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Abstract: The negative factors that result in delayed and prolonged wound healing process include
microbial pathogens, excess wound exudates, underlying conditions, smoking, obesity, etc. Most of
the currently used wound dressings demonstrate an inadequate capacity to treat wounds resulting
from the factors mentioned above. The commonly used wound dressings include hydrogels, films,
hydrocolloids, foams, fibers, sponges, dermal patches, bandages, etc. These wound dressings can
be loaded with various types of bioactive agents (e.g., antibiotics, nanoparticles, anti-inflammatory
drugs, etc.) to improve their therapeutic outcomes. Biopolymers offer interesting properties suitable
for the design of wound dressings. This review article will be based on hyaluronic-acid-based
scaffolds loaded with therapeutic agents for the treatment of wounds.
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1. Introduction

Some known factors that contribute to chronic wounds include diabetes, prolonged bed
rest, obesity, smoking, age, etc. A chronic wound is an injury that is not healed in a timely
and orderly manner [1,2]. These wounds include leg ulcers, diabetic foot ulcers, etc. [2]. It is
reported that the burden of treating chronic wounds contributes to an increase in healthcare
costs worldwide. Approximately $20 billion is utilized every year to manage wounds in
the United States of America [3]. Skin defects are a severe health threat because they expose
the body to bacteria invasion, which can be fatal [4,5]. Wound healing is a complex and
dynamic process of tissue formation. It occurs in four sequential stages: hemostasis phase,
inflammatory phase; proliferation phase; and maturation phase, which is the final stage of
wound healing [6,7].

There are several wound dressing materials that can be used for the treatment of
wounds. Some of the dressings employed for wound healing include hydrogels [8–15],
sponges [7,16], films [17–20], nanofibers [21,22], bandages [23–27], membranes [28–34],
hydrocolloids [35], etc. These wound dressings are usually employed as the barrier against
the infiltration of microbial pathogens into the wound environment. There is no single
wound dressing that is suitable for wound care of all wound types. Wound dressings can
be encapsulated with bioactive agents to enhance their therapeutic outcomes on wound
healing. The bioactive agents that can be used in wound treatment include antibiotics,
metal-based and polymer-based nanoparticles, anti-inflammatory agents, growth factors,
etc. [36,37]. The wound dressings that are encapsulated with the agents mentioned above
are called bioactive wound dressings.

Several biopolymers (Figure 1) are utilized for the preparation of bioactive wound
dressings, including hyaluronic acid (HA), cellulose, chitin, chitosan, fibrin, alginate, elastin,
dextran, collagen, and gelatin [35], etc. These polymers possess excellent properties that
can be significantly beneficial in wound healing, such as non-toxicity, biodegradability,
biocompatibility, readily availability, and non-immunogenicity [38]. These polymers can be
combined with synthetic polymers to improve their mechanical properties. The factors that
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must be considered in the preparation of wound dressings include their capability to stop
bleeding, combat infections, be easily sterilized, absorb wound exudates, accelerate wound
healing and wound debridement, non-toxicity, gas permeability, good water vapor, ease of
use, and biodegradability [39]. This review article is based on the therapeutic outcomes of
bioactive wound dressings formulated from HA.
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2. Classification of Wound Dressing Materials

Wounds, whether acute or chronic, must be properly cared for, and this process in-
volves using wound dressings. These dressings are formulated to be in interaction with
the wound environment. Originally, wound dressings were used to make wounds dry
for wounds requiring debridement [40]. It is reported that wounds healed quickly in
a moist environment, and the dressings must be prepared to absorb exudate and pro-
vide moisture [40]. Wound dressings are classified based on their applications into four
groups: bioactive dressings, interactive dressings, traditional dressings, and skin substi-
tutes (Table 1) [41].

Table 1. Summary of classification of wound dressing materials.

Types of Wound dressings Examples Functions in Wound Management References

Bioactive dressings
hydrogels, wafers, sponges,
films, nanofibers, foams,
and membranes

They are responsible for delivering bioactive
agents such as antibiotics, stem cells,
growth factors, and vitamins to improve
the healing process.

[35]

Interactive dressings hydrogels, spray, sponges,
foams, and films

They act as a barrier against bacterial infection,
modify the physiology of the wound
environment, improve granulation and
re-epithelialization, offer a moist environment
for the wound, and enhance WVTR with good
tensile strength

[31]

Traditional/passive dressings gauze, bandages, and plaster
They protect the wound from impurities, stop
bleeding, absorb wound exudate, and provide
cushion to the wound

[36]

Skin substitutes xenografts, allograft,
and autografts They replace the damaged skin [37,38]

Bioactive wound dressings are responsible for delivering various bioactive agents, in-
cluding antibacterial agents, growth factors, stem cells, and vitamins, for improving wound
healing [42]. These dressings are recognized for their non-toxic nature, biodegradabil-
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ity, and biocompatibility and are commonly formulated from artificial sources or natural
tissues such as elastin, chitosan, HA, collagen, and alginate. Some examples of bioac-
tive dressings are hydrogels, sponges, films, nanofibers, wafers, foams, and membranes,
etc. [42]. Interactive wound dressings are dressings that act as a barrier against bacte-
rial infection, modify the wound environment’s physiology, improve granulation and
re-epithelialization, offer a moist environment for the wound, and enhance water vapor
transmission rate (WVTR) with good tensile strength. Biopolymers and synthetic polymers
are regularly employed to formulate these dressings. Examples of interactive wound
dressings are hydrogels, spray, sponges, foams, films, etc. [38].

Traditional wound dressings, also called passive dressings, are utilized as primary
or secondary wound dressings to protect the injury from impurities, stop bleeding, ab-
sorb wound exudate, provide a dry environment, and cushion the wound [43]. Due to
extreme wound drainage, wound dressing materials become moisturized and usually turn
adherent to the injury, making it painful during removal. Examples of passive wound
dressings include gauze, bandages, and plaster [43]. Since these dressings fail to offer
moisture to the wound environment, they are substituted by modern wound dressing
materials with more advanced designs.

Skin substitutes are formulated to replace damaged skin. They are made up of two
tissues, epidermal and dermal layers, obtained from fibroblasts and keratinocytes on a
collagen matrix. Skin substitute applications have a short survival time on the wound site
and the possibility of infections and disease transmission. Examples of skin substitutes
include acellular xenografts, allografts, and autografts [44,45].

3. Clinical and Commercially Available Hyaluronic Acid Wound Dressings

HA is known as the simplest glycosaminoglycan and it is a constituent of extracellular
matrix (ECM) with distinct biological properties, wound healing potential, and physic-
ochemical features. It is composed of disaccharide components consisting of N-acetyl-
glucosamine and glucuronic acid (Figure 2) [46,47]. It is found and extracted from rooster
combs, synovial fluid, umbilical cord, and vitreous humor [48]. It is biocompatible, non-
toxic, biodegradable, exhibits hydrophilic property, non-allergic, and naturally lacks im-
munogenicity with a broad range of applications [49]. It possesses many essential phys-
iological properties, such as lubrication, space-filling, and structural properties, reten-
tion abilities, and ECM water sorption [50]. Excitingly, HA is also recognized as a potential
biomaterial for the development of wound dressing. There are various reports that em-
phasized the wound healing efficacy of HA in stimulating epithelial and mesenchymal
cell differentiation and migration, therefore improving collagen deposition and angiogene-
sis [51].
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Several HA-based wound dressings are currently commercially available, such as
Hyalosafe®, Hyalomatrix®, HylaSponge® (Table 2). Hyalosafe® is a transparent film
utilized in the wound care and treatment of second-degree burns [52]. The biodegradation
of this wound dressing significantly results in the release of HA that promotes epithelial
cell proliferation [52]. Hyalomatrix® is a conformable, flexible, and bilayered dermal
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material that promotes wound closure and dermis regeneration. The bottom layer interacts
with the wound, and it is a 3-dimensional fibrous matrix constituent of HYAFF®. The top
layer is composed of a transparent silicone thin sheet. HYAFF® 11 is an HA-derivative,
which is acquired via the esterification reaction of the free HA carboxylic group and benzyl
alcohol [52]. The transparency of the top layer is necessary to monitor the wound healing
process and the therapeutic outcome of Hyalomatrix® in clinical studies. Clinical studies
showed complete wound healing almost a month after treatment. The wounds that
were completely closed were found in 85.7% of the patients, whereas 14.3% of them only
exhibited a partial re-epithelization [52].

Table 2. Commercially available HA-based scaffolds for wound dressing and their specific functions.

Commercially Available
HA-Based Wound Dressings Forms of Wound Dressings Functions in Wound Healing Application and

Wound Types Reference

Hyalosafe® Film

It is transparent and allows the wound healing
process to be easily monitored. It is suitable for
the treatment of moderate exuding wounds and
surgery wounds.

[45]

Hyalomatrix® Membrane

It promotes skin re-epithelialization. It is used
for the treatment of full-thickness wounds,
second-degree burns, venous ulcers,
pressure ulcers, and chronic vascular ulcers,

[45]

HylaSponge® Sponge
It absorbs a large volume of water and hydrates
the skin to promote wound healing development.
It is used to treat acute and chronic wounds.

[46]

Hylase Wound Gel® Gel

It prevents tissue dehydration, which in turn
promotes the wound healing process. It is
suitable for wound care of pressure, leg and
diabetic ulcers, and bleeding wounds.

[47]

Laserskin® Scaffold

It promotes the migration and growth of
autologous fibroblasts and keratinocytes to the
wound bed. It is appropriate for acute and
chronic wounds.

[48]

Connettivina® Cream
It provides a hydrated environment that
promotes skin regeneration. It is used to treat
skin irritations.

[49]

Bionect® Topical Solution
It is used to avoid abrasion and for the removal
of harmful foreign agents. It is also used to treat
skin irritations.

[50]

Hyalofill® Cream

The hydrophilic gel created on the wound by
this cream and wound exudates is rich in the HA
tissue interface, offering moisture to promote the
wound healing process. It is used for the
treatment of chronic wounds, including diabetic
foot ulcers.

[51]

HylaSponge® is a spongy material that has a network system of a huge group of
HA molecular chains [53]. This wound dressing possesses the capacity to absorb and
release a large volume of water, ensuring skin hydration during the wound healing process.
In addition, it serves as an elastic or equilibrium barrier ‘’second skin” [53]. It is a gel
scaffold and is made up of a mixture of 2.5% sodium hyaluronate and emollients that
hinder the dehydration of tissue and support wound healing. There are various types of
wounds that can be treated with this gel, including diabetic, leg, and pressure ulcers, and it
is suitable for the management of bleeding wounds [54]. Laserskin® is a HYAFF-based
material that has a microperforated HA membrane permitting the migration and growth
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of fibroblasts and keratinocytes on the wound bed. It is regularly utilized for the treatment
of acute and chronic wounds [55].

Connettivina® is a cream encapsulated with 10 mg/mL of hyaluronate sodium (Na)
utilized for the management of skin irritation. It hydrates the wound environment and
stimulates migration of cells and skin restoration [56]. Bionect® is a topical formulation
composed of 0.2% LMW-HA Na salt and is used to remove the harmful agents, pre-
vent abrasion, and restore skin integrity [57]. Hyalofill® is a colorful cream, non-adherent
formulation designed from a formulated-HYAFF. It is used for chronic wound management,
including diabetic foot ulcers. This wound dressing is employed as a rope (Hyalofill-R) or
a sheet (Hyalofill-F). It absorbs the exudates and produces hydrophilic gel when applied
at the wound site [58]. The hydrophilic gel makes a tissue interface rich in HA, provid-
ing moisture that stimulates the wound healing mechanism [58]. Although several efforts
have been achieved thus far, the clinically and commercially employed HA-based scaffolds
used for wound dressings still demonstrate some limitations. Some of the limitations are
the possible occurrence of impurities (because of the extraction process employed to get
HA), high production costs, low mechanical stability, and limited cell proliferation and
adhesion [59]. There are various HA-based scaffolds that are used in wound management
(such as hydrogels, sponges, films, foams, membranes) that are currently under develop-
ment to overcome the shortcomings mentioned above. These wound dressing materials
can be loaded with several bioactive agents to improve their therapeutic outcomes.

4. Bioactive Agents Loaded Hyaluronic Acid Scaffolds
4.1. Hydrogels

Hydrogels are 3-dimensional polymeric networks that possess an excellent capability
to absorb a huge volume of water (Figure 3). It greatly offers a biomimetic and moist
environment for the growth of cells. Hydrogels are porous materials that provide the space
for nutrients, living cells, gases, and diffusion of waste products [60,61]. These unique
features of hydrogels have attracted their application in the field of wound management.
Hydrogels are formulated from natural and synthetic polymers, and they exhibit essential
properties that can be advantageous in tissue regeneration. HA hydrogels have been
broadly evaluated for application in wound healing due to their properties, such as their
capacity to offer a moist environment to stimulate cell proliferation and infiltration [62].
Nevertheless, HA-based hydrogels display some limitations, such as rapid degradation and
poor mechanical properties [63]. Several strategies are used to overcome these limitations,
including crosslinking with synthetic polymers and chemical modification. HA hydrogels
can be loaded with various bioactive agents to improve their therapeutic outcomes during
wound management and healing.
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Figure 3. Schematic diagram of hydrogels.

Hsu et al. formulated gelatin-crosslinked HA-based hydrogels entrapped with re-
combinant thrombomodulin for wound treatment in diabetic mice [64]. 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) was used as the crosslinking
agent that is also known as a broadly-utilized water-soluble crosslinking agent. Fourier-
transform infrared spectroscopy (FTIR) results confirmed the successful crosslinking be-
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tween the polymers. The scanning electron microscopy (SEM) images showed that the
hydrogels were porous (around 20–300 µm in diameter). The pore size of hydrogels was
decreased as the concentration of HA increased. The in vitro water absorption analysis of
hydrogels demonstrated that the water absorption rapidly increased within the first 30 min,
and the HA dressings displayed more than 11-fold swelling within one day. HA con-
centration did not affect the water absorption features of hydrogels. All the HA-based
hydrogels exhibited excellent water absorption behavior, which may help absorb wound
exudates and promoted good drug absorption at the wound bed. The in vitro drug re-
lease kinetics at 33 ◦C was rapid with over 40% release of thrombomodulin from the
HA-based hydrogels in the first 3 h followed by a sustained release. The complete release
of thrombomodulin from HA hydrogels occurred in 12 h. The in vivo healing studies on
diabetic mice displayed that the hydrogels loaded with thrombomodulin demonstrated
significantly more healing effect when compared to plain hydrogels but did not differ from
free thrombomodulin solution [64].

Zhang et al. designed dopamine-functionalized HA hydrogels loaded with arginine
derivative (antioxidant) for wound healing [65]. FTIR spectra revealed the successful
loading of arginine derivative in the hydrogels. The SEM results revealed the morphology
of hydrogels, a 3-dimensional microporous network. The size of the pore diameters of the
hydrogels became smaller from 14.18 ± 1.54 µm to 9.07 ± 2.17 µm as the concentration
of arginine derivative increased. The swelling study showed that all the samples had sig-
nificant swelling behavior that ranged between 1288.97 ± 325.18% and 4406.05 ± 1233.18,
while the water vapor transmission rates ranged between 2004.79 ± 290.56 and 2689.42 ±
783.45 g/m2/day. The biocompatibility analysis study of the hydrogels using NIH 3T3
cells revealed that the loading of arginine derivatives in the hydrogels did not have any
significant side effects on the cells. The intracellular antioxidant tests using hydrogen
peroxide-induced stress damage to the NIH 3T3 cells demonstrated that oxidative stress de-
creased with increasing concentration of arginine derivative in the hydrogels, which could
be advantageous for wound healing. The wound healing experiment in vivo in the rat
model displayed that the increase of arginine derivative concentration in hydrogels signifi-
cantly promotes a faster healing mechanism than the control. Furthermore, the wounds
treated with a hydrogel with the highest concentration of arginine derivative showed
almost complete healing on day 21 [65].

Liao et al. formulated HA-based hydrogel scaffolds loaded with vancomycin.
The in vitro drug release profile demonstrated a slightly faster release of vancomycin
from the hydrogels at 37 ◦C within 72 h [66]. The mean release proportion of loaded antibi-
otics on the 3rd day was approximately 86%. The gel biodegradation rate was around 20%
on the 1st day, 30% on the 7th day, 40% on the 14th day, and complete biodegradation on
the 21st day. The antibacterial efficacy of the hydrogel against methicillin-resistant S. aureus
showed that the average zone of inhibition of vancomycin-loaded hydrogels ranged be-
tween 5.7± 0.6 and 21.4± 0.7 mm post overnight culture. These results can be significantly
beneficial in wound treatment [66]. Dong et al. formulated conformable HA-based hy-
drogels loaded with adipose-derived stem cells for burn injury treatment. The study of
the mechanical properties of the hydrogels showed that the storage modulus (G′) of the
hydrogels increased significantly at room temperature within 3 min, which specified the
gelling points. The gelation happened more quickly with increasing the concentration of
the polymer. The in vivo wound healing of the hydrogels on a deep second-degree burn
wound murine mice model demonstrated significantly faster closure of the wound and
reduced the scar development [67].

Ying et al. formulated in situ collagen-hyaluronic acid hydrogels cultured with fi-
broblasts (COS-7) and Human microvascular endothelial cells (HMEC) [68]. The swelling
analysis of hydrogels demonstrated increased and gradual swelling capacity within 72 h,
which reached 45%. This swelling efficiency is beneficial for carrying signal factors and
nutrients between cells cultured in the HA hydrogel and cells on the wound, resulting in
stimulation of the cell outgrowth. The antibacterial efficacy of hydrogels displayed approx-
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imately 47% of S. aureus and 55% of E. coli were destroyed by post incubating them with
the hydrogels at 37 ◦C for 3 h. COS-7 and HMEC encapsulated within these hydrogels
displayed and promoted significant cellular proliferation. The in vivo healing analysis
using full-thickness wound in mice showed that wounds treated with the hydrogels dis-
played a healing process, which was higher compared to the commercial drug and free
collagen hydrogel, HA hydrogel samples because the combination of collagen and HA
enhanced the wound healing [68]. Wang et al. designed in situ HA hydrogels encapsulated
with plasmid DNA encoding vascular endothelial growth factor for the treatment of burn
wounds. The in vivo wound healing studies of the hydrogels using Sprague Dawley mice
demonstrated accelerated healing on splinted burn wounds, specifically by hindering
inflammation reaction and stimulating microvascular development while being biocom-
patible [69].

Zhao et al. formulated supramolecular HA-based hydrogels encapsulated with epi-
dermal growth factor (EGF) for wound treatment. The physicochemical properties of EGF
loaded hydrogels were confirmed by nuclear magnetic resonance (NMR) and UV–Vis
spectroscopy. The SEM images revealed that the supramolecular HA-based hydrogels
possessed a typical 3D porous morphology. The evaluation of the wound healing mech-
anism in vivo on a full-thickness skin model revealed a controlled release of EGF from
HA hydrogels and excellent healing capacity with respect to angiogenesis, granulation
tissue production, and growth factor levels [70]. Makvandi et al. prepared hydrogels based
on hyaluronic acid loaded with silver nanoparticles (AgNPs). The rheological evaluation
showed that the hydrogels have excellent mechanical properties with gelation temperature
near the physiological temperature; hence, they can be simply locally employed on the
injured site. Cytotoxicity assay displayed that the HA hydrogels have excellent biocompat-
ibility on L929 cells. The antibacterial efficacy of hydrogels loaded with Ag NPs exhibited
a remarkable growth inhibitory effect against B. subtilis and E. coli. The in vitro model
of wound healing demonstrated that the AgNPs nanoparticle-loaded hydrogels permit
accelerated wound closure and restoration than the control [71].

Larrañeta et al. formulated hyaluronic acid hydrogel crosslinked with Gantrez S97 and
loaded with methylene blue (used as model biomolecule) employing a solvent-free method
for biomedical applications. The crosslinking was confirmed by IR and Dynamic Scanning
Calorimetry (DSC) analysis. The in vitro drug release profile of HA hydrogels showed
sustained methylene blue release over 48 h. The swelling analysis demonstrated a high
swelling efficiency of hydrogels in water and phosphate buffer saline solution. The in vitro
antibacterial activity exhibited important reductions of approximately 98.2% and 98.4% of
P. mirabilis and S. aureus after 4 h of incubation. These results revealed that HA hydrogels
could be beneficial in wound treatment [72]. Nejad et al. designed double crosslinked
HA-based hydrogels encapsulated with dexamethasone and poly(L-lactide-co-glycolide)
(PLGA) nanoparticles for wound treatment. The physicochemical properties of hydrogels
were confirmed by NMR, FTIR, and gel permeation chromatography (GPC). The in vitro
drug release profiles of the hydrogels showed no burst release of the nanoparticles in the
first hours. However, after 1 day, they displayed 4.8% and 8.3% release. The cytotoxic-
ity study using MTT assay on the hydrogels demonstrated high cell viability of HFFF2
human fibroblast cells. These results also revealed that HA hydrogels are suitable for
wound care [73].

Da Silva et al. designed HA-based spongy hydrogels loaded with human adipose
stem cells for diabetic wound treatment. These spongy hydrogels demonstrated improved
diabetic wound healing by significantly modulating the inflammatory response and re-
epithelialization to stimulate effective neoinnervation [74]. Rao et al. formulated hyaluro-
nan hydrogels loaded with ZnO nanogel-like structures for application in wound dressing.
The physicochemical properties of hydrogels were successfully confirmed by 1H NMR,
FTIR, and X-ray diffraction (XRD). The SEM pictures without ZnO nanoparticles displayed
interconnected porous networks. Furthermore, the encapsulation of the ZnO nanoparticles
significantly promoted a porous structure. The swelling study of hydrogels showed a
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higher swelling capacity. A hemostatic examination of the HA hydrogels demonstrated
excellent hemostatic properties of ZnO-loaded HA hydrogels. In vitro antimicrobial study
of the hydrogels against E. coli and S. aureus strains revealed good antibacterial activity
of the hydrogels [75]. These HA hydrogels are promising scaffolds for cell adhesive with
hemostatic properties and antimicrobial materials for potential application in wound treat-
ment.

4.2. Films/Membranes

Films are flexible, transparent, and elastic materials made up of polymers-they permit
oxygen and carbon dioxide exchange and diffusion of water vapor from the injury site and
prevent penetration of bacterial/other microbial pathogens [76]. The transparency of films
allows the monitoring of the wound continuously, without removing it [76]. These dress-
ings also stimulate the autolytic eschar debridement. However, films demonstrate a
reduced capacity to absorb the wound exudate, making them unsuitable for high exuding
wounds and may cause trauma if not removed appropriately [77]. Currently, HA films are
developed by incorporating bioactive molecules (such as natural product extract, growth
factors, inorganic compounds, and antibiotics) to improve their biological application. Also,
HA-based are functionalized with HA-derivatives or other polymers [78].

Duan et al. formulated HA-based films incorporated with curcumin for wound heal-
ing [79]. These films were characterized by NMR, DSC, and FTIR to confirm their expected
physiochemical properties. The swelling analysis showed that curcumin-loaded films
and plain films swelled rapidly within 15 min and reached a swelling equilibrium at 2 h,
demonstrating that all the hydrogels have outstanding water absorption. The equilibrium
swelling ratio ranged between 879% and 919%. The in vitro skin irritation examination
revealed that curcumin-loaded films did not cause skin irritation. The cytotoxicity study
of free curcumin and curcumin grafted films on the L929 cells using MTT assay showed
no adverse effect within 72 h. The cell viability value was above 90%, demonstrating
that the films had no significant inhibition effect on the proliferation of L929 within a
selected concentration. The in vitro antibacterial analysis on S. aureus and E. coli of the films
showed an inhibitory concentration of 0.15 g/mL for S. aureus and 0.20 g/mL for E. coli.
The hemolysis test demonstrated no significant hemolysis with concentrations of films
reaching up to 15 mg/mL, revealing that the curcumin-loaded HA films have excellent
biocompatibility. The wound healing test showed that the wound size of each group
decreased as time extended. On the third day, all the groups demonstrated a constriction
on the wound site [79].

Abou-Okeil et al. prepared sodium-alginate crosslinked HA films loaded with AgNPs
and sulfadiazine as topical bioactive wound dressings [80]. The SEM images exhibited
crosslinked films that were homogeneous with no phase cracks. The drug release kinetics
in vitro showed that the release of sulfadiazine was higher at pH 4.1 compared to pH 7.2,
revealing a diffusion of sulfadiazine from a swelled film structure at pH 4.1 compared
to the compact structure of the film at pH 7.2. The in vitro antibacterial analysis showed
that a combination of sulfadiazine (as an antibiotic) with silver nanoparticles in the films
results in more enhanced antimicrobial properties. The wound healing study in vivo using
wounded mice showed that after three weeks, all the wounds treated with dual-loaded
HA-based films were completely closed compared to the control group [80].

Abednejad et al. formulated HA-based films embedded with functionalized Zeolite
Imidazolate Frameworks (ZIF-8), which can provide good mechanical and antibacterial
properties [81]. DLS analysis of ZIF-8 displayed a uniform distribution of particles with
a mean particle size of approximately 44 nm, confirming their nanosize. FTIR and XRD
spectrums confirmed successful encapsulation of ZIF-8 in HA films, while SEM images
demonstrated appropriate dispersion of frameworks in HA material. Analysis of the
mechanical properties of the films showed Young’s modulus of 176 K Pa and decreased
water contact angle of 27.7, showing improvement in hydrophilicity. The swelling results
showed the swelling time was 90 min for HA films with a maximum water uptake of
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about 305 ± 5%, whereas the swelling time was 250 min as the percentage of ZIF-8 reached
2% by weight. The cytotoxicity test of plain films and ZIF-8 on L929 cells showed a high
cell viability of more than 98%. The antibacterial results from the disc diffusion method
confirmed better growth inhibition for the films loaded with ZIF-8 compared to the free
films against E. coli and S. aureus. These results demonstrated that HA-based films loaded
with ZIF-8 are beneficial for treating wounds infected with microbial pathogens [81].

Contardi et al. prepared transparent bilayered films based on HA and Polyvinylpyrroli-
done (PVP). It was encapsulated with antiseptic (neomercurocromo) and ciprofloxacin
for wound dressing [82]. The morphological analysis of the bilayered films using SEM
showed that the top layer is approximately 60 µm thick and the bottom layer is thicker,
being near 200 µm. The FTIR results displayed the expected functional groups of the
loaded ciprofloxacin and antiseptic in the HA films. The in vitro drug release at physio-
logical conditions demonstrated a drug release reaching almost 100% within the initial
24 h. The antibacterial results showed that bilayered films formed a zone of inhibition
of 30.6 (±1.9), 42.9 (±3.2), 39.5 (±2.0) mm against S. aureus, P. aeruginosa, and E. coli, re-
spectively, revealing their good antibacterial activity. The in vivo biocompatibility and
bioresorption studies of the films in a full-thickness wound on mice model showed no ob-
servable side effects. The bilayered films displayed a slow, consistent tendency in exudate
absorption and film biodegradation. After 2 h, the films started to absorb a large amount
of exudates [82].

Michalska-Sionkowska et al. designed thin films that are based on HA, chitosan,
and collagen. The films were loaded with gentamicin. The contact angle analysis showed
that the hydrophilicity of film decreased when gentamicin was added. The water vapor
transmission analysis showed that the presence of gentamicin in thin films resulted in
increased water vapor permeability. The in vitro antimicrobial results revealed that the
films based on HA and other biopolymers encapsulated with gentamicin inhibited the
growth of P. aeruginosa, S. aureus, and E. coli. In contrast, films without gentamicin displayed
no antibacterial activity on these bacterial strains [83].

Tamer et al. formulated and evaluated polymeric membranes prepared from HA
and chitosan. They were loaded with glutathione for enhanced wound treatment [84].
The successful preparation and incorporation of glutathione in the HA-based membranes
were confirmed by FTIR, while their thermal stability was assessed by TGA analysis.
The water uptake study showed that the encapsulation of glutathione into the membranes
induced a small rise in water uptake from 230.3 ± 8.3% to 240.8 ± 7.9% that is attributed
to the hydrophilic property of glutathione. The porosity analysis utilizing ethanol as a
hydrophilic solvent demonstrated that the addition of glutathione increased the porosity of
plain membrane from 37.53 ± 1.88% to 43.26 ± 2.16%, which is useful for promoting their
surface area and the adsorption capacity. The wound healing results in vivo employing a
rat model demonstrated rapid wound healing for the drug-loaded membranes. Further-
more, in vivo study results revealed that the membranes loaded with glutathione are an
appropriate wound dressing for treating chronic wounds [84].

Abednejad et al. designed polyvinylidene fluoride–hyaluronic acid membranes loaded
with active pharmaceutical ingredient ionic liquids (API-ILs) for wound healing. The SEM
analysis showed that the increase in the concentration of polyvinylidene fluoride resulted
in spongy region development, which can contribute to more polymeric chains and higher
viscosity. Finger-like materials make the membrane able to load API-ILs, while the spongy
region was significant in API-ILs release, as it controls the passage of the therapeutic agent
via the pores. The uptake analysis revealed that the shape, size, and interconnectivity of
pores affected the membrane uptake of API-ILs. Cell adhesion of fibroblasts on HA-based
membrane surfaces and cell viability evaluation confirmed enhanced viability and adhesion
of fibroblasts on the membranes. Healing assay evaluated with fibroblasts demonstrated
that the bilayer membranes containing API-ILs are not detrimental to wound healing [85].

Abid et al. formulated collagen combined HA-based membranes loaded with hy-
droxylapatite + β-TCP to restore surgical bone defects. The in vivo results using rabbits
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revealed that the loading of the hydroxylapatite + β-TCP in HA membranes was found to
progress into the best progressive phases of the bone repair process at the second and fourth
weeks [86]. Figueira formulated polycaprolactone-HA electrospun bilayer nanofibrous
membrane encapsulated with salicylic acid for tissue regeneration [87]. The physico-
chemical properties of the nanofibrous bilayer membrane loaded with salicylic acid were
evaluated, and the achieved results demonstrated that the formulated electrospun scaf-
folds exhibited suitable mechanical properties, ideal porosity, controlled water loss, and a
significant salicylic acid drug release mechanism. The in vitro cytotoxicity studies demon-
strated that HA-based membranes did not show any side effects on human fibroblast
cells since the cells were able to proliferate, migrate, and adhere to the surface of the
membranes. Furthermore, no biofilm development was observed on the surface of the HA
membrane. The antimicrobial analysis showed higher growth inhibition against S. aureus.
The results reveal that these membranes displayed suitable properties to be employed in
wound treatment [87].

4.3. Sponges

Sponges are wound dressings that can absorb large quantities of wound exudates,
and they provide a moist environment for the wound because of their high porosity,
swelling profile, and biodegradability [88]. Generally, sponges are non-adhesive and
require secondary wound dressing or bandages/tapes to keep them at the wound site [63].
HA derivatives or other polymers have been used in combination with HA to overcome the
poor mechanical properties demonstrated by HA-based sponges. Mohandas et al. prepared
fibrin nanoparticles encapsulated with vascular endothelial growth factor (VEGF) and
loaded them in formulated chitosan-HA composite sponge for diabetic wound dressing [7].
SEM images of VEGF loaded fibrin nanoparticles displayed spherical shape with a size
range between 150 and 180 nm, while DLS analysis exhibited a mean particle size of
180 nm with a polydispersity index (PDI) of 0.4 and an average negative surface charge
of 28 mV. The FTIR spectrum showed the expected functional groups of biopolymers
and confirmed the successful encapsulation of nanoparticles in the sponges. The porosity
experiment demonstrated that all the sponges possessed a porosity that ranges between
65–75%. The mechanical analysis results displayed an elongation at break, which showed
the flexibility of HA-based sponges that ranged between 10–20%, while the tensile strength
ranged between 0.15 and 0.02 MPa. The flexibility of the scaffold was improved by
increasing HA concentration showing that the sponges can be placed on any tissues
without breaking [7]. The swelling examination was performed for 7 days, and the swelling
ratio ranged between 8 and 12% for all the sponges. The encapsulation of VEGF did not
result in any significant difference in swelling. The in vitro release profile demonstrated
an initial burst release of 29% VEFG from the sponges at the first 2 h, followed by a 64%
release of VEFG at 3 days which was sustained for 7 days at 37 ◦C. The initial burst release
can speed up angiogenesis to accelerate the wound healing process. The cytotoxicity
studies of sponges in HDF cells revealed more than 85% cell viability. Furthermore,
endothelial cells loaded on the sponges were well proliferated and demonstrated capillary-
like tube development, which is a significant process in wound healing angiogenesis.
These scaffolds offer a promising approach for the management of diabetic wounds [7].

Fiorica et al. prepared α-elastin crosslinked HA sponges incorporated with VEGF for
wound healing. The swelling analysis showed a swelling percentage of 217 ± 11%, thus re-
vealing a high efficiency of the sponges to absorb wound exudates. The biodegradation
analysis of the sponges showed that the sponges degraded in the presence and absence
of hyaluronidase (HAase). The cytocompatibility analysis of sponges showed that the
VEGF released from the sponges was active in promoting the proliferation of HUVEC cells,
and the cell viability was not affected by the presence of VEGF in the plain sponges [36].
Ross et al. formulated sponge-like dressings from chitosan glutamate and HA. They were
loaded with platelet lysate for the treatment of chronic wounds. The results from this study
revealed that platelet lysate stimulates keratinocyte epithelialization and controls fibroblast
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matrix deposition, offering a molecular basis for the capability of such hemoderivative to
heal chronic wounds. Furthermore, platelet lysate acts on the wound healing process by
accelerating the formation of new tissues [89].

Lu et al. reported chitosan-l-glutamic acid-HA sponges loaded with Ag NPs as
wound dressings [90]. FTIR and XRD spectrums confirmed the successful preparation of
nanoparticle-loaded sponges. The porosity analysis of the sponges demonstrated that the
loading of the nanoparticles significantly increased the porosity of sponges from 83.5% to
porosity that ranges between 90.3% and 94.1%. The mechanical properties analysis revealed
Young’s moduli of the Ag nanoparticle loaded sponges (0.2 ± 0.01 MPa), demonstrating
that these two scaffolds could resist distortion and had excellent mechanical strength.
The antimicrobial analysis of sponges showed that the addition of Ag nanoparticles in-
creased the size of the inhibition zone in a concentration-dependent mode against E. coli
and S. aureus. The in vitro cytotoxicity examinations of the sponges using MTT assay
demonstrated cell viability that was more than 80% on L929 cells. The in vivo healing anal-
ysis of sponges on full-thickness skin wounds using rabbits revealed healing on the third
day, with slight inflammation and approximately 47% wound closure for the plain sponges,
69% for the sponges loaded with Ag nanoparticles, and only 5% wound contraction for the
control (gauze) [90].

Anisha et al. prepared antimicrobial chitosan-HA sponges loaded with nanosilver
for wound healing of infected diabetic foot ulcers. The porosity analysis of nanosilver
encapsulated HA-based sponges displayed a porosity of about 73%, whereby the control
sponges exhibited a porosity of 63%. This enhanced porosity influenced the increased
water uptake of the sponges. The swelling evaluation indicated higher swelling and water
uptake capacity for the nanoparticle silver incorporated sponges. The in vitro antimicrobial
analysis demonstrated that nanosilver incorporated sponges effectively reduced the growth
of E. coli, S. aureus, MRSA, K. pneumoniae, and P. aeruginosa. These sponges are potential
wound dressings suitable for managing diabetic foot ulcers infected with antimicrobial-
resistant bacteria [91]. Anisha and co-workers designed chitosan–HA composite sponge
loaded with chondroitin sulfate nanoparticles. SEM and DLS analysis of the nanoparticles
demonstrated a particle size that ranges between 100 and 150 nm. HA-based sponges
exhibited a porosity of 67% and displayed improved blood clotting ability and swelling
capacity. The cytotoxicity evaluations of the sponges displayed more than 90% cell via-
bility on human dermal fibroblast (HDF) cells. These scaffolds also exhibited improved
proliferation of HDF cells within 48 h [16].

4.4. Nanofibers

Nanofibers are promising materials suitable for rapid and complete wound healing
of chronic wounds, including burns, providing significantly enhanced outcomes more
than the conventional wound dressings. There are several distinct properties of nanofibers,
such as nanoscale structure, porosity, and large surface area. These features play vital
roles in cell proliferation and attachment [21]. Electrospinning can be employed to prepare
nanofibers using biopolymers or synthetic polymers. It is the most broadly promising
and widely studied method for the preparation of nanofibers [2]. Nanofibers designed
by electrospinning have triggered great interest in different applications such as drug-
delivery systems, wound-dressing materials, and bio-nanotextiles because of their large
surface-area-to-volume proportion [92,93].

El-Aassar et al. prepared and evaluated PVA crosslinked hyaluronic acid-based
nanofibers embedded with silver nanoparticles via electrospinning technique for wound
healing [37]. The physicochemical properties and successful embedding of nanoparticles
in the nanofibers were confirmed by UV-vis spectroscopy, FTIR, and Raman spectroscopy.
The SEM analysis of nanofibers demonstrated an approximate average size diameter
between 244 nm and 326 nm. The TEM showed Ag NPs homogeneous distributed within
the HA-based nanofibers. The SEM and TEM results confirmed the electrospinning process
of nanofibers embedded silver nanoparticles. The mechanical properties analysis showed
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the tensile stress of the silver nanoparticle-loaded nanofibers (~4.1 MPa), which was almost
two times stronger than the plain nanofibers (~1.9 MPa). The antibacterial assessments
showed that nanofibers loaded with silver nanoparticles possessed high efficacy against
B. subtilis, E. coli, and E. coli compared to the plain nanofibers [37].

The wound healing studies of nanofibers revealed the absence of abscess development
or hypertrophic scars. These results showed the wound contracting capability of the silver
nanoparticle-loaded nanofibers and free nanofiber treated groups. The nanofibers induced
wound healing from the 8th day, and the epithelization time was on day 14. In contrast,
the Garamycin® cream and control group epithelization occurred after more than 2 weeks.
The nanoparticle embedded nanofibers and the plain nanofibers treated groups displayed
important wound healing efficacy compared to other groups treated with Garamycin®

cream and control group excision wound model [37].

4.5. Other HA Scaffolds

There are HA-based scaffolds that can be used in wound healing as potential bioac-
tive dressings such as bandages, topical gels, microspheres, nanoparticles, hydrocolloids,
foams, transdermal/matrix patches, etc. [94]. Hussain et al. reported HA-functionalized
nanoparticles for the co-delivery of resveratrol and curcumin for chronic diabetic wound
treatment [95]. Dynamic Laser Light Scattering (DLS) analysis of the HA nanoparticles
demonstrated a mean particle size of about 200 nm, a surface charge of more than ±30 mV,
entrapment capacity of ~90% of curcumin, and resveratrol. FTIR and XRD analysis showed
the successful preparation of the co-loaded nanoparticles. The in vitro drug release studies
simulating the conditions of diabetic wounds’ microenvironment (pH ranges between 6.2
and 8.5) were performed. The release analysis at pH 7.4 and 37 ◦C revealed the release of
both drugs loaded followed biphasic release mode where a first burst release of both drugs
occurred in the first 8 h followed by slower and sustained drug release. These results and
properties confirmed that these nanoparticles could be very suitable for chronic diabetic
wound treatment [95].

Abdel-Mohsen and co-workers formulated silver nanoparticle-loaded HA-based fab-
rics for chronic wound management. The resultant fabrics loaded with nanoparticles
displayed consistent dispersion throughout the HA-based fabrics from SEM analysis,
TEM and DLS analysis, demonstrating an outstanding distribution of silver nanoparti-
cles with 25 ± 2 nm. The XRD results showed that the silver nanoparticles increased the
crystallinity of the formulated fabrics as well as the thermal stability. The in vitro antimi-
crobial analysis of the fabrics against E. coli K12 was significant. The cytotoxicity studies
showed that the fabrics did not reveal any cytotoxic effect against the human keratinocyte
cell line (HaCaT). In vivo wound healing analysis using non-diabetic/diabetic rat models
showed that the formulated fabrics loaded with silver nanoparticles displayed strong
healing efficacy compared to the free HA fabrics and significantly accelerated the wound
healing process [96].

Eskandarinia et al. formulated polyurethane-HA nanofibrous wound dressings in-
corporated with propolis. The FTIR spectrums showed the expected functional groups
from the polymers and confirmed the successful incorporation of propolis. The analysis
of mechanical properties of these wound dressings showed the tensile strength ranging
between 4.91 ± 0.5 and 3.07 ± 1.1 MPa while the elongation at break ranged between
379.8 ± 23 and 453.6± 38.5 MPa. The mechanical properties showed that these nanofibrous
scaffolds are appropriate for wound dressing. The antimicrobial analysis showed that
propolis-incorporated nanofibrous scaffolds caused significant inhibition zones against
E. coli and S. aureus. The wound healing study in vivo using Wistar rats demonstrated a
significantly accelerated healing process compared to the control. The wounds treated with
the propolis loaded nanofibrous scaffolds closed on day 14, whereas the wounds treated
with the free polyurethane and control groups were still open [97].

Fahmy and co-workers formulated chitosan-HA non-woven fabric wound dressing
incorporated with silver nanoparticles. The TEM analysis revealed the mean particle size
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of the AgNPs was less than 13 nm. The elemental analysis of the dressings loaded with
nanoparticles confirmed the presence of Ag NPs in the non-woven fabric wound dressing.
The thermogravimetric analysis confirmed the higher thermal stability of the formulated
chitosan-HA non-woven fabric wound dressings [98]. Guzińska et al. formulated Antibacte-
rial HA-based foams incorporated with zinc oxide nanoparticles. The in vitro antimicrobial
analysis showed a significant reduction of the number of E. coli bacteria after an hour for
the nanoparticles loaded foams compared to the plain foams. The foams loaded with 3%
cephalosporin revealed only half of the same reduction rate. These results demonstrated
that these materials are suitable for the treatment of bacterial-infected wounds [99].

Gokce et al. formulated a 3-dimensional dermal matrix based on HA loaded with
resveratrol for diabetic wound treatment [100]. The SEM images demonstrated that the
pore size of the dermal matrix was approximately 100 µm. The water uptake analysis
showed the water uptake capacity of more than 80% arising from the porous material of
the dermal matrix, resulting in good absorbent characteristics. Other evaluations of the
mechanical properties of the dermal matrix were as follows: 18.3 ± 0.3 N mm for compress-
ibility, 21.2 ± 0.5 N for hardness, 0.96 ± 0.1 for elasticity, and 01 ± 0.01 for cohesiveness.
The sterility analysis showed that these formulations are sterile. The in vivo wound healing
analysis of the 3-dimensional dermal matrix loaded with resveratrol on wounded diabetic
rats showed that the wounds were fully healed at the end of 2 weeks compared to those
treated with resveratrol solution and the plain dermal matrix [100]. Dias et al. formulated
the HA-based matrix loaded with anti-inflammatory jucá extract. The cytotoxicity analysis
of the extract-loaded matrix showed good cytocompatibility with RAW 264.7 macrophages
with cell viability of more than 85% after 24 h. The dressings offered a broad range of
oxygen permeability and water vapor ((2.9–14.7) × 1014 kg/(s m Pa)), which make them
potentially appropriate for the treatment of different wound types at various wound
healing phases [101]. All the HA-based scaffolds (hydrogels, films, membranes, sponges,
nanofiber, and others) discussed above are summarized in Table 3 below:

Table 3. HA-based Bioactive Wound dressing.

HA-Based Wound
Dressing

Polymer Used for
Cross-Linking

Loaded Bioactive
Agent Therapeutic Outcomes References

Hydrogels Gelatin Recombinant
thrombomodulin

High swelling capacity, sustain
drug release mode, and good
diabetic wound healing effect.

[64]

None arginine derivative Non-toxic and accelerated
wound healing process. [65]

None vancomycin
Average zone of inhibition
against methicillin-resistant
S. aureus.

[66]

None adipose-derived
stem cell

Faster wound closure on deep
second-degree burn wound
reduced scar formation.

[67]

Collagen COS-7 and HMEC cells

Average antibacterial efficacy
against S. aureus and E. coli,
and accelerated healing process
on full thickness-wound.

[68]

None Plasmid DNA
encoding VEGF.

Accelerated healing on
burn wounds. [69]

None EGF
Superior wound healing results
in a full-thickness skin
wound model.

[70]
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Table 3. Cont.

HA-Based Wound
Dressing

Polymer Used for
Cross-Linking

Loaded Bioactive
Agent Therapeutic Outcomes References

None Ag NPs

Excellent biocompatibility on
L929 cells and high growth
inhibitory effect against E. coli
and B. subtilis.

[71]

Gantrez S97 methylene blue

Sustained drug release kinetics
over 2 days and good
bactericidal effect against
S. aureus and P. mirabilias.

[72]

PLGA Dexamethasone and
PLGA nanoparticles

Slow drug release and good cell
viability on HFFF2 human
fibroblast cells.

[73]

None human adipose
stem cells

Improved diabetic
wound healing. [74]

None ZnO nanogel-like
structures

Higher swelling capacity,
good hemostatic properties,
and outstanding antibacterial
efficacy against S. aureus and
E. coli

[75]

Films none curcumin
Excellent cell viability on the
L929 cells and good wound
closure effect.

[79]

Na-alginate Ag NPs and
sulfadiazine

Synergistic antibacterial activity
and good wound
healing process.

[80]

None ZIF-8

Good mechanical properties,
high cell viability, and better
growth inhibition against E. coli
and S. aureus.

[81]

PVP Neomercurocromo
and ciprofloxacin

Good bactericidal efficacy and
with no significant side effects
in vivo.

[82]

chitosan and collagen gentamicin
Higher growth inhibition against
growth of P. aeruginosa, E. coli,
and S. aureus.

[83]

Membranes chitosan glutathione High water uptake and faster
wound healing mechanism. [84]

Polyvinylidene fluoride API-ILs
Enhanced cell viability and
adhesion of fibroblasts on
membranes.

[85]

collagen hydroxylapatite +
β-TCP

Advanced stages of the bone
repair process. [86]

Polycaprolactone salicylic acid High antibacterial activity and
good cell viability. [87]

Sponges None VEGF Sustained drug release. [7]

α-elastin VEGF Good cell viability. [36]

chitosan glutamate platelet lysate Good healing process. [89]

chitosan-l-
glutamic acid Ag NPs

Excellent mechanical properties
and high antibacterial activity
against S. aureus and E. coli.

[90]
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Table 3. Cont.

HA-Based Wound
Dressing

Polymer Used for
Cross-Linking

Loaded Bioactive
Agent Therapeutic Outcomes References

Chitosan Nanosilver

High swelling capacity and
water uptake ability and reduced
growth of E. coli, S. aureus,
MRSA, K. pneumoniae,
and P. aeruginosa.

[91]

chitosan chondroitin sulfate
nanoparticles

High cell viability on HDF cells
and improved cell proliferation
within 2 days.

[16]

Nanofibers PVA Ag NPs

Good mechanical properties and
high antibacterial efficacy
against E. coli, B. subtilis,
and S. aureus.

[37]

nanoparticles None resveratrol and
curcumin Sustained drug release. [95]

Fabrics None Ag NPs
Good bactericidal activity
against E. coli K12 and
accelerated healing process.

[96]

Nanofabrious scaffolds polyurethane Propolis
Good mechanical properties and
significant inhibition zones
against S. aureus and E. coli.

[97]

fabric wound dressing Chitosan Ag NPs Higher thermal stability. [98]

foams None zinc oxide
nanoparticles Good antibacterial efficacy. [99]

dermal matrix None resveratrol

High water uptake capacity,
good mechanical properties,
and accelerated wound healing
at the end of 2 weeks.

[100]

matrix None jucá extract High cell viability, high water
vapor, and oxygen permeation. [101]

5. Conclusions

This review article discussed HA-based scaffolds as potential bioactive wound dress-
ings. There are several features that are displayed by these scaffolds, including good
biocompatibility on various types of human cells, the ability to be chemically modified, non-
toxicity, easy methods of preparation—making them affordable with enhanced biodegrad-
ability, hydrophilicity, and their ability to be loaded with bioactive agents. The advantages
that make HA-based scaffolds potentially suitable for the management of wounds include
high swelling capacity, good porosity, enhanced water vapor transmission rate, good water
absorption, antibacterial properties, and excellent mechanical properties such as young
modulus, flexibility, elasticity, and stability. Although the encapsulation of various bioactive
agents may affect the aforementioned advantages, it can also result in an accelerated wound
healing process by triggering several biological processes (such as fibrin clot, fabrication,
and release of pro-inflammatory cytokines and interleukins, and keratinocytes/fibroblasts
proliferation). Furthermore, the loading of antibacterial agents in HA-scaffolds results in en-
hanced protection of the wounds from bacteria invasion and treats bacteria-infected chronic
wounds. Based on the reports of several researchers, there is no doubt that HA-based
wound dressings are promising therapeutics for treating chronic wounds.



Polymers 2021, 13, 2102 16 of 20

6. Future Perspective

Utilizing HA for the design of wound dressings has increased significantly in recent
years with promising therapeutic outcomes. However, in the design of wound dressings,
specific factors are usually considered depending on the type of wounds. HA is one of the
significant components of the extracellular matrix of the human skin and is very important
in inducing the release of proinflammatory cytokines and enhancing fibrin clot formation.

Furthermore, HA’s unique features make it a promising material for biomedical
applications such as wound dressings, drug delivery systems, etc. HA-based wound
dressings have displayed enhanced mechanical properties, good porosity, promoted oxygen
and oxygen and nutrients exchange, absorbed a significant amount of wound exudate,
induced cell proliferation, and improved re-epithelization and granulation, revealing
skin regeneration capability. HA has been crosslinked with other polymers resulting in
enhanced mechanical properties. The loading of bioactive agents into the scaffolds resulted
in good antibacterial activity, which is appropriate for treating infected wounds. Some of
the bioactive agents loaded in HA-based wound dressings promoted skin regeneration,
rapid wound closure, and the absence of scar tissues.

In the future, there is a need for more studies on the efficacy of loading two or more
bioactive agents and growth factors in HA-based wound dressings for skin regeneration.
Designing HA-based scaffolds via new techniques with excellent mechanical properties,
outstanding biological outcomes, and affordable production costs without using toxic
materials also needs to be investigated. The in vitro and in vivo studies of HA-based
scaffolds reported by several researchers demonstrate that HA is a promising material and
these scaffolds with outstanding therapeutic effects have the potential to reach clinical use
in the near future.
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43. Nešović, K.; Janković, A.; Radetić, T.; Vukašinović-sekulić, M.; Kojić, V.; Zivkovic, L.; Peric-Grujic, A.; Rhee, K.Y.; Miskovic-Stankovic, V.

Chitosan-based hydrogel wound dressings with electrochemically incorporated silver nanoparticles—In vitro study. Eur. Polym.
J. 2019, 121, 109257. [CrossRef]

44. Sheikh, Z.; Hamdan, N.; Ikeda, Y.; Grynpas, M.; Ganss, B.; Glogauer, M. Natural graft tissues and synthetic biomaterials for
periodontal and alveolar bone reconstructive applications: A review. Biomater. Res. 2017, 21, 9. [CrossRef]

45. Oro, F.B.; Sikka, R.S.; Wolters, B.; Graver, R.; Boyd, J.L.; Nelson, B.; Swiontkowski, M.F. Autograft versus allograft: An economic
cost comparison of anterior cruciate ligament reconstruction. Arthroscopy 2011, 27, 1219–1225. [CrossRef]

46. Nguyen, N.T.; Nguyen, L.V.; Tran, N.M.; Nguyen, D.T.; Nguyen, T.N.; Tran, H.A.; Dang, N.N.; Vo, T.V.; Nguyen, T. The effect of
oxidation degree and volume ratio of components on properties and applications of in situ cross-linking hydrogels based on
chitosan and hyaluronic acid. Mater. Sci. Eng. C 2019, 103, 109670. [CrossRef] [PubMed]

47. Gao, Q.; Zhang, C.; Zhang, E.; Chen, H.; Zhen, Y.; Zhang, S.-B.; Zhang, S.-F. Zwitterionic pH-responsive hyaluronic acid polymer
micelles for delivery of doxorubicin. Colloids Surf. B Biointerfaces 2019, 178, 412–420. [CrossRef] [PubMed]

48. Fallacara, A.; Baldini, E.; Manfredini, S.; Vertuani, S. Hyaluronic acid in the third millennium. Polymers 2018, 10, 701. [CrossRef] [PubMed]
49. Snetkov, P.; Zakharova, K.; Morozkina, S.; Olekhnovich, R.; Uspenskaya, M. Hyaluronic acid: The influence of molecular weight

on structural, physical, physico-chemical, and degradable properties of biopolymer. Polymers 2020, 12, 1800. [CrossRef]
50. Xu, X.; Ma, L.; Shi, H.; Gao, C.; Han, C. Chitosan-hyaluronic acid hybrid film as a novel wound dressing: In vitro and in vivo

studies. Polym. Adv. Technol. 2007, 18, 869–875. [CrossRef]
51. Uppal, R.; Ramanswamy, G.N.; Arnold, C.; Goodband, R.; Wang, Y. Hyaluronic acid nanofiber wound dressing-production,

characterization, and in vivo behavior. J. Biomed. Mater. Res. 2011, 97, 20–29. [CrossRef]
52. Longinotti, C. The use of hyaluronic acid based dressings to treat burns: A review. Burn. Trauma 2014, 2, 162–168. [CrossRef]
53. Mahedia, M.; Shah, N.; Amirlak, B. Clinical evaluation of hyaluronic acid sponge with zinc versus placebo for scar reduction after

breast surgery. Plast. Reconstr. Surg. Glob. Open 2016, 4, e791. [CrossRef]
54. Khelfi, A. Therapeutic enzymes used for the treatment of non-deficiency diseases. In Research Advancements in Pharmaceutical,

Nutritional, and Industrial Enzymology; Bharati, S.L., Chaurasia, P.K., Eds.; IGI Global: Hershely, PA, USA, 2018; pp. 46–70.
55. Price, R.D.; Berry, M.; Navsaria, H.A. Hyaluronic acid: The scientific and clinical evidence. J. Plast. Reconstr. Aesthetic Surg. 2007,

60, 1110–1119. [CrossRef]
56. Paghetti, A.; Bellingeri, A.; Pomponio, G.; Sansoni, J.; Paladino, D. Topic efficacy of ialuronic acid associated with argentic

sulphadiazine (Connettivina Plus) in the treatment of pressure sores: A prospective observational cohort study. Prof. Inferm. 2009,
62, 67–77.

57. Vasir, J.K.; Tambwekar, K.; Garg, S. Bioadhesive microspheres as a controlled drug delivery system. Int. J. Pharm. 2003, 255,
13–32. [CrossRef]

58. Colletta, V.; Dioguardi, D.; Di Lonardo, A.; Maggio, G.; Torasso, F. A trial to assess the efficacy and tolerability of Hyalofill-F in
non-healing venous leg ulcers. J. Wound Care 2003, 12, 357–361. [CrossRef] [PubMed]

59. Gallo, N.; Nasser, H.; Salvatore, L.; Natali, M.L.; Campa, L.; Mahmoud, M.; Capobianco, L.; Sannino, A.; Madaghiele, M.
Hyaluronic acid for advanced therapies: Promises and challenges. Eur. Polym. J. 2019, 117, 134–147. [CrossRef]

60. Sikareepaisan, P.; Ruktanonchai, U.; Supaphol, P. Preparation and characterization of asiaticoside-loaded alginate films and their
potential for use as effectual wound dressings. Carbohydr. Polym. 2011, 83, 1457–1469. [CrossRef]

61. Jagur-Grodzinski, J. Polymeric gels and hydrogels for biomedical and pharmaceutical applications. Polym. Adv. Technol. 2010, 21,
27–47. [CrossRef]

62. Lam, J.; Truong, N.F.; Segura, T. Design of cell–matrix interactions in hyaluronic acid hydrogel scaffolds. Acta Biomater. 2014, 10,
1571–1580. [CrossRef]

http://doi.org/10.1016/j.actbio.2018.03.044
http://www.ncbi.nlm.nih.gov/pubmed/29626695
http://doi.org/10.2174/1389450118666170704132523
http://doi.org/10.1016/j.jddst.2018.04.017
http://doi.org/10.1016/j.carbpol.2020.116175
http://doi.org/10.3390/pharmaceutics10020042
http://doi.org/10.1016/j.ijbiomac.2019.01.072
http://doi.org/10.1002/jps.21210
http://www.ncbi.nlm.nih.gov/pubmed/17963217
http://doi.org/10.7603/s40681-015-0022-9
http://www.ncbi.nlm.nih.gov/pubmed/26615539
http://doi.org/10.1002/pat.1625
http://doi.org/10.1016/j.eurpolymj.2019.109257
http://doi.org/10.1186/s40824-017-0095-5
http://doi.org/10.1016/j.arthro.2011.04.008
http://doi.org/10.1016/j.msec.2019.04.049
http://www.ncbi.nlm.nih.gov/pubmed/31349450
http://doi.org/10.1016/j.colsurfb.2019.03.007
http://www.ncbi.nlm.nih.gov/pubmed/30903980
http://doi.org/10.3390/polym10070701
http://www.ncbi.nlm.nih.gov/pubmed/30960626
http://doi.org/10.3390/polym12081800
http://doi.org/10.1002/pat.906
http://doi.org/10.1002/jbm.b.31776
http://doi.org/10.4103/2321-3868.142398
http://doi.org/10.1097/GOX.0000000000000747
http://doi.org/10.1016/j.bjps.2007.03.005
http://doi.org/10.1016/S0378-5173(03)00087-5
http://doi.org/10.12968/jowc.2003.12.9.26530
http://www.ncbi.nlm.nih.gov/pubmed/14601230
http://doi.org/10.1016/j.eurpolymj.2019.05.007
http://doi.org/10.1016/j.carbpol.2010.09.048
http://doi.org/10.1002/pat.1504
http://doi.org/10.1016/j.actbio.2013.07.025


Polymers 2021, 13, 2102 19 of 20

63. Simões, D.; Miguel, S.P.; Ribeiro, M.P.; Coutinho, P.; Mendonça, A.G.; Correia, I.J. Recent advances on antimicrobial wound
dressing: A review. Eur. J. Pharm. Biopharm. 2018, 127, 130–141. [CrossRef] [PubMed]

64. Hsu, Y.; Liu, K.; Yeh, H.; Lin, H.; Wu, H.; Tsai, J. Sustained release of recombinant thrombomodulin from cross-linked
gelatin/hyaluronic acid hydrogels potentiate wound healing in diabetic mice. Eur. J. Pharm. Biopharm. 2019, 135, 61–71. [CrossRef]

65. Zhang, S.; Hou, J.; Yuan, Q.; Xin, P.; Cheng, H.; Gu, Z. Arginine derivatives assist dopamine-hyaluronic acid hybrid hydrogels to
have enhanced antioxidant activity for wound healing. Chem. Eng. J. 2020, 392, 123775. [CrossRef]

66. Liao, C.; Chen, C.S.; Chen, Y.; Jianf, N.-E.; Farn, C.J.; Shen, Y.-S.; Hsu, M.-L.; Chang, C.-H. Vancomycin-loaded oxidized hyaluronic
acid and adipic acid dihydrazide hydrogel: Bio-compatibility, drug release, antimicrobial activity, and biofilm model. J. Microbiol.
Immunol. Infect. 2019. [CrossRef]

67. Dong, Y.; Cui, M.; Qu, J.; Wang, X.; Hyung, S.; Barrera, J.; Elvassore, N.; Gurtner, G.C. Conformable hyaluronic acid hydrogel
delivers adipose-derived stem cells and promotes regeneration of burn injury. Acta Biomater. 2020, 108, 56–66. [CrossRef]

68. Ying, H.; Zhou, J.; Wang, M.; Su, D.; Ma, Q.; Lv, G.; Chen, J. In situ formed collagen-hyaluronic acid hydrogel as biomimetic
dressing for promoting spontaneous wound healing. Mater. Sci. Eng. C 2019, 101, 487–498. [CrossRef] [PubMed]

69. Wang, P.; Huang, S.; Hu, Z.; Yang, W.; Lan, Y.; Zhu, J.; Hancharou, A.; Guo, R.; Tang, B. In situ formed anti-inflammatory hydrogel
loading plasmid DNA encoding VEGF for burn wound healing. Acta Biomater. 2019, 100, 191–201. [CrossRef]

70. Zhao, W.; Li, Y.; Zhang, X.; Zhang, R.; Hu, Y.; Boyer, C.; Xu, F. Photo-responsive supramolecular hyaluronic acid hydrogels for
accelerated wound healing. J. Control Release 2020, 323, 24–35. [CrossRef]

71. Makvandi, P.; Ali, G.W.; Della, F.; Abdel-fattah, W.I.; Borzacchiello, A. Biosynthesis and characterization of antibacterial
thermosensitive hydrogels based on corn silk extract, hyaluronic acid and nanosilver for potential wound healing. Carbohydr.
Polym. 2019, 223, 115023. [CrossRef]

72. Larrañeta, E.; Henry, M.; Irwin, N.J.; Trotter, J.; Perminova, A.A.; Donnelly, R.F. Synthesis and characterization of hyaluronic
acid hydrogels crosslinked using a solvent-free process for potential biomedical applications. Carbohydr. Polym. 2018, 181,
1194–1205. [CrossRef]

73. Nejad, Z.M.; Torabinejad, B.; Davachi, M.S.; Zamanian, A.; Garakani, S.S.; Naja, F.; Nezafati, N. Synthesis, physicochemical,
rheological and in-vitro characterization of double-crosslinked hyaluronic acid hydrogels containing dexamethasone and
PLGA/dexamethasone nanoparticles as hybrid systems for specific medical application. Int. J. Biol. Macromol. 2019, 126,
193–208. [CrossRef]

74. Da Silva, L.P.; Santos, T.C.; Rodrigues, D.B.; Pirraco, R.P.; Cerquira, M.T.; Reis, R.L.; Correlo, V.M.; Marques, A.P. Stem cell-
containing hyaluronic acid-based spongy hydrogels for integrated diabetic wound healing. J. Inverstig. Dermatol. 2017, 137,
1541–1551. [CrossRef] [PubMed]

75. Rao, K.M.; Suneetha, M.; Zo, S.; Duck, K.H.; Han, S.S. One-pot synthesis of ZnO nanobelt-like structures in hyaluronan hydrogels
for wound dressing applications. Carbohydr. Polym. 2019, 223, 115124. [CrossRef]

76. Felgueiras, H.P.; Amorim, M.T.P. Functionalization of electrospun polymeric wound dressings with antimicrobial peptides.
Colloids Surf. B Biointerfaces 2017, 156, 133–148. [CrossRef]

77. Sood, A.; Granick, M.S.; Tomaselli, N.L. Wound dressings and comparative effectiveness data. Adv. Wound Care 2014, 3, 511–529.
[CrossRef] [PubMed]

78. Zhou, J.; Zhang, B.; Liu, X.; Shi, L.; Zhu, J.; Wei, D.; Zhong, J.; Sun, G.; He, D. Facile method to prepare silk fibroin/hyaluronic
acid films for vascular endothelial growth factor release. Carbohydr. Polym. 2016, 143, 301–309. [CrossRef] [PubMed]

79. Duan, Y.; Li, K.; Wang, H.; Wu, T.; Zhao, Y.; Li, H.; Tang, H.; Yang, W. Preparation and evaluation of curcumin grafted hyaluronic
acid modified pullulan polymers as a functional wound dressing material. Carbohydr. Polym. 2020, 238, 116195. [CrossRef]

80. Abou-Okel, A.; Fahmy, H.M.; El-Bisi, M.; Ahmed-Farid, O. Hyaluronic acid/Na-alginate films as topical bioactive wound
dressings. Eur. Polym. J. 2018, 109, 101–109. [CrossRef]

81. Abednejad, A.; Ghaee, A.; Nourmohammadi, J.; Mehrizi, A.A. Hyaluronic acid/carboxylated Zeolitic Imidazolate Framework
film with improved mechanical and antibacterial properties. Carbohydr. Polym. 2019, 222, 115033. [CrossRef] [PubMed]

82. Contardi, M.; Russo, D.; Suarato, G.; Heredia-guerrero, J.A.; Ceseracciu, L.; Penna, I.; Margaroli, N.; Summa, M.; Tassistro, G.;
Vezzulli, L.; et al. Polyvinylpyrrolidone/hyaluronic acid-based bilayer constructs for sequential delivery of cutaneous antiseptic
and antibiotic. Chem. Eng. J. 2019, 358, 912–923. [CrossRef]

83. Michalska-sionkowska, M.; Kaczmarek, B.; Walczak, M.; Sionkowska, A. Antimicrobial activity of new materials based on the
blends of collagen/chitosan/hyaluronic acid with gentamicin sulfate addition. Mater. Sci. Eng. C 2018, 86, 103–108. [CrossRef]

84. Tamer, T.M.; Hassan, M.A.; Valachová, K.; Omer, A.M.; El-shafeey, M.E.A.; Eldin, M.S.M.; Soltes, L. Enhancement of wound
healing by chitosan/hyaluronan polyelectrolyte membrane loaded with glutathione: In vitro and in vivo evaluations. J. Biotechnol.
2020, 310, 103–113. [CrossRef]

85. Abednejad, A.; Ghaee, A.; Morais, E.S.; Sharma, M.; Neves, B.M.; Freire, M.G.; Nourmohammadi, J.; Mehrizi, A.A. Polyvinyli-
dene fluoride–Hyaluronic acid wound dressing comprised of ionic liquids for controlled drug delivery and dual therapeutic
behavior. Acta Biomater. 2019, 100, 142–157. [CrossRef]

86. Abid, W.K.; Mukhtar, Y.H.A.L. Repair of surgical bone defects grafted with hydroxylapatite þ b -TCP combined with hyaluronic
acid and collagen membrane in rabbits: A histological study. J. Taibah Univ. Med. Sci. 2019, 14, 14–24.

87. Figueira, D.R.; Miguel, S.P.; De Sá, K.D.; Correia, I.J. Production and characterization of polycaprolactone- hyaluronic acid/chitosan-
zein electrospun bilayer nanofibrous membrane for tissue regeneration. Int. J. Biol. Macromol. 2016, 93, 1100–1110. [CrossRef]

http://doi.org/10.1016/j.ejpb.2018.02.022
http://www.ncbi.nlm.nih.gov/pubmed/29462687
http://doi.org/10.1016/j.ejpb.2018.12.007
http://doi.org/10.1016/j.cej.2019.123775
http://doi.org/10.1016/j.jmii.2019.08.008
http://doi.org/10.1016/j.actbio.2020.03.040
http://doi.org/10.1016/j.msec.2019.03.093
http://www.ncbi.nlm.nih.gov/pubmed/31029343
http://doi.org/10.1016/j.actbio.2019.10.004
http://doi.org/10.1016/j.jconrel.2020.04.014
http://doi.org/10.1016/j.carbpol.2019.115023
http://doi.org/10.1016/j.carbpol.2017.12.015
http://doi.org/10.1016/j.ijbiomac.2018.12.181
http://doi.org/10.1016/j.jid.2017.02.976
http://www.ncbi.nlm.nih.gov/pubmed/28259681
http://doi.org/10.1016/j.carbpol.2019.115124
http://doi.org/10.1016/j.colsurfb.2017.05.001
http://doi.org/10.1089/wound.2012.0401
http://www.ncbi.nlm.nih.gov/pubmed/25126472
http://doi.org/10.1016/j.carbpol.2016.01.023
http://www.ncbi.nlm.nih.gov/pubmed/27083373
http://doi.org/10.1016/j.carbpol.2020.116195
http://doi.org/10.1016/j.eurpolymj.2018.09.003
http://doi.org/10.1016/j.carbpol.2019.115033
http://www.ncbi.nlm.nih.gov/pubmed/31320054
http://doi.org/10.1016/j.cej.2018.10.048
http://doi.org/10.1016/j.msec.2018.01.005
http://doi.org/10.1016/j.jbiotec.2020.02.002
http://doi.org/10.1016/j.actbio.2019.10.007
http://doi.org/10.1016/j.ijbiomac.2016.09.080


Polymers 2021, 13, 2102 20 of 20

88. Villamizar-Sarmiento, M.G.; Moreno-Villoslada, I.; Martínez, S.; Giacaman, A.; Miranda, V.; Vidal, A.; Orellana, S.L.; Concha, M.;
Pavicic, F.; Lisoni, J.G. Ionic nanocomplexes of hyaluronic acid and polyarginine to form solid materials: A green methodology to
obtain sponges with biomedical potential. Nanomaterials 2019, 9, 944. [CrossRef] [PubMed]

89. Rossi, S.; Faccendini, A.; Bonferoni, M.C.; Ferrari, F.; Sandri, G.; Fante, C.D.; Perotti, C.; Caramella, C.M. “Sponge-like” dress-
ings based on biopolymers for the delivery of platelet lysate to skin chronic wounds. Int. J. Pharm. 2013, 440, 207–215.
[CrossRef] [PubMed]

90. Lu, B.; Lu, F.; Zou, Y.; Liu, J.; Rong, B.; Li, Z.; Dai, F.; Wu, D.; Lan, G. In situ reduction of silver nanoparticles by chitosan-l-glutamic
acid/hyaluronic acid: Enhancing antimicrobial and wound-healing activity. Carbohydr. Polym. 2017, 173, 556–565. [CrossRef]

91. Anisha, B.S.; Biswas, R.; Chennazhi, K.P.; Jayakumar, R. Chitosan–hyaluronic acid/nano silver composite sponges for drug
resistant bacteria infected diabetic wounds. Int. J. Biol. Macromol. 2013, 62, 310–320. [CrossRef] [PubMed]

92. Yavuz, B.; Bozdag, S.; Pehlivan, A.; Kaffashi, S.; Calamak, K.; Ulubayram, E.; Palaska, H.B.; Cakmak, N.; Unlu, N. In vivo
tissue distribution and efficacy studies for cyclosporin A loaded nano-decorated subconjunctival implants. Drug Deliv. 2018, 23,
3279–3284. [CrossRef]

93. Mamid, M.; Zuníga, A.E.; Villela-Castrejón, J. Engineering and evaluation of forcespun functionalized carbon nano-onions reinforced
poly (ε-caprolactone) composite nanofibers for pH-responsive drug release. Mater. Sci. Eng. C 2020, 112, 110928. [CrossRef]

94. Ramadan, E.; Borg, T.; Abdelghani, G.M.; Saleh, N.M. Design and in vivo pharmacokinetic study of a newly developed lamivudine
transdermal patch. Future J. Pharm. Sci. 2018, 4, 166–174. [CrossRef]

95. Hussain, Z.; Pandey, M.; Choudhury, H.; Ying, P.C.; Xian, T.M.; Kaur, T.; Jia, G.W.; Gorain, B. Hyaluronic acid functionalized
nanoparticles for simultaneous delivery of curcumin and resveratrol for management of chronic diabetic wounds: Fabrication,
characterization, stability and in vitro release kinetics. J. Drug Deliv. Sci. Technol. 2020, 57, 101747. [CrossRef]

96. Abdel-mohsen, A.M.; Jancar, J.; Abdel-rahman, R.M.; Vojtek, L.; Hyrsl, P.; Duskova, M.; Nejezchlebova, H. A novel in situ
silver/hyaluronan bio-nanocomposite fabrics for wound and chronic ulcer dressing: In vitro and in vivo evaluations. Int. J.
Pharm. 2017, 520, 241–253. [CrossRef] [PubMed]

97. Eskandarinia, A.; Kefayat, A.; Gharakhloo, M.; Agheb, M.; Khodabakhshi, D.; Khorshidi, M.; Sheikhmoradi, V.; Rafienia, M.;
Salehi, H. A propolis enriched polyurethane-hyaluronic acid nano fi brous wound dressing with remarkable antibacterial and
wound healing activities. Int. J. Biol. Macramol. 2020, 149, 467–476. [CrossRef] [PubMed]

98. Fahmy, H.M.; Aly, A.A.; Abou-Okeil, A. International Journal of Biological Macromolecules A non-woven fabric wound dressing
containing layer–by–layer deposited hyaluronic acid and chitosan. Int. J. Biol. Macromol. 2018, 114, 929–934. [CrossRef]

99. Guzinska, K.; Dorota, K.; Dymel, M.; Pabjanczyk-Wlazlo, E.; Bogun, M. Anti-bacterial materials based on hyaluronic acid:
Selection of research methodology and analysis of their antibacterial properties. Mater. Sci. Eng. C 2018, 93, 800–808.
[CrossRef] [PubMed]

100. Gokce, E.H.; Tuncay, S.; Eroglu, I.; Tsapis, N.; Gokce, G.; Tekmen, I.; Fattal, E.; Ozer, O. Wound healing effects of collagen-laminin
dermal matrix impregnated with resveratrol loaded hyaluronic acid-DPPC microparticles in diabetic rats. Eur. J. Pharm. Biopharm.
2017, 119, 17–27. [CrossRef]

101. Dias, A.M.A.; Rey-rico, A.; Oliveira, R.A.; Marceneiro, S.; Alvarez-lorenzo, C.; Concheiro, A.; Junior, R.N.C.; Braga, M.E.M.;
de Sousa, H.C. Fluids wound dressings loaded with an anti-inflammatory jucá (Libidibia ferrea) extract using supercritical carbon
dioxide technology. J. Supercrit. Fluids 2013, 74, 34–45. [CrossRef]

http://doi.org/10.3390/nano9070944
http://www.ncbi.nlm.nih.gov/pubmed/31261871
http://doi.org/10.1016/j.ijpharm.2012.07.056
http://www.ncbi.nlm.nih.gov/pubmed/22884830
http://doi.org/10.1016/j.carbpol.2017.06.035
http://doi.org/10.1016/j.ijbiomac.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24060281
http://doi.org/10.3109/10717544.2016.1172368
http://doi.org/10.1016/j.msec.2020.110928
http://doi.org/10.1016/j.fjps.2018.03.002
http://doi.org/10.1016/j.jddst.2020.101747
http://doi.org/10.1016/j.ijpharm.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28163228
http://doi.org/10.1016/j.ijbiomac.2020.01.255
http://www.ncbi.nlm.nih.gov/pubmed/32001284
http://doi.org/10.1016/j.ijbiomac.2018.03.149
http://doi.org/10.1016/j.msec.2018.08.043
http://www.ncbi.nlm.nih.gov/pubmed/30274115
http://doi.org/10.1016/j.ejpb.2017.04.027
http://doi.org/10.1016/j.supflu.2012.12.007

	Introduction 
	Classification of Wound Dressing Materials 
	Clinical and Commercially Available Hyaluronic Acid Wound Dressings 
	Bioactive Agents Loaded Hyaluronic Acid Scaffolds 
	Hydrogels 
	Films/Membranes 
	Sponges 
	Nanofibers 
	Other HA Scaffolds 

	Conclusions 
	Future Perspective 
	References

