
Vol.:(0123456789)

Dermatol Ther (Heidelb) 
https://doi.org/10.1007/s13555-025-01575-z

COMMENTARY

The Multifaceted Properties of Copper and Zinc 
in Skin Healing

Nicolas Kluger   · Edward Lain   · Nicolas Frasson   · Gautier Doat   · 

Aline Stennevin   · Pascale Bianchi 

Received: August 29, 2025 / Accepted: October 13, 2025 
© The Author(s) 2025

hemostasis, inflammation, granulation tissue 
formation, re-epithelialization, and extracel-
lular matrix remodeling. This process is influ-
enced by the balance in the skin’s commensal 
microbiota, and the risk of microbes becoming 
pathogenic through migration and colonization 
of the deeper tissues. We examine the antimi-
crobial effects of Cu/Zn versus their roles in the 
innate immune response that prevents the inva-
sion and proliferation of microorganisms and in 
the cellular mechanisms that promote wound 
healing. Cu/Zn modulates macrophage polari-
zation, promoting the transition from the pro-
inflammatory M1 phenotype to the pro-healing 
M2 phenotype, which is critical for tissue repair. 
Both elements also act as cofactors that modu-
late the activities of important growth factors, 
mediators, and enzymes, including antioxidant 
enzymes, such as superoxide dismutase, which 
have a role in the innate immune response to 
pathogens and protect cells from oxidative dam-
age, reducing inflammation and promoting heal-
ing. These divalent ions stimulate angiogenesis, 
and the Cu/Zn combination can also modulate 
integrin expression in keratinocytes, which are 
needed for re-epithelialization, supporting cel-
lular mobility and differentiation, and enhanc-
ing the healing process. The synergistic roles of 
Cu/Zn in preventing infection while stimulat-
ing the skin’s natural immune defenses encour-
age efficient tissue repair after injury. Topical 

ABSTRACT

Copper (Cu) and zinc (Zn) are trace elements 
required for a multitude of physiological pro-
cesses, including wound healing, and there has 
been a long history of including both metal 
ions in topical skin repair formulations. Wound 
healing involves complex and dynamic cellu-
lar mechanisms in the main phases of platelet 
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Cu/Zn-containing formulations therefore hold 
promise for improving wound management.

Keywords:  Wound healing; Microbiota; 
Topical; Copper; Zinc

Key Summary Points 

Despite long-standing empirical use, the 
clinical integration of copper and zinc in 
wound care remains controversial.

Copper (Cu) and zinc (Zn) act synergistically 
in wound healing, enhancing antimicrobial 
defense, immune modulation, and tissue 
regeneration through their combined bio-
chemical roles.

Clinical and preclinical evidence supports 
the safety, tolerability, and efficacy of Cu/
Zn-containing topical therapies in accelerat-
ing wound closure and improving healing 
outcomes.

Topical Cu/Zn formulations provide targeted 
antibacterial activity that reduces pathogenic 
burden while preserving commensal skin 
flora, supporting balanced wound microbiota 
and optimal healing.   

INTRODUCTION

The process of wound healing is dynamic, 
involving various cellular mechanisms associ-
ated with the main phases of platelet hemosta-
sis, inflammation, granulation tissue formation, 
re-epithelialization, and extracellular matrix 
remodeling [1, 2]. While wound healing is a nat-
ural physiological reaction to tissue injury, as it 
proceeds through the different stages, it involves 
a complex interplay among various cell types, 
molecular mediators, and the vascular system 
[1]. Essential elements, which cannot be synthe-
sized by living organisms and must therefore be 
supplied by an external source (food, dietary 
supplements, topical formulations, etc.), have 
important roles in these mechanisms [3]. This 

includes divalent metal ions that are needed for 
the catalytic and structural functioning of pro-
teins, enzymes, and transcription factors [3, 4]. 
The second and third most abundant trace metal 
elements in the human body after iron are zinc 
(Zn) and copper (Cu) [2, 3].

Ointments containing Cu and Zn have been 
used for centuries as topical antiseptic prepa-
rations, such as the Dalibour formula, also 
known as Dalibour or Alibour water [5]. As first 
described by French surgeon Jacques Dalibour 
in the eighteenth century, the original formula 
contained copper sulfate and zinc sulfate, and 
was used to treat skin irritations and minor 
wounds, including soldiers’ wounds during 
armed conflicts [6]. The Smith Papyrus, Egyptian 
medical text written between 2600 and 2200 BC, 
provides the oldest recorded medical use of Cu 
compounds in wound treatment [7, 8].

In the modern era, the most common 
approaches taken towards wound healing are 
mechanical and involve protecting the damaged 
areas with dressings [9, 10]. Topical prepara-
tions containing tissue-repairing and antibacte-
rial ingredients that speed up the wound heal-
ing process are also used in the early phase to 
cleanse the wound, attract growth factors to the 
injured site, and prevent secondary infections 
[11, 12]. Moreover, recent research has high-
lighted the wound microbiome and related host-
microbiota interactions that could influence the 
healing process, particularly the importance of 
maintaining a balance in the skin microbiota 
[13]. The negative effect of broad-spectrum anti-
biotic therapy on this balance is well recognized 
[14], as well as the fact that antibiotic therapy is 
often used inappropriately and unsuccessfully in 
chronic wound infections, and overuse is associ-
ated with antimicrobial resistance [15]. Modern 
wound care practices must therefore integrate 
specific considerations to attain the desired anti-
microbial outcomes.

The development of topical skin repair prod-
ucts with enhanced properties to prevent infec-
tion is therefore of increasing interest, as well 
as those that also promote rapid and scarless 
healing, thereby improving the quality and aes-
thetics of wound healing [16, 17]. This needs 
better understanding of the wound microbiome 
and the relationship between it and cellular 
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responses involved in wound healing. Topical 
Cu/Zn-containing preparations have antiseptic 
properties that could have a negative effect on 
the wound healing process. However, altera-
tion of the skin’s microbiota balance by Cu/Zn 
has never been demonstrated, and Cu and Zn 
have additional roles in the processes that pre-
vent tissue invasion by pathogens, the innate 
immune response to skin damage, and the cellu-
lar mechanisms that promote healing. Here, we 
provide a concise and pragmatic overview of the 
antimicrobial effects of Cu and Zn, the roles of 
these divalent ions in the immune response and 
wound healing process, and evidence supporting 
their use in wound healing formulations.

Ethical Approval

This article is based on previously conducted 
studies and does not contain any new studies 
with human participants or animals performed 
by any of the authors.

THE SKIN MICROBIOTA AND 
WOUND HEALING

The skin is the first protective barrier of the 
human body against its environment, and 
the skin’s microbiota, which contains bacte-
ria, fungi, and viruses, helps to maintain this 
function and hence regulate health and disease 
via a symbiotic relationship between the skin 
and its resident microorganisms [17]. A breach 
of the skin barrier enables opportunistic infec-
tion, where commensal microbes migrate from 
the surface to the interior of the skin, grow, and 
colonize the deeper tissues. The risk of wound 
infection increases as microbial load increases 
and according to microbial species, microbial 
interactions, and synergy [15]. Additionally, bio-
film formation, characterized by the aggregation 
and attachment of bacterial cells to a surface, 
protected by a self-produced extracellular poly-
meric substance, can impair the healing process, 
a scenario commonly seen in chronic wounds 
[15, 18].

The subsequent impact of wound infection 
is dependent on various factors, including the 

host’s immune system, and the virulence and 
location of the microorganisms [15]. Pathogenic 
microorganisms with high potentials for pro-
liferation and causing inflammation can have 
a negative impact on the wound healing pro-
cess because chronic inflammation can prevent 
wound closure and therefore delay healing [17, 
19]. A common example is opportunistic Staphy-
lococcus aureus infection, which is responsible for 
most bacterial skin and soft tissue infections [20] 
and renowned for its negative effect in many 
types of wounds [21].

When treating skin lesions, it is therefore 
essential to prevent the invasion of surround-
ing tissues by microbiota and maintain a balance 
among commensal species [13, 17]. Steady state 
interactions between bacteria and the immune 
system induces specific T cell responses that are 
important for tissue repair [22, 23] and com-
mensal microbiota in the skin trigger type  I 
interferon-dependent innate repair responses in 
injured skin [24]. The recruitment of antigen-
presenting cells to the skin has been shown to be 
microbiota-dependent [25], and skin regenera-
tion in wound repair is enhanced by microbes 
via interleukin-1β signaling [26]. It has also been 
demonstrated that commensals can promote 
epidermal production of antimicrobial peptides 
[27, 28] and produce antimicrobials [29, 30]. 
Consequently, broad-spectrum antibiotic treat-
ments could eliminate potentially beneficial 
commensal bacteria, disrupting the symbiotic, 
homeostatic relationship that exists with the 
skin epithelium. Optimal wound healing should 
instead be encouraged by preventing the inva-
sion and proliferation of microorganisms from 
the wound site. Moreover, in acute burns or 
after skin grafts, it is essential to control local 
infection to prevent skin graft rejection [31, 32]; 
again, the bacterial and septic environment is a 
crucial element for achieving good healing.

ROLE OF CU AND ZN IN WOUND 
HEALING

The key roles of Cu and Zn in the functioning of 
proteins, enzymes, and transcription factors [3, 
4] translate into multifaceted roles in the wound 
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healing process. These roles can be categorized 
broadly into those that relate to the prevention 
of tissue invasion by microbiota at the wound 
site and to the cellular process of wound healing.

Both trace elements have two important 
properties that are relevant to the prevention 
of tissue invasion by pathogens: (1) mecha-
nisms of toxicity towards microorganisms; (2) 
mechanisms related to stimulation of the innate 
immune system.

As positively charged ions, it is thought that 
one of the main mechanisms of toxicity involves 
the electrostatic binding of Cu and Zn to nega-
tively charged bacterial membranes, thereby 
altering the charge balance of the cell surface, 
leading to cell structure deformation and killing 
of the microorganism [33–38]. Moreover, there is 
evidence, mostly from in vitro studies of patho-
gens such as S. aureus and Escherichia coli, that 
Cu/Zn generates reactive oxygen species (ROS) 
[35, 36, 38], which play a major role in cell sign-
aling pathways when present at a low level but 
have harmful oxidative effects on essential cel-
lular macromolecules when present at high con-
centrations [39]. ROS thereby induce DNA degra-
dation and membrane lipid peroxidation, which 
has a bactericidal effect [34, 37]. Zn may also 
exert an antimicrobial effect by antagonizing the 
uptake of other key trace metal nutrients and by 
binding to sites that do not normally contain a 
metal ion, thereby inhibiting key enzymes [33]. 
There have been no reports of an alteration in 
the balance of the skin’s commensal microbiota 
in vivo by Cu/Zn treatment.

Cu and Zn ions also stimulate ROS generation 
by phagocytic cells (macrophages and neutro-
phils) as a defense against pathogenic microor-
ganisms by the host innate immune system [39]. 
Cu and Zn are essential cofactors for the enzyme 
Cu/Zn superoxide dismutase (SOD), which is 
involved in ROS regulation [2, 35, 40]. Cofac-
tors are components that are essential for the 
biologic activity of enzymes, thereby maintain-
ing cellular redox balance and driving synthetic 
and catabolic reactions by the cell [41]. Addi-
tionally, ROS production by phagocytes relies on 
nicotinamide adenine dinucleotide phosphatase 
(NADPH) oxidase, a process that requires Zn [42, 
43], and Cu increases the genetic expression of 
this enzyme [44].

Cu and Zn are involved in each of the major 
cellular activities associated with skin healing 
(Fig. 1) [2, 34, 45]. After injury, hemostasis is 
established via coagulation and clot forma-
tion, during which time Zn enhances platelet 
activity and aggregation and serves as a hemo-
static cofactor [46], providing the basis for the 
inflammatory phase and tissue formation. At the 
beginning of the inflammatory phase, Zn regu-
lates the migration and phagocytosis activities of 
neutrophils [45], as shown in conditions of Zn 
deficiency by the promotion of monocyte differ-
entiation into pro-inflammatory (M1) and inhi-
bition of immune-regulatory (M2) macrophages 
[47]. Deficiency of Zn has also been shown to 
reduce the B lymphocyte population, thereby 
reducing antibody production, negatively affect-
ing phagocytosis, and preventing wound bed 
clearance [48]. During the proliferation phase of 
wound healing, Zn acts as an important cofactor 
during the development of granulation tissue by 
modulating collagen/extracellular matrix depo-
sition [49], stimulating angiogenesis [45], and 
enhancing keratinocyte migration by increasing 
the expression of integrins, the main mediators 
of cell migration, and promoting epidermal re-
epithelialization [50]. During the proliferation 
and remodeling stages, Zn is required for main-
taining balance in matrix metalloproteinases 
(MMPs), which are Zn-dependent enzymes that 
digest dermal basal membranes and the extracel-
lular matrix [2]. Zn has a particularly important 
role in the proteolytic activity of MMP-1, which 
is obligatory for keratinocyte migration [51]. 
Re-epithelialization is crucial to prevent infec-
tion through the re-establishment of the barrier 
function of the epidermis and the secretion of 
antimicrobial and immune-related peptides [52].

At the beginning of the wound healing pro-
cess, Cu is also involved in the recruitment of 
macrophages to the wound and their polariza-
tion to M1 or M2 macrophages [34]. During the 
proliferation phase, Cu promotes angiogenic 
factor expression and wound angiogenesis 
[53], and accelerates wound contraction and 
re-epithelialization [34]. Important Cu-depend-
ent factors and enzymes are involved in this 
process, including vascular endothelial growth 
factor (VEGF), which is secreted by platelets, 
macrophages, fibroblasts, and endothelial cells 
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[2, 34]. This triggers the chemotaxis of neutro-
phils and fibroblasts, initiates fibroblast pro-
liferation, induces matrix protein and MMP 
synthesis, and stimulates angiogenesis. Addi-
tionally, the expression of integrins α2, β1, and 
α6, known to mediate cell migration, re-epithe-
lialization, and granulation tissue formation, 
is Cu-dependent [50]. During the remodeling 
phase, Cu stimulates the expression of MMPs 
within dermal fibroblasts [54] and may have 
an impact on the balance between MMPs and 
tissue inhibitor of metalloproteinase (TIMP) 
[55]. Cu also acts as a cofactor for lysyl oxi-
dase, which facilitates the formation, develop-
ment, and maturation of extracellular matrix 
during wound healing [34] by catalyzing the 
formation of covalent cross-links between col-
lagens [2, 56]. The key role of Cu in extracel-
lular matrix remodeling is also suggested by 
the clinical spectrum of Wilson disease (pro-
gressive liver damage, inflammation, fibrosis, 

and cirrhosis), which is caused by poor cellular 
excretion of Cu [57].

Cu and Zn ions therefore work together in 
the wound healing process (Fig. 1). Both regu-
late the immune response by modulating mac-
rophage polarization, promoting the transition 
of macrophages from the pro-inflammatory M1 
phenotype to the pro-healing M2 phenotype, 
which is critical for tissue repair [58]. Cu stimu-
lates angiogenesis, enhancing the expression of 
angiogenic growth factors [59, 60], and both Cu 
and Zn act as cofactors for antioxidant enzymes, 
such as SOD, which not only have a role in the 
innate immune response to pathogens but also 
protect cells from oxidative damage, reducing 
inflammation and promoting healing [61, 62]. 
Additionally, Zn has been shown to induce met-
allothionein, which is antioxidative, in human 
epidermal wounds [63]. Both Cu and Zn also 
modulate integrin expression in keratinocytes 
and maintain the MMP balance needed for 

Fig. 1   The impact of copper and zinc in the different 
stages of wound healing Created in BioRender. Genies, C. 
(2025) https://​BioRe​nder.​com/​56qn0​jg. Cu copper, ECM 
extracellular matrix, M1 pro-inflammatory macrophages, 

M2 immune-regulatory macrophages, MMP matrix met-
alloproteinases, ROS reactive oxygen species, TIMP tissue 
inhibitor of metalloproteinase, Zn zinc, + activation

https://BioRender.com/56qn0jg
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re-epithelialization, supporting cellular mobility 
and differentiation, and enhancing the healing 
process [64].

Increased understanding of the mechanisms 
of action of Cu and Zn in wound healing is 
accompanied by clinical and preclinical evi-
dence from the application of topical formula-
tions containing Cu or Zn, which are well estab-
lished in wound healing [2, 8, 65–67]. Zn ions 
released from Zn-containing wound dressings 
have been shown to upregulate the genes rel-
evant to tissue remodeling, collagen deposition, 
and fibroblast growth activities, hence enhanc-
ing wound repair [2, 68], and wound dressings 
containing Cu-based nanomaterials and nano-
particles have also been confirmed to accelerate 
wound healing [2, 8]. One study of 20 patients, 
10 with diabetes, who responded poorly to sil-
ver wound dressings, found that treatment with 
Cu dressings enhanced wound healing, with a 
mean wound area reduction approximately 2.4 
times higher than with silver dressing treatment 
[69]. Further evidence of the potential benefits 
of Cu and Zn inclusion in topical wound prepa-
rations is available from preclinical studies. A 
mouse model study found that topical treat-
ment with copper sulfate not only improved the 
speed of wound contraction and closure but also 
improved the quality of the regenerated tissue 
[70]. Other studies have shown that materials 
doped with both Cu and Zn can enhance wound 
healing by modulating immune responses and 
promoting tissue repair. For instance, in a mouse 
model of wounds infected with methicillin-
resistant S. aureus, a Cu/Zn-doped hydrogel was 
demonstrated to have enhanced antibacterial 
activity and accelerated healing in comparison 
to control groups given hydrogel without Cu/Zn 
[58]. Another in vivo study showed the wound 
healing rate was significantly faster in a group 
treated with a Cu/Zn loaded nanofiber dressing 
than in groups given the same dressing without 
Cu/Zn [71]. In both studies, Cu/Zn promoted 
macrophage polarization towards the regenera-
tive M2 phenotype [58, 71]. Other preclinical 
or in vitro studies of different wound healing 
compositions containing Cu and Zn showed 
evidence of the synergistic inhibition of bac-
terial growth and biofilm formation [72–74]. 
Moreover, in a study of patients operated on 

for pilonidal sinus disease, topical Zn treatment 
tended to increase Cu in the wounds and adja-
cent skin, suggesting a positive synergistic effect 
between Cu and Zn [75].

There is also real-world evidence of the 
benefits of topical skin healing formulations 
containing Cu and Zn for treating minor skin 
impairments and wounds. For example, for-
mulations containing a postbiotic Aquaphilus 
dolomiae extract, and copper and zinc salts have 
proved to be effective and are indicated for use 
in patients with various conditions, including 
radiation dermatitis [76] and hand eczema [77]. 
In a study of 1317 infants, children, and adults 
with various types of superficial skin impair-
ment, daily use of a formulation containing 
A. dolomiae extract, copper sulfate, and zinc sul-
fate for around 3 weeks was highly effective and 
well tolerated, with positive feedback from most 
participants [78, 79]. Another study, involving 
40 adults who used this skin healing prepara-
tion in tattoo aftercare, showed it was well tol-
erated and, in self assessments, was regarded as 
efficient or very efficient in the healing process 
[80]. The good tolerability and safety of topical 
products containing Cu or Zn could be expected 
since they are designed to act on the skin sur-
face, with minimal systemic absorption [81, 82], 
and are not intended for long-term use or for 
use on large wounds or severe burns. However, 
while the risk of interfering with mineral metab-
olism (e.g., Cu) is low, caution may be advised in 
patients with metabolic disorders, such as Wil-
son disease [57].

As well as cumulative evidence of the ben-
efits of Cu/Zn-containing formulations in dif-
ferent settings, understanding is also required 
of patient-specific lifestyle, dietary, and genetic 
factors that may influence wound healing [83] 
and theoretically mitigate the beneficial effects 
of Cu/Zn. For example, patients who smoke 
display delayed and/or compromised wound 
healing, which is thought to be related to the 
negative vascular effects of nicotine and carbon 
monoxide displacement, and the toxic effect of 
chemicals, such as hydrogen cyanide, in ciga-
rette smoke [84]. Also, poor diet or malnutrition 
will impair wound healing if there are insuffi-
cient amino acids to aid tissue regeneration, or 
a deficiency of minerals and vitamins to support 
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increased cellular activity and the regenerative 
pathways during the healing response [85, 86]. 
Vitamin C, for example, serves to not only stim-
ulate collagen gene expression but is required for 
prolyl hydroxylase and lysyl hydroxylase activ-
ity, enzymes that are needed for mature collagen 
formation [86, 87]. Genetic and epigenetic fac-
tors can also influence the wound healing pro-
cess, with certain patient genotypes dictating 
cutaneous microbiome composition and diver-
sity [88], and changes in DNA methylation from 
ageing and lifestyle, histone modification, and 
chromatin remodeling alter the transcription of 
genes related to all three phases of the wound 
healing process [89].

CONCLUSION

There is a wealth of literature examining the 
roles and effects of Cu and Zn in wound heal-
ing. In this article, we focus on the properties of 
Cu/Zn that are relevant to preventing the inva-
sion and proliferation of microorganisms into 
the deeper skin tissues, which is essential for 
an optimal wound healing process after injury. 
Cu and Zn are essential trace elements in many 
physiological processes and have long been rec-
ognized for their abilities to promote wound 
healing and help control infection. While Cu 
and Zn have antiseptic properties that could, in 
theory, slow down healing, there is no evidence 
that Cu/Zn alters the skin’s microbiota bal-
ance, and Cu- and Zn-dependent mechanisms 
are involved in the innate immune response 
to skin injury, which may stimulate the skin’s 
natural immune defenses. Moreover, Cu and 
Zn have been shown to work together in vari-
ous stages of the wound healing process, with 
synergistic effects that enhance antimicrobial 
activity, immune regulation, and tissue repair. 
Clinical research indicates that existing Cu/Zn-
containing formulations are generally well toler-
ated and safe for topical use. However, despite 
their widespread application in wound heal-
ing, there remains a lack of consensus in the 
literature regarding the optimal concentration 
ratios of copper and zinc. While both elements 
are essential, their efficacy can vary significantly 

depending on the specific wound environment 
and individual patient characteristics. Therefore, 
we advocate for further research to explore and 
refine topical Cu/Zn-containing formulations, as 
their continued development holds promise for 
improving wound management while ensuring 
safety.
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