
of polymers to skin wound healing. However, the current well-established knowledge
about the effectiveness of hydrogels and their properties implies new challenges. Future
research should focus on evaluating their biocompatibility and biodegradability to ensure
they are safe for use in patients and degrade naturally without causing environmental
harm. The adjustment of the physicochemical properties of hydrogels to achieve the
desired outcomes, specific needs, and the characteristics of the patient remains a challenge.
In the future, this may be controlled through modifications in the chemical structure of
molecules or by selecting molecular weights and types of cross-linking, thus expanding the
currently available repertoire of natural sources [34]. The incorporation of bioactive agents
promoting wound healing will enable dressings to assume a more active role. Hydrogels
capable of releasing drugs in response to specific stimuli could be employed to design
active reservoirs for therapeutic cells. The dynamic control of drug release using sensors to
determine specific parameters and trigger the release of cells stored in the hydrogel has
the potential to enhance both effectiveness and safety, providing a platform for innovative
therapeutics [34]. In light of the current understanding of wound dressings, it is anticipated
that the future diagnosis and treatment of wounds will be based on a multifunctional
and systematic approach, considering the stage and characteristics of the wound [5]. The
incorporation of sensors into hydrogels may open doors to real-time wound monitoring
without the need for expensive equipment [21]. It is important to highlight a key and
pressing aspect for the advancement of the real-world application of these hydrogels: the
conduct of robust clinical studies to assess the effectiveness of the hydrogels in different
types of wounds, comparing them with conventional treatments. Only this approach will
allow for validation of the efficacy of hydrogels and expand their clinical application.

So, the aspects that will guide the next steps in advancing the development of hydro-
gels for wound healing will necessarily involve the following approaches: exploration of
sustainable biopolymers, recycling of waste, development of multifunctional dressings,
controlled drug release, modifications of hydrogel properties, incorporations of thera-
peutic agents, evaluation of biocompatibility and biodegradability, and performance of
robust clinical studies. The focus will be on improving their effectiveness, safety, and
environmental impact.

The future of polymers is brimming with possibilities, driven by innovation, sustain-
ability, and improved outcomes for patients. By embracing interdisciplinary collaboration
and harnessing cutting-edge technologies, researchers are poised to uncover new frontiers
in wound healing and tissue engineering, ushering in an era of unprecedented therapeutic
efficacy and environmental responsibility.

8. Conclusions

Hydrogels are commonly regarded as one of the most promising wound dressings
due to their inherent properties. The literature extensively describes features such as water
absorption capacity and wound exudate retention, as well as the mechanical characteristics
of each polymer. However, despite the understanding that intrinsic limitations hinder
the characterization of polymers in isolation, notably the lack of appropriate mechanical
properties, it is paramount to clarify, for each polymer (individually and in hydrogel form),
the specific attributes corresponding to the requirements of an ideal dressing. Further
studies addressing these specific topics are necessary to elucidate controversies surrounding
certain properties and facilitate a more accurate comparison and approach. Despite the
existing gaps and the need for additional research, this manuscript can contribute to this
process and serve as a foundation for future investigations. These investigations aim to
expand the potential of hydrogels as promising wound dressings in biomedical applications,
while also considering environmental concerns.
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Abbreviations

3D Three-dimensional

BC Bacterial cellulose

BCM Bacterial cellulose membrane

ECM Extracellular matrix

EGF Epidermal growth factor

FGF Fibroblast growth factor

GA Glycolic acid

HA Hyaluronic acid

NF-kB  Nuclear Factor Kappa B

PCL Poly-e-caprolactone

PEG Polyethylene glycol

PGA Polyglycolic acid

PLA Polylactic acid

PLGA  Poly(lactic-co-glycolic) acid

PU Polyurethane

PVA Polyvinyl alcohol

PVvP Poly-N-vinylpyrrolidone

RGD Arginine—glycine—-aspartic acid peptide sequences
SF Silk fibroin

TGF-B  Transforming growth factor
VEGF  Vascular endothelial growth factor
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