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Abstract

The quest for an ideal wound dressing has been a longstanding challenge due to the complex
nature of wound healing, including stages of hemostasis, inflammation, maturation, and
remodeling, with overlapping timelines. This makes it difficult to find a single dressing that
optimally supports all phases of wound healing. In addition, the ideal wound dressing should
possess antibacterial properties and be capable of effectively debriding and lysing necrotic tissue.
Copper is an essential trace element that participates in many of the key physiological wound
healing processes. Copper stimulates excretion of various cytokines and growth factors, thus
promoting angiogenesis, granulation tissue formation, extracellular matrix proteins secretion,
and epithelization. Harnessing this knowledge, we have utilized copper oxide impregnated
wound dressings in numerous cases and observed their remarkable benefits throughout the
entire wound healing process. This led us to postulate the ‘continuum of care’ hypothesis of
copper dressings. In this paper we describe 4 cases of hard-to-heal wounds of various etiologies,
in which we applied copper dressings consistently across all stages of wound healing, with rapid

uneventful healing, thus successfully implementing the continuum of care principle.
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Introduction

Hard-to-heal and chronic wounds are a significant medical challenge that can have a profound
impact on patients' quality of life, with severe emotional and physical stress. These wounds reduce
patients’ physical activity and even social connections.! They create a significant financial burden
on the patients and healthcare system. Chronic wounds may never heal or may take years to do
so. They are associated with high morbidity and mortality due to tissue inflammation and
infection.? These wounds, which fail to progress through the normal healing stages in a timely
manner, leading to persistent inflammation, are usually associated with systemic pathologies, such
as diabetes, atherosclerosis and microangiopathic disease that result in ischemia,® # chronic
venous insufficiency,® vasculitis® and in pressure injuries, necrosis of the integument.” Common
types of hard-to-heal wounds include diabetic foot ulcers, venous leg ulcers, pressure injuries

(bedsores), and non-healing surgical wounds.

Wound healing, following damage to the skin barrier, is a finely balanced, complex but efficient
process traditionally described as comprising three overlapping and coordinated cellular and
molecular events that occur immediately after hemostasis is achieved: inflammation, proliferation
and remodeling.2! These orchestrated events are stimulated and controlled by multiple secreted
factors by the epidermal, dermal, endothelial and immune cells, and involve numerous processes
such as cell proliferation, migration and differentiation, and formation of the extracellular matrix
that gives the strength and elasticity to the forming new skin. Disruption of one or several of
coordinated events may lead to delayed wound closure, wound healing defects, such as excessive

scar tissue and wound chronicity.?



The secreted factors include vascular endothelial cell growth factor (VEGF), transforming
growth factor (TGF)-B, platelet-derived growth factor (PDGF), matrix metalloproteinases (MMPs),
Heat shock protein-47 (HSP-47) and fibroblast growth factor (FGF). VEGF is considered a key signal
that stimulates angiogenesis and regulates scar tissue production during the early and late stages
of the wound healing, respectively.!> TGF-B is involved in all phases of the wound healing by
regulating cell proliferation, differentiation, production and secretion of extracellular matrix (ECM)
proteins, modulation of the immune response, and plays a key role in scar formation.***” PDGF
stimulates proliferation and novel gene expression in monocytes-macrophages and fibroblasts.'®
MMPs are the major group of proteases involved in the autolytic debridement and remodeling of
the extracellular matrix (ECM).> 2° Dermal fibroblasts secrete ECM proteins, such as collagen and
elastin, which are crosslinked by Lysyl oxidase (LOX).2*23 HSP-47, a collagen-specific chaperone, is
needed for the formation of the collagen triple helical structure.?* Once formed, the ECM gives
support, strength and elasticity to the growing tissue. FGF stimulate angiogenesis, proliferation of

fibroblasts and reduced scar formation.?®

In injured skin, many of the finely balanced wound healing repair mechanisms are dependent
on their interaction with copper.? Copper stimulates angiogenesis?®28 by inducing generation of
VEGF by keratinocytes during the inflammatory phase.?® PDGF-stimulated vascular smooth cell
migration, essential after vascular damage, is copper-dependent.®® Proliferation of dermal
fibroblasts?® and the secretion of collagens (types |, Il, and V), HSP-47 and elastin fiber components
(elastin, fibrillins) by the fibroblasts is stimulated by copper during the proliferation and remodeling
phases.?® 3132 L OX, needed for efficient ECM protein cross-linking between elastin and collagen,
requires copper to function.?® The expression of MMP-1, a key autolytic protease released by the
granulation tissue, is stimulated by copper.2® MMP-1 is involved in the autolytic debridement of
the dead tissues and is involved in the remodeling of the ECM. Copper is also involved in the

modulation of integrins by differentiated keratinocytes during the remodeling phase.3® The



capacity of copper to enhance faster closure of full-thickness wounds was demonstrated in several

34-36

wound animal models, including in diabetic mice.?” In accordance, copper chelation delays

wound closure 34,

Infections of the wound may cause wound deterioration, delay wound healing, and even cause
wound chronicity.3® Biofilm usually is found in chronic wounds, conferring protection to the
underlying bacteria from the host defenses and antibiotics.3® The presence of bacteria in the
wound, even at low amounts, may result in consistent and high induction of inflammatory
mediators, metabolic wastes and toxins, hypoxia and production of debilitated renewed skin
tissues.3>*! Thus, reducing the microbial contamination of wounds increases the capacity of the

wound to heal.

Copper has intrinsic biocidal properties.*? Tolerant microbes to copper are extremely rare. This
lack of resistance to copper is explained by the capacity of copper to damage in parallel in a non-
specific manner many key factors of the micro-organisms.** Copper oxide impregnated wound
dressings, hereafter called COD, possess potent antimicrobial properties.** These dressings have
been cleared by the USA FDA, EU and other regulatory bodies for the management of acute and
chronic wounds, such as diabetic ulcers, pressure injuries, and venous ulcers. The COD are soft,
single use sterile wound dressings composed of a highly absorbent layer and one or two non-
binding layers. All layers are impregnated with copper oxide microparticles that serve as a reservoir
of copper ions that are slowly and constantly liberated in the presence of moisture at ppm levels.**
The non-binding layer(s) is placed directly in contact with the wound bed. The wound dressings are
provided with or without an adhesive contour (Figure 1). The non-adhesive wound dressings can
be cut, trimmed or fold over according to the size and shape of the wound. The dressings can be

used up to 7 days or until they are completely soaked with wound exudate.*



Figure 1. The copper oxide impregnated wound dressings are provide with (a) or

without (b) an adhesive contour. They are composed of 2 (c) or 3 (d) layers. The orange
layer is a non-adherent layer that is placed directly in contact with the wound bed. The beige
layer is a highly absorbent layer that can absorb ~10 times its weight. The 3-layer dressing is

more appropriate for deep cavities and tunnels.

We present 4 cases in which the COD were used throughout the wound healing process, until
complete wound closure. The wounds were of different etiologies, infected and non-infected with
variable amount of granulation tissue in diabetics and non-diabetic patients. The results
demonstrate the potential of COD to be an important weapon in the arsenal of chronic and hard-
to-heal wounds management. Our findings support the concept of “continuum of care (COC)” of

copper dressings to serve as an effective and holistic wound dressing for wound treatment.

Case 1: Healing of ray amputation in a diabetic vasculopathic patient on hemodialysis

An 82-year-old man with Non-Insulin-Dependent Diabetes Mellitus (NIDDM) and End-Stage
Renal Disease (ESRD) undergoing dialysis was admitted to the hospital due to gangrene of the 3™
toe and ischemia of the 4™ toe, accompanied by cellulitis of the right foot (Figure 2A and B). The
patient had peripheral vascular disease (PVD) with intermittent claudication and no detectable
pulses distal to the femoral artery. Attempted angiography was unsuccessful due to the presence

of hard calcifications in the arteries that prevented the passage of the catheter (Figures 2C and D).
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Subsequently, a femoral-popliteal bypass surgery was performed, which resulted in successful
improvement of blood flow and temperature to the midfoot level. During the same surgery, the

3 and 4" rays were amputated (Figure 2E).

Following the surgery, the amputation wound was treated with antibiotics and a twice-daily
chlorine-based solution to promote healing and prevent infection, but it still showed signs of
ischemia (Figure 2F). On the 9*" day after the surgery, antibiotic treatment was discontinued, and
application of COD wound management was initiated (Figures 2G). Over the next one to two
weeks, there was noticeable progression of granulation tissue in the wound (Figure 2H). However,
a significant portion of the wound remained filled with necrotic tissue, and attempts at bedside
debridement (Figure 21) resulted in only minor improvement (Figure 2K). Wound management with
COD was continued, further progression of wound healing was observed (Figures 2L and 2M), with
100% red granulation at two months (Figure 2N) and full epithelization (wound closure) at three
months (Figures 20 and 2P). In this case the continuum of care (COC) is exemplified by COD’s
antibacterial efficacy and debridement, granulation tissue formation, and epithelization

stimulating activities.
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Figure 2. Healing of ray amputation in a diabetic vasculopathic patient on hemodialysis.




Case 2: Healing of trans-metatarsal amputation stamp with large exposed bone — near full-

coverage with normal skin

A 46-year-old patient with NIDDM and neuropathy underwent a trans-metatarsal amputation
in February 2020. The wound dehisced, showing abundant necrotic tissue, but no signs of infection
were observed (Figure 3A). Due to the COVID-19 pandemic, the patient was discharged home and
could only return for further treatment after 2.5 months, in May 2020, once the COVID-19
lockdown was lifted. At this point, the wound remained open with necrotic margins and revealed

a prominent bone (Figure 3B).

A debridement of the skin and soft tissue was performed, and the prominent bone was
trimmed (Figure 3C). COD was applied for six days on the wound, even on top of the exposed bone.
Upon the first COD dressing removal, the wound showed no signs of infection (Figure 3D), and the
trimmed bone was covered with a thin layer of granulation tissue. The application of COD was
continued once weekly, and over time, the wound gradually filled with granulation tissue,
eventually being covered with healthy, creeping skin and epithelium (Figures 3E-G). After five
months of COD treatment, the wound was successfully closed (Figure 3H). To promote skin
maturation, COD was still applied to the closed wound for a few more months. At the three-year
follow-up, the wound remained stably closed (Figure 3l). In this case the COC approach includes
the antibacterial activity of COD as well as intense granulation tissue formation, significant

epithelization and skin maturation.



Figure 3: Healing and full closure of trans-metatarsal amputation stamp with large exposed

bone.

Case 3: Healing of pressure injury after partial calcanectomy

An 89-year-old man developed a pressure injury with necrosis of the Achilles Tendons insertion
to the heel (Figure 4A) while recovering in bed after having hip fracture fixation. A wide
debridement and partial calcanectomy were performed leaving a large wound measuring
approximately 5x10x2.5 cm (Figure 4B). The wound was treated with COD, which was changed

after 2 days. At that time a clot was seen in the wound but the wound looked clean (Figure 4C).
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While NPWT is the typical treatment for such cases, the decision was made to continue with the
COD treatment. A bilayer copper dressing was packed into the wound and a larger COD dressing
covered the heel and the nearby area. Gradually granulation tissue filled the wound and skin
crawled from the sides. Once the wound was stable, a more convenient adhesive COD was applied.
COD were applied 1-2 times a week; granulation tissue formed, and the wound gradually decreased
in size while undergoing epithelialization (Figures 4D-G). Throughout this period, the patient was
mobile (Figure 4H). At 3.5 months, the wound was successfully closed (Figure 4l). Antibiotic was
prescribed for only 5 days post-surgery. In this case the COC approach is expressed by antibacterial

activity, granulation tissue formation, and epithelization.

Figure 4: Healing of pressure injury after partial calcanectomy.
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Case 4: Healing of a venous harvesting site

A 68-year-old woman with diabetes was admitted to the hospital due to dehiscence and
necrosis in the leg's venous harvesting site, two months after coronary artery bypass surgery. She
also had osteomyelitis of the sternum, requiring six weeks of antibiotic treatment. The 36 cm? leg
wound (measured by Tissue Analytics software) exhibited abundant necrotic and fibrous tissue,
with surrounding redness indicating possible inflammation or infection (Figure 5A). After one week
of COD treatment (and concomitant antibiotic treatment due to the sternal osteomyelitis), the
surrounding redness significantly improved, and most of the black necrotic tissue was gone (Figure
5B). Over the course of four weeks, the wound filled with red granulation tissue (Figure 5C).
Subsequently, epithelium advanced from the wound edges (Figure 5D), and by the fifth month, the
wound was successfully closed (Figure 5E). COD application was continued for two more months
to encourage skin maturation. After a year of COD management, the leg and wound area showed
near-normal appearance (Figure 5F). In this case the COD approach encompassed antibacterial

activity, debridement, granulation tissue formation, and epithelization.
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Figure 5: Healing of a venous harvesting site.
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Discussion

Chronic wound management poses a significant challenge for treating physicians due to the
intricate causes and symptoms associated with the healing process. Each step of chronic wound
healing necessitates a distinct intervention or solution, complicating the current management for
therapists seeking the most appropriate treatment modality. There are currently over 800 FDA
cleared products, including wound dressings, “for the management of wounds so that the natural
healing process can take place” (K. Dev Verma, MD, Division of Dermatology and Dentistry, CDER,

FDA; Wound Healing Workshop, April 28, 2022 https://www.fda.gov/media/167141/download).

Numerous methods have been proposed to treat chronic wounds, targeting different stages in
the wound healing process.!! These methods include Negative Pressure Wound Therapy (NPWT),
Hyperbaric Oxygen Therapy, stem cell therapies, skin grafting, skin substitutes, and antimicrobial
dressings. Wound care modalities often are classified as antibacterial, necrolytic (debriding), those
which encourage granulation tissue formation, and those which act as skin substitutes. They
usually affect one or two of the healing phases, hence the need to decide when and with what to
replace them. In addition, they come with other drawbacks, including their high cost, complexity,
and the need for specialized trained personnel. In developed countries, they impose a significant

burden on the healthcare system, while in developing countries, they are often unaffordable.

There is a pressing need for an effective innovation that simplifies the management of chronic
wounds throughout the entire healing process, regardless of healing status. A solution is required
that can be easily continued from the initial skin rupture to wound closure without relying on costly
or intricate procedures. Such an innovation would have a transformative impact on chronic wound
management and significantly alleviate the burden on healthcare systems globally. This may be of
significant impact in developing countries, where wound clinics and personnel trained to manage

chronic wounds is lacking.
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Copper is an essential nutrient for humans involved in many of the physiological processes in
all body tissues.*® %7 In non-injured skin, copper serves as a cofactor of superoxide dismutase, an
antioxidant enzyme important for protection against free radicals;*® *° as a cofactor of tyrosinase,
a melanin biosynthesis essential enzyme responsible for skin and hair pigmentation®® ! and
inhibits membrane damage and lipid peroxidation.>? Copper can cross the stratum corneum and
be absorbed to a certain extent through the skin.>®>* Increased pro-collagen 1, elastin, and TGF-
betal expression by copper ions of intact skin was demonstrated by using ex-vivo human skin
explants 3% Accordingly, copper containing cosmetic products that reduce skin wrinkles®> and

improve the well-being of the skin®®>7 are in use, e.g. cosmetic pillowcases, diapers and socks.>-¢°

Recent advancements have shown that copper oxide wound dressings (COD) have a significant
positive impact on wound healing.3” 44 4> 6164 COD demonstrated their efficacy in protecting
against microbial infections, promoting autolytic debridement, facilitating granulation tissue
formation, and enhancing epithelization and skin maturation after wound closure.** 616364 |n 3
recent clinical trial conducted with diabetic patients, who suffered from stagnated indolent
wounds despite standard of care, dramatically improved during one month of COD application.5*
Similarly, the improvements of different hard-to-heal wounds, of patients with different etiologies,
were also recently described.** 53 The capacity and the molecular mechanisms by which COD
directly enhance wound healing, not-related to their antimicrobial properties, was demonstrated

in a murine diabetic model.%®

Conclusions

This article presents four representative cases of challenging wounds treated with COD,
demonstrating its effectiveness in their continuum of care of the wounds under diverse clinical
conditions, including diabetes, PVD, ESRD, and old age. The presented cases are skin necrosis due
to ischemia of the toes accompanied by cellulitis; large exposed bone after trans-metatarsal

amputation, wound necrosis after venous harvesting for cardiac bypass surgery and big heel void
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after partial calcanectomy for pressure injury. COD were consistently applied from the initial stages
of the wounds to the post-closure period, effectively replacing traditional NPWT and skin grafting.
The use of COD resulted in favorable functional outcomes, improved skin quality, and reduced
scarring, all at a significant lower cost. These results align with previous basic science research on
the effect of copper on wound healing3¥ 37435262, 66 and ynderscore the versatile applications of

COD.

The study demonstrates that COD is compatible with all stages of wound healing, making it a
continuous and comprehensive wound management and treatment approach. By utilizing COD
throughout the healing process, wound care becomes more efficient, convenient, and comfortable
for both patients and healthcare professionals. The findings presented in this study highlight the
transformative potential of copper oxide impregnated wound dressings in wound care. Its efficacy
across different wound types and etiologies, such as diabetic ulcers, vascular insufficiency, and
surgical wounds, reinforces its role as a valuable therapeutic option. Embracing COD can lead to
improved patient outcomes, reduced healthcare costs, and ultimately, better quality of life for
those affected by hard-to-heal wounds. Further research and integration into clinical practice will

solidify COD's position as a groundbreaking advancement in wound care.
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