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ABSTRACT

Introduction and aim of study: Chronic wounds are increasingly challenging global
healthcare. These wounds, which take over 3 months to heal, are complicated by untreated
infections and the formation of biofilm, hindering healing and antibiotic effectiveness. To tackle
these issues, new treatments like bacteriophage therapy are being explored. Bacteriophages,
viruses that target bacteria, offer promise in overcoming antibiotic resistance. However, their
use presents challenges that need to be addressed.

Material and methods: Our review is based on the analysis of materials collected in Pubmed,
Elsevier and other scientific articles using keywords: “chronic wound”, “chronic wounds
infection”, “biofilms”, “MDR”, “bacteriophage”, “phage therapy”.

Conclusions: The rise of chronic wounds due to resistant infections poses a significant
challenge for patients and healthcare systems. Multidrug-resistant bacteria, often forming
biofilm, evade current treatments, urging the search for alternatives. Phage therapy, showing
efficacy against various stubborn infections, including those from surgery or diabetes, gains
attention. Advanced delivery systems enhance targeted treatment, while phage cocktails
improve effectiveness, especially against multiple resistant strains. Safety is generally observed,
but larger trials are needed. Though not a replacement for antibiotics, phage therapy offers hope,
needing robust clinical validation. While challenges exist, its societal, commercial, and

economic benefits suggest a promising future beyond clinical use.

KEY WORDS: chronic wound; chronic wounds infection; biofilms; MDR; bacteriophage;
phage therapy.

INTRODUCTION

The occurrence of chronic wounds presents an increasing challenge for global
healthcare. This is influenced, among other factors, by an aging population, an increase in the
incidence of diabetes, and the growing resistance of bacteria to available antibiotics [1]. A
chronic wound is a wound that does not heal in a typical manner, takes more than 3 months to

heal, and is associated with many potential complications [2]. An untreated wound infection is
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a major factor that can cause wounds to stagnate and turn chronic [3]. Bacteria complicate the
wound healing process by increasing inflammation and damaging tissue. Additionally, the
rising antibiotic resistance of bacteria and the formation of biofilm present further challenges.
Biofilm is described as "a structured community of microbial cells encased in a self-generated
polymeric matrix that adheres to either an inert or living surface." Biofilm further impairs
healing processes and hinders the penetration of antibiotics and antiseptic agents [4]. These
problems have necessitated the development of new treatment approaches for chronic wound
infections. One of these methods is bacteriophage therapy, first utilized nearly a century ago
and currently experiencing a renaissance, mainly driven by the antibiotic resistance crisis. This
review includes a description of chronic wounds, the role of biofilm, and primarily focuses on
the role of bacteriophages as a potential solution to the impending era of antibiotic resistance.
Different ways of delivering phages have been explored, including traditional methods and
newer strategies like combining phages with antibiotics, using enzymes from phages, and
harnessing phage resistance mechanisms. The review also touches on the challenges and

difficulties encountered in the use of bacteriophages.

CHRONIC WOUND

A chronic wound is a type of wound that does not heal in an expected timeframe,
typically over three months, and fails to progress through the normal stages of healing. Unlike
acute wounds, which heal relatively quickly and follow a predictable course, chronic wounds
remain stuck in a prolonged inflammatory phase and do not respond to standard treatment [5].
There is no universally accepted definition of a chronic wound. Generally, wounds are
considered chronic if they haven't healed within 4 to 6 weeks. Some definitions specify chronic
wounds as those that do not show a 20% to 40% reduction in size after 2 to 4 weeks of optimal
treatment. Surgical textbooks often define chronic wounds as those that remain unhealed after
3 months. Regardless of the timeframe, wounds that do not follow a normal healing process to
achieve proper anatomical and functional outcomes are classified as chronic [2]. They are
typically categorized as vascular, diabetic, or pressure ulcers. They often arise from wound
characteristics, patient physiology, or complications from diseases, which extend or intensify
the inflammatory phase and hinder dermal or epidermal cells from responding to regenerative

signals [6].



The normal wound healing process begins immediately and involves four overlapping
phases in a specific sequence and duration at optimal intensity. Hemostasis involves blood
vessel constriction, platelet aggregation, and fibrin clot formation, restoring the skin's protective
barrier and supporting cell migration and fibroblast proliferation. Inflammation starts right after
the injury, lasting 4-6 days, with neutrophils, monocytes, and lymphocytes infiltrating the site,
and monocytes differentiating into macrophages that phagocytize debris and produce healing
factors. The proliferative phase includes angiogenesis, fiFbroplasia, and reepithelialization,
where granulation tissue fills the wound, fibroblasts contract the wound edges, and
keratinocytes migrate and proliferate to cover the lesion. Tissue remodeling, lasting up to a year,
involves the reorganization, degradation, and resynthesis of the extracellular matrix, replacing
collagen III with collagen I, and forming scar tissue rich in collagen fibers [1]. Chronic wounds
are characterized by their inability to progress through the typical stages of wound healing in a
coordinated and prompt manner. Frequently, these wounds become stuck in the inflammatory
phase of healing. Although the molecular causes may vary, chronic wounds exhibit consistent
characteristics such as elevated levels of proinflammatory cytokines, proteases, reactive oxygen
species (ROS), and senescent cells. Additionally, they often harbor persistent infections and
lack functional stem cells, exacerbating the healing process [7].

Chronic wounds have become significantly more prevalent over the past few decades.
This rise is largely attributed to an aging population, which is more susceptible to conditions
that impede healing. Additionally, increasing rates of obesity and diabetes contribute to the
persistence of chronic wounds. These conditions often maintain wounds in a state of low-level
inflammation, which hinders the normal healing process by preventing the proper function of
dermal and epidermal cells. Consequently, the management and treatment of chronic wounds
have become more challenging, necessitating a comprehensive approach to address these
underlying factors and promote effective healing [1]. These wounds are considered a global
problem [8]. An estimated 1% to 2% of the populace in developing countries will experience a
chronic wound during their lifetime. These wounds predominantly affect patients aged older

than 60 years [2].

CHRONIC WOUND INFECTION

One of the primary reasons wounds may not heal and become chronic is due to untreated

infections [3]. Bacteria in wounds can delay healing by causing infection, triggering
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inflammation, forming biofilms, damaging tissue, inhibiting angiogenesis, weakening the
immune response, and increasing the risk of secondary infections [9]. Differentiating between
a chronic uninfected wound and an infected one can be difficult. Chronic wound infections
often present non-traditional signs such as heightened pain, fragile granulation tissue, delayed
healing, wound deterioration, and a foul odor, which may not be easily recognized by non-
experts [10].

Most chronic wounds contain more than one bacterial species and produce a synergetic
effect that results in previously non-virulent bacterial species becoming virulent and causing
damage to the host. Studies on bacterial diversity in chronic wounds have found that
Staphylococcus, Pseudomonas, Peptoniphilus, Enterobacter, Stenotrophomonas, Finegoldia,
and Serratia are the most frequently present species [11]. Bacterial endotoxins and exotoxins
can trigger both non-specific and specific immune responses, with immune cells like
neutrophils and macrophages playing key roles. Chronic wounds often have a high number of
neutrophils, leading to pathological inflammation and delayed healing [12]. Additionally,
neutrophils and other immune cells recruited to the wound bed can produce excessive protease,
which degrades the extracellular matrix, causing further tissue damage and slowing
reepithelization [13, 14]. Another problem is the increasing antibiotic resistance of bacteria.
Patient hand contamination with MDROs is common and correlates with contamination on
high-touch room surfaces. Patient hand hygiene protocols should be considered to reduce
transmission of pathogens and healthcare-associated infections [15]. Contaminated surfaces
play a significant role in transmitting hospital pathogens. Evidence shows that patients admitted
to rooms previously occupied by infected individuals have a higher risk of acquiring those
pathogens. However, this risk can be reduced with better environmental decontamination,
highlighting the need for improved cleaning practices. Strategies to address this issue include
reducing the shedding of pathogens into the environment and enhancing the effectiveness of
cleaning and disinfection. The best approaches will vary based on the specific setting and local

epidemiology [16].

THE ROLE OF BIOFILM IN THE WOUND HEALING PROCESS

A biofilm is an organized cellular structure embedded in a self-produced matrix,
exhibiting adhesion to both biological and abiotic surfaces [4]. Bacterial cells within a biofilm

are encased in an extracellular polymeric substance (EPS) composed primarily of
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exopolysaccharides, secreted proteins, lipids, and extracellular DNA. This matrix significantly
challenges standard treatments due to its high level of antibiotic resistance [17]. The highly
organized structure of the biofilm reduces the penetration of antibiotics into the wound. The use
of antibiotics on chronic wounds is controversial because it causes the selection of multi-drug-
resistant strains [18].

In a mature biofilm, bacteria grow slowly due to deficiency of nutrients that results in
the resistance of bacteria to antibiotics [19]. Biofilm is composed of multiple closely
cooperating species of bacteria, which interact similarly to a multicellular organism
[20]. Diffusion is the predominant solute transport process within cell clusters. Water channels
can carry solutes into or out of the depths of a biofilm, but they do not guarantee access to the
interior of cell clusters [21]. The population in biofilms is diverse and includes cells at different
growth stages and also antimicrobial-resistant and persister cells [22]. These cells evade
antimicrobial treatment by maintaining an inactive metabolism with limited protein synthesis.
They sustain reduced ATP levels and enter a dormant state during treatment, rendering them
resistant. Persister cells persist in a viable but inactive state, capable of resuming growth when
antimicrobial levels decline. As a result, they frequently contribute to the stubbornness of
chronic infections [23].

Biofilms also provide an ideal niche for the exchange of extrachromosomal DNA
(plasmids). Conjugation (the mechanism of plasmid transfer) occurs at a greater rate between
cells in biofilms than between planktonic cells [24, 25]. Quorum sensing is a cellular
communication mechanism where cells produce specific molecules released into their
environment. Nearby cells detect these molecules, leading to changes in gene expression,
virulence, microbial competence, and even antibiotic resistance [25].

In 2017, the World Health Organization (WHO) issued a global priority roster of
antibiotic-resistant bacteria to steer research, discovery, and the creation of new, potent
antibiotics. This compilation encompasses 12 bacterial species classified into critical (three
species), high (six species), and medium (three species) categories based on their resistance
levels. Critical species include Acinetobacter baumannii and P. aeruginosa, both resistant to
carbapenems, and Enterobacteriaceae (comprising K. pneumoniae, E. coli, Enterobacter spp.,
Serratia spp., Proteus spp., and Providencia spp., Morganella spp.), resistant to carbapenems
and third-generation cephalosporins. These bacteria, highlighted by the WHO, are renowned

for their biofilm-forming capabilities. For instance, P. aeruginosa harbors abundant DNA in its



EPS matrix, fostering genetic diversity within the biofilm, thus elevating the likelihood of some

individuals resisting environmental changes, such as antibiotics [25, 26, 27].

PHAGE TRANSFER

One of the modern methods of treating wounds covered with biofilm is bacteriophage
therapy. In the slowly approaching postantibiotic era and a time of limited therapeutic options,
it has become crucial to find an alternative treatment for bacterial infections [28]. Bacteriophage
(phage) therapy, originally identified in the early 1900s, has experienced a resurgence in recent
decades because of its effectiveness against antibiotic-resistant bacteria. Utilizing it for non-
healing wound treatment has demonstrated encouraging results [23].

Bacteriophages (phages) are viruses that specifically target and infect bacteria, making
them one of the most abundant microorganisms worldwide. Similar to other viruses, they can
only replicate within a host cell. Their life cycle is characterized by two main types: lytic
bacteriophages and lysogenic bacteriophages. From a therapeutic standpoint, only lytic phages
are employed in biofilm therapy due to their ability to directly destroy bacterial cells [29].
Phage therapy involves isolating naturally occurring phages from the environment. Once
isolated, these phages are tested against common pathogens, including drug-resistant and
multidrug-resistant bacteria, and assessed using in vitro and in vivo models, which include
animal studies and some human clinical trials [23].

Bacteriophages exhibit group specificity, meaning a single phage strain typically cannot
infect all strains of a bacterial species. This challenge can be addressed by creating phage
cocktails, which include multiple phages with varying lytic spectra that can infect different
strains of the same species [30].

Phage cocktail can be administered using various routes (e.g., parenteral, oral, or local).
The acidic conditions of the stomach, along with enzymes and digestive compounds like bile,
can quickly diminish the viability of orally administered phages [31]. Without adequate
protection, phages may not survive the passage through the stomach, rendering them ineffective
in the intestine. Consequently, it is crucial to develop an efficient delivery system to shield
orally administered phages from the harsh gastrointestinal environment until they reach the
infection site in the intestine. One potential method for protecting phages involves

encapsulating them in microspheres or microparticles made of pH-sensitive polymers [32].



At present, liquid formulations are preferred for delivering phages to wound infection sites. In
theory, creating liquid phage formulations is more straightforward and requires relatively little
development to ensure phage stability [33]. Phages are commonly formulated in sterile buffered
solutions, such as phosphate-buffered saline or Tris-buffered salt-magnesium buffer. Addition
of divalent ions, including Mg2+ and Ca2+ (10 mM each) further aids in promoting phage
stability during storage [34]. These cations interact with negatively charged moieties on the
surface of phages, which helps with phage stabilization in aqueous buffered systems [33].

Another method of delivering phages to a wound is by using semi-solid preparations
such as gels, creams, and ointments. They are easy to apply, minimally irritating on the skin
and often easily washable with water. Hydrogels are water-based semi-solid formulations. They
are highly absorbent and are capable of retaining a large amount of water, which help protect
the skin against excessive loss of body fluids while absorbing wound excreta. Hydrogel
formulations enhance wound site hydration and facilitate hydrogen bonding between water and
phage proteins, aiding in phage stabilization. Water-based hydrogels are preferred in phage
therapy because phages are inactivated in alcohol [33, 35].

Since the method of administration can influence disease progression, understanding
the pharmacokinetics of bacteriophages is crucial. Research has demonstrated that various
administration routes are more suitable for different scenarios and pathogens. Good results are
also observed when using a combination of different methods. Often, both oral and topical
phage therapy are used simultaneously. The liquid form of the phage can be sprayed onto sterile
gauze and applied to the wound. Another method is to insert a sterile catheter into the ulcer,
through which the phages are directly introduced into the wound [28].

The pharmacokinetics of phage therapy significantly differ from those of antibiotics,
providing several benefits such as exponential replication, efficient penetration to target sites,
a specific host range, and minimal toxicity. Due to their persistence and ability to evolve, phages
might be more effective than antibiotics in certain situations, particularly when dealing with
antibiotic-resistant bacteria. However, combined therapy with both agents sometimes proves to
be significantly more effective in halting the entire infection process. The overall tissue healing
process is also accelerated. It is known that the use of combined agents reduces the frequency
of resistant mutants, making this approach a potentially effective strategy for treating infections
[36].

Another method of delivering phages is the use of nanostructured lipid-based carriers,

such as transfersomes, as transdermal delivery systems for encapsulation. Results from in vitro
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stability and in vivo phage titer experiments demonstrated that phages encapsulated in
transfersomes exhibited greater persistence and stability compared to free phages. These
findings endorse the use of transfersomes as delivery agents to improve the stability and in vivo
persistence of encapsulated phages. Additionally, the study underscores the benefits of
transfersome-encapsulated phages in offering superior therapeutic options for treating skin and
soft tissue infections compared to free phages. These vesicles disperse the substance throughout
the body, avoiding fast breakdown, and increasing cellular absorption [37].

The use of whole phages has some drawbacks, including the potential transfer of
virulence or resistance genes through transduction. Additionally, as phages and bacteria
continuously evolve, many historically significant phages may lose effectiveness against
evolving pathogenic bacteria. Another concern is the rapid clearance of phages from the
bloodstream due to phage-neutralizing antibodies, which can impede phage therapy. These
disadvantages have prompted the exploration of phage-encoded enzymes. These enzymes offer
several benefits; for instance, lytic enzymes eliminate the risk of transferring resistance genes.
While improperly purified phages can be toxic, phage lytic proteins produced via recombinant
DNA technologies are highly purified. Moreover, resistance to recombinant endolysins is not

widely reported [38].

PHAGE IN WOUND TREATMENT

Bacteriophages can serve as an effective topical treatment for S. aureus biofilm-infected
wounds, particularly when the biofilm structure is either deficient (mutant) or disrupted
(through debridement). A combination therapy that targets the disruption of the extracellular
biofilm matrix to enhance the penetration of species-specific bacteriophages offers a novel and
potentially effective strategy for managing chronic wounds [39]. In another study, it was
demonstrated that topical treatment with a phage cocktail could be effective in treating diabetic
foot ulcers infected with multidrug-resistant (MDR) Staphylococcus aureus. The phage cocktail
used, AB-SAO01, consists of three S. aureus Myoviridae phages and was produced according to
current Good Manufacturing Practices (cGMP). It has undergone two Phase I clinical trials. In
mice treated with the phages, wound healing was comparable to treatment with vancomycin.
The treatment resulted in reduced bacterial load and wound closure [40].

Phage therapy was evaluated in 20 patients (aged 12 to 60) with chronic non-healing

wounds unresponsive to conventional debridement and antibiotic treatment. The wounds were
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infected with E. coli, S. aureus, and P. aeruginosa. A customized bacteriophage cocktail was
applied topically to the wounds on alternate days until the wound surfaces became
microbiologically sterile. Significant improvement in wound healing was observed, with no
clinical or microbiological signs of infection after 3 to 5 doses of bacteriophage therapy. By
day 21 of follow-up, seven patients had achieved complete healing, while others showed
healthy margins and granulation tissue. No side effects of the therapy were observed [41].

The observed increase in antibiotic resistance of A. baumannii is increasingly leading
to treatment failures for infections caused by this bacterium. In early 2019, the World Health
Organization released a list highlighting the ten most severe threats to public health, which
included antibiotic resistance. A. baumannii was categorized within the highest-risk critical
priority group of multidrug-resistant (MDR) bacteria. Therefore, the use of phage therapy in
the course of such infections could be a promising approach [42]. The potential of phi G7 phage
application was examined in a rat wound model. Phage application effectively decreased the
number of bacteria isolated from the wounds of successfully treated animals [43]. Studies
conducted on a rat model of diabetes have demonstrated the effectiveness and safety of
bacteriophage therapy in treating wounds infected with A. baumannii [44].

Non-healing wounds, a frequent complication of diabetes, stand as the leading non-
traumatic reason for lower limb amputations. Traditional treatment for infected diabetic wounds
often proves ineffective due to insufficient tissue blood flow, inadequate antibiotic levels
locally, and the escalating issue of antibiotic resistance. A study was conducted on animal
models of diabetes (rats and pigs). Chronic wounds were infected with S. aureus, P. aeruginosa,
and A. baumannii. It was found that local treatment with a bacteriophage cocktail effectively
reduced the number of bacterial colonies and improved wound healing, as indicated by smaller
epithelial and cutaneous fissures. The results suggest that locally administered bacteriophage
therapy may be effective in treating chronic infections, especially when used in conjunction
with wound debridement [45]. Other studies on animal models have also demonstrated
effectiveness and safety of bacteriophage therapy in treating chronic ulcers recurring in the
course of diabetes [36, 40, 44]. The study involved nine patients with diabetes and foot ulcers
infected with S. aureus (one MRSA, the rest MSSA). All admitted patients did not respond to
conventional therapy for a period ranging from 10 days to seven weeks before phage treatment.
Topical application of the Staphylococcal phage Sb-1 on ulcers once a week, combined with

standard wound care, healed the ulcers within about seven weeks and severe ulcers within 18



weeks. Despite poor vascularity and inadequate response to previous antibiotic treatment, local
phage administration effectively healed S. aureus-infected ulcers [23].

Another significant problem is infections caused by Pseudomonas aeruginosa bacteria.
Their ability to rapidly adapt is the primary reason for identifying them as opportunistic
pathogens. They most commonly cause infections in patients with compromised immunity and
have acquired the status of hospital pathogens. They are frequently isolated from wounds.
Infections with multidrug-resistant (MDR) Pseudomonas aeruginosa pose a serious health
threat. Phage—antibiotic combination therapy is a promising candidate for combating MDR P.
aeruginosa infections. The studies described here show that using P. aeruginosa phages in
combination with different classes of antibiotics was not only efficacious, but synergistic in the
reduction of bacterial populations and resulted in the re-sensitization of MDR P. aeruginosa to
antibiotics [46]. Other studies have also demonstrated the effectiveness of bacteriophages in
treating wounds infected by P. aeruginosa [47, 48].

Formulated phage ointment could be a promising approach for treating infected burn
wounds [49]. Multidrug-resistant (MDR) Acinetobacter baumannii (A. baumannii) is one of the
major pathogens present in burn wound infections. A formulation of a bacteriophage specific
to A. baumannii (BPAB®1), encapsulated in chitosan microparticles, has been created. This
preparation showed outstanding potential for anti-biofilm eradication in vitro and promoted
effective wound healing when used topically [50]. Phage therapy has also proven effective in
treating burn wounds infected with Pseudomonas aeruginosa, Klebsiella pneumoniae, or

Staphylococcus aureus [47, 51].

PROBLEMS AND CHALLENGES

One of the issues in phage therapy is the specificity of phages to their hosts, which has
both pros and cons for the treatment. High specificity necessitates precise diagnosis and
identification of the infectious bacteria for phage therapy to be effective. This process can be
difficult, time-consuming, and resource-intensive. Additionally, many wounds are co-infected
with multiple bacteria or various subtypes of a single pathogen, meaning the high host
specificity of phages can significantly limit their applicability [52]. It seems that these issues
can be addressed by employing genome engineering, synthetic biology, structure-guided design,
and machine learning. This will allow the full realization of the potential of phage therapy [53].

Another significant problem is the emergence of bacterial resistance during phage treatment,

L.



especially after prolonged phage use [54]. A solution to this problem may be the use of
bacteriophages together with antibiotics [36, 55] or the use of a cocktail composed of several
phages characterized by different mechanisms of action [37, 45]. Access to phage therapy is
limited. Medical tourism to recognized phage therapy clinics is possible, typically at the
patient's expense. In some countries, there are expanded access programs; however, these are
limited to life-threatening cases, and there is a shortage of medical personnel specializing in
phage therapy. Recruitment processes for clinical trials are highly selective, and the number of
studies is limited [53]. In the survey, it was found that the majority of patients with diabetic
foot ulcers are positively inclined towards bacteriophage therapy. Patients are concerned about
antibiotic resistance and support "new" antimicrobial agents. A significant majority of patients

would accept phage therapy if suggested by their doctor [56].

CONSLUSIONS

The growing occurrence of chronic or slow-healing wounds caused by stubborn
infections has become a significant challenge for both patients and healthcare systems. This is
influenced by the continuously increasing number of infections caused by multidrug-resistant
bacteria that do not respond to available antibiotics. These bacteria, by forming biofilm, evade
available therapeutic options. The escalating concern regarding antibiotic resistance puts
significant pressure on all parties involved in infectious disease management to discover novel
antibiotics and seek out safe alternatives. Phage therapy has regained prominence due to its
proven effectiveness in treating various stubborn wound infections, such as those resulting from
surgery, burns, and diabetic foot issues. Phages have demonstrated effective bactericidal
activity, even against MDR bacteria such as Staphylococcus aureus, Pseudomonas aeruginosa,
Acinetobacter baumannii or Klebsiella pneumoniae. Advancements in phage delivery systems,
such as hydrogels, liposomes, nanospheres, emulsions, ointments and creams, facilitate the
targeted delivery of viable phages to specific sites, thereby amplifying the efficacy of phage
therapy for managing wound infections. The use of cocktails composed of several different
phages increases the effectiveness in combating infections, particularly because the majority of
chronic wounds are colonized by multiple different strains of antibiotic-resistant bacteria. In
many studies, the safety of phage therapy has been demonstrated, with no observed side effects;

however, further research on larger patient groups is needed. Nevertheless, for many patients



with untreatable infections, the use of bacteriophages may be the last available therapeutic
option.

The goal of phage therapy applications should not be to substitute antibiotics but rather
to supplement their effects in combating infections. It is crucial to establish the effectiveness
and safety of phage application through rigorous clinical trials. While implementing widespread
phage therapy may present challenges, it promises to yield societal, commercial, and economic

advantages that extend beyond the clinical realm.
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