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1  Introduction

The focus of this chapter is the relatively new 
introduction of a 3D scaffolding fiber composed of 
HA, one of the major glycosaminoglycans (GAGs) 
found in the extracellular matrix (ECM) (Fig. 1). 
Hyaluronic acid is water loving hydrophilic and is 
found in the dermis of the skin (Fig. 2). Recently, 
it is appreciated that ECM molecules, like HA, lie 
between the cells and not only provide a structural 
framework and foundation; but also exert major 
effects on cellular function. Hyaluronic acid (HA) 
is unique among glycosaminoglycans in that it is 
nonsulfated; forms in the plasma membrane, 
instead of the Golgi apparatus; and can become 
very large with its weight often reaching the mil-
lions of KDa. In a stabilized form, it provides a 
3D-biopolymer scaffold that promotes endothelial 
cell migration [1], thus supporting neovasculariza-
tion, a foundation of granulation tissue and extra-
cellular matrix revitalization.

Under light microscopy, these molecules appear 
amorphous; however, in  vivo they form highly 
organized structures. The ECM is composed 
mainly of GAGs, proteoglycans, and structural 

proteins like collagen. In the ECM hyaluronic acid 
(HA) is known to be biologically selectively active 
based on the size of the molecule. Low molecular 
weight HA (LMWHA) is associated with inflam-
matory processes and cell phenotypes consistent 
with inflammation. High molecular weight HA 
(HMWHA) is associated with inflammatory reso-
lution and proliferative cell phenotypes.

The major requirements for burn and wound 
healing are presented in Fig. 3. HA has a role to 
play in each of these types of injury because of 
the associated dermal loss. The effect that either 
LMWHA or HMWHA imparts is largely via the 
effect on resident macrophage phenotype. As 
indicated, the first step in healing is the removal 
of bioburden including dead and decaying cells 
or senescent cells. This process can be expedited 
with surgical sharp selective debridement. 
Control of swelling is imperative so as to avoid 
collateral damage to the peri-wound. Granulation 
tissue is promoted via the infiltration of fibro-
blasts, keratinocytes, and neoangiogenesis. 
Mobilization of soft tissue prevents adhesions 
and improves interstitial and laminar flow, further 
contributing to the decreasing of edema while 
simultaneously promoting epithelial cell migra-
tion and ultimately resurfacing. The replacement 
of dermal tissue either through biologically engi-
neered tissues or through biologically active 
 molecules responsible for cell signaling and 
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Fig. 1 Structure of hyaluronic acid (HA). HA is a 
 long- chained glycosaminoglycan composed of d-gluc-
uronic acid and N-acetyl-d-glucosamine bound with 
β-glycosidic linkages. This simple molecular unit is 

repeated thousands of times and forms a structure of a 
very long linear polymer with molecular weight reach-
ing 5 × 106 kDa. Hyaluronic acid has a very high affinity 
for water
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Fig. 2 Layers of the skin including the epidermis and 
dermis. Fifty percent of the human body’s HA is found in 
the dermis and interconnects with many other proteins, 

collagen, elastin, and versican, to name a few, as well as 
resident cells of the extracellular matrix (ECM). 
Reproduced with permission [31]
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orchestration of EMC replacement bias the 
wounded area to resolve and continue the healing 
process moving toward resurfacing.

2  HA Background

As a nonsulfated GAG, HA is composed of 
repeating polymeric disaccharides of d- glucuronic 
acid and N-acetyl-d-glucosamine linked by a 
glucuroradic β1→3 bond [2–4]. Despite the 
molecular simplicity of the composition of HA, 
HA has a variety of physicochemical properties. 
Polymers of HA occur in a multitude of configu-
rations and shapes depending on their size, salt 
concentration, pH, and associated cations. In 
addition, HA is not covalently bonded to a protein 
core, but aggregates with proteoglycans [5, 6]. 
Functions of HA include hydration, lubrication of 
joints, and delineation and support of the founda-
tional framework through which cells aggregate 
and migrate in the ECM. HA synthesis increases 
during wound healing and is imperative in direct-
ing many aspects of tissue repair [7, 8]. The size 
of HA appears to be critical for the delineation of 
its function, either as a pro- inflammatory  mediator 
(LMWHA) or a proliferative (HMWHA) influ-
ence. HMWHA (usually in excess of 1000 KDa) 

is present in intact tissues and exerts anti-angio-
genic and immune suppressive bias. Smaller 
polymers of HA are potent distress signals and 
induce both inflammation and angiogenesis. 
Biosynthesis of HA occurs via specific enzymes, 
HA synthases (HAS) [8–10]. HAS are membrane-
bound enzymes that synthesize HA on the inner 
surface of cell plasma membranes, and then the 
HA is extruded through pore-like structures into 
the extracellular space. There are three mamma-
lian enzymes HAS-1, HAS-2, and HAS-3 which 
all synthesize HA polymeric chains of various 
lengths [11].

3  HA Receptors

A variety of proteins that bind to HA are termed 
hyaladherins, which are widely distributed in the 
ECM and in and on the surfaces, cytoplasm, and 
nucleus of cells (Figs. 4 and 5) [1, 12]. The most 
prominent among these receptors is the 
 transmembrane glycoprotein “cluster of differenti-
ation 44” (CD44) (Fig. 5). CD44 occurs in many 
isoforms, products of a single gene with variable 
exon expression [13]. CD44 is found on virtually 
all mammalian cells with the primary exception 
being red blood cells. Cell adhesion, migration, 
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Fig. 5 Receptor signaling pathways. Symbolic represen-
tations of the major signaling pathways, including down-
stream effects, that are activated by hyaluronic acid. TLR; 
hyaluronan receptor for endocytosis (HARE); receptor for 
hyaluronan-mediated motility (RHAMM); cluster of 
 differentiation 44 (CD44) antigen, a type 1 transmem-
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lymphocyte activation, homing, and cancer metas-
tasis are all regulated to varying degrees through 
CD44 [8, 14–16] receptors. The receptor for 
HA-mediated motility (RHAMM) is another pri-
mary receptor for HA and also occurs in several 
isoforms [17, 18]. RHAMM is a functional recep-
tor for endothelial cells and smooth muscle cells in 
pulmonary arteries and airways. The interaction of 
HA with RHAMM influences and controls cell 
growth and migration through a complex network 
of signal transduction events and interactions with 
the cytoskeleton [19]. Through these interactions, 
HA is a potent stimulator of cell motility and trans-
forming growth factor β-1 (TGF-β1) [20–27]. 
TGF-β1 elicits the synthesis and expression of 
RHAMM and HA.  HA in conjunction with  
TGF-β1 initiates cell locomotion [19, 28, 29]. 
These interactions are depicted in Fig. 5.

Hyalomatrix is now commercially available as a 
benzyl-esterified hyaluronic acid three- dimensional 
fiber known as HYAFF. The benzyl ester stabilizes 

the HA so that degradation is slowed. HYAFF is 
appropriate as a choice in wounds or burns where 
there is a significant soft tissue or integumentary 
defect. The soft tissue defect may be a result of 
debridement, the removal of necrotic/nonviable tis-
sue. In addition, often the mechanism of injury will 
predispose the individual to a large integumentary 
defect. Necrotizing fasciitis (NF) and degloving 
injuries are known for large defects. The soft tissue 
defect in the case of NF frequently is a result of the 
surgical debridements to remove the infected tis-
sues. In the instance of degloving injuries, the 
delamination that occurs destroys the anchors and 
connections between the integumentary layers.

4  Wound Healing Background

The complex interactions that occur between the 
components of the extracellular matrix (ECM) at 
a fiber level (Fig. 6) and at a cellular level (Fig. 7) 
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Fig. 6 Elastin structure. Reproduced with permission [31]
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are shown. The ECM is a very complex environ-
ment that is constantly remodeling. In the ECM 
cell signaling occurs constantly supporting the 
changing ECM functions and in response to 
wounding. HA as a molecule is intimately 
involved and responsible for altering cell pheno-
type and the resulting environmental changes that 
occur by virtue of the chemokines and cytokines 
that are produced in the important cells. The 
ECM is a dynamic structure consuming 4% of an 
individual’s oxygen as a direct result of the con-
stant remodeling that occurs [9, 30].

5  Cell Signaling

A brief review of cell signaling in the healing 
response is presented to assist in the understand-
ing of the clinical response observed in wound 
healing when using HA scaffolding fiber, here 
HYAFF. Concert of cell signaling and cell migra-
tion as it occurs in wound healing is presented in 
brief (Figs.  8 and 9). Perhaps the hamartia, the 
flaw, in the study of wound resolution and heal-
ing is the tendency to oversimplify the truly ele-
gant system that aims to ensure healing, complete 
healing, both anatomically and functionally. 
However, what causes marvel is the multitude of 

redundant though not repetitive processes which 
ensure success, wound closure [31].

The following serves to introduce the clinician, 
novice and experienced alike, to the interplay of 
cellular signaling, molecular signaling, and vascu-
lar events that occur in concert during the healing 
process. First the figures demonstrate how cells 
central to the repair process are directed based on 
global and local stimuli, which may be cytokine, 
chemokine, pH, or galvanically driven [32–34]. If 
invaders/pathogens (e.g., bacteria, fungi, virus, or 
debris) are present, key innate immune cells 
migrate and proliferate to the site of injury [33, 
34]. These include macrophage, neutrophils, NK 
cells, and gamma delta T cells. If the invader is a 
repeat offender, one that the host has successfully 
fended off previously, adaptive immune responses 
(B cell clonal expansion) are triggered [33–35]. 
Simultaneously, debris (necrotic and/or injured 
cells) is removed and a “new” wound bed exca-
vated via proteases and extracellular matrix (ECM) 
degradation. This serves two purposes: the clear-
ance of cell and invader refuse and the provision of 
pathways for (new) cellular migration and prolif-
eration constituting repair [36]. The delivery 
 timing, concentration, scaffold binding (via hepa-
rin activation or other mechanisms), target cell 
receptor  availability, active form after cleavage, 
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degradation rate, half-life, pH and presence of 
enzymes (proteases, etc.) in the wound milieu, 
hydrophobicity, hydrophilicity, scaffold (whether 
fibrin, collagen, or ECM) shape, and adhesion via 

integrins all conspire to drive growth factor, cyto-
kine, and chemokine bioavailability. Second, vas-
cular changes via endothelial cell migration and 
capillary expansion occur in response to tissue 
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with permission [31]
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hypoxia and increased lactic acid concentration. 
These responses are depicted along with the 
appropriate cells and signaling mechanisms. 
Finally, prominent cells which direct and produce 
many of the chemical messengers have the ability 

to change phenotypes during the course of the 
healing process. The macrophages offer a pro-
nounced display of this cellular functional meta-
morphosis. Macrophage have pervasive flexible 
and ever- changing role along with a multitude of 
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clarity in discussion of the overlapping activities occurring 
simultaneously. Reproduced with permission [31]
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other cells with which they communicate and 
effect change during the healing process.

The key cells and phases of healing are 
depicted in Figs. 8 and 9. These figures provide a 
cross-reference by “stage” of healing, key cells 
and signals, as well as a chronological time line, 
thus providing the reader an appreciation of the 
overlapping and essential functions directed in 
concert as opposed to an isolated or over- 
simplified view of cell function. Although 
exceeding complex, the elegance lies in both the 
redundancy and the use of paracrine, autocrine, 
and juxtacrine mediators to effect expedient reso-
lution using the resources immediately available. 
Figures 8 and 9 also illuminate the intricate and 
exquisite concert of cell migration, proliferation, 
and signaling in the context of vascular events, 
joining to culminate in healing.

5.1  Cell to Matrix

Cell to wound matrix communication occurs dur-
ing debridement and angiogenesis. Matricellular 
proteins destabilize the cell-matrix interactions, in 
essence creating a more fluid environment for cell 
migration. Proteinases, both plasminogen activa-
tors and matrix metalloproteinases (MMPs), act to 
dissolve the wound matrix both immediately after 
injury and during the proliferative and remodeling 
phase. In angiogenesis this is necessary for the 
directed migration of endothelial cells [36–38].

6  Cell Metamorphosis

Typically, a cell is thought of as having a unique 
phenotype and set of correlating functions. For 
example, a red blood cell is a myeloid cell that 
has differentiated and now has the phenotype of a 
red blood cell (RBC) whose function primarily is 
to transport and facilitate the exchange of dis-
solved gases, typically CO2 and O2. However, in 
the science of wound healing, several key cells 
demonstrate the ability to significantly morph in 
function. Three prevalent cell chameleons are 
reviewed here, platelets, macrophages, and 
fibroblasts.

Platelets, although anucleate, provide chem-
ical messengers at the point of initial injury to 
achieve hemostasis. Alpha granules, contained 
within the platelets, release PDGF, platelet fac-
tor IV, and TGF-β1 which function during the 
proliferative phase of healing to accelerate 
granulation and connective tissue proliferation 
[5]. Macrophages, usually thought of as a 
phagocyte, transition from antigen-presenting 
cell (APC) to phagocyte, to chief air traffic 
 controller, adapting their cytokine phenotype 
expression profile to progress the healing 
 cascade and accelerate closure. Fibroblasts are 
vital early during clot construction, granulation 
tissue formation, and neoangiogenesis. 
Uniquely, during the later stages of prolifera-
tion and early remodeling, under the influence 
of TGF-β, fibroblasts truly change phenotype, 
becoming myofibroblast. The myofibroblast 
facilitates wound edge approximation, decreas-
ing the size of the wound.

7  Recognized Stages of Wound 
Healing

The cells most affected by either LMWHA or 
HMWHA are the resident macrophage which 
undergoes distinct phenotypical changes in 
response to the size of the HA present. LMWHA 
is associated with pro-inflammatory macrophage 
bias and HMWHA with inflammatory resolution 
and proliferative cellular responses [1, 3–48].

A representation of the overall activities ini-
tiated by wounding and required for preparation 
of the wound bed and terminal closure is 
depicted in Fig.  10. Importantly, LMWHA 
enhances cell infiltration and increases pro-
inflammatory cytokines TNF-alpha, IL1-beta, 
and IL-8 via a CD44- mediated mechanism 
(Figs. 4 and 5). The presence of LMWHA also 
facilitates primary adhesion of cytokine- 
activated lymphocytes to endothelium. The 
presence of LMWHA moderates the inflamma-
tory response, free radical scavenging, and 
 antioxidant properties as well as contributing to 
the destabilization of granulation tissue matrix. 
The inflammatory response is localized.

Novel Use of a Biologically Active-Prefabricated-Random-Three-Dimensional-Polymer Scaffold



7.1  Macrophage

Macrophage is known to be one of the cells cen-
tral to the directional biasing of wound healing. 
Macrophages demonstrate a myriad of pheno-
types, level of activation, and differentiation based 
on the phase of wound healing (Fig.  11). Their 
ability to differentiate into either M1 wound-acti-
vated macrophage (WAM) or M2 repair macro-
phage highlights their complex plasticity and 
responsiveness to the wound. The phenotypic 
changes are not merely a result of the wound 
milieu or environment but are also directed and 
specific to advancing the healing processes. 
Macrophage transitions from an innate immune 
cell (phagocyte and APC) to a pro- inflammatory 
cell to an immunoregulatory (proliferation and 
reepithelization) and finally to a phagocytic cell 
aiding in the tissue remodeling state [38, 49–69].

Only a few macrophages are typically located 
in the dermis as surveillance macrophage. 

However, neutrophil apoptosis during the first 
24 h after injury signals macrophage to massively 
infiltrate the wound. The numbers of macrophage 
are the greatest/most elevated beginning approxi-
mately 2  days after injury. During this phase 
macrophage demonstrates increased antigen pre-
sentation and phagocytic activity [43].

Macrophage is activated by microbial agents 
or cytokines like IFN-ɣ and is classified as M1 or 
wound-activated macrophages (WAM). The M1 
macrophage produces nitric oxide (NO) and pro-
inflammatory cytokines including TNF-α, IL1β, 
IL-6, or IL-12 (Fig. 11). These M1 macrophages 
also overexpress MHC class II molecules. MHC 
class II molecules present antigens to T cells and 
B cells to activate both innate and adaptive 
immune system responses [70]. The antigen pre-
sentation is largely via major histocompatibility 
complex class II (MHC class II) complex. 
Antigens presented by MHC class II molecules 
are derived from extracellular proteins of the 
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Fig. 10 Phases of wound healing. This is a 30,000 ft view of the activities involved in wound healing. They are repre-
sented as separate phases, but in fact, they all overlap and occur in concert and simultaneously
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pathogen, for example, a bacterium that may be 
infecting the wound. The loading of the MHC 
class II occurs after phagocytosis by the macro-
phage. The extracellular proteins are endocytosed 
and ingested by lysosomes, and signature peptides 
unique to the specific invader are loaded onto the 
MHC class II complex and then presented on the 
macrophage cell surface. Thus, in the early phase 
of healing, the macrophage is both phagocytic and 
important in stimulating the immune system.

During the inflammatory and proliferative 
phase where new tissue formation and angiogen-
esis are paramount, macrophage produces vaso-
endothelial growth factor VEGF, stimulating the 
recruitment of endothelial progenitor cells and 
the proliferation of existing endothelium [71]. In 
addition, macrophages are also vital to lymphan-
giogenesis, as VEGFc and VEGFD modulate this 
process. It has been demonstrated that decreased 
macrophage  numbers are associated with 
decreased  lymphangiogenesis [72–74].

Remodeling begins with the gradual involu-
tion of granulation tissue and simultaneous der-
mal renewal. During this phase, apoptosis of a 
significant percentage of macrophage occurs. 
The remaining macrophage will facilitate the 
remodeling process cleaning up the cellular and 
matrix debris. This ECM debris is largely a result 
of the degradation of collagen type III by metal-
loproteinases produced by epidermal and endo-
thelial cells [62].

Although the phenotype of macrophage (M0) 
infiltrating dermal wounds is not fully character-
ized, the evidence supports the changing role of 
the macrophage during the phases of healing. 
This suggests that the “same cell,” the macro-
phage, has different and diverse roles during the 
phases of skin or wound regeneration [24, 71]. 
Macrophages exhibit phenotypic diversity per-
mitting  wide-ranging roles in maintaining physi-
ologic homeostasis. HA, a major 
glycosaminoglycan of the extracellular matrix, 
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Fig. 11 Role of macrophage. Reproduced with permission [31]
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has been shown to have differential  signaling 
based on its molecular weight (Fig.  12). This 
interaction with and response to HA polymeric 
size results in a phenotypic shift from M0 to M1 
when the macrophage is exposed to LMWHA or 
in the case of HMWHA the phenotypic expres-
sion of an M1 or M0 will shift to a M2, the pro-
liferative macrophage. Thus, the expressed 
phenotype of the macrophage drives the local 
production of cytokines and chemokines associ-
ated with either inflammation or proliferation. In 
the case of LMWHA, the pro-inflammatory M1 
or wound-activated macrophage (WAM), there is 
an increased concentration of interferon gamma 
(IFN-γ) and a decrease in interleukin 4 (IL-4). In 
the presence of HMWHA, the macrophage phe-
notype is consistent with M2 and the associated 
cytokines including IL-4.

Figure 12 illustrates the continuum from a 
perspective of LMWHA biasing the wound envi-
ronment toward inflammation. The role of OH 
and lactate in the activation of hyaf-1 hyaluroni-
dase and the resulting enzymatic degradation of 
HMWHA. In the inflammatory phase 
-LMWHA-is associated with lactate and wound 
hypoxia, triggering NFK-β and the differentia-
tion of the macrophage M0 to M1 phenotype. 
The result is the liquefaction and degradation of 

damaged ECM or portions of the ECM that are 
just ahead of angiogenesis (liquification). 
Understanding of the intricate cell signaling that 
occurs as a result of HMWHA or LMWHA is 
imperative in order to interpret the different 
responses in a wound after the application of 
polymeric HA. Frequently the peripheral aspects 
of the wound tend toward proliferation, while the 
more central areas, areas of high bioburden or 
necrotic tissue, will tend toward inflammation. 
The areas of high bioburden versus low biobur-
den stimulate differentiated response as the 
breakdown of polymeric HA occurs, here 
Hyalomatrix® [3].

8  Considerations for the Use 
of HYAFF

The synthesis and the deposition of the ECM is a 
critical component of wound healing when there 
has been a substantial loss of the dermal and epi-
dermal matrix. Acute wounds progress through a 
series of events that are relatively orderly 
(Fig.  10). Chronic wounds on the other hand 
exhibit delayed and failed closure. The failed clo-
sure is often characterized by a prolonged and 
excessive inflammatory response.

There are vast interactions among growth fac-
tors, the ECM and glycoproteins, including 
GAGS, one of which is HA. HA is predominantly 
located in the ECM with at least 50% of the HA 
found in the body located in the ECM.  All of 
these elements interact in an ongoing reciprocally 
and mutually influential series of events referred 
to as dynamic reciprocity illustrated in Fig. 12.

HA is present and has varied functions which 
are dependent on molecular weight. HA has rec-
ognized cellular receptors on mammalian cells; 
therefore, it does not set off an immune response 
as can be the case with other tissue substitutions 
or bioengineered tissue substitutions. This is one 
benefit of HA, the fact that there are no adverse 
immune responses. There are, however, differen-
tiated responses depending on the size of the 
polymeric HA. Receptor cell signaling occurs via 
alternate cell receptors that trigger either a pro- 
inflammatory or proliferative response depend-
ing on whether the dominant molecule is 
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Fig. 12 Continuum relative to the size of hyaluronic 
acid. Pictorial representation of the continuum of activity 
and influence of high versus low molecular weight hyal-
uronic acid (HA). HA’s effects occur at the cellular and 
molecular level with changes in  local cytokine and che-
mokine levels that bias the wound milieu toward inflam-
mation in the case of LMWHA or proliferation in the 
instance of HMWHA. The effects exist in gradation; they 
are not all or none
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LMWHA or HMWHA. The receptors are eluci-
dated in Figs. 4 and 5 and the varied reciprocal 
wound environment bias in Fig. 12. In Fig. 13 the 
seesaw representation is that of LMWHA pre-

dominating the wounded tissue along with the 
associated increase in versican, depletion of elas-
tin, and increased monocyte adhesion. Many of 
the cellular responses generated by LMWHA or 
HMWHA are due in large part to the phenotypi-
cal changes of  resident macrophages to either 
LMWHA ( pro-inflammatory) or HMWHA 
(proliferative).

Versican belongs to the lectican protein fam-
ily, with aggrecan (abundant in cartilage), breva-
can, and neurocan (nervous system proteoglycans) 
as other members. Versican is also known as 
chondroitin sulfate proteoglycan core protein 2 
or chondroitin sulfate proteoglycan 2 (CSPG2) 
and PG-M. Because of their negatively charged 
sulfates or carboxyl groups, chondroitin sulfate 
chains are attracted to various positively charged 
molecules such as certain growth factors, cyto-
kines, and chemokines. This interaction in the 
extracellular matrix or on the cell surface is 
important in the formation of gradients of these 
factors (inflammation versus proliferation), their 
protection from proteolytic cleavage, and their 
presentation to specific cell-surface receptors. 
The binding of versican with leukocyte adhesion 
molecules L-selectin, P-selectin, and CD44 is 
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Elastin-depleted

Increased monocyte
adhesion

Versican
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Fig. 13 Versican seesaw for inflammation and prolifera-
tion. With higher gradients of versican, the wound envi-
ronment is biased toward inflammation with associated 
depletion in elastin and increased adhesion of monocytes
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Fig. 14 Versican and hyaluronic acid bias toward or 
away from inflammation. The endothelium cells (EC) 
become more permeable in response to inflammation bias. 
Extracellular matrix (ECM) areas that are high in versican 
interact with LMWHA/hyaluronan and further stimulate 

pro-inflammatory responses. Stromal cells, myeloid cells, 
and lymphocytes all can contribute to the production of 
versican. The versican-enriched ECM is associated with 
an unstable ECM architecture
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also mediated by the interaction of chondroitin 
sulfate (CS) chains of versican with the 
carbohydrate- binding domain of these molecules 
(Fig. 14). Both CD44 and L-selectin have been 
implicated in leukocyte trafficking, particularly 
with the interplay of versican [70, 71, 75–79].

Versican is an ECM proteoglycan that inter-
acts with cells through the binding of integrin and 
non-integrin receptors. Produced by both leuko-
cytes and stromal cells, versican’s production is 
 markedly increased in inflammation. Recently, 
studies have demonstrated that versican interacts 
specifically with myeloid and lymphoid cells 
promoting their adhesion and an associated pro-
duction of pro-inflammatory cytokines (Fig. 15). 
Inflammatory agonists, like double-stranded 
RNA, stimulate stromal cells (smooth muscle 
cells and fibroblasts) to produce fibrillar ECM 
that is enriched in versican and hyaluronan (HA). 
This type of ECM with elevated versican and 

LMWHA interacts with leukocytes promoting 
their adhesion. Interference with the incorpora-
tion of versican into the ECM blocks monocyte 
adhesion and dampens the inflammatory 
response. Versican, by binding to HA, influences 
T-lymphocyte phenotypes and in part controls the 
ability of these cells to synthesize and secrete 
cytokines that influence the immune response 
[71, 75–81].

Elastin is another one of the component pro-
teins important in the structure and function of 
the dermis and epidermis. Elastin has specific 
points along the fibrils where HA links (Fig. 7). 
HA and elastin together provide a significant por-
tion of the dynamic mechanical strength, com-
pressibility, and extensibility of the dermis. 
Together these molecules allow the dermis to 
dynamically respond to mechanical loading 
and  shear without incurring dermal or ECM 
 damage [82–86].

Fig. 15 Myeloid and lymphoid cells extravasate into the ECM and interact with HA and versican
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As a molecule HA directs and interacts with 
cells and molecules throughout the phases of 
wound healing. Wound healing has been sepa-
rated into overlapping phases of inflammation, 
proliferation, and remodeling; each phase is char-
acterized by dynamic, reciprocal interactions 
between growth factors, cells, and the ECM, 
including HA one of the major GAG proteins 
(Fig.  14). This binding stimulates phagocytosis 
[87] and the liquification of the ECM fragments 
and local debris [87–89].

During the inflammatory phase/bias, the fol-
lowing occurs:

 1. Increased cell infiltration (Fig. 14).
 2. An increase of pro-inflammatory cytokines 

TNF-alpha, IL1-beta, and IL-8 all mediated 
via the CD44 cell receptor.

 3. Adhesion to the endothelium (Fig.  14) of 
cytokine-activated lymphocytes occurs.

 4. Moderation of the inflammatory response:
 (a) Free radical scavenging and antioxidant 

properties
 (b) TSG-mediated inhibition of inflammatory 

proteinases
 (c) stabilization of the granulation tissue matrix

As an illustration of the inflammatory and 
debris removal stimulated by the application of 
polymeric HA, Fig. 16 has two photographs of a 
pediatric dog bite occurring over the anterior 
aspect of the ankle. The top photograph is the 
presentation of the patient to the wound center on 
January 20, 2015, with an exposed and desic-
cated anterior tibialis tendon, adjacent necrotic 
tissue, and decreased circulation to the distal 
foot. The bottom photograph is taken on February 
6, 2015, taken after one application of HA under 
a pressure dressing. Note the change in the 
 coloration of the extremity, granulation over the 
anterior tibialis tendon, and improved general 
granulation. The patient was closed the following 
day, on February 7, 2015, with a split-thickness 
skin graft (STSG) without complication and with 
complete function of the extremity.

In the continuum of wound healing, from 
inflammation to resolution and proliferation, 
HMWHA, the preferred and stable polymeric 

HA structure, accumulates. The continuum of 
activity and influence of high versus low molecu-
lar weight (HA) is in Fig. 12. HA’s effects occur 
at the cellular and molecular level with changes 
in local cytokine and chemokine levels that bias 
the wound milieu toward inflammation in the 
case of LMWHA or proliferation in the instance 
of HMWHA. The effects exist in gradation; they 
are not all or none.

The granulation phase is intertwined with 
HMWHA in the following [87]:

Fig. 16 Pediatric dog bite over the anterior aspect of the 
ankle. (Top) The patient at the wound center on January 
20, 2015, with exposed anterior tibialis tendon, necrotic 
tissue, and decreased circulation to the distal foot. 
(Bottom) On February 6, 2015, after one application of 
HA under a pressure dressing. Note the change in the col-
oration of the extremity, granulation over the anterior tibi-
alis tendon, and improved general granulation. The wound 
was closed the following day, on February 7, 2015, with a 
split-thickness skin graft (STSG) without complication
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 1. HA synthesis facilitates cell detachment and 
mitosis.

 2. The HA-rich granulation tissue provides an 
open hydrated matrix that facilitates cell 
migration.

 3. CD44- and RHAMM-mediated cell migration 
(Fig. 5) links with protein kinases associated 
with cell locomotion.

 4. Promotes angiogenesis.

Figure 17 demonstrates the ability of HYAFF 
through HMWHA to promote granulation and 
the proliferative phase of healing, even over 
exposed posterior skull void of periosteum as a 
result of a deep third-degree burn. Hyalomatrix 
was placed in the OR without the silicone laver 
such that the 3D fibers directly contacted the 
damaged cortical bone and periosteum. The 
Hyalomatrix stimulated a proliferative response 
(over damaged periosteum and cortical bone), as 
seen in the second photograph on the right-hand 
side, in preparation for final closure.

It is imperative for the clinician to understand 
the varied function and result of HA that are 
dependent on the molecular weight of HA. The 

general influences of low versus high molecular 
weight HA are:

LMWHA is associated with:

 1. Pro-inflammatory response IL-1B and IL-8
 2. Activates innate immune system
 3. Activates B lymphocytes

HMWHA is associated with:

 1. Proliferation
 2. Anti-inflammatory bias
 3. Cellular migration
 4. Cell motility

The selective local wound response to HYAFF 
is in Fig. 18. In areas where the granulation tissue 
is more stable, HMWHA pervades, and granula-
tion tissue and proliferation bias predominate. In 
areas where the wound milieu is biased toward 
inflammation, HYAFF responds by degrading 
into primarily LMWHA,  evidenced by the 
increased cellular exudate, the accumulation of 
white blood cells and fluid. This is labeled in the 
photo as LMWHA.  This   liquefaction trapped 

Fig. 17 Posterior skull deep third-degree burn. (Left) 
Hyalomatrix was placed in the OR without the silicone 
laver such that the 3D fibers directly contacted the damaged 
cortical bone and periosteum. (Right) The Hyalomatrix 

stimulated a proliferative response (over damaged perios-
teum and cortical bone), on the right-hand side, in prepara-
tion for final closure
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under the silicone  membrane is not necessarily 
infection but more accurately an area where the 
inflammatory process predominates. The leg 
which has had HYAFF applied as Hyalomatrix® is 
shown, and the areas of the wound are labeled 
with HMWHA and LMWHA to help the reader 
visualize both the proliferative and the inflamma-
tory response occurring. In this instance the 
Hyalomatrix® bioactive dressing is indicating the 
state of the wound according to the response that 
HA has to the local wound milieu. Figure 18 dem-
onstrates both ends of the spectrum, inflammation 
versus proliferation and continuum in between. 
The clinician should examine and evaluate the 

response of and the varied interactions of poly-
meric HA with a wound after each application of 
Hyalomatrix®. It is common for certain portions 
of the wound to be in a proliferative stage 
(HMWHA) and other areas of the wound are 
involved in an inflammatory response (LMWHA) 
as labeled in Fig. 18.

8.1  How Is HYAFF® Produced

HYAFF is a hyaluronic acid that has been stabi-
lized through the use of a benzyl alcohol esterifica-
tion (Fig.  19). This esterification of hyaluronic 
acid results in a biocompatible polymer that is 
responsive to the local wound milieu. As a result 
the HYAFF (Fig. 20) undergoes biodegradation to 
either LMWHA or HMWHA, again depending on 
local environment. HYAFF is a 3D scaffold that 
has receptor sites allowing the infiltration and 
migration of cell as appropriate. Cells like fibro-
blasts can colonize wound bed and thrive in the 
presence of HMWHA and the resulting prolifera-
tive bias. Cells are anchored to the 3D scaffolding 
by CD44 cell receptors. The result is the facilita-
tion of an ordered reconstruction of dermal tissues. 
Capillary growth via the infiltration of endothelial 

Fig. 18 Leg after one application of Hyalomatrix—
HMWHA and LMWHA areas of bias are labeled
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cells occurs (RHAMM receptor), contributing to 
the reversal of the previously hypoxic environment 
and supporting cell mitosis. Pasquinelli et al. [90, 
91] very clearly explain and illustrate the 
 importance of a 3D scaffold structurally and more 
importantly the cell to matrix interaction.

9  Comparison Between HA 
and Current Biomaterials 
for Tissue Engineering

Skin substitutes have an important role in the 
treatment of deep dermal and full-thickness 
wounds of various etiologies. At present, there is 
no ideal skin substitute on the market. Skin sub-
stitutes can be divided into two main classes, 
namely, biological and synthetic substitutes. The 
biological skin substitutes are structured so that 
there is more of an intact extracellular matrix 
structure. Synthetic skin substitutes that can be 
synthesized on demand can be modulated for 
specific purposes. Placement of biological skin 

substitutes may allow for the construction of a 
more natural new dermis and allow for reepithe-
lialization characteristics due to the presence of a 
basement membrane. The ultimate goal for bio-
engineered skin substitutes is the achievement of 
an ideal skin substitute that provides effective 
and scar-free wound healing. By placing skin 
substitutes early on, moisture loss is prevented 
and the hope is that healing can be expedited.

A well-designed skin substitute provides a 
barrier layer, attaches to the underlying dermis, 
becomes well vascularized, and provides an area 
for renewable keratinocytes to dwell and an elas-
tic structure support for epidermis. Bioengineered 
materials and techniques are required in trau-
matic full-thickness wounds or deep burns (deep 
second or third degree). In the event that there is 
a full-thickness (epidermal and dermal) loss of 
skin greater than 4  cm in diameter, the wound 
will not heal well without surgical intervention.

One of the first bioengineered skin substitutes 
developed for the treatment of full-thickness burn 
injuries was Integra®. Integra is a very structur-

Fig. 20 HYAFF structure is that of a 3D fiber that is a fluffy-white-fibrous structure with a top layer of silicone. The 
silicone membrane assists with stabilization of temperature and hydration
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ally ordered matrix, composed of bovine tendon 
collagen keratinically linked with glycosamino-
glycan, derived from shark cartilage. A silicone 
membrane is sealed to the upper surface to act as 
a temporary epidermal substitute layer, persever-
ing temperature and preventing water loss, as 
well as forming a barrier to assist with the pre-
vention of bacterial entrance into the wound or 
burn. Integra® is intended for use as a foundation 
to promote a dermal substrate. One of the chal-
lenges with Integra® is the absence of living cells. 
Without living cells, it is very difficult to see how 
one could create a permanent artificial dermal 
barrier. In the best case, the Integra® serves as a 
template to generate a neodermis that will sustain 
a new epidermal layer, typically via a split-thick-
ness skin graft (STSG) [92–98].

Dermagraft® is another type of dermal 
 substrate. It is a bio-prepared-acellularized- 
cryopreserved human skin. It is a fibroblast der-
mal substitute for chronic, full- thickness diabetic 
wounds. Research has shown that Dermagraft® 
may increase the rates of healing but it often 
requires repeated application. Donor fibroblasts 
are then implanted in the mesh scaffold provided 
by the Dermagraft®. Dermagraft® has a silicon 
membrane that is attached to provide for an instant 
barrier to the wound [99–109]. All of the previ-
ously described tissue matrix, Integra® and 
Dermagraft® lend a scaffolding structure to the 
wound that is without a dermal base. These 
implantable scaffolds ideally resist fibrosis and 
promote epidermal resurfacing such that scarring 
and contractures are minimalized. Unless neutro-
phils and macrophages can successfully degrade 
implanted collagenous structures, they will acti-
vate lymphocyte TH2 cells, which provoke an 
extreme inflammatory reaction, as opposed to the 
induction of TH1 helper immune cells, which 
lead to constructive remodeling and integration of 
natural or bioengineered scaffolds.

HA polymers, on the other hand, do not 
require focused manufacture of organized 3D 
scaffolds which resist fibrosis, because HA 
polymers naturally occur in a random pattern 
that is a “pre-fabricated 3D scaffolding.” HA 
occurs naturally in the body and is connected to 
the production and interconnection of elastin, 

collagen, and versican, which is the true 
dynamic scaffolding of skin (Figs. 6, 7, and 14). 
Polymeric HA then connects to versican and 
collagen through naturally occurring receptor 
site [70, 75, 76].

Challenges in tissue engineering skin include 
safety issues, including an inflammatory response 
or secondary infection, as well as a structure that 
permits function of the repaired area without 
scarring or contracture bands. An advantage of 
bioengineered HA polymers is that they are not 
derived from animals or donor human cells. As a 
result, there are no safety issues that often need to 
be addressed as with other bioengineered skin 
matrices. The other clinical observations with 
polymeric HA is an  improvement in the rate of 
neovascularization of tissue-engineered skin and 
associated granulation. Polymeric HA can oper-
ate in either an oxygen-rich or oxygen-depleted 
environment. In either environment an appropri-
ate liquification of the ECM occurs and allows 
for a more rapid development of neovasculariza-
tion. This integration and continued ECM devel-
opment facilitates healing and decreases the 
likelihood of contraction and fibrosis.

Figures 21 and 22 illustrate the steps required 
prior to clinical application of polymeric 
HA. Hyalomatrix® is illustrated in the following 
case studies. In the first stage of clinical prepara-
tion, a broad-spectrum, non-cytotoxic irrigation 
solution, like Vashe® or Prophase®.  These solu-
tions can be used in conjunction with either 
Misonix or Versajet. The Hyalomatrix is then 
applied and the silicone layer fenestrated. The HA 
is placed under NPWT, short stretch compression, 
or a total contact cast. At Days 3–4, the dressing is 
changed and the wound bed inspected. At the time 
of dressing change, the Hyalomatrix will have 
either broken down into LMWHA stimulating a 
pro-inflammatory response or HMWHA, and the 
HA will have integrated and stimulate an ongoing 
proliferative response (Fig. 18). The wound is re-
cleansed and Hyalomatrix reapplied where neces-
sary. The same steps are repeated until granulation 
is to surface and then the terminal closure method 
applied. Terminal closure may be a split-thickness 
skin graft (STSG), a full-thickness skin graft 
(FTSG), or an  amnion/chorion.
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9.1  Case 1: Full-Thickness 
Pavement Burn with  
Deep Tissue Injury  
(Figs. 23, 24, 25, and 26)

Figure 23 is an example of a patient found down 
in Las Vegas in the hot summer months. The 
patient sustained a dual mechanism of injury, 
both pressure/deep tissue and a pavement/ther-
mal full-thickness burn. The patient required 
substantial full-thickness debridement with 
compartment release. The common extensor 
tendons and the anterior tibialis tendon were 

both exposed in addition to the associated mus-
cle bellies. Figure 24 is after one application of 
HA under negative pressure wound therapy 
(NPWT). There is already visible incorporation 
of the Hyalomatrix® into granulation tissue 
with coverage over and including the exposed 
tendons, one of the most challenging clinical 
applications. In Fig.  25, the granulation over 
the extensor tendon sheaths and anterior tibialis 
muscle belly proximally is observed at the sec-
ond NPWT change. Note the decreased depth 
and the shiny healthy appearance of the tendon 
sheaths. Figures  25 and 26 document the 

Fig. 22 Clinical Application 2 of 2

Fig. 21 Clinical 
Application 1 of 2
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appearance of the wound after 10  days under 
NPWT with HA.  The extensor  tendons are 
completely granulated over, and the wound 
depth is minimal in comparison with the initial 
debridement. The wound was then terminally 
closed with a STSG with good coverage and 
preservation of the function of the extremity.

9.2  Case 2: Failed Femoral 
Popliteal Graft  
(Figs. 27, 28, 29, and 30)

Elderly female who had a femoral bypass which 
subsequently failed and developed a severe knee 
flexion contracture. In a relatively brief period of 
time, the patient underwent serial debridements 
and placement of HA.

Fig. 23 Case Study Deep Third-Degree Burn from pro-
longed exposure to hot pavement in Las Vegas. Dual mecha-
nism of integumentary insult; both deep tissue injury (from 
prolonged pressure) and thermal injury from hot pavement. 
First debridement in the operating room to remove all of the 
necrotic tissue exposing common extensor tendons and 
anterior tibialis tendon. At this time Hyalomatrix was placed 
in the OR under negative pressure wound therapy (NPWT)

Fig. 24 Case Study Deep Burn. Granulation over exten-
sor tendon sheaths and anterior tibialis muscle belly proxi-
mally at the first NPWT change. Note the decreased depth 
and the shiny healthy appearance of the tendon sheaths

Fig. 25 Case Study Deep Burn. The extensor tendons are 
completely granulated over, and the wound depth is mini-
mal in comparison to the initial debridement

Fig. 26 Case Study Deep Burn: The extensor tendons are 
completely granulated over, and the wound depth is mini-
mal in comparison to the initial debridement

Fig. 27 Case Study Failed Femoral Popliteal Graft initial 
presentation
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9.3  Case 3: Necrotizing Fasciitis 
(Figs. 31, 32, 33, 34, and 35)

This case is of a 72-year-old female with known 
hypertension, elevated BMI, and diabetes who pre-
sented to the ER with a leg wound that had been 
present for some time. The wound became infected 
and she developed rapidly expanding necrotizing 
fasciitis. She subsequently went into acute respira-
tory failure and developed metabolic acidosis.

9.4  Case 4: Open Abdomen 
(Figs. 36, 37, 38, and 39)

The open abdomen is a relatively new and 
increasingly common strategy for the manage-
ment of abdominal emergencies in both trauma 
and general surgery. The open abdomen can 

reduce mortality associated with conditions such 
as abdominal compartment syndrome, bowel per-
foration, and internal organ laceration. However, 
the resulting open abdomen is a complex clinical 
problem [110–114]. Advanced techniques and 
improved technologies are now readily available, 
allowing management of the open abdomen as 
well as the progressive reduction of the resulting 
abdominal and underlying fascial defect. Recent 
studies indicate both an improved survival rate 
and increased likelihood to successfully close a 
large proportion of patients, treated with open 
abdomen technique (OAT). Moreover, these 

Fig. 30 Case Study Failed Femoral Popliteal Graft—
split-thickness skin graft (STSG) placed with 
NPWT. STSG after 5 days under NPWT

Fig. 28 Case Study Failed Femoral Popliteal Graft after 
the first application of fenestrated HA placed under 
NPWT for 5 days

Fig. 29 Case Study Failed Femoral Popliteal Graft—
wound bed after two additional applications of fenestrated 
HA under NPWT changed approximately every 5 days
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patients can now be closed within the initial hos-
pitalization. These techniques and technologies 
include the appropriate use of negative pressure 
wound therapy (NPWT) [5] and synthetic or 

 biologic repair materials [6]. It is essential that 
general and trauma surgeons understand the core 
principles underlying the need for and manage-
ment of the open abdomen.

Complicating
factors

Key findings

Patient synopsis

72 vo female Age = over 70

Group A Streptocoocus, WBC 35.8 (N-4.8-10.8)

31.9 (over 30 = obesity)

144/81 with 2/3 vasopressors

HGB 3.5 (N = 12.16)

Creatinine / BNP 299 (N = 0.99)

A-Fib

Albumin 1.9(N = 3.2-4.8)/Pre-Albumin 8.3(N = 10-40)

Liver function (SGOT 38) (N = 7-31)

Total protein 4.9 (N-5.7-8.2)

Blood Glucose 305 not well controlled (N-134.145)

Nec Fascitis

BMI

HTN

Anemic

Renal Failure

A-Fib

Acute Resp Failure

Diabetio(IDDM II)

Poor Nutrition

Cardiomegaly

Metabolic Acidosis

Fig. 31 Case Study Necrotizing Fasciitis. Overall case synopsis with significant number of abnormal lab values 
 complicating care

Initial Presentation
Necrosis

Day 1 of AWCT
01/19/2017

Plurogel/Opticel AG+

Selective
Debridement, OptiCell
Ag+ and Plurogel

Continued
Debridement

1/4/17 ER
12 Days Selective Sharp
Debridement

Application of HL 
to dorsum of foot

Additional HL application
as areas cleared
NWPT

Plusogol/Optical Ag+

Pro-phase soaked gauze

Fig. 32 Case Study Necrotizing Fasciitis—sequence of care Days 0–15
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As described by the Open Abdomen Advisory 
Panel [115], the open abdomen technique (OAT) 
is widely utilized in life-threatening trauma, 
intra-abdominal sepsis, and abdominal compart-
ment syndrome. The OAT poses a variety of criti-
cal care challenges, inclusive of surgical, 
metabolic, and nutritional complications, as well 
as infections both local and systemic. Negative 
pressure wound therapy (NPWT) [11] has 
become increasingly common for the manage-
ment of the open abdomen. NPWT does not com-

pletely overcome the challenges posed by mesh 
degradation, inevitable epiboly at the peri-wound, 
or complex wound gutters. This case demon-
strates a novel approach to complex open abdo-
men wound management utilizing NPWT in 
combination with two unique dressings, chitosan 
and hyaluronic acid. Chitosan fiber dressing, 
impregnated with silver (Ag+1), has antimicro-
bial properties, promotes hemostasis, decreases 
inflammation via cellular pathways, and is com-
patible with NPWT because of the fiber vertical 

01/31/2017
start

-Hyalomatrix = HL
with NPWT = VAC

02/22/2017
start

-HL is ready to
be removed
after 22 days

02/22/2017
start

-HL was
removed

02/28/2017
start

-HL removed
-Ready for skin

graft

Fig. 33 Case Study Necrotizing Fasciitis—sequence of care Days 12–40

01/31/2017
Hyalomatrix with

NPWT

03/02/2017

STSG on 03/06/17

Two Day Break from
VAC

Day46
Waiting for MD to
clear for skin graft

Plurogel/Opticel AG+

Fig. 34 Case Study 
Necrotizing Fasciitis—
summary to Day 46
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Fig. 35 Case Study Necrotizing Fasciitis—patient dis-
charged home on April 25, 2017 (initial admission on 
January 4, 2017, with durable integumentary coverage 

and a functional lower extremity for standing, transfers, 
and ambulation with front wheeled walkerAU3

4/14/2015 4/18/2015

Fig. 36 Case Study Open Abdomen. Trauma patient 
admitted secondary to machete wound with intestinal com-
plication, open abdomen. MM is a 45-year-old man who 
sustained multiple knife stab wounds to his abdomen. He 
was immediately transferred to a Level I Trauma Center. 
After initial assessment, the patient underwent emergent 
exploratory laparotomy and was found to have multiple 
penetrating organ injuries. Damage control surgery was 
performed. The patient was left in discontinuity, open 
abdomen with NPWT to manage exudate and provide bar-
rier mechanism. Patient was transferred in critical condi-
tion to the trauma intensive critical care unit (TICU). MM 
underwent aggressive resuscitation with multiple abdomi-
nal washouts and ultimately placement of a polyglactin 
910 mesh to approximate the fascia; NPWT was placed in 
the OR theater to manage drainage and abdominal pressure 

and facilitate granulation. NPWT set at continuous pres-
sure at 100 mmHg. Unfortunately, within 7 days, the inevi-
table occurred: necrosis of the overlying mesh with 
combined areas of tissue necrosis and mesh degradation. 
Large wound gutters began forming at the peri-wound 
interface, particularly in the inferior quadrants. Biofilm/
bioburden formation consistent with multibacterial coloni-
zation was confirmed with laboratory analysis. NPWT was 
discontinued and wet-to-dry gauze dressings instituted. 
Further degradation and thickening of the peri-wound mar-
gins continued with the formation of yellow-green biofilm 
over the polyglactin 910 mesh. The top right is at initiation 
of NPWT, Hyalomatrix® and Opticell Ag®. The lower left 
is after 4  days of NPWT with Opticell Ag® and 
Hyalomatrix® circumferentially in gutters with attention to 
promote granulation over Vicryl mesh
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wicking (as opposed to horizontal) [116–118]. 
The unique combination of chitosan and HA 
resulted in cellular proliferation, neovasculariza-
tion, and reduction of infection, providing the 
basis for terminal reepithelialization sufficient to 
support terminal closure by split-thickness skin 
graft (STSG).

The 45-year-old man sustained multiple knife 
stab wounds to his abdomen. He was immedi-
ately transferred to a Level I Trauma Center. 
After initial assessment, the patient underwent 
emergent exploratory laparotomy and was found 

to have multiple penetrating organ injuries. 
Damage control surgery was performed. The 
patient was left in discontinuity, open abdomen 
with NPWT to manage exudate and provide bar-
rier mechanism. Patient was transferred in criti-
cal condition to the trauma intensive critical care 
unit (TICU). MM underwent aggressive resusci-
tation with multiple abdominal washouts and 
ultimately placement of a polyglactin 910 mesh 
to approximate the fascia; NPWT was placed in 
the OR theater to manage drainage and abdomi-
nal pressure and facilitate granulation. NPWT 
set at continuous pressure at 100  mmHg. 
Unfortunately, within 7  days, the inevitable 
occurred: necrosis of the overlying mesh with 
combined areas of tissue necrosis and mesh deg-
radation. Large wound gutters began forming at 
the peri-wound interface, particularly in the infe-
rior quadrants. Biofilm/bioburden formation 
consistent with multibacterial colonization was 
confirmed with laboratory analysis. NPWT was 
discontinued and wet-to-dry gauze dressings 
instituted. Further degradation and thickening of 
the peri-wound margins continued with the for-

04/25/2015

Fig. 37 Case Study Open Abdomen—improved granula-
tion, stabilization of Vicryl mesh, and continued decrease 
in depth of peri-wound gutters at margins

05/07/2015

Fig. 38 Case Study Open Abdomen—Opticell Ag at 
wound margins; HA is visible at the top left upper quad-
rant. Here what is visible is the clear silicone membrane. 
The actual HA has incorporated into the wound bed and 
instilled a proliferative bias

5/19/15 Terminal STSG 5/21/15

Fig. 39 Case Study Open Abdomen—improved healing 
evidenced by decreased depth of gutters, improved granu-
lation, and increased abdominal stabilization. Terminal 
closure was achieved with a STSG on May 21, 2015
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mation of yellow-green biofilm over the polygla-
ctin 910 mesh.

The patient’s open abdominal wound with 
bacterial colonization and mesh degradation 
posed a difficult dilemma for the medical team. 
He was not acutely septic from his wounds, 
providing an opportunity to avert utilization of 
traditional surgical pathway, i.e., repeated 
abdominal washout in the OR theater with 
explantation of mesh. This treatment approach 
could have been potentially catastrophic for 
this patient. Instead, a decision was made to opt 
for a broad-spectrum antimicrobial treatment 
(chitosan Ag+1) in combination with a molecu-
lar biologic substrate (HA) that would facilitate 
angiogenesis, fibroblast migration, and deposi-
tion of ECM components. The utilization of 
chitosan Ag+1 to mitigate bioburden and the 
use of HA in  combination with NPWT (at a 
lower setting 50–75  mmHg) was selected to 
manage wound exudate, abdominal pressures, 
and exudate. Prior to the application of the chi-
tosan/HA/NPWT combination, the wound sur-
face area was 750  cm2 (Figs.  36, 37, 38, and 
39). Figure 37 shows the appearance of the chi-
tosan dressing (yellowish) and the hyaluronic 
acid dressing (clear and shiny). Note that dif-
ferent dressings under the NPWT are used in 
areas appropriate for the properties of that spe-
cific dressing—chitosan, antibacterial effect, 
versus hyaluronic acid, neoangiogenic effect. 
MM was closed after 17  days using a split-
thickness skin graft over a good granulation 
base with no additional complications and no 
readmission.

9.5  Case 5: Bilateral LE Burn 
(Figs. 40, 41, 42, 43, and 44)

This case illustrates the use of HA over a deep 
third-degree burn requiring surgical debridement 
to the level of cortical bone and excision of a sub-
stantial portion of the anterior tibialis muscle 
belly. The 54-year-old female patient had 
 multiple comorbidities including nutrition, renal, 
and liver failure.

Fig. 40 Case Study Bilateral Lower Extremity Deep 
Third-Degree Burns. Initial presentation

Fig. 41 Case Study Bilateral Lower Extremity Deep Third-
Degree Burns—debridement intraoperatively. Note the 
exposed tibial crest, lateral anterior tibialis muscle defect 
secondary to necrosis that required extensive excision
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Fig. 42 Case Study Bilateral Lower Extremity Deep 
Third-Degree Burns—intraoperative placement of 
Hyalomatrix. The Hyalomatrix is the white fibrous mate-
rial visible at the lower margin of the leg. It has been 
fenestrated and is placed under NPWT

Fig. 43 Case Study Bilateral Lower Extremity Deep 
Third-Degree Burns—intraoperative takedown of NPWT 
exposing intact Hyalomatrix. A substantial portion of the 
Hyalomatrix has incorporated into the wound. Note the 
varied areas of clear Hyalomatrix (HMWHA) and areas of 
increased inflammatory response (LMWHA) seen as 
opaque fluid collection. The patient did not have an ele-
vated white blood count

Fig. 44 Case Study Bilateral Lower Extremity Deep 
Third-Degree Burns—bilateral LE after STSG placement 
under NPWT with a complicated course of aftercare sec-
ondary to a urinary tract infection, sepsis, and inappropri-
ate wound care. Despite adversity, the wounds did 
continue to closure. Of significant importance was the 
preservation of functional dorsiflexion

 Conclusions
Mediators and mechanisms of inflammation 
and inflammatory resolution and repair do not 
exist in isolation, as an “either or” on or off 
state. Tissue injury either surgical, traumatic, 
or pathological that creates a full-thickness 
defect in the skin poses very unique obstacles 
for healing and restoration of function. 
Typically, tissue injury causes an immediate 
onset of inflammation mediated by chemoat-
tractants derived from plasma proteins, resi-
dent and recruited hematopoietic cells, 
extracellular matrix, and bacteria. Progression 
to complete wound healing is accompanied by 
resolution of the inflammatory mediators and 
the reconstitution of normal microvascular 
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permeability, which will in turn contribute to 
the cessation of local  pro- inflammatory 
response. Resolution of inflammation is 
directed by downregulation of the pro-inflam-
matory mediators and restoration of microvas-
cular permeability. Together these things 
contribute to the cessation of local chemoat-
tractants, synthesis of anti-inflammatory 
mediators, apoptosis, and lymphatic drainage. 
These are presented in summary in Table  1. 
An excessive or prolonged inflammatory 
response results in increased tissue injury and, 
therefore, poor healing. Successful wound 
repair requires the coordinated expression of 
both inflammation and the resolution of 
inflammation and the restoration of stable 
tissue.

In one wound there are simultaneous areas 
of granulation/proliferative bias and an inflam-
mation bias. The inflammation bias occurs 
first and is collocated with necrotic tissue, 
debris, nonviable tissue, or areas where, 
despite best efforts, bacteria may exist. As the 
areas of inflammation resolve, proliferation 
follows restoring tissue stability.

The HA polymer Hyalomatrix® is a com-
mercially available 3D scaffold that responds 
to the varied environments of the wound 
milieu. HA is a biologically active molecule 
that differentially responds based on the che-
mokines, cytokines, cells, and molecules in 
the ECM.  Often areas of inflammation are 
predominately in areas of wounds that are 
deeper and in and around significant struc-
tures, tendons, and neurovascular bundles. 
Alternatively, proliferative areas tend to pre-
dominate along the edges of wounds or in jux-
taposition to hair follicles that remain. Areas 
of granulation can also migrate out from hair 
follicles circumferentially, 360°.

Rain drops into a puddle of water are an 
elegant way to visualize the many microenvi-
ronments and the continuum between areas of 
inflammation or proliferation. Each drop rep-
resents an area that is either in a predominate 
state of inflammation or proliferation (Fig. 45). 
The ripples moving out from the center of 
inflammation or proliferation (droplets) grad-
ually decrease in intensity and influence on 
the surrounding ECM. The ECM is a fluid and 
dynamic  environment that responds to change 
and interacts with both intrinsic and extrinsic 
stimuli. Figure 46 represents the puddle anal-
ogy of the ECM being both varied and 
dynamic, a cumulation of all of the various 
cellular and matrix signals that are either 
dampened or amplified based on the micro- 
wound milieu.

HA is a recognized, biologically active 
molecule that naturally regulates all phases of 
tissue repair on multiple levels and should be 
considered as a safe and effective option to be 
used in skin repair [119–124]. HA in the form 
of Hyalomatrix® is presented here in five case 
studies where significant soft tissue defect 
occurred either from wounding, NF, or the 
subsequent debridement.

In deep burns there is a significant loss of 
the ECM and the required growth factors due 
to debridement and the associated zone of 
injury [125]. In necrotizing fasciitis (NF), 

Table 1 Resolution of inflammation is directed by down-
regulation of the pro-inflammatory mediators and restora-
tion of microvascular permeability

Dynamic components  
of inflammation

Processes in 
inflammatory resolution

Plasma protein-derived 
chemoattractant (C5, 
fibrinopeptides, 2-thrombin)

Reconstruction and 
reconstitution of 
vascular permeability

Chemokines (MCP, MIP, 
RANTES)

Anti-inflammatory 
cytokines (IL-10, 
TGF-β, IL-1 ra)

Growth factors (TNF-α, 
OL-1, I-6, PDGF TGF-β)

Mediators of apoptosis 
(CD44, caspases)

Eicosanoids (prostaglandins, 
leukotrienes)

Transcription factors 
(NRf-2, NF-Kβ)

ECM fragments (fibronectin, 
elastin, collagen)

Receptor 
downregulation with 
proteolysis of 
chemokines

ROS Lymphatic drainage
Nitric oxide
Bacterial-derived 
chemoattractants
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there is a substantial loss of tissue due to 
repeated selective sharp debridements and the 
associated physical destruction during the 
removal of the epidermis and dermal compo-
nents. Degloving injuries and necrotizing fas-
ciitis (NF) pose unique challenge as the 
delamination of the skin and immediate integ-
ument decrease blood supply and viable 

remaining tissue including the ECM and com-
ponent growth factors, cytokines and 
chemokines.

Four varied case studies are presented 
where HYAFF was incorporated into the treat-
ment  process to both expedite closure and 
improve the result.
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