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Abstract

Severe or chronic wounds related to diseases or serious incidents have received big atten-
tion from not only a scientific standpoint but also a business perspective. Therefore, an
effective treatment to abridge the long-term hospitalization of severe wound becomes
indispensable. Glycosaminoglycan (GAG), one of the extracellular matrix molecules
produced by fibroblasts, participates in cell-cell and cell-matrix interactions, in cell pro-
liferation and migration, and in cytokine and growth factor signaling associated with
all phases of wound recovery. Natural polysaccharide, for example, calcium alginate,
which consists of mainly differing ratios of p-mannuronic and r-guluronic acid and rich
of calcium ions, has been demonstrated to functionalize the glycosaminoglycan activity
during wound healing. Once the trigger of the underlying wound healing mechanisms
was understood, it should be possible to find ways to enhance and resolve the wound
healing process in the patient with conditions and may lead to the potential for treatment
alternatives in the future clinical field.

Keywords: glycosaminoglycan (GAG), extracellular matrix (ECM) molecules, cytokines,
natural polysaccharide, wound healing

1. Introduction

Wound injuries are the most common health problem people faced in decades and continu-
ously demand advanced wound management strategies to obtain optimal healing. Wound
injuries can range from small wounds caused by daily activities to chronic or severe wounds
caused by diseases or serious incidents. Besides the type of wound being treated, the effective-
ness of wound management also involves a better understanding of different factors such as
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the healing process and the physical-chemical properties of the available dressings [1]. Mostly
in small wounds, tissue injuries will heal completely with normal healing phases within
weeks [2]. On the other hand, severe or chronic wounds are hard to heal within months or a
year and often reoccur with persistent inflammation [3], which represent major challenges to
patients medically and financially. Therefore, proper wound dressings that have the ability to
accelerate the wound healing phases and reduce the healing time simultaneously are required
to overcome this problem.

Glycosaminoglycans (GAG) are extracellular matrix molecules that have significant roles in the
control of the all wound healing phases, either an acute wound or severe wound, such as an
effective mediator of angiogenesis and inflammation [4, 5] and promote the wound recovery by
leading to rapid granulation, vascularization, and reepithelialization [6]. As a GAG-rich content,
the use of natural polysaccharide as wound dressing-based material is proposed to enhance the
healing phases, especially to abridge the long-term healing mechanism in severe wound injury,
determined by several studies and clinical trials. This chapter will further discuss the detail
mechanisms and efficacy of natural polysaccharide in accelerating the wound healing process,
thereby intended to encourage the advanced strategies for future wound management.

2. The involvement of glycosaminoglycan during wound healing

Generally, wound healing has been represented with the complexity and overlapping of
its phases. These processes integrate a dynamic interaction between cells and extracellular
matrix (ECM) that trigger tissue or organ regeneration. The significant roles of ECM and its
components during each stage of the healing process are represented by structural matrix
provision and function of signal transduction compliance in the dynamic of biological reac-
tions during each stage of the healing process [7, 8-11].

ECM provides structural and functional integrity to connective tissues and organs [12]; yet its
synthesis and deposition mainly occur in response to growth factors, cytokines, and mechani-
cal signals mediated via cell surface receptors [13]. In the case of wound healing, ECM consists
of at least four major classes [8]: (1) structural proteins such as the collagens and elastin; (2)
multidomain adhesive glycoproteins such as fibronectin, vitronectin, and laminin; (3) glycos-
aminoglycan (GAG) such as hyaluronic acid (HA), proteoglycans (PGs) including versican,
syndecans, glypicans, aggrecan, and perlecan (chondroitin sulfate (CS)/dermatan sulfate
(DS), and heparin sulfate (HS))—and keratin sulfate (KS), often in large amounts; and (4)
matricellular proteins such as secreted protein acidic and rich in cysteine (SPARC, also known
as osteonectin and BM-40), thrombospondins 1 and 2, tenascin C and X, and osteopontin.

GAG is the important constituent of the extracellular matrix found on cell surfaces [14] and
widely distributed in connective tissues. GAG is composed of characteristic repeating disaccha-
rides, with specific monosaccharides sulfated at each of C,, C,, C,, and C, [15]. These compounds
are highly anionic polymers, which interact with many cationic species (such as ions and pro-
teins) due to the presence of the carboxylic acid and sulfate functional groups [16]. The negative
ion charge of GAG molecules carries was considered substantial in many biological processes.
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Among the various molecules secreted by ECM, the GAG has partners that have significant
roles in the control of the all wound healing phases, either acute wound or severe wound.
Those molecules participate in cell-cell and cell-matrix interactions, in cell proliferation and
migration, and in cytokine and growth factor signaling, thus locally modulating their biologic
activities. In an acute wound, the healing progresses through the normal phases of wound
healing (hemostasis, inflammation, proliferation, and remodeling) within weeks, while in a
severe wound, those phases do not progress normally, mostly within months or years, thus
needing an appropriate supplementary treatment to enhance the healing process. Therefore,
GAG or GAG-containing material treatment is expected to become a key to turning and accel-
erating not only acute wound but also especially severe or chronic wound healing problems.

2.1. Role of glycosaminoglycan in acute wound healing
2.1.1. Hemostasis phase of wound healing

Hemostasis is the beginning of the wound healing process and may be defined as the interac-
tion between platelets and vessel of vascular injury. The vital mediators of hemostasis are fibrin,
platelets, and blood vessels. In the first 1 or 2 hours after injury, wound repair starts with the for-
mation of a fibrin matrix through the proteolytic cleavage of fibrinogen by thrombin, and fibrin
directly binds to platelets to produce a clot [17-21]. The « granules of platelets release numerous
growth factors, such as PDGF, TGF-a, TGF-B, bFGF, IGF-1, and VEGF [22, 23]. Further, PDGF
and IGF-1 call up and activate the fibroblasts as well as synthesize GAG and collagen to lead the
migration and proliferation of the cells into the wound site [24, 25].

The enzymes of the fibrinolytic resist the clot formation. On the other hand, serpins ensure
that excessive fibrinolytic activity does not occur. The ECM contains a network of scaffold
proteins that are linked by GAG. GAG, especially HS, plays a key role as anticoagulants that
have important acts to manage the regulations of many of the serpins [15]. HS represents
50-90% of the total GAG content [25] and is only in contact with blood when an injury occurs
[26, 27]. HS has been identified binding with more than 100 proteins involved in hemostasis,
many growth factors, proteins involved in lipid metabolism, and proteins of the ECM [28]. In
addition, HS maintains hemostasis as an effective mediator of angiogenesis at the surface of
endothelial cells [4].

Summarily, the hemostasis phase begins the healing process, generates blood clot formation
which maintains the structure of vessels, and provides a temporary matrix, secreting cyto-
kines and other growth factors, in order to prepare the wound bed for the next phase of the
healing process.

2.1.2. Inflammatory phase of wound healing

The inflammatory response is elicited by infection or tissue injury involved in the distribution
of blood components (plasma and leukocytes) to the damage site [29, 30]. This phase occurs in
the next 24-48 hours after injury on average accompanied by inflammation symptoms, such
as redness, body heat, swelling, and pain around the wounded place [31]. Once the bleeding is
controlled, the key cells of the inflammatory response such as neutrophils, macrophages, and
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lymphocytes assemble into the wound site, simultaneously release a large number of active
mediators (cytokines and growth factors), and thus stimulate the inflammatory phase [32-34].

HA, a non-sulfated GAG of the ECM, is involved in a significant process of the inflammatory
phase. During this phase, HA assembles in the wound bed and regulates early inflammation
to modulate inflammatory cell and fibroblast cell migration, pro-inflammatory cytokine syn-
thesis, and the phagocytosis of invading microbes [5]. Moreover, HA may bind and improve
the efficiency of chemokines to neutrophils. Butler et al. revealed that HA appeared able to
present stimuli to neutrophils [35]. HA on the endothelial surface was increased as well as
the efficiency of recruitment of neutrophils. In the inflammatory phase, neutrophils collage-
nase and elastase eliminate damaged tissue from the temporary matrix of the wound site,
while monocytes transform into macrophages and phagocytose fragments of denatured ECM
debriding the wound site and inactivating any source of microbial infection through the activ-
ity of secreted proteases.

At sites of inflammation, the low-molecular-weight HA fragments (accumulated from deg-
radation of high-molecular-weight HA) can initiate Toll-like receptor 2 and Toll-like recep-
tor 4 induction of pro-inflammatory cytokines IL-6, TNF-a, and IL-1p [36]. Furthermore, the
growth factors and cytokines released by the inflammatory cells induce the migration and
proliferation of fibroblast and keratinocyte, which synthesize the levels of HA. All along the
reepithelialization process, where epithelial cells migrate across the new tissue to form a bar-
rier between the wound and the environment, the level of HA was found significantly ele-
vated [37]. The secretion of cytokines such as TGF-f, PDGF, FGF-2, IL-1, and TNF-a modulate
collagen deposition by fibroblasts and penetration of new blood vessels into the wound site.

2.1.3. Proliferation phase of wound healing

During the proliferation phase of wound healing, over the next 2 or 3 days and lasts for about
2 weeks thereafter, the layer of a new matrix by fibroblasts restores the tissue at the wound
site. The other mesenchymal cells also enter the inflammatory site of the wound in response to
growth factors that are necessary for the stimulation of cell proliferation [38]. Moreover, fibro-
blasts, endothelial cells, and keratinocytes produce IGF-I, FGF-2, TGF-p, PDGF, and VEGEF,
promoting cell migration and proliferation, matrix synthesis, and angiogenesis.

The fibroblasts synthesize collagen and PGs. Both of them act to form an unstructured con-
nective tissue medium that provides new cells to migrate. A number of PGs were presented
in the wound site, and their GAG side chains were involved in the stabilization and activation
of growth factors [15]. Sulfated PGs with CS and DS contribute in collagen polymerization
[39], and HS PGs on cells can create anchors to the surrounding matrix [40]. The PGs provide
a matrix for cellular attachment, and some PGs (hyalectans) form ternary complexes with HA
hydrating the tissue promoting cell survival and migration above the granulation tissue to
cover the wound site.

2.1.4. Remodeling phase of wound healing

Remodeling is the final phase of wound healing which is achieved over longer periods of up
to a year after the initial wound injury [41]. This phase is characterized by wound surface
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contraction [42]. During this phase, new epithelium forms along with the transition of granu-
lation tissue to a mature scar. This process is accompanied by high mechanic strength of the
formed tissue, reduction of capillary amounts by combining into bigger blood vessels, lower-
ing cell density and metabolic activity of the tissue, and lowering the content of GAG [43, 44].
The mechanic strength of the formed tissue equals 25% related to the dermis and equals 80%
related to the unchanged tissue after many months of reconstruction [43, 45, 46]. Considering
that GAG activities are able to reduce the inflammatory responses and ECM deposition in the
early phases of wound healing, a proper wound handling in the beginning of injury with a
GAG-rich-containing material is expected to heal the wound more closely to normal skin and
reduce the period of this phase.

2.2. Role of glycosaminoglycan in severe or chronic wound healing

Severe or chronic wounds, hard-to-heal wounds related to diseases or serious incidents, were
also commonly encountered instead of acute wounds. Mostly, this issue has been associated
with the aging of the population. Unlike acute wounds, the treatment and management of
severe wounds represent major challenges to patients medically and financially, resulting in
a long-term recovery.

Severe wounds are frequently characterized by persistent injury and prolonged inflamma-
tion, high incidence of bacterial biofilms, and excessive proteolysis [3]. Impairment of mac-
rophage function and angiogenic response is also suggested, which are mostly related to
severe wounds healing process [47, 48]. Due to the prolonged inflammation, an excessive
recruitment of inflammatory cells to the wound bed will be incurred and produced by the
large numbers of neutrophils. It is known that neutrophils can eliminate damaged tissue from
the temporary matrix of the wound site and prevent microbial infection. On the other hand,
however, the unmanageable neutrophils” potential to kill pathogens also can lead to excessive
protease production that initiates significant tissue damage to the host which is harmful to
wound healing as they cause degradation of the ECM and growth factors [16]. Furthermore,
the inefficient cell proliferation due to ECM molecule degradation within the wound leads to
impaired angiogenesis that indicates further wound bed defacement and impaired healing.
Hence, in order to conquer this issue, the prevention of prolonged inflammation is a goal
strategy in severe wound therapy.

GAG has been found to bind to neutrophils, macrophages, and lymphocytes which are the
key cells of the inflammatory response. The effect of excessive protease production caused
by too many activated neutrophils in the wound site can be inhibited by electrostatic bind-
ing with certain anionic polymers such as GAG or functionalized dextrans [16]. The highly
anionic nature of GAG that was expected would be ion pairing with the cationic neutrophils
to interfere the activity of these cationic proteins via charge interactions. Therefore, it may
be possible that by this mechanism the excessive neutrophil recruitment is reduced and the
wound can pass from the inflammatory stage to the next stage of healing.

However, after serious tissue injury, the glycanases and proteases can destroy GAG [49]. The
lack of GAG in severe wounds can be fixed with the addition of GAG-containing material,
such as a natural polysaccharide, directly into the wound site as a wound dressing. With the
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rich source of GAG at the wound environment and a better understanding of GAG roles in
healing processes, it has been possible to formulate therapeutic strategies which are expected
to accelerate severe wound healing.

3. Natural polysaccharide in wound healing

3.1. The properties of natural polysaccharide

Glycosaminoglycan (GAG) has been shown to perform significant roles in cell signaling and
development, angiogenesis, anticoagulation, and co-receptors for growth factors, which
belong to the control of the all wound healing phases, both of acute wound and severe wound.
GAG is an enormous complex of carbohydrate molecules that interact with several proteins
involved in physiological and pathological processes [50, 51]. GAG, with a molecular weight
roughly around 10-100 kDa, is a linear negatively charged polysaccharide. This electrostatic
characteristic is useful for managing the excessive protease production through ion pairing
with the cationic neutrophils and interfering the activity of these cationic proteins via charge
interactions [16]. Once the excessive neutrophil recruitment is reduced as well as the excessive
protease production, the wound can pass efficiently from the inflammatory stage to the next
stage of healing, especially for severe wound injury.

Polysaccharides, especially natural polysaccharide, have been extensively used in wound-
dressing development due to their properties such as being biocompatible, nonimmunogenic,
and antimicrobial [52-54]. They appeared as abundant sources in many different forms of
plants and production in the body. Based on their availability, a natural polysaccharide with
different chemical structures and physical properties represents a large source of materials for
progressive applications in the future, especially in the domain of biomaterials for the medical
field [55, 56].

Containing a beta-1,3-p-glucan linker, natural polysaccharides contribute to the wound heal-
ing process because of their ability to stimulate immune system activation by activating mac-
rophages that clean up the wound site after injury [57]. The macrophage is one of the major
inflammatory cells in wounds. It has many substantial functions during wound healing, such
as host defense, the promotion and resolution of inflammation, the removal of apoptotic cells,
and the support of cell proliferation and tissue restoration following injury [58]. In several
studies, natural polysaccharides have been shown to enhance macrophage cytotoxic activity
against tumor cells and microorganisms and activate phagocytic activity by escalated reactive
oxygen species (ROS) and nitric oxide (NO) production [59-61]. These abilities are useful for
enhancing the quality of the wound healing process.

3.2. The effect of natural polysaccharide structure in wound healing: animal studies

Alginate, chitosan, and hyaluronic acid are mainly natural polysaccharides that are consid-
ered as good candidates for the management of wounds in decades. Alginate, as a prominent
example of a natural polysaccharide with the abundance of GAG, has been utilized to become
platforms used for fabricating wound dressing materials. Spun as calcium alginate wound
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dressing, a severe wound injury in swine model treated with this material exhibited a rapid
reepithelialization and less scar formation, which appeared with a smooth wound, compared
to commonly used wound dressing [62]. The ability of natural polysaccharide reduces scar
formation in severe wound injury due to its rich content of GAG which was known to pro-
mote wound healing and leads to rapid granulation, vascularization, and reepithelialization,
thus yielding a minimum scar formation certainly [6]. As well, once the dressing is attached
with the wound, an ion exchange reaction occurs between the calcium in the alginate and the
sodium in the exudate, producing a soluble gel which in turn helps maintain a moist wound
environment [63]. A moist wound environment will prevent the scab’s formation and facili-
tate the growth and migration of cells to optimize the formation of new tissues.

Regarding immune system activation, the release of pro-inflammatory cytokines, such as
IL-1B, IL-6, IL-8, IFN-y, and TNF-q, after wound injury also takes an important part during
the wound healing process. Various crucial processes at the wound site, such as stimula-
tion of keratinocyte and fibroblast proliferation, synthesis and breakdown of ECM proteins,
and regulation of immune response, were handled with these cytokines [64]. Their expres-
sions were shown to be intensely upregulated during the inflammatory phase of healing and
strongly reduced after wound healing was impaired [65].

Natural polysaccharide, by its oligosaccharides (B-glucan, xyloglucan, chitin, pectin,
p-mannuronic, and L-guluronic), can stimulate human cells to produce cytokines [66, 67].
Particularly, the mechanism of B-glucan is mediated by several receptors including dectin-1
receptor, Toll-like receptors (2, 4, 6), complement receptor 3, scavenger receptor, and lac-
tosylceramide [68]. Once binding to the dectin-1, as the most important receptor, p-glucan
stimulates the production of many cytokines or activates other immune and nonimmune
reaction mechanisms [69]. Martins et al. demonstrated that a polysaccharide-rich fraction of
Agaricus brasiliensis is able to regulate the host response by activating both pro- and anti-
inflammatory mechanisms, thus increasing the production of TNF-a and IL-1p by human
monocytes through modulation of Toll-like receptor 4 and Toll-like receptor 2 expression [70].
In addition, even after TLR blockade, these polysaccharides still activated the monocytes to
produce considerable levels of IFN-y, IL-1, and IL-10. TNF-a and IFN-y were recognized as
the important agents of the anti-mycobacterial cytokine cascade, and IL-10 was considered as
an inhibitory cytokine which is important to the adequate balance between inflammatory and
immunopathological responses [71]. On the other hand, IL-1p is known as a critical media-
tor of inflammation which is involved in neutrophil mobilization, cellular adhesion to the
endothelium, and white blood cell infiltration [72, 73]. Zhao et al. determined the wound
healing effect of an Astragalus membranaceus polysaccharide treatment and its mechanism
through in vitro and in vivo studies. The results showed that this polysaccharide was able to
promote human skin fibroblast propagation and accelerate cell cycle progression, as well as
the reepithelialization, revascularization, and cytokine secretion of TGF-p1, bFGF, and EGF
which significantly confirmed the accelerated wound closure in mouse wound model [74].
TGF-p1 is an important promoter in the fibroblast proliferation and the secretion of ECM and
inhibits its degradation, while EGF and bFGF are important stimulators in the formation of
reepithelialization and keratinocyte migration in wound healing [75]. Moreover, the pain and
the mechanism of pain signals including peripheral and central processing are also related to
the modulation of TGF-p, which is implicated in the pathogenesis of keloids and hypertrophic
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scarring [76]. The use of calcium alginate dressing for severe wound injury treatment in the
animal model demonstrated high levels of TGF-p1, TGF-p2, and TGF-B3, suggesting that it
might contribute to reduced pain perception [62].

3.3. The application of natural polysaccharide in clinical trials

There are also several clinical trials of natural polysaccharide for wound repair. A natural poly-
saccharide that contains rich GAG has been widely used in the medical field as electrospun regen-
erative materials in the act of matrices that mimic tissues which are being replaced during wound
healing. HA-based dressings have been used for chronic wound ulcer treatment of various etiolo-
gies, burns, and epithelial surgical wounds. The results revealed that HA significantly upgraded
the healing process of wounds compared to traditional standards of care [77]. In line with this
result, chitosan and alginate, fabricated as gelling fiber dressing, have been examined to acceler-
ate the healing of patients with chronic non-healing wounds [78, 79]. This dressing has the ability
to gel when in contact with wound fluid, less painful to remove, suitable for moderate to high
exudate, reduced bioburden, and maintain hemostasis. Taken together, all of these benefits nomi-
nate natural polysaccharide as an advisable material in accelerating the wound healing process.

4. Limitation to using natural polysaccharide in wound healing

Generally, natural polysaccharide has demonstrated considerable merit as a treatment for
chronic wounds for their anti-inflammatory and moist wound environment preservation abili-
ties. Despite, especially for atopy people (the people with genetic tendency to develop allergic
diseases), a natural polysaccharide may induce the immune system to overreact and cause irri-
tation due to its heterogeneous complex structure. Hence, the control of the molecular weight
of natural polysaccharide is expected to overcome this limitation. Through the selection of
desirable molecular weight, we could simplify or remove the excessive part of natural polysac-
charide that may cause the hypersensitivity reaction. Additionally, in the dry wound, these
properties may also lead to the inefficiency of the wound healing process. They may cause
dehydration to the dry wound, thus reducing blood flow and the epithelial cells” migration
ability around the wound site which interrupts the creation of new tissue. As evidence, reepi-
thelialization of the wound site is more rapid under moist conditions than under dry ones with
natural polysaccharide wound dressing treatment [80-82]. With controllable molecular weight,
it is probable that the potential of natural polysaccharide in accelerating the wound healing
process can be utilized as well into several types of wound injury and patient background.

A natural polysaccharide is the element of human dermal ECM [83-86]. As naturally occurring
compounds, they have been demonstrated as a great potential for medical, pharmaceutical,
and biomedical applications, including wound dressings, biomaterials, and tissue regenera-
tion, due to their economical, less toxic, and favorable compatibility profile. However, pos-
sessing a lack of protein structure, natural polysaccharide exhibits a very poor bio-stability
and difficulty to assemble a “matrix” to bridge the damaged tissue during wound healing
process, therefore facilitating wound contraction and leading to scar formation [87-89]. To
address this limitation, natural polysaccharide has been combined with the other natural
polymers or synthetic polymers to yield the desired bioactive material.
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5. Conclusion and future perspective

Wound dressings have a significant function in the management of wound recovery and have
been continuously developed upon to improve the quality of the healing process. In this respect,
a natural polysaccharide, with GAG-rich content, has been shown as a potential candidate to
enhance the healing process of the wound, especially a severe wound, due to its outstanding
properties. The detailed mechanism of natural polysaccharide involvement in wound healing
was presented in this chapter, and it is expected to raise further wound management strate-
gies. For example, recently, 3D bioprinting was expanded in tissue engineering for personal-
ized regenerative medicine; hence, natural polysaccharide can be considerably utilized as the
bio-ink for the printing of various types of structures as scaffolds as the desired function. The
combined therapeutic potential of natural polysaccharide and proper development technique
would be a promising potential not only in the wound management field but also the other
medical applications.

Acknowledgements

The author would like to thank Dr. Chih-Hsin Wang (Department of Plastic and Reconstructive
Surgery), Dr. Cheng-Che Liu (Department and Graduate Institute of Physiology and
Biophysics), and Dr. Yi-Wen Wang (Department and Graduate Institute of Biology and
Anatomy) at the Tri-Service General Hospital, National Defense Medical Center, Taipei,
Taiwan (ROC) for their helpful discussion during this chapter writing, as well as thanks to
Dewi Sartika MS for her help in documentation.

Conflict of interest

The author declared no potential conflicts of interest with respect to the research, authorship,
and/or publication of this article.

Author details

Juin-Hong Cherng'*?
Address all correspondence to: i72bbb@gmail.com

1 Department and Graduate Institute of Biology and Anatomy, National Defense Medical
Center, Taipei, Taiwan, R.O.C.

2 General Clinical Research Center for New Drug Trial, Tri-Service General Hospital,
National Defense Medical Center, Taipei, Taiwan, R.O.C.

3 Department of Gerontological Health Care, National Taipei University of Nursing and
Health Sciences, Taipei, Taiwan, R.O.C.

73



74 Wound Healing - Current Perspectives

References

[1]

2]

3]

[4]

[9]

[10]

[11]

[12]

[13]

[14]

Morgan DA. Wounds—What should a dressing formulary include? Hospital Pharmacist.
2002;9:261-266

Percival JN. Classification of wounds and their management. Surgery. 2002;20(5):114-117.
DOI: 10.1383/surg.20.5.114.14626

Demidova-Rice TN, Hamblin MR, Herman IM. Acute and impaired wound healing:
Pathophysiology and current methods for drug delivery, part 1: Normal and chronic
wounds: Biology, causes, and approaches to care. Advances in Skin & Wound Care.
2012;25(7):304-314. DOI: 10.1097/01.ASW.0000416006.55218.d0

Shriver Z, Liu D, Sasisekharan R. Emerging views of heparin sulfate glycosaminogly-
can structure/activity relationships modulating dynamic biological functions. Trends in
Cardiovascular Medicine. 2002;12:71-77. DOI: 10.1016/S1050-1738(01)00150-5

Chen WY]J, Abatangelo G. Functions of hyaluronan in wound repair. Wound Repair and
Regeneration. 1999;7(2):79-89. DOI: 10.1046/j.1524-475X.1999.00079.x

Kirker KR, Luo Y, Nielson JH, Shelby ], Prestwich GD. Glycosaminoglycan hydrogel
films as bio-interactive dressings for wound healing. Biomaterials. 2002;23:3661-3671.
DOI: 10.1016/S0142-9612(02)00100-X

Raghow R. The role of extracellular matrix in postinflammatory wound healing and
fibrosis. The FASEB Journal. 1994;8(11):823-831. DOI: 10.1096/fasebj.8.11.8070631

Schultz GS, Wysocki A. Interactions between extracellular matrix and growth factors
in wound healing. Wound Repair and Regeneration. 2009;17(2):153-162. DOI: 10.1111/j.
1524-475X.2009.00466.x

Hodde JP, Johnson CE. Extracellular matrix as a strategy for treating chronic wounds.
American Journal of Clinical Dermatology. 2007;8(2):61-66. DOI: 10.2165/00128071-
200708020-00001

Tran KT, Griffith L, Wells A. Extracellular matrix signaling through growth factor recep-
tors during wound healing. Wound Repair and Regeneration. 2004;12(3):262-268. DOI:
10.1111/j.1067-1927.2004.012302.x

Frenkel JS. The role of hyaluronan in wound healing. International Wound Journal.
2014;11:159-163. DOI: 10.1111/j.1742-481X.2012.01057 .x

Carey DJ. Control of growth and differentiation of vascular cells by extracellular
matrix proteins. Annual Review of Physiology. 1991;53:161-177. DOI: 10.1146/annurev.
ph.53.030191.001113

Boudreau NJ, Jones PL. Extracellular matrix and integrin signalling: The shape of things
to come. The Biochemical Journal. 1999;339(3):481-488. DOI: 10.1042/bj3390481

D'Ardenne AJ. Ground substance. In: McGee JOD, Isaacson PG, Wright NA, edi-
tors. Oxford Textbook of Pathology: Principles of Pathology. 1st ed. London: Oxford
University Press; 1992



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

The Strategies of Natural Polysaccharide in Wound Healing
http://dx.doi.org/10.5772/intechopen.80812

Melrose ]J. Glycosaminoglycans in wound healing. Bone and Tissue Regeneration
Insights. 2016;7:29-50. DOI: 10.4137/BTRI.S38670

Peplow PV. Glycosaminoglycan: A candidate to stimulate the repair of chronic wounds.
Thrombosis and Haemostasis. 2005;94:4-16. DOI: 10.1160/TH04-12-0812

Mosesson MW, Siebenlist KR, Meh DA. The structure and biological features of fibrin-
ogen and fibrin. Annals of the New York Academy of Sciences. 2001;936:11-30. DOI:
10.1111/.1749-6632.2001.tb03491.x

Ofosu FA, Nyarko KA. Human platelet thrombin receptors: Roles in platelet activa-
tion. Hematology/Oncology Clinics of North America. 2000;14:1185-1198. DOI: 10.1016/
S0889-8588(05)70178-7

Scheraga HA, Laskowski M. The fibrinogen-fibrin conversion. Advances in Protein
Chemistry. 1957;12:1-19. DOI: 10.1016/S0065-3233(08)60115-1

Blomback B. Studies on the action of thrombotic enzymes on bovine fibrinogen as mea-
sured by N-terminal analysis. Arkiv for Kemi. 1958;12:321-335

Blomback B, Hessel B, Hogg D, Therkildsen L. A two-step fibrinogen-fibrin transition in
blood coagulation. Nature. 1978;275:501-505. DOI: 10.1038/275501a0

Reinke JM, Sorg H. Wound repair and regeneration. European Surgical Research. 2012;
49:35-43. DOI: 10.1159/000339613

Shah JMY, Omar E, Pai DR, Sood S. Cellular events and biomarkers of wound healing.
Indian Journal of Plastic Surgery. 2012;45(2):220-228. DOI: 10.4103/0970-0358.101282

Olczyk P, Ramos P, Biernas M, Komosinska-Vassev K, Stojko J, Pilawa B. Microwave sat-
uration of complex EPR spectra and free radicals of burnt skin treated with apitherapeu-
tic agent. Evidence-Based Complementary and Alternative Medicine. 2013;2013:545201.
DOI: 10.1155/2013/545201

Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, oude Egbrink MG. The endothe-
lial glycocalyx: Composition, functions, and visualization. Pfliigers Archiv. 2007;454:
345-359. DOI: 10.1007/s00424-007-0212-8

Shworak NW, Kobayashi T, de Agostini A, Smits NC. Anticoagulant heparin sulfate
to not clot—or not? Progress in Molecular Biology and Translational Science. 2010;93:
153-178. DOI: 10.1016/51877-1173(10)93008-1

Mertens G, Cassiman JJ, Van den Berghe H, Vermylen J, David G. Cell surface heparan
sulfate proteoglycans from human vascular endothelial cells. Core protein character-
ization and antithrombin III binding properties. The Journal of Biological Chemistry.
1992;267:20435-20443

Conrad HE. Heparin-binding Proteins. San Diego, CA: Academic Press; 1998
Maijno G, Joris L. Cells, Tissues, and Disease. London: Oxford University Press; 2004

Vinay K, Cotran RS, Robbins SL. Robbins Basic Pathology. Philadelphia, PA: Saunders;
2003

75



76 Wound Healing - Current Perspectives

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

Busti AJ, Hooper ]S, Amaya CJ, Kazi S. Effects of perioperative antiinflammatory and
immunomodulating therapy on surgical wound healing. Pharmacotherapy. 2005;25(11):
1566-1591. DOI: 10.1592/phco.2005.25.11.1566

Broughton G 1II, Janis JE, Attinger CE. The basic science of wound healing. Plastic and
Reconstructive Surgery. 2006;117(7):125-34S. DOI: 10.1097/01.prs.0000225430.42531.c2

Campos ACL, Groth AK, Branco AB. Assessment and nutritional aspects of wound heal-
ing. Current Opinion in Clinical Nutrition and Metabolic Care. 2008;11(3):281-288. DOI:
10.1097/MCO.0b013e3282fbd35a

Gosain A, DiPietro LA. Aging and wound healing. World Journal of Surgery. 2004;28:
321-326. DOI: 10.1007/s00268-003-7397-6

Butler LM, Rainger GE, Nash GB. A role for the endothelial glycosaminoglycan hyal-
uronan in neutrophil recruitment by endothelial cells cultured for prolonged periods.
Experimental Cell Research. 2009;315:3433-3441. DOI: 10.1016/j.yexcr.2009.08.012

Campo GM, Avenoso A, Campo S, D’Ascola A, Nastasi G, Calatroni A. Molecular size
hyaluronan differently modulates toll-like receptor-4 in LPS-induced inflammation in
mouse chondrocytes. Biochimie. 2010;92(2):204-215. DOI: 10.1016/j.biochi.2009.10.006

Clark RAF. Overview and general considerations of wound repair. In: Clark RAF,
Henson PM, editors. The Molecular and Cellular Biology of Wound Repair. Boston, MA:
Springer; 1998

Martin P. Wound healing— Aiming for perfect skin regeneration. Science. 1997;276(5309):
75-81. DOI: 10.1126/science.276.5309.75

Hascall VC. Proteoglycans: Structure and Function. New York, USA: Plenum Press; 1981

Lark MW, Culp LA. Cell-Matrix Interaction: Biochemistry of Close and Tight-Focal
Adhesive Contacts of Fibroblasts to Extracellular Matrices. New York, USA: Mercel
Decker; 1987

MacKay D, Miller AL. Nutritional support for wound healing. Alternative Medicine
Review. 2003;8(4):359-377

Sethi KK, Yannas IV, Mudera V, Eastwood M, McFarland C, Brown RA. Evidence for
sequential utilization of fibronectin, vitronectin, and collagen during fibroblast medi-
ated collagen contraction. Wound Repair and Regeneration. 2002;10(6):397-408. DOI:
10.1046/j.1524-475X.2002.10609.x

Diegelmann RF, Evans MC. Wound healing: An overview of acute, fibrotic and delayed
healing. Frontiers in Bioscience. 2004;9:283-289

Hoffman M, Harger A, Lenkowski A, Hedner U, Roberts HR, Monroe DM. Cutaneous
wound healing is impaired in hemophilia B. Blood. 2006;108(9):3053-3060. DOI: 10.1182/
blood-2006-05-020495

Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and regeneration.
Nature. 2008;453(7193):314-321. DOI: 10.1038/nature07039



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

The Strategies of Natural Polysaccharide in Wound Healing
http://dx.doi.org/10.5772/intechopen.80812

Vedrenne N, Coulomb B, Danigo A, Bont’e F, Desmouli’ere A. The complex dialogue
between (myo)fibroblasts and the extracellular matrix during skin repair processes and
ageing. Pathologie Biologie. 2012;60(1):20-27. DOI: 10.1016/j.patbio.2011.10.002

Maruyama K, Asai J, Ii M, Thorne T, Losordo DW, D’ Amore PA. Decreased macrophage
number and activation lead to reduced lymphatic vessel formation and contribute
to impaired diabetic wound healing. The American Journal of Pathology. 2007;170:
1178-1191. DOI: 10.2353/ajpath.2007.060018

Galiano RD, Tepper OM, Pelo CR, et al. Topical vascular endothelial growth factor
accelerates diabetic wound healing through increased angiogenesis and by mobiliz-
ing and recruiting bone marrow-derived cells. The American Journal of Pathology.
2004;164:1935-1947. DOI: 10.1016/50002-9440(10)63754-6

Eming SA, Krieg T, Davidson JM. Inflammation in wound repair: Molecular and cellular
mechanisms. The Journal of Investigative Dermatology. 2007;127:514-525. DOI: 10.1038/
sj.jid.5700701

Jackson RL, Busch SJ, Cardin AD. Glycosaminoglycans: Molecular properties, pro-
tein interactions, and role in physiological processes. Physiological Reviews. 1991;71:
481-539. DOI: 10.1152/physrev.1991.71.2.481

Casu B, Lindahl U. Structure and biological interactions of heparin and heparan sulfate.
Advances in Carbohydrate Chemistry and Biochemistry. 2001;57:159-206. DOI: 10.1016/
S0065-2318(01)57017-1

Chen JP, Chang GY, Chen JK. Electrospun collagen/chitosan nanofibrous membrane as
wound dressing. Colloids and Surfaces A: Physicochemical and Engineering Aspects.
2008;313:183-188. DOI: 10.1016/j.colsurfa.2007.04.129

Noh HK, Lee SW, Kim JM, Oh JE, Kim KH, Chung CP, et al. Electrospinning of chitin
nanofibers: Degradation behavior and cellular response to normal human keratinocytes
and fibroblasts. Biomaterials. 2006;27:3934-3944. DOI: 10.1016/j.biomaterials.2006.03.016

Cai Z, Mo X, Zhang K, Fan L, Yin A, He C, et al. Fabrication of chitosan/silk fibroin com-
posite nanofibers for wound-dressing applications. International Journal of Molecular
Sciences. 2010;11:3529-3539. DOI: 10.3390/ijms11093529

Dumitriu S. Polysaccharides as biomaterials. In: S. Dumitriu, editor. Polymeric Biomaterials.
New York: Marcel Dekker; 2002. pp. 1-61

Rinaudo M. Characterization and properties of some polysaccharides used as biomateri-
als. Macromolecular Symposia. 2006;245-246:549. DOI: 10.1002/masy.200651379

Su CH, Sun CS, Juan SW, Hu CH, Ke WT, Sheu MT. Fungal mycelia as the source of
chitin and polysaccharides and their applications as skin substitutes. Biomaterials.
1997;18:1169-1174. DOI: 10.1016/S0142-9612(97)00048-3

Koh TJ, DiPietro LA. Inflammation and wound healing: The role of the macrophage.
Expert Reviews in Molecular Medicine. 2011;13(23). DOI: 10.1017/51462399411001943

77



78 Wound Healing - Current Perspectives

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Park HR, Hwang D, Suh HJ, Yu KW, Kim TY, Shin KS. Anti-tumor and anti-metastatic
activities of rhamnogalacturonan-II-type polysaccharide isolated from mature leaves of

green tea via activation of macrophages and natural killer cells. International Journal of
Biological Macromolecules. 2017;99:179-186. DOI: 10.1016/j.ijbiomac.2017.02.043

Wagener ], MacCallum DM, Brown GD, Gown NAR. Candida albicans chitin increases
arginase-1 activity in human macrophages, with an impact on macrophage antimicro-
bial functions. mBio. 2016:e01820. DOI: 10.1128/mBio0.01820-16

Lundahl MLE, Scanlan EM, Lavelle EC. Therapeutic potential of carbohydrates as
regulators of macrophage activation. Biochemical Pharmacology. 2017;146:23-41. DOI:
10.1016/j.bcp.2017.09.003

Wang CH, Chang SJ, Tzeng YS, Shih Y], Adrienne C, Chen SG, et al. Enhanced wound-
healing performance of a phyto-polysaccharide-enriched dressing-a preclinical small
and large animal study. International Wound Journal. 2017;14:1359-1369. DOI: 10.1111/
iwj.12813

Kannon GA, Garrett AB. Moist wound healing with occlusive dressings. A clinical
review. Dermatologic Surgery. 1995;21:583-590. DOI: 10.1111/j.1524-4725.1995.tb00511.x

Werner S, Grose R. Regulation of wound healing by growth factors and cytokines.
Physiological Reviews. 2003;83:835-870. DOI: 10.1152/physrev.00031.2002

Hubner G, Brauchle M, Smola H, Madlener M, Fassler R, Werner S. Differential regula-
tion of pro-inflammatory cytokines during wound healing in normal and glucocorticoid-
treated mice. Cytokine. 1996;8(7):548-556. DOI: 10.1006/cyt0.1996.0074

Iwamoto M, Kurachi M, Nakashima T, Kim D, Yamaguchi K, Oda T, et al. Structure-
activity relationship of alginate oligosaccharides in the induction of cytokine production
from RAW264.7 cells. FEBS Letters. 2005;579:4423-4429. DOI: 10.1016/j.febslet.2005.07.007

Ryan CA, Farmer EE. Oligosaccharide signals in plants: A current assessment. Annual
Review of Plant Physiology and Plant Molecular Biology. 1991;42:651-674. DOI: 10.1146/
annurev.pp.42.060191.003251

Bloebaum RM, Grant JA, Sur S. Inmunomodulation: The future of allergy and asthma
treatment. Current Opinion in Allergy and Clinical Immunology. 2004;4:63-67. DOI:
10.1097/01.a11.0000113681.18759.5e

Sun L, Zhao Y. The biological role of dectin-1 in immune response. International Reviews
of Immunology. 2007;26:349-364. DOI: 10.1080/08830180701690793

Martins PR, Soares AMV, Domeneghini AVSP, Golim MA, Kaneno R. Agaricus brasilien-
sis polysaccharides stimulate human monocytes to capture Candida albicans, express toll-
like receptors 2 and 4, and produce pro-inflammatory cytokines. Journal of Venomous
Animals and Toxins including Tropical Diseases. 2017;23:17. DOI: 10.1186/s40409-
017-0102-2



[71]

[72]

[73]

[74]

[73]

[76]

[77]

[78]

[79]

[80]

The Strategies of Natural Polysaccharide in Wound Healing
http://dx.doi.org/10.5772/intechopen.80812

Cavalcanti YVN, Brelaz MCA, Neves JKAL, Ferraz JC, Pereira VRA. Role of TNF-alpha,
IFN-gamma, and IL-10 in the development of pulmonary tuberculosis. Pulmonary
Medicine. 2012;2012:745483. DOI: 10.1155/2012/745483

Dinarello CA. Biologic basis for interleukin-1 in disease. Blood. 1996;87(6):2095-2147

Echeverry S, Shi XQ, Haw A, Liu H, Zhang ZW, Zhang ]. Transforming growth factor-
betal impairs neuropathic pain through pleiotropic effects. Molecular Pain. 2009;5:16.
DOI: 10.1186/1744-8069-5-16

Zhao B, Zhang X, Han W, Cheng ], Qin Y. Wound healing effect of an Astragalus mem-
branaceus polysaccharide and its mechanism. Molecular Medicine Reports. 2017;15:
4077-4083. DOI: 10.3892/mmr.2017.648

Thorey IS, Hinz B, Hoeflich A, Kaesler S, Bugnon P, Elmlinger M, et al. Transgenic mice
reveal novel activities of growth hormone in wound repair, angiogenesis, and myofibro-
blast differentiation. The Journal of Biological Chemistry. 2004;279:26674-26684. DOI:
10.1074/jbc.M311467200

Zhu Y, Colak T, Shenoy M, Liu L, Mehta K, Pai R, et al. Transforming growth factor
beta induces sensory neuronal hyperexcitability, and contributes to pancreatic pain

and hyperalgesia in rats with chronic pancreatitis. Molecular Pain. 2012;8:65. DOI: 10.
1186/1744-8069-8-65

Voigt ], Driver VR. Hyaluronic acid derivatives and their healing effect on burns, epi-
thelial surgical wounds, and chronic wounds: A systematic review and meta-analysis of
randomized controlled trials. Wound Repair and Regeneration. 2012;20:317-331. DOI:
10.1111/j.1524-475X.2012.00777 x

Mason S, Clarke C. A multicentred cohort evaluation of a chitosan gelling fiber dressing.
British Journal of Nursing. 2015;24:869-876. DOI: 10.12968/bjon.2015.24.17.868

Ausili E, Paolucci V, Triarico S, et al. Treatment of pressure sores in spina bifida patients
with calcium alginate and foam dressings. European Review for Medical and Phar-
macological Sciences. 2013;17(12):1642-1647

Daamen WEF, van Moerkerkn HT, Hafmans T, Buttafoco L, Poot AA, Veerkamp JH,
et al. Preparation and evaluation of molecularly-defined collagen-elastin-glycosamino-
glycan scaffolds for tissue engineering. Biomaterials. 2003;24:4001-4009. DOI: 10.1016/
S0142-9612(03)00273-4

Lamberg SI, Stoolmiller AC. Glycosaminoglycans. A biochemical and clinical review.
Journal of Investigative Dermatology. 1974;63:433-449. DOI: 10.1111/1523-1747.ep12680346

Ma L, Gao C, Mao Z, Zhou J, Shen J, Hu X, et al. Collagen/chitosan porous scaffolds with
improved biostability for skin tissue engineering. Biomaterials. 2003;24:4833-4841. DOI:
10.1016/50142-9612(03)00374-0

79



80 Wound Healing - Current Perspectives

[83]

[84]

[85]

[86]

[87]

Price RD, Berry MG, Navsaria HA. Hyaluronic acid: The scientific and clinical evidence.
Journal of Plastic, Reconstructive & Aesthetic Surgery. 2007;60:1110-1119. DOI: 10.1016/j.
bjps.2007.03.005

Vats A, Tolley NS, Polak JM, Gough JE. Scaffolds and biomaterials for tissue engineer-
ing: A review of clinical applications. Clinical Otolaryngology and Allied Sciences. 2003;
28:165-172. DOI: 10.1046/j.1365-2273.2003.00686.x

West DC, Shaw DM, Lorenz P, Adzick NS, Longaker MT. Fibrotic healing of adult and
late gestation fetal wounds correlates with increased hyaluronidase activity and removal
of hyaluronan. The International Journal of Biochemistry & Cell Biology. 1997;29:201-210.
DOI: 10.1016/51357-2725(96)00133-1

Zhong SP, Zhang YZ, Lim CT. Tissue scaffolds for skin wound healing and dermal recon-
struction. Wiley Interdisciplinary Reviews. Nanomedicine and Nanobiotechnology.
2010;2:510-525. DOI: 10.1002/wnan.100

Chansiripornchai P, Pramatwinai C, Rungsipipat A, Ponsamart S, Nakchat O. The effi-
ciency of polysaccharide gel extracted from fruit-hulls of durian (Durio zibethinus L.)
for wound healing in pig skin. Acta Horticulturae. 2005;679:37-43. DOI: 10.17660/
ActaHortic.2005.679.5

Winter GD, Scales JT. Effect of air drying and dressing on the surface of a wound. Nature.
1963,;197(5):91-92. DOI: 10.1038/197091b0

Suzuki Y, Nishimura Y, Tanihara M, Suzuki K, Nakamura T, Shimizu Y, et al. Evaluation
of a novel alginate gel dressing: Cytotoxicity to fibroblasts in vitro and foreign-body
reaction in pig skin in vivo. Journal of Biomedical Materials Research. 1998;39:317-322.
DOI: 10.1002/(SICI)1097-4636(199802)39:2<317::AID-JBM20>3.0.CO;2-8



