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The occurrence of chronic wounds is a major global health issue. These wounds are
difficult to heal as a result of disordered healing mechanisms. The most common
types of chronic wounds are diabetic ulcers, pressure ulcers, arterial/venous ulcers
and nonhealing surgical wounds. Although bacteria are an important cause of
chronic nonhealing wounds, fungi also play a substantial role in them. The fungal
infection rate varies with different chronic wound types, but overall, the prevalence
of fungi is extremely underestimated in the clinical treatment and management of
chronic wounds. Wounds and ulcers can be colonized by host cutaneous,
commensal or environmental fungi and evolve into local infections, causing
fungemia as well as invasive fungal disease. Furthermore, the fungi involved in
nonhealing wound-related infections help commensal bacteria resist antibiotics
and the host immune response, forcing wounds to become reservoirs for
multiresistant species, which are considered a potential key factor in the
microbial bioburden of wounds and ulcers. Fungi can be recalcitrant to the
healing process. Biofilm establishment is the predominant mechanism of fungal
resistance or tolerance to antimicrobials in chronic nonhealing wounds. Candida
albicans yeast and Trichophyton rubrum filamentous fungi are the main fungi
involved in chronic wound infection. Fungal species diversity and drug resistance
phenotypes in different chronic nonhealing wound types will be emphasized. In this
review, we outline the latest research on fungi in chronic wounds and discuss
challenges and future perspectives related to diagnosing and managing chronic
wounds.
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Introduction

Chronic wounds are defined as wounds not healing at the expected rate for a long duration
(>6 weeks) with a lack of functional restoration after 3 months (Fonder, et al., 2008). Compared
with acute wounds, chronic wounds present the characteristics of delayed healing or even non-
healing. The incidence of chronic wounds is approximately 1%–4% (Rahim, et al., 2017). The
most common types of chronic wounds are diabetic ulcers, pressure ulcers, arterial/venous
ulcers, burn wounds and non-healing surgical wounds. Chronic wounds may also be the result
of other uncommon causes, for example, inflammatory processes (vasculitis, autoimmune
diseases, pyoderma gangrenosum), aging, chronic infections, cardiovascular diseases and
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neoplasms. Malnourishment and chronic mechanical stress have also
been confirmed as main predispositions to poor wound healing
(Tomic-Canic, et al., 2020). Wound healing consists of four phases:
coagulation, inflammation, proliferation and wound remodeling
(Reinke, et al., 2012; Morton, et al., 2016). Chronic wounds
stagnate in the inflammatory phase (Velnar, et al., 2009). Chronic
wounds are believed to be colonized by polymicrobial communities
containing bacteria and fungi. Polymicrobial interactions during
wound infections contribute to continued inflammation and
delayed healing (Dalton, et al., 2011; Rhoads, et al., 2012; Percival,
et al., 2015). The production of biofilms by polymicrobial
communities contributes to infection tolerance to antibiotic therapy
(Wong, et al., 2022) and delayed healing of chronic wounds
(Bjarnsholt, et al., 2008; James, et al., 2008; Fan, et al., 2009). The
occurrence of chronic wounds is a major global health issue affecting
millions of patients worldwide and cause an enormous economic
burden on healthcare systems (Haalboom, 2018). According to the
retrospective analysis of Medicare data, costs for chronic non-healing
wounds are estimated from 28.1 to 96.8 billion dollars (Nussbaum
et al., 2018). The Wound Care Market accounts for approximately
18.22 billion dollars and is estimated to reach 26.24 billion dollars
worldwide in 2023 according to the latest Global Wound Care Market
report (Weller et al., 2020). More than 38 million cases of chronic
wound infections occur due to medical shortcomings in wound
healing and are associated with poor disease prognoses (Nosrati,
et al., 2021). Chronic wounds can increase comorbidity and
mortality rates in elderly patients (Mihai, et al., 2018). For
example, diabetic foot ulcers contribute to 80% of nontraumatic
lower-extremity amputations, and their 5-year mortality rate is
approximately 43%–55%, which is higher than those of breast
cancer, prostate cancer and Hodgkin’s disease (Boulton, et al.,
2005; Armstrong, et al., 2007; Robbins, et al., 2008).

Persistent infection, prolonged inflammation and biofilms
composed of various microorganisms that are resistant to the host
immune response and antibiotics are common features of chronic
wounds. Microorganisms have become a focus in complex wound
healing in recent years. Wounds and ulcers provide favorable
conditions for pathogenic microorganisms from the skin
microbiota and environment to invade deep tissues and find
optimal conditions for colonization and growth (Zeeuwen, et al.,
2012). Wound microbiomes formed by bacterial and fungal
colonization are thought to stall healing and cause chronicity by
community microbial processes (Tipton, et al., 2020). Little
mention has been made concerning the contribution of fungi to
chronic wound-related infections, and the prevalence of fungi,
including Candida spp. and Aspergillus spp. is extremely
underestimated in the clinical treatment and management of
chronic wounds. It has been demonstrated that fungi play a
significant role as opportunistic and primarily pathogenic
components in chronic wounds. Wounds and ulcers can be
colonized by host cutaneous, commensal or environmental fungi
and evolve into local infections, causing fungemia as well as
invasive fungal disease. Furthermore, the fungi involved in non-
healing wound-related infections help commensal bacteria resist
antibiotics and the host immune response, forcing wounds to
become reservoirs for multiresistant species, which are considered a
potential key factor in the microbial bioburden of wounds and ulcers.
Chronic non-healing wound type, duration, location and stages, and
patient topographical and temporal diversity all influence the resistant

phenotypes, ascendency and mixture of fungal species. It has been
reported that 23% of 915 chronic wounds, including diabetic foot
ulcers, pressure ulcers, non-healing surgical wounds and venous
ulcers, were positive for fungal species. Although yeast species in
the genus Candida have the highest incidence rate, nonconventional
fungi, including Curvularia, Malessezia, Aureobasidium,
Cladosporium, Ulocladium, Engodontium and Trichophyton, are
also prevalent in the chronic wound bioburden (Dowd, et al.,
2011). The prevalence of diabetic wounds infected with fungi is
9%–40.1%, of which the predominant fungal species are Candida
albicans, Candida tropicalis, Candida parapsilosis and Candida
guilermondii, followed by Aspergillus flavus, Aspergillus niger and
Fusarium spp. (Bansal, et al., 2008). An analysis of fungi
prevalence in 152 lower extremity ulcers and the surrounding skin
showed that 6% of ulcer samples and 27.6% of skin samples were
positive for three fungal species, Candida albicans, Candida
parapsilosis and Candida ciferrii (Foroozan, et al., 2011). An
analysis of pathogens from 1,310 thermal burn wounds showed
that 110 (5.04%) fungal strains were isolated with the prevalent
constituent mixture of Candida parapsilosis, Aspergillus flavus,
Candida albicans and Candida tropicalis, and all Candida albicans
were susceptible to voriconazole, amphotericin B, fluconazole,
itraconazole, and ketoconazole treatment (Zhang, et al., 2018).
Fungal wound infections pose a special challenge and cause
substantial morbidity among burn patients (Ladhani, et al., 2021).
The negative consequences of these fungi cause large healthcare
burdens, including chronic wounds or nonhealing wounds (Sen,
et al., 2009; Guariguata, et al., 2014; Kerr, et al., 2014). The current
understanding of resistant phenotypes, relative abundance and species
diversity of fungi, occurrence, and tendency of cohabitation of fungal
and bacterial species in chronic wounds should be further elucidated.
This review briefly discusses the wound healing process and impaired
healing in chronic wounds, the latest research on fungi in chronic
wounds, and diagnostic and therapeutic innovations for chronic
wound care and highlights challenges and future perspectives
related to diagnosing and managing chronic wounds.

Wound healing process and impaired
healing in chronic wounds

Coagulation, inflammation, proliferation and wound remodeling
constitute the well-organized wound healing process (Sun, et al., 2014;
Morton, et al., 2016). Immediately after injury, coagulation starts to
prevent bleeding and form a blood clot (Demidova-Rice, et al., 2012).
The blood clot protects the wound and allows the migration of
leukocytes, fibroblasts and keratinocytes (Morton, et al., 2016). The
blood clot is trapped by blood platelets and has cytokines and growth
factors that can attract neutrophils, endothelial cells, macrophages and
fibroblasts in the inflammatory and proliferation phases (Velnar, et al.,
2009). Neutrophils are immediately attracted by growth factors and
cytokines during the coagulation phase. In the inflammation phase,
the central goal is destruction and removal of bacteria (Tsourdi, et al.,
2013). Macrophages and lymphocytes support the inflammatory
response, and inflammatory cells are vital in the defense against
bacteria and are the source of many cytokines and growth factors.
These cells can initiate the proliferation phase (Werner, et al., 2003).
The development of granulation tissue is a feature of the proliferation
phase (Tsourdi, et al., 2013). In the wound area, fibroblasts migrate
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and combine various components. Moreover, fibroblasts differentiate
into myofibroblasts, which play major roles in wound edges at the end
of the proliferation phase (Werner, et al., 2003). These phases result in
the formation of new blood vessels to supply adequate blood. Vascular
endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF) and fibroblast growth factor are produced when blood
vessels are damaged during injury (Demidova-Rice, et al., 2012;
Sun, et al., 2014). These factors secrete proteolytic enzymes that
enable endothelial cells to enter the proliferation phase and migrate
into wound tissues (Reinke, et al., 2012). The last process of wound
healing is remodeling. The extracellular matrix, which is composed of
fibroblasts, is degraded bymatrix metalloproteinase enzymes (MMPs).
Stronger collagen I will replace it to form a scar. Myofibroblasts can
facilitate wound contraction to close wound tissues (Morton, et al.,
2016). Then, fibroblasts are eliminated, and angiogenesis is inhibited.
Finally, the wound healing process is complete after the remodeling
phase.

Due to an imbalance between inflammatory cells and inhibitors,
chronic wounds usually stagnate in the inflammatory phase (Schultz,
et al., 2003; Satish, 2015). Overexpression of interferon-gamma (IFN-
γ), a proinflammatory cytokine that is essential for the regulation of
collagen synthesis, delays wound healing, and dysfunction of
interleukin-17 (IL-17) inhibits progression to the proliferation
phase in nonhealing wounds (Abedini, et al., 2022). Compared
with acute wounds, nonhealing wounds display clinical,
morphological, microbiological and biochemical differences (Kirker,
et al., 2017). Internal wound pressure, which occurs in conditions such
as venous insufficiency, external pressure, such as that observed in
diabetic neuropathy, bacterial contamination and repeated ischemic
injury, results in continuous inflammation in wound beds (Mast, et al.,
1996). Inflammatory cells secrete cytokines and can produce
proteolytic enzymes such as MMPs. MMPs can degrade
components of the extracellular matrix, growth factors and growth
factor receptors, which are vital for wound healing (Menke, et al.,
2007). Abnormally increased interleukin-10 (IL-10) in diabetic
chronic wounds causes significant reductions in Toll-like receptor
signaling and proinflammatory cytokine production, which underlies
healing impairment in diabetic wounds (Roy, et al., 2022). In the
proliferation phase, fibroblasts are useful for decreasing growth factor
receptors and reducing migration in chronic wounds, inhibiting the
formation of granulation tissue and stimulating remodeling. However,
chronic wound fibroblasts are less responsive to transforming growth
factor beta (TGF-β) and PDGF (Mihai, et al., 2018). Chronic wounds
are characterized by a highly inflammatory microenvironment with an
overabundance of opportunistic pathogens, proinflammatory
macrophages, inflammatory mediators such as tumor necrosis
factor-α and interleukin-1β, matrix metalloproteinases and reactive
oxygen species, leading to a vicious cycle of biofilm formation,
continuous inflammation and delayed healing (Raziyeva, et al.,
2021). Therefore, the proliferation phase of chronic wounds is
impaired (Satish, 2015). Chronic wound cells have lower
multiplying rates and are similar to senescent cells, leading to the
prolonged presence of neutrophils and proinflammatory
macrophages. Chronic wounds can also promote inflammation and
tissue fibrosis and reduce angiogenesis, causing hypoxia due to a low
blood supply.

Different types of chronic wounds have different
pathophysiological processes. Venous ulcers are the result of
valvular incompetence and can lead to increases in blood pressure

and vessel permeability, resulting in fibrin production and decreased
collagen synthesis. Pressure ulcers are caused by pressure applied to
the skin and underlying tissue and frequently occur in patients who
have decreased mobility and sensory abilities (Demidova-Rice, et al.,
2012). Hospitalization and long-term decubitus usually cause pressure
ulcers (Rahim, et al., 2017). In addition, insufficient blood flow can
cause arterial ulcers. These wounds are frequently triggered by the
presence of bacteria, and chronic inflammation is a common feature.
During ulcer formation, inflammatory cells produce reactive oxygen
species and lead to extracellular matrix damage (Mihai, et al., 2018).
Advanced stages of pressure ulcers are polymicrobial and linked with
biofilm-associated infection, and phenotypic hypervariability of
species, including fungi and inherent resistance to antimicrobials,
constitutes a major clinical challenge (Gomes, et al., 2022).

The development of chronic wounds in patients is challenging to
decipher. Once these wounds appear, the initial stages have already
passed. Therefore, animal models of chronic wounds are of great
importance. Dhall et al. created chronic wounds in mice by
manipulating impaired wounds in LIGHT−/− mice (Dhall, et al.,
2014). Such mouse model wounds can remain open for several
weeks and mimic some features of human chronic wounds.
LIGHT−/− model mice can show elevated levels of genes involved
in nitrosative stress and oxidation, leading to imbalanced redox levels
that are exacerbated with age in wound tissues. The redox burden can
cause deleterious effects that can impair healing in wound tissues
(Dhall, et al., 2014).

Some enzymes are also important in the wound healing process.
Arginase (ARG) is a conserved enzyme that can be expressed by
multiple skin cell types (Figure 1) (Szondi, et al., 2021). ARGs can play
multiple roles in wound healing, such as balancing pro- and anti-
inflammatory responses. In delayed healing wounds, there is defective
ARG signaling, expression and function. Therefore, manipulating the
ARG pathway is critical to enhance the healing process and improve
the outcomes of patients (Szondi, et al., 2021). It was reported that
increased fungal chitin exposure induced host ARG activity and that
Candida albicans blocked nitric oxide production in human
macrophages by inducing ARG activity, reducing the ability of
macrophages to eradicate the fungus (Wagener, et al., 2017).

Fungi in chronic wounds

Fungi can cause many substantial wound infections ranging from
allergic syndromes to life-threatening invasive fungal diseases (IFDs)
(Bongomin, et al., 2017). Many studies have focused on the role of
bacterial infection in the wound healing process; however, our skin
and environment are also rich in fungi. A previous study showed that
approximately 23% of chronic wounds contained fungi (Dowd, et al.,
2011). Another study also found fungi in 27% of 518 diabetic lower leg
wounds (Chellan, et al., 2010). Seven pathogenic yeasts were isolated
from patients with diabetic wounds, with Candida albicans being the
most common, followed by Candida lusitaniae and Candida
dubliniensis. Penicillium spp., Aspergillus spp., Microsporum
spp. and Trichophyton mentagrophytes are also significant causes of
infections in diabetic foot ulcers (Musyoki, et al., 2022). Five cases of
Aspergillus chronic subcutaneous infections in patients with diabetes
were reported in a meta-analysis of 2,704 fungal isolates from human
mycetoma (van de Sande, 2013). The American Burn Association’s
Multicenter Trials Group reported that 6.3% of burn patients had
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positive fungal cultures obtained from the wound itself (Ballard, et al.,
2008). Ten fungi species (7%) were collected from 140 wound
specimens from Pakistani patients all over the country, among
which the highest levels of fungi were isolated from burn and blast
wounds. Candida species and Fusarium species were the most
common fungi, indicating that fungal necrotic wound infection is a
major challenge in chronic wound management (Farooqi, et al., 2022).
When chronic wound infection occurs, the fungal composition of the
infection biofilm is an important factor. Chronic nonhealing wounds
are hosts to polymicrobial communities. Therefore, they can form
biofilms that interfere with healing processes (Kalan, et al., 2016).
Fungal infections are also associated with worsening and delaying the
healing process of chronic wounds, commonly involving poor clinical
outcomes (Mandras, et al., 2022). The most frequently isolated
pathogenic fungi and opportunistic pathogenic fungi mainly
include Candida species and filamentous fungi. However, the
biological characteristics, distribution in the human body, secreted
invasive enzymes and toxins, drug resistance phenotypes, pathogenic
processes and treatment strategies of these two types of fungi are
significantly different.

Fungi of the Candida genus can be detected in approximately 60%
of immunocompetent individuals as symbiotic microbiota (Tanaka,
et al., 2021). Some human commensal fungi are opportunistic
pathogens and prolific biofilm formers (Ghannoum, et al., 2010;
Nunes, et al., 2013). Staphylococcus spp. and Candida
spp. generally predominate the polymicrobial population in chronic
and difficult-to-heal wounds (Peng, et al., 2022). The polymicrobial
biofilms of bacteria and fungi in burn wound infections have been
emphasized, as Staphylococcus aureus showed a great adhesion
capacity to the surface of Candida albicans in biofilms (Hernandez-
Cuellar, et al., 2022). Candida albicans is one of most important
wound fungal pathogens (Singh, et al., 2022), and the key arsenal of
Candida species is biofilms, a self-sustained pathogenic community

that is intrinsically resistant to current antifungal agents (Mishra, et al.,
2021). The pathogenicity of Candida spp. in chronic wounds is
primarily attributed to a variety of virulence factors that help to
form biofilms and their escalating resistance to current antifungals,
which can invade wounds to form invasive candidiasis or even
candidemia, ultimately leading to extremely high mortality rates
(Alherz, et al., 2022).

Dermatophyte fungi destroy the stratum corneum and provide an
exposed environment for subsequent colonization by common
microbes. Filamentous fungi are found around the cellulitis of
chronic nonhealing wounds, and angioinvasion of fungal hyphae
leads to tissue damage and devastating complications such as
mycotic aneurysm, nerve compression, mycotic carbuncle and
brain ischemia (Kurokawa, et al., 2022). Compared with yeast-like
fungi, the mechanism of filamentous fungi in the process of chronic
wound infection is complex. Trichophyton rubrum and Trichophyton
mentagrophytes are the most commonly isolated fungi from patients
with onychomycosis in India, and these dermatophytes are likely to be
potential factors in chronic wounds (Kayarkatte, et al., 2020).
Trichophyton rubrum was more abundant in type 2 diabetes
patients than in healthy individuals, which indicates that
imbalances in the host-microbiota equilibrium caused by
proliferation of dermatophytes, followed by biofilm formation,
contribute to chronic nonhealing wounds along with peripheral
neuropathy and vasculopathy and destruction of local skin
immunity in diabetic foot ulcers (Han, et al., 2020). Biofilm
establishment is the predominant mechanism of fungal resistance
and pathogenicity in many filamentous fungi, such as species
belonging to the Aspergillus, Fusarium, Scedosporium,
Trichophyton, Trichosporon and Coccidioides genera. Compared to
planktonic-growing conidial cells, the biofilm-forming cells of
Fonsecaea pedrosoi and Phialophora verrucosa are more resistant to
conventional antifungal drugs, and their efflux pump activities are

FIGURE 1
Arginase pathways in wound healing (Szondi, Wong, et al., 2021).
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higher, which makes their treatment more difficult and even leads to
secondary bacterial infection (Sousa, et al., 2022). Patients with shunt
devices, chronic rhinosinusitis, keratitis, phaeohyphomycosis,
osteomyelitis, diabetic foot ulcers, onychomycosis, traumatic
injuries, dermatitis and immunocompromised patients as a result
of radiation malignancy and transplant have all been reported to
have fungal infections (Montero, et al., 2000; Sampathkumar, et al.,
2001; Mendelsohn, et al., 2002; Foster, et al., 2005; Badenoch, et al.,
2006; Kaya, et al., 2007; Leake, et al., 2009; Vitrat-Hincky, et al., 2009).
Although Fusarium spp. are usually considered environmental
contaminants, gangrenous necrosis due to Fusarium acutatum
infection in a patient with diabetic foot ulcerations was reported
(Taj-Aldeen, et al., 2006). Fusarium is a vascular invasive and
disseminated filamentous fungus that responds poorly to antifungal
therapy alone. Bone debridement, surgical amputation and adjunct
antifungal therapy are usually required for Fusarium osteomyelitis and
diabetic foot ulcerations (Strom, et al., 2022). Amphotericin B,

natamycin and newer azoles such as voriconazole are
recommended as the most active antifungal agents for Fusarium
foot osteomyelitis. Although treatment guidelines do not include
this therapy, oral voriconazole is an adequate empirical treatment
for Fusarium foot osteomyelitis before required susceptibility tests
(João, et al., 2021). Aspergillus conidia is a ubiquitous commensal fungi
in the respiratory tract; however, Aspergillus infections in chronic
wounds are rare. To date, only a few cases have been reported, mainly
focusing on bone and joint ulceration caused by Aspergillus fumigatus,
Aspergillus flavus and Aspergillus nidulans in patients with
immunosuppression, a variety of underlying chronic diseases or
prior surgical interventions. A targeted combination of surgical
debridement of necrotic tissue and systemically adapted
antimycotic therapy, such as oral voriconazole, is necessary
(Koehler, et al., 2014). Several rare Aspergillus spp. have been
proven to be important in chronic wound infection. Aspergillus
ochraceus osteomyelitis in a patient with diabetic foot ulcers was

TABLE 1 Wound therapy approaches (Mihai, et al., 2018).

Therapeutic
approach

Advantages Disadvantages Indication Example

Wound debridement - Disruption of the mucopolysaccharide
matrix. Destabilizes the biofilm’s architecture
promotes bacterial detachment increases
antimicrobial delivery

- Many promote the
inoculation of infection in
deeper tissues

- Chronic
wounds

- Mehanical

- - Enzymatic

- - Biological

-

Topical or systemic
antibiotic theraphy

- Low cost - Development of antibiotic
resistance

- Acute
wounds

- Fluoroquinolones, tetracycline,rifampin,
daptomycin, and vancomycin

- Efficient in acute infections - Development of antibiotic
tolerance in biofilms

- Eradication of planktonic bacteria - Microbial inbalance
(target both pathogenic
and beneficial bacteria)

- Biofilm disruption - Multiple side effects

Topical antiseptic
therapy

- Cytotoxic toward bacteria, fungi, and others
microorganisms

- Might damage host cell
and adversely affect
wound healing

- Acute
wounds

- Povidone-iodine, chlorhexidine, hedrogen,
peroxide, boric acid, silver Sulfadiazine or
nitrate, sodium hypochlorite, mafenide
acetate, octenidine dihydrochloride,
Ployhexamethylene biguanide
(ployhexanide)

- Chronic
wounds

Bacteriophage therapy - May be efficient against polymicrobial bio
film-mediated infections

- Biological-associated risks - Chronic
wounds

- Monophage preparations (staphylococcal
bacteriophages, pyocianic bacteriophages)

- Very specific for targeted bacterial species - Unknown side effects - Multiple phage preparations

- High production costs

- Applied in low amount as
a topic treatment

Antimicrobial peptides - Antimicrobial properties - Used in small amounts - Chromic
Wounds

- Defensins, magainins, cecropins

- Low stability

- Increased volatility

Probiotic theraphy - Accelerates wound healing - Insufficient data - Chromic
Wounds

- Lactobacillus plantarum

- Prevents wound colonization, biofilm
developent

- Interferes with the quorum sensing of
p. aeruginoa
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reported recently, and the drug tolerance of these uncommon
Aspergillus spp. deserves attention (Babamahmoodi, et al., 2015).
The major feature of chronic wound infections is biofilm
development. Biofilms reduce the effectiveness of chronic wound
treatment and can increase treatment resistance. Biofilms can also
enable bacteria and the host to interact cooperatively or competitively.
Biofilms can be found in many human and animal infections, such as
cystic fibrosis, otitis media and dental caries (Larsen, et al., 2017;
Moser, et al., 2017; Yadav, et al., 2017). In past studies, microbial
biofilms were identified in almost 80% of surgical area infections
(Romling, et al., 2012).

Fungal disease treatment relies heavily on four classes of antifungal
drugs: azoles, polyenes, the pyrimidine analog 5-flucytosine and
echinocandins (Robbins, et al., 2017). Amphotericin B, a polyene
fungicide possessing broad-spectrum antifungal activities and rare
antifungal resistance, has been suggested to be used topically to treat
wound infections, but nephrotoxicity and electrolyte abnormalities
frequently occurs from long-term administration (Sanchez, et al.,
2014). Moreover, treatment failure occurs because of the interplay
among antifungal drug properties, underlying host immune defects
and fungal characteristics, which include antifungal resistance,
antifungal tolerance and diverse cell morphologies (Fisher, et al.,
2018). Many fungi have the ability to resist antifungal drugs, such
as the ubiquitous mold Aspergillus fumigatus and new emerging
species, including the yeast Candida auris (Rhodes, et al., 2019).
The “super fungus” Candida auris can invade human localized
tissue and cause systemic infection by colonizing in chronic
wounds and is known for its pandrug resistance and high lethality
(Liu, et al., 2022). In healthcare, drug resistance is significantly
exacerbated by biofilms, where the close proximity of pathogens
allows facile transfer of resistance-encoding genes (Hetrick, et al.,
2009). Severely burned patients usually have many complications, and
the most devastating complication is fungal burn wound infections
(Palackic, et al., 2021). Fungal burn wound infections can be mistaken
for early bacterial burn wound infection and drug-resistant fungi can
severely impede wound healing. Thus, developing new antifungal
drugs is essential.

In a significant number of chronic wound types, fungal pathogens
are a substantial part of the microbial diversity. When wound
infections occur, many fungi contribute to the bioburden or
biofilm formation of chronic wounds. The diversity of fungal
representatives in such wounds is higher than previously reported
(Dowd, et al., 2011). When treating chronic wounds, only addressing
the bacterial contribution is not sufficient. Ignoring the fungal
involvement will result in inadequate treatment. The propensity to
overlook the pathogenic potential of Candida species likely
contributes to inadequate treatment of chronic wound infections,
even though it has been isolated on multiple occasions. Specifically,
Candida albicans and Candida tropicalis triggered outbreaks of sternal
wound infections in a total of 23 cases (Malani, et al., 2002).
Improvements in the healing process will be directly observable if
fungal species are targeted using molecular methods (Wolcott, et al.,
2010). Dowd et al. reported 3 cases of chronic wounds that showed no
improvement after weekly debridement, iodosorb gel and local wound
care (Dowd, et al., 2011). Finally, Candida parapsilosis and the fungal
genera Fusarium and Candida albicans were found in these three
patients’ wounds. Fungal culture is recommended in all patients with
nonhealing diabetic wounds, as timely detection of fungal infection
and initiation of antifungal treatment in diabetic wounds is significant

for better healing and avoiding gangrene or amputations (Kandregula,
et al., 2022).

Diagnostic and therapeutic innovations
for chronic wound cases

Currently, chronic wounds are a major healthcare burden
worldwide (Roldan-Marin, et al., 2009). Healthy individuals
normally heal quickly, while some people, such as patients with
diabetes, have factors that can impair the wound healing process.
Wound swabs, cleaning, dressing and debridement of the wound bed
are the current standard of care for chronic wounds (Dreifke, et al.,
2015). In addition, topical antiseptics are recommended as a first-line
therapy by recent consensus guidelines for the management and
intervention of chronic wounds with multimicrobial biofilms
(Schultz, et al., 2017). Diagnosing polymicrobial infections in
chronic wound biofilms is difficult. Thus, determining optimal and
individual treatment regimens presents significant challenges (Dowd,
et al., 2011). When a nonhealing wound occurs, collecting the patient’s
medical history and performing a physical examination are essential.
Biopsy is helpful if the etiology of the chronic wound is not clear. In
recent years, novel and emerging techniques for the detection of
Candida-related biofilms and the application of antibiofilm agents
have been explored to prevent polymicrobial infections and facilitate
wound healing (Aswathanarayan, et al., 2022). Due to the diversity of
opportunistic fungi in multispecies biofilm infections, some
traditional identification techniques have limitations, and
quantitative molecular diagnostic methods are sometimes more
efficient and effective. Healing rates, prognosis and outcomes are
significantly improved by targeted therapies based on molecular
diagnostics combined with multimicrobial wound care protocols
(Dowd, et al., 2011).

Many therapeutic choices are available (Table 1) (Mihai, et al.,
2018). An effective strategy to manage wounds should be preventing
and treating infections while also promoting healing and preventing
scarring (Mofazzal Jahromi, et al., 2018). The treatment of chronic
wounds is mainly based on the TIME concept, which includes tissue
debridement, management of infection or inflammation, moisture
balance and epithelialization promotion with stem cell therapy
(Demidova-Rice, et al., 2012). Conventional methods, such as
wound debridement and antibiotics or antimicrobial substances,
are usually considered to eradicate wound infection and have
limited effectiveness. The risk of therapeutic resistance is the main
disadvantage of recurrent antibiotic use in delayed wound healing.
Fungal resistance against antifungal agents and uncommon fungal
pathogens has been increasing. The most commonly used drugs are
voriconazole and amphotericin B (Palackic, et al., 2021). Since 2013, a
variety of therapeutic innovations have emerged for chronic wounds,
such as the development of bioactive wound dressings, inhibition of
MMPs, cytokine-targeted therapy, topical administration of
antimicrobial peptides and growth factors, stem cell-based therapy
and epithelization promotion through the design of skin equivalents
(Krejner, et al., 2015; Anjana, et al., 2017; Annabi, et al., 2017). Cell-
based technologies using bone marrow-derived mesenchymal stem
cells, adipose-derived cells, epidermal cells and others have been
reported to be a new therapeutic strategy for chronic wound
healing by enhancing angiogenesis and re-epithelization in
preclinical studies (Kucharzewski, et al., 2019). Several new
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approaches, such as the administration of growth factors and
hyperbaric oxygen therapy, have advantages in wound healing. The
use of microorganisms (bacteriophages and probiotics), immune-
based antimicrobial molecules (some polypeptides, for example,
defensins), phototherapy (ultraviolet light, blue light and so on)
and photodynamic therapy (Yin, et al., 2013) are also available as
alternative treatments. However, the above nontraditional therapies
still have not been demonstrated to be effective in treating chronic
wounds (Rodriguez-Menocal, et al., 2015; Toyserkani, et al., 2015;
Malhotra, et al., 2016; Castellanos, et al., 2017; Lotz, et al., 2017). Some
Chinese herbal extracts, such as the methanolic extract of ephedra
ciliata, were active against fungal strains (Candida albicans and
Aspergillus niger) via downregulation of TNF-α to promote natural
wound healing in chronic excision and burn wound healing models
(Yaseen, et al., 2020). Wound healing comprises a complex interaction
between natural host processes and immunity (Mihai, et al., 2018). A
well-defined cascade of these events will finally lead to treatment
success.

Recent wound care guidelines emphasize the importance of topical
antiseptic therapy and personalized dressings. Although antiseptic
agents such as chlorhexidine, povidone-iodine, boric acid and
hydrogen peroxide are cytotoxic to bacteria, microorganisms and
fungi, they can also damage host cells and have a negative effect
on the wound healing process (Mofazzal Jahromi, et al., 2018).
Alternative agents are needed due to the increasing incidence of
chronic wounds. The ideal therapeutic agent should have a variety
of properties, such as immunomodulatory, antimicrobial and
regenerative effects (Bertesteanu, et al., 2014). Nanoparticles have
shown promise in treating chronic wounds due to their intrinsic
antimicrobial properties and drug carrier function (Mihai, et al., 2018).
They are unlikely to result in the emergence of resistance due to their
ability of delivering only low drug concentrations to infectious agents.
They can contribute to the treatment of biofilm formation and
modulation of microbial colonization in chronic wounds.
Nanocoated wound dressings can contain nanomaterials with
antimicrobial properties that can not only target infectious agents
but also act as low concentration drugs. Moreover, nanoparticles can
act as drug carriers for other antimicrobial agents (such as plant-
derived compounds, bacteriophages, antimicrobial peptides),
microbiome regulators (probiotics, prebiotics), or agents that can
accelerate wound healing (growth factors, stem cells).

Conclusion and perspectives

Chronic wounds are closely associated with chronic mono- or
polymicrobial biofilm infections. They can be characterized by fungal
resistance or tolerance to antimicrobials. This review demonstrates
that fungi are important contributors to biofilm production and
polymicrobial wound infections. Fungi can be recalcitrant to the

healing process. Wounds and ulcers can be colonized by host
cutaneous, commensal or environmental fungi that trigger local
infections, causing fungemia as well as invasive fungal disease.
Furthermore, the fungi involved in nonhealing wound-related
infections help commensal bacteria resist antibiotics and the host
immune response, forcing wounds to become reservoirs for
multiresistant species, which are considered a potential key factor
in the microbial bioburden of wounds and ulcers. Biofilm
establishment is the predominant mechanism of fungal resistance
or tolerance to antimicrobials in chronic nonhealing wounds. Candida
albicans yeast and Trichophyton rubrum filamentous fungi are the
main fungi in chronic wound infection. Effective treatment of chronic
wounds is mainly based on the TIME concept (tissue debridement,
management of infection or inflammation, moisture balance and
epithelialization promotion with stem cell therapy). New
approaches, such as nanomedicine, can influence chronic wound
management in the future. The current understanding of fungal
diversity in chronic wounds is still limited and requires further
investigation and the ability to manage drug-resistant fungal
diseases remains a challenge.

Author contributions

YG wrote the manuscript; QW revised and confirmed the
manuscript.

Funding

This study was supported by the New Project of Zhejiang
Provincial People’s Hospital entitled “Construction of Rapid
Nucleic Acid Detection Platform for Invasive Fungi” (20211214).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abedini, F., Mohammadi, S. R., Dahmardehei, M., Ajami, M., Salimi, M., Khalandi, H.,
et al. (2022). Enhancing of wound healing in burn patients through Candida albicans β-
glucan. J. Fungi (Basel). 8 (3), 263. doi:10.3390/jof8030263

Alherz, F. A., Negm,W. A., Elekhnawy, E., El-Masry, T. A., Haggag, E. M., Alqahtani, M.
J., et al. (2022). Silver nanoparticles prepared using encephalartos laurentianus de wild leaf
extract have inhibitory activity against Candida albicans clinical isolates. J. Fungi (Basel). 8
(10), 1005. doi:10.3390/jof8101005

Anjana, J., Rajan, V. K., Biswas, R., and Jayakumar, R. (2017). Controlled delivery of
bioactive molecules for the treatment of chronic wounds. Curr. Pharm. Des. 23 (24),
3529–3537. doi:10.2174/1381612823666170503145528

Annabi, N., Rana, D., Shirzaei Sani, E., Portillo-Lara, R., Gifford, J. L., Fares, M. M., et al.
(2017). Engineering a sprayable and elastic hydrogel adhesive with antimicrobial
properties for wound healing. Biomaterials 139, 229–243. doi:10.1016/j.biomaterials.
2017.05.011

Frontiers in Molecular Biosciences frontiersin.org07

Ge and Wang 10.3389/fmolb.2022.1057766

https://doi.org/10.3390/jof8030263
https://doi.org/10.3390/jof8101005
https://doi.org/10.2174/1381612823666170503145528
https://doi.org/10.1016/j.biomaterials.2017.05.011
https://doi.org/10.1016/j.biomaterials.2017.05.011
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1057766


Armstrong, D. G., Wrobel, J., and Robbins, J. M. (2007). Guest editorial: Are diabetes-
related wounds and amputations worse than cancer?. Int. Wound J. 4 (4), 286–287. doi:10.
1111/j.1742-481X.2007.00392.x

Aswathanarayan, J. B., Rao, P., Hm, S., Gs, S., and Rai, R. V. (2022). Biofilm-associated
infections in chronic wounds and their management. Adv. Exp. Med. Biol., 1–21. doi:10.
1007/5584_2022_738

Babamahmoodi, F., Shokohi, T., Ahangarkani, F., Nabili, M., Afzalian Ashkezari, E., and
Alinezhad, S. (2015). Rare case of Aspergillus ochraceus osteomyelitis of calcaneus bone in
a patient with diabetic foot Ulcers. Case Rep. Med. 2015, 509827. doi:10.1155/2015/509827

Badenoch, P. R., Halliday, C. L., Ellis, D. H., Billing, K. J., and Mills, R. A. (2006).
Ulocladium atrum keratitis. J. Clin. Microbiol. 44 (3), 1190–1193. doi:10.1128/JCM.44.3.
1190-1193.2006

Ballard, J., Edelman, L., Saffle, J., Sheridan, R., Kagan, R., Bracco, D., et al. (2008).
Positive fungal cultures in burn patients: A multicenter review. J. Burn Care Res. 29 (1),
213–221. doi:10.1097/BCR.0b013e31815f6ecb

Bansal, E., Garg, A., Bhatia, S., Attri, A. K., and Chander, J. (2008). Spectrum of
microbial flora in diabetic foot ulcers. Indian J. Pathol. Microbiol. 51 (2), 204–208. doi:10.
4103/0377-4929.41685

Bertesteanu, S., Triaridis, S., Stankovic, M., Lazar, V., Chifiriuc, M. C., Vlad, M., et al.
(2014). Polymicrobial wound infections: Pathophysiology and current therapeutic
approaches. Int. J. Pharm. 463 (2), 119–126. doi:10.1016/j.ijpharm.2013.12.012

Bjarnsholt, T., Kirketerp-Moller, K., Jensen, P. O., Madsen, K. G., Phipps, R., Krogfelt,
K., et al. (2008). Why chronic wounds will not heal: A novel hypothesis. Wound Repair
Regen. 16 (1), 2–10. doi:10.1111/j.1524-475X.2007.00283.x

Bongomin, F., Gago, S., Oladele, R. O., and Denning, D. W. (2017). Global and multi-
national prevalence of fungal diseases-estimate precision. J. Fungi (Basel) 3 (4), 57. doi:10.
3390/jof3040057

Boulton, A. J., Vileikyte, L., Ragnarson-Tennvall, G., and Apelqvist, J. (2005). The global
burden of diabetic foot disease. Lancet 366 (9498), 1719–1724. doi:10.1016/S0140-
6736(05)67698-2

Castellanos, G., Bernabe-Garcia, A., Moraleda, J. M., and Nicolas, F. J. (2017). Amniotic
membrane application for the healing of chronic wounds and ulcers. Placenta 59, 146–153.
doi:10.1016/j.placenta.2017.04.005

Chellan, G., Shivaprakash, S., Karimassery Ramaiyar, S., Varma, A. K., Varma, N.,
Thekkeparambil Sukumaran, M., et al. (2010). Spectrum and prevalence of fungi infecting
deep tissues of lower-limb wounds in patients with type 2 diabetes. J. Clin. Microbiol. 48
(6), 2097–2102. doi:10.1128/JCM.02035-09

Dalton, T., Dowd, S. E., Wolcott, R. D., Sun, Y., Watters, C., Griswold, J. A., et al. (2011).
An in vivo polymicrobial biofilm wound infection model to study interspecies interactions.
PLoS One 6 (11), e27317. doi:10.1371/journal.pone.0027317

Demidova-Rice, T. N., Hamblin, M. R., and Herman, I. M. (2012). Acute and impaired
wound healing: Pathophysiology and current methods for drug delivery, part 2: Role of
growth factors in normal and pathological wound healing: Therapeutic potential and
methods of delivery. Adv. Skin. Wound Care 25, 304349–314370. doi:10.1097/01.ASW.
0000418541.31366.a3

Dhall, S., Do, D., Garcia, M., Wijesinghe, D. S., Brandon, A., Kim, J., et al. (2014). A novel
model of chronic wounds: Importance of redox imbalance and biofilm-forming bacteria for
establishment of chronicity. PLoS One 9 (10), e109848. doi:10.1371/journal.pone.0109848

Dowd, S. E., Delton Hanson, J., Rees, E., Wolcott, R. D., Zischau, A. M., Sun, Y., et al.
(2011). Survey of fungi and yeast in polymicrobial infections in chronic wounds. J. Wound
Care 20 (1), 40–47. doi:10.12968/jowc.2011.20.1.40

Dreifke, M. B., Jayasuriya, A. A., and Jayasuriya, A. C. (2015). Current wound healing
procedures and potential care. Mater Sci. Eng. C Mater Biol. Appl. 48, 651–662. doi:10.
1016/j.msec.2014.12.068

Fan, Y. M., Huang, W. M., Li, S. F., Wu, G. F., Li, W., and Chen, R. Y. (2009). Cutaneous
phaeohyphomycosis of foot caused by Curvularia clavata.Mycoses 52 (6), 544–546. doi:10.
1111/j.1439-0507.2008.01646.x

Farooqi, J., Ladak, A. A., Shaheen, N., and Jabeen, K. (2022). Fungal isolation from
wound samples submitted for culture at a tertiary care hospital laboratory. J. Pak Med.
Assoc. 72 (8), 1622–1625. doi:10.47391/JPMA.2105

Fisher, M. C., Hawkins, N. J., Sanglard, D., and Gurr, S. J. (2018). Worldwide emergence
of resistance to antifungal drugs challenges human health and food security. Science 360
(6390), 739–742. doi:10.1126/science.aap7999

Fonder, M. A., Lazarus, G. S., Cowan, D. A., Aronson-Cook, B., Kohli, A. R., and
Mamelak, A. J. (2008). Treating the chronic wound: A practical approach to the care of
nonhealing wounds and wound care dressings. J. Am. Acad. Dermatol 58 (2), 185–206.
doi:10.1016/j.jaad.2007.08.048

Foroozan, M., Contet-Audonneau, N., Granel-Brocard, F., Barbaud, A., and Luc
Schmutz, J. (2011). Prevalence analysis of fungi in chronic lower extremity ulcers.
Wounds 23 (3), 68–75. doi:10.1016/j.transproceed.2009.07.070

Foster, K.W., Thomas, L., Warner, J., Desmond, R., and Elewski, B. E. (2005). A bipartite
interaction between Pseudomonas aeruginosa and fungi in onychomycosis. Arch.
Dermatol 141 (11), 1467–1468. doi:10.1001/archderm.141.11.1467

Ghannoum, M. A., Jurevic, R. J., Mukherjee, P. K., Cui, F., Sikaroodi, M., Naqvi, A., et al.
(2010). Characterization of the oral fungal microbiome (mycobiome) in healthy
individuals. PLoS Pathog. 6 (1), e1000713. doi:10.1371/journal.ppat.1000713

Gomes, F., Furtado, G. E., Henriques, M., Sousa, L. B., Santos-Costa, P., Bernardes, R.,
et al. (2022). The skin microbiome of infected pressure ulcers: A review and implications
for health professionals. Eur. J. Clin. Invest. 52 (1), e13688. doi:10.1111/eci.13688

Guariguata, L., Whiting, D. R., Hambleton, I., Beagley, J., Linnenkamp, U., and Shaw,
J. E. (2014). Global estimates of diabetes prevalence for 2013 and projections for 2035.
Diabetes Res. Clin. Pract. 103 (2), 137–149. doi:10.1016/j.diabres.2013.11.002

Haalboom, M. (2018). Chronic wounds: Innovations in diagnostics and therapeutics.
Curr. Med. Chem. 25 (41), 5772–5781. doi:10.2174/0929867324666170710120556

Han, S. H., Lee, J. S., Song, K. H., Choe, Y. B., Ahn, K. J., and Lee, Y. W. (2020).
Differences in foot skin microbiomes between patients with type 2 diabetes and healthy
individuals. Mycoses 63 (3), 314–322. doi:10.1111/myc.13046

Hernandez-Cuellar, E., Guerrero-Barrera, A. L., Avelar-Gonzalez, F. J., Díaz, J. M.,
Santiago, A. S., Chávez-Reyes, J., et al. (2022). Characterization of Candida albicans and
Staphylococcus aureus polymicrobial biofilm on different surfaces. Rev. Iberoam. Micol. 39
(2), 36–43. doi:10.1016/j.riam.2022.04.001

Hetrick, E. M., Shin, J. H., Paul, H. S., and Schoenfisch, M. H. (2009). Anti-biofilm
efficacy of nitric oxide-releasing silica nanoparticles. Biomaterials 30 (14), 2782–2789.
doi:10.1016/j.biomaterials.2009.01.052

James, G. A., Swogger, E., Wolcott, R., Pulcini, E., Secor, P., Sestrich, J., et al. (2008).
Biofilms in chronic wounds.Wound Repair Regen. 16 (1), 37–44. doi:10.1111/j.1524-475X.
2007.00321.x

João, A. L., Lencastre, A., Dutra, E., Pessoa E Costa, T., Formiga, A., and Neves, J. (2021).
Fusarium spp.-An emerging pathogen in chronic diabetic ulcer: Case report and review of
the literature. Int. J. Low. Extrem Wounds 20 (1), 67–72. doi:10.1177/1534734619879030

Kalan, L., Loesche, M., Hodkinson, B. P., Heilmann, K., Ruthel, G., Gardner, S. E., et al.
(2016). Redefining the chronic-wound microbiome: Fungal communities are prevalent,
dynamic, and associated with delayed healing. mBio 7 (5), e0105816–16. doi:10.1128/
mBio.01058-16

Kandregula, S., Behura, A., Behera, C. R., Pattnaik, D., Mishra, A., Panda, B., et al.
(2022). A clinical significance of fungal infections in diabetic foot ulcers. Cureus 14 (7),
e26872. doi:10.7759/cureus.26872

Kaya, D., Aldirmaz Agartan, C., and Yucel, M. (2007). Fungal agents as a cause of
surgical wound infections: An overview of host factors. Wounds 19 (8), 218–222.

Kayarkatte, M. N., Singal, A., Pandhi, D., and Das, S. (2020). Clinico-mycological study
of onychomycosis in a tertiary care hospital-A cross-sectional study. Mycoses 63 (1),
113–118. doi:10.1111/myc.13025

Kerr, M., Rayman, G., and Jeffcoate, W. J. (2014). Cost of diabetic foot disease to the
national health service in england. Diabet. Med. 31 (12), 1498–1504. doi:10.1111/dme.
12545

Kirker, K. R., and James, G. A. (2017). In vitro studies evaluating the effects of biofilms
on wound-healing cells: A review. APMIS 125 (4), 344–352. doi:10.1111/apm.12678

Koehler, P., Tacke, D., and Cornely, O. A. (2014). Aspergillosis of bones and joints - a
review from 2002 until today. Mycoses 57 (6), 323–335. doi:10.1111/myc.12165

Krejner, A., and Grzela, T. (2015). Modulation of matrix metalloproteinases MMP-2 and
MMP-9 activity by hydrofiber-foam hybrid dressing - relevant support in the treatment of
chronic wounds. Cent. Eur. J. Immunol. 40 (3), 391–394. doi:10.5114/ceji.2015.54605

Kucharzewski, M., Rojczyk, E., Wilemska-Kucharzewska, K., Wilk, R., Hudecki, J., and
Los, M. J. (2019). Novel trends in application of stem cells in skin wound healing. Eur.
J. Pharmacol. 843, 307–315. doi:10.1016/j.ejphar.2018.12.012

Kurokawa, M., Kurokawa, R., Baba, A., Kim, J., Tournade, C., Mchugh, J., et al. (2022).
Deadly fungi: Invasive fungal rhinosinusitis in the head and neck. Radiographics 42 (7),
2075–2094. doi:10.1148/rg.220059

Ladhani, H. A., Yowler, C. J., and Claridge, J. A. (2021). Burn wound colonization,
infection, and sepsis. Surg. Infect. (Larchmt). 22 (1), 44–48. doi:10.1089/sur.2020.346

Larsen, T., and Fiehn, N. E. (2017). Dental biofilm infections - an update.APMIS 125 (4),
376–384. doi:10.1111/apm.12688

Leake, J. L., Dowd, S. E., Wolcott, R. D., and Zischkau, A. M. (2009). Identification
of yeast in chronic wounds using new pathogen-detection technologies. J. Wound Care
18 (3), 103–108. doi:10.12968/jowc.2009.18.3.39810

Liu, X., Guo, C., Zhuang, K., Chen, W., Zhang, M., Dai, Y., et al. (2022). A recyclable and
light-triggered nanofibrous membrane against the emerging fungal pathogen Candida
auris. PLoS Pathog. 18 (5), e1010534. doi:10.1371/journal.ppat.1010534

Lotz, C., Schmid, F. F., Oechsle, E., Monaghan, M. G., Walles, H., and Groeber-Becker, F.
(2017). Cross-linked collagen hydrogel matrix resisting contraction to facilitate full-thickness
skin equivalents. ACS Appl. Mater Interfaces 9 (24), 20417–20425. doi:10.1021/acsami.7b04017

Malani, P. N., McNeil, S. A., Bradley, S. F., and Kauffman, C. A. (2002). Candida albicans
sternal wound infections: A chronic and recurrent complication of median sternotomy.
Clin. Infect. Dis. 35 (11), 1316–1320. doi:10.1086/344192

Malhotra, S., Hu, M. S., Marshall, C. D., Leavitt, T., Cheung, A. T., Gonzalez, J. G., et al.
(2016). Mesenchymal stromal cells as cell-based therapeutics for wound healing. Stem Cells
Int. 2016, 4157934. doi:10.1155/2016/4157934

Mandras, N., Argenziano, M., Prato, M., Roana, J., Luganini, A., Allizond, V., et al.
(2022). Antibacterial and antifungal efficacy of medium and low weight chitosan-shelled
nanodroplets for the treatment of infected chronic wounds. Int. J. Nanomedicine 17,
1725–1739. doi:10.2147/IJN.S345553

Frontiers in Molecular Biosciences frontiersin.org08

Ge and Wang 10.3389/fmolb.2022.1057766

https://doi.org/10.1111/j.1742-481X.2007.00392.x
https://doi.org/10.1111/j.1742-481X.2007.00392.x
https://doi.org/10.1007/5584_2022_738
https://doi.org/10.1007/5584_2022_738
https://doi.org/10.1155/2015/509827
https://doi.org/10.1128/JCM.44.3.1190-1193.2006
https://doi.org/10.1128/JCM.44.3.1190-1193.2006
https://doi.org/10.1097/BCR.0b013e31815f6ecb
https://doi.org/10.4103/0377-4929.41685
https://doi.org/10.4103/0377-4929.41685
https://doi.org/10.1016/j.ijpharm.2013.12.012
https://doi.org/10.1111/j.1524-475X.2007.00283.x
https://doi.org/10.3390/jof3040057
https://doi.org/10.3390/jof3040057
https://doi.org/10.1016/S0140-6736(05)67698-2
https://doi.org/10.1016/S0140-6736(05)67698-2
https://doi.org/10.1016/j.placenta.2017.04.005
https://doi.org/10.1128/JCM.02035-09
https://doi.org/10.1371/journal.pone.0027317
https://doi.org/10.1097/01.ASW.0000418541.31366.a3
https://doi.org/10.1097/01.ASW.0000418541.31366.a3
https://doi.org/10.1371/journal.pone.0109848
https://doi.org/10.12968/jowc.2011.20.1.40
https://doi.org/10.1016/j.msec.2014.12.068
https://doi.org/10.1016/j.msec.2014.12.068
https://doi.org/10.1111/j.1439-0507.2008.01646.x
https://doi.org/10.1111/j.1439-0507.2008.01646.x
https://doi.org/10.47391/JPMA.2105
https://doi.org/10.1126/science.aap7999
https://doi.org/10.1016/j.jaad.2007.08.048
https://doi.org/10.1016/j.transproceed.2009.07.070
https://doi.org/10.1001/archderm.141.11.1467
https://doi.org/10.1371/journal.ppat.1000713
https://doi.org/10.1111/eci.13688
https://doi.org/10.1016/j.diabres.2013.11.002
https://doi.org/10.2174/0929867324666170710120556
https://doi.org/10.1111/myc.13046
https://doi.org/10.1016/j.riam.2022.04.001
https://doi.org/10.1016/j.biomaterials.2009.01.052
https://doi.org/10.1111/j.1524-475X.2007.00321.x
https://doi.org/10.1111/j.1524-475X.2007.00321.x
https://doi.org/10.1177/1534734619879030
https://doi.org/10.1128/mBio.01058-16
https://doi.org/10.1128/mBio.01058-16
https://doi.org/10.7759/cureus.26872
https://doi.org/10.1111/myc.13025
https://doi.org/10.1111/dme.12545
https://doi.org/10.1111/dme.12545
https://doi.org/10.1111/apm.12678
https://doi.org/10.1111/myc.12165
https://doi.org/10.5114/ceji.2015.54605
https://doi.org/10.1016/j.ejphar.2018.12.012
https://doi.org/10.1148/rg.220059
https://doi.org/10.1089/sur.2020.346
https://doi.org/10.1111/apm.12688
https://doi.org/10.12968/jowc.2009.18.3.39810
https://doi.org/10.1371/journal.ppat.1010534
https://doi.org/10.1021/acsami.7b04017
https://doi.org/10.1086/344192
https://doi.org/10.1155/2016/4157934
https://doi.org/10.2147/IJN.S345553
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1057766


Mast, B. A., and Schultz, G. S. (1996). Interactions of cytokines, growth factors, and
proteases in acute and chronic wounds.Wound Repair Regen. 4 (4), 411–420. doi:10.1046/
j.1524-475X.1996.40404.x

Mendelsohn, F. A., Divino, C. M., Reis, E. D., and Kerstein, M. D. (2002). Wound care
after radiation therapy. Adv. Skin. Wound Care 15 (5), 216–224. doi:10.1097/00129334-
200209000-00007

Menke, N. B., Ward, K. R., Witten, T. M., Bonchev, D. G., and Diegelmann, R. F. (2007).
Impaired wound healing. Clin. Dermatol 25 (1), 19–25. doi:10.1016/j.clindermatol.2006.
12.005

Mihai, M. M., Preda, M., Lungu, I., Gestal, M. C., Popa, M. I., and Holban, A. M. (2018).
Nanocoatings for chronic wound repair-modulation of microbial colonization and biofilm
formation. Int. J. Mol. Sci. 19 (4), 1179. doi:10.3390/ijms19041179

Mishra, P., Gupta, P., and Pruthi, V. (2021). Cinnamaldehyde incorporated gellan/PVA
electrospun nanofibers for eradicatingCandida biofilm.Mater Sci. Eng. CMater Biol. Appl.
119, 111450. doi:10.1016/j.msec.2020.111450

Mofazzal Jahromi, M. A., Sahandi Zangabad, P., Moosavi Basri, S. M., Sahandi
Zangabad, K., Ghamarypour, A., Aref, A. R., et al. (2018). Nanomedicine and
advanced technologies for burns: Preventing infection and facilitating wound healing.
Adv. Drug Deliv. Rev. 123, 33–64. doi:10.1016/j.addr.2017.08.001

Montero, A., Romero, J., Vargas, J. A., Regueiro, C. A., Sanchez-Aloz, G., De Prados, F.,
et al. (2000). Candida infection of cerebrospinal fluid shunt devices: Report of two cases
and review of the literature. Acta Neurochir. (Wien) 142 (1), 67–74. doi:10.1007/
s007010050009

Morton, L. M., and Phillips, T. J. (2016). Wound healing and treating wounds:
Differential diagnosis and evaluation of chronic wounds. J. Am. Acad. Dermatol 74
(4), 589–605. doi:10.1016/j.jaad.2015.08.068

Moser, C., Pedersen, H. T., Lerche, C. J., Kolpen, M., Line, L., Thomsen, K., et al. (2017).
Biofilms and host response - helpful or harmful. APMIS 125 (4), 320–338. doi:10.1111/
apm.12674

Musyoki, V. M., Mutai, W., Ngugi, N., Otieno, F., and Masika, M. M. (2022). Speciation
and antifungal susceptibility of Candida isolates from diabetic foot ulcer patients in a
tertiary hospital in Kenya. Pan Afr. Med. J. 41 (34), 1–11. doi:10.11604/pamj.2022.41.34.
30815

Nosrati, H., Aramideh-Khouy, R., Nosrati, A., Khodaei, M., Banitalebi-Dehkordi, M.,
Ashrafi-Dehkordi, K., et al. (2021). Nanocomposite scaffolds for accelerating chronic
wound healing by enhancing angiogenesis. J. Nanobiotechnology 19 (1), 1. doi:10.1186/
s12951-020-00755-7

Nunes, J. M., Bizerra, F. C., Ferreira, R. C., and Colombo, A. L. (2013). Molecular
identification, antifungal susceptibility profile, and biofilm formation of clinical and
environmental Rhodotorula species isolates. Antimicrob. Agents Chemother. 57 (1),
382–389. doi:10.1128/AAC.01647-12

Nussbaum, S. R., Carter, M. J., Fife, C. E., DaVanzo, J., Haught, R., Nusgart, M., et al.
(2018). An economic evaluation of the impact, cost, and medicare policy implications of
chronic nonhealing wounds. Value Health 21 (1), 27–32. doi:10.1016/j.jval.2017.07.007

Palackic, A., Popp, D., Tapking, C., Houschyar, K. S., and Branski, L. K. (2021). Fungal
infections in burn patients. Surg. Infect. (Larchmt). 22 (1), 83–87. doi:10.1089/sur.2020.299

Peng, K., Li, M., Himawan, A., Domínguez-Robles, J., Vora, L. K., Duncan, R., et al.
(2022). Amphotericin B- and levofloxacin-loaded chitosan films for potential use in
antimicrobial wound dressings: Analytical method development and its application.
Pharmaceutics 14 (11), 2497. doi:10.3390/pharmaceutics14112497

Percival, S. L., McCarty, S. M., and Lipsky, B. (2015). Biofilms and wounds: An overview
of the evidence. Adv. Wound Care (New Rochelle) 4 (7), 373–381. doi:10.1089/wound.
2014.0557

Rahim, K., Saleha, S., Zhu, X., Huo, L., Basit, A., and Franco, O. L. (2017). Bacterial
contribution in chronicity of wounds. Microb. Ecol. 73 (3), 710–721. doi:10.1007/s00248-
016-0867-9

Raziyeva, K., Kim, Y., Zharkinbekov, Z., Kassymbek, K., Jimi, S., and Saparov, A. (2021).
Immunology of acute and chronic wound healing. Biomolecules 11 (5), 700. doi:10.3390/
biom11050700

Reinke, J. M., and Sorg, H. (2012). Wound repair and regeneration. Eur. Surg. Res. 49 (1),
35–43. doi:10.1159/000339613

Rhoads, D. D., Wolcott, R. D., Sun, Y., and Dowd, S. E. (2012). Comparison of culture
and molecular identification of bacteria in chronic wounds. Int. J. Mol. Sci. 13 (3),
2535–2550. doi:10.3390/ijms13032535

Rhodes, J., and Fisher, M. C. (2019). Global epidemiology of emerging Candida auris.
Curr. Opin. Microbiol. 52, 84–89. doi:10.1016/j.mib.2019.05.008

Robbins, J. M., Strauss, G., Aron, D., Long, J., Kuba, J., and Kaplan, Y. (2008). Mortality
rates and diabetic foot ulcers: Is it time to communicate mortality risk to patients with
diabetic foot ulceration? J. Am. Podiatr. Med. Assoc. 98 (6), 489–493. doi:10.7547/0980489

Robbins, N., Caplan, T., and Cowen, L. E. (2017). Molecular evolution of antifungal drug
resistance. Annu. Rev. Microbiol. 71, 753–775. doi:10.1146/annurev-micro-030117-
020345

Rodriguez-Menocal, L., Shareef, S., Salgado, M., Shabbir, A., and Van Badiavas, E. (2015).
Role of whole bonemarrow, whole bonemarrow cultured cells, andmesenchymal stem cells in
chronic wound healing. Stem Cell Res. Ther. 6 (1), 24. doi:10.1186/s13287-015-0001-9

Roldan-Marin, R., Contreras-Ruiz, J., Arenas, R., Vazquez-del-Mercado, E., Toussaint-
Caire, S., and Vega-Memije, M. E. (2009). Fixed sporotrichosis as a cause of a chronic ulcer
on the knee. Int. Wound J. 6 (1), 63–66. doi:10.1111/j.1742-481X.2008.00565.x

Romling, U., and Balsalobre, C. (2012). Biofilm infections, their resilience to therapy and
innovative treatment strategies. J. Intern Med. 272 (6), 541–561. doi:10.1111/joim.12004

Roy, R., Zayas, J., Mohamed, M. F., Aboonabi, A., Delgado, K., Wallace, J., et al. (2022).
IL-10 dysregulation underlies chemokine insufficiency, delayed macrophage response, and
impaired healing in diabetic wounds. J. Invest. Dermatol 142 (3), 692–704. doi:10.1016/j.
jid.2021.08.428

Sampathkumar, P., and Paya, C. V. (2001). Fusarium infection after solid-organ
transplantation. Clin. Infect. Dis. 32 (8), 1237–1240. doi:10.1086/319753

Sanchez, D. A., Schairer, D., Tuckman-Vernon, C., Chouake, J., Kutner, A., Makdisi, J.,
et al. (2014). Amphotericin B releasing nanoparticle topical treatment of Candida spp. in
the setting of a burn wound. Nanomedicine 10 (1), 269–277. doi:10.1016/j.nano.2013.
06.002

Satish, L. (2015). Chemokines as therapeutic targets to improve healing efficiency of
chronic wounds. Adv. Wound Care (New Rochelle) 4 (11), 651–659. doi:10.1089/wound.
2014.0602

Schultz, G., Bjarnsholt, T., James, G. A., Leaper, D. J., McBain, A. J., Malone, M., et al.
(2017). Consensus guidelines for the identification and treatment of biofilms in chronic
nonhealing wounds. Wound Repair Regen. 25 (5), 744–757. doi:10.1111/wrr.12590

Schultz, G. S., Sibbald, R. G., Falanga, V., Ayello, E. A., Dowsett, C., Harding, K., et al.
(2003). Wound bed preparation: A systematic approach to wound management. Wound
Repair Regen. 11 (1), S1–S28. doi:10.1046/j.1524-475x.11.s2.1.x

Sen, C. K., Gordillo, G. M., Roy, S., Kirsner, R., Lambert, L., Hunt, T. K., et al. (2009).
Human skin wounds: A major and snowballing threat to public health and the economy.
Wound Repair Regen. 17 (6), 763–771. doi:10.1111/j.1524-475X.2009.00543.x

Singh, S., Nwabor, O. F., Sukri, D. M., Wunnoo, S., Dumjun, K., Lethongkam, S., et al.
(2022). Poly (vinyl alcohol) copolymerized with xanthan gum/hypromellose/sodium
carboxymethyl cellulose dermal dressings functionalized with biogenic nanostructured
materials for antibacterial and wound healing application. Int. J. Biol. Macromol. 216,
235–250. doi:10.1016/j.ijbiomac.2022.06.172

Sousa, I. S., Mello, T. P., Pereira, E. P., Granato, M. Q., Alviano, C. S., Santos, A., et al.
(2022). Biofilm formation by chromoblastomycosis fungi Fonsecaea pedrosoi and
Phialophora verrucosa: Involvement with antifungal resistance. J. Fungi (Basel) 8 (9),
963. doi:10.3390/jof8090963

Strom, T. O., Burmeister, R. A., Rothenberg, G. M., and Priesand, S. J. (2022). Treatment
of Fusarium osteomyelitis in a diabetic foot ulcer complicated by antineoplastic
chemotherapy. Wounds 34 (4), E37–E41. doi:10.25270/wnds/2022.e37e41

Sun, B. K., Siprashvili, Z., and Khavari, P. A. (2014). Advances in skin grafting and
treatment of cutaneous wounds. Science 346 (6212), 941–945. doi:10.1126/science.1253836

Szondi, D. C., Wong, J. K., Vardy, L. A., and Cruickshank, S. M. (2021). Arginase
signalling as a key player in chronic wound pathophysiology and healing. Front. Mol.
Biosci. 8, 773866. doi:10.3389/fmolb.2021.773866

Taj-Aldeen, S. J., Gene, J., Al Bozom, I., Buzina, W., Cano, J. F., and Guarro, J. (2006).
Gangrenous necrosis of the diabetic foot caused by Fusarium acutatum. Med. Mycol. 44
(6), 547–552. doi:10.1080/13693780500543246

Tanaka, J. L., Costa-Orlandi, C. B., Burd, B. S., Pegorin, G. S., da Silva, T. V., Guerra, N.
B., et al. (2021). Natural rubber dressing loaded with silver sulfadiazine for the treatment of
burn wounds infected with Candida spp. Int. J. Biol. Macromol. 189, 597–606. doi:10.1016/
j.ijbiomac.2021.08.102

Tipton, C. D., Wolcott, R. D., Sanford, N. E., Miller, C., Pathak, G., Silzer, T. K., et al.
(2020). Patient genetics is linked to chronic wound microbiome composition and healing.
PLoS Pathog. 16 (6), e1008511. doi:10.1371/journal.ppat.1008511

Tomic-Canic, M., Burgess, J. L., O’Neill, K. E., Strbo, N., and Pastar, I. (2020). Skin
microbiota and its interplay with wound healing. Am. J. Clin. Dermatol 21 (1), 36–43.
doi:10.1007/s40257-020-00536-w

Toyserkani, N. M., Christensen, M. L., Sheikh, S. P., and Sorensen, J. A. (2015). Adipose-
derived stem cells: New treatment for wound healing? Ann. Plast. Surg. 75 (1), 117–123.
doi:10.1097/SAP.0000000000000083

Tsourdi, E., Barthel, A., Rietzsch, H., Reichel, A., and Bornstein, S. R. (2013). Current
aspects in the pathophysiology and treatment of chronic wounds in diabetes mellitus.
Biomed. Res. Int. 2013, 385641–385646. doi:10.1155/2013/385641

van de Sande, W. W. (2013). Global burden of human mycetoma: A systematic review
and meta-analysis. PLoS Negl. Trop. Dis. 7 (11), e2550. doi:10.1371/journal.pntd.0002550

Velnar, T., Bailey, T., and Smrkolj, V. (2009). The wound healing process: An overview
of the cellular and molecular mechanisms. J. Int. Med. Res. 37 (5), 1528–1542. doi:10.1177/
147323000903700531

Vitrat-Hincky, V., Lebeau, B., Bozonnet, E., Falcon, D., Pradel, P., Faure, O., et al. (2009).
Severe filamentous fungal infections after widespread tissue damage due to traumatic
injury: Six cases and review of the literature. Scand. J. Infect. Dis. 41 (6-7), 491–500. doi:10.
1080/00365540902856537

Wagener, J., MacCallum, D. M., Brown, G. D., and Gow, N. A. (2017). Candida albicans
chitin increases arginase-1 activity in humanmacrophages, with an impact onmacrophage
antimicrobial functions. mBio 8, e0182016. doi:10.1128/mBio.01820-16

Frontiers in Molecular Biosciences frontiersin.org09

Ge and Wang 10.3389/fmolb.2022.1057766

https://doi.org/10.1046/j.1524-475X.1996.40404.x
https://doi.org/10.1046/j.1524-475X.1996.40404.x
https://doi.org/10.1097/00129334-200209000-00007
https://doi.org/10.1097/00129334-200209000-00007
https://doi.org/10.1016/j.clindermatol.2006.12.005
https://doi.org/10.1016/j.clindermatol.2006.12.005
https://doi.org/10.3390/ijms19041179
https://doi.org/10.1016/j.msec.2020.111450
https://doi.org/10.1016/j.addr.2017.08.001
https://doi.org/10.1007/s007010050009
https://doi.org/10.1007/s007010050009
https://doi.org/10.1016/j.jaad.2015.08.068
https://doi.org/10.1111/apm.12674
https://doi.org/10.1111/apm.12674
https://doi.org/10.11604/pamj.2022.41.34.30815
https://doi.org/10.11604/pamj.2022.41.34.30815
https://doi.org/10.1186/s12951-020-00755-7
https://doi.org/10.1186/s12951-020-00755-7
https://doi.org/10.1128/AAC.01647-12
https://doi.org/10.1016/j.jval.2017.07.007
https://doi.org/10.1089/sur.2020.299
https://doi.org/10.3390/pharmaceutics14112497
https://doi.org/10.1089/wound.2014.0557
https://doi.org/10.1089/wound.2014.0557
https://doi.org/10.1007/s00248-016-0867-9
https://doi.org/10.1007/s00248-016-0867-9
https://doi.org/10.3390/biom11050700
https://doi.org/10.3390/biom11050700
https://doi.org/10.1159/000339613
https://doi.org/10.3390/ijms13032535
https://doi.org/10.1016/j.mib.2019.05.008
https://doi.org/10.7547/0980489
https://doi.org/10.1146/annurev-micro-030117-020345
https://doi.org/10.1146/annurev-micro-030117-020345
https://doi.org/10.1186/s13287-015-0001-9
https://doi.org/10.1111/j.1742-481X.2008.00565.x
https://doi.org/10.1111/joim.12004
https://doi.org/10.1016/j.jid.2021.08.428
https://doi.org/10.1016/j.jid.2021.08.428
https://doi.org/10.1086/319753
https://doi.org/10.1016/j.nano.2013.06.002
https://doi.org/10.1016/j.nano.2013.06.002
https://doi.org/10.1089/wound.2014.0602
https://doi.org/10.1089/wound.2014.0602
https://doi.org/10.1111/wrr.12590
https://doi.org/10.1046/j.1524-475x.11.s2.1.x
https://doi.org/10.1111/j.1524-475X.2009.00543.x
https://doi.org/10.1016/j.ijbiomac.2022.06.172
https://doi.org/10.3390/jof8090963
https://doi.org/10.25270/wnds/2022.e37e41
https://doi.org/10.1126/science.1253836
https://doi.org/10.3389/fmolb.2021.773866
https://doi.org/10.1080/13693780500543246
https://doi.org/10.1016/j.ijbiomac.2021.08.102
https://doi.org/10.1016/j.ijbiomac.2021.08.102
https://doi.org/10.1371/journal.ppat.1008511
https://doi.org/10.1007/s40257-020-00536-w
https://doi.org/10.1097/SAP.0000000000000083
https://doi.org/10.1155/2013/385641
https://doi.org/10.1371/journal.pntd.0002550
https://doi.org/10.1177/147323000903700531
https://doi.org/10.1177/147323000903700531
https://doi.org/10.1080/00365540902856537
https://doi.org/10.1080/00365540902856537
https://doi.org/10.1128/mBio.01820-16
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1057766


Weller, C. D., Team, V., and Sussman, G. (2020). First-line interactive wound dressing
update: A comprehensive review of the evidence. Front. Pharmacol. 11, 155. doi:10.3389/
fphar.2020.00155

Werner, S., and Grose, R. (2003). Regulation of wound healing by growth factors and
cytokines. Physiol. Rev. 83 (3), 835–870. doi:10.1152/physrev.2003.83.3.835

Wolcott, R. D., Cox, S. B., and Dowd, S. E. (2010). Healing and healing rates of chronic
wounds in the age of molecular pathogen diagnostics. J. Wound Care 19 (7),
276280–284281. doi:10.12968/jowc.2010.19.7.48898

Wong, J. J., Ho, F. K., Choo, P. Y., Chong, K. K. L., Ho, C. M. B., Neelakandan, R., et al.
(2022). Escherichia coli BarA-UvrY regulates the pks island and kills Staphylococci via the
genotoxin colibactin during interspecies competition. PLoS Pathog. 18 (9), e1010766.
doi:10.1371/journal.ppat.1010766

Yadav, M. K., Chae, S. W., Go, Y. Y., Im, G. J., and Song, J. J. (2017). In vitro multi-
species biofilms of methicillin-resistant Staphylococcus aureus and Pseudomonas
aeruginosa and their host interaction during in vivo colonization of an otitis media rat
model. Front. Cell Infect. Microbiol. 7, 125. doi:10.3389/fcimb.2017.00125

Yaseen, H. S., Asif, M., Saadullah, M., MahrukhAsghar, S., Shams, M. U., Bazmi, R. R.,
et al. (2020). Methanolic extract of ephedra ciliata promotes wound healing and arrests
inflammatory cascade in vivo through downregulation of TNF-α. Inflammopharmacology
28 (6), 1691–1704. doi:10.1007/s10787-020-00713-7

Yin, R., Dai, T., Avci, P., Jorge, A. E., de Melo, W. C., Vecchio, D., et al. (2013).
Light based anti-infectives: ultraviolet C irradiation, photodynamic therapy, blue
light, and beyond. Curr. Opin. Pharmacol. 13 (5), 731–762. doi:10.1016/j.coph.2013.
08.009

Zeeuwen, P. L., Boekhorst, J., van-den-Bogaard, E. H., de-Koning, H. D., van-de-
Kerkhof, P. M., Saulnier, D. M., et al. (2012). Microbiome dynamics of human epidermis
following skin barrier disruption. Genome Biol. 13 (11), R101. doi:10.1186/gb-2012-13-11-
r101

Zhang, C., Gong, Y. L., Luo, X. Q., Liu, M. X., and Peng, Y. Z. (2018). Analysis of
distribution and drug resistance of pathogens from the wounds of 1310 thermal burn
patients. Zhonghua Shao Shang Za Zhi 34 (11), 802–808. doi:10.3760/cma.j.issn.1009-
2587.2018.11.016

Frontiers in Molecular Biosciences frontiersin.org10

Ge and Wang 10.3389/fmolb.2022.1057766

https://doi.org/10.3389/fphar.2020.00155
https://doi.org/10.3389/fphar.2020.00155
https://doi.org/10.1152/physrev.2003.83.3.835
https://doi.org/10.12968/jowc.2010.19.7.48898
https://doi.org/10.1371/journal.ppat.1010766
https://doi.org/10.3389/fcimb.2017.00125
https://doi.org/10.1007/s10787-020-00713-7
https://doi.org/10.1016/j.coph.2013.08.009
https://doi.org/10.1016/j.coph.2013.08.009
https://doi.org/10.1186/gb-2012-13-11-r101
https://doi.org/10.1186/gb-2012-13-11-r101
https://doi.org/10.3760/cma.j.issn.1009-2587.2018.11.016
https://doi.org/10.3760/cma.j.issn.1009-2587.2018.11.016
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1057766

	Current research on fungi in chronic wounds
	Introduction
	Wound healing process and impaired healing in chronic wounds
	Fungi in chronic wounds
	Diagnostic and therapeutic innovations for chronic wound cases
	Conclusion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


