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Abstract: Wound healing is a complex, tightly regulated process essential for maintaining
skin barrier function. Chronic wounds, often complicated by biofilm-forming bacteria
and elevated oxidative stress, pose significant challenges in clinical management. The rise
of antibiotic-resistant bacteria has further exacerbated the problem, limiting therapeutic
options and complicating wound treatment. Traditional wound care approaches frequently
fail to provide real-time accurate insights into wound status, leading to delayed or sub-
optimal treatments. Recent advancements in modern and smart wound dressings, which
integrate various biosensors, different new drug delivery systems, and wireless communi-
cation technology, offers promising solutions for monitoring wound progression over time.
These innovations enable early detection of adverse events such as bacterial infections and
inflammation, facilitating more effective, on-demand treatment. This review highlights
the current state of antibiotic-embedded wound dressings, discusses their limitations, and
explores the potential of next-generation wound dressings incorporating microelectronic
sensors for real-time monitoring and adaptive therapeutic responses to support healing
and combat antimicrobial resistance.

Keywords: antimicrobials; wound infection; antimicrobial resistance; wound dressings

1. Introduction

A skin wound is a pathological condition caused by disease, injury, or physiochemical
damage. Based on the origin of the damage and the duration of healing, the wounds are
classified as acute and chronic wounds [1]. The chronic wounds, such as diabetic ulcers,
surgical wounds, and pressure injuries, are often trapped in the inflammatory stage so
that they fail to progress toward healing and pose a greater mortality risk than commonly
perceived [2,3].

For wound management, dressings are the primary strategy used in clinics; by defini-
tion, they are essential materials that cover and safeguard wounds, facilitating the healing
process [4]. These dressings are crucial in shielding wounds from infections, absorbing
exudate, and preserving a moist environment conducive to healing, as dry conditions can
impede the process [5]. Dressings can be composed of various materials and serve multiple
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purposes, including medication delivery for infected wounds in some instances. Selecting
the appropriate dressing can be complex, as it depends on the wound’s characteristics,
patient requirements, and other variables [6]. While traditional dressings may suffice for
dry wounds, advanced options like hydrogel and hydrocolloid dressings can maintain
beneficial moisture levels for dry or necrotic wounds while preventing dehydration [7]. For
infected wounds, it is vital to use dressings specifically designed for such cases, often incor-
porating antimicrobial properties to manage odor and inhibit bacterial spread, particularly
when conventional antibiotics may be ineffective [8].

Wound management has been a crucial component of healthcare for many years,
with infection prevention being essential for successful healing [9]. However, the rise of
antibiotic resistance has emerged as a significant threat to the progress made in wound
care over the past few decades [10]. This growing issue has caused concern throughout
the medical field, leading to urgent requests for novel approaches to address what many
professionals view as an impending healthcare crisis.

The problem of antibiotic resistance in wound care is particularly concerning due to
the susceptibility of patients with open wounds to bacterial infections [11]. As bacteria
become increasingly resistant to traditional antibiotics, medical professionals are finding
their options for treating wound infections increasingly limited. This situation not only
extends the time required for healing but also heightens the risk of serious complications
that could potentially become life-threatening [12].

The term “critical colonization” has been used to describe the stage at which bacteria
begin to adversely affect wound healing [13]. The wound microbiome consists of bacterial
pathogens as well as fungi, which either interact with the bacteria and may increase an-
tibiotic resistance, or which are even primary pathogens themselves [14]. Routine testing
in pathology laboratories has primarily depended on culture methods to isolate potential
pathogens from swabs, pus, or tissue biopsies. This process helps determine the likely
identities of microorganisms and assess their antibiotic susceptibilities, providing guid-
ance for informed antimicrobial treatment. Standardized approaches also facilitate global
surveillance of antibiotic resistance [15]. Wounds often harbor polymicrobial communities,
with Staphylococcus aureus being the most commonly isolated pathogen. Other frequently
detected organisms include Pseudomonas aeruginosa, Escherichia coli, Enterobacter cloacae, Kleb-
siella species, Streptococcus species, Enterococcus species, and Proteus species [16]. Anaerobic
bacteria, though often underestimated, are also prevalent, with common species such as
Peptostreptococcus, Prevotella, Porphyromonas, Bacteroides, Finegoldia magna, and Peptoniphilus
asaccharolyticus [17]. In addition, there are hundreds of microorganisms of different species
attached and embedded in the extracellular matrix of biofilm [18].

The presence of multidrug-resistant bacteria in wounds significantly complicates the
healing process, as persistent infections generate chronic inflammation and contribute
to the formation of bacterial biofilms, which protect pathogens from the action of the
immune system and antimicrobial treatment [10]. These persistent infections can lead to
significant delays in tissue regeneration and chronic lesions. In addition to delayed healing,
infections with resistant germs increase the risk of severe complications such as invasive
infections (including sepsis), osteomyelitis, or even the need for amputation, particularly
in patients with associated risk factors such as diabetes mellitus [19]. Clinically, antibiotic
resistance severely limits available therapeutic options, often requiring the use of last-line
antibiotics (like vancomycin or linezolid), which can be associated with higher toxicity and
cost. Furthermore, empirical antibiotic therapy is becoming increasingly challenging as
conventional regimens may no longer be effective against resistant strains, thereby delaying
appropriate treatment and exacerbating patient outcomes [20].
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In addition, multidrug-resistant infections often result in prolonged hospitalization,
the need for repeated surgical interventions (e.g., debridements), and significantly increased
treatment costs [21]. These patients may also become sources of infection for other patients
or healthcare staff, requiring rigorous isolation and nosocomial infection control measures.
The consequences of this trend go beyond individual patient care. The financial strain on
healthcare systems, the possibility of widespread outbreaks of resistant infections, and the
mental toll on patients dealing with persistent, non-healing wounds all contribute to the
urgency of tackling this problem [22,23]. Apart from the economic impact, chronic wounds
inflict a significant decrease in the patients” quality of life.

Overall, the clinical burden of antibiotic resistance highlights the urgent need for a
multifaceted approach to wound care, combining effective infection prevention strategies,
the development of innovative antimicrobial technologies, and optimized therapeutic
protocols to improve patient outcomes and mitigate the spread of resistant pathogens.

In response to this challenge, researchers, clinicians, and biomedical engineers are
investigating a diverse array of novel strategies [24]. These encompass advanced wound
dressings incorporating antimicrobial agents and innovative therapies that utilize the
body’s immune system. The search for alternatives to conventional antibiotics has also
prompted renewed interest in natural compounds [25], nanotechnology [26], and the
utilization of beneficial bacteria to outcompete pathogenic microorganisms [27].

On the other hand, biofilm formation is a crucial step in the pathogenesis of chronic
infections, including foreign body-related infections. It is important to note that difficult-to-
heal wounds are chronic infections and that therapy should be directed toward local control
of the biofilm (wound hygiene) [28], with systemic antibiotics reserved for cases where
there is evidence of bacterial invasion of viable host tissue [29]. Wound biofilm formation
is initiated by the attachment and proliferation of endogenous, exogenous, or ubiquitously
present microorganisms on the wound surface [30]. These microorganisms aggregate
into structured communities encapsulated within a protective polymeric matrix known
as the extracellular polymeric substance (EPS), which enables them to adapt and survive
in hostile environments. Biofilm development is driven by a complex interplay between
genetic factors and environmental stimuli, such as surface characteristics and nutrient
availability [31]. Under normal physiological conditions, the host immune system is capable
of eliminating planktonic, free-floating bacteria [32]. However, in immunocompromised
individuals or when bacterial growth is left unchecked, microbial proliferation leads to the
establishment of highly organized biofilms shielded by the EPS matrix [33]. Polymicrobial
biofilms are highly prevalent in chronic wounds and are associated with numerous defense
mechanisms against environmental stress and host immune responses. Additionally,
biofilms promote the secretion of inflammatory mediators that disrupt the normal wound
healing cascade while perpetuating microbial persistence [34]. Within these biofilms,
subpopulations of dormant, antibiotic-tolerant “persister” cells significantly contribute to
treatment failures and recurrent infections [35]. Bacterial resistance mechanisms in this
context include modifications to cell wall structure, biofilm-mediated protection, expression
of efflux pumps, alteration or acquisition of antibiotic targets, and enzymatic degradation
or modification of antimicrobial agents [15].

As the field of wound care reaches this critical juncture, it is evident that progress ne-
cessitates not only scientific innovation but also a paradigm shift in approaches to infection
control. This work establishes the context for an examination of the innovative solutions
being developed to address antibiotic resistance in wound care, presenting potential av-
enues for more efficacious and sustainable treatment modalities in the future. The aim
of the present work is to explore the development and potential of antimicrobial smart
dressings in improving wound care, while addressing the growing concern of antibiotic
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resistance. By integrating advanced materials and technology, these dressings provide
localized and controlled release of antimicrobial agents, reducing the need for systemic
antibiotics and minimizing the risk of infection (Figure 1). This paper examines how
these innovative dressings can enhance wound healing, improve patient outcomes, and
contribute to the fight.
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Figure 1. Schematic representation of wound dressing classification. Created in https://BioRender.com.

2. Methodology

Comprehensive literature research was performed across PubMed, Scopus, and Web
of Science databases using keywords related to wound dressings, nanoparticles, and
natural compounds, specifically within the context of antimicrobial resistance. These
terms and their respective synonyms were strategically combined using Boolean operators
such as “AND” and “OR” to optimize search precision. The review included original
research articles focused on the development of smart wound dressings. Only studies that
investigated topical formulations, which were in vitro, ex vivo, or in vivo evaluated, were
considered (Table 1).

Table 1. Types of tests used for evaluating the smart dressings.

Method

Test References

Antimicrobial tests (on Staphylococcus aureus, Pseudomonas aeruginosa,

Escherichia coli, and Streptococcus pyogenes) [36-51]

Sensor array operation in vitro in simulated infected wound models [36]

In vitro

Test strip sensor for early and accurate detection of wound infection at

the bedside [52]

Electrochemical behavior sensors [53-55]
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Table 1. Cont.
Method Test References
Mechanical Test [38,44,56]
Dehydration and Hydration Tests [38,44,48,56,57]
Viability /Cytotoxicity Assay [38—41,43,44,47,49,56]
In vitro Biocompatibility test [44,49,56]
Drug release kinetics [40,41,43,44,47]
Antioxidant activity [41]
Detection of bacterial fluorescence [42]
Biofilm formation on ex vivo porcine skin [37]
Ex-vivo
Ex Vivo Bacterial Detection Tests [56]
In vivo Animal model (bacterial inhibition, reduction angiogenesis, [38,39,42-44,51 53,58]

anti-inflammatory activity)

3. Traditional Wound Dressings and Their Limitations in Combating
Antibiotic-Resistant Bacteria

Traditional wound dressing products, including gauze, lint, plasters, bandages (nat-
ural or synthetic- Figure 1), and cotton wool, are dry and used as primary or secondary
dressings for protecting the wound from contamination [59]. Ancient clay tablets reveal
that wound bandaging dates back to 2500 BC (Figure 2). Archaeological evidence indicates
that the earliest wound dressings were developed by the Egyptians. Their wound man-
agement system involved three steps: cleansing the wounds with milk, creating plasters,
and applying bandages. They were the first people who applied honey to the wounds and
invented the adhesive wound dressing [60]. In ancient Greece, between 460 and 370 BCE,
Hippocrates employed wine or vinegar to cleanse wounds, followed by a treatment in-
volving honey, oil, and wine. They also utilized wool that had been boiled in water or
wine as a dressing. A significant advancement in antiseptic methods occurred during the
19th century, with the introduction of antibiotics to combat infections and reduce death

rates [61].
Wound dressing evolution ’
® ¥
@ | |
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Figure 2. The evolution of wound dressings. Created in https://BioRender.com.

Although traditional wound dressings have been used for decades to protect wounds,
promote healing, and manage exudate, provide basic wound coverage and absorption, they
have several limitations when it comes to combating antibiotic-resistant bacteria. These
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dressings often lack inherent antimicrobial properties; they primarily serve as physical
barriers to external contaminants and facilitate moisture retention but lack any intrinsic an-
timicrobial activity, leaving wounds susceptible to bacterial colonization and infection [59].
Additionally, traditional dressings often suffer from poor drug permeability, necessitating
frequent administration of antibiotics. This is particularly problematic in the presence of
wound biofilms, which impede the entry of antibacterial agents. Also, the need for frequent
changes can disrupt the healing process and increase the risk of introducing bacteria.

Maintaining optimal moisture balance is crucial for wound healing and preventing
bacterial growth, yet many traditional dressings struggle in this aspect. While acting as a
physical barrier, these dressings provide only passive protection without actively combating
bacteria or promoting healing. Some may even adhere to the wound bed, causing pain and
potential tissue damage upon removal [62]. The adherence of these dressings can lead to
significant pain during dressing changes, which can be distressing for patients. While the
hydrophilic dressings often fail to effectively manage wound exudate, creating conditions
favorable for bacterial growth, in opposition, some newer dressings with hydrophobic
properties can cause excessive dryness, disrupting the moisture balance necessary for
healing [63].

Antibiotic-resistant bacteria often form biofilms, which traditional dressings cannot
effectively penetrate or disrupt [64]. They do not address the dynamic and evolving
biological microenvironment of infected wounds, particularly the formation of resilient
bacterial biofilms, which are key contributors to chronicity and therapeutic failure [32].
In the presence of multidrug-resistant organisms, the reliance on systemic antibiotics in
conjunction with traditional dressings often proves inadequate, as resistant strains evade
eradication through biofilm-mediated protection and altered metabolic states [65].

Oxygen permeability is another concern, as some dressings may not allow sufficient
oxygen to reach the wound, potentially slowing healing and creating an environment
conducive to anaerobic bacterial growth [66].

Unlike modern advanced dressings, traditional options cannot provide controlled
release of antimicrobial agents over time [67]. This can lead to premature drug release
or unintended drug activation, reducing treatment efficacy and potentially contributing
to resistance. Even when impregnated with antibiotics, they may be ineffective against
resistant strains. Also, the limited customization options of traditional dressings, which
often come in standard sizes and shapes, make it challenging to address wounds with
complex geometries or locations [62].

Additionally, classical dressings also cannot be used to modulate the inflammatory
milieu or provide a local and sustained antimicrobial effect, which are both critical for
treating chronic infections without causing antibiotic resistance [68]. The fact that they fail
to address microbial virulence factors, quorum-sensing mechanisms, or hypoxic wound
status makes the task of antimicrobial approaches even more difficult. Thus, the prolonged
application of such traditional dressings in antibiotic-resistant infected wounds not only
promotes wound-healing retardation but may also cause improper selecting and transmis-
sion of drug-resistant phenotypes [69,70]. These drawbacks stress the compelling necessity
for the implementation and integration in clinics of next-generation dressings featuring
multifunctionality such as active antimicrobial effect, biofilm disruption, and enhanced
tissue regeneration.

The limitations of traditional dressings have catalyzed the development of innovative
materials and technologies aimed at addressing the complex microenvironments character-
istic of chronic and infected wounds [71]. One promising strategy involves the integration
of stimuli-responsive systems, wherein dressings release antimicrobial agents selectively in
response to local triggers such as pH shifts, enzymatic activity, or temperature changes asso-



Pharmaceuticals 2025, 18, 825

7 of 30

ciated with infection [72]. These “smart” materials enable on-demand drug delivery while
minimizing the risk of antimicrobial resistance by avoiding continuous subtherapeutic
exposure [73].

In order to counter these shortcomings and limitations, nanotechnology continues
to offer transformative opportunities in wound care. Nanoparticle-based systems, in-
cluding silver, copper oxide, zinc oxide, and carbon-based nanostructures, exhibit potent
antimicrobial activities through multiple mechanisms, such as the generation of reactive
oxygen species (ROS), disruption of microbial membranes, and interference with bacterial
metabolic pathways [74,75]. Recent advances in biodegradable nanocomposites have fur-
ther enabled the incorporation of antimicrobial nanoparticles into biocompatible polymer
matrices, thereby reducing cytotoxicity concerns while maintaining efficacy [76].

In addition, the incorporation of natural antimicrobial agents into wound dressings
has emerged as an attractive strategy to overcome the limitations associated with traditional
antibiotics and synthetic antimicrobials. Plant-derived compounds such as essential oils
(e.g., lavender oil), flavonoids (e.g., quercetin, curcumin), alkaloids, and polyphenols
exhibit broad-spectrum antimicrobial activities by targeting bacterial cell membranes,
disrupting metabolic pathways, and inhibiting biofilm formation, all without promoting
significant resistance [74,77]. Furthermore, natural polymers such as chitosan and honey-
derived substances offer intrinsic antibacterial properties alongside immunomodulatory
and antioxidant benefits, making them ideal candidates for multifunctional wound care
systems [78].

4. The Concepts of Modern Dressings

Since traditional dressings fail to provide a moist environment to the wound, they
have been replaced by modern dressings with more advanced formulations: films, foams,
nanofibers, hydrogels, and hydrocolloids (Table 2).

Table 2. Summary of modern wound dressings.

];rl}—’epsgi%fg Actions Application/Indications Advantages Desavantages References
May adhere to wounds
Superficial wounds with \Zgiﬁ?;;iﬂ:ij;ﬁ;g Noasu.lte.lble for he;Vﬂy
. £ o ' Y raining wounds
Films Autolytic minimal exudate: minor Highly flexible May promote [27,79-81]
debridement burns, stage I and stage II I . .
mpermeable to macerations due to its
pressure ulcers liqui . ;
iquid or bacteria occlusive nature
No absorptive capacity
Existing
Absorb fluids . low-adherent
oisture contro . versions available for ot for use in dry or
Foams Moi L e b chromie ions available for — Not f d [82-86]
Flexible to the wound ds 1 Tew ul patients with fragile necrotic wounds
bed wounds, lower leg ulcers skin
Great absorption
Long wear-time
. Clean, low to moderate &
Absorb fluids i . Absorbent
Hydrocolloids Promote autolytic iﬁ?gﬁgg;?éﬁiﬁ?giig: Occlusive May cause maceration [87-91]
debridement hronic ulcor * Protects wound from
chronic wicers contamination
Promote autolytic Low to moderate exuding
debridement wound: Partial-thickness Provides moisture Expensive
Hydrogels Rehydrated wound  burns, dry chronic wounds, Easy removal Biocompatibility issues [7,92-95]
bed necrotic wounds, minor Cooling effect May cause maceration
Moisture control ulcerations, exposed bone
Absorb exudate : : .
Nanofi Promote autolytic Surgical wou.nds, bleeding Excellent exudate Not fqr use in dry or
anofibers wounds, high-exudate absorbtion necrotic wounds (can [67,96-99]

debridement
Moisture control

chronic ulcers, sinus tracts

cause bleeding)
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4.1. Films

Film dressings are highly versatile and effective for treating a variety of superficial
wounds, such as skin grafts, surgical wounds, and minor burns. Films are thin, transparent,
adhesive materials designed to maintain a moist wound environment, reduce the risk of
infection, and facilitate easy wound monitoring [79]. These dressings create an optimal
moist environment that promotes healing and serves as a protective barrier against bacterial
contamination.

A film dressing is a transparent, thin polymer layer that acts as a shield against external
contaminants and physical damage while ensuring a moist healing environment for the
wound. They can be customized to have properties such as adhesion, gas permeability, and
antimicrobial capabilities. However, one of the challenges of using film dressings is that
their removal can be difficult and may result in damage to newly formed tissue [100]. Addi-
tionally, since films do not absorb or remove exudate from the wound, fluid accumulation
can potentially harm newly differentiated keratinocytes. To address these concerns, it is
important to consider dressings that can be easily removed without causing tissue damage,
especially for chronic wounds [101].

4.2. Hydrocolloids

Introduced in 1982, hydrocolloid dressings are composed of a flexible wafer with an
inner layer of hydrophilic gel, made from a combination of gelatin, pectin, sodium car-
boxymethylcellulose, and polyisobutylene, backed by a film [102]. Hydrocolloid dressings
are most commonly associated with the treatment of chronic wounds such as leg ulcers
and pressure ulcers. They can also be used with good effect for the treatment of a variety
of acute wounds, where their ability to facilitate debridement, absorb excess fluid, and
provide a barrier to infection is equally valuable [103].

These occlusive coverings have been demonstrated to create a moist, low-oxygen
environment that encourages autolytic debridement. While allowing gas exchange and
being partially permeable to vapor, they may cause skin softening if applied to wounds
with heavy discharge. However, these dressings are commonly used in wound care for their
ability to form a gel-like protective layer upon contact with wound exudate, creating a moist
environment that promotes healing [104]. This moist environment is beneficial for wound
healing but can also be conducive to bacterial growth, which necessitates the incorporation
of antimicrobial agents to prevent infections. For instance, a study demonstrated that the
incorporation of CM11 antibacterial peptide into hydrocolloid dressings showed significant
antibacterial activity against multidrug-resistant (MDR) strains of Pseudomonas aeruginosa,
Staphylococcus aureus, and Escherichia coli [89].

Various specific types of hydrocolloid dressings have been developed, differing in
dimensions, form, fluid absorption capacity, and intended application [90,91].

4.3. Foams

Foam dressings are widely used in wound care due to their ability to absorb exudate
and maintain a moist environment conducive to healing. Their non-adhesive quality
potentially reduces damage to the wound and surrounding skin during removal. This may
prevent further tissue harm and allow undisturbed healing, possibly decreasing pain and
discomfort [5]. It is also believed that the moist environment fostered by foam dressings
promotes wound healing. For example, this study has demonstrated that antimicrobial
foams containing natural extracts like Centella asiatica can significantly improve wound
recovery rates [82].

Additionally, foam provides a flexible protective barrier against contamination while
allowing movement. Typically, foam dressings are secured with gauze and tape. Some
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are waterproof with adhesive borders, eliminating the need for additional covering. Most
foam dressings consist of highly absorbent polyurethane. For example, lignin-based
polyurethane foams with silver nanoparticles are biodegradable and exhibit excellent
antimicrobial properties without significant cytotoxicity [83].

Antimicrobial foam dressings incorporate agents like polyhexamethylene biguanide
(PHMB), silver nanoparticles, and natural extracts to inhibit microbial growth [84]. For
instance, PHMB-treated foams have shown significant efficacy in reducing methicillin-
resistant Staphylococcus aureus (MRSA) [105]. Similarly, silver nanoparticle-infused foams
exhibit over 95% bactericidal efficacy against Escherichia coli and Staphylococcus aureus [85].
Furthermore, this study underscores the synergistic potential of combining mangosteen
extract, which possesses antibacterial properties, with curcumin extract, known for its
anti-inflammatory and antioxidant activities. The integration of these natural extracts
contributes to enhanced antibacterial and anti-inflammatory efficacy [106].

Thus, specialized antimicrobial foams like those containing methylene blue and gen-
tian violet are effective in managing wounds in pediatric patients, providing antibacterial
coverage and promoting healthy wound edges [86].

4.4. Hydrogels

In 1960, Wichterle and Lim successfully prepared a hydrogel by polymerizing methyl-
2-hydroxyethyl methacrylate and made the first contact lens in history, thus starting
the application research on hydrogels. Hydrogels are polymer materials with a three-
dimensional network structure, formed by polymer chains linked through physical or
covalent bonds [94]. Due to their exceptional properties, hydrogels have gained signifi-
cant attention, particularly in biomedical fields. Their high concentration of hydrophilic
groups allows them to absorb water up to hundreds of times their own mass, resulting in
excellent hydrophilicity, water swelling, and retention properties. The high water content
of hydrogels enables them to cool wounds and alleviate the warmth associated with in-
flamed tissue [107]. Their biocompatibility and cell adhesion properties allow direct contact
with injuries, reducing body fluid loss and preventing secondary infections, thus aiding
wound healing. Hydrogels can be applied to various medical devices for drug release,
including catheters, central venous catheters, joint implants, and dental implants. They
can also be used in textile applications and wastewater treatment by grafting hydrogel
monomers onto fibers, coating fabrics, or creating intelligent textiles and dressings [108].
However, the widespread use of antibiotic-loaded traditional hydrogels may contribute
to the development of antibiotic resistance, diminishing their effectiveness. To address
this issue, researchers developed antibacterial hydrogels, which combine the benefits of
hydrogels with antibacterial properties. These advanced materials feature simple prepara-
tion processes and diverse structures, leading to the development of various innovative
antibacterial hydrogels [95,109]. As an illustrative example of an advanced antimicrobial
hydrogel dressing, a multifunctional formulation has been developed comprising Cypate-
conjugated antimicrobial peptides (AMP-Cypates), liposome-encapsulated perfluorode-
calin, and recombinant type III collagen. AMP-Cypates demonstrate potent antibacterial
activity, leveraging the combined effects of antimicrobial peptides (AMPs), photothermal
therapy (PTT), and photodynamic therapy (PDT). The inclusion of perfluorodecalin-loaded
liposomes serves as an oxygen delivery system, effectively alleviating hypoxic conditions at
the wound site and enhancing the therapeutic efficacy of PDT. Concurrently, recombinant
type III collagen facilitates tissue regeneration and accelerates wound healing. Collectively,
this hydrogel dressing exemplifies a versatile platform that integrates multiple antimicro-
bial strategies to efficiently eliminate bacterial infections and promote the healing of chronic
wounds [110].
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Additionally, Jiang et al. [111] incorporated clindamycin into glycerol-based hydrogels
and fabricated fiber-based dressings. The resulting hydrogel fabric dressing demonstrated
remarkable efficacy in promoting the healing of infected wounds, achieving complete
skin closure in rats within 14 days. Such rapid healing is not typically attainable with
conventional hydrogel dressings, thereby presenting a promising new approach for the
advancement of wound care therapies.

4.5. Nanofibres Dressings

Nanofiber dressings constitute a notable innovation in wound management, providing
a range of benefits including accelerated healing, effective infection control, and minimized
patient discomfort. Their structural similarity to the extracellular matrix (ECM) [96], cou-
pled with the incorporation of bioactive agents, renders them a highly versatile and effica-
cious solution for treating diverse wound types, such as diabetic ulcers, burns, and chronic
wounds [112]. Among natural polymers: chitosan [97], alginates [113], collagen [114],
gelatin [115], and silk [116] are the most frequently utilized in the fabrication of nanofibrous
scaffolds. In contrast, commonly employed synthetic polymers include polylactic acid
(PLA) [117], poly(lactic-co-glycolic acid) (PLGA) [118], polycaprolactone (PCL) [119], and
poly(caprolactone-lactide) copolymers.

Alginate is a naturally occurring, anionic biopolymer extracted from various brown
algae species, including Phaeophyceae, Ascophyllum nodosum, Laminaria hyperborea, Lam-
inaria japonica, Macrocystis pyrifera, and Laminaria digitata [120]. It is widely available,
biocompatible, and non-toxic. Wound dressings made from alginate help maintain a moist
environment and reduce the risk of bacterial infections, both of which are critical for effec-
tive wound healing. Alginate gels form in the presence of trivalent ions like Al and Fe. The
binding of these trivalent cations with alginate results in a more compact gel network com-
pared to the interaction with divalent cations [121]. Alginate dressings are created through
the ionic cross-linking of their solution with ions such as calcium, magnesium, barium,
lead, cadmium, cobalt, zinc, nickel, manganese, or strontium, to form a gel [122]. These
dressings are capable of absorbing wound exudate in their dry form, transforming into
gels that provide a physiologically moist environment for dry wounds, reducing bacterial
infection, and promoting faster re-epithelialization and granulation tissue formation [123].

Although nanofiber dressings represent a significant advancement in wound care
due to their high surface area, tunable porosity, and ability to mimic the extracellular
matrix (ECM), several limitations restrict their effectiveness, particularly against antibiotic-
resistant infections. Also, concerns regarding biocompatibility and cytotoxicity remain
significant barriers to clinical translation. Although they ensure enhanced cellular adhesion
and controlled drug release, conventional nanofibrous scaffolds have poor inherent an-
timicrobial activity unless functionalized with bioactive agents [124]. Moreover, sustained
release of antibiotics or antimicrobial drugs from nanofibers tends to create subtherapeutic
exposure for long durations, indirectly promoting the selection of resistant bacterial popu-
lations and the development of tolerance mechanisms [125]. Another critical challenge is
the susceptibility of nanofiber matrices to biofilm colonization. As the bacteria attach, the
dense network of nanofibrous scaffolds’ architecture can create a microenvironment that
protects biofilms from host immunity responses and antimicrobial therapy [126].

Furthermore, the manufacturing processes of fibers, such as electrospinning, typically
involve the employment of organic solvents such as hexafluoroisopropanol (HFIP) or
dimethylformamide (DMF), which may leave behind residual solvent traces in the final
product if not properly eliminated and have the ability to induce cytotoxic reactions
upon use [127]. Furthermore, the incorporation of antimicrobial agents, such as metal
nanoparticles (e.g., silver, zinc oxide) or synthetic antibiotics, within nanofibrous scaffolds
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can disrupt cellular homeostasis, trigger oxidative stress, and suppress fibroblast cell
proliferation and migration, which are all critical wound healing functions [128]. Surface
chemistry and degradation products of the fibers also influence cellular response. For
instance, certain synthetic polymers like polycaprolactone (PCL) and polylactic acid (PLA),
although well recognized as biocompatible, produce acidic degradation products that can
have a negative effect on the wound microenvironment, particularly in chronic wounds
with impaired buffering capacity [129]. Additionally, very dense nanofiber mats can hinder
oxygen and nutrient supply to the underlying tissue, resulting in additional hypoxia
and compromising healing [130]. Thus, although nanofiber dressings offer promising
features, their clinical efficacy against antibiotic-resistant infections, biocompatibility, and
cytotoxicity remain significant barriers to clinical translation.

5. Transition from Modern Dressings to Smart Dressings

Antimicrobial smart dressings are emerging as a crucial innovation in wound care, par-
ticularly in the fight against antibiotic resistance. These dressings incorporate antimicrobial
agents directly into the dressing material, providing localized treatment and reducing the
need for systemic antibiotics, which are often associated with the development of resistant
bacterial strains [22].

An ideal wound dressing must provide two crucial functions: preserving wound
moisture and safeguarding against bacterial infection [131]. One of the primary causes of
delayed wound healing is the formation of bacterial biofilms, which occur when bacterial
cells accumulate, embed, and proliferate at the wound site. Actual dressings with antibacte-
rial properties offer temporary protection against biofilm formation by passively releasing
antibacterial agents [132].

Concurrently, extensive research is underway to develop a new generation of wound
dressings capable of real-time wound condition monitoring and on-demand therapeutic
delivery [133]. The creation of a dressing that can detect bacterial film colonization would
be advantageous for healthcare professionals.

Recent studies have focused on developing intelligent wound dressings that respond
to physical (pH, light, and temperature) and biochemical (enzymes and bacterial toxins)
indicators of wound infections [134]. These advanced dressings can monitor and assess
wound conditions in real-time while releasing encapsulated antibacterial drugs in a con-
trolled manner [135].

5.1. Wound-Related Biomarkers

Early diagnosis of wound infections that aid in the assessment of the stage of wound
infection is gaining interest for development of a new biomarker. Smart dressings equipped
with integrated sensors represent a promising technology that could revolutionize wound
care by enabling continuous, real-time monitoring of the healing process [136]. By incor-
porating miniaturized biosensors directly into the dressing, valuable information can be
obtained regarding key parameters such as pH, temperature, humidity, oxygen saturation,
enzymes (e.g., lysozyme, x-amylase, protease), metabolites (uric acid, lactic acid, volatile
organic compounds, nitrogen peroxide and nitric oxide), and cytokines, without the need
to remove the dressing [137]. These sensors are designed to detect low concentrations of
bacterial cells and other infection markers, ensuring high sensitivity and specificity. For
example, sensors can detect bacteria concentrations as low as 10> CFU/mL and provide
stable readings over extended periods [36].
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5.1.1. Electrochemical Sensors

A promising area of development is the integration of electrochemical sensors to detect
and quantify bacterial load in the wound bed. These sensors can be designed to identify
specific bacterial species or to provide a general measure of microbial proliferation. By
continuously monitoring bacterial presence, smart dressings could enable early detection
of infection and facilitate more timely, targeted antibiotic interventions [138]. Advanced
electrochemical sensors can simultaneously measure multiple analytes such as pH, uric
acid, myeloperoxidase (MPO), and CRP, offering a comprehensive assessment of the wound
environment [139].

MPO activity in a real sample matrix, wound fluid, is considered one of the potential
sources of several wound biomarkers that are easy for specimen collection and provide
several informative biomarkers for wound monitoring. Some reports of electrochemical
biosensors for MPO have been reported in the literature [140]. A portable sensor has been
developed to detect MPO activity in wound exudate samples. This sensor uses glucose
oxidase to produce hydrogen peroxide, which is then catalyzed by a Prussian blue/MXene
composite. The data are wirelessly transferred to a smartphone, making it suitable for
resource-limited settings. Another group of researchers created an MPO-based in vitro test
strip sensor [52]. In this case, the results showed a good correlation between sensor current
and MPO concentration, which proved the ability of the novel in vitro test strip sensor to
reliably detect wound infection at an early stage.

Current developments include electrochemical sensors for pyocyanin detection that
offer promising solutions for identifying Pseudomonas aeruginosa infections. One such sensor
utilizes a multiwalled carbon nanotube nanocomposite, demonstrating high selectivity and
sensitivity across various sample matrices [53]. Additionally, a disposable electrochemical
sensor detects pyocyanin in wound fluid, delivering rapid results without the need for
sample preparation, making it an effective option for point-of-care diagnostics. These
advancements enhance the potential for efficient and timely detection of infections in
clinical settings [54].

5.1.2. Optical Sensors

Another innovative approach involves incorporating optical sensors into smart dress-
ings to assess tissue oxygenation and perfusion [141]. Techniques such as near-infrared
spectroscopy [142] or fluorescence-based methods [143] can be used to measure oxygen
levels in the wound, providing crucial insights into the healing environment. Adequate
tissue oxygenation is essential for proper wound healing, and real-time monitoring of this
parameter could help healthcare providers optimize treatment strategies and identify poten-
tial complications early. The development of portable optical biosensors has revolutionized
point-of-care diagnostics by enabling rapid and accurate detection of infections at the
patient’s bedside. These devices are designed to be user-friendly, cost-effective, and capable
of providing immediate results, which is essential for effective wound management [144].

Colorimetric sensors change color in response to specific biochemical markers. For
instance, a 3D-printed colorimetric indicator contains a pH-sensitive dye that detects carbon
dioxide production from wound pathogens by changing color from blue to yellow. The
sensor accurately reported the minimum inhibitory concentration of antibiotic against
Pseudomonas aeruginosa in a sealed 96-well plate. This sensor holds promise for monitoring
wound infection treatment efficacy [37].

Fluorimetric detection of wound status is typically conducted by measuring the
fluorescence intensity of a sample using fluorescence spectroscopy. This method is regarded
as one of the most important techniques due to its simplicity and good sensitivity. Mirani
et al. [56] developed a multifunctional alginate hydrogel-based dressing that incorporates
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an array of porous, color-changing pH sensors for detecting bacterial infections. Thanks
to advanced 3D printing technology and by using a broad pH-sensing range (which can
be achieved by simply adjusting printing parameters), the fiber-based sensor array can be
easily obtained. Moreover, the sensor’s response rate to pH can be tailored by altering the
fiber diameter during the printing process. The evaluations showed that this smart dressing
accurately detects pH changes in pig skin colonized with varying densities of P. aeruginosa,
effectively indicating bacterial infection and aiding in treatment decisions [56].

5.1.3. Pressure Sensors

Smart dressings can also integrate pressure sensors to monitor the pressure applied
to the wound and detect early signs of pressure ulcers. This is particularly beneficial for
bedridden or mobility-impaired patients [145]. These sensors provide quantitative data
on applied pressure, pressure gradients, and fluctuations, aiding clinicians in correlating
medical outcomes with specific treatment regimes. By alerting caregivers to areas of
sustained pressure, these dressings can facilitate timely interventions, such as repositioning
or the use of pressure-relieving devices, potentially preventing the development of severe
pressure injuries [146].

Prototypes of electronic layers with force-sensitive pressure sensors and integrated
temperature and humidity sensors have been designed to monitor wound site activities.
These layers can detect external pressure and provide real-time monitoring of temperature
and humidity, essential for managing pressure ulcers. Furthermore, the device is also
capable of sending an alert to the client station display whenever the temperature, humidity,
and pressure values go beyond their set threshold [57].

Data collected by these integrated sensors can be wirelessly transmitted to smartphone
applications or to healthcare providers” monitoring systems for continuous analysis. Ad-
vanced algorithms and machine learning techniques can be applied to interpret sensor data,
providing clinicians with valuable insights and personalized treatment recommendations.
This seamless integration of sensor technology with data analysis has the potential to
significantly improve wound care outcomes and reduce the medical costs associated with
chronic wound treatment [58].

As sensor technology continues to advance, future smart dressings may incorporate
even more sophisticated diagnostic capabilities. For example, the integration of DN A-based
sensors could enable rapid identification of genetic markers associated with antibiotic
resistance, guiding more precise antimicrobial therapy. These sensors use oligonucleotide
probes modified with redox labels (e.g., methylene blue) attached to electrodes. The binding
of target DNA changes the probe’s structure, affecting electron transfer and generating
a measurable signal [147]. Wang et al. [55] in their study, the E-DNA (ultrasensitive
electrochemical DNA) sensors based on isothermal strand-displacement polymerization
reaction (ISDPR) have been successfully used to detect specific antibiotic resistance genes,
such as the mecA gene in methicillin-resistant Staphylococcus aureus (MRSA). The proposed
DNA biosensor could offer excellent analytical performance for the detection of mecA gene
and provide a new electrochemical method for the early diagnosis of drug-resistant bacteria.

Additionally, the development of flexible and stretchable electronics may lead to smart
dressings that can adapt to the changing contours of the wound while maintaining precise
detection capabilities throughout the entire healing process.

5.2. Wound Dressing with Intelligent Drug Delivery

Effective wound healing, particularly for chronic wounds, relies on the timely and
controlled delivery of bioactive factors and drugs. Research has demonstrated their signifi-
cant impact on skin regeneration. Intelligent wound dressings, which integrate real-time
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wound monitoring with dynamic drug release, have emerged as a promising solution [148].
These systems are attracting substantial research interest and demonstrating significant
progress in actively treating wounds and accelerating healing [72,149].

Traditional dressings typically release antimicrobials through passive diffusion, which
can result in overuse and the development of resistance. In contrast, newer dressing designs,
such as this study [38] presents a straightforward method for synthesizing a high-strength,
non-releasing antimicrobial hydrogel dressing composed of poly(ionic liquid)/polyvinyl
alcohol (PVA), achieved through a combination of chemical polymerization and physical
cross-linking. The resulting hydrogel demonstrated broad-spectrum antimicrobial efficacy
against a range of microorganisms, including Escherichia coli, Staphylococcus aureus, Bacillus
subtilis, Candida albicans, Aspergillus niger, Aspergillus oryzae, and Rhizopus species. In a
murine wound model, the hydrogel dressing significantly accelerated cutaneous wound
healing. Histological analysis after 15 days revealed enhanced epidermal regeneration
compared to the control group, indicating its strong potential for promoting effective
skin repair.

Additionally, some dressings utilize a physical sequestration approach, binding bacte-
ria to the dressing and removing them during dressing changes. This method helps prevent
prolonged inflammation and reduces the potential for resistance [150,151].

Some smart dressings release antimicrobials only in the presence of pathogenic bac-
teria, reducing unnecessary antibiotic use and minimizing resistance development. For
example, dressings with UV-photocrosslinkable methacrylated gelatin (GelMA) release
antimicrobials in response to toxins from methicillin-resistant S. aureus and P. aeruginosa [39].
In another study, dressings doped with calcium phosphate nanoparticles (CaP NPs) can
release antimicrobial agents in response to the alkaline pH of infected wounds, ensur-
ing targeted treatment [40]. For severely infected wounds, Huang et al. [41] synthesized
self-healing hydrogels (QCS/OD/TOB/PPY@PDA) with electrical conductivity and antiox-
idant properties. These hydrogels utilize a pH-responsive release system, where tobramycin
(TOB) is released on-demand due to bacterial growth acidity, enabled by Schiff base cross-
links between TOB and oxidized dextran (OD). This smart release mechanism avoids
antibiotic overuse. The hydrogels, composed of quaternized chitosan (QCS), oxidized dex-
tran, TOB, and PPY@PDA NWs, demonstrated potent antibacterial activity against multiple
bacteria, including drug-resistant strains, lasting up to 11 days. In vivo studies showed
improved wound healing, reduced inflammation, and enhanced tissue regeneration in
infected burn wounds.

Smart hydrogels are engineered to release drugs in response to specific environmental
stimuli, including pH changes or enzyme presence. Yang et al. [42] created an innovative
wound dressing that allows for in situ bacterial detection and subsequent photodynamic an-
tibacterial therapy. This injectable hydrogel, based on carboxymethyl chitosan and oxidized
sodium alginate, utilizes MUG (4-methylumphulone beta-D-glucoside) and up-converted
nanoparticles coated with titanium dioxide UCNPs@TiO;. Bacterial detection is achieved
through the blue fluorescence emitted when MUG reacts with pathogen-associated en-
zymes. In vivo studies in rats demonstrated the dressing’s ability to effectively combat
bacterial infections and promote wound healing. Furthermore, a smartphone-linked de-
tection system was developed, enabling rapid pathogen identification with a sensitivity
of 10° CFU, suggesting the dressing’s suitability for clinical wound infection diagnosis
and treatment. Zhang et al. [152] developed a pH-responsive hydrogel dressing (BPPRH)
by grafting acrylic acid (AA) onto the molecular chains of a bacterial cellulose (BC) net-
work through copolymerization. These “smart” hydrogels were subsequently loaded with
curcumin (Cur) to endow them with antimicrobial functionality. The structural characteri-
zation revealed a three-dimensional porous architecture capable of modulating drug release
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in response to variations in pH typical of wound environments. Drug release kinetics under
different physiological conditions were consistent with logistic and Weibull models, indicat-
ing a controlled and stimulus-responsive mechanism. Antimicrobial testing demonstrated
that the BPPRH-Cur dressings exhibited substantial inhibitory activity against Escherichia
coli, Staphylococcus aureus, and Pseudomonas aeruginosa, primarily through mechanisms
involving membrane disruption and bacterial cell lysis.

Shi et al. [43] developed nanoparticle-based wound dressings that release antibiotics
and anti-inflammatory drugs in response to light or temperature. Using electrospinning,
they created an amphiphilic nanofiber membrane (PLGAV-CuS/PVAM) from polyvinyl
alcohol (PVA), poly(lactic-co-glycolic acid) (PLGA), and copper sulfide nanoparticles (CuS
NPs), incorporating mupirocin (M) and valsartan (V). This membrane enabled controllable
gradient drug release, demonstrating low toxicity and good biocompatibility. In vitro,
mupirocin was released slowly in a hydrophilic environment for antibacterial action. The
membrane’s photothermal effect regulated valsartan release, reducing inflammation and
enhancing antibacterial efficiency (96.3% against E. coli and 97.8% against S. aureus). These
patches, with their sustained-release, antibacterial, and anti-inflammatory properties, high-
light the potential of nanofibers in biomedicine.

In a recent study, Deng et al. [153] introduced a wireless, flexible smart wound dressing
capable of monitoring matrix metalloproteinase-9 (MMP-9), a key biomarker in chronic
wound environments. The system integrates a highly sensitive radio frequency sensor,
enabled by a bioresponsive hydrogel functionalized with bioactive peptide sequences.
Leveraging a flexible inductive-capacitive (LC) circuit design, the dressing facilitates real-
time, in situ wound assessment. In addition, the hydrogel enables the controlled release
of silver nanoparticles (AgNPs), which demonstrate potent antimicrobial activity against
common wound pathogens such as Escherichia coli and Staphylococcus aureus. The device
also achieved accurate MMP-9 detection in exudates from diabetic foot ulcer (DFU) patients,
with performance comparable to standard fluorescence-based assays.

Wound management is evolving from traditional hospital care to the use of mul-
tifunctional, closed-loop smart dressings. These dressings provide long-term real-time
monitoring, fast diagnosis, and personalized treatments, leading to improved wound man-
agement and positive outcomes for both patients and clinicians. Continuous data from
these sensors allow for personalized wound care strategies, optimizing treatment plans
based on the specific needs of the patient [154].

6. Types of Antimicrobial Agents Used in Smart Dressings

The risk of infection becomes critical after an injury resulting in a wound, as the wound
environment provides an ideal setting for bacterial growth. Preventing bacterial invasion is
essential for efficient wound healing. Conventional systemic treatments to combat infection
often require high concentrations of antibiotics, which can lead to cytotoxic side effects. Asa
result, one of the primary strategies for effective wound treatment is the controlled delivery
of antibiotics directly to the wound area through wound dressings. These dressings can
prevent wound infections without the systemic toxicity associated with oral or intravenous
antibiotics, thus reducing morbidity, mortality, and healthcare costs [155].

However, further research is required to optimize the implementation of nanoparticle-
based therapies and their clinical translation. We can advance our understanding of
multidrug resistance by addressing these research gaps. The development of evidence-
based strategies to improve patient outcomes for wound infections. Finally, the global
burden of antimicrobial resistance in healthcare settings can be mitigated [156] (Figure 3).
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Figure 3. Antimicrobial agents used in smart dressings. Created in https://BioRender.com.

6.1. Antibiotics

Wound dressings that include antibiotics should offer effective antibacterial perfor-
mance, maintain an appropriate moist environment, and be non-toxic to host tissues.
Common antibiotics used in wound healing include aminoglycosides (gentamicin, strep-
tomycin), beta-lactams (ampicillin, ceftazidime, cefazolin), glycopeptides (vancomycin),
quinolones (ciprofloxacin, levofloxacin), sulfonamides (sulfadiazine), and tetracyclines
(doxycycline, tetracycline hydrochloride) [157,158]. These antibiotics work in various ways,
such as inhibiting bacterial cell wall synthesis (beta-lactams and glycopeptides), interfering
with the synthesis of key metabolites (sulfonamides), blocking protein synthesis pathways
(aminoglycosides and tetracyclines), and inhibiting nucleic acid synthesis (quinolones).

The effectiveness of an antibacterial wound dressing that delivers antibiotics depends
on factors such as the drug release profile, the physicochemical properties of both the drug
and the polymeric material [159]. For optimal wound infection treatment, an initial burst
release (about 60% of the drug within the first 5 h) is required, followed by a controlled
release to maintain the drug’s therapeutic effect [148]. In the literature, commonly used
antibiotics for antibacterial wound dressings include gentamicin, ciprofloxacin, tetracycline,
and ampicillin. Hu et al. [44] developed sustained antimicrobial wound dressings by
covalently bonding ciprofloxacin HCI (CIP) and gentamicin sulfate (GS) to a carboxymethyl
chitosan (CMC) and collagen (COL) polymer matrix. The resulting dressings, CMC-COL-
CIP and CMC-COL-GS, achieved controlled release of antibiotics via amide bond formation.
In vitro and in vivo studies confirmed effective and prolonged antimicrobial activity.

As antibiotic resistance continues to rise, with infection-causing strains gradually
developing tolerance, there has been increasing interest in exploring a wide range of
bioresources. These alternatives primarily include herbs, but also extend to animal products
and nanoparticles containing mineral ingredients [160]. Numerous natural agents with
antimicrobial activity against polymicrobial wound infections have been documented in
the literature. These agents demonstrate bactericidal effects, particularly at the biofilm
level, targeting both the initial and advanced stages of wound infection [161].

6.2. Honey

The use of honey as an antimicrobial agent is well-established in modern wound care,
with medical-grade honey incorporated into various commercially available dressings [162].
These dressings provide antimicrobial and anti-inflammatory benefits by promoting au-
tolytic debridement, maintaining a moist wound environment, inhibiting bacterial growth,


https://BioRender.com

Pharmaceuticals 2025, 18, 825

17 of 30

promoting healing, and deodorizing the wound. However, research findings on their
overall effectiveness have been mixed [163].

Honey is both bactericidal and antifungal, effective against a wide range of bacterial
strains, including both Gram-positive and Gram-negative bacteria, as well as some yeasts.
It is particularly useful for controlling bacterial strains resistant to conventional antibiotics.
The antimicrobial action of honey is both mechanical and enzymatic. Similar to sugar
pastes, honey inhibits bacterial growth due to its high osmolarity, where the concentration
of sugars draws water from the wound environment [164]. This osmotic effect also helps
maintain a moist wound environment by stimulating fluid transfer from surrounding
tissues. Although this dilutes the honey, its antibacterial properties remain intact.

Honey is applied topically in various forms, such as ointments, for packing cavities,
or impregnated in hydrogel or alginate dressings [165]. When used as an ointment, honey
quickly dilutes due to the absorption of wound exudate and its increased fluidity at body
temperature, which may require more frequent dressing changes to ensure continued
effectiveness [166].

6.3. Essential Oils

Essential oils (EOs), which are extracted from plants through distillation and other
methods, are widely used in the food, medicine, and cosmetics industries due to their
antibacterial, antioxidant, anti-inflammatory, anti-allergic, antiviral, and regenerative
properties [167]. Several studies have shown that the antimicrobial action of EOs, when
incorporated into wound dressings, can be attributed to their various active constituents,
such as cinnamaldehyde, geraniol, thymol, menthol, and carvacrol [168]. The composition
and concentration of these compounds depend largely on the extraction method (e.g.,
hydrodistillation, microwave-assisted extraction, steam distillation, microwave-generated
hydrodistillation, microwave steam diffusion, and ultrasound-assisted extraction) and the
source of the sample [169].

EOs primarily contain terpene groups, which contribute to their antibacterial proper-
ties. The antibacterial mechanism of action is thought to involve an increase in membrane
permeability or cytoplasmic leakage due to interactions with phospholipids in the cell
wall [170]. Damage to the cytoplasmic membrane can result in cell death by disrupting es-
sential intracellular processes, such as DNA transcription, ribosome function, and electron
transport [171].

Another advantage of EOs is that they have little to no effect on the development of
antimicrobial resistance, in contrast to traditional antibiotics [172]. In vitro studies have
demonstrated the potential of EOs as novel treatments for multidrug-resistant microor-
ganisms. For example, essential oils from thyme, peppermint, lavender, cinnamon, tea
tree, rosemary, eucalyptus, and lemongrass have been found to possess antimicrobial
properties [45]. In addition to their role as antibiotics and antiseptics, EOs have been
incorporated into wound dressings to serve as effective antibacterial agents. However,
despite their beneficial role in treating wound infections, repeated applications and/or high
concentrations of essential oils may be necessary, which could potentially lead to adverse
effects on the patient.

Nanostructures play a crucial role in the treatment of bacterial infections due to their
high surface area and ability to encapsulate drugs. Nanoencapsulation of essential oils
is an innovative approach that enhances their effectiveness in wound treatment systems
by improving their antibacterial properties. This process increases the physical stability,
bioactivity, and antibacterial potential of essential oils, while also reducing their volatility
and toxicity [171]. Various methods can be employed to encapsulate essential oils, including
polymer-based nanoparticles, nanocapsules, nanoemulsions, solid lipid nanocapsules,
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nanostructured lipid carriers, and liposomes. These techniques allow for better control of
release behavior and enhanced antibacterial activity, making them promising solutions for
wound care.

6.4. lodine and lodine Complexes

Iodine, a natural halogen, is a widely used antiseptic with various topical applications.
It has a broad spectrum of activity, targeting bacteria, fungi, viruses, protozoa, and even pri-
ons through non-specific mechanisms [173]. Iodine has been employed to prevent and treat
infections since the fourth century BCE, although its use has been the subject of ongoing
debate [174]. This discussion gained prominence when Alexander Fleming recommended
iodine as an antiseptic to prevent gas gangrene in wounds during World War 1. While the
use of antiseptics like iodine declined with the rise of antibiotic-resistant bacterial strains,
modern iodine formulations continue to be explored for infection management, though
results remain mixed, and no definitive consensus has been reached [175]. One of the most
significant advancements in iodine formulations is the development of iodophors in the
1950s. These are created by complexing elemental iodine with a surfactant to improve
solubility and reduce cytotoxicity. Elemental iodine is cytotoxic to fibroblasts, keratinocytes,
and leukocytes, which impedes wound healing. Iodophors, such as povidone-iodine (PVP-
I) and cadexomer-iodine, address this issue by releasing lower concentrations of free iodine
into wound exudate, reducing the adverse effects on healthy tissue [102].

Povidone-iodine (PVP-I) is the most commonly used iodine formulation in clinical
settings, but its long-term use, particularly in complex wounds, is not recommended.
Research has shown that even clinical concentrations as low as 1% can be cytotoxic to
granulocytes and monocytes in vitro, and PVP-I dressings, which typically contain up to
7.5% iodine, can lead to systemic iodine toxicity [176].

On the other hand, cadexomer-iodine formulations have shown promising results
in controlling bacterial load in topical applications. Studies on human and porcine mod-
els have demonstrated that cadexomer-iodine accelerates epidermal migration and re-
epithelialization by upregulating cytokines such as vascular endothelial growth factor
(VEGEF). In one small study, cadexomer-iodine was also shown to improve healing rates in
chronic wounds [177]. Available in various forms such as ointments, powders, hydrogels,
gauze, knitted viscose, beads, and pastes, cadexomer-iodine is a versatile option for wound
care [178].

In summary, while iodine remains a key antiseptic in wound management, the for-
mulations and concentrations used must be carefully considered to balance effectiveness
and minimize cytotoxicity, with newer iodophor products like cadexomer-iodine showing
potential benefits in specific wound healing applications.

6.5. Chlorhexidine Gluconate (CHG)

Antibacterial agents such as chlorhexidine have been incorporated into a wide range of
commercially available dressings and washes [179]. Chlorhexidine gluconate (CHG), which
has been used in infection control since the 1950s, works by binding to the cell walls of
microorganisms. This binding disrupts the integrity of the cell membranes, causing leakage
of cellular contents and ultimately leading to cell death. CHG is highly effective against
a broad spectrum of microorganisms, including many bacteria, some fungi, and certain
viruses, making it a versatile agent for infection control [46]. While generally effective,
CHG can cause skin irritation or allergic reactions in some individuals, so it should be used
with caution, particularly in sensitive populations [180].

Kapanya et al. [47] developed hydrogels incorporating CHG using poly(sodium 2-
acrylamido-2-methylpropane sulfonate) and gelatin. Among the formulations, the hydrogel
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containing 0.02% w/v CHG was selected for further evaluation and compared against a
drug-free control. The antibacterial efficacy of the hydrogels was assessed using the shake-
flask method and scanning electron microscopy (SEM). Their results showed significant
antibacterial activity with a 7-log reduction for S. aureus and a 5-6-log reduction for E. coli.
Additionally, cytotoxicity was evaluated via an MTT assay, which demonstrated cell via-
bility exceeding 70% after 24 h, indicating a non-cytotoxic profile. Overall, CHG-loaded
hydrogels present a promising candidate for biomedical applications, particularly as an-
tibacterial wound dressings.

Some CHG-incorporated dressings are designed for sustained release, ensuring pro-
longed antimicrobial activity. For example, CHG-loaded alginate fibers and polyurethane
foam dressings maintain their efficacy over several days [48].

6.6. Silver

Silver has been regarded as an antimicrobial agent for thousands of years, before
people knew about the word “microorganisms”. Silver Nitrate and Silver Sulfadiazine are
traditional forms of silver that are widely used in clinical practice for their antimicrobial
properties [181]. Thanks to the development of nanoscience and technology, nowadays
silver is mainly applied in the form of nanoparticles [182]. Nanoparticles are increasingly
being used in smart dressings due to their unique properties and ability to interact at
the cellular level. They can be engineered to carry and deliver drugs, growth factors, or
other bioactive compounds directly to the wound site. Some nanoparticles also exhibit
antimicrobial properties, helping to prevent infections. Dressings with silver nanoparticles
provide broad-spectrum antimicrobial activity and are effective against multidrug-resistant
pathogens [49,183]. There have been many studies on the efficacy of silver ions and silver
nanoparticles (AgNPs) against diverse bacterial pathogens [184,185]. AgNPs has been
reported to have a better activity than Ag+, and their efficacy seems to be size-dependent,
suggesting that AgNPs with a diameter of 1-10 nm can have a direct interaction with the
bacteria [50].

Emerging trends in antimicrobial wound dressings are increasingly focused on ad-
vanced silver-based technologies, including nanocrystalline silver, for minimizing antibiotic
resistance transmission and reducing systemic antibiotic use [24]. Biogenic silver nanopar-
ticles, synthesized through biological methods, which offer reduced toxicity and effective
antimicrobial action, are particularly beneficial for diabetic wound care [51]. Moreover, in-
novative hybrid nanoparticle designs, such as enzyme-core structures with porous metallic
silver outer layers, are being explored to further enhance the efficacy of silver nanoparticles,
promising a new generation of more potent and biocompatible wound treatments [186].

7. Challenges and Prospects in the Development of Smart Dressings

Personalized wound care is rapidly becoming the gold standard in managing complex
wounds, recognizing that each patient presents a unique set of circumstances that influence
healing. A “one-size-fits-all” approach often falls short, as factors like wound type, location,
size, underlying health conditions (such as diabetes or vascular disease), age, and even
lifestyle choices can significantly impact the healing trajectory. Personalized care takes
these individual factors into account to create a tailored treatment plan that optimizes the
healing process and improves patient outcomes. This approach moves beyond simply
treating the wound and focuses on addressing the specific needs of the individual, leading
to more efficient healing [187].

Smart dressings are at the forefront of enabling truly personalized wound care. Their
inherent versatility allows them to be customized and adapted to meet the specific re-
quirements of each patient. For instance, a patient with diabetes, who often experiences
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impaired wound healing due to reduced blood flow and nerve damage, might benefit
from a smart dressing that incorporates sensors to monitor glucose levels in the wound
bed and deliver growth factors to stimulate tissue regeneration. Similarly, a patient with a
burn wound might require a dressing that can manage significant fluid loss and deliver
antimicrobial agents to prevent infection. Smart dressings can also be tailored to address
the specific needs of different wound types, such as pressure ulcers, venous leg ulcers,
or surgical incisions, by incorporating appropriate materials, drug delivery systems, and
sensing capabilities [188,189].

Beyond the specific needs of the wound itself, smart dressings can also be personalized
based on patient-specific factors. For example, elderly patients with fragile skin might
benefit from dressings made with gentle adhesives and materials that minimize trauma
during dressing changes. Patients with limited mobility might benefit from dressings that
require less frequent changes or can be monitored remotely, reducing the need for frequent
clinic visits. Furthermore, the data collected by smart dressings can be used to track the
healing progress over time and make adjustments to the treatment plan as needed. This
real-time feedback loop allows healthcare providers to personalize the care even further,
ensuring that the patient receives the most appropriate and effective treatment at every
stage of the healing process. In essence, smart dressings empower healthcare providers to
move away from reactive wound care to a proactive and personalized approach, leading to
better outcomes and improved quality of life for patients.

The field of antimicrobial smart dressings is a dynamic area of research, with ongoing
efforts focused on enhancing their efficacy, expanding their capabilities, and addressing
existing limitations. One prominent area of investigation involves the development of
novel antimicrobial agents that are less susceptible to resistance development. Researchers
are exploring new classes of peptides, polymers, and nanomaterials with potent antimi-
crobial activity, aiming to create dressings that can effectively combat even drug-resistant
pathogens. Furthermore, significant attention is being paid to the design of “smart” release
mechanisms that can deliver these antimicrobials in a controlled and targeted manner. This
includes stimuli-responsive dressings that release drugs based on changes in the wound en-
vironment, such as pH or temperature, as well as dressings that can be triggered externally,
for example, by light or ultrasound. These controlled release systems aim to maximize the
therapeutic effect while minimizing systemic toxicity and reducing the selective pressure
for resistance.

Another exciting avenue of research focuses on integrating advanced sensing tech-
nologies into smart dressings. Scientists are working on miniaturizing and improving
the sensitivity of biosensors that can detect a wide range of biomarkers in the wound
microenvironment, including inflammatory markers, bacterial toxins, and growth factors.
These sensors can provide real-time information about the wound’s condition, allowing
healthcare providers to make informed decisions about treatment strategies. Moreover,
efforts are underway to develop dressings that can not only sense but also actively respond
to these changes, such as the presence detection of specific bacteria and automatically
release the appropriate antimicrobial agent. This closed-loop feedback system represents a
significant step toward truly intelligent wound care.

Emerging technologies are also playing a crucial role in the advancement of antimicro-
bial smart dressings. Nanotechnology, for example, is being used to create nanomaterials
with enhanced antimicrobial properties and to develop nanoscale drug delivery systems
that can penetrate biofilms and target specific microbial cells. Microfluidics is another
promising technology that enables the precise manipulation of fluids at the microscale,
allowing for the creation of dressings with complex architectures and integrated microchan-
nels for drug delivery and sensing. Furthermore, additive manufacturing, or 3D printing, is
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emerging as a powerful tool for creating personalized smart dressings tailored to the unique
shape and characteristics of individual wounds [190,191]. These 3D-printed dressings can
be designed to incorporate multiple antimicrobial agents, sensors, and other therapeutic
components, offering a highly customized and effective approach to wound care. As
these and other emerging technologies continue to mature, we can expect to see a new
generation of antimicrobial smart dressings that are more effective, more intelligent, and
more personalized than ever before.

8. Conclusions

Looking ahead, the convergence of several key technological advancements promises
to further revolutionize the field of smart dressings. The increasing sophistication of
biosensors will allow for the detection of an even wider range of biomarkers, providing
a more comprehensive picture of the wound microenvironment. The integration of artifi-
cial intelligence and machine learning algorithms will enable smart dressings to analyze
these data and make autonomous decisions about drug delivery and other therapeutic
interventions. This will pave the way for truly “self-regulating” dressings that can adapt to
changing wound conditions without requiring frequent input from healthcare professionals.
Moreover, the development of new biocompatible materials with inherent antimicrobial
properties will reduce our reliance on traditional antibiotics, further mitigating the risk
of resistance development. As these technologies mature and become more accessible,
smart dressings will play an increasingly crucial role in combating antibiotic resistance,
improving wound care outcomes, and ultimately, enhancing the quality of life for patients
with acute and chronic wounds. This is directly linked to the continued development and
refinement of smart dressings, particularly in the face of the growing global challenge of
antibiotic resistance. The future of wound care is bright, and smart dressings are leading
the charge.

As we move toward an era of personalized medicine, smart dressings offer a powerful
platform for tailoring wound care strategies to the specific needs of each patient, optimizing
healing outcomes and minimizing the selective pressure that drives resistance. The ability
to monitor wound conditions in real time, deliver targeted therapies, and adapt treatment
plans based on individual responses represents a paradigm shift from traditional passive
wound care to a proactive and intelligent approach. By incorporating multiple antimicrobial
strategies, such as novel agents, controlled release mechanisms, and biofilm-disrupting en-
zymes, smart dressings can provide a robust defense against infection, even in the presence
of drug-resistant pathogens. Furthermore, the integration of advanced sensing technologies
and data analytics will enable healthcare providers to gain a deeper understanding of the
complex wound healing process, leading to more informed and effective interventions.

Future research efforts may focus on improving the delivery and efficacy of growth
factors, designing biomaterials that closely mimic the extracellular matrix, and further
elucidating the role of immune regulation in the wound healing process. The convergence
of advanced technologies, including nanotechnology and 3D bioprinting, offers unprece-
dented opportunities to create next-generation, patient-specific wound dressings capable
of both promoting tissue regeneration and mitigating the risk of resistant infections. By en-
abling controlled, stimuli-responsive antimicrobial release and fostering favorable wound
microenvironments, these innovations can play a pivotal role in slowing the emergence of
AMR in clinical settings. However, realizing this potential demands a coordinated, mul-
tidisciplinary effort, uniting materials science, microbiology, bioengineering, and clinical
expertise. Only through such integrated approaches can we drive transformative progress
in wound management, safeguard the efficacy of antimicrobial therapies, and ultimately
improve long-term patient outcomes on a global scale.
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Looking ahead, our research will prioritize the exploration of microneedle technol-
ogy and magnetic materials for advanced wound care applications. Microneedle systems
present a promising approach for the direct delivery of antimicrobial agents into the
wound bed, facilitating higher local drug concentrations and enhancing therapeutic ef-
ficacy against pathogenic microorganisms. In parallel, magnetic materials, particularly
magnetic nanoparticles (MNPs), offer innovative strategies to address antimicrobial resis-
tance through mechanisms such as localized thermal inactivation, improved targeted drug
delivery, and the disruption of biofilms. These materials can be incorporated into wound
dressings and combined with complementary therapies to accelerate healing processes
while simultaneously reducing the incidence of antibiotic-resistant infections. Together, all
these technologies represent a significant step toward the development of next-generation,
multifunctional wound management platforms.
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The following abbreviations are used in this manuscript:

BC Before Christ

BCE Before Christian Era

MRSA Methicillin-resistant Staphylococcus aureus
MDR Multidrug-resistant

PHMB Polyhexamethylene biguanide
AMPs Antimicrobial peptides

PTT Photothermal therapy

PDT Photodynamic therapy

ECM Extracellular matrix

PLA Polylactic acid

PLGA Poly(lactic-co-glycolic acid)

PCL Polycaprolactone

PVA Polyvinyl alcohol

MPO Myeloperoxidase

DNA Deoxyribonucleic acid

E-DNA Ultrasensitive electrochemical DNA
ISDPR Isothermal strand-displacement polymerization reaction
CaP NPs Calcium phosphate nanoparticles
TOB Tobramycin

OD Oxidized dextran

QCS Quaternized chitosan

GelMA Methacrylated gelatin
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MUG 4-Methylumphulone beta-D-glucoside

CFU Colony-forming unit

CuS NPs Copper sulfide nanoparticles

UCNPs@TiO,  Up-converted nanoparticles coated with titanium dioxide
CIpP Ciprofloxacin

GS Gentamicin sulfate

CMC Carboxymethyl chitosan

COL Collagen

EOs Essential oils

PVP-1 Povidone-iodine

VEGF Vascular endothelial growth factor

CHG Chlorhexidine gluconate

SEM Scanning electron microscopy

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
AgNPs Silver nanoparticles
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