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INTRODUCTION

Hyaluronan (HA, also called hyaluronic acid or hyaluro-

nate), a high molecular weight glycosaminoglycan found

in all mammals, is a unique and highly versatile bio-

polymer. HA plays a vital role in embryonic develop-

ment, extracellular matrix homeostasis, wound healing,

and tissue regeneration. Although it is clear that HA is

critically involved in these processes, the exact mechan-

isms by which it influences cellular behavior are not yet

elucidated. Complicating such studies is the fact that the

behavior and cellular influence of HA is highly dependent

on its concentration and molecular weight. Therefore, the

biology and chemistry of HA is a current area of

extensive scientific research. Biomaterials made from

derivatized and cross-linked HA have received a great

deal of attention in the bioengineering community and

have been used in a wide variety of applications (e.g.,

orthopedic, cardiovascular, ophthalmology, and derma-

tology, as well as general applications in tissue engineer-

ing, surgery, and drug delivery). HA is naturally derived,

nonimmunogenic and also has multiple sites for modifi-

cation and inherent biological activities; therefore, this

unique biopolymer has great potential for creative

application in biomedical engineering. This article

reviews HA’s natural structure and function, and bio-

materials made from derivatized and cross-linked HA, as

well as a number of clinical, surgical, and bioengineering

applications of HA.

THE NATURAL STRUCTURE AND
FUNCTION OF HYALURONAN

Physicochemical and Structural Properties

Hyaluronan, an extracellular matrix (ECM) component, is

a high molecular weight glycosaminoglycan composed of

disaccharide repeats of N-acetylglucosamine and glucu-

ronic acid (Fig. 1). This relatively simple structure is

conserved throughout all mammals, suggesting that HA is

a biomolecule of considerable importance.[1] In the body,

HA occurs in the salt form, hyaluronate, and is found in

high concentrations in several soft connective tissues,

including skin, umbilical cord, synovial fluid, and vitreous

humor. Notable amounts of HA are also found in lung,

kidney, brain, and muscle tissues. In commercial produc-

tion, HA is commonly extracted from rooster comb and

human umbilical cord or manufactured in large quantities

by bacterial fermentation.[2]

The cellular synthesis of HA is a unique and highly

controlled process.[3] Most glycosaminoglycans are made

in the cell’s Golgi networks. HA, however, is synthesized

at the plasma membrane and immediately extruded out of

the cell and into the ECM. This process is carried out by a

group of proteins called HA synthases, which are located

in the cell membrane. For a review of HA synthases, see

Ref. [3].

HA’s structure imparts unique physicochemical and

biological properties that depend on molecular weight.[2]

When extracted from tissues, HA is polydisperse in size,

with an average molecular weight of several million. In

physiological solution, HA conforms to a stiffened

random coil with a contour length of about 2.5 mm for a

1�106 molecular-weight chain of about 2650 disaccha-

ride repeats. Secondary hydrogen bonds form along the

axis of HA, imparting stiffness and creating hydrophobic

patches that allow the formation of ordered structures. HA

solutions are highly viscoelastic; in other words, when

shear rate is increased, the HA chains align in the direction

of flow, resulting in a deceased solution viscosity. This

shear thinning effect can be seen when delivering HA

through a syringe.

HA is a highly hydrophilic polymer. Each glucuronic

acid unit contains one carboxyl group, giving rise to HA’s

polyanionic character at physiological pH. In the presence

of water, HA molecules can expand in volume up to 1000

times and form loose hydrated matrices.[4] Because of this

property, HA is thought to play several roles in the ECM,

including space filler, lubricant, and osmotic buffer.[4] By

forming a hydrated polymer network, HA can act as a

sieve, restricting the movement of pathogens, plasma

proteins, and proteases.[1,4] In addition, HA’s polyionic

structure is able to scavenge free radicals, which mediates

inflammation by imparting an antioxidant effect.[1] For a

thorough review of HA’s structural and physicochemical

properties, see Ref. [2].
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Roles in the Extracellular Matrix and
Interactions with Hyaladherins

HA plays several important organizational roles in the

ECM by binding with cells and other components through

specific and nonspecific interactions. For example, HA

specifically interacts with several proteoglycans (e.g.,

aggrecan, versican) through HA-binding motifs,[2] and

modulates the organization of fibrin, fibronectin, and

collagen networks.[5] In addition to contributing to the

homeostasis of ECM structure and hydration, HA is also

involved in a number of more complex signaling events

relating to cell migration, attachment, and metastasis.

Such processes are mediated through a group of proteins

called hyaladherins. These proteins can be categorized

into three types: those that are soluble, those that bind HA

to other ECM molecules, and those that act as cellular

receptors for HA.

Two hyaladherins, CD44 and RHAMM (Receptor for

HA-Mediated Mobility) have been extensively studied.

CD44 has been implicated as the major cell surface

receptor for HA, and is expressed on a variety of cell types

(e.g., leukocytes, fibroblasts, epithelial cells, keratino-

cytes, and some endothelial cells).[6] The CD44 receptor is

associated with various cellular processes, including

adhesion, migration, proliferation, and activation, as well

as HA degradation and uptake.[1,4] (See Fig. 2 for a

schematic of the signaling mechanisms associated with

CD44.) In a number of cell types, the RHAMM

hyaladherin has been found on the cell surface, as well

as in the cytosol and nucleus.[7] RHAMM has been

implicated in regulating cellular responses to growth

factors and plays a role in cell migration, particularly for

Fig. 1 The structure of native HA. HA is a naturally derived

polymer composed of disaccharide repeats of glucuronic acid

and N-acetylglucosamine. The molecular weight of native HA

is typically several million. Each disaccharide repeat of HA

contains three possible modification sites: the hydroxyl, car-

boxyl, and acetamido groups.

Fig. 2 Signaling pathways of the HA receptor CD44. The binding of HA and CD44 can result in signaling cascades that affect a) the

modification of cytoskeletal proteins, leading to changes in cell migration, and b) the activation of gene transcription, resulting in

changes in cell proliferation. Cytoskeletal assembly may be modified through signaling involving Rac and RhoA. The protein kinase C

(PKC) and MAP kinase cascades may be involved in altering gene expression inside the nucleus. (Adapted from Ref. [3].) (View this art

in color at www.dekker.com.)
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fibroblasts and smooth muscle cells.[7,8] For a compre-

hensive review of hyaladherins, see Ref. [8].

HA’s Complex Influence on Cell Migration

As mentioned previously, HA may influence cellular

behavior not only through direct mechanisms (e.g.,

specific binding with cellular hyaladherins), but also by

indirect means (through altering the physical properties of

the ECM). HA’s effect on cell migration is a remarkable

illustration of this complexity. For instance, the binding of

cellular hyaladherins to HA is involved in migration for a

variety of cell types.[5] Yet, it is evident that HA may also

indirectly aid cell migration by contributing to more open

and hydrated spaces in the ECM or by otherwise re-

modeling the environment through interactions with

collagen and fibrin.[3] Furthermore, as the main compo-

nent of pericellular coats (matrices that are formed around

migrating and proliferating cells), HA nonspecifically

facilitates the detachment of cells from the ECM.[8] Given

such complexity, distinguishing between the effects of

HA’s biological activity and physicochemical properties

is not straightforward.

HA Degradation

In mammals, the enzymatic degradation of HA results

from the action of three types of enzymes: hyaluronidase

(hyase), b-D-glucuronidase, and b-N-acetyl-hexosamini-

dase. Throughout the body, these enzymes are found in

various forms, intracellularly and in serum. In general,

hyase cleaves high molecular weight HA into smaller

oligosaccharides while b-D-glucuronidase and b-N-acetyl-

hexosaminidase further degrade the oligosaccharide frag-

ments by removing nonreducing terminal sugars. Besides

the degradation reaction, testicular hyase can catalyze the

reverse reaction, transglycosylation. Therefore, HA is not

simply degraded by this enzyme into disaccharide frag-

ments. On the contrary, incubation of HA in a testicular

hyase solution yields a mixture of fragment sizes,

primarily made up of tetrasaccharides with smaller

amounts of hexa-, octa-, and disaccharides.[9] The cell

types primarily responsible for hyase synthesis are

macrophages, fibroblasts, and endothelial cells; conse-

quently, each of these cell types have been associated with

HA degradation in the body.[10] In addition to enzymatic

degradation, HA can also be degraded by reactive oxygen

intermediates, a mechanism that has been implicated as a

source of HA fragments at sites of inflammation.[11] For a

review of other nonenzymatic means of HA degradation

(e.g., degradation induced by free radicals, ultrasound,

pH, and temperature treatments), see Ref. [2].

HA in Wound Repair and Angiogenesis

High concentrations of HA can be found in many tissues

undergoing remodeling, regeneration, and morphogene-

sis.[8] Furthermore, in the early stages of wound healing, a

matrix composed largely of fibrin and HA is formed,

which aids in fibroblast and endothelial cell migration

into the injury site. This matrix also supports granulation

tissue formation, particularly in fetal tissue, where HA has

been implicated in aiding scar-free wound healing.[1] For

this reason, exogenous HA has been investigated in

wound healing applications and has been found to be

effective even in challenging conditions such as chronic

wounds.[1]

The exact role of HA in wound healing is very com-

plicated. In a comprehensive review of HA and wound

repair, Chen and Abatangelo suggest that HA plays a

multifaceted role in each wound healing stage (i.e., in-

flammation, granulation tissue formation, reepithelization,

and remodeling).[1] For example, HA aids in setting off

the early stages of inflammation and initiating the wound

healing response, and also moderates the later stages of

this potentially damaging process. Furthermore, the gran-

ulation tissue that subsequently forms remains rich in HA,

aiding cell migration, proliferation, and organization of

the ECM.

Perhaps one of the most interesting roles of HA in

wound healing is the ability of HA oligosaccharides to

promote angiogenesis.[10] Degradation products of 4–20

disaccharide units have been shown to stimulate in-vivo

capillary growth and induce in-vitro endothelial prolifer-

ation, migration, and tube formation. The complex nature

of HA, however, is again demonstrated: Although low

molecular weight HA promotes angiogenesis, high mo-

lecular weight HA has been shown to inhibit new blood

vessel growth. Researchers have attempted to better

discern the direct and indirect effects of HA molecular

weight on angiogenesis, but an exact understanding of

this process remains to be elucidated. For a recent

review of the role of HA in angiogenesis, see Ref. [10].

The Role of HA in Pathological Processes

Factors such as HA concentration and molecular weight

distribution have been correlated with the development of

certain pathological conditions and can therefore be used

as diagnostic markers for disease. Increased serum con-

centrations of HA can be associated with the progression

of certain inflammatory processes, such as rheumatoid

arthritis, and have been used to evaluate the success of

kidney and liver transplants.[4] Changes in the properties

of HA have also been associated with certain vascular

diseases, including atherosclerosis and restenosis.[12]
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Furthermore, high concentrations of HA have been linked

to tumor development and in some cases can be used as a

negative predictor of cancer patient survival.[12] Presum-

ably, one of the roles of HA in cardiovascular disease and

tumor growth is to increase the free volume and fluidity of

the ECM, allowing increased cell proliferation and

migration. However, a detailed understanding of the role

of HA in these conditions is far from complete.[12]

DERIVATIZED AND CROSS-LINKED
HA BIOMATERIALS

HA offers many unique advantages as a building block for

biomedical devices. Specifically, HA is enzymatically

degradable, naturally derived, and nonimmunogenic. Un-

like proteins, which are easily denatured, HA is a car-

bohydrate polymer and can withstand demanding

chemical modification procedures without losing its bio-

logical activity. Purified HA has found clinical uses in

ophthalmology, osteoarthritis, and wound-healing appli-

cations.[2] HA has many other potential applications,

particularly as a biomaterial to deliver cells or proteins,

but its use is limited because of its high water solubility

and rapid degradation in the body. Thus, researchers have

investigated methods to prolong the residence time of

HA, using chemical modifications to yield materials with

greater in-vivo stability. Two main approaches for creat-

ing HA biomaterials have been utilized: derivatization and

cross-linking (summarized in Fig. 3). Both approaches

are used to modify chemically one or more of HA’s

three available reactive groups (hydroxyl, carboxyl,

and acetamido; Fig. 1), while attempting to maintain

biocompatibility and biological activity. This section

Fig. 3 Derivatized and cross-linked HA biomaterials. To tune HA’s physicochemical properties for specific applications, HA has been

modified in several ways. Uncross-linked HA derivatives, including modifications based on A) esterification,[14] B) carbodiimide-

mediated reactions,[15] and C) sulfation[18,19] have been created. Cross-linked HA has also been produced using several cross-linking

agents, including D) diepoxies,[20,21] E) biscarbodiimides,[17] F) bifunctional amine cross-linkers,[16] and G) divinyl sulfone,[25,28] as

well as H) photocross-linking methods. (From Refs. [31,32].)
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provides an overview of several HA derivatization and

cross-linking methods; however, this discussion is not

comprehensive. For further information on modification

strategies, including HA composites and blends, see

Refs. [2] and [13].

HA Derivatives

Many studies focus on three main types of HA deriv-

atization strategies: esterification, carbodiimide-mediated

modification, and sulfation. These simple modification

strategies can be used to create HA derivatives that are

suitable for direct application or for subsequent cross-

linking procedures. This section will describe uncross-

linked HA derivatives and the next section (‘‘Cross-linked

HA Biomaterials’’) will include a discussion of cross-

linking methods for these materials.

Ester derivatives

To create more hydrophobic forms of HA that have

added rigidity and are less susceptible to enzymatic

degradation, researchers have esterified HA’s carboxyl

groups.[14] The modification is carried out through an

alkylation step of HA with an alkyl halide, yielding

derivatives with 0–100% modifications of the available

carboxyl groups. As the percent of HA esterification

increases, these materials become more rigid and more

hydrophobic. An increased hydrophobic nature means

that the HA derivatives are less soluble in water and less

susceptible to enzymatic degradation. Fidia Advanced

Biopolymers have created a range of HA esters, in-

cluding ethyl esters (Hyaff-7; Fig. 3A) and benzyl esters

of HA (Hyaff-11). Through a variety of processing steps,

these HA esters can be shaped into fibers, membranes,

sponges, and microspheres.

Carbodiimide-mediated derivatives

Reactions mediated by carbodiimides (e.g., 1-ethyl-3-(3’-
dimethylaminopropyl)carbodiimide or EDC) are a com-

mon means of covalently binding the carboxyl group of

one bioactive molecule with an amine of another (e.g.,

reactions between amino acids during peptide synthesis).

However, carbodiimide reactions are very sensitive to pH

and often result in the formation of an unreactive

intermediate, acylurea, from carboxyl groups. Therefore,

depending on the reaction conditions, carbodiimide-

mediated reactions on HA can result in very low coupling

yields. (For excellent discussions of the challenges

to carbodiimide-mediated modifications of HA, see

Refs. [15–17].) Pouyani and Prestwich gained a detailed

understanding of these reactions, and as a result, chose

hydrazide derivatization (Fig. 3B) as a means of increas-

ing the utility of carbodiimide in HA modifications.[15]

Prestwich and coworkers have continued to develop a

wide variety of HA-hydrazide derivatives for use as

drug delivery devices, cellular probes, and HA-protein

conjugates.[13]

Sulfated derivatives

To create a blood-compatible molecule that mimics

heparin, researchers have modified HA with sulfate

groups (Fig. 3C; Ref. [18]). The sulfation is completed

through a reaction of sulfur trioxide pyridine with HA’s

hydroxyl groups, yielding a range of sulfation from one to

four sulfur groups incorporated per HA disaccharide.[19]

This sulfation modification creates HA derivatives that are

structurally and chemically similar to heparin;[18,19]

cardiovascular applications of these materials are de-

scribed in more detail in a later section (see ‘‘Applications

of HA Biomaterials’’).

Cross-Linked HA Biomaterials

As already mentioned, HA presents many inherent

advantages as a foundation for biomaterials. In addition

to derivatization, cross-linking is another means of

engineering HA’s physicochemical properties. Depending

on the cross-linking molecule and reaction chemistry, a

wide variety of HA materials can be created, ranging

from films with relatively low water content to highly

swelling hydrogels. Most HA cross-linking methods fall

into either of two general schemes: a one-step procedure

consisting of the exposure of HA to a cross-linker, or a

two-step procedure in which a highly reactive HA

derivative is first synthesized and then cross-linked in a

subsequent reaction. Following is a brief listing of com-

mon HA cross-linking techniques; see Refs. [2] and [13]

for more detail.

Diepoxy cross-linking

Almost 40 years ago, Laurent and coworkers created

diepoxy-cross-linked HA hydrogels using polyethylene

glycol diglycidyl ether.[20] Others have extended the utility

of the diepoxy chemistry to other cross-linkers, including

ethylene glycol diglycidylether (a bifunctional cross-

linker) and polyglycerol polyglycidylether (a trifunctional

cross-linker).[21] Interestingly, detailed studies of this

chemistry have shown that at low pH, diepoxy compounds

form ester linkages between carboxyl groups, while at high

pH, they form ether linkages between hydroxyl groups

(Fig. 3D; Ref. [22]). Utilizing this fact, diepoxyoctane has

been used to cross-link HA in a two-step double-cross-

linking treatment: HA is reacted with diepoxyoctane at

low pH, forming ester cross-links between HA chains, and
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then a second diepoxyoctane reaction is subsequently

carried out at high pH, forming ether cross-links.[22]

Carbodiimide-mediated cross-linking

As discussed above, carbodiimide-mediated reactions are

commonly used for reactions between carboxylic acids

and amines. These reactions, however, are highly sensitive

to pH and readily form an unreactive acylurea moiety

when applied to HA reactions; therefore, the applications

for which carbodiimides can be used with HA are some-

what limited. Fortunately, several researchers have found

specific conditions under which carbodiimide-mediated

reactions can allow HA cross-linking.

The simplest of these methods uses solely carbodiimide

to induce inter- and intramolecular cross-links on HA;[23]

in other words, these materials can be synthesized without

the use of exogenous cross-linkers. To form cross-links,

the carbodiimide-mediated reaction is performed on films

of at least 70 weight-percent HA in acetone- or ethanol–

water solutions. Similar reactions carried out with HA in

solution did not yield cross-linked materials, perhaps due

to the formation of unreactive acylureas. Challenged by

this tendency of carbodiimide-mediated reactions to form

unreactive acylureas on HA, Kuo, et al. created a bis-

carbodiimide cross-linking technique (Fig. 3E; Ref. [17]).

Several biscarbodiimides were synthesized and covalently

bound to HA through a mechanism similar to the car-

bodiimide-mediated creation of an acylurea, producing

aromatic or aliphatic cross-links between HA molecules.

Finally, several efforts have utilized carbodiimides to

mediate reactions between HA’s carboxyl groups and the

amines of bifunctional cross-linkers (Fig. 3F). Bullpitt and

Aeschlimann made use of reactions mediated with

carbodiimide and 1-hydroxybenzotriazole (HOBt) to

couple activated amines (pKa<8.0; e.g., adipic dihydra-

zide) to HA’s carboxyl groups; carbodiimide and N-

hydroxysulfosuccinimide (sulfo-NHS) were used for

coupling reactions between HA and simple primary

amines (pKa>9.0; e.g., 1,4-diaminobutane dihydrochlor-

ide).[16] Similarly, Vercryusse and coworkers have syn-

thesized a wide variety of polyvalent hydrazide cross-

linkers (2-6 hydrazides per cross-linker) for use in

carbodiimide-mediated cross-linking reactions.[24]

Aldehyde cross-linking

Formaldehyde and glutaraldehyde have long been used to

cross-link proteins for tissue preservation. Formaldehyde

is used to create Biomatrix’s Hylan-A, a cross-linked form

of HA that is water-soluble, but more viscous and elastic

than native HA.[25] Glutaraldehyde has been used to cross-

link HA to yield materials with high resistance toward

degradation. Tomihata and Ikade used glutaraldehyde in

acidic acetone–water solutions to create cross-linked HA

films of low water content.[26] Hu et al. compared

glutaraldehyde and carbodiimide-mediated reactions and

found that glutaraldehyde yielded more highly cross-

linked materials suitable for use as three-dimensional

tissue scaffolds.[27]

Divinyl sulfone cross-linking

Insoluble HA hydrogels can be formed by cross-linking

HA with divinyl sulfone (Fig. 3G), yielding materials such

as Biomatrix’s Hylan-B gel.[25,28] At high pH, divinyl

sulfone creates sulphonyl-bis-ethyl crosslinks between

HA’s hydroxyl groups. Depending on the reaction

conditions, materials ranging from soft gels to firm solids

(e.g., membranes and tubes) can be formed. Compared to

native HA, Hylan-B has an extended residence time in

vivo, particularly in sites where low mechanical force is

imposed on the implant.

Photocross-linking

While the cross-linking methods discussed above yield a

wide variety of stabilized materials, most of these

techniques proceed under physiologically incompatible

conditions. Furthermore, many of these methods cross-

link immediately upon mixing of the HA with the cross-

linker. Because HA forms highly viscous solutions, it is

often difficult to obtain homogenous materials in this

manner. Photocross-linking, however, is a method that

reacts only upon exposure to the appropriate wavelength

of light; therefore, the reactants can be thoroughly mixed

before cross-linking is initiated.[29] Furthermore, photo-

cross-linking methods are capable of proceeding under

physiological conditions without detrimental effects to

copolymerized bioactive molecules or encapsulated cells.

To this end, HA has been modified with several photo-

cross-linkable groups, including cinnamoyl, coumarin,

and thymine;[30] methacrylic anhydride;[31] glycidyl

methacrylate;[32] and styrene.[33] (See Fig. 3H for a gen-

eral schematic of photocross-linking methacrylated HA

derivatives.) Additionally, sulfated HA has been modi-

fied with 4-azidoaniline, yielding an HA derivative suit-

able for patterning features as small as 100 mm,[34]

which may be useful for directing cell growth or ad-

hesion in new biomaterials.

APPLICATIONS OF HA BIOMATERIALS

HA’s intrinsic physicochemical and biological properties

suggest that this distinctive molecule is suitable for

application in clinical therapies, diagnostics, tissue engi-

neering scaffolds, and drug delivery devices. Unmodified,
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derivatized, and cross-linked HA have proven beneficial

in a variety of applications, which are briefly described

in the following sections. For comprehensive reviews

of medical applications of HA, see Refs. [2] and [13].

Table 1 provides a list of HA products currently approved

by the FDA for clinical use.

Orthopedic Applications

HA plays a vital role in the development of cartilage, the

maintenance of the synovial fluid, and the regeneration of

tendons.[8] High concentrations of HA can be found in the

ECM of all adult joint tissues, including the synovial fluid

and the outer layer of cartilage.[36] In part because of its

viscoelastic nature and ability to form highly hydrated

matrices, HA acts in the joint as a lubricant and a shock

absorber.[37] In diseases such as osteoarthritis, the

concentration and molecular weight of the HA naturally

present in the joint are decreased, contributing to stiffness

and pain. Viscosupplementation treatments aim to treat

these conditions, and to this end, a variety of HA materials

have been successfully applied as clinical therapies.[36,37]

Researchers have also investigated cross-linked HA as

cell delivery scaffolds for cartilage and bone tissue

engineering. Esterified HA (Hyaff, Fidia Advanced

Biopolymers) supports the growth of chondrocytes[38]

and the differentiation of bone marrow–derived mesen-

chymal progenitor cells into chondrocytes and osteo-

blasts.[39] In fact, when compared to a well characterized

delivery vehicle (porous calcium phosphate ceramic),

Hyaff materials allowed greater amounts of bone and

cartilage to be formed in vivo (as determined from the

image analysis of stained tissue sections).[39]

Antiadhesion Applications

As HA is highly hydrophilic, it is a polymer that is well

suited for applications requiring minimal cellular adhe-

sion. Postoperative adhesions, which form between ad-

jacent tissue layers following surgery, impede wound

healing and often require additional surgical procedures to

repair successfully. Barriers made from cross-linked HA

have been effectively used to prevent such adhesions from

forming.[30] Furthermore, the adhesion of bacteria onto

biomaterials can induce infections and great risk to the

patient; with this in mind, esterified HA has also been

used to prevent bacterial adhesion to dental implants,

intraocular lenses, and catheters.[40]

Cardiovascular Applications

In a manner related to its antiadhesive properties, HA has

also proven to be effective for increasing the blood

compatibilities of cardiovascular implants such as vascu-

lar grafts and stents. For example, biomaterial surfaces

treated with cross-linked HA have been associated with

reduced platelet adhesion and thrombus forma-

tion.[25,34,41] Furthermore, sulfated HA derivatives can

act as heparin mimics;[18,19] in fact, HA derivatives with

higher degrees of sulfation are associated with increased

abilities to prevent blood coagulation (as measured by

longer times required for whole blood clotting).[19]

Table 1 FDA-approved HA products

Application Tradename Approval type Company

Osteoarthritis Hyalgan Premarket Fidia

Synvisc Premarket Biomatrix/Genzyme

Supartz Premarket Seikagaku

Hylashield 510 k Biomatrix

Ophthalmology Healon Premarket Pharmacia

Amvisc Premarket Bausch and Lomb

Coease, Shellgel, Staarvisc Premarket Anika Therapeutics

Amo Vitrax, Vitrax Premarket Allergan/Medtronic

Provisc, Viscoat Premarket Alcon Laboratories

Wound healing Bionect 510 k Fidia

Ialuset 510 k IBSA

Postsurgical adhesions Adcon Premarket Gliatech

Intergel Premarket LifeCore Biomedical

Seprafilm Premarket Genzyme

Surgical scaffolding Hyalomatrix 510 k Fidia

Hylasine 510 k Biomatrix

Gastrourology Deflux Premarket Q-Med

(Adapted from Refs. [2,13, and 35].)
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Cross-linked HA is also a promising biomaterial for

cardiac tissue engineering. In the embryo, HA is required

for the normal development of the valves and chambers

within the heart.[42] Building upon this information,

studies by Masters and Anseth have indicated that

photopolymerized HA hydrogels are suitable materials

for constructing tissue-engineered heart valves (K.S.

Masters and K.S. Anseth, Department of Chemical En-

gineering, The University of Colorado at Boulder, 2003,

personal communication). Valvular interstitial cells,

which are the primary cell type found in heart valves,

were found to adhere to and proliferate upon the HA

hydrogels. Furthermore, the hyaladherins CD44 and

RHAMM are present on the valvular interstitial cells,

and these receptors were thought to be involved in pro-

moting cellular proliferation in response to degraded HA

hydrogel fragments.

Ophthalmology

HA, a natural component of the vitreous humor of the eye,

has found many successful applications in ophthalmologic

surgery.[2] In part because it forms viscoelastic and highly

hydrated matrices, HA is particularly useful as a space-

filling matrix in the eye; thus, intraocular injection of HA

during surgery is used to maintain the shape of the anterior

chamber. Furthermore, HA solutions also serve as a

viscosity-enhancing component of eye drops and an

adjuvant to eye tissue repair.

Dermatology and
Wound-Healing Applications

HA is naturally present in high concentrations in the skin

and soft connective tissues. Therefore, HA is an ap-

propriate choice for a matrix to support dermal regener-

ation and augmentation. For example, Prestwich and

coworkers found that cross-linked HA hydrogel films

accelerate the healing of full-thickness wounds (Fig. 4),

presumably by providing a highly hydrated and non-

immunogenic environment that is conducive to tissue

repair.[43] Hyaff scaffolds cultured in vitro with keratino-

cytes and fibroblasts have been used to create materials

similar to skin, including two distinct epidermal and

dermal-like tissue layers.[38] Moreover, as a result of its

ability to form hydrated, expanded matrices, HA has also

been successfully used in cosmetic applications such as

soft tissue augmentation.[44]

Neural and Glial Applications

HA treatments have also been associated with improved

peripheral nerve regeneration. Injections of unmodified

HA into a nerve guide have been associated with

Fig. 4 Cross-linked HA hydrogel films to assist wound

healing. Full-thickness wounds were created in the skin of

Balb/c mice and a) treated with a cross-linked HA hydrogel film

(adipic dihydrazide-modified HA that was cross-linked with

polyethylene glycol dialdehyde) and covered with a wound

dressing (Tegaderm, a thin polyurethane membrane dressing that

is impermeable to microorganisms, 3M Health Care, St. Paul,

MN), or b) covered with the wound dressing alone. After 10

days, the HA films were completely degraded and four out of six

of the HA-treated wounds were associated with the formation of

an epithelial layer and a collagen-rich dermal layer. The tissues

treated with the wound dressing alone were less consistent and

had reduced reepithelialization. Tissue extracted from an area

peripheral to the wound is shown in c) as a normal tissue control.

The sections are stained with Masson’s Trichrome. D = dermis,

E = epidermis, M = muscle. Scale bar=100 mm. Images reprinted

from Ref. [43] with permission from Elsevier Science. (View this

art in color at www.dekker.com.)
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increased levels of physiological and functional regener-

ation.[45] Furthermore, when strands of cross-linked HA

are coated with polylysine, Schwann cells are able to

attach and proliferate on these materials.[27] It is possible

that the presence of HA enables increased glial cell

migration, more rapid neurite outgrowth or a more highly

organized ECM between the nerve stumps. However, the

exact mechanism by which HA may aid this process is not

well understood.

General Tissue-Engineering and
Surgical Applications

HA’s unique biological properties have inspired the

development of a variety of novel therapies for general

surgical applications. For example, work in our lab has

created photocross-linked scaffolds to support potentially

a broad range of tissue engineering applications.[32] Fol-

lowing cross-linking, these hydrogels maintained HA’s

biological activity and promoted similar levels of

vascularization as fibrin positive controls. We have also

used HA as a dopant during the synthesis of polypyrrole,

an electrically conductive polymer that alone can pro-

mote repair in a variety of systems.[46] When compared to

polypyrrole films without HA, composite films of HA

and polypyrrole were associated with higher levels of

vascularization in subcutaneous implants. Therefore,

HA-polypyrrole materials could be suitable for tissue-

engineering applications that may benefit from electrical

stimulation and enhanced angiogenesis. Other research-

ers have also utilized HA’s antioxidant properties to

assist in the prevention of inflammation. In-vitro studies

have indicated that several materials, including unmod-

ified HA, Hyaff, and a steroid-ester of HA, possess

antioxidant activities.[47,48] Such materials could aid in

healing conditions such as chronic wounds and rheuma-

toid arthritis.

Drug Delivery

Because of its biocompatibility, biodegradability, and

readily modified chemical structure, HA has been

extensively investigated in drug-delivery applications. A

variety of commercially available preparations of HA

derivatives and cross-linked HA materials have been

developed for drug delivery; these materials are created in

forms such as films, microspheres, liposomes, fibers, and

hydrogels. For excellent reviews on applications of HA in

drug delivery, see Refs. [2] and [13].

CONCLUSIONS AND FUTURE DIRECTIONS

Through multidisciplinary discoveries about the structure,

properties, biological activity, and chemical modification

of this unique polymer, HA has found success in an

extraordinarily broad range of biomedical applications.

Future clinical therapies of HA-derived materials critical-

ly rely on a more detailed understanding of the effects of

HA molecular weight and concentration and how this

biomolecule specifically interacts with cells and ECM

components in the body. Future directions of these

materials will require finely tuned and controllable

interactions between HA and its environment. Work in

these areas is underway; for example, adhesive peptide

sequences have been covalently bound to HA materi-

als.[49] Also, environmentally responsive materials have

been synthesized from HA. These materials can be created

to swell or degrade in response to inflammation,[21]

electrical stimulation,[50] and heat.[51] For an excellent

online resource regarding the biology, modification

chemistries, and various applications of HA, see the

Glycoforum website.[52]
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