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ABSTRACT: The skin can protect the body from external harm,lnury Hyaluronic Acids Wound Healing

sense environmental changes, and maintain physiological homeo- £ vo_P

stasis. Cutaneous repair and regeneration associated with surgi / Ho&g ;V B /
wounds, acute traumas, and chronic diseases are a central co&g n [ [>T :> ‘

of healthcare. Patients may experience the failure of corrent__ A \ *ﬁl\‘ ol 4
treatments due to the complexity of the healing process; therefore, A

emerging strategies are needed. Hyaluronic acids (HAsf also \

known as hyaluronan), a glycosaminoglycan (GAG) of tn@ms’ Inﬂam] -
extracellular matrix (ECM), play key roles in cedra@htiation,

proliferation, and migration throughout tissue development and

regeneration. Recently, HA derivatives have been developed as regenerative biomaterials for treating skin damage and injury.
review, the healing process, namely, hemostasisnation, proliferation, and maturation, is described and the role of HAs in the
healing process is discussed. This review also provides recent examples in the development of HA derivatives for wound he

KEYWORDS:complexity of healing process, hyaluronan, biological materials, regenerative medicine, combination therapy

1. INTRODUCTION treatment, and the administration dose and totieis,

cient and widely applied alternatives are highly desirable.
yaluronic acids [HAs, a glycosaminoglycan (GAG) of the

extracellular matrix (ECM)] are widely distributed throughout

the body; for example50% of the total HAs are found within

the skin:” HAs are capable of maintaining hydration for space
lling, improving viscosity of bodyids for lubrication of

o . i . . ; joints, and providing a framework for cell adhesion,

injury) or underlying medical conditione.g( ischemia, hrojiferation, and migration. Recently, development of HA

diabetes, and obesity) interfere with wound héaling gerivatives has demonstrated they have great potential as

Consequently, the healing processtaled at one of the  egenerative biomaterials for tissue repair and regehération.

phases, resulting in chronic (nonhealing) wounds. Chronighis review will describe the physicochemical and biological

wounds occur along with complications suchasimnation,  characteristics of HAs relevant to reparative and regenerative

cell dysfunction, and impaired angiogenesis, which complicg{@cesses and discuss recent advances of HA derivatives for
medical care, increase treatment cost, and worsen the und healing.

quality of patients.

Surgical debridement, antibiotics, and wound dressings coNPLEXITY OF HEALING PROCESS
remain the mainstay of therapeutic modalities for wounds.
Strategies such as cytokine/growth factor therapy and cel
therapy have been also developed for reparative a
regenerative treatmentdowever, despite profound progress,
a number of barriers limit the application of these approachg
in wound healing. For example, these options are designed-e:
targeting a single phase of the healing process, while synergfgtizeived: October 21, 2020
e ects are less studféd.In addition, administration of Accepted: December 6, 2020
cytokines and growth factors to the wound shows limited
e cacy due to the lack of appropriate delivery systems.

Healing e cacy of cell therapies is also dampened by the
pathological state of donors, the onset time and duration of

Wound healing is composed of four sequential but overlappiﬁ
phases, namely, hemostasignimation, proliferation, and
remodeling (maturation)F{gure ). The healing process
proceeds eciently in acute woundg.§. surgical incisions,
traumatic injuries, abrasions, and saiéburns§. However,

certain physiological statesg( age, infection, and large

|2.1. Hemostasis.Hemostasis occurs after the onset of a
ion to prevent bleeding from damaged blood vésgets (

. When the endothelium of blood vessels is damaged, the

gderlying subendothelial matrix is exposed. The circulating
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Figure 1.Wound healing process. It comprises hemostasiaiation, proliferation, and remodeling. In each phase, the cross-talk between
distinct cell types and cytokines/growth factors exerts multiple biological activities for woun&X&limgdid ligands 4 and 7, CXCL4 and

CXCL7; platelet-derived growth factor, PDGF; transforming growth,f&&6r ; tumor necrosis factoy TNF- ; interleukins 1, 6, 8, and 10,

IL-1 , IL-6, IL-8, and IL-10; insulin-like growth factor 1 = IGF-1; vascular endothelial growth factor = VEGF; epidermal growth factor = EGF
keratinocyte growth factor 1, KGF-1; nerve growth factor, NGF;Hpablast growth factor, bFGF; matrix metalloproteinases, MMPs; M
macrophage).

platelets bind to the endothelium or subendothelial miatrix growth of new tissuegigure ). As the dominant immune
the interaction between the platelet receparsrtegrinand  cells at the early stage of ammation, neutrophils are
glycoprotein VI (GPVI)] and the ECM adhesion moleculesrecruited into the wound from the bloodstream within hours
[e.g. P-selectin and von Willebrand factor (VWE)]. after hemostasi’.Microbes and debris are engulfed by
Subsequently, platelets are recruited into the site of injuneutrophilsiaphagocytosis and are subsequently degraded by
and become activated to form an aggregation, riafasdyet reactive oxygen species (ROS) and proteasgssdrine
plud. In addition, the activated platelets produce platelefproteases and matrix metalloproteinases (MMPs)] within the
specic proteins €.g.platelet factor 4prin, and thrombing) phagocytic vacuol@.In addition, neutrophils produce
which result in the constriction of blood vessels (vasczytokines ¢.g.tumor necrosis factor(TNF- ), interleukin
constriction) and the initiation of coagulation cascaded, (IL-1 ), and IL-6], which can augment ammatory
facilitating the formation of blood cfétdhe formation of  responses to sterilize the wotihid. normal healing process,
hemostatic plugs and clots stops the bleeding from theeutrophils proceed apoptosis shortly after accomplishing their
damaged blood vessels. Moreover, the activated plateletsction”: However, the pathogenesis such as infections and
produce chemokineg.§. CSXSC motif ligands 4 and 7 autoimmune diseases triggers necrosis of neutfophits.
(CXCL4 and CXCL7)] and growth factors.d. platelet- integrity of the cell membrane is maintained in neutrophils
derived growth factor (PDGF) and transforming growth factoduring apoptosis, while necrosis causes the release of ROS and

(TGF-)].*® These components trigger the migration andproteases into the extracellular milieu, which can damage host
activation of immune celks.g.neutrophils and macrophages) tissues and degrade growth factors, growth factor receptors,
and residential skin celisd.keratinocytes, endothelial cells, and the ECM, causing the retardation in wound h&&ling.
and broblasts), forming a provisional wound framework Concomitantly with the recruitment of neutrophils, the
within the clots to promote later phases of the healingirculating monocytes also arrive at the wound area and
proces$® di erentiate into macrophagé#s the dominant immune

It is worth noting that certain conditions, such as venousells at the late stage of ammation, macrophages
insu ciency, diabetes, and thrombocytopenia, interfere wigphagocytose pathogens, andridefurther sterilize the
hemostasis and cause poor wound healing. Managementwoiund, facilitating tissue repair and regeneration in the
these conditions is critically important in assisting the healiqmoliferation phase. In addition, macrophages recognize
process’ characteristic alterations of apoptotic neutrophilg. (

2.2. In ammation. In this phase, the innate immune upregulation of phosphatidylserine, a fatty substance) and
system is activated to destroy the invading pathogens argimove these cellsa phagocytosis (also termedmcyto-
remove the dead tissues, which sterilize the wound bed for this)>® The phagocytosis of apoptotic neutrophils induces the
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Figure 2.HAs and wound healing. HAs are produced by polymerizatibacefyb-glucosamine anstglucuronic acidia a -(1S3)-
glucuronidic bond. HAs with drent MWs bind to HA receptors on skin and immune cells for producing cytokines, chemokines, and growth
factors, which can directly and indirectly regulate wound healing (platelet-derived growth factor, PDGF; transforming giio@fh factor

tumor necrosis factor, TNF- ; interleukins 1and 8, IL-1 and IL-8; GC motif chemokine 2, CCL2;S®SC motif ligand 5, CXCL5;
epidermal growth factor, EGF; babioblast growth factor, bFGF; vascular endothelial growth factor, VEGF; matrix metalloproteinases, MMPs;
toll-like receptors 2 and 4, TLR 2 and TLR4; receptor for HA-mediated motility, RHAMM).

conversion of macrophages from prarmmatory M1  for celScell and ceéflsubstrate connectiofiSiire impaired in
phenotype to an anti-iammatory M2 on€.M2 or M2-like wound edges, which result in the cytoskeletal elongation and
macrophages release immunosuppressive cytekinds- ( reorganization, facilitating the migration of keratinocytes into
10) for the resolution of immmatiori® M2 or M2-like the wound bed’ The proliferation of keratinocytes is
macrophages also produce growth factors including, TGFtegulated by growth factors such as keratinocyte growth factor
PDGF, insulin-like growth factor 1 (IGF-1), and vasculadl (KGF-1), epidermal growth factor (EGF), nerve growth
endothelial growth factor (VEGE).These components factor (NGF), and IGF-¥.In addition, epithelial stem cells at
enhance cell proliferation, angiogenesis (the formation die hair follicle and sweat gland are also involved in re-
new blood vessels) and the formation of granulation*tissuegpithelialization, which has been described els&where.
supporting subsequent phases of the healing process. Notabl\ngiogenesis is regulated by growth factoysMEGF,
the ine cient clearance of neutrophils and the persistence ®DGF, and basidroblast growth factor (bFGF)] and the
M1 macrophages without conversion to M2 phenotype caserine protease thrombinThese components stimulate
cause acute wounds to be chronic and halt the healimmpdothelial cells of the existing vessels, and the activated
progress=>3 endothelial cells release proteolytic enzymes to dissolve the
It is worth noting that the heterogeneity and plasticity obasal lamin&. Subsequently, the activated endothelial cells
neutrophils and macrophages are not fully characterized, an@jrate toward the angiogenic stimuli and proliferate inside
the role of potential stimuli to the resolution and phenotypithe wound, leading to the formation of a microvascular
switch associated with nogitages is not completely network (also known &sprout).*® The sprouts derentiate
understood”*® Therefore, future studies are needed to solvénto blood vessels, and the vessel wall is stabilized by pericytes
these issues, in order to improve therapeutictbefte  and smooth muscle céfis.
chronic wounds. In addition, mast cells, T and B lymphocytes,In the late stage of proliferation, the provisional wound
are also involved in the late stage @hmmation, which has framework established during hemostasis is substituted by the
been discussed elsewhi&te. formation of granulation tissue. The granulation tissue is
2.3. Proliferation. The proliferation phase is composed of characterized as a type of connective tissue that consists of
three stages, namely, re-epithelialization (the closure of broblasts, keratinocytes, macrophages (mainly M2 pheno-
wounds surface), angio%enesis, and the formation dipe), blood vessels, and collagfefihie ECM formation
granulation tissuéigure ).° within the granulation tissue is highly regulated by
Re-epithelialization is mainly accomplished by keratinocytelsroblasts® Following the stimulation of cytokinesg(
(they represent 90% of the cells of the epidermis). TNF- and IL-1) and growth factorse(g. TGF-, PDGF,
Keratinocytes can be released from the wound vicinity lnd bFGF), broblasts migrate from the nearby dermis and
the ECM enzymese(. collagenases and elastases) andecome activated inside the damaged’®sSilee activated
accumulate on the wound Bedn addition, the contact  broblasts generate MMPs to degrade the provisional wound
inhibition and physical tension at the desmosome anftamework’ and meanwhile produce the ECM components
hemidesmosome (they are attachment sites at the cell surfaoeh as collagens (mainly type Ill collagen), GAGs, and
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proteoglycans, for the formation of granulation tfs$ne. enzymes)? To date, three types of HAS have been igehti
addition, the activatetbroblasts also produce TGRKGF-1 namely, HAS1, HAS2, and HAS3. HAs with MWs ov&f2
and bFGF, which regulate other types of cells within thkDa, from 2 10°to 2x 10°kDa, and from & 10°to 1x 10°
granulation tissue for tissue repair and scarring in thielDa, and are produced by HAS2, HAS1, and HASS,
remodeling phasé. respectivell. HAs have an ecient turnover ratee(g. half-
Notably, the angiogenesis is not fully accomplished in thige of less than 1 day within the sKimnd are catabolized at
proliferation phase; therefore, the granulation tissue is highhe extracellular milieu by two main pathways: (1) They can be
angiogenic and can be easily danmagedddition, chronic  hydrolyzed by hyaluronidases or fragmented by oxygen free
wounds are associated with the failure in the formation eédicals and subsequently are removed from the lymphatic
granulation tissue. For example, ROS is excessively produsgsten?’ (2) they can be taken up by neighboring cells and
in the wound of patients who have thecidmcy of ROS transported into endosomes/lysosomes for enzymatic degra-
detoxifying enzyme$,and the overproduction of ROS dation® It is well-established that the biological activities of
generates a large amount of MMPs that can degrade thi\s are highly reliant on molecular weight (M) HAs
granulation tissue and retard the healing précess. with di erent MWs bind to a number of HA receptors, mainly
2.4. Remodeling. The remodeling phase initiates at the including CD44, a receptoorfHA-mediated motility
same time when the granulation tissue is formed. In this phag®HAMM), and toll-like receptors 2 and 4 (TLR2 and
the components inside the ECM undergo sigmi changes. TLR4) (Figure 2.'° The interaction between HAs and HA
For example, type Ill collagen, which is an immature collagesceptors mediates a variety of intracellular signaling pathways
generated frombroblasts during the proliferation phase, isfor the regulation of wound healing, which has been previously
replaced by type | collagen that has a higher tensile sttengthlescribed®®®
In addition, broblasts are dérentiated into mybroblasts in At the hemostasis phase, a large amount of HAs with high
response to TGF-during the formation of granulation MW (HMW-HAs, ranging from % 1* to 2 x 10* kDa) is
tissue> Myo broblasts promote the wound contraction produced from platelets within the wourdgre 2.’*
through the attachment to collagens and alleviate the saaMw-HAs bind to brinogen (also known as a clotting factor
formation on the wound surfaé&urthermore, the formation |; it circulates in the blood), resulting inceent clot
of a vascular network is accomplished, the btwodt the  formation’? Because HMW-HAs are very hydrophilic, they
wound site _declines, and the metabolic activities slow amge saturated withuids to swell around the wound (termed
nally ceas¥. edema). The edema forms a temporary framework for the
Of note, the excessive scarringooosis €.g.hypertrophic  access of immune cells to the injured’area.
scars_and keloid) remain major issues in the remodelingAt the in ammation phase, HMW-HAs are catabolized into
phase. The overproduction of cytokines or growth factorsHAs with low MW (LMW-HAs, less than 120 kDa) at the
causes a large amount of granulation tissue, which Wil amed sitesFigure }."®> HMW-HAs demonstrate immu-
exacerbate the scar formatiohhe failure in the remodeling nosuppressive and antiangiogenic features, while LMW-HAs
of type Ill collagen to type | also causes excessive sege generally considered immunostimulatory and pro-angio-
formatior® However, no satisfactory therapeutic strategy igenic’* LMW-HAs bind to TLR2 and TLR4 for the
available to date for treating scarboosis. production of cytokinee.g. TNF-, IL-1, and IL-8) and
As described above, the interplay between distinct cell typgsemokines efg. CXCL5 and SC motif chemokine 2
and numerous factors.g. cytokines and growth factors) is (CCL2)], which promote the iftration, activation, and
well-orchestrated during the normal healing process. Howeugaturation of immune celfs.Although inammation is
when the aberration occurs to this interplay, the healingdispensable for successful wound healing, a persistence in
process iSstalled at one of the phases, leading to chronicthis phase will cause acute wounds to become chronic (see
(nonhealing) wounds. Therefore, an improved understandingction 2) Therefore, when the healing process moves
in the pathophysiological conditions underlying delayegbrward, LMW-HAs will be catabolized into HA oligomers (O-
healing will foster the devel%)ment otient and widely HAs, 6520 monomers), which reduce theammatory
applied therapeutic strategi€’s.Recently, a variety of response but improve the proliferative activity.
reparative and regenerative biomaterials have been developext the proliferation phase, O-HAs alleviate therima-
to promote wound healing by targeting multiple phasegon, enhance the re-epithelization, foster the angiogenesis, and
associated with the impaired procéssEsAmong these,  improve the formation of granulation tisstieute 3. They
HAs have demonstrated great potential for treating skibind CD44 and RAHMM to mediate the production of TGF-
damage and injury, which will be discussed in the following EGF, bFGF, and VEGF, resulting in the recruitment,

sections. maturation, and activation of keratinocytemndothelial
cells!” and broblasté® For example, O-HAs stimulate
3. DEVELOPMENT OF HYALURONIC ACID endothelial cells androblasts for synthesis and deposition
DERIVATIVES FOR WOUND HEALING of type Il collagen within the wound, resulting in the

3.1. Roles of Hyaluronic Acids in Wound HealingThe formation of a new collagen ma(ftix.

naturally occurring HAs are a biocompatible and biodegrad-At the nal phase of the healing process, O-HAs interact
able GAG (an anionic long linear polysacchafidg)ré 2. with CD44 and RAHMM to produce MMPs and TGF-

As an essential ECM component, HAs are able to promote cethich promote the derentiation of broblasts into

di erentiation, proliferation, adhesion, and migration duringiyo broblasts, facilitating the maturation of collagens (type
organism development (ontogenesis) and regen&tatias. ) for the ECM remodeling=gure %.”° It has been reported

are produced inside cells by polymerizatioN-atetyb- that the accumulation of a disorganized collagen matrix is
glucosamine andglucuronic acidiaa -(1S3)-glucuronidic  signi cantly inhibited in fetal wounds, resulting in scarless
bond using HA synthases (HAS, a group of membrane-bouheéaling® It is likely due to the fact that HAs in fetal wounds
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display a higher level and longer period than those found - N-acetyl-D-glucosamine  D-glucuronic acid
adult wound$’ Thus, strategies that promote a prolonged ~—o
presence of a HA-rich matrix provide great potential fao A Tod o
scarless repair and regenerition. E —
In addition, HAs have also demonstrated antibacterial ar Ho ° o\_©- 1"
-fungal activities, which have been previously diséti$sed. -F-0T o M
For example, the antimicrobiakes of HMW-HA (MW = A
1837 kDa) were assessed using 11 bacterial and 4 fungal str CHs "
(the representative of clinically relevant microb&®asults o o
show that the growth of these microbes veaseal by HMW- HA Gonjugation HA Crosslinking
HA at di erent levels in a dose-dependent manner, which w. "4 /\/}/\/\ W HA backbone
likely due to (1) the water-retaining capacity of HAs that mamonofunctionalligana | _ o L—@—L bifunctional ligand

(or therapeutic agent)

delay or disrupt the growth of microbes and (2) the
interactions between HAs and pathogen surface moieties

| |
inhibit bacterial colonizatidhThese results suggest that HAs b L
may be a defense against pathogens in the wound area, wl
is favorable for the healing process (particularly at ear
stages).
3.2. Preparation and Characterization of Hyaluronic
Acid Derivatives. Commercial HAs are traditionally
L L

manufactured by the extraction from animal tissues or by tl

fermentation of natural microorgani$hiowever, impurities . . . .
: . . o . Figyre 3.Schematic for chemical madition of HAs. The hydroxyl
and toxins caused by animal tissues or pathogenic microbes égél) and carboxyl (-COOH) groups of the HA disaccharide unit

aconcern for blomedlcal application c_)f HAs. To address the fe preferred for chemical medtion. Monofunctional ligands (or
issues, commercial HAs can be obtained from nonpathogepsund healing agents) and bi-/polyfunctional groups can be used for
and endotoxin-free recombinant micrdbésowever, the  the production of conjugated and cross-linked HAs, respectively.
large-scale production of HAs using genetically edodi
microbial hosts is limited due to the high cost of raw materialg.>C for 2 day$® Following the stimulation of UV irradiation
In addition, it is dicult to precisely control the yield and (365 nm for 20 min), a hydrogel was polymerized from a
MWs of HAs using the aforementioned approaches. Futupgixture of HA-MA andN-hydroxyethylacrylamide-medi
work needs be carried out to understand intracellulagextran. The resultant hydrogel was used for co-encapsulation
metabolic pathways underlying the biosynthesis of HAs @$ -cyclodextrin containing resveratrol (an argiFimatory
well as to optimize the strategies of metabolic engineering (sgghstance) and poly(ethylenimine) containing plasmid DNA
discussion in more detdflj,” which will potentially enhance (VEGF protein). This hydrogel system could accelerate the
the quality control in the yield and uniformity of HAs. burn wound healing in rats by means of suppressing
3.2.1. Chemical Modtation. The chemical methods and in ammation responses and enhancing blood vessel forma-
functionalization techniques that facilitate the development gfn 28
HA derivatives with distinct biological and physicochemical The carboxyl group of HAs can be egtérand amidaté8.
properties have been substantially investigageae( 3.5%5° The esterication may be carried out by alkylating the HA
The hydroxyl (-OH) and carboxyl (-COOH) groups of HAs carboxyl group using alkyl halidesy.(alkyl iodides or
are preferred for chemical modtion, achieving two types of bromides) and tosylate activafiofi® The esterication of
HA derivatives, namely, conjugated and cross-linked HAMs may also be achieved by activating the carboxyl group
(Figure 3.°%%° HA conjugation is generated by grafting theusing diazomethatf&!°>These reactions must be carried out
monofunctional moiety to the single backbone, while HAn organic solvents using either the acidic form or the
cross-linking is produced by grafting bi- or polyfunctionaktrabutylammonium (TBA) salt of HAs. In addition, the
groups between dirent chainsHigure 3. The conjugation  esterication may be exerted using epoxides in aqueous
allows (1) the decoration of functional groups to HAssolutions®® For example, a HA derivative (namely, HA-
achieving HA-based vehicle systems with enhanced dma@H) was generated by chemically conjugating the carboxyl
delivery features relative to unmedi HAs and (2) the  group of HAs (MW = 200 kDa) in the DMSO/water solution
incorporation of therapeutic agents to HAs achieving HA-drug:v, 1:1) using adipic dihydrazide (ADH), and the reaction
conjugates. The cross-linking improves the physicochemiaals performed until the pH value was adjusted.@3°* A
features of HAs for a reduced degradation rate, prolongégdrogel was subsequently formed from a mixture of HA-ADH
resident time, and controlled drug rel€ase. and oxidized dextran under slight stirring, which was used for
The hydroxyl group can be mel to generate HA the encapsulation of gelatin microspheres containing sangui-
derivatives with ethers (using epoxides, divinyl sulfone, andrine (SA, a drug for antibacterial and argivimatory
ethylene sutle under alkaline conditiofi$);° hemiacetals  properties}* Consequently, the hydrogel formulation sig-
(using glutaraldehyde in acefwater solutions), esters ni cantly improved the wound healing in a rat burn infection
(using octenyl succinic anhydride and methacrylic anhydrideodel, which was accompanied by enhanced re-epithelializa-
in basic water};°° and carbamates (using cyanogen bromidegion and ECM remodeling, reducedammatory responses,
in alkaline aqueous environmetftsfor example, a HA and decreased bacterial activitfelsloreover, the amidation
derivative (namely, HA-MA) was produced by chemicallpn the carboxyl group of HAs may be achieved using
functionalizing the hydroxyl group of HAs (MW = 1000 kDa)carbodiimide¥’> carbonyldiimidazol&® 2-chloro-1-methyl-
using methacrylic anhydride (MA) in basic water (pH = 8) atpyridinium iodide (CMPI}°” and 2-chlorodimethoxy-1,3,5-
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triazine (CDMT)!%® For example, a HA derivative (namely, of viscosity?’ Furthermore, HA aqueous solutions are
HA-AEMA) was produced by chemically activating theconsidered shear-thinning (or pseudoplastic); when the shear
carboxyl group of HAs (MW = 8010 kDa) using 1-[3- rate increases, the viscosity declines, which is due to the
(dimethylamino)propyl]-3-ethylcarbodiimMédyydroxysucci-  disruption of hydrogen bonds and hydrophobic interactions
nimide, and aminoethyl methacrylate (AENMAM hydrogel ~ between and within HAs under the shear Stfedhe
system was subsequently developed from a mixture of Hgwelling property is an important indicator of the water-
AEMA and methacrylated methoxy poly(ethylene glycoljetaining capacity of hydrogéfsThe hydrogels with stronger
(MA-mPEG) for delivery of chlorhexidine diacetate (anHA cross-linking correspond to the lower swelling rate and the
antimicrobial agent), which demonstrated quick hemostadess water uptake capaCtityit has been reported that the
and reduced wound infection, leading teient wound  swelling measurements were applied to assess the cross-linking
healing in the rat full-thickness wound middel. e cacy of four linkers on HAs, namely, glutaraldehyde, divinyl
In addition to hydroxyl and carboxyl groupsNHaeetyl sulfone, carbodiimide, and bisepoXigesults indicated that
group of HAs may be modd by deacetylation, which can glutaraldehyde and divinyl sulfone were marem cross-
recover an amino group. The deacetylated HA amine can liekers than the othetsIn addition, the mechanical strength
conjugated with an acid to form the amide bthd@he (an ability to withstand an applied stress without the plastic
deacetylated amino moiety can also react with -COOH grougeformation) is an important parameter for the preparation
of HAs, potentially resulting in a cross-linked hydrogebnd application of biomaterials With respect to wound
However, it is worth noting that the deacetylation is generallyealing, conjugated HA encapsulated inside a formulation or
carried out under intensive experimental conditions, whiatross-linked HA hydrogels can be applied as dressings (or
possibly cause the degradation of fAs.addition, the HA ~ bandages) onto the injured ar&aDi erent experimental
structure may be dramatically changed by deacetylation, whagiproaches based on Yd&imgodulus, namely, tensile test,
impairs the biological properties of parent'tfAEherefore, compression test, and indentation'f&3t>° can be applied
the chemical modiation must maintain the biocompatibility, to investigate the mechanical strength of HA-based dressings,
biodegradability, and mucoadhesivity of HAs. ensuring them to possess excellent reliability of the graft. For
3.2.2. Physicochemical Characterizatidme chemical example, a serial of HA hydrogels were produced from a
structure of HA derivatives is commonly characterized usimgixture of methacrylated HA (MeHA; MW = 50, 350, and
nuclear magnetic resonance spectroscopy (NMRY. For 1100 kDa) and PEGylated dimethacrylate using a UV
example, unidimension#i NMR spectrometry can be photopolymerizing methdtf. The compressive moduli of
applied to identify the conjugated com?ound(s) and quantifthese HA hydrogels were measured using a dynamic
the degree of modiation within HAS> However, this  mechanical analyzer. Results from ssstsain plots indicate
technique is not capable of aoning the type of covalent that the modulus was well-correlated with the cross-linking
bonds and therefore requires complementary characterizatidansity within HA hydrogels. The moduli were sigmily
Infrared spectroscopy (IR) as a complementary charactesievated when the concentration was increased for each of
ization technique provides the information on covalent bonddeHA MW; for example, the modulus was 12 kPa for 2 wt %
which are formed during the maiition of HAS%**’ 50 kDa MeHA, while the value was increased to 100 kPa when
The physical morphologies/structures play sagriroles  the concentration rose to 20 wt-%Consequently, when
for the development of reparative and regenerative biomatdsroblasts were loaded, cell viability was iy reduced
rialst*® The physical morphology of HAs (a dried form) mayin the HA-based network with the compressive modulus of
be evaluated using scanning electron microscopy’(SEM). >100 kPa, which was likely due to the limitation in the
The SEM results demonstrate that native or conjugated HAsansport of nutrients into the hydrogels with high cross-
have a brous and irregular two-dimensional (2D) morphol-linking density>°
ogy, while cross-linked HAs possess a porous 3D structure iAs compared to native or conjugated HAs, the cross-linked
which therapeutic agentnd/or living cells may be HAs may be designed to form injectable hydrogel systems
encapsulated?*?° Atomic force microscopy (AFM) can situwith favorable physicochemical properties such as reduced
provide the information on physical structergtopography  degradation rate, longer residence time, and improved release
and roughness) of HAs in aqueous environfiénts.  characteristi€$:*"**® Injectable HA hydrogels improve the
addition, dynamic light scattering (DLS) techniques can bporosity and swelling properties, which facilitate the exchange
used to measure hydrodynamic diameter and size distributiohnutrients and the encapsulation of therapeutic agents and/or
of HAs within aqueous conditidhs-** living cellsé.g. broblasts, microvascular endothelial cells, and
The physical properties such as viscosity, shear-thinnimgesenchymal stem cells), promoting host cells, over time, to
swelling, and mechanical strength are also used for charaaenerate their own ECM and replace the degraded hydro-
izing biomaterials, which mayect their reparative and gels:=> Injectable HA hydrogels achieve the proper gelation
regenerative performance in tissue engingerifigWhen and release pries for the particular application of interest by
the MW of HAs is increased to 31kDa, the aqueous means of selecting @ent cross-linkers and adjusting cross-
solutions form strengthened networks, resulting in graduallgking kinetics, which have been recently discussed else-
elevated viscosity’ In addition, the viscosity of HA aqueous where-*®*4?
solutions, due to the polyelectrolyte nature of HAsded 3.2.3. Biological Assessmerue to the favorable
by ionic strength, pH, and temperatare’® The variation of  physicochemical and biological properties, novel HA deriva-
these parameters in HA aqueous solutions causes the repulixes have been developed for wound healingn Vib®and
or attractive forces between and within the HA chaindn vivoexperimental strategies have been utilized to assess the
signi cantly taking ect on the viscosity>*?° For example,  healing ecacy of HA derivatives.
the backbone of HAs is degraded by hydrolysis in aqueoud~or example, the vitroanti-in ammatory properties can be
solutions with the pH values < 4 or > 11, which cause the losssessed using primary or cultured macrophages where the
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activity of the irammatory signaling pathwag.g mitogen- A 0o oH 0= OH on
activated protein kinases (MAPK) and nuclear fa&titF- '°%O&/°%O& )
B) pathways] is evaluateid reverse transcriptase-polymer- 5 e v ot~ ° St ° adl
ase chain reaction (RT-PCR) to quantify the mRNA level an o= o=
via Western blotting or enzyme-linked immunosorbent ass: .
(ELSIA) to measure the protein léVét** The repolarization oy
of M1 macrophages to M2 can also be evaluated ogsing 3 M
cytometry and immunoorescent microscopy to con the e
anti-in ammatory activity’®> In addition, thein vitro
proliferative properties can be investigated in cultured c¢®’ ;
lines k.g.human umbilical vein endothelial cells (HUVECS) = el _
and 3T3 cells problast-like cells)] using the migration ] - '-)q f
(scratch) and tube formation ass %7:3.4146 Furthermore, ™ | 9 \{A‘“ - S
thein vitroremodeling characteristics can be evaluated usi . S e Untreated [l Blank-Gel
3T3 cells whereby the level of secreted collagens | and IlI e M" ﬂ 7 B W CMC [ BHAGe

'CH,CH,CH, 5

Healing rate (%)

measured using ELISA.
The in vivowound healing ecacy can be assessed using a

variety of animal models including full-thickness wound ¢B HASSPu Curcumin, Cur CurHASPu

burn rodents with certain physiological stam%s z(ge) or AR
underlying medical conditions.d. diabetes):**" The VWAMA e R A e
wound closure ecacies are monitored, and the wounds car T ante foton " w00 L, e \NY\/\/\
be collected at dérent time points for the following W\/Y\/\ glencnco. gloncndon

S.aureus

experiments: (1) the hematoxgkosin (H&E), Massis : , f g
trichrome, and immunohistochemical staining experiments — e g
con rm histopathological chang&8“° (2) RT-PCR, West- at.
ern blotting, and ELISA to determine the activity of i
in ammation, proliferation, and remodeling pathways. L ——
3.3. Recent Advances of Hyaluronic Acid Derivatives g
for Wound Healing. Recentn vivastudies of HA derivatives % __?_ﬁ curshe
are summarized iffable 1 and selected examples are HASP  CurHASPu 14d 214
g;scussed below on the basis of MWs of Hiysires 4nd Fighure 4.(8) .Lt':"‘l’."'l'.*A _derivat(i;/e: modulating 'mmgation, »
: enhancing epithelialization and angiogenesis, and remodelin
3.3.1. O-HAsWang et al. have produced small HA coIIagensgforpexcisional wound heali?lg.gAdapted with permissior?
fragments (ranging from 4 to 20 monomers) using HMW+rom ref143 Copyright 2019 The Authors under Creative Commons
HAs by hyaluronidase, and the resultant O-HAs were load@gribution 4.0 International Licensetgs:/creativecommons.org/
into a slow-releasing ointment using the eratgin licenses/by/4.Q, published by MDPI, Basel, Switzerland. (B)
method-*® Results show that the O-HA ointmengatively ~ Curcumin-grafted LMW-HA derived pullulan polymer. Antibacterial
exerted the angiogenic activit'ggg_@ronferation, migration, ar_ld antio>_<id§1nt activities were a(;hieved for WOU{‘Id healing. Adapted
and tube formation) of HUVECs. These mainly resulted fron#ith permission from ré#7. Copyright 2020 Elsevier.
the enhancement of the MAPK pathway, which wasnezh
by the increment of TGFand phosphorylated Src and ERK that BHA could full the in ammation, proliferation, and
(two proteins in the MAPK pathwa§§.When the O-HA  maturation phases. Notably, the BHA formulation gty
ointment was topically applied to the excisional full-thicknegsiproved therapeutic eacy relative to a commercial wound
wounds of streptozotocin-induced diabetic rats, it was capablere product (CHITIN), providing great promise for clinical
of signicantly improving the wound healing relative to thetranslation to wound healingigure 4).
blank formulation. In addition, three curcumin (Cur)-conjugated HA-grafted
3.3.2. LMW-HA# has been reported that several LMW- pullulan (sPu) polymers (Cur-HA-sPu) were produced with
HAs were prepared by partial N-deacetylaigdnydrazinol-  di erent ratios (Cur:HA-sPu = 1:5, 1:10, and 1:15) to form
ysis or NaOH treatment of HMW-HAs, and the amine grouphe Im formulation for wound healingigure 8).**" The
of LMW-HAs was subsequently acetylated with acythemical structure of the resultant polymers wasmzsh
anhydride$>* Among these, N-butyrylated LMW-HA deriv- using'H NMR, IR, and dierential scanning calorimetry
ative (termed BHA, 40 kDa) signicantly suppressed the NF- (DSC)*” These polymers demonstrated favoriabldtro
B pathway, leading to the downregulation of TNE-6, properties, including less cytotoxicity, improved cell prolifer-
and IL-1, in vitrd>*andin vivo"**This indicated that BHA is  ation, and robust antibacterial and antioxidant actit/ithes.
di erent from classic LMW-HAs that are generally considered result, they sigmiantly accelerated the healing of full-
immunostimulatory. In addition, BHA sigantly improved  thickness wounds in rats as compared to a commercial bandage
the tube formation and migration of HUVEGsyhich were  (Figure B8).
mainly due to the enhancement of the MAPK pathway. When 3.3.3. HMW-HA®Recently, Kinet al.have reported that
the alginate-based BHA-containing formulation was topicalpidermal growth factor (EGF) was conjugated with HMW-
applied to rats with excisional full-thickness wounds, it was ablds (200 kDa), and the HMW-HA-EGF conjugate was
to e ciently promote the formation of a new vascular systersubsequently encapsulated by a poly(dimethylsiloxane)
modulate the irammatory response, and improve the(PDMS, Sylgard 184)-based patch formulatiohe
remodeling of type Ill collagen to typé°IThese suggest resultant formulation enhanced proliferation and migration of
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Figure 5.(A) HMW-HA-epidermal growth factor (EGF) conjugate patch. Patch provides synedistiorediabetic wound healing. Adapted
with permission from ré61 Copyright 2018 Royal Society of Chemistryln(B)jtuformed HMW-HA-collagen hydrogel promoting wound
healing. Adapted with permission froni5&f Copyright 2019 Elsevier.

skin cells €.g. keratinocytes andbroblasts), achieving under the stimulation of horseradish peroxidase,@nd™
signi cantly improved therapeuticaacy in excisional full- The hydrogel containingproblasts and human microvascular
thickness wounds of diabetic rats as compared to thendothelial cells could sigrEintly promote the proliferation
formulations containing either HA or EGk(re 3). This of skin cells and the secretion of VEGF, resultingative
healing outcome is likely due to the fact that the HMW-HAealing in rats with excisional full-thickness wotrmgls €
EGF conjugate could enhance the accumulation of EGF &f).
skin cellsiaHA-CD44 interactiof*

In addition, when HMW-HAs are cross-linked with othert. CONCLUSION
polymers, wound dressings with distinct structures, such ldas have been used for not only improving wellness (as
sponge$;® Ims!®® and hydrogels, can be formed. cosmetics) but also treating skin diseases (as therapeutics). For
Recently, a hydrogel was prepared by cross-linking HMW@xample, a number of HA-based wound dressings have been
HA-tyramine (200 kDa) with collagen I-hydroxybenzoic acidleveloped for wound care, and several of them are currently
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applied in clinic, which have been mentioned elséWhereNotes

Recent developments of polymerization and functionalizatiqie authors declare no competingncial interest.
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