
CLINICAL ASPECTS 

 

AMT, vol. 24, no. 3, 2019, p. 84 

GLYCOSAMINOGYCAN-BASED BIOMATERIALS USED IN 

WOUND HEALING 

 

 
BOGDAN-MIHAI NEAMȚU

1
, ANDREEA BARBU

2 

 
1,2Pediatric Clinical Hospital, Sibiu, Research and Telemedicine Center in Neurological Diseases in Children – CEFORATEN, Sibiu,  

1“Lucian Blaga” University of Sibiu, 2University of Agricultural Sciences and Veterinary Medicine, Cluj-Napoca  

 

Keywords: biomaterials, 

glycosaminoglycan, 

heteroglycan, wound 

healing 

Abstract: The following review is focused on a very important wound healing biomaterial class, i.e. 

glycosaminoglycans, a heteroglycan-based compound. Every biomaterial has its own advantages and 

disadvantages, but these disadvantages are usually surpassed by blending through different methods 

with various other compounds. The main advantages of glycosaminoglycans include their water 
solubility that allows them to maintain the wound environment moist and to absorb the wound 

exudate. If they are mixed with other materials they can help hemostasis, they do not adhere to the 

wound bed and thus prevent pain when they are removed from the injured site. They are also known to 

have antibacterial and antioxidant properties, and low cytotoxicity. This review underlines the 
benefits glycosaminoglycan application has on wound healing, including the use of several blends that 

enhance its characteristics. 
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INTRODUCTION 
A traditional wound healing dressing (i.e. based on 

lint, honey, herbs) is cost effective but will cause local foreign 

body reaction and fast dehydration, hence pain and bleeding, 

because of the cotton fibers.(1–4) Because of this, researchers 
have developed new biomaterial-based dressings for wound care 

and healing. A biomaterial is “a natural or synthetic substance 

that is not a drug, which can be introduced into body tissue as 

part of an implanted medical device or used to replace, treat, or 
augment a tissue, an organ or a bodily function”.(3) 

An ideal wound dressing has to meet several criteria 

such as biocompatibility, biodegradability, elasticity, reasonable 

price, non-adherence to the wound bed that will allow a pain 
free removal, and semi-permeability while allowing gas 

exchange but no micro-organisms transfer. It would also be 

ideal if the wound dressing would exhibit debridement, high 

excess exudate absorption and pain relief activity, non-antigenic 
and non-toxic properties, provide bacterial, infectious, 

mechanical, and thermic protection, compatibility with 

therapeutic agents, and healing/re-epithelialisation capability. 

Biopolymers sum up most of these benefits while being 
biodegradable and bioactive, they promote tissue regeneration 

and wound healing through cell migration and 

proliferation.(1,3,5-9) 

 

AIM 

The wound healing process would be faster and leaner 

if the used biomaterial would assist the autolytic debridement 

while modulating the moisture of the wound environment by 
moisturizing the dry wounds and/or absorbing liquids and 

exudates from the wet ones. Moreover, a faster and better 

healing will be observed when angiogenesis is promoted, the 
immune cells are modulated, and the fibroblasts’ and 

keratinocytes’ migration is enhanced while preventing or 

treating an infection.(8) 

In this article we summarize the benefits of using 
glycosaminoglycas as biomaterials for enhancing wound 

healing.  

MATERIALS AND METHODS 
 We searched in Academia.edu, Elsevier, Google 

Scholar, Pubmed, Researchgate, and Springer databases for 

relevant articles related to glycosaminoglycans used in wound 

healing. The keywords used were glycosaminoglycans, 
biomaterials, hyaluronic acid, wound healing, heparin and 

heparan sulfate, chondroitin sulfate, dermatan sulfate, and 

keratan sulfate. The citations and reference list were made using 

the Mendeley® software.   
 

RESULTS AND DISCUSSIONS 

 Biomaterial-based wound dressings can hold drugs 

and antibiotics because they are able to change their properties 
and their release kinetics, making them ideal for wound 

care/healing. Wound healing can also be stimulated by 

recruiting precursor cells by an ideal regenerative or responsive 

biomaterial to form new and viable tissues in vivo (6), as seen in 
figure no. 1.  

 

Figure no. 1. Ideal dressing characteristics (10) 

 
Biopolymers are used as biomaterials for wound 

healing in many forms, either as standalone or in various 

combinations with other ingredients to maximize the benefits 
and lower the associated risks. Polymers can be either natural or 
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artificial /synthetic. Natural polymers can be classified based on 

their structure as it follows: polysaccharides, glycolipids, 

proteoglycans, peptides and proteins and were used until 1993 
for suturing, grafting blood vessels or as a tissue substitute.(11) 

Their degradation rate is fast, so a crosslink between them is 

made. Crosslinking is the attachment between two polymer 

chains with chemical agents that make the bond stronger. 
Another concern is the probability of undesired side effects 

because most of these biomaterials are obtained from animal 

sources. Protein-based biomaterials usually have animal and 

human origins and are represented by bioactive molecules that 
resemble the extracellular environment, while polysaccharide-

based biomaterials derive from algae or from microbial 

sources.(12) These polymers are modified for therapy in various 

degradable nontoxic forms such as (injectable) hydrogels, 
particles, porous scaffolds or thin membranes. The degradation 

kinetics is not easy to foretell but the topical effects are 

remarkable.(12) 

 Polysaccharide-based biomaterials used for wound 

healing can either be classified as homoglycans and 

heteroglycans or based on their pH: acidic, basic, neutral, and 

sulfated like heparin, heparan sulfate, chondroitin sulfate, 

dermatan sulfate, keratan sulphate.(3,13) 
 Heteroglycans (heteropolysaccharides) are high 

molecular weight polymers containing more than one type of 

monosaccharide residue. They usually bind to proteins or lipids 

and form proteoglycans or glycolipids and are usually found in 
the connective tissue, cartilage, plant gums, cell walls or some 

algae. Because several heteroglycans are biocompatible, 

biodegradable, can form electrostatic networks and have 

thickening and gel- or film-assembling properties, they are used 
in biomedical or therapeutic applications. The most commonly 

used heteroglycans for therapy are alginates, agarose, 

carrageenans, fucoidans, gums, glycosaminoglycans and 

pectins.(3,14)  
Glycosaminoglycans (GAGs) are the major organic 

components found in the extracellular matrix. The most 

common mentioned GAGs are hyaluronic acid/hyaluronan 

(HA), heparin and heparan sulfate (HSGAGs), chondroitin 
sulfate (CS) and dermatan sulfate (DS) (CSGAGs), and keratan 

sulfate (KS) and they exhibit high water absorption and swelling 

properties.(15,16)  

Structure and synthesis of glycosaminoglycans 
GAGs are long, linear, unbranched repeated 

polysaccharides composed of a hexosamine (D-galactosamine, 

GalNAc, or D-glucosamine, GlcNAc) linked by glycosidic 

bonds to galactose or an uronic acid (D-glucuronic acid, GlcA or 
L-iduronic acid, IdoA). Chemical modifications of the 

saccharide subunits, chain length, composition, glycosidic 

linkage, sequence, or sulfation develop the heterogenic structure 

of GAGs. HSGAGs, KS and HA contain glucosamine and 

CSGAGs contain galactosamine, as seen in figure no. 2 (A). The 

uronic acids as IdoA/GlcA can be found in HSGAGs and 

CSGAGs, Gal (β-d-galactose) in KS, and GlcA in HA. GAGs 

are either sulfated (HSGAGs, CS, DS, KS) or nonsulfated (HA). 
KS is the only GAG without a carboxyl group, with a molecular 

weight range between 5-25kDa. If a GAG chain has uronic acids 

or sulphate groups in its structure, then a negative charge will be 
observed. The sulfated ones usually have a covalent link to a 

protein core and result in proteoglycans, hence HA will not 

become a proteoglycan. Glycosaminoglycans and proteoglycans 

display an intense remodeling behavior due to their dynamic 
molecule properties and those found in the bone or in skin suffer 

quantitative and qualitative changes because of UV irradiation 

and aging. More information about these GAGs is available on 

Pubchem (HA ID – 24759 or 24728612, HS ID – 53477714, 

Heparin ID – 772, CS – 24766, D4S – 32756, KS ID – 446715) 

(15,17–25) and the most relevant characteristics are summarized 

in table no. 1.  
 HA (21,22) is composed of B-D-glucuronic acid and 

N-acetyl-D-glucosamine (2-acetamide-2-deoxy-α-d-glucose) 

linked by alternating b-1,4 and b-1,3 glycosidic bonds and is 

involved in scarless wound healing, enhanced mitotic epithelial 
cells’ division, and macrophage regulation for phagocytosis, and 

has a bacteriostatic effect.(3,26,27) Wound healing after HA-

based treatment can also be seen through enhanced 

angiogenesis, subcellular tissues regeneration, granulation tissue 
formation, epidermal thickness, and keratinocytes 

proliferation.(28) Heparin (25) and Heparan sulfates (23) are 

negatively charged linear polysaccharides with various degrees 

of sulfation, composed of L-iduronate (many with 2-sulfate) or 
D-glucuronate (many with 2-sulfate) and N-sulfo-D-

glucosamine-6-sulfate, the linkage is at α-(1, 4) for IdoA, or at 

β-(1, 4) for GlcA. Heparins contain more overall sulfate and 

iduronic acid than heparans and are used as antithrombotic 

drugs. HS is considered to be “the king of the GAG family” 

because of its variety of clinical applications and biological 

roles.(16,29) The biosynthesis of HS, CS and DS was discussed 

in several reviews.(16,30-32)  
HSGAGs and CSGAGs are synthetized in the Golgi 

apparatus and form proteoglycans when the protein cores from 

the rough endoplasmic reticulum are modified by 

glycosyltransferases with O-linked glycosylation. HA is not 
synthetized in the Golgi apparatus, but by transmembrane 

proteins in the integral plasma membrane synthases, called HA 

synthases, that secrete elongated disaccharide chains. HA does 

not form proteoglycans. KS is a sulfated GAG found in the 
bone, cartilage, central nervous system, and cornea and can 

modify core proteins through proteoglycan N- or O-linked 

glycosylation (15,16), as seen in figure no. 2 (B). 

 

Figure no. 2. Chemical structure (A) and synthesis (B) of 

glycosaminoglycans (33) 

 
The main structural difference between CS and DS 

consists in the different residue contained by the GAG, DS 

having the iduronic ones and CS, glucuronic.(16) Chondroitin 4- 

and 6-sulfates (19) are composed of alternating D-glucuronate 
(GlcA) and GalNAc-4- or 6-sulfate with a linkage at β-(1, 

3).(16) Dermatan sulfates are composed of L-iduronate (IdoA) 

or D-glucuronate (GlcA) with a GalNAc-4-sulfate, the GlcA and 

IdoA are sulfated and the linkage is made at β-(1,3) for GlcA or 
at α-(1, 3) for IdoA.(20)  

 Keratan sulfates (24)  are composed of galactose and 

GlcNAc-6-sulfate with the linkage at β-(1, 4) and no contain 

uronic acid residue, with a N-linkage or O-linkage possibility of 
binding to a protein core.(15,16) Proteoglycans linked to KS can 

be found in the cornea, cartilage, brain, and bones in three 

distinct forms (KS I, KS II and KS III), each differing in 
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structure and location.(16,18,34) 
 

Table no. 1. General characteristics of glycosaminoglycans  

Aspect Description References 

Type 
Linear polysaccharides - alternating monosaccharide 

residues 
(18, 35) 

Source Organic extracellular matrix (17) 

Structure 

N-acetylated hexosamine in a repeating disaccharide 

unit (uronic acid or galactose). The disaccharides 

involved alternate. 

(15, 16) 

Molecular 

weight 

(g/mol) 

High and variable: CS 463.363; DS 475.374; HA 

776.651; Heparin 1134.899; HS 637.504; KS 

1052.914 

(19–25) 

Functional 

groups 

N-acetylated hexosamine and 1,3- or 1,4-linkages of 

acetylglucosamine or acetylgalactosamine. Either 

sulfated or non-sulfated 

(15, 16, 36, 

37) 

Solubility 

HA – soluble, visco-elastic solution 

Heparin – water soluble (200 mg/mL), insoluble in 

acetone, alcohol, benzene, chloroform, and ether, pH 

5.0-7.5 (in 17% sol) 

(18, 25) 

Gelation 

factors 

Temperature, hygroscopicity, shear stress, chemical 

structure 

(12, 15, 

37–39) 

Swelling 

factors 

The negative charge attracts Na+ ions and they swell 

due to hydrostatic pressure; pH 
(38, 40) 

Dissolution 

factors/time 
Type, temperature, molecular weight, log P 

(19–25, 37, 

39) 

Local properties 

GAGs are involved in the remodeling processes of 

skin regeneration and bone formation because they regulate 
protein action, gene expression and precursor cells attraction and 

differentiation, but GAGs specific action is influenced mostly by 

their structure (polymer length and sulfation degree). GAGs are 

also involved in extracellular cation and water homeostasis, 
various proteins’ (such as chemokines, cytokines, enzymes, and 

growth factors) and adhesion molecules’ function interaction 

and modulation. Also, GAGs modulate the adhesion, 

differentiation, migration, and proliferation of diverse bone or 
skin cells, and the collagen’s matrix structure in scaffolds.(17) 

Because of their polyanionic nature GAGs bind to divalent 

cations (Ca2+, Mg2+, Na2+) and result in a high hydrodynamic 

volume with low compressibility media, which acts as a size-
dependent filter that only allows small molecules to pass 

through (17). The biological activities in which 

glycosaminoglycans are involved in are summarized in table no. 

2. 

HA, HS, CS, and DS form the “ground substance”, 

also known as hyaloplasm, an amorphous gel which aids in 

collagen fibers’ aggregation and accumulation. Collagen is 
produced during the fibroblast proliferation phase for about 3 

weeks, it increases the wound tensile strength, and then the 

degradation rate will be equal to the production. After cross-

linking and a 4:1 type I to type III collagen ratio is achieved, the 
scaring process and GAGs’ degradation will stop, because they 

will come to a normal concentration.(41) Integra®, a collagen-

GAG scaffold, has shown its ability to help capillary growth, 

endothelial and fibroblast invasion, and epithelialization even 
though there is no areal vascularisation.(9,17) Angiogenesis or 

neovascularization involve fibroblastic proliferation that will 

help synthetize type III collagen and proteoglycans. Type III 

collagen also creates a fibrous capsule found in various 
biomaterials.(42)  

GAGs’ ability to bind with IL-8, bFGF and TGF-β has 

a wound healing advantage, because it makes the 

monocytes/macrophages, inflammatory mediators, toll-like 
receptors and neutrophils migrate towards the injured area. A 

skin injury will produce changes of fibronectin, laminin, and 

other ECM components. Keratinocytes lead to antimicrobial 

peptides release that will provide an anti-bacterial protection. 
HAS1 and HAS3 enzymes initiation will lead to a higher HA 

synthesis at the dermal and epidermal layers, but if their level 

lowers then wound healing will be impaired.(17) If GAG 

matrices are UV cross-linked to collagen they exhibit a low 

toxicity level when compared to other dermal substitutes based 
on glutaraldehyde.(8)  

Hyaluronic acid is the main GAG found in skin, and 

CS and HA are immune-suppressants. If HA is cross-linked to a 

cable-like structure then a highly adhesive network will be 
formed that will allow pro-inflammatory mediators to be 

isolated and leukocytes to attach, a useful process in chronic 

inflammation.(17,43) Also, propolis was shown to have 

beneficial roles on burned skin wounds as it follows: 
chondroitin/dermatan sulfate structure might be modified, GAGs 

such as HA will accumulate and keratinocyte proliferation will 

increase at the animal wound site.(2) A critical review made by 

Hussain et al in 2017 analyzed HA alone or in various 
combinations (collagen, curcumin, fibrin, growth factors, silk 

fibroin, silver etc) and showed its beneficial role in treating 

several acute or chronic wound types such as articular, cartilage, 

corneal, skin and tracheal ones under different forms like anti-

adhesive sheets, cultured dermal substitutes, dermal matrix 

grafts, films, hydrogels, scaffolds, sponges or thin 

membranes.(28)  

HA-based wound healing products such as Hyaff®, 
Hyalograft®, Hyalogran®, Hyalo4® and Laserskin®, and HA-

based hydrogel scaffolds direct tissue regeneration because their 

angiogenesis support and neuritis repair ability are being used 

with the FDA approval. HA and its derivatives are also used in 
arthrology, cancer therapy, drug delivery systems, odontology, 

ophthalmologic and plastic surgery, tissue engineering and anti-

wrinkle injections.(18,44) HA’s anti-inflammatory effect is 

directly linked to its molecular weight or its interaction with 
CD44 from the fibroblasts. Because HA scaffolds cannot easily 

be electrospun due to their high viscosity and surface tension 

that increases the water intake, the hot air blowing technique is 

preferred in making HA nanofibers because after water 
evaporation homogenous nanofibers can be used for wound 

healing, showing better results compared to vaseline-based 

gauge or adhesive HA bandages in a study made on 

pigs.(3,14,18,27,45) An experimental rat study showed a 
significantly reduced wound size after a composite polyurethane 

foam with HA and silver sulfadiazine impregnation was applied. 

Other stable HA-based hydrogels showed encouraging in vitro 

cortical cell growth results by crosslinking HA with glycidyl 
methacrylate groups and DNA or by functionalizing HA with 

thiol cross-linking sites.(27)  

From the FDA approved commercially available HA-

based products Hyalogran® is used for pressure wounds, 
ischemic and diabetic wounds, and foot ulcers, especially those 

that are covered with necrotic tissue; Hyalomatrix® can be used 

on abrasions, chronic vascular, diabetic, pressure or venous 

ulcers, partial or full thickness wounds, second degree burns, 

and post-surgery wounds, and Jaloskin® is indicated for 

superficial exudative wounds such as chronic vascular, diabetic, 

pressure or venous ulcers, post-surgery wounds, first and second 

degree burns, and abrasions.(18,46-48)  
 The HA hydrogel that encapsulates amniotic fluid 

stem cells could retain and disperse cytokines and growth 

factors that were discharged from those cells long after their 
presence was observed. Nanoparticles enhanced with HA and 

vitamin E inside a thin film discharges the vitamin in a 

controlled manner and reduces the water loss. Wound healing 

was enhanced in a diabetic mouse model if matrix 
metalloproteinase enzyme (MMP) degradable HA hydrogels 

were enriched with VEGF plasmids. Porous nanoparticles based 

on HA that contained PDGF-BB had better results regarding rat 

excisional wound healing when compared to the control 
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group.(8) Another study centered upon creating freeze-dried 

collagen-GAG scaffolds with a mean pore size of 85 to 325 

μm.(49) 
Because HA can bind to CD44, and their interaction is 

thought to be involved in malignant tumor invasion, caution is 

advised. On the other hand, if their interaction takes place in the 

cartilage it can improve homeostasis because it modulates 
chondrocytes’ life cycle and metabolism and it is also involved 

in cell migration and leukocyte activation.(16,26)  

Heparin and Heparan sulfate display anticoagulant 

properties and anti-cancer potential (50), but many other studies 
regarding heparin’s effect are currently performed. These human 

and animal studies are centered on acquired HIV, adult 

respiratory distress syndrome, allergic encephalomyelitis and 

rhinitis, arthritis, asthma, inflammatory bowel syndrome, 
interstitial cystitis, and transplant rejections. Heparin and HS 

showed HIV1 and 2 reduced ability to adhere to T4 cells, it 

neutralized cytotoxic cell products improving animal’s lung 

function, reduced cell activation and gathering, inflammatory 

cell transport, collagen destruction, metastasis, tumor growth, 

increased animal survival time, and prolonged allograft survival 

time in animal studies.(51-53) New drugs that are structurally 

similar to heparin are also being developed, with various 
biological activities against angiogenesis, allergies, adhesion, 

inflammation, and metastasis, while being orally active, non-

immunogenic, non-anticoagulant, and heparanase inhibiting.(51) 

Several molecular biological assays rely on heparin’s ability to 
hinder DNA to RNA polymerase bonding because heparin can 

occupy the DNA binding sites. Low molecular weight  heparins 

have longer half-life (4 hours compared to 1-2 hours), high 

bioavailability and estimable anticoagulant response, with a 
reduced risk of heparin-induced thrombocytopenia and 

osteoporosis compared to unfractionated heparin.(54,55) 

Heparin interacts with antithrombin III and enhances the 

inhibition of factor Xa and IIa, and with annexin V enhance the 
protein oligomerization.(15,54) 

HS interacts with tropoelastin, is involved in the 

formation of elastic fibers while being present in human dermis 

elastic fibers and as proteoglycan cell surface receptors. Its 
proteoglycans are involved in adhesion between cells and 

matrix, growth factor binding, immunomodulation (against 

parasites and viruses), protease and early embryonic 

development modulation, hemostasis regulation, and lipoprotein 
metabolism.(16,29,56) Scaffolds based on heparin-coated 

aligned nanofibers showed promising results for full-thickness 

dermic remodeling in regards to an endothelial cell infiltration 

increase, and a mixture of HS and OTR4120 polymer stimulated 
angiogenesis and collagen maturation while decreasing the 

inflammation, and accelerated the wounds and burns 

regeneration process.(3,14,52) Heparin/HS acts through several 

pathways like cell proliferation, anticoagulation pathway, and 

virus entry with enzymes like N-deacetylase/N-sulfotransferase, 

glucuronyl C5-epimerase, uronosyl 2-O-sulfotransferase, 

glycosaminyl 6-O-sulfotransferase, glucosaminyl 3-O-

sulfotransferase changing their structure and, hence, their 
biological applications.(16) HS is also involved in anti-viral 

protection because it prevents virus-to-cell attachment due to the 

GAG’s covalent link to a protein core at the cell surface, GAG’s 
negative charge and high sulphate level that all block virus 

particles from interacting with the host cell.(57) Propylene 

glycol alginate sodium sulfate, a sulfated ALG derivative, is 

used in China for more than 30 years as an oral heparinoid for 
its blood thinning properties.(58,59) 

Chondroitin sulfates downregulate MMPs, COX-2, 

IL-1β, NOS2, and TNFα expression by impeding the NF-κB 

(proteins that modulate DNA transcription, cytokine production 

and cell survival) signaling pathways, hence providing anti-

inflammatory conditions.(60) Because the neuronal system is 

loaded with all CS proteoglycans, they inhibit excessive growth, 
and cell and neurite motion but if these proteoglycans are 

upregulated then this may lead to gliomas. CS binds to 

glycoprotein C through the E unit and may inhibit the Herpes 

simplex virus access. CS obtained from shark cartilage 
consumed with glucosamine helps arthritis and osteoporosis 

treatment and if CS is combined with chitin and chitosan an 

increased proteoglycan production will improve cartilage 

deficiency treatment, mainly because of DS and CS ability to 
form proteoglycans that contain aggrecan, biglycan, decorin, 

and versican.(16,61,62) Aggrecan also binds to KS, as well as 

ephrin and semaphoring.(18) More effects of CS use in wound 

healing are listed in table no. 2, such as ternary scaffolds of silk 
fibroin-CS-HA that were tested on mice and displayed an 

accelerated wound healing, with a regenerated dermis and 

granulation tissue, and better angiogenesis and collagen 

deposition.(28) 

HA- and CS-based hydrogels were made, after cross-

linking PEG propion-dialdehyde to their adipic dihydrazide 

derivatives, and both of them were used in full-thickness 

wounds on a rat model. The clear and flexible gels formed in a 
matter of minutes, at a neutral pH and at room temperature, to 

which Tegaderm® was added, and showed increased re-

epithelialization after 5 and 7 days and more fibro-vascular 

tissue after 10 days since the injury was made. Other skin 
healing evidences were present, such as cell migration, 

differentiation and growth factors, and other matrix elements 

aggregating, suggesting that this hydrogel might be considered, 

in fact, a bio-interactive scaffold.(37)  
Dermatan sulfates and CS are involved in cartilage 

function, cell and protein interaction, perception and response, 

coagulation, fibroblast growth factors, hepatocyte growth factor, 

hemostasis regulation at the subluminal spaces, heparin cofactor 
II binding, pathogen receptors interaction, tenascin-X 

interaction, and neurotransmission and are present on the cells’ 

surface or in the ECM.(16) Single and repeated doses of 

intramuscular DS were use on healthy human subjects and 
showed a linear relation between plasma the activated partial 

thromboplastin time and thrombin clotting time response and 

DS concentration. The DS was absorbed slower after the single 

shot and faster after the repeated dose. The terminal half-time of 
lower molecular weight DS was 12 hours after repeated i.m. 

injections.(63) Vascular DS might help regulate the 

antithrombotic effect of Heparin Cofactor II (HC II) in a mouse 

study, maybe because DS binds specifically to HC II in the 
carotid artery adventitia. By modulating heparin’s cofactor II 

activity, DS inhibits thrombin, but not as well as heparin, and 

can link itself to activated protein C with a factor V inhibition 

effect, both leading to an anticoagulation effect (64). Ultrathin 

polymer coating application for two weeks of chitosan, DS, and 

poly 2 that delivered siRNA with MMP-9 gene as a target 

improved the diabetic mouse’s model wound healing.(8)  

Keratan sulfates levels decrease after an injury while 
HS and CS levels increase, but if the tissue is not harmed these 

components show a different status, where the KS level is high 

but the HS and CS levels were decreased, these observations 
leading to the idea that, in bovine and human studies, GAGs 

play a differential regulatory role in cell migration for injured 

and non-wounded tissue.(18,65) If the cornea is wounded then 

the KS synthesis is low and usually nonsulfated, but keratocytes 
will divide and will have a fibroblastic behavior similar to 

corneal fibroblasts that were cultured. KS will come to a normal 

level after the cell migration stops.(34) 
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Table no. 2. Biological characteristics of glycosaminoglycans 
Properties Description References 

Formulations 

CS:  micro-, nanocapsules, lyophilized, films, nanofibers, coating, hydrogel, 

HA:  Biomimetic hydrogels, creams, coating, foams, gauze, hydrofibers, hydrogels, injections, nanofibers, 

nanoparticles, scaffolds 

Heparin: IV, solutions 

HS: porous scaffolds and mesh 

(18, 40, 49, 66–

68) 

Topical 

biocompatibility 

Confirmed. CHI/CS/AgSD films: not toxic to Vero cells.  

Caution with over-sulphated CS and i.v. heparin. 
(15, 40, 64) 

Local properties 

CHI/CS/AgSD and CHI/CS films promote cell proliferation 

CS: pain relief, anti-inflammatory, antirheumatic, anticoagulant,  

HA: cicatrizer, slowing diffusion barrier at intercellular spaces, shield for fibroblasts, matrix interactions, 

mesothelial cells, and some stem cells 

Heparin and DS: Antithrombotic, Heparin helps neovascularization 

HS: cell adhesion, cell growth and proliferation regulator, collagen maturation, developmental processes, cell 

surface binding of lipoprotein lipase and other proteins, angiogenesis, chondrogenesis regulator 

(3, 14, 52, 61, 

69, 70, 15–18, 

28, 32, 40, 45) 

Mechanisms 

1. CS targets "intrinsic tenase complex with low FXII activation”, lowers COX-2, IL-1β, MMPs, NOS2, and 

TNFα expression 

2. DS interacts with fibroblast growth factor FGF-2 and FGF-7 for cellular proliferation and wound repair, 

3. HS and CS targeted by Bleomycin in cancer cells, 

4. HS interacts with dimeric cytokines & binds to/regulates interferon γ, 

5. Heparin – binds to FGF-2; liver reticuloendothelial system metabolism, antithrombin-dependent.  

(5, 13, 34, 35, 

37, 44, 46, 56, 

57, 61, 63, 64, 

14, 71–74, 15, 

16, 20, 23, 25, 

30, 32) 

Immunogenicity 

Block the virus-host cell receptor interaction 

HA: non-immunogenic 

HS: prevents viral invasion, and tumor metastasis 

HSGAGs: prevent tumor metastasis 

(14–16, 26, 42, 

64, 67, 75) 

Anti-infectious 

properties 

CHI/CS/AgSD films against P. aeruginosa and S. aureus  

CHI/HA- antibacterial 
(18, 40) 

Anti-inflammatory 

properties 

CHI/ GAG: anti-inflammatory 

CS suppress the nuclear translocation of NF-κB  

Heparin and CS disrupt the chemokine-GAG interaction 

HSGAGs and OTR4120 show anti-inflammatory effects 

(3, 16, 18, 42, 

50)  

3D scaffolds 

Collagen-glycosaminoglycan scaffolds, Chitosan-CS hydrogels, Silk fibroin-DS-CS ternary scaffolds, 

Electrospun CS/polyvinyl alcohol nanofibers, Silver sulfadiazine (AgSD) loaded chitosan/chondroitin 

(CHI/CS) sulfate films, CS+collagen II+grafted porous PCL, Heparin-coated aligned nanofiber 

(12, 18, 77, 78, 

27, 40, 49, 66–

68, 75, 76) 

Elimination 

Physiological, Not in milk (heparin doesn’t transfer into milk in nursing women) 

HA: Gastro-intestinal tract, hepatic, pulmonary and renal; through enzymatic or non-enzymatic reactions, 

made through the canal of Schlemm 

Heparin: Renal clearance 10% (active fragments) and 40% (active and non-active fragments) of the dose 

(79) 

HA: (26) 

Hep: (80) 

 

Decorin, a proteoglycan derived from CS and DS, has 

an important role in collagen fibrillo-genesis and in keeping the 
skin’s integrity because of its ability to regulate collagen 

structures.(6) Fibrillar collagen’s thickness and new matrix 

accumulation rely on the proteoglycan chains (ionic) interaction 

within fibril spaces, where its protein binds to the collagen 
fibrils and create an anionic GAG bridge and gives a 

mechanically stable structure. Anionic GAGs, CS, DS, and KS 

if linked to decorin will space the collagen fibrils at 65 nm in a 

non-covalent manner and will make thinner collagen fibril if this 
proteoglycan has an increased concentration. If it is absent, the 

degree and rate of collagen fibrillo-genesis will be influenced by 

the thicker and unorganized fibril huddle. Anionic GAGs 

display compressive features because they are able to swell and 

to make spaces between the elastic collagen fibrils and it is 

thought they are able to transform local compression into tensile 

strength through a sliding model of proteoglycan-collagen 

filament.(6,33) Decorin absence will lead to abnormalities in 
collagen morphology, higher skin fragility, inferior and irregular 

fiber structure, and improper fibrotic evolution after a 

myocardial infarction.(6) Lumican, a  keratan sulfate 

proteoglycan, modulates the toll-like receptor 4 signaling 
pathway from macrophages that are lacking lumican and helps 

reduce the pro-inflammatory reaction.(18) 

 

CONCLUSIONS 
Glycosaminoglycans have a wide variety of sources 

and applications, with proven antibacterial, antiviral, 

antioxidant, antitumor, and anti-thrombotic properties, low 

cytotoxic level against healthy cells and a hydrophilic character. 
When mixed with other substances, compounds and/or materials 

all these benefits are enhanced. Because they are checking 

nearly all the characteristics of an ideal wound dressing, and the 

possibilities of creating new blends are infinite, the research 
centered upon creating new or improved GAG-based wound 

healing biomaterials must be continued. 
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