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Abstract: Pseudomonas aeruginosa (P. aeruginosa) is a common nosocomial pathogen that can cause severe infections in critically 
ill patients. Due to its resistance to multiple drugs, it is challenging to treat, which can result in serious illness and death. Conventional 
treatments for infected wounds often involve the topical or systemic application of antibiotics, which can lead to systemic toxicity and 
the development of drug resistance. The combination of wound dressings that promote wound healing with nanoparticles (NPs) 
represents a revolutionary strategy for optimizing the safety and efficacy of antibiotics. This review assesses a systematic search to 
identify the latest approaches where the evaluation of wound dressings loaded with antibiotic NPs is conducted. The properties of NPs, 
the features of wound dressings, the antimicrobial activity and biocompatibility of the different strategies are analyzed. The results 
indicate that most research in this field is focused on dressings loaded with silver NPs (57.1%) or other inorganic materials (22.4%). 
Wound dressings loaded with polymeric NPs and carbon-based NPs represent 14.3% and 6.1% of the evaluated studies, respectively. 
Nevertheless, there are no clinical trials that have evaluated the efficacy of NPs-loaded wound dressings in patients. Further research is 
required to ensure the safety of these treatments and to translate the findings from the bench to the bedside. 
Keywords: hydrogel, skin infection, wound dressing, P. aeruginosa, nanoparticles

Introduction
Pseudomonas aeruginosa (P. aeruginosa) is a human opportunistic pathogen and one of the most common nosocomial 
pathogens associated with life-threatening acute and chronic infections in critically ill or immunocompromised patients. 
These include ventilator-associated pneumonia, structural lung disease such as cystic fibrosis, bloodstream and urinary 
tract infections. Furthermore, it is known to cause serious infections in cutaneous wounds, chronic ulcers and burn 
patients with trauma.1–4 It is a multi-drug resistant (MDR) Gram-negative bacillus that, along with Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii and Enterobacter species, is considered an 
“ESKAPE” pathogen. This classification serves to highlight the impact of this bacterium on hospital infections and its 
ability to evade the effect of antibacterial drugs.4,5 Importantly, the World Health Organization (WHO) has classified this 
pathogen as critical, priority 1, due to the urgent necessity for the development of new antibiotics and treatment 
strategies.5
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From an epidemiological perspective, it is estimated that P. aeruginosa has a prevalence of approximately 7.2% 
amongst all healthcare-associated infections, with notable morbidity and mortality associated with it.6 Individuals with 
frequent or prolonged exposure to aqueous environments, diabetics, and immunocompromised patients are at high risk 
for developing P. aeruginosa skin infections.7 Regarding skin infections, this bacterium is the most prevalent organism 
responsible for infection in burn-injured patients, associated with sepsis and mortality. MDR P. aeruginosa is becoming 
an increasingly common cause of death in these patients, with approximately 86% of sepsis deaths occurring in 
a pediatric burn intensive care unit.6 Together with Staphylococcus aureus, it represents one of the most common agents 
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isolated from chronic leg ulcers, colonizing approximately 52.2% of patients. It is typically found in the deepest region of 
the wound bed.8

Biofilms, which are complex clusters of bacteria attached to a surface and embedded in a self-produced matrix, lead 
to the development of an organized microbial ecosystem in which P. aeruginosa develops antibiotic tolerance. The 
formation of biofilms is initiated by the attachment of a cell to a surface, subsequent multiplication, maturation, and the 
production of an extracellular polymeric matrix. This matrix serves to resist environmental impacts including mechanical 
forces and antibiotics.9 Indeed, bacteria entrapped in biofilms can exhibit up to 1000-fold greater antibiotic tolerance than 
free-living bacteria.2,10 In chronic wounds, P. aeruginosa exists as a polysaccharide-coated biofilm. The bacterial-derived 
polysaccharides facilitate bacterial survival, protection from the immune response, desiccation and oxidizing agents 
increasing the antibiotic resistance.6

In addition to the development of antibiotic tolerance, P. aeruginosa is intrinsically resistant to a number of antimicrobials 
due to the action of different mechanisms.2,4,7 Briefly, the outer membrane permeability of this bacterium is reduced, which 
restrict the diffusion of antibiotics such as aminoglycosides and polymyxins through the cell envelope. Furthermore, these 
bacteria express multidrug efflux pumps which result in the exclusion of small hydrophilic antibiotics such as β-lactams and 
quinolones from the outer membrane through porins.2 Finally, it produces antibiotic modification enzymes, such as chromo-
somal AmpC cephalosporinases. In fact, the hyperproduction of the chromosomal AmpC β-lactamase represents the primary 
mechanism responsible for β-lactam resistance in this bacterium.11 Importantly, P. aeruginosa is capable of developing 
antibiotic resistance through chromosomal mutations, particularly those encoding metallo-β-lactamases or extended-spectrum 
β-lactamases, often co-transferred with genes encoding resistance to aminoglycosides and/or fluoroquinolones3 and through 
horizontal gene acquisition.2 Consequently, treatments for P. aeruginosa infection are extremely difficult due to its intrinsic 
resistance mechanisms, biofilm’s tolerance development to antibiotics, and rapid mutations.

The conventional treatments for infected skin wounds are based on application of topical or systemic antibacterial 
compounds including antiseptics and antibiotics with the objective of overcoming the risk of bacterial resistance and reducing 
the systemic exposure to drugs.12,13 In this context, wound dressings play an important role. Conventionally, they are used 
only to prevent external contamination of the wound. However, advances in this field have led to the development of advanced 
wound dressings that not only prevent bacterial infection but also combat it and promote wound healing. Thus, wound 
dressings can be functionalized with many classes of antibiotics or antibacterial compounds.14 Such dressings allow the 
treatment of infected wounds that require high concentrations of antibiotics. However, the use of antibiotic-embedded wound 
dressings can result in the generation of systemic toxicity. Together with the emergence of bacterial resistance, this systemic 
toxicity determines the need for NPs- based advances.

NPs have demonstrated potent bactericidal effects on their own, when loaded with antibiotic or when used in combination. 
Thus, they can inhibit the growth of bacterial biofilms through physical damage, oxidative stress, thermal damage, and other 
specific mechanisms thereby enhancing the efficacy of antibacterial drugs and the overcoming of bacterial resistance caused 
by biofilms.12,13,15 Due to their unique characteristics, including their small size, surface charge, and large specific surface 
area, NPs can gather in infection sites.16 Moreover, depending on the design strategy employed, NPs can be engineered to 
release the drug in a controlled manner. This targeted approach enables the delivery of higher concentrations of therapeutic 
agents to cells and tissues, thus allowing for the use of lower doses. Moreover, by increasing the concentration of therapeutic 
agents in the target location, their effectiveness is enhanced making them more tolerable in biological systems.17 Importantly, 
NPs should be biodegradable, non-toxic and non-immunogenic. These properties make them attractive to be included in 
wound dressings for the management of skin infections. This systematic review focuses on the latest advances in the wound 
dressings’ development containing antibiotic NPs for the treatment of infected skin wounds caused by P. aeruginosa.

Characteristics of an Ideal Wound Dressing
It is evident that a considerable amount of blood is lost following an injury. Stopping this loss is often the first step in 
wound repair. Therefore, the dressing employed must possess a robust hemostatic capacity. This becomes a relevant 
factor in assessing the biocompatibility of dressings that come into direct contact with red blood cells.18 In accordance 
with the American Society for Testing and Materials (ASTM F 756–00, 2000), the internationally safe hemolysis rate 
should be less than 5%.19,20 In addition to being hemocompatible, the dressings must also be cytocompatible. In order for 
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a substance to be considered non-toxic in accordance with the ISO 2009 international standard for the biological 
evaluation of medical devices, the viability of the tested cell types must exceed 70%.21

During the initial stages of wound healing, wounds produce a considerable amount of exudate, particularly those 
resulting from burns. This excessive exudate presents a challenge as it impairs gas exchange, increasing the risk of 
wound infection.22 Such infections can impede the repair and regeneration stages involved in the healing process, and 
even affect the restoration of anatomical and physiological integrity, leading to chronic wounds.23 To eliminate this issue, 
dressings with a high absorption capacity, which can be assessed by the swelling ratio of the gel, are required to protect 
the wound from microbial contamination.24,25

At this level, it is important to consider a highly porous internal structure, with porosity ranging from approximately 60 to 
90%.26 This structure not only absorbs excess fluid but also allows for gas diffusion, thus enabling the wound to obtain nutrients 
and oxygen, creating an appropriate environment for cell growth.24,27 The interconnected porous structure facilitates dermal 
fibroblast growth and migration, thereby promoting wound healing.19 It also allows the loading of antibacterial drugs.28

However, although it may seem contradictory, it is essential to maintain a moist wound environment. The high-water 
content of the human body facilitates epidermal cell migration, angiogenesis, proliferation, collagen deposition, and re- 
epithelialization in an optimal aqueous environment.24,27,29 In fact, Zhiyong et al27 have investigated the potential of 
asymmetric materials, wherein one side would exhibit hydrophilic properties to absorb exudates, while the other would 
display hydrophobic characteristic to protect against airborne microorganisms, thereby reducing the risk of infection. In 
addition, it prevents evaporative water loss from inside the wound, maintaining the moist environment that would 
enhance wound healing. Therefore, wound dressings should regulate moisture loss and absorption to create an optimal 
moist environment that facilitates drug release.28,30

The Water Vapor Transmission Rate (WVTR) determines the capacity of wound dressings to regulate water loss during the 
healing process. Dressings with a WVTR value of 1800 −2200 g · m −2 · 24 h −1 are ideal for maintaining optimal moisture 
content. A higher value may result in scarring of the surface due to excessive dehydration, while lower values may lead to the 
formation of exudates on the wound surface, increasing the risk of bacterial contamination.31

The healing process can be affected by various factors, including high oxidative stress at the wound site caused by 
immune cells during inflammation. The release of high levels of reactive oxygen species (ROS) can trigger cell 
apoptosis, which can disrupt the healing process. As a result, there is a search for bandages with antioxidant properties 
to protect cells from damage.23,32

Regarding the mechanical properties of the wound dressing, rheology represents the most crucial technique for defining the 
characteristics of gels, which are essential for the creation of a robust scaffold.33 Biomaterials with good strength and 
mechanical stability are preferred to reduce susceptibility to damage during application.22,34 Additionally, materials with the 
ability to revert to their original shape (memory materials) have been studied. They can be compressed into a small volume, 
allowing for easy transportation and application to the wound using a syringe, without any deformation.22,35 Accordingly, 
a reduction in viscosity at high shear rates and during storage is preferable for this type of material.36 Several factors can affect 
the rheological properties, including the distribution of fibers within the material.33,37

Another important aspect is to maintain a pH within the range of the skin (6.0–7.0). Basic or acidic pHs could irritate 
the skin and affect the penetration of biomaterial components as well as their ability to adhere to the skin.38

Wound dressings should be biodegradable to avoid painful removal procedures for patients. If the compound used can be 
absorbed by the body, it would be expected to improve the patient’s quality of life.22 In this context, transparent dressings are 
preferred in order to allow for proper wound monitoring by clinicians. To prevent the disruption of granulation tissue and 
causing trauma to the wound,23 it is recommended that the dressing be left in place until the wound has healed sufficiently. 
Traditional dressings can damage the granulation tissue and cause bleeding when changed, which can delay wound healing.28 

Therefore, it is important to find a dressing that is both cosmetically acceptable and cost-effective.24

Hydrogels used as wound dressings provide physical support and influence the survival of normal cells through 
interactions with cell membrane receptors. Consequently, the histological assessment will encompass the reduction of 
inflammatory cells, collagen deposition, and the appearance of new blood capillaries which facilitate the delivery of 
growth factors and nutrients to the damaged tissue.39
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Finally, dressings are designed to have antimicrobial properties by incorporating compounds that can kill micro-
organisms, both individually and in biofilm formation. These compounds must not be eliminated by wound secretions 
such as blood, albumin, or pus.24,30,40 This review will discuss the different alternatives.

Therefore, it is essential to develop a wound dressing with optimal hemostatic capacity, absorption, and adhesion, 
while maintaining wound moisture, high porosity, and superior physical properties (strength, stability, biodegradability, 
and transparency). The dressing should also be biocompatible, possess an appropriate pH, and exhibit antimicrobial 
properties to facilitate wound repair, enhance wound appearance, and reduce healing time (Figure 1). 25,35,41

Materials and Methods
Search Strategy
This systematic review was conducted and reported according to the Preferred Reporting Items for Systematic Reviews 
and Meta-analyses (PRISMA) reporting guideline.42 On December 27, 2023, a systematic bibliographic search was 
performed using MeSH and free-text terms at two distinct electronic databases: “Pubmed” and “Scopus”. For this, 
a combination of terms was used in the search algorithm: the term “ANTIBIOTIC NANOPARTICLES” was combined 
using the boolean operator “and” with “PSEUDOMONAS AERUGINOSA” [Mesh] and with the following terms: 
“WOUND DRESSING”, “ARTIFICIAL SKIN”, “SKIN SUBSTITUTE” or “HYDROGEL”. A total of 327 results were 
obtained.

Figure 1 Characteristics of an ideal wound dressing. Mechanical stability, moisture balance, high porosity, gas permeability, hemostatic and antimicrobial capacity, 
cytocompatibility, biodegradability and cost-effectiveness are represented. Created with Biorender.com.
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Eligibility Criteria
The inclusion criteria were: (1) wound dressing/artificial skin/skin substitute/hydrogel for skin infections, (2) loaded with 
antibiotic NPs, (3) with antimicrobial activity against P. aeruginosa, (4) where cytotoxicity of NPs was evaluated, 
(5) original article, (6) written in English language, (7) publications dated from January 2019 to December 2023. 
Exclusion criteria were: (1) non-research papers (books, reviews, letters to editor, protocols, clinical trials and unpub-
lished literature), (2) non-skin infections and (3) articles where the antimicrobial capacity against P. aeruginosa was not 
evaluated. Finally, a total of 49 original research studies about wound dressing containing antibiotic NPs with 
antimicrobial activity against P. aeruginosa were included (Figure 2).

Study Selection
After date restriction and removal of duplicates, unpublished literature, clinical trials, protocols, letters to editor, books 
and reviews, search results were screened by two independent authors (MI.Q.V and A.U.R) based on title and abstract. 
References not meeting the inclusion criteria were excluded. After that, candidate articles were full text read autono-
mously by the same two authors ensuring that they fulfilled the rest of inclusion criteria. Any discrepancies about 
inclusion or exclusion of articles were discussed and resolved by a third independent reviewer (A.F.G).

Figure 2 Procedure to select studies for inclusion in the systematic review following PRISMA guidelines. From 327 records identified, 158 full-text articles were assessed for 
eligibility criteria after date restriction and removal of duplicates, unpublished literature, clinical trials, protocols, letters to editor, books and reviews. Finally, 49 results met 
the inclusion criteria and were included in the qualitative analysis. Created with Biorender.com.
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Results
Organic NPs Loaded Wound Dressings
Carbon Based NPs Loaded Wound Dressings
This systematic review identified two different approaches of wound dressings loaded with carbon-based NPs: graphene 
quantum dots (GQD) and carbon dots (C-dots). Table 1 presents the composition of the wound dressing, the antimicrobial 
agent, the properties of NPs, the properties of the wound dressing, the antimicrobial efficacy and the biocompatibility of 
each approach. Specifically, three studies have been found in this search.

GQD-based wound dressings have demonstrated several properties of an ideal wound dressing including good wound fluid 
absorption, water retention and hemostatic capacity, a porous network structure and self-healing ability, among others.43,44 

Furthermore, Cheng et al demonstrated that the dressing exhibited a photothermal effect following xenon light (XL) irradiation, 
resulting in a pronounced antibacterial efficacy.44 In addition to being biocompatible to human fibroblasts (HFs), these GQDs- 
based dressings have been demonstrated to promote angiogenesis and accelerate wound healing in infected diabetic mice.43,44 

Carbon-based NPs-loaded into wound dressings are also capable of suppressing bacterial proliferation by removing Fe3+ ions 
from the environment. This exemplified by C-dot-loaded dressings, which are also biocompatible and capable of being 3D 
bioprinted as wound patches.45

With regard to antimicrobial activity, Zmejkoski et al43 observed the absence of bacterial growth on plates, although no 
quantified data were provided. Cheng et al44 reported almost zero growth on plates and observed pores in the bacterial membrane 
under microscopy. Chekini et al45 evaluated the reduction of bacterial colonies grown on plates and obtained a value of 
approximately 66%.

Polymeric NPs Loaded Wound Dressings
Polymeric NPs loaded in wound dressings are composed of poly(lactic-co-glycolic) acid (PLGA), alginate, chitosan, 
polydopamine (PDA) and bacterial cellulose (BC). Table 2 provides a summary of the eight approaches of polymeric NPs 
that have been developed to date to deliver antimicrobial agents to the wound site through wound dressings.

Ciprofloxacin (CIP), cefepime and polymyxin B were the delivered antimicrobial agents by polymeric NPs. Particularly, CIP 
was encapsulated by PDA50 and PLGA NPs.52 Sodium alginate NPs were used for the encapsulation of polymyxin B51 while 
chitosan NPs were employed for the encapsulation of cefepime.47 Three studies evaluated wound dressings containing empty NPs 
made of PDA46 and a combination of BC and chitosan.48,49 All these studies showed antibacterial efficacy against P. aeruginosa.

Regarding the cytotoxic impact of these wound dressings, those loaded with PDA NPs exhibited biocompatibility with 
a range of cell lines in vitro, including human lung embryonic cells (MRC-5),46 mouse embryonic osteoblasts (MC3T3-E1)46 and 
HFs.50 They also demonstrated complete wound healing in vivo.46 Chitosan NP-loaded dressings were found to be biocompa-
tible with HT108047 and human gingival cells (HGCs).48,49 As PDA NPs, they showed 100% of wound closure in vivo.47 Wound 
dressings incorporating alginate NPs exhibited biocompatibility in vivo promoting wound healing. However, they reduced L929 
cell viability in vitro after 24 hours of exposure.51 PLGA NPs-loaded dressing showed no cytotoxicity to human mesenchymal 
stem cells (hMSCs) and HaCaTs in vitro but in vivo biocompatibility was not evaluated.52

All these dressings presented essential properties, including adequate mechanical strength, thermal stability, water 
retention and absorption and flexibility. Zhe et al also reported the extrudability and self-healing capacity of their wound 
dressing, which incorporated chitosan NPs.46 Similarly, Zmejkoski et al reported the use of chitosan NPs in a similar dressing 
type. In this case, the dressing exhibited antioxidant properties, although the porosity was relatively low (up to 2.4%).48,49

As with other NPs groups, a variety of assay methods have been used to evaluate antimicrobial activity. Three papers assessed 
the agar disk diffusion assay,47,51,52 with inhibition zones ranging from 19 mm51 to 40 mm.52 One paper examined optical density 
measurements through turbidity tests,50 while another used the bacteria killing assay.46 Only one paper evaluated the minimum 
inhibitory concentration (MIC), defined as the lowest concentration at which a material exhibits antimicrobial activity through 
serial dilution.51 Only two articles reported on the ability of experimental dressings to damage bacterial biofilms.48,49

Inorganic NPs Loaded Wound Dressings
Metal NPs are a typical example of this class. They are composed exclusively of metal precursors and can be monometallic, 
bimetallic or polymetallic. All articles on the use of inorganic NPs found during the search are listed in Table 3.
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Table 1 Carbon Based NPs-Loaded Wound Dressings Against P. aeruginosa Skin Infection

Wound dressing Antimicrobial 
agent

NPs 
properties

Most Significative Wound Dressing 
Properties

Antimicrobial 
efficacy

Biocompatibility Ref.

BC impregnated GQDs. GQDs. Diameter:  

10 ± 2 nm. 
Height: 1.8 nm.

Anomalous or non-fickian diffusion release. 

Good wound fluid absorption and water 
retention.

Inhibitory and 

bactericidal 
effects. 

No values 

determined.

Did not affect HFs viability and migration. 

Promoted angiogenesis.

[43]

Quaternized chitosan, ε-PL 

grafted GQDs and benzaldehyde 
terminated 4 arm PEG hydrogel.

GQDs-ε-PL. Size: 53 nm. 

Photothermal 
effect after XL 

irradiation.

In situ and spray gelation. 

Porous network structure. 
Almost transparent. 

Good photothermal performance and 

ability to repeatedly stimulate the 
photothermal conversion. 

pH-dependent degradation. 

Self-healing ability and good hemostatic 
capacity.

2% of bacterial 

viability after XL 
treatment.

Promoted NIH3T3 migration and proliferation, 

enhanced platelet endothelial cell adhesion and 
accelerated infected diabetic wound healing.

[44]

Nanocolloidal hydrogel based on 
CNCs decorated with C-dots.

C-dots. Diameter:  
1.6 ± 0.9 nm.

Fibrillar structure: 31 ± 11 nm fibril 
diameter. 

High degree of Fe3+ ion sequestration from 

the liquid environment. Capability of being 
3D bioprinted as wound patches.

Reduction of the 
number of 

bacteria CFU: 

66%.

Non cytotoxic to HF. [45]

Abbreviations: BC: bacterial cellulose; C60: carbon 60; C-dots: carbon dots; CFU: colony-forming units; CNCs: cellulose nanocrystals; GQDs: graphene quantum dots; HFs: human fibroblasts; NIH3T3: fibroblasts from a mouse NIH/ 
Swiss embryo; NPs: Nanoparticles; PEG: poly(ethylene glycol); PL: poly-L-lysine; Ref: reference; XL: xenon light.
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Table 2 Polymeric NPs-Loaded Wound Dressings Against P. aeruginosa Skin Infection

Wound dressing Antimicrobial 
agent

NPs properties Most Significative Wound 
Dressing Properties

Antimicrobial efficacy Biocompatibility Ref.

Gelatin-based hydrogel containing SC- 

PDA NPs.

SC-PDA NPs. ND. Extrudable and self-healing 

capacity. 

Strength and thermal stability. 
Strong wet adhesion. 

Photothermal agent.

Almost 100% antibacterial 

activity after 6h of exposure.

Non cytotoxic to MRC-5 

cells and MC3T3-E1. 

Non-immunogenic. 
Good hemocompatibility. 

Complete and accelerated 

healing in vivo.

[46]

Hydrogel membrane based on HA, 

pullulan and polyvinyl alcohol and loaded 
with chitosan based cefepime NPs.

Cefepime. Size: 172 nm. 

Zeta potential: +27.8mV. 
Release: 88% in a sustained 

manner for 24h.

Smooth surface. 

Uniform thickness, flexibility 
and mechanical 

strength. 

Thermal stability. 
Optimal WVTR. 

Oxygen permeability.

Inhibition zone: 19 mm. No cytotoxic to 

HT1080 cells. 
100% wound closure at day 

14 in vivo.

[47]

nChiD encapsulated in a BC polymer 

matrix.

nChiD Size: 48–52 nm. 

Release: continuous in small 
amount (5–20%) during 72h.

Fibrous structure. 

Up to 2.4% porosity. 
Good water absorption. 

performance. 

Water retention for 5–7 
hours. 

Moderate antioxidant ability.

Reduction of viable 

pathogenic bacteria in 
biofilm: 88%. 

Biofilm height reduction: up 

to 40%.

Non cytotoxic to HGCs. 

Positive effect on cell 
migration.

[48,49]

Gellan gum/PDA based hydrogels loaded 

with CIP.

CIP. ND. High water absorption. 

High hydrolytic resistance 

under physiological 
conditions. 

PDA dose dependent 

photothermal effect. 
CIP is released gradually.

Complete sterilization after 

photothermal treatment.

Non cytotoxic to HFs. [50]

(Continued)
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Table 2 (Continued). 

Wound dressing Antimicrobial 
agent

NPs properties Most Significative Wound 
Dressing Properties

Antimicrobial efficacy Biocompatibility Ref.

Double layer biomembrane: chitosan, 

hydroxypropyl methylcellulose and 
lidocaine chloride in the first layer, and of 

sodium alginate-polymyxin B sulphate 

NPs as the second layer.

Polymyxin B. ND. Excellent thickness and 

adequate mechanical 
properties. 

Compatible pH for lesion 

application.

MIC: 144.5 µg/mL. 

Halo size growth inhibition 
(not quantified).

Reduced cell viability 

percentage of L929 cells 
after 24 h of incubation. 

Correct healing process 

in vivo. Satisfactory WRI at 
days 14 and 21.

[51]

CIP-loaded PLGA NPs incorporated 
electrospun fibers.

CIP. Size: 108–226 nm. 
Zeta potential: −30.5 to 

−30.8 mV. 

EE: 60.7–74.1%. 
Release: Fick’s diffusion 

followed by polymer-driven 

release (~60% in 24h).

ND. Inhibition zone: 40 mm. 
NPs were able to hamper 

bacterial adhesion and 

invasiveness on HaCaTs.

No cytotoxic effects on 
hMSCs and HaCaTs.

[52]

Abbreviations: BC, bacterial cellulose; CIP, ciprofloxacin; EE, entrapment efficacy; HA, hyaluronic acid; HaCaTs, human immortalized keratinocyte cell line; HFs, human fibroblasts; HGCs, human gingival cells; hMSCs, human 
mesenchymal stem cells; HT1080 cells, epithelial cells derived from connective tissue from a patient with Fibrosarcoma; L929 cells, mouse fibroblast cell line; MC3T3-E1, mouse embryonic osteoblasts; MCRC-5 cells, human lung 
embryonic cells; MIC, minimum inhibitory concentration; nChiD, nanochitosan dots; ND, not determined; NPs, nanoparticles; PDA, polydopamine; PLGA, poly(lactic-co-glycolic) acid; Ref, reference; SC, self-assembly confined; SF, silk 
fibroin; WRI, wound refraction index; WVTR, water vapor transmission rate.
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Table 3 Inorganic NPs-Loaded Wound Dressings Against P. aeruginosa Skin Infection

Wound Dressing Antimicrobial 
Agent

NPs Properties Most Significative Wound 
Dressing Properties

Antimicrobial Efficacy Biocompatibility Ref.

Chitosan/poloxamer 407 hydrogel 

loaded with AgNPs.

AgNPs. Size: 76.12 nm. 

Zeta potential: 
−29 mV.

Homogeneous distribution of 

AgNPs. 
Water retention (85%). 

Porous structure. 

Rapid gelation under physiological 
conditions.

MIC: 8 µg/mL. 

MBC: 32 µg/mL.

Not cytotoxic to THP-1 

macrophages.

[53]

3D-printed collagen-HA hydrogel 
loaded with AgNCs.

AgNCs. Size: 3–7 nm. 
Zeta potential: 

−29 mV.

High porosity (~60%). 
Moisture retention ability. 

Good mechanical properties. 

Good shear-thinning performance. 
Extrudable and suitable for 

bioprinting.

Inhibition zone: 15 mm. Not cytotoxic to NIH3T3 cells. 
Promoted cell migration after 24 h. 

Accelerated wound healing, 

promoted collagen regeneration and 
deposition and reduced inflammation 

in vivo.

[54]

BC-HA hydrogel loaded with AgNPs. AgNPs. Size: 57.88 nm. Dense network with few empty 

spaces and presence of pores.

MIC: 1.5 µg/mL. 

Time-kill assay: 99.99% of 

bactericidal efficacy after 3h 
exposure to the hydrogel.

Good hemocompatibility. [55]

3D-printed AgNPs and TiO2- 
embedded chitosan or sodium alginate 

hydrogels.

AgNPs. ND. Homogeneous distribution of 
AgNPs. 

Water content (>87%). 

High mechanical strength but low 
elasticity in alginate hydrogels.

Inhibition zone: 6 mm. 
TiO2 did not show synergic 

effects.

Not cytotoxic to HFs. 
Chitosan showed higher 

biocompatibility. 

TiO2 did not affect viability.

[56]

Sodium alginate/chitosan composite 
sponge containing Cur-loaded Se- 

synthesized AgNPs.

Cur-Se-AgNPs. Size: 5–20 nm. 
Well-dispersed in 

solution.

Moisture retention ability. 
Ser increased hydrophilicity and 

swelling. 

High porosity (67.32%). 
Good mechanical properties.

Bacterial kill ratio: 81.33%. 
Bacterial cell viability: 20%.

Not cytotoxic to HUVECs and 
HaCaTs after 24 h. 

Good hemocompatibility. 

Promoted epithelial regeneration and 
collagen deposition in vivo. 

Stimulated angiogenesis while 

reducing inflammation in vivo.

[19]

(Continued)
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Table 3 (Continued). 

Wound Dressing Antimicrobial 
Agent

NPs Properties Most Significative Wound 
Dressing Properties

Antimicrobial Efficacy Biocompatibility Ref.

Chitosan and carrageenan hydrogel 

loaded with AgNPs and/or CuNPs.

AgNPs and/or 

CuNPs.

ND. Lower porosity after incorporating 

NPs (ND). 

NPs provide higher thermal stability. 
Antioxidant capacity. 

Swelling (< 400%).

Inhibition zone of 10 mm 

(AgNPs), 16 mm (CuNPs) 

and 15 mm (Ag-CuNPs).

Only CuNPs-loaded hydrogel 

showed Vero cell viability above 70%.

[57]

Chitosan hydrogel with C3N4, PDA 

and AgNPs.

AgNPs. 

+ 
C3N4 

(visible light 

irradiation).

ND. Tensile strength, elongation at break 

and good swelling rate. 
Rapid release of Ag+ in the first 5 

days (~6%) and a slow-release trend 

(~8%) for 15 days.

High antibacterial rate after 

24 h. 
Photocatalytic antibacterial 

activity: >80%. 

After treatment, the bacteria 
membrane is broken.

Non cytotoxic to L929 cells. 

Cells retained their original spindle- 
shaped morphology. 

Good hemocompatibility. 

Did not cause pathological in vivo 
alterations. 

Promoted in vivo wound healing by 

facilitating collagen deposition and 
accelerating epidermal regeneration.

[34]

Sponge composed of sodium alginate- 
chitosan embedded with AgNPs 

synthesized with Se and loaded with 

Cur.

AgNPs. 
+ 

Cur.

Size: 5–20 nm. Excellent hygroscopicity, moisture 
retention ability, 67.3% porosity and 

mechanical properties. 

Stable for 2 days.

Bacterial kill ratio: 81.33%. Non cytotoxic to HaCaTs and 
HUVECs. 

Good hemocompatibility. 

Promoted in vivo epithelial 
regeneration and collagen deposition 

with orderly distribution in infected 

wounds. 
Promoted in vivo angiogenesis and 

reduced inflammation.

[19]

Polyethylene mesh loaded with AgNPs 

(ActicoatTM) + different coating 

formulations (chlorhexidine).

AgNPs. 

+ chlorhexidine.

ND. Uniform distribution of NPs. Bacterial growth was seen on 

Acticoat alone but not on 

coated dressings.

Acticoat™ may be cytotoxic after 24  

h and this increased when used with 

coating formulations on hKT. 
Cornified epidermal layer was absent 

from all samples overlaid with 

Acticoat™ for 72 h.

[58]
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Guanidinium-hydrazide(AD-L)–Ag(0) 

NPs (AD-L@Ag(0)) hybrid gel.

Ag(0). 

+ 

guanidinium 
ions.

Size: 5 nm. 

Zeta Potential: 

+30 mV. 
Stable for more 

than 6 months 

when stored in 
the gel matrix at 

~10 °C.

Light orange colour. 

Linear viscoelastic behavior. 

Entangled fibril morphology. 
AgNPs uniformly distributed.

MIC and MBC: 0.78 μg/mL. 

MBIC50: 3.125 μg/mL. 

MBIC90: 1.56 μg/mL. 
Extensive damage of the 

biofilm membrane.

Non cytotoxic to Vero-E6 cell line. [33]

PVA-HPMC with AgNPs hydrogel. AgNPs. Size:12–80 nm. 

Zeta Potential: - 
35 mV.

Enhanced haemostasis. 

Good antioxidant activity. 
Did not alter natural water loss from 

the body surface. 

Porosity (15%), moisture content 
(10%) and swelling (350%). 

Surface pH within the range of skin 

pH. 
High elasticity and folding endurance 

values. 

High stability and water vapor 
permeability.

Decreased the growth with 

>3 log (99.9%) following the 
treatments for 1 h.

Non cytotoxic to HaCaTs, L929 and 

RAW 264.7 cell lines. 
Promoted proliferation and migration 

of HaCaTs. 

Accelerated the in vivo wound 
healing and tissue regeneration 

process.

[38]

Electrospun chitosan NFs containing 
AgNPs loaded with Cur.

AgNPs. 
+ 

Cur. 

+ 
Chitosan.

Size: ~60 nm. 
Zeta potential: 

−31 mV. 

Excellent stability. 
Fast release of 

Cur in 48h (~60%, 

pH 5.5).

Smooth surface of NFs. 
High water absorption capability, 

adhesion and biodegradability.

Halo size growth inhibition 
(not quantified).

Non cytotoxic to L929 cells. 
Good hemocompatibility. 

Accelerated in vivo wound healing 

with less scar formation. 
Induced earlier granulation tissue 

formation, decreased number of 

inflammatory cells and displayed 
earlier epithelialization and thicker 

epidermis.

[20]

(Continued)
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Table 3 (Continued). 

Wound Dressing Antimicrobial 
Agent

NPs Properties Most Significative Wound 
Dressing Properties

Antimicrobial Efficacy Biocompatibility Ref.

Thermosensitive hydrogel based on 

poloxamers loaded with 

biosynthesized AgNPs.

AgNPs. Shape: spherical. Strong antioxidant capacity. 

Shear-thinning behavior. 

Dense 3D porous structure and 
rough surface. 

AgNPs uniformly distributed. 

Good mucoadhesive performance. 
AgNPs continuous release: zero- 

order profile. 

Stable during freeze and thaw cycles.

MIC:1.09 μg/mL. 

MBC: 17.5 μg/mL. 

Inhibited biofilm formation 
and eradicated cell viability 

within mature biofilms in 

a concentration-dependent 
manner.

Non cytotoxic to RAW 264.7 cell 

line. 

Anti-inflammatory effect.

[32]

PVA-GA-PCL NFs coated with LAB - 
green Fe2O3 NPs.

Fe2O3 

NPs-LAB.
Size: 61.7 ± 30 nm. Smooth and continuous surfaces. Inhibition zone: 17 ± 

0.57 mm. 

MIC: 37.5 μg/mL. 

MBC: 150 μg/mL. 
Biofilm inhibition: 43.73%.

Non cytotoxic to MEF cell line. [59]

Hydrogel nanocomposite based on 
modified gelatin and iron-metal- 

organic framework and loaded with 

CS.

CS (antibacterial 
herbal drug).

500 nm (MIL-53 
(Fe) NPs).

Slow and non-explosive release of 
CS. 

High thermal stability and water 

retention ability. 
Stable 3D lattice structure and good 

mechanical strength. 

Lattice state, greater porosity and 
high-water absorption.

Inhibition zone: 22 ± 4 mm. 
MIC and MBC: 6.25 ± 1 µg/ 

mL

Non cytotoxic to HFF cell lines. [60]

Gelatin cryogel loaded with AgNPs. AgNPs. Size: 10–20 nm. Good mechanical strength and 
stability. 

High swelling ratio. 

Shape memory behavior. 
Interpenetrating porous structure. 

Good biodegradability.

Outstanding antibacterial 
ability (ND values). 

Biofilm Inhibition: 70%.

Non cytotoxic to L929 cells. 
Good hemocompatibility and 

hemostasis. 

Accelerated in vivo wound closure 
and promoted collagen deposition. 

Reduced inflammatory cells and 

stimulated angiogenesis.

[22]
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Oxidized dextran and adipic 

dihydrazide grafted HACC and AgNPs 
hydrogel.

AgNPs. 

+ 
HACC.

Size: 60–190 nm. Good porosity (72.6%). 

Suitable swelling property, stable 
rheological behavior and suitable 

degradation rate.

Inhibition zone: 27 mm. Non cytotoxic to L929 cells. 

Accelerated in vivo wound closure 
with small scar after healing at day 21. 

Almost complete re-epithelialization 

and well-organized collagen 
deposition. 

Anti-inflammatory effect.

[26]

Cotton fabric impregnated with 

SNPNPs.

SNPNPs. Size: 30 ± 8 nm. Long-term durability. 

Uniformly dispersed on the cotton 

surface 
Hydrophobic dressing.

Inhibition zone: 15 mm. Promoted migration of in vitro 

endothelial cells. 

No obstruction in the formation of 
in vivo blood vessels. 

Absence of Ag ions from the vital 

organs. 
Enhanced in vivo wound healing. 

Increased re-epithelialization and 

deposition of connective tissue.

[24]

Dynamic hydrogel based on 

phenylboronic acid-modified HA and 
polyphenol-tannic acid loaded with 

AgNPs.

AgNPs. Size: 10–35 nm. pH and ROS dual stimuli 

responsiveness for drug delivery. 
Antioxidant ability. 

Brown color and microporous 

structures. 
Elasticity, injectability and self-healing 

properties.

Inhibition zone: 14 mm. 

MIC: 2.0 μg/mL.

Non cytotoxic to L929 cells. 

Good hemocompatibility.

[18]

Sodium alginate hydrogels loaded with 

AgNPs.

AgNPs. Size: 350–450 nm. 

Zeta potential: 

−30 to −50 mV.

Homogeneous distribution of NPs. MIC: 0.298 ± 0.02 μg/mL. Non cytotoxic to L929 cells. [61]

Chitosan hydrogel loaded with AgNPs 

and calcium alginate NPs.

AgNPs. Size: 20–35 nm. 

Zeta potential: 
−35.4 ± 0.9 mV. 

Highly stable 

nature. 
Spherical shape.

Elastic, biodegradable, spreadable 

and easy to apply. 
Long term stability. 

Release of AgNPs in a continuous 

and sustained manner.

Inhibition zone: 

9.2 ± 0.3 mm.

Accelerated in vivo wound healing 

with less scar formation and few 
inflammatory cells. 

Uniform and regular distribution of 

collagen bundles with reconstruction 
of new blood vessels.

[62]

(Continued)
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Table 3 (Continued). 

Wound Dressing Antimicrobial 
Agent

NPs Properties Most Significative Wound 
Dressing Properties

Antimicrobial Efficacy Biocompatibility Ref.

GA-PVA-PCL NFs 

matrix containing LAB-ZnONPs.

LAB-ZnONPs. Size: 128 nm. 

Zeta potential: 
−15.03 mV.

NFs are long and continuous 

without beads.

Inhibition zone: 24 ± 

0.57 mm. 
MIC: 18.75 μg/mL. 

MBC: 37.5 μg/mL. 

Biofilm inhibition: 49.65 ± 
8.76%

Non cytotoxic to MEF cell line. [63]

Chitosan/polyethylene oxide NFs 
armed with AgNPs and ZnONPs.

AgNPs and 
ZnONPs.

ND. Improved nanofibrous mats’ tensile 
properties and strength. 

Antioxidant ability.

MIC: 50 and 2500 μg/mL for 
AgNPs and ZnONPs 

respectively. 

Inhibition zone: ~12 mm.

Non cytotoxic to HFs. 
Significant HFs migration and 

proliferation on the wound margin 

in vitro. 
Good hemocompatibility.

[64]

Cotton pads doped with chitosan, CG 
ZnONPs (CG@ZnONPs).

CG@ZnONPs. Size: 30–80 nm. Improved cotton fibers stability, 
especially thermal.

Growth reduction: 63%. Faster and almost complete healing 
in vivo. Higher expression of mature 

collagen fibers depositions on the 

newly formed epidermis.

[65]

Chitosan-bentonite-gelatin films 

incorporated with ZnONPs.

ZnONPs. ND. Smooth and compact surface. 

Flexibility. 
High water absorption capacity.

Antibacterial effect: ~99%. 

Reduction logarithm: 2.69– 
3.28.

Non cytotoxic to L929 cells. 

Complete wound healing and re- 
epithelization (with lower 

inflammation and more compressed 

collagen) in vivo.

[66]

Gelatin-PCL NFs containing Ce2O3 

NPs.

Ce2O3NPs. Size: ~20 nm. 

Zeta potential: 
+18 mV.

NPs release from NFs: 25–35% 

(day 1) to 80–90% (day 9).

MICs: 6.25 μg/mL (ATCC) 

and 12 μg/mL (clinical 
isolate). 

MBCs: 50 μg/mL (ATCC) and 

100 μg/mL (clinical isolate). 
Decreased the expression of 

the genes related to 

antibiotic resistance.

Non cytotoxic to HU2 cell line. [67]

Hybrid nanocomposite containing  

Mg(OH)2NPs embedded in 
a carboxymethyl cellulose hydrogel 

plus SF.

Mg(OH)2NPs. ND. Improved mechanical 

properties, hydrophilicity, and water 
uptake capacity. 

Tensile strength, and elongation at 

break.

High-level potential in 

constraining the biofilm 
formation.

Non cytotoxic to HU2 cells. 

Good hemocompatibility. 
Faster wound healing in vivo.

[68]
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Chitosan hydrogel containing Cur-Cu 

NPs-loaded niosomes.

Cur-CuNPs- 

Nio.

Size: 197.5 ± 6.42 

nm. 

EE for Cur: 92.25 
± 1.22%.

Release: diffusion 

controlled release (Cur, ~40% in 

72h) and Higuchi model (metal NPs, 
~50% in 72h).

Zone of inhibition: 33 ± 

1.1 mm. 

MIC: 3.125 µg/mL. 
MBC: 6.25 µg/mL. 

Significant reduction of 

biofilm formation.

Non cytotoxic for HFF cell line. [69]

Nanocomposite containing MFA 

loaded CuNPs.

MFA-CuNPs. Size: 312 nm. 

Zeta potential: 
−0.7 mV.

Cosmetically 

appealing appearance and smooth 
and homogeneous texture. 

Good spreadability, stickiness, bloom 

strength, 
and extrudability.

Inhibition zone: 17–20 mm. Non cytotoxic for Vero cell line. [70]

Pluronic F-127 hydrogel loaded with 
AgNPs coated with mercaptosuccinic 

acid.

AgNPs. Core diameter: 
2.98 ± 0.85 nm. 

Highly stable 

nature.

Shear-thinning behavior, porous 
structure and enhanced mechanical 

properties. 

Release profile: fast release in the 
first 10 h (~50%) + slow continuous 

release (<10%) for up to 24 h. 

Homogeneous distribution of 
AgNPs.

Inhibition zone: 18 mm. 
Bacterial death >97%. 

Biofilm disruption and 

elimination were 
a concentration-dependent 

phenomenon. 

High level of intracellular 
ROS by 35%.

Non cytotoxic to HFFs and HaCaTs. 
No significant changes in cell 

morphology and the associated actin 

cytoskeletal structure.

[21]

BC hydrogels loaded with AgNPs. AgNPs. Shape: spherical 
with smooth 

edges. 

Size: 42.71 ± 17.97 
nm. 

Zeta potential: 

−21 ± 0.702 mV.

Fine fiber network structure with 
voids. 

High moisture content (98.86%). 

Antioxidant ability. 
Transparent.

Inhibition zone: 16 mm. Non cytotoxic to Panc 1, U251, and 
MSTO cell lines 

Hemolytic material (6.85 ± 1.12%).

[23]

Chitosan, SA and SF dressing loaded 

with a compound of Exo and AgNPs.

AgNPs. Size: 10–15 nm. Moisture retention and electrolyte 

balance maintenance. 
Asymmetric dressing with 

a hydrophobic area and a hydrophilic 

area. 
Good porosity (60–70%). 

Slow release of AgNPs-Exo at the 

wound site (~70% in 72h). 
Secondary infection prevention 

thanks to the hydrophobic surface.

Halo size growth inhibition 

(not quantified). 
After treatment, the 

bacterial membrane was 

broken and the surface had 
pores.

Non cytotoxic to L929 cells, HFs and 

HUMSCs. 
Did not cause sensitization or allergic 

reactions. 

Promoted in vivo wound healing, cell 
proliferation and vascular 

regeneration. 

Epidermis completely repaired and 
keratinized at day 12.

[27]

(Continued)
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Table 3 (Continued). 

Wound Dressing Antimicrobial 
Agent

NPs Properties Most Significative Wound 
Dressing Properties

Antimicrobial Efficacy Biocompatibility Ref.

Fumaric acid incorporated agar-Ag 

hydrogel.

AgNPs. Size: 11.55 ± 1.56 

nm. 
Shape: spherical.

Preserved shape and size of AgNPs 

inside the gel. 
Antioxidant capacity. 

Spreadable and easy to apply. 

Moderate to slow degradation with 
slow Ag-release.

Inhibition zone: 20 mm. 

MIC:15.5 mg/mL.

Non cytotoxic to 3T3-L1 cells. 

No external toxicity appeared on 
skin. 

Non apoptotic to NHDF cells. 

Promoted in vivo wound healing by 
better tissue proliferation, more 

granulation tissue formation, 

neovascularization and mature 
collagen bundles.

[29]

Carbohydrate polymer-based silver 
nanocomposite hydrogels/Guar gum- 

grafted-polyacrylamide glycolic acid 

polymer, AgNO3 and sodium 
borohydride.

AgNPs. Well- 
monodispersed. 

Uniform 

morphology. 
Shape: spherical. 

Size: 5.4 ± 0.25 

nm.

Self-healing ability, injectability, 
stretchability, flowability, high 

swelling, adhesion, good porosity, 

upright mechanical behavior, and 
biodegradability. 

Brown gel with soft and spongy 

textures. 
Hydrophobic surface.

Inhibition zone: ~18 mm. Non cytotoxic to CCD-986sk cells. [39]

Thermosensitive and injectable 
hydrogels based on HA, Pluronic, corn 

silk extract and AgNPs.

AgNPs. Well-dispersed. 
Shape: spherical. 

Size: 13 ± 1 nm.

Good mechanical properties with 
gelation temperature close to body 

temperature. 

Low viscosity at high shear rate and 
upon the storage.

Excellent growth inhibitory 
effect.

Non cytotoxic to L929 cells. 
In vitro faster wound closure and 

repair.

[36]

Hybrid hydrogels based on maleic 

acid-modified dextran and thiolated 

chitosan loaded with AgNPs.

AgNPs. ND. Slow and sustained Ag+ release (3.5– 

1 µg/L during 72 h). 

High porous structure. 
Unique antifouling property and 

excellent water absorption.

~100% bacterial death after 

60 min. 

Bacterial surface shriveled 
and died.

Non cytotoxic to NIH 3T3 cells. 

Promoted in vivo wound healing 

improving fibroblast migration, 
granulation tissue formation and 

angiogenesis. 

In vivo modulate immune responses.

[28]

Chitosan- PEG hydrogel loaded with 

AgNPs.

AgNPs. 

+ 
Chitosan.

Diameter in 

hydrogel: 
99.1 ± 2.3 nm. 

Uniform 

distribution all 
along the 

hydrogel.

High porosity (72.2%), high degree 

of swelling and good WVTR. 
Slow and sustained release of AgNPs 

for 7 days. 

Slow biodegradation of hydrogels.

Inhibition zone: 

21.8 ± 1.5 mm.

Complete tissue remodeling, re- 

epithelialization, collagen deposition, 
blood vessels and fewer inflammatory 

cells in vivo.

[31]
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PVA and sodium alginate patch 
containing Cur tagged TiO2 NPs (TiO2 

-Cur NPs).

TiO2-Cur NPs. Size: ~20 nm. 
Zeta potential: 

−57.4 mV.

Controlled release of Cur followed 
by the burst of TiO2. 

Good swelling rate. 

Increased tensile strength.

Inhibition zone: 17 mm. Non cytotoxic to NIH3T3 cells. 
Good hemocompatibility. 

Remodeling of the epidermis, 

progressive wound contraction and 
healing in vivo.

[71]

Hydrogel (Poloxamer 407) loaded 
with AuNPs.

AuNPs, Au 
nanorods 

(AuNRs).

Average length: 
~49.2 ± 1.8 nm. 

Average width: 

~12.9 ± 0.7 nm. 
Zeta potential: 

−32.6 and −1.2 mV 

for PAH-AuNRs 
and PEG-AuNRs, 

respectively. 

Release: slow and 
constant (first 24 h, 

~55%) and 

complete after 48 
h. 

Good colloidal 

stability

ND. Reduction of bacterial viable 
count: ~99%.

Significant reduction of the wound 
after 7 days in vivo. 

No scars and rapid growth of adnexal 

structures after 21 days. 
Good re-epithelialization, well- 

developed 

granulation tissue with more stroma 
and less inflammatory cells. 

Abundant collagen deposition.

[72]

Abbreviations: 3T3-L1, mouse embryo fibroblasts; AD-L, guanidinium derivative with pyridine moieties; AgNC, silver nanoclusters; AgNO3, silver nitrate; AgNPs, silver nanoparticles; AuNRs, gold nanorods; AuNPs, gold 
nanoparticles; BC, bacterial cellulose; C3N4, carbon nitride; CCD-986sk, human fibroblast skin cell line; Ce2O3NPs; cerium oxide nanoparticles; CG, glycogen; CS, Camellia sinensis; CuNPs, copper nanoparticles; Cur, curcumin; EE, 
entrapment efficacy; Exo, exosomes; Fe2O3 NPs; iron oxide NPs; GA, gum arabic; HaCaTs, human immortalized keratinocyte cell line; HA, hyaluronic acid; HACC, hyaluronic acid mixed with quaternized chitosan; HFs, human 
fibroblasts; HFF, human fibroblast foreskin cell line; hKTs, human keratinocytes; HPMC, hydroxypropyl methylcellulose; HU2; human fibroblast cell line; HUMSCs, human umbilical cord mesenchymal stem cells; HUVECs, human umbilical 
vein endothelial cells; LAB, Lactobacillus acidophilus; L929 cells, mouse fibroblast cell line; MBC, minimum bactericidal concentration; MBIC, minimum biofilm inhibitory concentration; MEF, mouse embryonic fibroblasts; MFA, mafenide 
acetate; Mg(OH)2NPs, magnesium hydroxide nanoparticles; MIC, minimum inhibitory concentration; MSTO, human mesothelioma cell line; ND, not determined; NF, nanofibers; NHDF, normal adult human primary dermal fibroblasts; 
NIH3T3: fibroblasts from a mouse NIH/Swiss embryo; NPs, nanoparticles; PAH, poly allyl amine hydrochloride; Panc 1; human pancreatic ductal adenocarcinoma cell line; PCL, poly(ε-caprolactone); PEG, poly(ethylene glycol); PVA, 
polyvinyl alcohol; RAW 264.7, murine macrophages; Ref, reference; ROS, reactive oxygen species; SA, stearic acid; Se, sericin; SF, silk fibroin; SNPNPs, silver nitroprusside nanoparticles; THP-1, human macrophage cell line; TiO2, titanium 
oxide; U251, human glioblastoma cell line; Vero-E6, epithelial cells; WVTR, water vapor transmission rate; ZnONPs, zinc oxide nanoparticles.
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Silver NPs
A total of 28 papers on the evaluation of AgNP-loaded wound dressings were identified. They were found not to be cytotoxic 
in vitro against various cell types, including mouse fibroblasts (L929 cells,18,20,22,26,27,34,38,61 3T3-L1,29 NIH 3T328,54), HFs 
(NHDF,29 CCD-986sk,39 HFs,27,56 HFFs,21 MSTO), keratinocytes (HaCaTs19,21,38), endothelial cells (HUVECs19), epithelial 
cells (Vero-E6,33,57 Panc 123), macrophages (RAW 264. 732,38), and mesenchymal cells (HUMSCs27). The commercial 
ActicoatTM dressing exhibited toxicity to hKT, which disqualifies it as a viable candidate.58 Six of the papers evaluated 
hemocompatibility.18–20,22,34,55 Gupta et al stated that their dressing was hemolytic and therefore does not meet one of the ideal 
characteristics of a good dressing.23 Regarding in vivo results, two studies evaluated the absence of damage to vital 
organs,24,34 while 13 studies have evaluated histological parameters such as re-epithelialization, collagen deposition, 
angiogenesis, and reduced presence of inflammatory cells.19,20,22–24,26,27,29,31,34,54,62 Finally, the antioxidant capacity has 
been evaluated in five studies with positive results.18,23,29,32,38

In terms of the most significant ideal properties evaluated for wound dressings, 18 papers assessed moisture balance/ 
swelling capacity,19–23,26–28,31,32,34,38,39,53,54,56,57 and 11 papers reported high porosity.19,21,22,26–28,31,32,39,54 16 studies 
evaluated the biomechanical properties,18–22,26,29,32–34,36,38,39,54,62 while eight papers analyzed the Ag ion release 
pattern.21,27–29,31,32,34,62 Additionally, five papers evaluated biodegradability,20,22,26,39,62 and seven studies provided 
stability data.19,22,24,32,38,57,62 Three papers did not provide any data on these parameters.55,58,61 Therefore, the most 
evaluated properties were moisture balance/swelling capacity and biomechanical properties. Regarding porosity, Singh 
et al did not show high values, which are desirable for a good dressing (15%),38 while those showing higher porosity were 
72.2%31 and 72.6%.26 The capacity to be 3D bioprinted was also demonstrated.54,56

Although all studies demonstrated antimicrobial activity against the microorganism of interest, they employed 
different techniques. In particular, 14 papers used the agar disk diffusion assay.18,20,21,23,24,26,27,29,31,39,54,56,57,62 

Overall, the antimicrobial efficacy of the NPs was enhanced when incorporated into the hydrogel. This resulted in 
bacterial inhibition zones ranging from 6 mm56 to 27 mm.26 Seven papers evaluated the MIC18,29,32,33,53,55,61 and three 
papers assessed the minimum bactericidal concentration (MBC), defined as the lowest concentration of the hydrogel that 
does not show colony growth in the culture medium.32,33,53 Although the importance of biofilm elimination has been 
recognized, only four papers21,22,32,33 reported the ability of the hydrogel to eradicate biofilm formation. Some studies 
evaluated bacterial death using live/dead assays, achieving over 80% death.19,21,28 Other methods included optical 
density measurements by turbidity tests,22,34,36 observation of pores in the bacterial membrane by microscopy,27,28,34 

plate count assays38 and time-kill assays.55,56 It should be noted that bacterial growth was observed in the commercial 
ActicoatTM dressing,58 indicating that its ability to eliminate bacteria was no better than the other experimental dressings 
evaluated in this review.

Others Inorganic NPs
A total of 12 studies have been conducted evaluating wound dressings loaded with other metallic NPs. These inorganic 
NPs include iron (Fe),59,60 zinc (Zn),63–66 copper (Cu)69,70 cerium (Ce)67 and titanium (Ti)71 oxides, magnesium 
hydroxide (Mg[OH]2)68 and gold (Au) NPs.72 The analyzed wound dressings, like those loaded with AgNPs, were 
biocompatible in vitro not only with mouse fibroblasts,59,63,66,71 HFs60,64,69 and epithelial cells70 but also with urothelial 
cells.67,68 Furthermore, Mg(OH)2,68 ZnO,65,66 TiO2

71 and Au72 NPs-loaded wound dressings have shown rapid and 
complete re-epithelialization in vivo, with collagen deposition65,66,72 and fewer inflammatory cells.66,72

Importantly, these wound dressings exhibited key properties. Iron oxide (IO) NPs-loaded dressings showed smooth 
surfaces59 and when iron was incorporated in the form of MIL-53(Fe) NPs, they exhibited thermal stability, water 
retention and absorption ability and good mechanical strength.60 These properties were also present in dressings 
incorporating ZnO,64,66 Mg(OH)2

68 and TiO2
71 NPs. ZnONPs-loaded dressings also showed flexibility and antioxidant 

ability.64 However, only CuONPs-loaded dressings showed good spreadability and extrudability. For dressings incorpor-
ating AuNPs, wound dressing properties were not evaluated.72 Therefore, the most evaluated properties in this type of 
dressing were water retention and absorption ability and mechanical strength. Interestingly, only one study reported 
porosity in the developed dressing.60
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The microbial activity of the remaining inorganic NPs was evaluated using various techniques; six papers assessed 
the agar disk diffusion assay,59,60,63,69–71 which resulted in bacterial inhibition zones ranging from 17 mm59 to 33 mm.69 

Additionally, six papers evaluated the MIC,59,60,63,64,67,69 while five papers evaluated MBC.59,60,63,67,69 Three papers 
analyzed the reduction of bacterial growth using optical density measurements by turbidity tests65,66 or the viable 
bacterial count method,72 In addition, four papers investigated the elimination of biofilm.59,63,68,69 Of note is the study by 
Zamani et al, which evaluated the expression levels of genes involved in antibiotic resistance.67

Discussion
P. aeruginosa is a common hospital-acquired pathogen that causes life-threatening infections in critically ill patients. It is 
resistant to many drugs, making it challenging to treat. P. aeruginosa infections are common in healthcare settings and 
can cause significant morbidity and mortality.1–3 Traditional treatments of infected wounds involve the topical applica-
tion of antibiotics, but this can lead to systemic toxicity and the development of resistance.12,13 Advanced wound 
dressings containing antibiotic NPs have shown promise in overcoming these challenges. To be considered an “ideal” 
wound dressing, they should fulfil several criteria. These criteria include hemostatic capacity, absorption, adhesion, 
moisture retention, porosity, mechanical properties, pH, biodegradability, transparency, biocompatibility, and antimicro-
bial properties.18,22–24,28,31,33,38,39 These properties are crucial in promoting wound repair, improving wound appearance, 
and reducing healing time. Both natural (such as chitosan, cellulose, collagen, HA, gelatin, alginate, dextran, pullulan, 
agarose and SF) and synthetic polymers (including polyvinyl alcohol, PCL, PEG, PLGA and PDA) provide these features 
to the dressings. This systematic review focuses on the latest advances in the development of NPs-based wound dressings 
for the treatment of P. aeruginosa infected skin wounds.

In this sense, different types of wound dressings loaded with NPs were identified and analyzed, including organic 
(carbon-based and polymeric NPs) and inorganic (metallic, magnetic, metal oxides, metal hydroxide NPs and MOF). All 
of them exhibited antibacterial activity against P. aeruginosa. Figure 3 shows the percentage of publications by date for 
different wound dressings loaded with NPs. In particular, the 61.2% of the studies evaluated metallic NPs-loaded wound 
dressings. The next group with a higher percentage of publications is that evaluating polymeric NPs-loaded wound 
dressings (14.3%) followed by metal oxides NPs-loaded wound dressings (12.2%) and carbon-based NPs-loaded wound 
dressings (6.1%). Magnetic, metal hydroxides NPs and MOF represent 2% of the publications analyzed. It is noteworthy 
that most of the recent publications belong to the group of metallic NPs-loaded wound dressings.

Antibacterial activity was determined through different methods and evaluations including MIC and MBC determina-
tions, bacterial kill assays, agar diffusion methods, live/dead assays and biofilm reduction or inhibition evaluations. It 

Figure 3 Percentage of publications by date of NPs-loaded wound dressings against P. aeruginosa. The studies reviewed focused on wound dressings loaded with different 
types of NPs: 61.2% with metallic NPs, 14.3% with polymeric NPs, 12.2% with metal oxides NPs, and 6.1% with carbon-based NPs. Magnetic NPs, metal hydroxides, and 
MOF accounted for 2% of the publications.
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should be highlighted that biofilms can resist antibiotics and immune system clearance, leading to delayed wound healing 
and chronic inflammation.9,73 As described above, their formation is mediated by the bacterial virulence factors and 
regulated by quorum-sensing mechanisms74 and their dispersal can exacerbate disease, leading to acute life-threatening 
conditions.75 It is therefore crucial to evaluate how NPs- loaded wound dressings affect P. aeruginosa’s biofilm. Despite 
this, only nine of the 49 studies identified in this systematic search, carried out this evaluation.21,22,32,33,48,49,59,63,69

Focusing on the reported wound dressings loaded with NPs, three studies regarding carbon-based NPs-loaded dressings 
were found in this search. These include GQDs and C-dots. GQDs are carbon-based zero-dimensional fluorescent nanoma-
terials with a graphene lattice inside.76 They are very small, usually less than 20 nm and can easily penetrate through biological 
membranes and exhibit antimicrobial activity through the oxidative stress caused by the generation of ROS following their 
photoexcitation.43,76 Besides being antimicrobial, these carbon-based dressings have shown not only biocompatibility in vitro 
and in vivo but also promotion of angiogenesis in vivo. This may be attributed to their ability to interact with ROS in wound 
tissue, leading to a reduction in ROS levels and activation of cell signaling molecules such as hypoxia-inducible factor 1α 
(HIF-1α) and the p38MAPK/Akt pathway, which enhances the production of angiogenic factors.77 C-dots are generally 
defined as carbon nanomaterials composed of quasi-spherical carbon NPs.78 As with GQDs, the antimicrobial mechanism of 
photoinduced C-dots includes the production of ROS, the disruption and penetration of the bacterial membrane and the 
induction of oxidative stress with damage to bacterial DNA.78 They are also able to suppress bacterial proliferation by 
removing Fe3+ ions from the environment.45 It is important to note that the incorporation of these NPs into wound dressings 
may be more costly than traditional methods that do not involve NPs.

Inorganic NPs incorporated into wound dressings include magnetic NPs (iron oxide NPs, IONPs), metallic-organic 
framework (MOF), metal oxides NPs (Zn, Cu, Ce and Ti oxides), metal hydroxides NPs (Mg[OH]2) and metallic (Au, Cu 
and Ag) NPs. Specifically, this review has identified a total of 39 studies in which these types of dressings were 
developed and evaluated.

Ag is a well-known antimicrobial agent against fungi, yeasts, and bacteria, including antibiotic-resistant strains.23 

Researchers in various fields have widely used AgNPs for the treatment of infections due to their broad-spectrum 
antibacterial capacity.22 The traditional synthesis of these NPs involves toxic organic solvents and reducing agents. 
However, there is a growing interest in “green chemistry synthesis” using natural substances, such as plant extracts and 
microorganisms, which are fast, economical, safe, and environmentally friendly.38 For example, Cur extracted from 
turmeric has antimicrobial, antioxidant, and anti-inflammatory effects and can be used to reduce and protect Ag during 
NPs synthesis, enabling combined therapy with a synergistic effect.19,20,23 AgNPs exert their antimicrobial effect by 
increasing the permeability of the bacterial cell membrane, interfering with DNA replication by binding to phosphorus- 
containing compounds, denaturing proteins, and releasing Ag ions inside the bacteria, which enhances their bactericidal 
effect.23 They bind directly to the thiol groups of different biomolecules, including peptides, DNA, cofactors, and 
oxidized glutathione (GSH) to form glutathione disulphide (GSSG). This leads to increased levels of ROS, which in turn 
causes additional damage to bacteria.26

Importantly, AgNPs not only have antibacterial properties but also possess anti-inflammatory capacity. They prevent 
the expression of pro-inflammatory factors such as tumor necrosis factor alpha (TNF-α), interleukins 6 and 1ß, which 
accelerates wound healing by promoting the proliferation and migration of keratinocytes to the wound site.24,26,39 

Additionally, they induce the transformation of fibroblasts into myofibroblasts, leading to wound contraction. It is 
important to note that Gram-negative bacteria are more susceptible to the effects of Ag than Gram-positive bacteria. 
This may be because Gram-positive bacteria have a plasma membrane coated with a peptidoglycan layer, which may 
limit the penetration of AgNPs.18,37

However, despite being highly antibacterial and their anti-inflammatory ability, they are not stable in water and tend 
to agglomerate. Incorporating them into a hydrogel could reduce this issue.39 Moreover, their use is still limited because 
they can pass through biological mucosal surfaces and penetrate animal organs. Therefore, it is recommended to use them 
in the lowest possible concentration to ensure sustained release.27 These characteristics would also be improved by 
incorporating them into a biomaterial.

Other inorganic NPs include MOFs, IONPs, ZnONPs, Ce2O3NPs and TiO2NPs, Mg(OH)2NPs, CuNPs and AuNPs. 
These metal-based NPs are valuable for biofilm inhibition and treatment of microbial diseases due to their ultra-small 

https://doi.org/10.2147/IJN.S469724                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 7916

Quiñones-Vico et al                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


size and high surface area.59,79 IONPs are highly promising for antimicrobial therapy because of their strong magnetic 
and semiconductor properties.59 Magnetic fields cause bacterial death and biofilm eradication through vibration damage, 
local hyperthermia, and ROS production.80 A MOF-based hydrogel was reported in this systematic review. Specifically, 
a carboxylic acid iron MOF, called MIL-53(Fe), which is made from iron ions and terephthalic acid. These frameworks 
are a distinct type of hybrid materials formed by combining inorganic and organic components60 and are well-suited for 
biomedical applications due to their specific characteristics, such as high porosity, high surface area, customizable 
chemical surface, good compatibility with the physico-chemical interaction of drugs, and interconnected channels 
suitable for use in drug loading and release systems.60 In addition to causing physical damage to bacterial cells through 
direct contact, they can also store and slowly release metal ions, leading to the generation of oxidative stress and/or 
photothermal effects.81,82 ZnONPs have been reported as antimicrobial and anti-inflammatory agents and also, to play 
a role in fibroblast proliferation, angiogenesis, and increased re-epithelialization.63,64 Their antibacterial mechanism is 
mediated by direct contact with bacterial membranes, resulting in destruction of cell integrity, release of antimicrobial 
ions, mainly Zn2+ ions, and ROS generation.83 Ce2O3 is a natural scavenger of free radicals such as ROS and reactive 
nitrogen species (RNS). Ce2O3NPs are likely to exert their antibacterial mechanism by inducing oxidative stress and 
interfering with the nutrient transport functions.84 Furthermore, unlike TiO2NPs which required photoactivation, 
Ce2O3NPs exhibit antibacterial effect without external activation.85 The photoactivation of TiO2NPs is possible due to 
its good photocatalytic activity in the anatase phase. As a result, these NPs produce ROS that destroy the bacterial outer 
membrane and ultimately destroy the bacterial cell.71,86

Mg(OH)2NPs have been reported as an approved drugs and food additives due to their excellent biocompatibility, low 
toxicity, thermal stability and low cost of production.68,87 They are effective agents against several bacteria, including 
P. aeruginosa, exerting their antibacterial activity through two potential mechanisms. The first mechanism involves the 
direct infiltration of the NPs into the cell membrane, causing membrane damage and resulting in cell death. The second 
mechanism involves the absorption of water moisture on the surface of the NPs, creating a thin layer of high pH water 
that can harm bacterial membranes.88 Nevertheless, this antibacterial mechanism is still unclear.87 In fact, only one study 
has evaluated the incorporation of these NPs into a wound dressing and analyzed its properties, biocompatibility and 
antibacterial capacity.68 Cu and AuNPs were also reported in this systematic review as inorganic NPs based wound 
dressings. CuNPs are known to have the highest antimicrobial property among the known synthesized metal NPs, with 
high level of biocompatibility.70 The antibacterial mechanism is based on the interaction of Cu with amine and carboxyl 
groups on the surface of microbial cells, the inhibition of amino acid synthesis, and the inactivation of microbial proteins 
through thiol interaction.69 Like Cu, the main antimicrobial mechanism of AuNPs is based on the direct adhesion of 
AuNPs to the bacterial surface, driven by electrostatic forces.89 These NPs are colloidal or clustered particles composed 
of a Au core with high synthetic versatility and non-toxic nature.72,89

Taken together, all the studies evaluating wound dressing containing inorganic NPs showed biocompatibility with 
several cell lines and antibacterial activity. Nevertheless, only 18 out of 39 (46.1%) studies performed in vivo evalua-
tions. Therefore, more research is needed to confirm the beneficial role of these dressings in vivo.

In addition to the proposed mechanisms, emerging therapies are gaining attention to enhance the antibacterial capacity of 
metallic NPs due to their high target selectivity, minimal invasiveness and reduction in bacterial drug resistance.90 These 
include photothermal therapy (PTT), photodynamic therapy (PDT) and chemodynamic therapy (CDT).

PTT uses photoinduced heat to destroy bacterial pathogens and is generally developed by combining a near infrared 
(NIR) laser with highly effective NIR light-absorbing nanomaterials.91 Several studies have employed this strategy 
against Gram-negative bacterial infections including P. aeruginosa infections. For instance, He et al reported efficient 
bactericidal and anti-biofilm effects by photothermal enhancement and ROS generation of high-entropy transition metal 
carbides or nitrides (HE MXenes) monolayers that eradicated methicillin-resistant Staphylococcus aureus infected tissue 
inflammation and stimulated angiogenesis in vivo.92 With regard to P. aeruginosa infections, Ye et al developed CuO- 
and AgO-doped ZnO nanocomposites that exhibited excellent photothermal stability and intrinsic antibacterial activity.93 

Another strategy in this field was carried out by Lv et al who developed a nanorod based on molybdenum disulphide 
nanosheets coated with AuNRs to target lipopolysaccharide present on the surface of bacteria, demonstrating a strong 
photothermal effect as well as a more significant antibacterial effect than non-targeted PTT.94
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PDT employs a photosensitizer that absorbs light energy and transfers it to oxygen to produce ROS, resulting in 
bacterial cell death.90 Cur has been used as a photosensitizer in combination with silica,95,96 AgNPs97,98 and GQT99 to 
combat planktonic, biofilm and clinical isolates of P. aeruginosa showing promising results for the application of this 
therapy in vivo. AgNPs have also been photosensitized with methylene blue.100 GQT,99 AuNPs101 and ZnONPs102 have 
also been reported to play the role of photosensitizer achieving broad antibacterial efficacy and strong biofilm inhibition 
after light irradiation. All these studies used visible light to activate the photosensitizer, which may result in poor tissue 
penetration.

Garin et al103 proposed the combination of PDT with PTT by using copper sulphide NPs together with indocyanine 
green activated in the NIR region of the electromagnetic spectrum for the elimination of P. aeruginosa to reach superior 
tissue penetration. This kind of therapy combination was also reported by Mo et al104 who developed a C7S4 nanosheet 
with excellent antibacterial activity through synergistic PDT and PTT against drug-resistant P. aeruginosa under NIR 
light irradiation, which inhibited skin infection in mice.

CDT, also known as peroxidase-mediated chemokinetic therapy refers to the ability of metallic NPs to produce 
hydroxyl radicals that damage bacterial cells. These NPs with peroxidase activity are also known as nanozymes. 
However, the antibacterial effects of these nanozymes are limited due to the insufficient production of hydroxyl radicals 
and the short range of action.104 PTT can improve the catalytic activity of nanozymes by stimulating them with NIR light. 
For example, He et al combined the photothermal potential of V2C MXene nanosheets with the chemodynamic activity 
of platinum (Pt) NPs to create a Pt@V2C platform with enhanced antibacterial properties.105 Furthermore, Liu et al 
irradiated with a NIR laser CuFeS2 NPs to stimulate their peroxidase activity achieving more than 99% inactivation 
efficiency of P. aeruginosa through the combination of PTT, PDT and also by consuming intracellular glutathione in 
bacteria, resulting in more ROS production.106

In addition to the dual therapies, a combination of PTT, PDT and CDT was also reported against P. aeruginosa. Dai 
et al developed a NIR-activated multimodal agent by loading fluorescein isothiocyanate, ultrasmall copper sulfide NPs 
(Cu2−xSNPs), and ε-polylysine onto mesoporous silica NPs.107 This agent could detect the bacteria and biofilms by 
fluorescence imaging, ablate bacteria and biofilms and treat bacterial infections in vivo.

However, despite the advances that these therapies offer in terms of superior antibacterial activity, high tissue 
penetration and biocompatibility, only one study identified in this systematic review applied PDT by using visible 
light irradiation of C3N4 to improve the antibacterial activity of AgNPs- loaded wound dressing.34 Therefore, the 
combination of these therapies in the field of NPs-loaded wound dressings against P. aeruginosa infection needs to be 
further investigated.

Finally, this systematic review reported 7 strategies of polymeric NPs-loaded wound dressings including PDA NPs,46,50 

chitosan NPs,47–49 sodium alginate NPs51 and PLGA NPs.52 Polymeric NPs range in size from 1 to 1000 nm and can be loaded 
with active compounds or drugs that are entrapped within the polymeric core or surface-adsorbed.108 This review reported that 
CIP,50,52 cefepime47 and polymyxin B51 are the main encapsulated drugs used in wound dressings against P. aeruginosa skin 
infections. Surprisingly, non-encapsulated polymeric NPs have also shown antibacterial activity.46,48,49 These polymeric NPs 
are biocompatible, as supported by the results, and biodegradable, properties that are crucial for wound healing strategies. For 
PLGA NPs, the degradation rate, mechanical strength and drug loading and release kinetics can be precisely adjusted by 
altering the ratio of lactic acid to glycolic acid.109 Chitosan is a mucoadhesive cationic linear polysaccharide and is one of the 
most widely used natural polymeric-based NPs for drug delivery due to its low cost, biodegradability, and availability in 
a wide range of molecular weights. It also has inherent antimicrobial and antioxidant capacities.48,49,110 Alginate is an anionic 
mucoadhesive polysaccharide with versatile physicochemical properties that allow chemical modification for site-specific 
targeting.111 Finally, PDA NPs are produced by the oxidative self-polymerization of dopamine and are employed in the 
manufacture of wet adhesive hydrogels. They improve the mechanical and self-healing properties of the hydrogels by 
exploiting reversible non-covalent interactions such as π–π stacking and hydrogen bonding.46,112

Table 4 summarizes the benefits and drawbacks of the different strategies of NPs-loaded wound dressings against 
P. aeruginosa skin infection. Their antimicrobial mechanisms are represented in Figure 4.
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Table 4 Benefits and Drawbacks of NPs-Loaded Wound Dressings Against P. aeruginosa

Wound Dressings NPs Benefits Drawbacks

Carbon-based NPs-loaded wound 

dressings.

GQD. NPs can easily penetrate through biological membranes thanks to their ultra-small size. 

Antimicrobial activity after photoexcitation. 

Photothermal performance. 

Biocompatible in vitro and in vivo. 

Angiogenic.

Need to be photoexcited to display the antimicrobial effect. 

Biofilm reduction to be evaluated. 

Expensive incorporation to wound dressing.

C-dots. Antimicrobial activity after photoexcitation and through Fe3+ sequestration from the environment. 

Capability of being 3D bioprinted. 

Biocompatible in vitro.

No biocompatibility was determined in vivo. 

Biofilm reduction to be evaluated. 

Expensive incorporation to the wound dressing.

Polymeric NPs-loaded wound 

dressings.

PDA. Biocompatible in vitro and in vivo. 

Porosity, thermal and mechanical stability, and self-healing capacity. 

Water retention.

Only 1 study evaluated biocompatibility in vivo. 

Biofilm reduction to be evaluated.

PLGA. The degradation rate, mechanical strength and drug loading can be adjusted by altering the ratio lactic 

acid: glycolic acid. 

Biocompatible in vitro. 

Prevents invasiveness in vitro.

No biocompatibility was determined in vivo. 

Wound dressing properties to be evaluated. 

Biofilm reduction to be evaluated.

Chitosan. Thermal and mechanical stability. 

Water retention. 

Biocompatible in vitro and in vivo. 

Biofilm evaluation. 

Low cost.

1 study showed porosity below ideal values.

Sodium 

alginate.

Versatile physicochemical properties. 

Biocompatible in vitro and in vivo. 

Adequate mechanical properties.

Biofilm reduction to be evaluated.

(Continued)
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Table 4 (Continued). 

Wound Dressings NPs Benefits Drawbacks

Inorganic NPs-loaded wound 

dressings.

AgNPs. Fast, economical, and environmentally friendly synthesis. 

Variety of antimicrobial mechanisms. 

Efficient against antimicrobial-resistant strains. 

Anti-inflammatory capacity. 

Biocompatible in vitro and in vivo.

Need to be incorporated in hydrogels to avoid agglomeration. 

Need to use in their lowest concentration to avoid extravasation to 

healthy tissues. 

Only 4 studies evaluated biofilm reduction.

CuNPs. Biocompatible in vitro. 

Cosmetical appearance. 

Good spreadability, stickiness, bloom strength, 

and extrudability. 

Antimicrobial capacity by the interaction with the bacterial membrane.

No biocompatibility was determined in vivo. 

Biofilm reduction to be evaluated.

AuNPs. Biocompatible in vivo. 

Good colloidal stability. 

High synthetic versatility. 

Antimicrobial capacity by the interaction with the bacterial membrane.

Biofilm reduction to be evaluated. 

Wound dressing properties to be evaluated.

IONPs. Magnetic and semiconductor properties. 

Biocompatible in vitro. 

Biofilm inhibition evaluation.

No biocompatibility was determined in vivo. 

Wound dressing properties to be evaluated.

MOF. Chemical versatility and large capacity for drug loading. 

Capacity for storing and slow release of metal ions 

Biocompatible in vitro. 

Porosity, thermal stability, mechanical strength and water retention.

No biocompatibility was determined in vivo. 

Biofilm reduction to be evaluated.

ZnONPs. Anti-inflammatory and angiogenic properties. 

Biocompatible in vitro and in vivo. 

Water absorption, flexibility and thermal stability of wound dressings.

Biofilm reduction to be evaluated.

Mg(OH)2NPs. Low cost of production. 

Biocompatible in vitro and in vivo. 

Biofilm inhibition evaluation. 

Good mechanical properties and water absorption.

Antimicrobial mechanism to be clarified or defined.

TiO2NPs. Antibacterial activity by inducing oxidative stress. 

Biocompatible in vitro and in vivo. 

Good swelling rate and increased tensile strength.

Need photo-activation to accomplish the antimicrobial effect. 

Biofilm reduction to be evaluated.

Ce2O3NPs. Biocompatible in vitro. 

Decreased the expression of the antibiotic resistance genes. 

Antibacterial activity by inducing oxidative stress. 

No need for photo-activation.

No biocompatibility was determined in vivo. 

Biofilm reduction to be evaluated. 

Wound dressing properties to be evaluated.

Abbreviations: AgNPs, silver nanoparticles; AuNPs, gold nanoparticles; C-dots, Carbon dots; Ce2O3NPs, cerium oxide nanoparticles; CuNPs, copper nanoparticles; GQD, graphene quantum dots; IONPs, iron oxide nanoparticles; 
Mg(OH)2, magnesium hydroxide nanoparticles; NPs MOF, Metallic-organic framework; NPs, Nanoparticles; PDA, polydopamine; PLGA, poly(lactic-co-glycolic) acid; TiO2NPs, titanium oxide nanoparticles; ZnONPs, Zinc oxide 
nanoparticles.
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Conclusions
In the last 5 years and due to the advantages provided by the field of nanotechnology to reduce the problems of toxicity 
and resistance of conventional treatments, a variety of wound dressings loaded with NPs have been developed for the 
control of skin infections caused by P. aeruginosa, one of the most common nosocomial microorganisms in this type of 
infection. 79.6% (39/49) of these strategies use inorganic NPs as antibacterial agents, including metallic, metal oxide, 
metal hydroxide and magnetic NPs and MOFs. It is worth noting that among inorganic NPs, 71.8% (28/39) incorporate 
AgNPs into the generated dressings, possibly due to their properties and the diversity of antimicrobial mechanisms they 
possess, making them the most promising and advantageous NPs to incorporate into wound dressings. Disadvantages 
such as their toxicity and tendency to agglomerate require further research in this area. However, despite their 
advantages, only 14.2% of the studies developed dressings loaded with polymeric NPs and 6.1% with carbon-based 

Figure 4 Main antimicrobial mechanisms of carbon-based, inorganic and polymeric NPs. (A). Carbon-based NPs: 1) ROS production after photoexcitation, bacterial 
membrane disruption and DNA damage (QGDs and C-dots) and 2) sequestration of Fe3+ from the environment (C-dots). (B) Inorganic NPs: 1) increment of membrane 
permeability after electrostatic adherence, interference with DNA replication, denaturation of proteins and ROS production (Metallic NPs); 2) ROS production, vibration 
damage, local hyperthermia (IONPs); 3) ROS production and nutrient transport inhibition (Ce2O3NPs); 4) destruction of cell integrity, liberation of metal ions and ROS 
generation without photoexcitation (ZnONPs) and after photoexcitation (TiO2NPs); 5) bacterial damage after direct contact, drug and metal ions liberation, oxidative stress 
and photothermal effect (MOF) and 6) bacterial damage by direct infiltration of the NPs into the cell membrane and/or absorption of water moisture on NPs’ surfaces, 
creating a thin layer of high pH water (Mg[OH]2NPs). C. Polymeric NPs: 1) drugs and/or active compounds release. Created with biorender.com.
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NPs. Importantly, despite the research carried out, there are still no clinical trials evaluating the efficacy of NPs-loaded 
wound dressings in patients. This may be because there are no universally accepted standards for assessing the specific 
risks associated with NPs.77 Emerging therapies such as PPT, PDT or CDT and their combination have shown promising 
results against P. aeruginosa infection. However, only study to date has used PTT together with NPs-loaded wound 
dressings against this bacterium. Further research is therefore needed in this field to overcome these issues, ensure the 
safety of these treatments and ultimately translate the results of the investigations from the bench to the bedside.

Abbreviations
3T3-L1, mouse embryo fibroblasts; AD-L, guanidinium derivative with pyridine moieties; AgNCs, silver nanoclusters; 
AgNO3, silver nitrate; AgNPs, silver nanoparticles; AuNRs, gold nanorods; AuNPs, gold nanoparticles; BC, bacterial 
cellulose; C3N4, carbon nitride; C60, carbon 60; CCD-986sk, human fibroblast skin cell line; C-dots, carbon dots; CDT, 
chemodynamic therapy; Ce2O3NPs; cerium oxide nanoparticles; CFU, colony-forming units; CG, glycogen; CIP, ciproflox-
acin; CNCs, cellulose nanocrystals; CS, Camellia sinensis; CuNPs, copper nanoparticles; Cur, curcumin; EE, entrapment 
efficacy; Exo, exosomes; Fe2O3 NPs; iron oxide NPs; GA, gum Arabic; GQD, graphene quantum dots; GSSG, glutathione 
disulphide; GSH, oxidized glutathione; HA, hyaluronic acid; HaCaTs, human immortalized keratinocyte cell line; HACC, 
hyaluronic acid mixed with quaternized chitosan; HE MXenes, high-entropy transition metal carbides or nitrides; HFs, human 
fibroblasts; HFF, human fibroblast foreskin cell line; HGCs, human gingival cells; HIF-1α, hypoxia-inducible factor 1α; hKTs, 
human keratinocytes; hMSCs, human mesenchymal stem cells; HPMC, hydroxypropyl methylcellulose; HT1080 cells, 
epithelial cells derived from connective tissue from a patient with Fibrosarcoma; HU2; human fibroblast cell line; 
HUMSCs, human umbilical cord mesenchymal stem cells; HUVECs, human umbilical vein endothelial cells; L929 cells, 
mouse fibroblast cell line; IONPs, iron oxide nanoparticles; LAB, Lactobacillus acidophilus; MBC, minimum bactericidal 
concentration; MBIC, minimum biofilm inhibitory concentration; MC3T3-E1, mouse embryonic osteoblasts; MCRC-5 cells, 
human lung embryonic cells; MDR, multi-drug resistant; MEF, mouse embryonic fibroblasts; MFA, mafenide acetate; 
Mg(OH)2NPs, magnesium hydroxide nanoparticles; MIC, minimum inhibitory concentration; MOF, metallic-organic frame-
work; MSTO, human mesothelioma cell line; nChiD, nanochitosan dots; ND, not determined; NF, nanofibers; NHDF, normal 
adult human primary dermal fibroblasts; NIH3T3, fibroblasts from a mouse NIH/Swiss embryo; NIR, near infrared; NPs, 
nanoparticles; P. aeruginosa, Pseudomonas aeruginosa; PAH, poly allyl amine hydrochloride; Panc 1; human pancreatic 
ductal adenocarcinoma cell line; PCL, poly(ε-caprolactone); PDA, polydopamine; PDT, photodynamic therapy; PEG, poly 
(ethylene glycol); PL, poly-L-lysine; PLGA, poly(lactic-co-glycolic) acid; PRISMA, preferred reporting items for systematic 
reviews and meta-analyses; Pt, platinum; PTT, photothermal therapy; PVA, polyvinyl alcohol; RAW 264.7, murine macro-
phages; Ref, reference; ROS, reactive oxygen species; SA, stearic acid; SC, self-assembly confined; Se, sericin; SF, silk 
fibroin; SNPNPs, silver nitroprusside nanoparticles; WVTR, water vapor transmission rate; THP-1, human macrophage cell 
line; TiO2, titanium oxide; TNF-α, tumor necrosis factor α; U251, human glioblastoma cell line; Vero-E6, epithelial cells; 
WHO, world health organization; WRI, wound refraction index; XL, xenon light; ZnONPs, zinc oxide nanoparticles.
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