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Breakthrough treatments for accelerated

wound healing
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Skin injuries across the body continue to disrupt everyday life for millions of patients and result in prolonged
hospital stays, infection, and death. Advances in wound healing devices have improved clinical practice but have
mainly focused on treating macroscale healing versus underlying microscale pathophysiology. Consensus is
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lacking on optimal treatment strategies using a spectrum of wound healing products, which has motivated
the design of new therapies. We summarize advances in the development of novel drug, biologic products,
and biomaterial therapies for wound healing for marketed therapies and those in clinical trials. We also
share perspectives for successful and accelerated translation of novel integrated therapies for wound healing.

INTRODUCTION

Overview of wounds

Wounds throughout the body are common and can be devastating
injuries with long recovery times. Wounds are commonly classified
as either acute or chronic and by their clinical presentation (Fig. 1).
Untreated wounds converge on the same endpoint: necrosis and
cellular death of integument (I) with severity dictated by depth
and extent. All wounds, regardless of antecedent event [thermal
(2, 3), mechanical, pressure (4, 5), etc.], demonstrate a common
set of parameters that yield cumulative risk related to both initial
breakdown of the skin barrier and impediment to successful
healing and repair. Most of these factors are manifestations of rela-
tive ischemia (5): inadequate inflow and/or outflow [e.g., peripheral
arterial disease/venous stasis (6)], microvascular damage [e.g., dia-
betes (7)], and vasoconstriction [e.g., effect of acute nicotine use
(8)]. Other systemic factors include nutritional status, fibroblast/
progenitor health [e.g., as affected by corticosteroids, radiation
(9)], and infectious bioburden (1).

Normal healing of acute wounds includes a predictable series of
events: inflammation, proliferation/repair, and remodeling (1, 10).
Wounds that fail to proceed through the normal phases and remain
in a dysregulated inflammatory state are reclassified from acute to
chronic wounds (11-13). The most common chronic wounds have
several delineating nuances. Pressure ulcers typically follow a pro-
gressive, increasing depth of tissue necrosis beginning from discol-
oration and pain from microvascular injury alone (stage 1),
ulceration and skin breakdown (stage 2), to extension to underlying
fat (stage 3) or deeper structures (stage 4). Diabetic ulcers are ac-
companied with altered sensorium, and these paresthesias/anesthe-
sia eliminate the protective afferent feedback (pain) that normally
prevents soft tissue injury leading to initial ulceration and
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unnoticed progression. Venous stasis wounds are typically associat-
ed with variable levels of granulation tissue and pain with peri-
wound skin discoloration along with significant exudate. Arterial
ulcers lead to acute ischemia often accompanied with significant
pain and eschar. Nevertheless, the resulting wounds still commonly
converge in phenotype and chronicity that require specialty care.
Through expansive research and innovation, a vast library of
wound care technologies and products have been developed to fa-
cilitate progression in stalled wounds (14).

Human and economic cost of wounds

Wounds have remained a challenge throughout history (15) and
continue to represent an extraordinary burden to the health care
system. In the United States in 2014, wounds affected more than
8 million people costing an estimated $30 billion (16). With an in-
creasingly aging and obese population, high risk comorbidities
commensurately increase, growing wound closure product market
size of 21.4 billion in 2022 and compound annual growth rate of
4.15% from 2023 to 2030 (Grand View Research) (17).

With increases in the number of surgical procedures performed
and an increasing aging population, surgical wounds represent the
largest wound subset. Careful surgical technique and optimal suture
material remain important, as wound dehiscence can lead to a 9.6%
increase in mortality, an additional 9.4 days of hospitalization, and
up to $40,000 in hospital charges. For patients with diabetes, there is
a25% lifetime risk of developing a foot ulcer, of which 15% progress
to amputation. In addition, pressure injuries affect 3.5 to 69% of pa-
tients in hospitals (up to 2.5 million patients per year) (18-20), and
complications may result in wound-related infections and mortality
(>55%) and up to 60,000 Americans deaths each year (21-24). Pres-
sure injuries cost $9.1 to 11.6 billion per year in the United States.
Last, although the number of burn injuries in the United States is
decreasing (~16.8 per 100,000), burn-related inpatient stays remain
approximately twice as long and costly as non-burn-related stays
($24,000 versus $10,700). Annually, burns are associated with ~
$1.5 billion in medical costs and $5 billion in lost workdays.

Standard of care and emerging treatments

The current standard of care for almost all wounds relies on prep-
aration of a viable wound bed amenable to healing (15). This may be

10of 10



SCIENCE ADVANCES | REVIEW

Stimulus/

comorbidity

Stimulus Comorbidity Presentation Treatment
Trauma Diabetes Primary Staples sutures

. closure Adhesives
Pressure Neuropathic

Exudative Dressing

Burn (thermal, Vascular NPWT
chemical, (venous/
electrical) arterial) Infection Antimicrobial
Radiation- Immunologic Open acute Alginates
associated Silver dressings
Other Other

CHRONIC

Presentation
& treatment

Presentation Treatment

Debridement
Moisture balance
Infection prevention

Open chronic

Exudative Alginates
Hydrocolloids
Hydrofibers
Hydrogels
NPWT

Refractory Biologics

Dermal substitutes

Fig. 1. Summary of wound healing types and treatments. Following an injury stimulus, acute wounds treated either heal or persist to chronic wounds. Depending on
the clinical presentation, several different treatments are provided. NPWT, negative pressure wound therapy.

performed via irrigation or debridement, including removal of
foreign material and necrotic tissue (25, 26). Wounds may be
allowed to heal by secondary intent or repaired with primary
closure, while others may require a graft or flap (27). For more
complex wounds, typically chronic, serial debridements awaiting
secondary healing or as a bridge to closure may be required (28,
29). In the following section, we summarize several U.S. Food and
Drug Association (FDA)—cleared or approved {class II [510(k)]:
"K-"; class III [Premarket Approval (PMA)]: “P-"; National Drug
Code "NDC-"; Biologic Product “BP-"; Biologic License Applica-
tion “BLA-"; and marketed products for wound healing}.

In recent decades, surgical wound care has been supplemented
with assistive technologies: Wounds amenable to primary closure
may be facilitated by any combination of staples, sutures {including
numerous absorbable products: poliglecaprone 25 [Monocryl
(K960653) (Ethicon)] and polydiaxone 910 [Vicryl (K183183)
(Ethicon)], among others}, cyanoacrylate adhesives [Dermabond
(P960052; K152096) (Ethicon) (30) and Liquiband (K211878)
(AMS) (31)], and adhesive strips [Steri-Strips (K813265) (3M)
(32)]. All of these techniques are used to cancel dead space and min-
imize tension on the wound, promoting tissue repair and
regeneration.

Pressure injuries are a serious problem in institutionalized pa-
tients, with incidence of approximately 12% (33). As a means of
mitigating this increased capillary afterload, foam dressings [e.g.,
Mepilex (K123892) (Molnlycke)] and special clinical mattresses
composed of foam [Ultrafoam (Amico)], water [Akva (ProActive)],
and autonomously alternating air mattresses that vary pressure dis-
tributions [Protekt Aire (ProActive), Aura (Amico), Clinitron
(Hillrom)], obviating nursing labor for frequent side-to-side
offloading.
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For open chronic wounds, the principles of management com-
prise debridement, moisture balance, infection prevention, and
medical optimization of comorbidities such as peripheral vascular
disease, nicotine use, and blood glucose control. To minimize the
microbial and necrotic material impairing wound healing, serial de-
bridements provide the environment to minimize inflammation
and progression to active proliferation (29, 34). Classical debride-
ment consists of sharp excision of necrotic or fibrinous debris typ-
ically followed by wet-to-dry woven gauze dressings for sustained
microdebridements. When grossly contaminated, additional anti-
infective agents may be added, such as sodium hypochlorite
[Vashe Wound Solutions (K123072) (SteadMed) (35) and Dakin's
Solution (K150208) (Century) (36)], cyclic lipopeptides (37), silver
impregnated materials [Mepilex Ag (K100029) (Molnlycke) (38),
Contreet (K013525) (Coloplast), Allevyn Ag (K063835) (39)
(Smith + Nephew)], and enzymatic debridement agents [Santyl
(NDC 50484-010) (Smith + Nephew) (40)].

In highly exudative wounds, excess moisture can cause macera-
tion of the wound bed and surrounding tissues impeding the
healing process. Alginates [Kaltostat (K904488) (ConvaTec) and
Tegaderm Alginate (K973036) (3M)], hydrocolloids [DuoDerm
(K990368) (ConvaTec), Suprasorb H (K183208) (Lohmann and
Rauscher)], and hydrofibers (Aquacel (K982116) (ConvaTec)],
and hydrogels [Purilon (K971597) (Coloplast) and Hydrosorb
(K041105) (Hartmann)] are capable of holding varying degrees of
fluid. Negative pressure wound therapy (NPWT) [VAC (K062227)
(KCI), Avelle (K180205) (ConvaTec), and Avance (K203369) (Mon-
lycke)] can also provide moisture control in addition to enhancing
several other mechanisms that can improve healing of dry or wet
wounds, including increased capillary perfusion, wound contrac-
tion, evacuation of debris, and micromechanical force (41). In re-
fractory chronic wounds over sensitive areas (for example, the
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pericardium, pleura, or bowel), gliding services (for example, over
tendons), or surgically created wounds (for example, flap donor
sites), biologics or dermal regeneration templates [Integra Dermal
Regeneration Template (P900033) (Integra Lifesciences) and Novo-
sorb (K172140) (PolyNovo), and AlloDerm (LifeCell)] with or
without impregnated growth factors [Primatrix (K153690)
(Integra Lifesciences) and Helisorb (Medira)] and even cultured
epidermal autografts [Epicel (HDE: BH990200.34) (Vericel)] have
been used.

Several other emerging technologies are now entering the
market. These include products for the detection of elevated prote-
ase activity as a proxy for impaired wounds [Woundchek
(DEN180014) (Systagenix) (42)], epidermal harvest and suspension
systems [Cellutome (KCI) and Recell (BP170122) (Avita)], targeted
pulsed electromagnetic therapy [SofPulse (K070541) (Endonovo)],
topical wound oxygen therapy [TWO2 (WoundSource)], and ultra-
sound therapy [UltraMIST (K1407828) (WoundSource)]. In the
complex milieu of healing wounds, several growth factors including
epidermal growth factor, fibroblast growth factor, transforming
growth factor—p, and platelet-derived growth factor (PDGF) have
been described. Ongoing technology development has yielded
growth factors like PDGF supplementation [Regranex
(BLA103691) (Smith + Nephew)] as adjuncts for tenacious
wounds, including diabetic neuropathic ulcers.

Need for new and integrated therapies

Chronic wound physiology has proven to be highly complex and
intricate at the cellular level, involving multiple regulatory axes
and signaling cascades. Indeed, developing technologies have
begun to target these coordinated cellular processes. Despite effec-
tive and foundational interventions for the optimization of wound
care, there remain challenging problems that remain incompletely
understood and in need of ongoing research and innovation. While
commercial products have predominantly focused on “macro”
factors (e.g., moisture and pressure), there remains ample opportu-
nity to tailor wound care based on "micro” factors (e.g., cells, pro-
teins, and peptides).

Commercially available biomaterials for wound healing typically
target the alleviation of symptoms (fluid exudation, moisture
balance, scarring, pressure relief, infection, etc.). In contrast, ad-
vanced biomaterials for wound healing are being developed to
provide extracellular matrix (ECM)—inspired biophysical cues and
modulation of the immune response for adequate resolution of in-
flammation. These therapies are typically formulated as injectable
or biomaterial-based delivery systems and may include integration
of drug and biological product therapies. Fundamental studies have
highlighted how biophysical signals (43—50) may be integrated in
biomaterials to control cell behavior (51-57). Biomaterial-based de-
livery systems (e.g., hydrogels) can provide sustained-release (58)
and stimuli-responsive release. Such principals may overcome
limits and risks of systemic administration and further promote
patient adherence to new therapies (59-62).

Novel biomaterials with integrated pharmacologic and tissue re-
generative function are typically biodegradable and include macro-
porosity to allow for vascularization and cell recruitment.
Fundamentally, such materials must achieve biocompatibility for
successful translation. Examples of stimuli-responsive release
include triggering of release by the pH of skin [ranges from pH 4
to pH 6 (63)], which is more acidic during healing (64), or
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harnessing differences in temperature from the core to appendicu-
lar skeleton (may approach differences up to 5°C to induce vasodi-
lation and nutrient and oxygen supply).

In the next sections, we first highlight current preclinical re-
search on novel integrated therapies that use combinations of bio-
materials and drugs or biologic product therapies specifically
designed for acute and chronic wound healing. We then discuss re-
cently completed and ongoing clinical trials on novel drugs or bio-
logic product therapy modalities for acute and chronic wounds.

Advanced therapies for wound healing in preclinical and
clinical trials

Advanced wound therapies in preclinical trials

In acute wounds (e.g., surgical and traumatic wounds), bandages
inhibit bleeding, absorb exudate, and effectively close wounds to
promote healing. Therefore, recent advances in wound dressings
for acute wounds focus on tight wound closure for hemostasis, ab-
sorption of wound exudate, and infection control. For example, a
strongly adhesive wound dressing made of alginate and poly(N-iso-
propylacrylamide) actively contracted wounds based on its ther-
moresponsive properties and its high toughness and accelerated
wound contraction in splinted mouse wounds (65). A recent
effort to combine adhesive hydrogels with surgical mesh success-
fully demonstrated strong adhesion and flexibility, permeability,
and strength by a poly(N-isopropylacrylamide)/chitosan hydrogel
and a polyethylene terephthalate surgical mesh, respectively, in
wounds under mechanical stress (66).

In chronic wounds, advanced bandages target the dysregulated
inflammatory phase, replace skin tissue, and protect against infec-
tion. In diabetic wounds, recent attention focused on jump-starting
the healing process by inducing acute inflammation. The preventive
delivery of a mast cell stabilizer and the release of the neuropeptide
substance P both induced strong inflammation after wounding, im-
proved wound reepithelialization, and accelerated wound healing in
diabetic mice (67, 68). Furthermore, removing tissue-damaging
proinflammatory factors also improved tissue regeneration and
healing in diabetic mice. Reducing reactive oxygen species and
matrix metalloproteinase 9 (MMP9) activity, both continuously re-
leased by immune cells in diabetic wounds, promoted the progres-
sion into the proliferation phase, and accelerated wound healing in
several mouse models of diabetes. Hydrogels with sustained release
of the iron(II) scavenger deferoxamine, which inhibits the conver-
sion of hydrogen peroxide to the highly toxic hydroxyl radical, and
hydrogels releasing low molecular weight MMP9 inhibitors and
MMP9-silencing RNA improved reepithelialization and accelerated
wound healing in diabetic mice (69-71). A sustained release formu-
lation of the PPCN hydrogel loaded with stromal cell derived factor-
1 accelerated wound healing in diabetic mice (72). Bandages remov-
ing proinflammatory cytokines such as Monocyte Chemoattractant
Protein-1 (MCP-1) and interleukin-8 via electrostatic interactions
also accelerated wound closure in db/db mice, showing that reduc-
ing chronic inflammation improves wound healing in diabetic
wounds (73). To replace the functionally impaired ECM in diabetic
wounds, ECM-mimicking hydrogels that display laminin-derived
peptides or act as a growth factor reservoir and provide cues to
stromal cells were investigated in diabetic wounds. A hydrogel dec-
orated with heparin-binding domains of laminin accelerated wound
healing after topical application on db/db mouse wounds, both with
and without vascular endothelial growth factor and PDGF
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encapsulation (74). In addition, a thermoresponsive hydrogel dec-
orated with the tethered laminin-derived peptide A5G81 facilitated
keratinocyte and dermal fibroblast migration and accelerated
wound healing in db/db mice with splinted wounds (75). To
reduce apoptosis of cells and inflammation in burned tissue, a pep-
tidic derivative of heat-shock protein 90a was applied using a
topical carboxymethyl cellulose hydrogel to contact burn wounds
in pigs, improved reepithelialization, and accelerated wound
healing in this large animal model (76).

Infection is common in acute and chronic wounds with poten-
tially lethal consequences. A variety of anti-infective bandages have
shown promising results in preclinical studies. A polymeric hydro-
gel made of poly(acrylic acid) and poly(acrylamide) loaded with an-
timicrobial silver/graphene particles showed exceptionally high
swelling ratios due to the hydrophilic polyacrylamide and promoted
wound healing in excised rat wounds (77). New hemostatic, absor-
bent, and antimicrobial wound dressings and a dressing based on a
new mechanobiological strategy have therefore shown promise in
animal models of surgical wound healing. Two recently reported
agarose and alginate hydrogel systems showed high loading and sus-
tained release of three antibiotics, as well as good wound enclosure
and beneficial effects on burn wounds in pig models (78, 79). High
barrier function was also reported for a suspension made of

multilayered poly-L-lactic acid nanosheets that firmly attached to
burn wounds in the absence of adhesives and prevented infection
with Pseudomonas aeruginosa in mice with burn wounds over at
least 3 days (80). For wound infections, several theranostic electro-
conductive dressings were developed that aim at sensing infection-
associated wound parameters such as pH and temperature and re-
leasing antibacterial drugs on demand (81-83). One hydrogel was
based on a carbon/polyaniline working electrode capable of sensing
wound pH and releasing cefazolin, which accelerated wound
healing in an excisional mouse wound model. Another system
used electrical stimulation to provide prohealing cues and improved
wound healing in diabetic mice (84). A variety of electronics-inte-
grated wound dressings were recently developed for electrostimula-
tion, wound monitoring (e.g., wound pH and temperature), and on-
demand drug delivery (85-87). Furthermore, several antimicrobial
peptides showed promise in preclinical wound models (88-90). An
antimicrobial peptide-releasing DNA hydrogel, whose retention
mechanism relies on ionic interactions of the negative DNA with
cationic antimicrobial peptides, decreased Staphylococcus aureus
burden in ex vivo porcine skin explants and accelerated wound
healing in mice (88).

A major research focus is on skin wound substitutes to replace
the invasive practice of autografting, and this approach promises to

Table 1. Clinical pipeline of biologic and drug wound therapies. RNAi, RNA interference.

Phase Clinical Company Mode of action Indication
trial (NCT)
1 NCT04803708 Technophage Biologic: Antibacterial bacteriophage dispersion Diabetic foot ulcer; infections with
P. aeruginosa, S. aureus,
Acinetobacter
NCT04281992 Aurealis Pharma Biologic: Genetically engineered L. lactis bacteria expressing Diabetic foot ulcer
anti-inflammatory, angiogenic, and tissue-repairing proteins
NCT03569267 OLX101 Biologic: CTGF RNAi therapeutics stem cell therapy Cicatrix, hypertrophic
NCT02590042 ADSC-SVF-002 Biologic: Wound healing agent Abnormally healing wounds, scars,
soft tissue defects
NCT03695939 XenoTherapeutics Biologic: Live cell xenotransplantation skin product derived Deep full-thickness burn injury
from genetically engineered (alpha-1,3-galactosyltransferase (disorder)
knockout) porcine donors
NCT04890574 RenovaCare Biologic: Autologous stem cells obtained from donor skin Burns, burns second degree, burns
using CellMist System and sprayed on wound with deep second degree
SkinGun device
2 NCT04817228 Mediwound Drug: Debridement by protease-containing wound solutions Venous leg ulcer, diabetic
foot ulcer
NCT01898923 Oneness Biotech Drug: Plant extract for M2 polarization Diabetic foot
NCT02664740 Pherecydes Drug: Topical anti-staphylococcal bacteriophage cocktail Diabetic foot, staphylococcal
against methicillin-resistant or susceptible S. aureus infections
NCT03880058 Pharma SLI-FO6 Drug: Anti-scarring agents (FMOD peptide) Scars
NCT04331080 Granexin Drug: Cx43 mimetics Mammoplasty, scarring, scar, breast
reconstruction
NCT01655407 ESS Drug: Collagen/fibroblast Thermal injury, deep partial-
thickness, burn, full-thickness burn
NCT02116010 Phagoburn Drug: Bacteriophage Wound infection
3 NCT03282981 VA Office of Research and Drug: Pro-angiogenic timolol hydrogel Chronic diabetic foot ulcers,

Development
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diabetic neuropathic ulcers,
nonhealing wound
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provide new options for severe burn wounds where auto- and allo-
grafting are currently the standard of care. Three-dimensional (3D)
bioprinting has recently received much attention in this field, with
combined scanning and printing approaches generating personal-
ized skin substitutes that allow complete wound coverage in three
dimensions. A portable 3D scanning and 3D bioprinting system
capable of printing autologous fibroblast (dermis) and keratinocyte
cell (epidermis) layers made of collagen and thrombin-crosslinked
fibrinogen showed good vascularization and reepithelialization and
improved healing in excisional mouse wounds (91). Bioprinted
gelatin-alginate hydrogels containing mesenchymal stem cells and
an angiogenic nitric oxide source accelerated reepithelialization and
wound closure in burn wounds of mice (92). As the large mesh sizes
of gels used as bioinks can lead to a burst release of drugs, hydrogels
have been crosslinked during the printing process to sustain drug
release. 3D-printed photocrosslinked hydrogels made of chitosan
methacrylate, the antibiotic levofloxacin, and the analgesic lido-
caine showed sustained drug release over 3 days and accelerated
wound closure in burn wounds on rats (93).

In sum, investigational bandages for acute and chronic wounds
with immunomodulatory, anti-infective, skin substitutive, and
sealant properties have shown promise in animal models of
wound healing. These proof-of-concept studies point to a thriving
preclinical pipeline and highlight the potential of addressing key
properties in pathophysiology and clinical pathology of acute and
chronic wounds.

Advanced wound therapies in the clinical pipeline

Several advanced wound therapies are in the clinical pipeline
(Table 1). A search was conducted using clinicaltrials.gov to deter-
mine the most common trials ongoing, which involve wound man-
agement, anti-infectives, and biologics (Fig. 2). This section
summarizes ongoing clinical trials across the many segments of
wound types.

Advanced antiscarring and healing-promoting therapies for sur-
gical wounds are in clinical development (Table 1). OLX101 is a
cell-penetrating asymmetric interfering RNA that targets connec-
tive tissue growth factor (CTGF) to combat antihypertrophic scar-
ring (OliX Therapeutics). Instead of delivering with liposomes or
nanoparticles, OLX101 has developed an small interfering RNA
that can enter cells spontaneously without complex delivery
systems and is currently in clinical development as an intradermal
injectable for hypertrophic and keloid scars (NCT03569267). New
peptide formulations are also being investigated to promote wound
closure and reduce scarring. A fibromodulin (FMOD)-based amino
acid peptide sequence, SLI-F06 (Scarless Laboratories), was found
to stimulate fibroblast and endothelial cell migration and myofibro-
blast differentiation/contraction to promote timely wound closure.
Following preclinical studies showing that intradermal delivery of
FMOD reduced scar size, increased tensile strength, and improved
dermal collagen architecture organization in pig wound models
(94), an ongoing double-blind study is evaluating its effectiveness
for the improvement in scar appearance and wound strength in
routine surgical excisions, as well as postoperative abdominoplasty
scar appearance (NCT03880058). Other peptides being developed
include a connexin43 (Cx43) mimetic peptide (Granexin). Cx43 is
most abundant in epidermal and dermal cutaneous layers of skin,
and studies in chronic wounds find Cx43 in wound edges and in the
dermis. Both knockdown of Cx43 and use of a peptide mimetic of
the Cx43 carboxyl terminus improved wound closure rate and
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reduced scarring (95). Granexin is being evaluated in phases 1
and 2 trials in venous leg ulcers, diabetic foot ulcers, and surgical
wounds (NCT04331080).

Several stem cell, exosome, and peptide therapies are in clinical
trials as strategies for soft tissue defects and refractory wounds.
ADSC-SVF-002 (AdiSave) is an autologous adipose-derived stem
cell therapy injected subcutaneously into soft tissue defects and ab-
normally healing wounds with or without unprocessed autologous
fat. A single-arm, open-labeled, single-center, descriptive, and ex-
ploratory safety trial is underway to demonstrate safety in a popu-
lation of subjects with soft tissue defects (NCT02590042). In
contrast to cell-based therapies, exosomes derived from platelets
are being tested for advanced wound healing (Plexoval, ExoPharm
Limited). Ongoing work is studying autologous exosomes, admin-
istered by local injection, over a 6-week time frame to examine
safety, wound closure, and scarring.

Biologic-free advances for surgical wound healing are also being
investigated. Several portable NPWT devices exist, including PICO
(Smith & Nephew), which met noninferiority in a multicenter,
phase 4-randomized comparative efficacy study and was superior
compared to traditional NPWT with regard to wound progression
toward healing over the 12-week treatment period (96). An ongoing
randomized control trial (RCT) is examining the incidence of infec-
tion over 1 to 3 months for the prevention of surgical wound infec-
tion following cardiac surgery under extracorporeal circulation
compared to single-use hydrocolloid dressings (NCT04265612).
Heat therapy or noncontact normothermic, i.e., 38°C, dressings
were historically of great interest, with preliminary investigations
and several clinical trials (97, 98) showing promise in pressure
and venous stasis ulcer healing. Application of a warming agent
to a semipermeable dressing, i.e., WarmUp (99) Active Wound
Therapy [510(k), Augustine Medical, Eden Prairie MN], was hy-
pothesized to increase blood flow and subsequent immunogenicity
to the area (100) and facilitate increased rates and final surface of
area of successful healing. However, more contemporary studies
and other investigations involving similar technologies like infrared
therapy (NCT00426166) have either demonstrated muted results
(98) or are still pending reports on any significant outcomes (101)
and have had limited contemporary clinical translation.

Several bandages are under clinical investigation for diabetic foot
ulcers. An FDA-approved ocular gel containing the beta-adrenergic
antagonist timolol is being tested in a phase 3 trial (NCT03282981),
as beta-adrenergic antagonists were shown to improve angiogenesis
and tissue repair in vitro and in vivo (102). A bacteriophage disper-
sion (TP-102) for topical application is in a phase 1/2a trial
(NCT04803708), which aims at reducing infections by targeting
P. aeruginosa, S. aureus, and Acinetobacter baumannii. A topical
dispersion of genetically engineered Lactococcus lactis bacteria
(AuP1602-C) is currently in a phase 1/2a trial (NCT04281992).
These bacteria express three anti-inflammatory, angiogenic, and
tissue-repairing proteins (fibroblast growth factor-2, interleukin-4,
and macrophage colony stimulating factor-1). To replace surgical
debridement, protease-containing wound solutions for the outpa-
tient setting are wunder investigation (phase 2 study,
NCT04817228). In an RCT, topical application of a cream
(ON101) containing two plant extracts with reported effects on
macrophage polarization toward the M2 phenotype showed im-
proved wound healing at 16 weeks compared with an absorbent
wound dressing (103) (NCT01898923). Therefore, a variety of
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Fig. 2. The wound treatment pipeline. Recent clinical trials for wound management, anti-infective, biologics, wound closure, moisture balance, NPWT, and pressure
relief among the etiologies of surgical/trauma, ulcer, and burns. Numbers indicate the number of interventional clinical trials since 2015 recruiting, not yet recruiting,
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biological bandages based on auto- and allograft, or phages and bac-
teria, as well as drug-releasing dressings are currently under clinical
investigation for diabetic foot ulcers. These promise new therapeu-
tic options for the treatment of diabetic foot ulcer in this decade.

Next-generation debridement therapies for burns are in clinical
trials. NexoBrid (KMW-1) (Kaken Pharmaceutical) is a topical
agent composed of proteolytic enzymes isolated from the stem of
the pineapple plant (Bromelain). Pineapple stem protein contains
at least four cysteine proteinases that can hydrolyze and solubilize
heat-denatured proteins that comprise the eschar (104, 105). Nexo-
Brid provides selective and quick removal of dead or damaged
tissues (debridement) within 4 hours after application. In a phase
3 clinical trial, 89% of patients had eschar completely removed
with no serious adverse reactions documented.

Several cell-based therapies are under clinical investigation to
enhance healing of burns. StratGraft (Mallinckrodt) is a bilayered,
cellularized scaffold containing keratinocytes and dermal fibro-
blasts applied topically to promote endogenous skin cell recruit-
ment. After receiving Regenerative Medicine Advanced Therapy
Designation (RMAT), priority review, and orphan drug designation
from the FDA, it was approved for adults with thermal burns con-
taining intact dermal elements for which surgical intervention is
clinically indicated. Expanding on cultured cell sheet technologies
such as Epicel (Genzyme Corp), Engineering Skin Substitute (ESS)
(Amarantus BioScience Holdings) is a tissue-engineered skin pre-
pared from the patient’s own epithelial cells and fibroblasts with col-
lagen. In preclinical studies, ESS generated a functional skin barrier.
Completed clinical studies have investigated its use in the treatment
of severe burns in pediatric patients (up to 95% total body surface
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area). A phase 2 trial is underway to evaluate safety and efficacy of
ESS compared to meshed split thickness autografted skin for the
treatment of life-threatening severe burns (NCT01655407). Last,
SkinMed (BioDan) is based on autologous fibroblasts and keratino-
cytes obtained from a single biopsy seeded into clotted human
plasma as a 3D dermal scaffold (106). Previous studies have
shown that keratinocytes seeded on the plasma-based scaffold
have a 1000-fold area expansion after 24 to 26 days and display ex-
pression of structural intracellular proteins and basement mem-
brane components. Engraftment and skin regeneration have been
demonstrated in patients in multiple years of follow up (106,
107). It is being developed for indications in severe burns, wound
healing, oral mucosa, and urological and gynecological mucosa.

Summary and emerging opportunities to enable

innovative therapy

Hundreds of wound dressings with novel mechanisms of action are
in preclinical and clinical development for the treatment of acute
and chronic wounds. Their mechanisms of action are highly
diverse and address many phases of wound healing, potentially al-
lowing for tight wound closure for hemostasis, immunomodulation
during the inflammation phase, and ECM substitutes for the prolif-
erative and remodeling phases. The diversity of these strategies
builds confidence that clinicians will soon have novel tools to
improve wound healing at their disposal. However, despite the de-
velopment of a variety of new products, considerable challenges
remain in the treatment of acute and chronic wounds. Here, we
highlight key areas that we believe are essential to drive the field
forward: (i) fundamental understanding of pathophysiological
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processes driving injury, (ii) improved definition and understand-
ing of unmet clinical needs in transdisciplinary teams, and (iii) re-
shaping research goals to align with guidelines accepted by the FDA.

To transition from current unspecific to molecularly targeted
wound dressing, we need to improve our understanding of patho-
physiological processes of chronic wounds. These insights will allow
us to select the best indication for products with single molecular
targets (e.g., MMP9-inhibiting dressings) and will ultimately lead
to personalized medicine in chronic wound therapy. Multi-omics
approaches and single-cell analysis currently drive the identification
of novel targets and biomarkers (108). Simulating chronic wounds
with increasingly complex skin substitutes and organoids, especially
with the inclusion of immune cells, also promises to yield new ther-
apeutic targets (109, 110). Also, these targets could be diagnostically
valuable and allow for molecular fingerprinting of wounds, which
would complement the current macroscopic evaluations in clinical
practice. Eventually, wound dressings may sense the unique wound
environment of every patient and release drugs autonomously to
treat the wound using a personalized medicine strategy.

To accelerate translation of new wound care products from
bench to bedside, academic researchers should preferentially con-
sider the targeted indication early on to devise an evidence-based
target product profile and patenting strategy. Of highest importance
is the identification of unmet clinical needs through early engage-
ment with clinicians and targeted customer discovery. As the scien-
tific enterprise becomes increasingly multidisciplinary, the
importance of initiating collaborations and using cores or contract
research organization for necessary assay expertise is ever important
(111). Given the broad numbers of technologies available and in de-
velopment, it is advantageous to search patent databases in addition
to academic literature for prior art. Moreover, considerations on
producing the product on an industrial scale are also warranted,
as failure to recognize complexities in scale up and adoption
results in ultimate standstill.

As wound dressings are transitioning into targeting key patho-
physiologic factors in a certain wound type, identifying the clinical
relevance in pathophysiology in both model systems and the target-
ed disease is essential. Indeed, although it is advantageous to
perform certain preclinical wound healing studies in small
rodents, it must be recognized that these models have limitations.
At present, identifying preclinical models that illustrate human
tissue and wound healing responses remains a significant transla-
tional dilemma (112). Various species have been used to model cu-
taneous wound healing and tissue repair responses, among which
the most popular are the pig, rabbit, mouse, and rat (113). The
type of injury (e.g., burn, incisional, and chronic), location of
injury (e.g., plantar) (114), and patient factors influencing healing
(e.g., immunocompetency, nutrition status, and diabetes) may in-
fluence the choice of animal model (115). Pig wound healing
models have anatomical and physiological similarities that most
closely recapitulate those of human skin. However, the pathologic
responses to chronic wounds and scarring are complex, and dis-
crepancies between the immune system and inflammatory response
to injury between animal models and humans may affect translation
to clinical practice (115-118). Chronic wounds are uncommon in
animals and challenging to stimulate (119). FDA guidance suggests
that there are no adequate animal models for chronic wounds, and
multiple models should be considered to assess wound healing
products (110, 120). For example, angiogenesis may be best
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studied in a chicken chorioallantoic membrane or rabbit cornea
model, whereas reepithelialization might be studied in a rabbit ear
model. Separate models might be selected for different chronic
wound indications sought (e.g., diabetic ulcer, venous stasis ulcer,
burn wound, pressure ulcer, etc.) (115). Moreover, incorporating
human tissue validation complementary to experimental models
has been proposed to avoid late-stage translation failures (121).
Indeed, the FDA has identified the lack of accepted animal
models, drug delivery challenges, and standardized endpoints in
clinical trials as key barriers to innovation and is working to find
solutions in a multistakeholder approach (8). In addition to patho-
physiological relevance, in vivo study design must consider key
guidelines and recommendations from the FDA related to prior
work and associated standards [e.g., FDA/American Society for
Testing and Materials (ASTM)/International Organization for
Standardization (ISO)] to avoid unnecessary or repeating
studies (122).

In many cases of hydrogel-based products, depending on the in-
dications for use, larger animal trials are not required for FDA
510(k) clearance, and human clinical trials may be only necessary
after market. This contrasts with the FDA approval process of new
drugs, which often pose greater risk to the patient, thus requiring
more robust safety and efficacy testing in humans before approval.
While industry may be able to market these products, transforming
standard of care with a new product will require strong clinical data
including beneficial health economics. Only with these attributes
will emerging technologies survive beyond the bench and affect
the lives of patients.
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