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Significance: Hyaluronic acid (HA, or hyaluronan) is a ubiquitous naturally
occurring polysaccharide that plays a role in virtually all tissues in vertebrate
organisms. HA-based hydrogels have wound-healing properties, support cell
delivery, and can deliver drugs locally.
Recent Advances: A few HA hydrogels can be customized for composition,
physical form, and biomechanical properties. No clinically approved HA hy-
drogel allows for in vivo crosslinking on administration, has a tunable gelation
time to meet wound-healing needs, or enables drug delivery. Recently, a
thiolated carboxymethyl HA (CMHA-S) was developed to produce crosslinked
hydrogels, sponges, and thin films. CMHA-S can be crosslinked with a thiol-
reactive crosslinker or by oxidative disulfide bond formation to form hydrogels.
By controlled crosslinking, the shape and form of this material can be ma-
nipulated. These hydrogels can be subsequently lyophilized to form sponges or
air-dried to form thin films. CMHA-S films, liquids, and gels have been shown
to be effective in vivo for treating various injuries and wounds in the eye in
veterinary use, and are in clinical development for human use.
Critical Issues: Better clinical therapies are needed to treat ophthalmic in-
juries. Corneal wounds can be treated using this HA-based crosslinked hy-
drogel. CMHA-S biomaterials can help heal ocular surface defects, can be
formed into a film to deliver drugs for local ocular drug delivery, and could
deliver autologous limbal stem cells to treat extreme ocular surface damage
associated with limbal stem cell deficiencies.
Future Directions: This CMHA-S hydrogel increases the options that could be
available for improved ocular wound care, healing, and regenerative medicine.

SCOPE AND SIGNIFICANCE
Better clinical therapies are

needed to treat ophthalmic surface
injuries. Hyaluronic acid (HA, or hya-
luronan) is a ubiquitous naturally oc-
curring polysaccharide that plays a
role in virtually all tissues in verte-
brate organisms. HA-based hydrogels
have wound-healing properties, sup-
port cell delivery, and can deliver
drugs locally. Indeed, HA-derived gels

product can help heal ocular surface
defects, can be formed into a film to
deliver drugs for local ocular drug de-
livery, and have the potential to de-
liver autologous limbal stem cells to
treat extreme ocular surface damage
associated with limbal stem cell defi-
ciencies. A few clinical HA products
have been optimized hydrogels for
composition, physical form, and bio-
mechanical properties.
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TRANSLATIONAL RELEVANCE

A thiolated carboxymethyl HA (CMHA-S) was
used to produce crosslinked hydrogels. CMHA-S can
be crosslinked with a thiol-reactive crosslinker or by
oxidative disulfide bond formation to form hydrogels.
These hydrogels can be subsequently lyophilized to
form sponges or air-dried to form thin films. No clin-
ically approved HA hydrogel allows for in vivo cross-
linking during administration and tunable gelation to
meet wound-healing needs. Crosslinked CMHA-S
films, liquids, and gels have been shown to be more
effective than native HA in vivo for treating various
ocular injuries and wounds in the eye in veterinary
use, and are in clinical development for human use.

CLINICAL RELEVANCE

Ocular surface wound healing is a highly regu-
lated process that requires proliferation and migra-
tion of epithelial cells on the ocular surface. When
the process is altered by surgical intervention or by
changes in conditions of ocular surface disease due to
trauma, systemic disease, this can result in delayed
corneal epithelial wound healing. Currently, the
standard of care includes temporizing measures that
have various inherent issues with application and
administration. A biomaterial that could be topically
applied to the ocular surface and deliver compounds
to activate corneal epithelial cells and protect the
ocular surface to promote corneal wound healing
would be particularly valuable.

BACKGROUND

The highly regulated process of corneal and ocular
surface wound healing requires the proliferation and
migration of epithelial cells and interactions be-
tween epithelial cells, inflammatory cells, and stro-
mal fibroblasts. As noted earlier, when the process is
altered, delayed corneal epithelial wound healing
can result in corneal defects that will not resolve or
‘‘close.’’ This impaired corneal wound healing can
lead to persistent corneal epithelial erosions and/or
deeper stromal defects that result in corneal scar-
ring, ulceration and infections, opacification, corneal
neovascularization, and, ultimately, visual compro-
mise.1,2 Currently, the standard of care includes
lubricants, ointments, bandage lenses, amniotic
membrane grafts, autologous serum eye drops, and,
as a last measure, corneal transplants and tarsor-
raphies. Although many of these work as temporiz-
ing measures, they have various inherent issues
with application and administration.1 A commercial
biomaterial that could be applied topically to the
ocular surface and could (1) deliver therapeutic

molecules to activate corneal epithelial cells and/or
stromal keratocytes to proliferate and/or migrate, as
well as (2) protect the ocular surface, would be useful
to promote corneal wound healing in the clinic.

Biomaterials can facilitate the wound-healing
process, thus reducing the healing time and leading
to a healthier, more native-like repaired tissue. HA
is a ubiquitous naturally occurring polysaccharide
that plays a role in virtually all tissues in vertebrate
organisms. HA-based biomaterials have become
particularly attractive, because HA is prevalent
throughout the body, has anti-inflammatory prop-
erties, is non-immunogenic, and has been shown to
play a role in the wound-healing process, including
on the ocular surface.3,4 During tissue injury, high-
molecular-weight HA in the extracellular matrix is
degraded to lower-molecular-weight HA. Moreover,
different molecular sizes of HA have different effects
on various cell types involved in wound healing,
such as monocytes and fibroblasts, thus affecting
rates of healing, inflammation, and scar formation,
although the data are conflicting.5 Commercially
available HA is derived from animal (usually avi-
an) or fermentation sources, and can be obtained
in various molecular sizes, that is, from 80 to
2,000 kDa, thus controlling the molecular weight.
When exogenous HA is administered as a solution
in vivo, it is quickly degraded by the body.6,7 To
combat such rapid degradation, various chemical
modifications of HA have been made to generate
crosslinkable HA derivatives that can be manu-
factured into materials with varied shapes, forms,
and biophysical and biochemical properties.8,9

These properties can be manipulated and tailored to
design products for specific clinical applications that
can meet the needs for extracellular matrix recon-
struction, wound healing, and sustained local de-
livery of drugs and cells to fight infections, scarring,
and enhance healing.8–16 For example, to make the
CMHA-S hydrogels for ocular indications, the mo-
lecular size range of the CMHA-S macromonomer is
tightly controlled and product specific. Once the
hydrogel is formed, the molecular size of the re-
sulting polymeric network is essentially infinite.
The practical aspects of the development of HA-
based medical products, and a survey of chemically
modified and native HA products approved for
clinical use have previously been summarized.17

CMHA-S is one type of chemically modified HA
that has been utilized in a variety of applications,
including wound repair and adhesion prevention.18,19

CMHA-S is produced by first carboxymethylating
HA, followed by introduction of crosslinkable thiol
residues.19,20 CMHA-S can then be crosslinked with
either a thiol-reactive crosslinker, such as poly(eth-
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ylene glycol) diacrylate, or by oxidative disulfide bond
formation to form hydrogels (Fig. 1). A key advantage
of both chemically modifying and crosslinking HA is
that the resulting derivatives and gels degrade more
slowly than native HA, retain their shape, and, thus,
remain in the body for weeks to months. The rate of
enzymatic degradation can be controlled by altering
the extent of modification and the degree of cross-
linking to optimize the residence time in a particular
location in the body. The hydrogels can also be ly-
ophilized to form sponges or air-dried to form thin
films.21,22 CMHA-S films and gels have already been
shown effective in vivo for the treatment of injured
vocal folds, scar-free healing after endoscopic sinus
surgery, preventing stenosis after tracheal injury,
preventing postsurgical adhesions, and treating
skin and corneal wounds in various animal mod-
els.13,14,23–27 Further, this material releases en-
capsulated growth factors slowly over timescales of
weeks to months both in vitro and in vivo.28,29 For
example, wound healing was accelerated in various
disease and injury models when growth factors
were continuously released from topical hydrogels
as films and gels into full-thickness wounds.23,28,30

Several companies share the development rights
for this unique CHMA-S polymer and are actively
developing it for wound-healing indications as well
as for local therapeutic cell and drug delivery.
BioTime, Inc. (Alameda, CA) has established an
FDA Device Master File for manufacture of cer-
tain CMHA-S materials, and has products in de-
velopment for topical wound healing (Premvia�),
cell delivery (Renevia�), and adhesion prevention

(ReGlyde�) in humans. Jade Therapeutics, Inc.
(Salt Lake City, UT), holds a sublicense for oph-
thalmic uses and indications from BioTime and is
in preclinical development stage for products in-
tended for use in ophthalmic wound and corneal
repair as well as ocular drug delivery in humans.
Finally, SentrX Animal Care, Inc. (Salt Lake City,
UT) currently has global distribution of veterinary
products for the healing of dermal and corneal
wounds, for dry eye, and for preventing postsurgi-
cal adhesions in horses, dogs, cats, and exotic pets.

DISCUSSION

A significant medical need exists for a better
means to treat corneal and ocular wounds due to
various traumas and diseases, as well as for an im-
proved platform to deliver drugs and cells that can be
used to heal these ocular injuries locally.1,31 The
current clinical standard of care for dry eye in the EU
and Asia is, in fact, the use of topical HA lubricants.
However, uncrosslinked native HA products are
poorly retained and rapidly degraded, thus requiring
frequent daily administration.32 Crosslinked CMHA-
S hydrogels not only offer intrinsic ocular wound
healing with anti-inflammatory and anti-adhesive
capabilities that are well recognized with HA but also
have the capability to degrade more slowly. Thus,
crosslinked CMHA-S would act as a local lubricant
as well as a highly biocompatible vehicle to deliver
drugs in a sustained manner with less frequent
ocular administration.13,33,34 Such drugs may in-
clude growth factors or small molecules to stimulate

Figure 1. An example of crosslinking thiol-modified carboxymethyl hyaluronic acid (CMHA-with thiol-modified gelatin) (Gtn-DTPH) using the bifunctional
crosslinker poly(ethylene glycol) diacrylate (PEGDA) to form a thioether crosslinked semi-synthetic matrix (CMHA-GSX).
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epithelial cell proliferation or migration, or to si-
multaneously treat or prevent infections. Further-
more, chronic ocular wounds that are associated with
limbal stem cell deficiencies, secondary to trauma,
autoimmune disorders, and infections are the most
difficult to heal.1 Such eyes very often have compli-
cations of corneal haze, corneal neovascularization,
stromal scarring, and severe photophobia and pain.2

These hydrogels can serve as a matrix to deliver
autologous stem cells.35 Therefore, crosslinked
CMHA-S could be utilized to treat corneal and ocular
wounds by combining the intrinsic scar-free wound-
healing properties of CMHA-S hydrogels with the
delivery of drugs and/or therapeutic multipotent
stem or progenitor cells.

Translational experience to date
Jade Therapeutics has recently reconfirmed the

ocular safety and tolerability of crosslinked CMHA-
S in vivo, confirming the results found by Yang et al.
and SentrX.13 In a 5-day pilot study, CMHA-S gel
versus Ringers Lactate was applied topically four
times a day to a corneal debridement model (New
Zealand White rabbits). The CMHA-S gel demon-
strated excellent ocular biocompatibility and normal
histology, and was capable of delivering recombi-
nant human growth hormone (rHGH) topically.30 In
cell culture and in animal models of delayed wound
healing, the data show that delivery of rHGH locally
from these CMHA-S films have the potential to
treat these more recalcitrant cases.30,36 The ratio-
nale for the choice of rHGH was based on the ex-
isting data for the role of rHGH in wound healing
systemically. Moreover, recent cellular mechanis-
tic data and in vivo data have confirmed the ability
of rHGH to stimulate and morphologically activate
corneal epithelial stem cells to migrate.36,37 A pilot
study has shown excellent safety and tolerability
for this crosslinked CMHA-S when delivered sub-
conjunctivally.38

In terms of drug delivery, the ability to main-
tain therapeutic agents, particularly proteins, in a
bioactive state during formulation and controlled
release is an important capability of this HA poly-
mer technology; this is particularly important
for achieving multiday release of expensive large
molecules.39 The ability to deliver large molecules in
a sustained manner over weeks to months from
crosslinked CMHA-S hydrogels is supported by pre-
vious research both in vivo and in vitro. For example,
wound healing was accelerated in a diabetic mouse
model when basic fibroblast growth factor was con-
tinuously released from the CMHA-S hydrogels into
full-thickness wounds.23,40 Other proteins and small
molecules that have been delivered both in vitro and

in vivo from these CMHA-S gels and films include the
following growth factors:28,41–45

� Basic fibroblast growth factor

� Insulin-like growth factor-1

� Vascular endothelial growth factor

� Angiopoietin-1

� Keratinocyte growth factor

� Platelet-derived growth factor

� Transforming growth factor-b1

� Bone morphogenetic protein

� Sunitinib

� Mitomycin C

Clinical experience to date
Wound healing is a complicated and very highly

regulated pathway on the ocular surface that var-
ies in its process longitudinally, temporally, and
spatially. To have effective wound healing, the
process requires a delicate interplay of cells, de-
structive and constructive enzymes, growth fac-
tors, inflammatory chemokines and cytokines, and
extracellular matrices that continue to change and
be modified based on the origin of insult and the
duration of pathology. In ophthalmology, an acute
corneal defect could be treated with a topical HA
alone, but if the limbal stem cells are deficient due
to traumatic burn and chemical injuries, systemic
autoimmune processes, or diabetes, the epithelial
defect could be present for weeks to months. Such
chronic defects will likely need the application of
growth factors in combination with a topical HA
with perhaps even physical corneal epithelial de-
bridement, as noted earlier. If the defect becomes
infected, the management can change again and
require frequent hourly topical antibiotics, thus
necessitating the need for an alternative way of
dosing these antimicrobials through a sustained
release HA formulation such as the films in pre-
clinical development. It is these types of clinical
scenarios and wound-healing challenges to which
current research and development efforts for hu-
man and veterinary products are directed.

As previously mentioned, the degree of cross-
linking of the CMHA-S hydrogels can be varied to
adjust the rheological properties, effective pore
size, and rates of diffusion of molecules of different
sizes and chemical properties. Moreover, both the
biodegradation rate of the hydrogel and the release
rate of molecules from the hydrogel can be fine
tuned. CMHA-S can be fabricated as gels, emul-
sions, thin films, sponges, powders, or delivered as a
liquid and allowed to crosslink in situ (Fig. 2). Spe-
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cifically for ocular applications, the gel can be for-
mulated into an eye drop or a film that would allow a
‘‘bandage’’ type approach to wound care as well as
local drug delivery. The veterinary eye drop formu-
lation has been shown to improve corneal wound
healing in rabbit models and is being sold globally for
management of opththalmic injuries in dogs, cats,
and horses.13 In addition, we have shown that
crosslinked CMHA-S can be fabricated as a dried
thin film that rehydrates to a transparent thin hy-
drogel (Fig. 3). These films have been capable of
successfully releasing proteins over weeks to months
in a linear near zero-order release fashion in vitro
with confirmed efficacy in vivo; proteins have also
previously been released from similar, thicker hy-
drogels.23,40 Moreover, we have successfully deliv-
ered antibiotics to the ocular surface via these films

in vivo over days for corneal ulcers (Fig. 4).46 Current
research is directed at optimizing in vitro release for
various doses of therapeutic proteins and small
molecules such as antibiotics intended to treat cor-
neal wounds from drug-loaded, sterile films.

Although the use of crosslinked CMHA-S mate-
rials for ophthalmic applications has yet to enter the
clinical stage in humans, clinical studies in dogs
have been undertaken to support their use as a tear
replacement for keratoconjunctivis sicca (KCS) and
for treating corneal ulcers.33,34,47 For KCS, the
studies demonstrated that the CMHA-S gel drops,
administered twice to thrice daily, reduced ocular
irritation, hyperemia, and discharge, and increased
ocular comfort as assessed by pet owners in as little
as 2 weeks. Further, the CMHA-S gel was superior
in reducing these symptoms compared with a solu-

Figure 2. Various formulations of crosslinked CMHA-S. (A) Gel drops designed for delivery through an eye dropper. (B) Liquid polymer solution delivered via
syringe and designed to crosslink in situ. (C) Hydrogel lyophilized to form a sponge. (D) Hydrogel dried and ground to form a powder. (E) Hydrogel dried to
form a thin, flexible film. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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tion of non-crosslinked HA at a similar concentra-
tion, and owners were more satisfied with the out-
comes when using CMHA-S gel. This is important,
as animals with tear film deficiencies can be difficult
to medicate given their ocular discomfort; however,
owners found that the improvement in ocular com-
fort provided by CMHA-S gel eased the problems
usually seen in topical medication. In the case of
corneal ulcers, CMHA-S gel was used in dogs when
the ulcers had not healed in an average of 25 days by
a variety of other treatments. After twice daily
treatment with the CMHA-S gel, the corneal ulcers
healed in an average of 13 days, and in as little as 7
days in some cases. Similar results have also been
found when treating ulcers in cats (Fig. 5). It should
be noted that the gel alone was not enough to aid
in healing ulcers with a devitalized, non-adherent
epithelium where defective epithelial basement mem-
brane was the reason for lack of epithelial heal-
ing.48 In these spontaneous superficial chronic
corneal erosions, physical methods to disrupt the
basement membrane, such as with diamond burr
debridement, are required.49 It would appear that use
of CMHA-S can be valuable as a supplement to such
ophthalmic treatments but not instead of them.

INNOVATION

As a local sustained delivery polymer, cross-
linked CMHA-S offers an advantage over daily
frequently administered topical and locally in-
jected HAs clinically for ocular wound healing. It
increases the options that could be available for
improved ocular wound care, healing, and regen-
erative medicine. This tunable sustained approach
for lubrication and delivery of drugs for ocular
wound healing has the following advantages:

� A CMHA-S hydrogel film can be placed on the
ocular surface under the lids with local re-
tention for days to weeks.

� The CMHA-S can be delivered initially as a
liquid CMHA-S solution that crosslinks to a
gel in situ within minutes through a small
gauge needle.

� The CMHA-S hydrogel can be delivered as a gel
subconjunctivally with excellent tolerability.38

Figure 4. Transparent CMHA-S film in the lower inferior cul de sac in a
rabbit (arrow). To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/wound

Figure 5. Top: Corneal ulcer in a cat that had not healed in 35 days.
Bottom: The corneal ulcer healed after treating for 10 days with the CMHA-
S gel. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/wound

Figure 3. Rehydrated 8 mm CMHA-S film (left) and corresponding 6 mm
dried film (right). Note that although the dried film is opaque, the rehydrated
film is transparent. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/wound
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� The CMHA-S hydrogel improves
corneal epithelial surface healing as a
topical gel compared with non-cross-
linked HA solutions.13,47

SUMMARY
Wound healing is a complicated and

very highly regulated pathway in all
parts of the body that varies in its process
longitudinally, temporally, and spatially.
To have effective wound healing, the pro-
cess requires a delicate interplay of cells, destructive
and constructive enzymes, growth factors, inflam-
matory chemokines and cytokines, and extracellular
matrices that continue to change and be modified.
The development of a safe and well-tolerated HA-
based hydrogel that can not only serve as a matrix
for healing but also offer intrinsic well-recognized
traits to support wound healing and be used to de-
liver therapeutic cells and drugs to promote healing
would be clinically important. However, challenges
exist not only in understanding the full extent of the
intrinsic capabilities of the biopolymer but also in
understanding the role and interplay of the bio-
polymer hydrogel and the therapy within specific
tissues over time in this very active process. To-
gether, these variables can impact the timing of the
intervention as well as the timing and need for cell
and/ or drug therapy.

Ultimately, we anticipate that these develop-
ments and advances in new materials for use in
ocular wound healing will be able to meet the clin-
ical unmet needs of patients. The ideal products
would be those that can address the need, be easy to
administer, and be efficacious. An inherent chal-
lenge is that so often the underlying pathology and
inciting event is very different among patients, yet
the end result—a wound—is the same. To develop
and market clinically useful products for human
and veterinary use, we should learn and under-
stand the heterogeneity of the diseases in order to
better target and select groups of patients to define
and meet their unmet clinical needs. Very often, the
better we understand the underlying pathology, the
better we can develop the right tool to enhance and
augment the natural healing and regenerative re-
sponse. Without this fundamental knowledge, even
the best products can fail in their clinic due to the
incorrect patient population and/or the incorrect
study design. Products, by their nature, need to be
elegant in their simplicity with a direct and targeted
approach to wound repair and tissue regeneration.
That is, we should embrace the biological complex-
ity, engineer versatile solutions, and deliver simple

and easy-to-use products.50 We are optimistic that
crosslinked CMHA-S hydrogels will become afford-
able, reimbursable, effective, and easy-to-use prod-
ucts for treating ophthalmic wounds in human
patients as they already are in veterinary patients.
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Abbreviations and Acronyms

CMHA-GSX¼ thiolated carboxymethyl hyaluronic
acid-thioether crosslinked
semi-synthetic matrix

CMHA-S¼ thiolated carboxymethyl hyaluronic
acid

FDA¼ Food and Drug Administration
Gtn-DTPH¼ thiol-modified gelatin

HA¼ hyaluronic acid or hyaluronan
KCS¼ keratoconjunctivis sicca

PEGDA¼ poly(ethylene glycol) diacrylate
rHGH¼ recombinant human growth

hormone
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