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Abstract
Chronic wounds caused by diabetes are a significant medical
challenge. Complications from non-healing can result in dire
consequences for patients and cost the healthcare system
billions of dollars annually. Non-healing in wounds for diabetic
patient’s results from a combination of factors which impair
clearing of injured tissue, proliferation of healthy cell
populations and increase risk of infection. Wound dressings
continue to form the basis for the treatment of chronic wounds.
Traditionally, these focused solely on hydration of the wound
site and mitigating infection risk. Hydrogel systems are ready
made to meet these basic requirements due to their intrinsic
hydration properties and ability to deliver active ingredients.
Flexibility in materials and methods of release allowed these
systems to remain targets of research into the 21st century.
Improved understanding of the wound environment and healing
cascades has led to the development of more advanced
systems which incorporate endogenous growth factors and
living cells. Despite their promise, clinical efficacy of these
systems has remained a challenge. Further, the regulatory
pathways for approval add a layer of complexity to translate
pre-clinical work into marketed products. In this review, we
discuss systems currently in clinical use, pre-clinical directions
and regulatory challenges for hydrogels in the treatment of
diabetic chronic wounds.
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years after diagnosis of type II diabetes in the United States [2].
Globally, incidences of diabetic foot ulcers for type I and type II
diabetes were 5.5% (3.2%-7.7%) and 6.4% (4.6%-8.1%) [3],
respectively. In the US, between 2005 and 2010, 33% of diabetesrelated hospital admissions resulted from healing impairment and rates
were 10 times those of non-diabetic patients [4]. Treatment for ulcers
and associated complications places a large burden on the healthcare
system with costs of ulcer treatments in excess of a billion dollars in
2012 [4]. Treatments for these complex wounds are constantly
evolving but dressings continue to be the mainstay. For decades,
polymeric biomaterials have formed the backbone of dressings and
therapeutic delivery platforms in the management and treatment of
diabetic chronic wounds.
Ideal wound dressings are designed to meet the following
functions: humidity retention, gas exchange, prevention of
microorganism growth, thermal insulation, biocompatibility,
mechanical strength, sterility, ease of removal, and cost-effectiveness.
Beyond these basic considerations, modern dressings are designed to
absorb exudate, assist cell adherence and proliferation, and deliver
therapeutic agents such as antimicrobials or growth factors [5-8]. In
this review, we discuss different dressing systems, with a focus on
hydrogel platforms, for use in diabetic chronic wounds.

Challenges in Diabetic Wound Healing
Skin anatomy
Development of wound dressings relies on physiological
knowledge of human skin which is histologically comprised of
epidermis, dermis and hypodermis, each with its own unique
composition, function, and developmental origin [9,10]. The
epidermis is the outermost layer and contains keratinocytes,
melanocytes, Langerhans cells and Merkel cells distributed across four
sub-layers: basal, squamous, granular, and cornified. Keratinocytes are
responsible for ‘waterproofing’ and wound sealing. Under normal
condition in humans, it takes 28 days for keratinocytes to mitotically
divide at the basal sublayer and gradually migrate to the outer sublayers of the epidermis. The dermis contains vascular components,
adnexal structures such as nerve endings, glands, and hair follicles.
The structural components are formed of an extrafibrillar matrix, types
I and III collagen, and elastic fibers. The three principal cell types of
the dermis are macrophages, mast cells, and fibroblasts, with the latter
being key players in dermal wound healing. The hypodermis consists
of connective and adipose tissues.

Wound healing in healthy individuals
Keywords: Diabetes; Chronic wounds; Hydrogels; Drug
delivery; Self-assembling peptides

Introduction
Diabetes remains a major health challenge across the United States
with approximately 27 million people affected in 2018 [1]. Chronic
ulcers and impaired wound healing that result from diabetic
neuropathy and vasculopathy are common and associated with
potentially severe consequences, including limb loss. An analysis of
1381 patients determined a 4.96% (3.1%-6.82%) rate of foot ulcers 19

Acute wound healing in healthy individuals proceeds through four
phases: hemostasis, inflammation, proliferation and maturation, and
remodeling [11,12]. Hemorrhaging is the first event upon injury and
aides in pathogen elimination. Fibrinogen in the blood will coagulate
and induce hemostasis. Simultaneously, neutrophils and macrophages
infiltrate the wound site to engulf pathogens and dead cells as well as
producing growth factors. The inflammatory phase begins within
minutes post-injury and lasts approximately three days. In the
proliferative phase, the wound is restored through fibroblast
proliferation, Extracellular Matrix (ECM) reorganization, angiogenesis,
collagen synthesis, granulation tissue formation and epithelization
[12]. The final remodeling phase is characterized by further
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epithelization, strengthening of new tissues and maturation of
granulation tissues into acellular scars.

Chronic wounds and impact of diabetes
Chronic wounds are characterized as not progressing from the
inflammatory stage of healing [13]. Remaining in this stage can lead
to complications such as infection, neoplastic transformation, necrosis
and potential amputation. Development of chronic wounds in diabetes
has been linked to a myriad of factors including impairment of growth
factors, interruption of angiogenesis, reduced immune function, and
decreased cell migration, accumulation of ECM components and
imbalance of matrix metalloproteases [14,15]. Hyperglycemia in
diabetic wounds induces high amounts of reactive oxygen species
which, among other consequences, increases expression of proinflammatory cytokines such as TNF-α [13,16]. Infections in the
wound bed exacerbate the inflammation through an upregulation of
reactive oxygen species from the host immune response and bacterial
excretion. The overexpression leads to an inflammatory feedback loop
and apoptosis of endothelial cells [13,17,18].
Endothelial progenitor cell migration from the bone marrow is a
critical step in regeneration and is well-documented to be impaired in
type 1 and 2 diabetes [19]. Impeded endothelial progenitor cell
proliferation from bone marrow results from a decrease in glucosemediated epithelial nitric oxide synthetase at the site of injury;
prompting a reduced circulation of endothelial progenitor cells.
Compounding lack of proliferation from bone marrow is reduced
SDF-α expression near the wound which hinders endothelial
progenitor cell homing [14,19]. Differentiation and proliferation of
endothelial progenitor cell are further impacted by hypoxia and
hyperglycemia induced reduction of growth factors such as Vascular
Epithelial Growth Factor (VEGF) and Fibroblast Growth Factor (FGF)
[13,17,20]. Chronic ulcers have high levels of matrix
metalloproteases, resulting from high levels of reactive oxygen
species, damage restructuring of the epidermis through degradation of
growth factors and structural proteins such as collagen [15-17,19].
Chronic wound healing can be enhanced through wound hydration, pH
balance and providing scaffolding for the migration of cells [6].

General Dressings for Diabetic Wounds
Antimicrobial dressings
A moist, bacterial-free environment is ideal for wound healing
[21,22]. An appropriate moisture level prevents cell dehydration,
enhances angiogenesis, and fosters dead cell degradation [23]. Under
moist dressing conditions, epithelial and dermal cells were observed to
proliferate faster, while inflammatory cell expansion reduced [24]. In
the following narrative, we will focus on wound dressing systems
which provide moisture balance for optimal wound healing.
Infection control is a priority in managing diabetic wounds because
hyperglycemia and reduced immunity promote bacterial proliferation
[14,15,25]. For example, isolates of Staphylococcus aeneous from
human diabetic foot ulcers demonstrated a phenotypic change to less
virulent subtypes, implying the barriers to infection were reduced [26].
To mitigate infection, silver dressings are often utilized for their
antimicrobial properties. Upon exposure to exudate or fluid, silver is
activated and engages several cellular targets on both gram positive,
Gram negative bacteria and fungi [27]. In the case of a low exudate
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level, the dressing can be briefly conditioned with water before
application.
Acticoat (Smith & Nephew, UK) is a popular representative of
silver-incorporated wound dressings. The dressing has a polyester/
rayon core and an outer nano-crystalline silver coated High-Density
Polyethylene (HDPE) mesh [28]. Rapid release of silver within 30
minutes makes Acticoat suitable as an initial dressing strategy [29,30].
Acticoat can remain intact on wounds for three to seven days
depending on the product version and the quantity of exudate. Despite
successful reports for the treatment of diabetic foot ulcers, Acticoat
and similar dressings present considerable limitations [31]. In dry
wounds, it is common to rinse wounds with normal saline, but
chloride can interfere with the antimicrobial effect of silver. Another
complication is that prolonged silver exposure can hinder proliferation
of fibroblast and keratinocytes and delay healing, and also result in
adverse scarring. Nanocrystalline dressings are also expensive,
making their use in the treatment of chronic wounds uneconomical.

Hydrocolloid dressings
Due to the compromised healing capacity of diabetic patients,
wounds often rapidly ulcerate [32]. Thus, hydrocolloid dressings are
commonly used for their exudate absorption property [8,33,34]. These
dressings typically consist of a colloidal absorbent layer that gels upon
exposure to moisture and backed with a film layer or foam. The
absorbent must be in contact with exudate to form a cohesive gel
layer, which then absorbs exudate, traps microorganism or cell debris,
and allows gas exchange [6,8,35]. Common colloidal materials are
carboxymethylcellulose, gelatin, pectin, and actin [11]. Because
hydrocolloids can dissolve rapidly in excess exudate, water-insoluble
elastomers are often included to improve their elasticity and
mechanical properties [34]. The adsorption of the exudate enables the
wound to remain hydrated while protecting the underlying tissues
from sheer stress and contamination [5,8].
Duoderm (ConvaTec Ld, UK) is a representative hydrocolloidal
dressing approved for diabetic foot ulcers [33,36]. The composition
Duoderm includes pectin, gelatin, and carboxymethylcellulose. Pectin
is a biodegradable, biologically inert hydrocolloid made up of linear
chains of plant galacturonic acid that gels upon esterification [36].
Gelatin, a hydrocolloid derivative of collagen, forms a nanofiber
network that resembles the extracellular matrix, with high porosity and
large surface area [37]. Carboxymethylcellulose is highly absorbent,
allowing exudate removal into the dressing. The combined properties
of these polymeric materials render a product with strong adhesion yet
allowing aeration and diffusion of nutrients.
The use of hydrocolloid dressings in diabetic wounds is
controversial [5,6,8]. Extended use of hydrocolloid dressings can lead
to malodorous gel, increased risks of infection, maceration of the
wound edge, and contact dermatitis [35]. Insufficient gas exchange
may lead to hypoxia, which exacerbates inflammation and cellular
damage [14]. Prolonged adhesion of hydrocolloids can result in
secondary tissue damage during removal [38]. Thus, hydrocolloids are
more suitable for low to moderate exuding wounds and must be
changed every seven days or less [34,38].

Hydrogel dressings for diabetic wounds
An overview of hydrogel functions in the wound environment if
provided in (Figure 1) Hydrogels are commonly used for the
management of chronic wounds because of their occlusive property by
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which moisture can be maintained [6,8,39]. Compared to fibrous or
hydrocolloid dressings, hydrogels can rehydrate necrotic and sloughy
wounds and are suitable for wounds with low or medium exudate [40].
Resembling the structural consistency of natural ECM, hydrogels can
function as instructive scaffolds for keratinocyte proliferation and
angiogenesis [41,42]. Their hydrophilic and semi-solid nature is
conducive for easy application and removal while providing a cooling
effect. Another feature is that hydrogels are semi-transparent insofar
wound monitoring is possible between dressing changes [43]. These
recognized advantages have made hydrogels attractive as dressing
materials.

Figure 1: Overview of Hydrogel Function in the Wound
Environment. A: Semi-permeable nature of hydrogels allows for
transfer of gasses and aids in oxygenating wound sites to reduce
hypoxia. B: Bioactive polymers (i.e. hyaluronic acid) delivered to
wound site as cross-linked polymers degrade into lower molecular
weight polymers and monomers. C: Swollen hydrogels retain water
and prevent dehydration of wound site. D: Hyperglycemia results in
apoptosis of endothelial cells; epithelial, STEM and other cell varieties
loaded into gel migrate to wound site to replace cell populations and
aid in re-epithelization. E: Reduced immune function in diabetics
increases infection risk and hyperglycemia decreases available
endogenous growth factors. Delivery of small and large molecule
actives, as well as growth factors, manage infection and promote
healthy cell proliferation. F: Swollen gels aid in wound debridement.
G: Gel layer protects wound from debris and other contaminants. H:
Polymer chains cross-link to form matrix which entraps and retains
moisture.
Hydrogels are cross-linking polymers interweaving into water-filled
3-dimensional matrices. The assembly can occur through covalent,
ionic, and/or hydrophobic interactions of polymer backbone and side
chain atoms [44]. The degree of hydration, measured as swelling ratio
in percent weight change, is a primary characteristic of hydrogels with
typical ranges between 70%-99% w/w [45]. The change in hydrated
mass in sol-gel transition is a critical manufacturing quality attribute.
The extent of cross linking will influence the stiffness of the gel, with
softer gels being more susceptible to removal through sheer. Polymer
composition can be tuned to a specific stiffness, typically ranging from
0.5-5.0 MPa [5,44]. Defective cross-linking causes reduced swelling
capacity, resulting in insufficient hydration of the wound site as well
as limiting exudate absorption [39,46]. In addition, insufficient crosslinking increases degradation via increased polymer chain mobility
and exposure of cleavable groups [47,48].
Natural and endogenous polymeric hydrogels generally exhibit
good biocompatibility, with low risk of inducing acute or chronic
inflammation or immunological reactions [49]. Commonly utilized
polymers include collagen, chitosan, cellulose, gelatin, hyaluronic
acid, silk fibroin, etc [6,50]. Of note is hyaluronic acid, which is
naturally present during wound healing, promotes angiogenesis,
enhances fibroblast proliferation and reduces reactive oxygen species

Volume 10 • Issue 1 • 1000197

damage [6,8]. In diabetic rats, hydrogels containing high or low
molecular weight hyaluronic acid significantly improved healing time
from approximately 70 days to 50 days [51,52]. Additionally, reduced
CD45+ expression and increased VEGF expression at days 3 and 10 in
the hyaluronic acid treated groups indicated a reduced inflammation
and an increased angiogenesis, respectively. Similarly, a gelatin/
hyaluronic acid hydrogel showed improved wound closure in diabetic
mice when loaded with thrombodulin, which stimulates growth of
keratinocytes [53]. The high-swelling hydrogel was capable of
swelling to 11-fold weight percent and sustained release of
thrombodulin over 12 hours. Several hyaluronic acid-based products
are approved by the FDA for use in wound healing. HyalofilTM, an
esterified hyaluronic acid -based hydrogel with up to 3000% swelling
potential, exhibited healing in ulcers from 1 in 9 (control) to 10 of 13
(active) with significance [54]. HyGelTM is another hyaluronic acid based hydrogel approved for the treatment of chronic and diabetic
wounds [55]. Several other hyaluronic acid-based products are
approved for diabetic foot ulcers and hyaluronic acid continues to be
used in emerging pre-clinical works.
Collagen, as an ECM component, also offers advantages for wound
healing. Collagen-based hydrogels significantly reduce wound area at
28 days in diabetic mice relative to a control group and an Endothelial
Growth Factor (EGF) loaded gel [56]. In the same study, collagenbased gels exhibited an increased fibroblast proliferation after 4 weeks
relative to EGF loaded gels. Collagen-based hydrogels are present in
several approved products. Collatek®, for example, contains collagen
cross-linked with polyacrylic acid and was approved in 2002 for
diabetic foot ulcers.
A caveat of natural polymeric hydrogels is mechanical strength.
Incorporating synthetic polymers such as Polyvinyl Alcohol (PVA),
Poly(Ethylene) Glycol (PEG), polyacrylamide, and polylactic acid,
can improve the hydrogel physical properties [50]. Polyesters, such as
Poly Lactic-Co-Glycolic Acid (PLGA), and polyurethanes have
favorable degradation properties and form hydrogels in conjunction
with hydrophilic polymers such as polyvinyl-pyrrolidone [6,8,57].
Carboxymethylcellulose is commonly found in hydrogels.
IntrasiteTM is a carboxymethylcellulose -based gel which has been
approved for the treatment of diabetic wounds. Autolytic debridement
is a main feature of this dressing and was reported in several studies
[58]. Specifically, the hydrophilic polymer cross-linking expands to
absorb the exudate and trap dead cell debris without damaging the
fragile granulation tissues [22,43]. Because the dressing can help clear
dead cells, the inflammatory phase can be shortened and thereby not
affect the cellular activities in later phases of healing. The product is
thought to be beneficial for granulation and re-epithelization at the
proliferative and remodeling stages [59]. The hydrophilic content of
this dressing facilitates the migration of epithelization cells. The pH of
open wounds is typically more than 7.1, but IntrasiteTM dressing can
reduce the environment pH to around 6.8, which is ideal for
fibroblasts to produce collagen [58,60].
Due to their porosity, hydrogels are suitable for incorporating
therapeutic agents, wound filling materials and instructive
nanostructures [44,61]. At the swollen state, the pore size in the
hydrogel can be designed to be large enough (in the low hundred µm
range) for diffusion of bioactive molecules but small enough to
prevent bacteria from accessing the wound. Vascularization has been
observed across the gel matrix with pore sizes greater than 50 µm but
is limited to the surface in smaller pore sizes [62].
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pH responsive polymers have proven advantageous for diabetic
wounds because the wound pH changes significantly throughout the
healing process. Increased swelling potential upon pH changes
promotes a more consistent wound environment [45,63,64]. Thermoresponsive hydrogels with gel transitions near body temperature offer
advantages by remaining as low viscosity liquids until application.
Recent advents include devices placed near the gel to modulate
temperature for drug release from the liquid phase or retain drug in the
gel phase [65].

Hydrogel dressings for microbial control
Consistent with fibrous and hydrocolloid dressings, hydrogels
impregnated with silver have been developed for use in chronic
wounds. SilverMed AgTM (MPM Medical), Silver SeptTM (Anacapa
Technologies), and Viniferamine® (Viniferamine) are three
representative products on the market incorporating low levels
(<0.01%) of silver (MPMmed, Anacapa and Viniferamine). Silver
SeptTM exhibited 99% elimination of S. aureus in-vitro after 1-day
post-exposure and has improved outcomes in clinical case studies
(Anacapa). In addition to dissolved silver, silver nanoparticles have
been incorporated into hydrogels. SilvrSTAT®, for example, reduces
S. Aureus greater than 99% within 1 hour in-vitro [66]. Incorporation
of nanoparticles allows for more controlled release from hydrogels but
may impact bulk physical properties. Swelling capacity of chitosanPEG based hydrogels decreases by up to three times when loaded with
silver nanoparticles [67]. This change is not accompanied by reduction
in porosity and may be attributed to increase cross linking via
nanoparticle binding with polymer functional groups [67,68]. Silver
has also been used as a cross-linking agent through a coordination
with thiolated-PEG. The resulting hydrogel exhibits favorable
mechanical properties with elastic and loss moduli capable of
withstanding up to 50% increase in strain. This elastic recovery is
preferable for an injectable or topical product and S. aureus density
has been shown to reduce 3x relative to the control [69].
Sustained release of small molecule antibiotics from hydrogels has
also been reported. Tetracycline hydrochloride loaded into gelatin
microspheres exhibited 50% release over 48 hours from an alginate/
carboxymethyl chitosan hydrogel. This system exhibited a 2-log
decrease in S. aureus after 24 hours compared to the gel alone [70].
Likewise, gentamicin formulated into poly(N-isopropylacrylamide-codimethyl-γ-butyrolactone acrylate-co-Jeffamine® M-1000 acrylamide)
hydrogel has been shown to continue to be released up to 7 days in
rabbit models and completely eradicates induced infection with S.
aureus [71]. Gentamicin has also been co-formulated with Zinc-Oxide
(ZnO) in a chitosan-based hydrogel to provide a synergistic antibiotic
effect. The gel exhibits a swelling ratio of 150:1 and inhibits growth of
S. Aureus in-vitro with a minimum effective concentration of less than
0.5 µg/ml [72,73]. A variety of other antimicrobials including, gold,
copper, iodine and other small molecule antibiotics have been included
in hydrogel dressings [73].

Hydrogels to Deliver Growth Factors, Biologics and
Cells
Growth factors have been successfully delivered via hydrogels with
success in pre-clinical and clinical settings. Among the growth factors,
Platelet-Derived Growth Factor (PDGF), SDF-1, basic FGF (bFGF),
EGF, VEGF, Transforming Growth Factor Beta (TGFB) are the most
common[74]. These factors trigger epidermal cell and fibroblast
proliferation, and angiogenesis. Many pre-clinical studies have been
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published on delivering growth factor with biomaterial scaffolds,
hydrogels and nano-micro-particulate systems [75]. However, FDA
approval of these drug-device combination products is challenging.
Further complicating the approval landscape is limited success of
growth factors as monotherapies in clinical trials. The first and only
FDA-approved dressing for diabetic ulcers utilizing growth factors is
Regranex® Gel (Smith & Nephew). PDGF in the product promotes
fibroblasts which increases granulation tissue, enhances reepithelization rates, revascularization and collagen synthesis. In
clinical trials, complete healing of diabetic ulcers was observed in
50% of patients using Regranex® 0.01% relative to less than 30%
using the placebo gel [76]. Despite this success, a single growth factor
may be insufficient to improve healing across all patient populations
[14,77-79].
SDF-1 expression is reduced in diabetic wounds causing lack of
EPC migration and reduced vascularization [80]. Sustained release of
SDF-1 over 48 hours has been achieved in a gelatin-based hydrogel
and demonstrated in-vitro recruitment of MSCs and macrophages.
Kim and Tabata [81] In this study, release of SDF-1 was further
modified by the use of gelatin hydrogels with isoelectric points of 5
and 9; the gel with isoelectric point 9 exhibited a 20% higher burst
release in normal saline. An extended release of SDF-1 was also
observed using a thermo-responsive PEG Citrate-Co-NIsopropylacrylamide (PPCN) for up to 3 weeks after injection [82]. In
diabetic mice, use of this SDF-1 PPCN reduced time to 50% wound
healing improved to 11 days, compared to 14 and 16 days for neat
PPCN and SDF-1 alone, respectively. In particular, the PPCN
hydrogel system highlighted advances in hydrogel development by
combining thermo-responsiveness and introducing antioxidant activity
through design of the hydrogel [82,83]. The multifaceted impediments
to healing in diabetic wounds will benefit from such approaches that
target several pathways at once. Increased ROS is a major concern in
diabetic wounds and the PPCN system is capable of scavenging 70%
of radicals while thermo-responsiveness allowed for ease of
application.
bFGF similarly would benefit from controlled delivery and has
shown promise in pre-clinical wound healing. Sustained release of
bFGF from gelatin microsphere hydrogels has been shown to be
possible for up to 6 days using a hydrogel that remains stable for up to
30 days [84]. When applied to diabetic mouse wounds, epithelization
and angiogenesis were significantly improved. At day 15, the
epithelization rate of the bFGF loaded gel was 78% compared to 50%
in the gel treated mouse alone. CD31+ cells were significantly higher
as a percent of area under microscopic view (1.3%) compared to non
bFGF treated wounds (0.4%), implying improvement in angiogenesis
[85]. In a study examining bFGF and EGF loaded into a glycol
chitosan hydrogel, 90% of the growth factors were released over 30
days in PBS after an initial burst release of 60% [86]. Swelling was
not impacted by bFGF and EGF loading and in-vitro cell proliferation
was significantly higher than bFGF or EGF alone. When assessed in
non-diabetic mouse wounds, there was a 4 to 6-fold reduction in
wound area after 7 days over the individual growth factors and neat
gel. Although the system in this study was not applied directly to a
diabetic model, other works have shown delivery of bFGF and EGF
improves healing in diabetic mice. EGF and bFGF modified with lowmolecular weight protamine to increase penetration across the
epidermis were loaded into a Carbopol gel. In diabetic mice, the
growth factor loaded gels showed 90% wound area reduction after 12
days compared to 70% for the gel alone [87]. Another system has
utilized FGF 21 in a heparin-poloxamer hydrogel in diabetic mice
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[88]. FGF 21 varies from bFGF in that it does not promote
proliferation but is a metabolic regulator which upregulates glucose
transporter GLUT 1; mitigating effects of hyperglycemia [89]. FGF21
loaded hydrogels improve wound closure rate to 93% in diabetic mice,
compared to 83% when applied without loading. This suggests that
FGF 21 delivery alone is less beneficial than with extended release. In
this study, collagen deposition was significantly higher in both FGF 21
groups compared to non-FGF 21 controls, and FGF 21 loaded
hydrogel was, again, higher than FGF 21 alone.
VEGF has been used in a variety of hydrogel systems in diabetic
mice; however, to date it has not been efficacious as a monotherapy in
clinical trials. For example, human VEGF does not show any clinical
improvement over placebo for time to complete wound healing [78].
Cross-linked heparin matrices can form hydrogels and offer
advantages for growth factor delivery. The strong binding of growth
factors to heparin, through the highly negative charge on sulfate and
carboxylate groups, allows for loading of growth factors but limits
release kinetics [90]. VEGF release from a star-PEG crosslinked
heparin hydrogel was increased 2 times through selective removal of
heparin sulfate groups [91]. When used in diabetic mice, VEGF
loaded heparin hydrogels significantly improved angiogenesis
evidenced by doubling the area with CD 31+ endothelial cells. Desulfation was also important in reducing the anticoagulant activity of
heparin to less than 1%, as anticoagulation would be detrimental to
wound healing. A heparin-PVA hydrogel has also been used for
extended release of co-formulated bFGF and VEGF [92]. Here, burst
release of bFGF was reduced approximately 5x due to the high
binding between bFGF and heparin. VEGF also showed reduced burst
but to a lesser extent. Further, the heparin-PVA hydrogel did not
exhibit any reduction in swelling capacity relative to the PVA gel. Invitro HUVEC migration showed a 50% increase in outgrowth for the
duel loaded gel relative to the growth factors alone and a 7x increase
over the PVA heparin gel alone [92]. These growth factors loaded
systems address the lack of healing by promoting proliferation of
endogenous cell populations, but exogenous cell populations also have
potential for accelerated healing.
The effectiveness of acellular dressings, even those with
incorporated growth factors, relies on migration and proliferation of
the endogenous cell populations. Thus, newer strategies are designed
to incorporate live stem cells, fibroblasts and keratinocytes into the
dressings. The seeded cells are meant to act as precursors to attract
more cells to the wound site leading to faster healing. The
optimization of these cellular products is driven by the need to
minimize immunogenicity of the delivered cells and to make the
cellular scaffold absorbable after tissue recovery.
As noted above, hydrogels are favorable for their ability to mimic
the ECM environment and compatibility with various cell types
[41,93]. Mesenchymal stem cells are of particular interest for their
ability to differentiate and excrete growth factors to promote wound
closure and vascularization [94]. Hydrogels offer an advantage to
seeding cells as they will retain the cells in an appropriate
environment for a longer period, allowing for better differentiation.
Mesenchymal stem cells seeded into a collagen-based hydrogel result
in a significant reduction in wound healing time in non-diabetic mice
relative to hydrogel without mesenchymal stem cells and
mesenchymal stem cells seeded without hydrogel [93]. In another
work, an n-isopropylacrylamide thermo-responsive hydrogel, with a
33°C transition temperature, was compatible with and retained
mesenchymal stem cells. When the mesenchymal stem cell loaded gel

Volume 10 • Issue 1 • 1000197

was applied to diabetic mice, expression of bFGF and TGF-β1 in the
wound area increased compared to the hydrogel alone; resulting in
significantly reduced wound size [94].
Adipose derived stem cells have similar benefits to mesenchymal
stem cells as targets for hydrogel delivery. A hyperbranched-PEG
(HP-PEG) crosslinked with thiolated-HA hydrogel has been shown to
be capable of in-situ gel formation with a storage modulus near that of
soft tissue [95]. Adipose derived stem cells loaded into the HP-PEG/
thiolated-HA survived at least 7 days and excreted VEGF and TGF-β1
at levels comparable to plated samples grown under optimal
conditions. In diabetic mice, HP-PEG/thiolated-HA hydrogels loaded
with adipose derived stem cells significantly increased wound closure
rates, with evidence for increased CD31+ positive vessels relative to
blank gel and non-embedded adipose derived stem cells. In another
study, residual wound area percent at 14 days in diabetic rats was
significantly reduced with adipose derived stem cells loaded into a
poloxamer based hydrogel relative to adipose derived stem cells or the
gel alone [96]. Consistent with other works, CD31+ and mRNA
expression for VEGF and TGF-β1 was significantly increased in the
adipose derived stem cells loaded gels, indicating accelerated
angiogenesis and matrix depositions.
Beyond stem cells, fibroblasts have been successfully delivered
using a PVA based hydrogel. The hydrogel was modified with
phenylboronic chitosan, and benzylaldehyde-capped PEG to be pH
and glucose responsive. The storage and loss moduli were 100x higher
in the presence of glucose and above pH7. Cell viability assays
demonstrated compatibility with fibroblasts and exhibited higher
proliferation in less cross-linked hydrogels. In diabetic mice, the
fibroblast loaded hydrogels exhibit significant reduction in wound area
% at each measured time point, up to 18 days, and higher CD31+ cells
at 7 days [97]. Taken together, cell-loaded hydrogels have the potential
to improve outcomes by reinforcing or replacing endogenous cell
populations impacted by complications of diabetes.

Self-assembling peptide hydrogels
Recently, self-assembling peptide hydrogels have become focal
points as delivery vehicles for actives and cells. Low molecular weight
gelators form hydrogels under specific environmental conditions
through mechanisms such as hydrogen bonding, metal chelation, pi-pi
bonding van der Waals forces or hydrophobic bonding [98]. Selfassembling peptides are a class of low molecular weight gelators
which form supramolecular structures most commonly through βsheet interactions with tunable hydration, mechanical and degradation
properties based on the peptide sequences to provide numerous
benefits for use in wound healing applications [98,99]. While this
class of hydrogels has yet to be applied extensively to diabetic
wounds, they have shown promise in healing through delivery of
growth factors and immune modulators. RADA16 was the first
commercially available self-assembling peptide for hydrogel
formation and has been used in the delivery of bFGF for bone repair
[100]. The highly adjustable nature of SAPs allows for molecular
handles to be fused to retain biologics such as antibodies or growth
factors. Fusion of Z15 to an EAK SAP, for example, provides an Fc
binding domain allowing for sustained antibody release up to 28 days
[101,102].
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Wound healing models
Pre-clinical studies rely on in-vitro and in-vivo animal models and it
is important to note the limitations of these systems. Common in-vitro
models include monoculture and co-culture cell cultures in which a
single cell type or multiple cell types, respectively, are examined.
Wounds are modeled by scratching a section of the cells and observing
the regrowth into the affected area [103]. Both methods are
advantageous because of the relatively low cost, rapidity, and ease of
sampling. Compared to monoculture, co-culture offers more
complexity in simulating human wounds; however, the major
limitation of both methods is the oversimplification of in-vivo wound
environments. Typically, both studies employ keratinocytes and
fibroblasts but cannot probe the interactions from other epithelial cell
types, immune cells nerves and other cell types present in human skin
[103]. To gain an additional layer of complexity, ex-vivo studies can be
used to provide a more accurate representation of the in-vivo skin
environment. The major advantage of ex-vivo studies is the 3D nature
of the system and a more representative cell population beyond
keratinocytes and fibroblasts. In addition, other environmental factors
such as pH, nutrient transport and temperature can be more easily
mimicked in this system [104]. Like cell cultures however, they are
still limited in that they lack innervation from nerves and are less
standardized than cell cultures alone [105].
Animal models can offer a more accurate representation of the skin
environment but differences in skin anatomy between animal and
human skin are a major concern [105]. Rodents, for example, lack
apocrine sweat glands, have looser and more flexible skin which is
dependent on the hair cycle. For wound healing studies, another major
consideration is the presences of subcutaneous muscles, panniculosus
carnosus, which persist throughout the entire skin of the while in
humans are only present in select regions [106]. These muscles change
how the skin heals and in-contrast to human wounds, which heal
primarily through re-epithelization, murine wounds heal through skin
contraction via these muscles. Another consideration is significant
gender differences in rodents with male skin approximately 40%
thicker than females [106]. Rodent diabetic models are commonly
used, and diabetes is easily induced in rodents. For chronic wounds,
the major limitation of this model is diabetes is generally induced one
to two weeks prior to wound introduction. This limits the time for
chronic effects of diabetes to fully materialize [105]. Rabbit and
porcine models have also been explored but are more cost prohibitive
and have their own anatomical limitations [107,108].

Regulatory considerations for hydrogel dressings
The classification and regulation of wound dressing products
largely depends on the components and the source of the dressing
material as both impact safety and efficacy. Biologically passive
hydrogel dressings are commonly classified as ‘devices’ for regulatory
purposes while dressings loaded with analgesics, antibiotics, growth
factors and other biologics are classified as ‘combinational devices’ by
the FDA. In 21-CFR, wound dressings are described using three letter
codes: KGN for dressing, wound, and collagen, FRO for dressing,
wound, and drug, and MGP for dressing, wound and burn, and
occlusive [109]. The safety of each is rated as class I, class II, or class
III, with class I devices posing the lowest risk to patients. Each class
has different requirements to demonstrate safety and adherence to
regulatory standards. Products containing processed human tissues
and/or cells are classified as low risk (PHS 361: HCT/Ps, human cells,
tissues or cellular-based products) [110]. Table 1 shows the
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classifications of approved diabetic wound products into regulatory
classes and the associated regulatory pathway.
Product

Description

Classification

Regulatory
pathway

TegasorbTM

Hydrocolloid
dressing

Device

510 (K) premarket
notification

Hyalomatrix®

Hyaluronic acid
derivative
hydrogel

Device

510 (K) premarket
notification

Regranex®

Hydrogel with
platelet derived
growth factor

Drug

NDA

DermACELL®

Acellular human
cadaver derived
matrix

Device

HCT/P

ActicoatTM

Silver
incorporated
polymer matrix

Combination
device, FRO

510 (K) premarket
notification

Table 1: Classification and regulatory pathways for approved
diabetic wound products.
A subset of hydrogel dressings contains anti-microbials as
combination devices. These dressings typically undergo increased
regulatory scrutiny because of the risk of the development of antimicrobial resistance due to overuse or misuse of the products. Criteria
for determining the appropriate use of anti-microbial dressings are
provided by the Infectious Disease Society of America (ISDA) and the
American Society of Plastic Surgeons (ASPS) [111].
The regulatory requirements for developing products for chronic
cutaneous ulcers and burn wounds are described in the FDA guidance
Ulcer and Wounds-Developing 2006 in which pre-clinical
requirements, clinical trial design, and standard wound care are
specified [112]. Critical considerations include absorption studies for
combination devices containing drug or biologic, local irritation, and
immunological reactions. FDA has a separate guidance document for
wound dressings containing poly(diallyl dimethyl ammonium
chloride) additive into Class II (special controls) [113]. Table 2
summarizes the levels of considerations associated with the different
classes of drugs.
Type of drug

Examples

Associated risks

Corticosteroids

glucocorticoids

Reduction
healing

Local anesthetics

lidocaine

Systemic
absorption
causing
life
threatening
side
effects

Antimicrobials

Silver, chlorhexidine,
Bacitracin

Development
of
antimicrobial
resistance in microbes,
systemic absorption,
allergic reactions

in

wound

Table 2: Considerations and risks associated with commonly used
drugs in combinational products.
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Conclusions

9.

Hydrogel dressings have been a critical aide in the treatment of
non-healing diabetic wounds for decades. They have provided
significant clinical benefits for wound hydration, autolytic
debridement, and facilitation of gas transfer. However, wound
management alone is often insufficient to facilitate successful healing
due to diabetes-related impairments of several healing pathways. In
the past 5 years, pre-clinical research of advanced hydrogel systems
has shown improvement in healing when delivering bio-active
polymers, multiple growth factors, stem cells and epithelial cells.
Despite this success, to date there is only one FDA approved product
delivering a growth factor. Scarcity in novel approved products
highlights the complexity of the problem, and the need to develop
dynamic treatments which attack several aspects of the diabetic
wound. Polymeric and self-assembling peptide hydrogels are well
poised to form the basis of these advanced treatments and warrant
continued research.
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