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Abstract: The skin is the main barrier of defense against infections. After the skin is damaged by 14 

an external agent, a complex process with a goal of repairing the damaged area is started. To 15 

achieve a faster and more favorable healing of skin lesions, different biomaterials have been 16 

created, among these, are sponges, hydrogels and electro spun membranes. Different polymers 17 

have been used for the preparation of these biomaterials, among which, is Hyaluronic Acid, an 18 

extracellular matrix compound with anti-aging effects and hydrating properties, making it an 19 

extremely efficient molecule for biomedical usage. Our goal is to provide is a short overview of the 20 

different HA-based wound dressings that are being tested in vivo. 21 

Keywords: Hyaluronic Acid, Nanoparticles, Dressing, Wound, Skin 22 

Introduction 23 

The skin is the main barrier of defense against infections, made up of three layers, the epidermis, 24 

the dermis, and the hypodermis. As it interacts with the environment, the skin acts as a protective 25 
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barrier against diseases, dehydration, UV damage, physical lesions while also helping the 26 

homeostasis of temperature. (1) After the skin is damaged by an external agent, a complex process 27 

is started, with a goal of repairing the damaged area. Dehydration of the site, excessive 28 

inflammation, and infections are often associated with the formation of chronic wounds and ulcers 29 

by delaying or even inhibiting the healing process.  30 

To achieve a faster and more favorable healing of skin lesions, different biomaterials have been 31 

created, among these are sponges, hydrogels and electro spun membranes. The goal is a perfect 32 

dressing, capable of maintaining a correct hydration of the lesion site, promoting angiogenesis and 33 

connective tissue regeneration, impeding bacterial growth with an anti-bacterial effect, while being 34 

permeable to gas and nutrient exchanges, being biodegradable and having no cytotoxicity. To 35 

achieve this goal, different polymers have been used for the preparation of dressings, among which 36 

is Hyaluronic Acid (HA). (2) 37 

HA is a negatively charged, linear hydrophilic polysaccharide. HA is also a macromolecule with 38 

anti-aging effects and hydrating properties. It can be used in a variety of pathologies, like 39 

osteoarthritis, embryo implantation, and skin lesions. It can also be used in cosmetic and 40 

dermatologic compounds, to increase the skin elasticity and hydration status, but its particle size 41 

limits its penetration through the stratum corneum, limiting its effects to more shallow ones. 42 

As an extracellular matrix compound, it can function as a sponge and helping fixate water, offering 43 

elasticity, but because of its particle size limits its penetration through the stratum corneum, limiting 44 

its effects to more shallow ones. HA benefits are limited as it cannot penetrate the skin as easily. 45 

(3) 46 

On the other hand, HA can be hydrolyzed to be of a lower weight, increasing its permeability 47 

capabilities. Some studies have suggested that hyaluronic acid nanoparticles (HANP), using HA 48 

as an anionic component have increased the permeability of hyaluronic acid through passive 49 

diffusion. HANP are expected to facilitate a deeper penetration through the skin, while offering the 50 

benefits of hyaluronic acid like increased elasticity and hydration to the skin. Because of this, 51 

applications of biopolymers of Hyaluronic Acid have been gathering more interest. 52 
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The main difficulty in the delivery of the drugs through the skin is the stratum corneum, the main 53 

obstacle to the transdermic penetration of most compounds. Usually, active drugs and compounds 54 

of higher molecular weight cannot pass through this barrier through passive diffusion, while 55 

lipophilic molecules with a weight lower than 500 Da can penetrate the stratum corneum. Many 56 

studies have been made to help understand how to increase transdermic penetration of drugs and 57 

composites with low percutaneous permeability.  58 

The two main types of skin permeability enhancers are chemical or mechanical. The chemical 59 

methods are applied to low molecular weight compounds. Some examples are ethanol and ℓ-60 

menthol, considered enhancers of transdermic absorption. Other ways of increasing this ability are 61 

techniques using ionic liquids, adhesive plasters, and gauze plasters. These approaches alter the 62 

structure of the stratum corneum, reducing its function as a protective barrier and ultimately 63 

increasing the absorption of the associated compounds. The main physical methods can be applied 64 

to higher molecular weight molecules and typically include micro needles, iontophoresis, and 65 

electroporation. The downside of these methods is damage to the skin and the need of specialized 66 

equipment and personnel to apply these methods. (4) 67 

Our goal is to better understand in what ways nanoparticles, nanofibers, and other composites of 68 

HA are being used to treat skin lesions, and our focus is on the dressings that are being tested in 69 

vivo.  70 

 71 

Material and methods 72 

The research was performed on PubMed database by combining the following terms: “Hyaluronic 73 

Acid” AND “nanoparticles” AND (“wound” OR “ulcer” OR “skin lesion”) AND “dressing”. We limited 74 

our literature review to articles written in English, published from January 2017 to February 2022. 75 

We excluded all studies that were not done in vivo or focused on skin lesions, and wound 76 

treatment with hyaluronic acid based composites and studies that were categorized as reviews. 77 

From the original 23 articles found using the query cited above, 12 were excluded after abstract 78 

analysis. From the remaining 11 articles, 2 were removed after full text analysis. 79 
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Results 80 

Silver nanoparticles 81 

 Silver nanoparticles have antioxidant activity and act as scavengers of superoxide radicals, 82 

decreasing the amount of free radicals created by the inflammatory stage of wound healing, 83 

contributing to a faster wound healing, with less scarring and maximum function recovery. They 84 

also have antibacterial and antifungal properties, making them a good candidate for application on 85 

wound dressings. Because of this, several compounds involving silver nanoparticles are being 86 

studied in vivo. In Table 1, there is a short review of the compounds being tested in vivo involving 87 

silver and hyaluronic acid nanoparticles. 88 

These articles studied the created compounds for their cytotoxicity, their antibacterial effects, and 89 

healing capabilities in vivo. M.R. El-Aassar, et al. was the only one who did not test the cytotoxicity 90 

of the materials. All the articles added histological analysis of the wounds to confirm the degree of 91 

skin regeneration. 92 

In the cytotoxicity studies, all the compounds tested had good cytotoxicity results, but a common 93 

theme was shown, in W. Li et al. and Xushan Chen et al. that showed some degree of cytotoxicity 94 

with the increase in concentration of the silver nanoparticles, while the blank compounds, without 95 

any silver, showed good cytocompatibility.  96 

In the antibacterial studies, all the compounds tested had good results in vitro against both gram-97 

positive and gram-negative bacteria, except in Júnior, D.M. et al., where the all the compounds 98 

created were ineffective at creating a halo of inhibition of bacterial growth. On the other hand, both 99 

ODex/HA-ADH/HACC from Xushan Chen et al. and DES-DASH from W. Li et al. had better 100 

antibacterial effects than the control samples, which is thought to be caused by the cationic group 101 

of quaternized chitosan (HACC) in the ODex/HA-ADH/HACC hydrogel causing damage to the 102 

bacterial membrane and leading to bacterial lysis and death, while the eutectic solvent (DES) in 103 

DES-DASH hydrogel had quaternary ammonium salt component of choline chloride. These effects 104 

were then amplified by the addition of Silver (Ag) which gave all the compounds a good antibacterial 105 

effect, making all of them a potentially viable wound dressing.  106 
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The results of cytotoxicity and antibacterial effects showed that while the silver particles can be 107 

cytotoxic in high concentrations, they add antibacterial effects to the dressings, and some balance 108 

needs to be maintained to achieve a concentration of silver low enough to keep the compounds 109 

low on cytotoxicity while reaching levels high enough to reach the desired antibacterial effects.  110 

B. Lu et al. tested the compounds in vivo on rabbits while the others tested their compounds on 111 

mice. All the in vivo testing was done in the same way, by surgically creating a full-thickness wound 112 

in the back of the animals, applying the wound dressing as a treatment, and comparing with control 113 

groups of either negative controls, or positive controls. Images and tissue excisions for histological 114 

purposes were taken on fixed days and analyzed. The rate of healing was then calculated by the 115 

percentage of the wound that was closed on those days.  116 

In vivo testing of wound repair was done by all the articles, with M.R. El-Aassar et al. testing the 117 

(Ag-PGA/HA)-PVA and (PGA/HA)-PVA particles against two controls, a negative control of saline 118 

and a positive control of Garamycin, an antibiotic for dermatologic uses. The (Ag-PGA/HA)-PVA 119 

group showed 96% average wound contraction on day 10 and 99% on day 14, while the group with 120 

(PGA/HA)-PVA showed 88% and 97% contraction. On the other hand, the positive control group, 121 

with Garamycin showed 83% and 92% contraction, while the saline group showed 68% and 83% 122 

wound contraption on the same days. Histologically, the results were similar with the nanofiber 123 

groups showing no ulcers and almost normal skin on day 10 and 14, with well-formed epidermis 124 

and dermis and basic structures like blood vessels and hair follicles. While the positive control 125 

group showed inflammatory cells on day 10, with the ulcer disappearing only on day 14, with the 126 

formation of normal looking skin on the same day. On the other side of the results, the saline group 127 

showed a greater ulcer width along with marked inflammation, granulation tissues and absence of 128 

both sebaceous glands and intact hair follicles at both day 10 and 14. (5) 129 

B. Lu et al. selected the CH-L-GA/HA (without silver), CH-L-GA/HA/Ag-1 (3mg AgNO3), and CH-130 

L-GA/HA/Ag-2 (6mg AgNO3) to be tested in the wound healing experiments against a control group 131 

that was not treated. The control group became infected on day 3 and had edema and ulceration 132 

with little to none wound contraction (3%). On the other hand, the wounds treated with the 133 

composites showed signs of wound healing on day 3 and contraction percentages of 47-69% with 134 
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better results on the highest concentration of silver and lowest results on the group with no silver. 135 

On day 11, the wounds treated with the composites containing silver had a crust, while the one 136 

without silver and the control group did not. Wound healing was about 8 days faster with Ag-1 and 137 

Ag-2 when compared to the gauze alone, with 22 average healing days in the gauze group, 16,3 138 

days in the CG group, 14,7 days in the CG/Ag-1 and 14,2 in the CG/Ag-2 group. Histologically, on 139 

day 3 all groups had acute necrosis and edema. On day 7, the length of neoepithelium on the 140 

CG/Ag-1 and Ag-2 groups was larger than on the CG and gauze group, with the latter showing 141 

large numbers of inflammatory cells and granulation tissue. On day 11, all the groups with the 142 

composite showed almost complete reparation while the control group showed calluses and limited 143 

reparation with little to no wound area covered with epithelium. (6) 144 

Abdel-Mohsen AM et al. tested both HA/Ag-NPs-1mg HA/Ag-NPs-2mg against a group treated with 145 

only Hyaluronic Acid and a control group of untreated mice, on both nondiabetic and diabetic mice. 146 

On the 5th day after surgery, the wounds of the control groups showed 33% closure for nondiabetic 147 

and 22% closure on diabetic mice, while the groups treated with plain HA was 55% and 45% 148 

respectively. The groups treated with HA/Ag-NPs-1mg showed a wound closure percentage of 67% 149 

on nondiabetic mice and 57% on diabetic mice. After 15 days of surgery, the differences were even 150 

greater, with the treated groups reaching between 95% and 85% wound closure while the plain HA 151 

group had between 85 and 75% and the control groups only achieved 65% on nondiabetic mice 152 

and 50% wound closure on diabetic mice. The histology of the wounds was analyzed and at day 5, 153 

the results showed small differences between the diabetic and nondiabetic groups. Meanwhile, on 154 

day 15, the diabetic groups showed some necrotic tissue, indicating a slower healing process, while 155 

in the HA/Ag-NPs-2 mg groups, a complete wound regeneration was achieved, with some hair 156 

follicles and sebaceous glands beginning to form. (7) 157 

X. Chen et al. created an infected burn wound model on rats. The compounds were then tested as 158 

ODex/HA-ADH, ODex/HA-ADH/HACC, and Ag@ODex/HA-ADH/HACC and compared against 159 

Aquacel® Ag, a commercial silver ion antibacterial dressing. On the 3rd day after surgery, almost 160 

all the wounds were enlarged compared to the surgery day, due to the ulceration of wound caused 161 

by the infection. This enlargement was not seen in the Ag@ODex/HAADH/HACC group, possibly 162 
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caused by the antibacterial effect of the silver particles. On the 7th day, the groups treated with 163 

both Ag@ODex/HA-ADH/HACC and ODex/HA-ADH/HACC had wound closures of about 60% 164 

while the other groups had more than 60% wound still visible. On the 14th day of treatment, the 165 

groups treated with Ag@ODex/HA-ADH/HACC and ODex/HA-ADH/HACC were almost completely 166 

healed, while the other groups still had more than 20% of the original wound remaining. After 21 167 

days of treatment, all the groups were fully healed, with the Ag@ODex/HA-ADH/HACC group 168 

achieving the smallest scars when compared to the original wounds. Histological analysis also 169 

showed that the Ag@ODex/HA-ADH/HACC group was the fastest in healing and was beginning to 170 

form hair follicles and dermal papilla. On the 21st day the results were similar with the 171 

Ag@ODex/HA-ADH/HACC group showing a skin comparable to the skin tissue of healthy mice. (8) 172 

W.Li et al. testing was done by creating 4 groups, the control group, the DES-SH (Sodium 173 

Hyaluronate) group, the DES-DASH (Dopamine conjugated Sodium Hyaluronate) group and the 174 

DES-DASH@Ag (Dopamine Conjugated-Sodium Hyaluronate loaded with silver nanoparticles) 175 

group. On the 3rd day, the all the treated groups had started to close, with only 13% of the wound 176 

left on the DES-DASH@Ag group, while the DES-DASH and DES-SH@Ag showed 24% and 34% 177 

wound left, and the control group around 40% wound left. On day 12, the wounds of DES-178 

DASH@Ag group were almost completely cured with the wound area approaching 0% while the 179 

other groups still had more than 10% of the wound remaining. The regenerated dermis and 180 

epidermis were analyzed in histology and the results showed a thicker wound tissue in the DES-181 

DASH@Ag group, when compared to the other groups, confirming the faster healing process 182 

related to this treatment. (9) 183 

S. Pérez-Rafael et al. Used the 1.5%_0.2 HA-SH/Ag@Lig NPs because of its greater performance 184 

in the antibacterial testing, when compared to the other 8 hydrogels created. The hydrogel was 185 

then tested against a positive control group of Dermazin cream, an antibacterial cream for topical 186 

use made of silver sulphadiazine. Dermazin was applied to nondiabetic rats (group 1) while the 187 

HA-SH/Ag@Lig NPs hydrogel was applied to both nondiabetic (group 2) and diabetic rats (group 188 

3). The groups treated with HA-SH/Ag@Lig NPs hydrogel showed rapid healing of the wound with 189 

a fast contraction at the end of the experiment, showing a complete retraction of the wound after 190 
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15 days, with no scar formation visible to the naked eye. The histological analysis showed that 191 

complete regeneration was achieved in both group 1 and group 2, with group 3 showing less 192 

regeneration of skin structures like hair follicles and sebaceous glands. The results showed that 193 

HA-SH/Ag@Lig NPs hydrogel led to a rapid and efficient wound healing, even when compared to 194 

commercially available products. (10) 195 

All the studies showed good results of their compounds, with all of them achieving a satisfactory 196 

cytocompatibility while maintaining good antibacterial effects created by the silver particles, against 197 

both gram-positive and gram-negative bacteria and reducing the wound area when compared to 198 

the control groups. These results show great potential in new dressings to treat skin lesions. 199 

Other compounds 200 

As hydrogels receive more and more attention as a wound dressing due to their potential to offer 201 

an ideal environment for the wound healing process, and their intrinsic features. Their capacity to 202 

act as a drug delivery system have made them the focus for a transportation system for various 203 

kinds of composites and drugs. In Table 2, there is a short review of the compounds being tested 204 

in vivo. 205 

Cefepime loaded hydrogel 206 

Cefepime is a fourth-generation cephalosporin, an antibiotic effective against gram-positive as well 207 

as gram-negative bacteria. It is water-insoluble and thus there is a need to develop a controlled 208 

delivery of cefepime that does not involve puncturing the skin, reducing its dosing frequency, and 209 

safely releasing the drug in a sustained manner. Nanomaterials are a good candidate for the 210 

delivery of topic cefepime, increasing stability and increasing shelf life. Incidentally, reducing the 211 

need for a higher dosing frequency and increasing the bioavailability of the drug by incorporating 212 

cefepime into a nanoparticle matrix, the drug can be released in a more controlled manner. Maryam 213 

Shafique et al. created chitosan nanoparticles loaded with cefepime, that would then be loaded into 214 

a hydrogel membrane created from HA, pullulan, PVA and glycerol. Different concentrations of the 215 

first 3 components were used to create 9 different formulations of hydrogel membranes (F1-F9). 216 
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The hydrogel membranes were then characterized and tested by their thickness, water vapor 217 

transmission rate, percentage of gel fraction, oxygen permeability, swelling behavior, drug release, 218 

antibacterial effect, and degradation.  219 

F1-F3 demonstrated that increasing the concentration of HA resulted in an increase in the thickness 220 

of the membrane. Likewise, the increasing the concentration of the Pullulan polymer in F4-F6 221 

formulations also caused an increase in the thickness of the produced membranes. In the same 222 

way, increasing PVA quantity in F7-F9 also increased the thickness. 223 

A higher water transmission rate causes faster drying of the wound and if the rate is lower, moisture 224 

accumulates in the wound bed and leads to the delay of the healing process. The presence of 225 

higher hyaluronic acid increased the water transmission rate, while the increase in pullulan 226 

decreased the transmission rate. The presence of PVA also increased the transmission rate. The 227 

drug release rate was also increased by the concentration HA. The same result was shown in the 228 

increase of pullulan concentrations. 229 

The antibacterial effect of the cefepime loaded hydrogel was strong, as expected following the drug 230 

release rates and the antibacterial properties of the antibiotic. No cytotoxicity was shown in the 231 

testing of the hydrogel membrane samples. 232 

The in vivo testing of the wound repair capabilities showed that the drug-loaded hydrogel achieved 233 

a wound closure of 80% on the 7th day, compared to the 70% in the blank hydrogel membrane, 234 

60% in the positive control group containing cefepime cream and 40% in the negative control 235 

treated with saline. On the 14th day, the loaded membrane showed a full recovery of the wound, 236 

while the blank hydrogel achieved 90% wound closure and the 80% and 60% of the positive and 237 

negative control, respectively.  238 

Based on the results of this study, we can conclude that the nanoparticle loaded hydrogel was 239 

capable of an efficient, sustained-release profile of the antibiotic, as well as increasing the rate of 240 

healing in the in vivo studies. (11) 241 
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Cellulose based nanocrystalline composites 242 

Hyaluronic acid biopolymers for wound dressings also have downsides, like the poor mechanical 243 

properties, which can limit their clinical applications. To combat this problem, HA wound dressings 244 

can be combined with other polymers to reinforce and improve the mechanical properties of the 245 

HA dressing. 246 

The unique characteristics of Nanocrystalline cellulose, such as its mechanical properties, as well 247 

as being a safe hydrophilic polymer, have created more and more attention surrounding this 248 

compound. Nanocrystalline cellulose can be added to natural polymer based biocomposites in an 249 

effort to increase their mechanical strength. One of these composites is Hyaluronic acid dressings. 250 

Because of this, the main goal of Karimi Dehkordi, N., et al. was to prepare an effective HA wound 251 

dressing. The resulting composite was a CNC-HA composite loaded with granulocyte-macrophage 252 

colony stimulating factor (GM-CSF) containing chitosan nanoparticles, to increase the wound 253 

healing rate of a simple HA composite. 254 

The composites were created with different concentrations of both the CNC/HA and GM-CSF-Chi-255 

NP dispersion. GM-CSF containing chitosan nanoparticles were added to the CNC-HA composite 256 

creating CNC-HA/ GM-CSF-Chi-NPs composite to achieve a faster wound recovery rate with higher 257 

re-epithelialization and granulation tissue formation than empty CNC-HA composite. Different 258 

concentrations of each component were created to increase the chances of a better final 259 

composite. 260 

The composites were then tested for swelling and mechanical characterization, where it was 261 

perceived that increasing the amount of CNCs in the structure of the composites increases the 262 

swelling ratio and decrease the flexibility of the composite. At the same time, while varying the 263 

amount of HA did not have an effect on the tensile strength of the composites, its increase can 264 

increase the flexibility of the compounds. The optimal composite was chosen, with the highest 265 

swelling ratio and tensile strength. The optimal composite was then tested on an in vitro release 266 

study, where it showed a release profile of 22.8±2.45 % in the first 4h, followed by a sustained 267 

release achieving around 100% released GM-CSF at 48h. The wound healing properties of CNC-268 

HA/ GM-CSF-Chi-NPs composite were evaluated on full-thickness 1,5cm excisional wounds in rats. 269 
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The composites tested were CNC-HA/ Chi-NP, a CNC-HA/ GM-CSF-Chi-NP, and a control group 270 

with saline. The groups treated with the composites CNC-HA/ GM-CSF-Chi-NPs composite and 271 

CNC-HA/ Chi-NPs showed significantly greater wound closure compared to the control group. The 272 

CNC-HA/ GM-CSF-Chi-NPs composite was also significantly better than the CNC-HA/ Chi-NPs 273 

composite. At day 13, the wound closure of the full composite showed almost 100% wound closure, 274 

while the CNC-HA/ Chi-NPs composite achieved closer to 94% closure. The faster wound closure 275 

is thought to be related to the effects of GM-CSF.  276 

Histological and immunohistochemical studies were also done to the wounds, where a significantly 277 

lower level of inflammation was shown in the treated groups compared to the control groups. There 278 

were also differences between the groups with CNC-HA/GM-CSF-Chi-NPs showing lesser 279 

inflammation than the CNC-HA/Chi-NPs group. This shows that the CNC-HA/GM-CSF-Chi-NPs 280 

composite has the potential to be used as an effective wound dressing, being easy to create, apply 281 

and having good mechanical properties, while also having a good, controlled release of the GM-282 

CSF.  283 

The results of the study done by Karimi Dehkordi, N., et al. showed that the created composites 284 

had good swelling properties that can help moisturize the wound environment to help wound repair. 285 

To add to that, CNC-HA/ GM-CSF-Chi-NPs showed greater wound repair capabilities than the non-286 

loaded compound and normal saline. With all this in mind, this compound (CNC-HA/ GM-CSF-Chi-287 

NPs) is capable of being thoroughly tested for use in the wound dressing field. (12) 288 

Graphene/copper oxide 289 

Graphene oxide nanosheets have been drawing attention for their acceptable cytotoxicity and 290 

antibacterial properties. Combined with copper, a cost-effective agent with antibacterial effects due 291 

to its metallic surface, and beneficial effects on wound healing by promoting VEGF, vascular 292 

endothelial growth factor. GO and Cu have the ability to be used as treatment of infected wounds. 293 

With this in mind, Yang, Y., et al. aimed to create a new wound dressing by combining graphene 294 

oxide/copper nanocomposites (GO/Cu) with chitosan/hyaluronic acid, that can provide a new 295 

alternative for therapeutic intervention of infected wounds.  296 
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The composites were created by preparing nano composites of graphene oxide/copper 297 

nanocomposites that were then incorporated on a dressing of chitosan/hyaluronic acid. The 298 

dressing was then characterized by their morphology and chemical characteristics using electron 299 

microscopy, spectrophotometer, and a thermogravimetric analyzer. 300 

The nanocomposites were tested for antibacterial activity in vitro, against S.Aureus and 301 

S.epidermidis, on which they tested a control group with only Mueller-Hinton Broth, and 3 groups 302 

containing Chitosan/Hyaluronic Acid, Chitosan/Hyaluronic Acid/Graphene Oxide and 303 

Chitosan/Hyaluronic Acid/Graphene Oxide/Copper dressings. The results of the antibacterial tests 304 

showed considerably lower numbers in the Chitosan/Hyaluronic Acid/Graphene Oxide/Copper 305 

group than those of the other groups, which confirmed the theory that the C/H/GO/Cu dressing 306 

would be a good candidate for the treatment of infected wounds. 307 

The composites also went through a cytotoxicity in vitro test, on which the previous composites 308 

were tested on mouse fibroblasts, and although the number of apoptotic cells was higher than the 309 

control group, the C/H/GO/Cu group showed no obvious cytotoxicity to the tested cell lines. When 310 

considering the results of the antibacterial tests, its cytocompatibility was deemed appropriate by 311 

the investigators. Having said that, the dressings could also be improved by reducing the 312 

concentration of its cytotoxic components to the optimal balance between antibacterial effect and 313 

cytotoxic behavior 314 

The dressings were then applied on a full thickness cutaneous defect infection model to evaluate 315 

the wound healing capabilities of the C/H/GO/Cu dressings. In these tests, the wounds treated with 316 

C/H/GO/Cu displayed the best results with lower wound size and abscesses at day 10 and 14. 317 

Meanwhile, the C/H/GO also showed better results than the group with C/H and the control group. 318 

On the sacrifice day, minimal wounds with no complications were found in the C/H/GO/Cu group 319 

while all the other groups had nonhealing areas and mild abscesses. The C/H/GO/Cu group 320 

showed a 60% decrease in wound size at day 10, while the C/H/GO group showed 30% decrease 321 

and the C/H and control group showed no difference to the original wound size. On day 14, 322 

C/H/GO/Cu showed a 90% wound decrease and C/H/GO showed 60% wound decrease. This 323 
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difference was attributed to the GO/Cu antibacterial effect, creating a better controlled infection on 324 

the wound site, and allowing its regeneration.  325 

After day 14, the mice were sacrificed and the wounds were analyzed on Histopathology and 326 

Immunofluorescence, as well as the internal organs of the animals to test systemic toxicity.  327 

The same results were found on the histological examination of the wounds, with the better results 328 

of re-epithelialization and organized granulation tissues being found in wounds treated with 329 

C/H/GO/Cu dressings at day 14. On the other hand, signs of infection around the wound like 330 

development of inflammatory cell infiltration, local abscesses, fibrosis, and hyperplasia were 331 

observed mainly in the CTRL, C/H groups, while the C/H/GO group had some signs of inflammation 332 

but not as marked as the other ones and appeared closer to the C/H/GO/Cu group. 333 

The organ toxicity was evaluated by analysis of the heart, liver, and kidneys. The slices of these 334 

organs showed no evident changes that would lead the investigators to believe there were any 335 

systemic toxicity. (13). 336 

Discussion 337 

Hyaluronic Acid is a main component of the extracellular matrix of the skin, having a central role in 338 

inflammation and regeneration of the skin after a lesion. Furthermore, it promotes the proliferation 339 

of fibroblasts/keratinocytes as well as the differentiation of fibroblasts into myofibroblasts. Aside 340 

from these biological effects, HA is distinguished by its hydrophilicity, biocompatibility, and capacity 341 

to be chemically changed, allowing it to be used in a variety of applications. This can widen its 342 

possibilities of being used in many applications, having shown to be helpful in many 343 

pharmacological activities, of which we decided to focus on the creation of wound dressings. In this 344 

approach, several HA-based wound dressings, such as sponges, hydrogels, nanofibers, and other 345 

biopolymers have been developed, with various tactics used to overcome HA's low water stability 346 

and mechanical qualities, as well as to improve its biological performance.  347 

Overall, the inclusion of HA in these dressings improved their oxygen and nutrient exchanging 348 

capabilities by increasing their porosity and swelling properties, facilitating exudate absorption, and 349 

enhancing cell migration and proliferation. These properties helped the granulation and re-350 
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epithelization processes, while also favoring angiogenesis, which might explain the overwhelmingly 351 

positive results in wound healing rates in all the compounds tested. (14) 352 

Silver nanoparticles 353 

In the Silver nanoparticle compounds, the antibacterial effect of the silver nanoparticles associated 354 

with hyaluronic acid in not well understood, but it is thought to be caused by the electrostatic 355 

interaction between the negatively charged microorganism cell membrane and positively charged 356 

nanoparticles.(15) Silver's antibacterial effect works by affecting the protein synthesis within the 357 

cell, as well as the metabolic pathway and nucleic acid production.(16) This combination of effects 358 

is possibly synergetic, with the damage to the membrane caused by the electrostatic interactions 359 

helping the silver nanoparticles enter the cells and affect all the different processes vital to a cell. 360 

While almost all composites created had at least acceptable cytotoxicity results, Bitao Lu et al.(6) 361 

found that increasing the concentration of AgNO3 present in the composite created increasing 362 

cytotoxicity effects. This cytotoxicity is probably due to the same mechanisms that are associated 363 

with the antibacterial effects of the silver particles.  364 

The wound healing capabilities were tested by all the studies, with all of them achieving a good 365 

result when compared to either positive control groups with commercially available products or 366 

saline negative control groups. These overwhelmingly positive results in the wound healing rates 367 

can be associated with multiple factors, including the antibacterial effect of the silver nanoparticles, 368 

the facilitated transportation of oxygen and nutrients provided by the hyaluronic acid hydrogel, the 369 

good cytocompatibility profile that all the particles tested in vivo showed, and the effects of 370 

hyaluronic acid on the skin, inflammation and cell proliferation and differentiation. All these factors 371 

help reduce inflammation caused by the infection of the tissue, a common cause of slower wound 372 

healing rates and chronicity of wounds. (17) 373 

 374 



 15 

B. Other compounds 375 

Cefepime loaded hydrogel 376 

Being a clinically used antibiotic, cefepime was expected to create a zone of inhibition showing 377 

antibacterial effects on the in vitro testing, as long as the loaded hydrogel was capable of 378 

incorporating and releasing the drug in high enough concentrations to be capable of having its 379 

expected effect. With the confirmed results of both the in vitro drug release testing and in vitro 380 

antibacterial testing showing good results, as well as the cytotoxicity testing showing good 381 

biocompatibility, the wound healing effects of the in vivo testing were also expected to be positive, 382 

in essence, applying an antibiotic topically to a skin lesion with the added benefits of the Hyaluronic 383 

Acid hydrogel. In fact, the cefepime loaded hydrogel exceeded the results of the commercially 384 

available cefepime cream, which had lower results compared to the blank membrane, with no 385 

demonstration of antibacterial effects on the in vitro testing. This result shows that, in a clean 386 

wound, the unique features of hyaluronic acid and chitosan’s antibacterial action, low toxicity and 387 

ability to provide a moist environment to the injury site (18) can be more favorable to the wound 388 

repair than a stronger antibiotic like cefepime. 389 

Cellulose based nanocrystalline composites 390 

Nanocrystalline cellulose is a safe hydrophilic polymer with good mechanical properties, making it 391 

a good choice of polymer to provide an increase in mechanical strength of a wound dressing of 392 

hyaluronic acid, which are still rapidly biodegraded and have low mechanical stability. Providing 393 

HA based hydrogels with better mechanical properties and a better biodegradation profile is still a 394 

challenge, without a reproductible process and with the necessity of using toxic agents in their 395 

production. Karimi Dehkordi N et al. created a composite that has the potential of being in the 396 

future of wound healing, with a controlled release of GM-CSF, that showed superior wound 397 

healing effects, such as rapid wound closure, inflammation status and granulation tissue creation, 398 

when compared to either CNC-HA/ Chi-NPs, without the GM-CSF, and saline. (12) 399 
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Graphene/copper oxide 400 

Yang Y, et al created a new wound dressing with the goal of providing an alternative for therapeutic 401 

intervention of infected wounds. This was done by loading a chitosan/hyaluronic acid dressing with 402 

Graphene Oxide, a derivative of graphene, with good cytotoxicity and antibacterial properties, and 403 

copper which has good antibacterial activity as well as wound reparation promoting effects. The 404 

results of the study done on the composite are very promising, with good results of antibacterial 405 

testing, no obvious cytotoxicity to the tested cells and with in vivo results of wound healing rates 406 

surpassing the other groups, confirming the theory that the C/H/GO/Cu dressing would be a good 407 

candidate for the treatment of infected wounds and can be a promising dressing to be applied in 408 

the future in clinical practice. 409 

 410 

Conclusion 411 

Hyaluronic acid based dressings show promising results in healing rates of infected or non-infected 412 

wounds, but the manufacturing process of these composites is still an expensive and non-413 

reproductible method. The results of the in vivo testing of the various types of wound dressings 414 

based on hyaluronic acid show that the attention to these dressings is merited, but in the next 415 

years, the problem of in vivo degradation of HA based dressings and the usage of cytotoxic 416 

materials like Silver in complex reactions with no possibility of systematic reproducibility need to be 417 

addressed in order to create the ultimate HA based dressing, with no cytotoxicity, and easier and 418 

cheaper development. 419 
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Table 1 Silver nanoparticle infused hyaluronic acid composites being tested in vivo. 477 

Article Compound Preparation process Main Findings 

M.R. El-

Aassar(5) 

(Ag-PGA/HA)-

PVA 

nanofibers 

-Dissolution of PGA in distilled water followed by the 

addition of AgNO3 under magnetic stirring.  

-Addition of HA solution to the Ag-PGA that was then 

freeze dried into a powder.  

-A solution was prepared by dissolving PVA 8%, and 

then 1% of Ag-PGA/HA dry powder. -The solution was 

then electrospun to create dry nanofibers.  

Particles with an average diameter 

of 326nm. 

AgNP demonstrated antibacterial 

activity against both gram-positive 

and gram-negative bacteria. 

Maximum wound reparation 

compared to a positive control. 

Bitao Lu 

(6) 

CH-L-

GA/HA/Ag 

sponges 

-Dissolution of 2g L-GA in 100 mL acetic acid, followed 

by 3g chitosan and stirred for 30 min, followed by 10-

mL volume of HA (2mg/mL) stirred for 60min, and 

10mL of AgNO3 solution containing either 3, 6 or 10 

mg, forming CG/Ag-1, CG/Ag-2, and CG/Ag-3, 

respectively.  

-The mixture was then freeze dried for 24h to obtain 

CG/Ag composites. 

Increasing concentrations of 

AgNO3 achieve stiffer hydrogels, 

with larger pore size and irregular 

pore structures.  

Bonds between Chitosan and 

Hyaluronic acid create a more 

stable final structure. 

AgNP demonstrated antibacterial 

activity against both gram-positive 

and gram-negative bacteria. 

Increasing concentrations of AgNP 

increase the cytotoxicity of the 

hydrogel. 
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Maximum wound reparation was 

achieved with and CG/Ag-1, 

CG/Ag-2, when compared to the 

other groups. 

A.M. 

Abdel-

Mohsen (7) 

HA/Ag-NPs 

fibers 

-Dissolution of 40mg of sodium hyaluronate in distilled 

water. Silver nitrate solutions were then added 

independently dropwise into the solution.  

-After confirming the formation of AgNP, the solution 

was then put in a coagulation bath to obtain HA 

nanofibers that were then washed and dried. 

-The fibers were then used to create a dressing sheet. 

Achieved formation of uniform Ag 

nanoparticles of 20-25 nm. 

The addition of Ag-NPs to the plain 

HA granted better mechanical 

properties. 

Antibacterial effect against gram-

negative bacteria and good 

cytocompatibility. 

Maximum wound reparation was 

achieved with HA/Ag-NPs fabrics 

when compared to the other 

groups. 

Xushan 

Chen (8) 

Ag@ODex/HA-

ADH/HACC 

hydogel 

-Formation of ODex by oxidizing dextran. 

-Dissolution of Hyaluronic acid in deionized water. 

-Adipic dihydrazid (ADH) was added to the Hyaluronic 

acid solution. 

-The ODex/HA-ADH hydrogel was formed using the 

ODex solution and HA-ADH solution.  

-Quaternized chitosan (HACC) was then added to the 

solution before the hydrogel formed to create 

ODex/HA-ADH/HACC hydrogel. Finally, the hydrogel 

was soaked in a silver nitrate solution to reduce the 

silver ions into Ag-NPs and creating Ag@ODex/HA-

ADH/HACC Hydrogel. 

Good rates of degradation, and 

swelling properties, essential 

characteristics for its use in a 

clinical setting. 

Antibacterial activity against both 

gram-positive and gram-negative 

bacteria. 

Ag@ODex/HA-ADH/HACC 

hydrogel treated wound were 

repaired faster than the other 

compounds tested. 
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 478 

Wen Li (9) DES-

DASH@Ag 

hydrogel 

-Synthesis of dopamine-conjugated Sodium 

hyaluronate by adding SH in a MES buffer, followed by 

EDC and NHS. 

DASH created with the addition of dopamine 

-Lyophilization of DASH in DES to create a hydrogel. 

-Silver nanoparticles were then added by submerging 

the hydrogel in a silver nitrate solution, creating DES-

DASH@Ag.  

-DES-SH and DES-DASH were created by the same 

process. 

 

Good physical properties. 

No cytotoxicity while achieving 

good antibacterial effect against 

both gram-positive and gram-

negative bacteria. 

Maximum wound healing was 

achieved by the DES-DASH@Ag 

hydrogel when compared to the 

other groups. 

Sílvia 

Pérez-

Rafael (10) 

HA-

SH/Ag@Lig 

NPs hydrogel 

-Preparation of HA-ADH and HA-SH, the HA and ADH 

were dissolved in MilliQ water, then the solution was 

pH adjusted with HCl to form a solution of 4.8 pH 

which was then thiolated, with the HA-SH being the 

byproduct of the thiolation of AH-ADH. The preparation 

of Ag@Lig NPs was done using lignin and silver ions 

centrifugated and resuspended on an ultrasound bath. 

-The hydrogels were then prepared by mixing HA-SH 

and Ag@Lig NPs. 

Lignin was essential for the 

structure of the biopolymer while 

having a functional role with 

antibacterial and antioxidant 

effects. 

The created hydrogels were 

capable of inhibiting MPO, MPPs 

and ROS production, factors of 

wound chronicity. 

Good antibacterial effects and 

biocompatibility. 

Complete wound recovery of both 

diabetic and non-diabetic mice in 

15 days of treatment, with faster 

recovery than commercially 

available products. 
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Table 2 Other Hyaluronic Acid based composites being tested in vivo 479 

Article Compound Preparation process Main Findings 

Maryam 

Shafique(11) 

Cefepime-

loaded 

hydrogel 

-Dilution of Chitosan in acetic acid. 

-Incorporation of Cefepime in the chitosan solution. 

-Dissolution of HA in distilled water.  

-Addition of Pullulan in the HA solution 

-Addition of PVA in the HA-pullulan solution 

-Addition of glycerol to the PVA-HA-pullulan solution.  

-Lyophilization of the chitosan nanoparticles. 

-Incorporation of the lyophilized chitosan to the 

hyaluronic acid formulation during the hydrogel 

formation. 

Good stability with good 

biodegradation and swelling 

capabilities. 

Safe and sustained release of 

cefepime from the hydrogel 

Antibacterial activity against gram-

positive and gram-negative bacteria 

Maximum wound reparation when 

compared to a non-loaded hydrogel, 

and both positive and negative 

controls 

Nakisa 

Karimi 

Dehkordi(12) 

CNC-HA/ 

GM-CSF-

Chi-NPs 

composite 

-Dissolution of Chitosan in acetic acid. 

-Addition dropwise of TPP into the Chitosan solution. 

-GM-CSF was added to the TPP-Chitosan solution, 

creating GM-CSF-Chi-NPs. 

-Addition of MCC to a sulfuric acid solution and the 

solution hydrolyzed. 

Collection of the supernatant (CNC), which was then 

dispersed in deionized water. The suspension was then 

Freeze-dried. 

-Addition of CNC to deionized water. 

The size of the GM-CSF-Chi-NPs 

was 366.9±9.15 nm with a zeta 

potential of +43.52±2.39 mV 

CNC had a size of 93.2±21.1 and a 

zeta potential of            -43.16±5.31 

Increasing the amount of CNCs in 

the structure of the composites, 

increases the swelling ratio and 

decrease the flexibility of the 

composite 
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 480 

-Addition of HA to the suspension, creating CNC.HA 

blend. 

-Addition of the GM-CSF-Chi-NPs to the CNC-HA blend 

creating CNC-HA/ GM-CSF-Chi-NPs. 

The release rate of GM-CSF was 

22.8±2.45 % in the first 4h with 

about 100% over the first 48h. 

CNC-HA/ GM-CSF-Chi-NPs have 

better healing results in vivo than 

the control and the  CNC-HA/Chi-

NPs. 

 

 

Ying 

Yang(13) 

C/H/GO/Cu 

dressing 

-Preparation of GO by the Hummer method, then 

created a GO suspension with an ultrasonic bath.  

-Addition of cupric sulfate pentahydrate and ethylene 

diamine tetraacetic acid disodium 

salt dihydrate to the GO suspension. 

Addition of a solution containing sodium hydroxide and 

sodium borohydride to the mixture. 

Centrifuging of the mixture and drying to obtain GO/Cu 

nanocomposite. 

-Preparation of Chitosan and HA solutions. 

-Preparation of a GO/Cu solution dispersed in deionized 

water. 

-Crosslinking of the solutions using STMP. 

-Pouring of the solutions into a PTFE mold, creating 

C/H/GO/Cu. 

 

Greatly improved antibacterial 

activity of the C/H/GO/Cu. 

Significantly improved antimicrobial 

performance and angiogenesis 

capacity 

Good biocompatibility 

Better wound healing capabilities.  

When compared to the C/H/GO, 

C/H, and control treatments. 
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Purpose: 33 

Patients and methods: 34 

Results: 35 

Conclusion: 36 

Keywords: [Choose four to six keywords. They should not repeat words given in the title.] 37 

Introduction 38 

[This is an example of text formatting. Please note that citations are in superscript numerals 39 

following the punctuation. Abbreviations are defined in full at their first instance.] 40 

Subdermal contraceptive implants have been studied and used in humans for over twenty 41 

years.1,2 Contraceptive implants provide long-acting, highly effective reversible contraception. The 42 

most recently introduced subdermal implant, Implanon® (N.V. Organon, Oss, the Netherlands), 43 

also referred to as the etonogestrel (ENG) implant, is a single rod implant that offers three years 44 

of contraceptive efficacy.3–6 The ENG implant has been used in more than 30 countries, including 45 

Australia, Indonesia, and the Netherlands, and was approved by the United States Food and 46 

Drug Administration (FDA) in 2006. The ENG implant is an excellent option for women with 47 

contraindications to estrogen in addition to any woman who desires long-acting reversible 48 

contraception.  49 

The ENG implant is a single rod implant measuring 40 mm long and 2 mm in diameter 50 

with a solid core of ethylene vinyl acetate (EVA) impregnated with 68 mg of etonogestrel, the 51 

biologically active metabolite of desogestrel.7,8 The EVA copolymer allows controlled release of 52 

hormone over three years of use.9 Each implant is provided in a disposable sterile inserter for 53 

subdermal application.  54 
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 55 

[Generally each major section of your manuscript should have a heading. The most common 56 

breakdown of a paper is given below, with some subheadings related to the above example text. 57 

Please delete or include as needed.] 58 

Material and methods 59 

Etonogestrel implant  [This is an example of a level 2 heading.] 60 

 61 

Efficacy [This is an example of a level 3 heading.] 62 

 63 

Results 64 

 65 

Discussion 66 

 67 

Conclusion 68 

 69 
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Table 1 [Table titles are in sentence case and do not end with a full-stop.] 94 

 95 

    

    

    

    

    

    

    

 96 

Notes:  97 

Abbreviations: AUC, area under the curve; LS, least squares; NE, not estimable. [These are 98 

examples of format.] 99 

 100 

 101 

Figure 1 [Title of figure is in sentence case and ends in a full stop. Please see 102 

https://www.dovepress.com/author_guidelines.php?content_id=3511 for our Figure 103 

requirements.] 104 
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