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Managing the multi-stage biological process of wound healing can be challenging, 

especially in cases that are chronic. Metal nanoparticles have emerged as promising 

agents for improving wound healing via novel drug delivery systems as nanotechnology 

advances. This review examines the current trends and applications of nano-based drug 

delivery systems, with a particular emphasis on silver and gold nanoparticles. Silver 

nanoparticles (AgNPs) are known for their strong antimicrobial properties, which speed 

up wound healing by reducing bacterial colonization and promoting tissue regeneration. 

Gold nanoparticles (AuNPs) have significant advantages due to their anti-inflammatory 

and antioxidant properties, making them useful in chronic wound management. We 

investigate these nanoparticles' mechanisms of action, production methods, and promise 

to transform wound care, along with the difficulties encountered in implementing them 

in clinical settings. The analysis ends with a summary of potential future developments, 

with a focus on the use of nano-drug systems to personalized and precision medicine for 

the treatment of wound care. 
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INTRODUCTION 

A wound is defined as any injury to the body and 

typically damage to the epidermis of skin that 

disturbs its normal anatomy and function. Wounds 

are categorized as open or closed wounds based on 

the underlying cause of wound formation and 

acute or chronic wounds based on wound healing 

physiology [2]. There are two types of wounds, 

mainly chronic wounds, and acute wounds.  

Acute wounds are classified as surgical wounds 

and accidental wounds. Surgical wounds include 

incisions, excisions, and surgically debrided 

wounds, and accidental wounds include burn 

wounds, electrical, chemical, and thermal wounds 

and injuries. These wounds normally undergo the 

https://www.ijpsjournal.com/
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/wound
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processes of inflammation, tissue proliferation, 

and remodeling.  

Chronic wounds take a long time to heal and 

recover, due to failure in normal progression of the 

healing stages and/or local infection. These 

wounds are commonly caused by chronic diseases 

such as diabetes mellitus, autoimmune diseases, 

hypoxia, trauma, and inadequate care at the early 

stages of wounding.  

Since chronic wounds are often exposed to 

bacteria due to delayed wound healing, they enter 

the stage of infection. The primary cause of 

chronic wound infections is the growth of common 

bacteria. 

Physiology of wound and wound healing: 

The most wide spread organ in the human body is 

the skin. It protects the internal tissues from 

mechanical damage, infection, extreme 

temperature, and harmful sun rays. However, it 

also is more prone to injuries and damage[11].  

When the skin is wounded, different cells come 

together to bring about healing.  

The primary response to a wound is blood vessel 

constriction and the activation of platelets to form 

a fibrin clot. This clot slows or ceases the blood 

flow and allows the flow of inflammatory cells like 

neutrophils, which is the first line of defense 

against microbial infection.  

After the inflammatory phase, angiogenesis 

begins, which involves endothelial cell 

proliferation, migration, and branching to form 

new blood vessels. Apart from the local cells, other 

cells from the bone marrow also support new 

blood vessel formation during wound healing[10,11]. 

 
Figure 1: Physiology of wound healing[11] 

A: Platelets move in close proximity to the vessel 

wall during hemostasis. However, endothelial 

cells emit anti-thrombotic substances including 

prostacyclin and nitric oxide (NO), which stop 

platelets from adhering to the endothelium lining 

and from aggregating. B: Wounding triggers the 

quick release of vasoconstrictors from wounded 

cells, which results in reflexive smooth muscle 

contraction and a brief halt to bleeding. C: The 

subendothelial matrix is exposed when blood 

vessels burst during wound healing. G protein-

coupled receptors, integrins, and glycoproteins on 

the surface of platelets allow them to attach to this 

subendothelial matrix and to one another. 

Additionally, platelets release von Willebrand 

factor (vWF), which adheres to the subendothelial 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/wound-infection
https://journals.physiology.org/doi/full/10.1152/physrev.00067.2017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8151502/
https://journals.physiology.org/doi/full/10.1152/physrev.00067.2017
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matrix. Through their surface receptors, platelets 

bind extracellular vWF, strengthening the platelet 

plug. D: Both intrinsic and extrinsic mechanisms 

cause Factor X to become activated, which in turn 

causes fibrinogen to cleave into fibrin. The 

aggregated platelet plug is bound by cross-linked 

fibrin to create the thrombus, which halts blood 

flow and offers a temporary healing matrix. Based 

on what is currently known, the illustration is a 

simplified depiction[66]. 

Cellular responses during wound healing 

Wound healing in normal conditions happens in 

four phases[4]. The first of which is hemostatis 

which lasts for seconds to hours. In this stage 

vasoconstriction, platelet aggregation, 

complement activation, and thrombus formation 

takes place. The second stage is called the 

inflammatory phase which can last from hours to 

days and in this phase phagocytosis, macrophage 

activation, neutrophil infiltration, and lymphocyte 

infiltration takes place. The third stage of wound 

healing is the proliferation phase which lasts up to 

a few days or maybe even a week, in this stage 

fibroplasia, angiogenesis, reepithelialization, and 

matrix deposition happens. The final stage is the 

remodeling phase which may take a few weeks to 

a month, in this phase ECM (extracellular matrix) 

remodeling, epithelialization, increase of tensile 

strength, and scar formation takes place. After 

these four stages, the tissue is completely healed. 

 
Figure 2: Natural wound healing phases[88] 

WOUND HEALING MANAGEMENT: 

Traditional treatment of wounds:  

Dressings 

Treating a wound depends on different factors 

such as the severity of the wound, the healing 

process, the patient's condition (such as diabetes), 

the social setting, and the availability of wound 

dressing. Regardless of these factors, a wound 

should be treated as soon as possible to avoid 

microbial infection or scarring on the skin.  

Dressings are usually made of a soft cloth-like 

material, which is meant to hold the skin taut and 

prevent the entry of an irritant, and help the wound 

heal faster[7,8]. Occlusive dressings were 

introduced in the late 20th century. These 

dressings would help in collagen synthesis, faster 

reepithelialization, and reducing the wound's pH. 

All of these would contribute to the faster healing 

process of the wound.  

Modern wound treatment: 

The first modern wound dressing was created in 

the mid-1980s, which provided more moisture and 

had absorbing fluids (iodine-containing gels, 

polyurethane foams, and hydrocolloids). Modern 

wound dressing is made to heal the wound rather 

than just cover the wound.  These keep the wound 

from dehydration and promote healing[8]. 

Semi-permeable foam dressings 

These are made of hydrophobic and hydrophilic 

foam, sometimes with adhesive borders. The foam 

has a capability of absorbing the wound drainage 

depending upon the thickness of the wound. 

https://doi.org/10.3390/ijms232315376
https://www.sciencedirect.com/science/article/abs/pii/S1773224717308523
https://onlinelibrary.wiley.com/doi/full/10.1002/app.47738
https://link.springer.com/article/10.7603/s40681-015-0022-9
https://link.springer.com/article/10.7603/s40681-015-0022-9
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However, the disadvantage of semi-permeable 

foam dressing is that frequent dressing is required 

and it is not suitable for low-exudating wounds, 

scars, and dry wounds. 

Semi-permeable film dressings 

These are composed of transparent and adherent 

polyurethane, which allows the transmission of 

water vapor and gasses like oxygen and carbon 

dioxide from the wound. These dressings are 

elastic and so conform to any shape, without 

requiring any additional tapping.  

Hydrocolloid dressing 

Among all dressings, these are the most widely 

used interactive dressings and consist of an inner 

and outer layer, of which the inner is the colloidal 

layer and the outer is the water-impermeable layer. 

These dressings are used on light to moderately 

exudating wounds, providing a moist environment 

for the wound to heal. Since they do not cause any 

pain on removal, it may be recommended for 

pediatric wound care management. A 

disadvantage of Hydrocolloid dressings is that 

they may not be indicated for neuropathic ulcers or 

extremely exudating wounds. 

Alginate dressing 

Derived from marine brown algae (seaweed), 

alginate dressings are absorbent and biodegradable 

in nature. They help in maintaining a moist 

environment and minimize bacterial 

contamination. Alginate dressings are made from 

sodium and calcium salts consisting of 

mannuronic and guluronic acid units. Ions present 

in the alginate are exchanged with blood in the 

wound to form a protective film[8,9]. 

Topical pharmaceutical agents  

Topical agents in the form of solutions, ointments, 

and creams, have shown that they play a more 

effective role in the treatment of wound healing[6].  

These agents aid in the removal of the necrotic 

tissue, antimicrobial agents treat the infection, and 

help with the regeneration of tissue.  

 

Factors affecting the wound healing process: 

Although there is a variety of dressings available, 

there may be some internal and external factors 

that may affect the process and rate of wound 

healing. Local factors include hypothermia, pain, 

infection, radiation, and tissue oxygen tension 

whereas systemic factors are the overall health or 

disease state of the individual that affect the 

individual's ability to heal[8]. Other factors also 

include age, poor nutrition, and nutrition 

deficiency.  

The availability, type, and organization of 

collagen, which is a structural protein present in 

the skin, plays an active role in the natural healing 

process. It initiates fibroblast formation, thus 

speeding up the migration of endothelial upon 

contact with wound tissue. Collagen remodeling 

(synthesis of new collagen to heal the skin)  

continues for months after wound closure[8,10]. 

Another important component is Hyaluronic acid 

(HA), which is a glycosaminoglycan component. 

Although these traditional dressing treatment 

methods are easy to use and cost-effective, they 

also have several disadvantages, which includes 

lack of controlling moisture and even patient 

comfort.  

Nano-formulations: 

Introduction and significance over traditional 

formulations 

Nano-formulations are defined as a formulation or 

combination of drugs that utilize nanotechnology 

to enhance their therapeutic efficacy[12]. They are 

specifically designed to improve the delivery and 

performance of existing drugs by reducing 

toxicity, improving solubility, and increasing 

bioavailability. A nano formulation can be made 

up of various nano-sized materials such as 

liposomes, polymeric nanoparticles, solid lipid 

nanoparticles, and dendrimers[13,14]. Nano 

formulations are designed to improve drug 

stability and solubility in the blood. The drug is 

delivered to the tissue and is absorbed more 

https://link.springer.com/article/10.7603/s40681-015-0022-9
https://www.sciencedirect.com/topics/nursing-and-health-professions/alginate-dressing
https://www.researchgate.net/profile/Rajesh-Pawar-7/publication/374629071_NOVEL_DRUG_DELIVERY_STRATEGIES_AND_APPROACHES_FOR_WOUND_HEALING_MANAGEMENTS_Review_Article/links/65278e18bc063850eab7f8ca/NOVEL-DRUG-DELIVERY-STRATEGIES-AND-APPROACHES-FOR-WOUND-HEALING-MANAGEMENTS-Review-Article.pdf
https://link.springer.com/article/10.7603/s40681-015-0022-9
https://link.springer.com/article/10.7603/s40681-015-0022-9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8151502/
https://doi.org/10.1007/978-1-4939-7899-1_17
https://www.sciencedirect.com/science/article/abs/pii/S0168365912004956
https://doi.org/10.2147/ijn.s38378
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quickly and efficiently. The smaller size of the 

drug particles allows for better penetration into 

tissues and cells, increasing their therapeutic 

effectiveness[15]. Nano formulations have multiple 

benefits over traditional drug delivery such as 

improved drug stability, reduced toxicity, and 

increased efficacy. They have the potential to 

increase drug efficacy and reduce side effects, 

leading to better patient outcomes. They have 

shown great promise in the treatment of various 

cancers, infectious diseases, and inflammatory 

conditions[16]. 

Types of Nano Formulations: 

 
Figure 3: types of nano formulations 

1. Nanoparticles: Tiny particles (1-100 nm) that 

can improve the solubility, stability, and 

bioavailability of poorly water-soluble drugs. 

They can be made from metals, polymers, 

lipids, or ceramics[17]. Examples include: 

Polymeric nanoparticles: Made from 

biodegradable polymers like PLGA 

(poly(lactic-co-glycolic acid)), used for 

controlled drug release. Solid lipid 

nanoparticles (SLNs): Consist of a solid lipid 

core, used to enhance drug stability and control 

release. 

2. Nanocapsules: These are nanoparticles with a 

core-shell structure, where the core 

encapsulates the drug. They offer controlled 

release and targeted delivery. Examples 

include:[18] Liposomes: Bilayer vesicles that 

can encapsulate hydrophilic and hydrophobic 

drugs. They improve drug stability and reduce 

toxicity by targeting specific tissues or cells. 

Nanospheres: Spherical nanoparticles that can 

deliver drugs more efficiently and improve the 

pharmacokinetics of the drug. 

3. Dendrimers: Highly branched, star-shaped 

macromolecules with multiple functional 

groups. They can carry drugs, genes, or 

imaging agents and offer precise control over 

drug delivery and release[19]. 

4. Quantum Dots: semiconductor material at 

nanoscale with unique optical properties. They 

are used for imaging and tracking drug 

delivery in real time[20]. 

5. Nanofibers: Nanometer-sized fibers used in 

drug delivery systems, such as wound 

dressings or scaffolds in tissue engineering, to 

release drugs over time[21]. 

6. Nanocrystals: Nanoscale crystals of active 

pharmaceutical ingredients (APIs) that 

improve the dissolution rate and 

bioavailability of poorly soluble drugs. They 

are often used to enhance the oral 

bioavailability of such drugs[22]. 

7. Nanogels: Cross-linked polymeric networks 

that can swell in the presence of fluids and 

release drugs in response to environmental 

stimuli. They are used for controlled and 

targeted drug delivery[23]. 

8. Micelles: Self-assembled structures of 

surfactants or block copolymers with a 

hydrophobic core and hydrophilic shell. They 

are used to improve the solubility of 

hydrophobic drugs and for targeted drug 

delivery[24]. 

9. Nanoliposomes: Lipid-based nanoparticles 

that can encapsulate both hydrophobic and 

hydrophilic drugs. They enhance drug delivery 

by modifying the pharmacokinetics and 

targeting specific cells or tissues[25]. 

10. Nanocarriers: General term for nano-sized 

delivery systems, including nanoparticles, 

https://doi.org/10.1016/j.ijpharm.2004.07.019
https://doi.org/10.5772/57028
https://doi.org/10.1186/s11671-023-03861-1
https://onlinelibrary.wiley.com/doi/10.1002/ange.201005662
https://doi.org/10.1186/1556-276x-9-247
https://doi.org/10.3390/ijms11010154
https://doi.org/10.22159/ijcpr.2023v15i3.3010
https://doi.org/10.1163/156856207779996931
https://doi.org/10.1163/156856207779996931
https://doi.org/10.1016/j.addr.2012.02.002
https://onlinelibrary.wiley.com/doi/10.1002/9781118444726.ch14
https://www.sciencedirect.com/science/article/pii/S0927776514005001
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nanocapsules, and micelles, designed to 

transport drugs to specific sites in the body 

with high precision[26]. 

Applications: 

1. Targeted Drug Delivery: Nanoformulations 

can be engineered to target specific cells or 

tissues, minimizing side effects and improving 

therapeutic efficacy. 

2. Improved Solubility and Bioavailability: 

Many drugs suffer from poor solubility and 

bioavailability. Nanoformulations can enhance 

these properties, making drugs more effective 

at lower doses. 

3. Controlled Release: Nanoformulations can 

provide controlled and sustained release of 

drugs, reducing the frequency of dosing and 

improving patient compliance. 

4. Enhanced Stability: Nanoparticles can 

protect drugs from degradation due to 

environmental factors such as light, heat, and 

oxygen[31,27,32]. 

Overall, nano formulations offer many benefits 

over traditional drug delivery methods, 

including improved solubility, stability, 

bioavailability, and targeted delivery[30,33,34]. 

Advances and Innovations: 

Personalized Medicine 

Nano-formulations are at the forefront of 

personalized medicine, where treatments are 

tailored to individual genetic profiles. By using 

nanoparticles that target specific molecular 

markers associated with a patient’s disease, 

therapies can be customized for greater efficacy 

and reduced side effects[35]. 

Combination Therapies 

Nano-formulations can be designed to deliver 

multiple drugs simultaneously. This approach can 

be particularly beneficial in treating complex 

diseases that require combination therapies, such 

as cancer, where different drugs work 

synergistically to overcome resistance 

mechanisms and enhance therapeutic outcomes[36]. 

Immunotherapy 

In the realm of cancer treatment, nano-

formulations are being developed to enhance the 

effectiveness of immunotherapies. For example, 

nanoparticles can be used to deliver immune 

checkpoint inhibitors directly to tumor sites or to 

activate the immune system more effectively[37]. 

Diagnostic Applications 

Beyond drug delivery, nanoparticles are being 

explored for diagnostic purposes. Nano-

formulations can be used in imaging techniques 

such as MRI, CT scans, and optical imaging to 

provide high-resolution images of tissues and 

organs. They can also be used for the detection of 

biomarkers associated with specific diseases[38]. 

Gene Therapy 

Nanoparticles are being used to deliver genetic 

material, such as DNA, RNA, or gene-editing tools 

like CRISPR/Cas9, to specific cells. This can 

potentially correct genetic mutations at the source 

and offer therapeutic solutions for genetic 

disorders[39]. 

NANOPARTICLES 

Nanoparticles are incredibly tiny particles with 

dimensions between 1 and 100 nanometers (nm), 

where 1 nanometer is one-billionth of a meter. 

Their small size gives them unique physical and 

chemical properties compared to bulk materials[44]. 

Types: Nanoparticles come in various forms, 

including metal nanoparticles (like Au, Ag Cu, 

ZnO, Silica, TiO2, SPIONs), semiconductor 

nanoparticles (quantum dots), and carbon-based 

nanoparticles (such as fullerenes and carbon 

nanotubes)[45]. 

 
Figure 4: (A) metal NPs; (B) quantum dots, and 

(C) silica-based NPs. 

 

https://doi.org/10.1248/bpb.29.1790
https://doi.org/10.1016/b978-0-12-813689-8.00003-3
https://doi.org/10.5772/28902
https://doi.org/10.1021/acsanm.0c00606
https://doi.org/10.5772/58422
https://doi.org/10.4161/biom.24281
https://doi.org/10.3390/pharmaceutics9040053
https://doi.org/10.3390/jpm7040012
https://doi.org/10.1039/c5md00365b
https://doi.org/10.2217/nnm.14.127
https://www.ajnr.org/content/30/7/1293.short
https://doi.org/10.5772/intechopen.75774
https://doi.org/10.1002/9783527648122.ch1
https://doi.org/10.2147/ijn.s153167
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Properties: Due to their small size, nanoparticles 

can exhibit unique optical, electrical, and magnetic 

properties. For example, gold nanoparticles can 

appear red or purple depending on their size and 

shape due to their surface plasmon resonance[46]. 

Applications: Nanoparticles have diverse 

applications. In medicine, they are used for 

targeted drug delivery and imaging. In electronics, 

they are integral to the development of smaller and 

more efficient devices. They also have roles in 

environmental protection, such as in water 

purification, and in manufacturing, where they can 

be used to create stronger and lighter materials[47]. 

Nanoparticles have significant potential  that can 

enhance drug delivery, improve therapeutic 

efficacy, and reduce side effects. 

Advantages of Nano-Drug Delivery Systems:[48] 

1. Targeted Delivery: Nanoparticles can be 

engineered to deliver drugs specifically to targeted 

cells or tissues, reducing the impact on healthy 

cells. This is particularly useful in cancer therapy, 

where nanoparticles can be designed to target 

tumor cells while sparing surrounding healthy 

tissue. 

2. Controlled Release: Nanoparticles can provide 

controlled and sustained release of drugs over 

time, improving the efficacy and reducing the 

frequency of dosage. This is useful for medications 

that require long-term administration. 

3. Improved Solubility and Bioavailability 

Many drugs have poor solubility in water, which 

limits their effectiveness. Nanoparticles can 

increase the solubility of such drugs, thereby 

improving their bioavailability (the extent and rate 

at which the active ingredient or active moiety is 

absorbed and becomes available at the site of 

action). 

4. Enhanced Stability 

Nanoparticles can protect sensitive drugs from 

degradation due to environmental factors such as 

light, heat, and oxygen. This can enhance the shelf 

life and stability of pharmaceutical formulations. 

5. Diagnostic Applications 

Imaging: Nanoparticles, such as quantum dots and 

magnetic nanoparticles, can be used as contrast 

agents in imaging techniques like MRI, CT scans, 

and fluorescence microscopy. This improves the 

ability to visualize and diagnose diseases at an 

early stage. 

Biosensors: Nanoparticles are used in the 

development of biosensors for detecting 

biomarkers associated with various diseases, 

including cancer, cardiovascular diseases, and 

infectious diseases. 

6. Gene Delivery 

Nanoparticles can be used to deliver genes or 

nucleic acids into cells for gene therapy. This can 

be used to correct genetic defects or to introduce 

therapeutic genes to treat diseases. 

7. Vaccines 

Nanoparticles can be utilized to develop more 

effective vaccines. For example, they can serve as 

adjuvants (substances that enhance the body's 

immune response to an antigen) or deliver antigens 

in a more effective manner. 

8. Personalized Medicine 

Nanoparticles can be tailored to meet individual 

patient needs, allowing for more personalized 

treatment strategies. This includes customizing the 

size, surface properties, and release profiles of 

nanoparticles to match specific patient profiles or 

disease states. 

Challenges and Considerations: 

Safety and Toxicity: Ensuring the safety of 

nanoparticles is crucial. They must be thoroughly 

evaluated for potential toxicity, especially when 

used in humans. 

Regulation: The development and approval of 

nanoparticle-based pharmaceuticals involve 

rigorous regulatory scrutiny to ensure efficacy and 

safety. 

Manufacturing: Scaling up the production of 

nanoparticles to meet pharmaceutical standards 

can be complex and costly[50]. 

https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.20431/2455-6009.0202004
https://doi.org/10.1038/sj.clpt.6100400
https://doi.org/10.1208/s12248-012-9339-4
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Characterization of Nanoparticles:[52] 

1. Microscopy Techniques 

Transmission Electron Microscopy (TEM): 

Provides detailed images of nanoparticles at 

atomic resolution. 

Scanning Electron Microscopy (SEM): Offers 

high-resolution images of the surface morphology 

and structure. 

Atomic Force Microscopy (AFM): Measures the 

surface topography and mechanical properties of 

nanoparticles. 

2. Spectroscopy Techniques 

Dynamic Light Scattering (DLS): Measures the 

size distribution of nanoparticles in suspension 

based on the scattering of light. 

X-ray Diffraction (XRD): Determines the 

crystalline structure and phase of nanoparticles. 

UV-Visible Spectroscopy: Analyzes the optical 

properties and confirms the presence of 

nanoparticles based on their absorption and 

scattering of light. 

3. Other Techniques 

Nuclear Magnetic Resonance (NMR): Used for 

studying the chemical environment and 

interactions of nanoparticles. 

Fourier Transform Infrared Spectroscopy (FTIR): 

Identifies functional groups and chemical bonding 

in nanoparticles. 

Types of Nanoparticles: 

1. Metal Nanoparticles 

Gold Nanoparticles: Known for their optical and 

electronic properties, used in imaging, drug 

delivery, and diagnostics. 

Silver Nanoparticles: Have antimicrobial 

properties, used in coatings, wound dressings, and 

medical devices[53]. 

2. Semiconductor Nanoparticles 

Quantum Dots: Nanoscale semiconductor 

particles with size-tunable optical properties, used 

in imaging and electronic devices. 

Titanium Dioxide (TiO2) Nanoparticles: Used in 

photocatalysis, sunscreens, and as pigments[54]. 

3. Carbon-Based Nanoparticles 

Fullerenes: Molecules of carbon in the form of a 

hollow sphere, used in drug delivery and material 

science. 

Carbon Nanotubes: Cylindrical nanostructures 

with high strength and electrical conductivity, 

used in electronics and nanocomposites[55]. 

4. Polymeric Nanoparticles 

Nanocapsules: Encapsulate drugs in a polymeric 

shell for controlled release. 

Nanospheres: Solid polymeric nanoparticles used 

for drug delivery and as carriers[56]. 

5. Liposomes 

Liposomes: Spherical vesicles with a lipid bilayer, 

used for delivering drugs, genes, and vaccines[57]. 

Advantages of metal nanoparticles over 

conventional treatment for wound healing 

It is clear that the application of metallic 

nanoparticles can create a novel therapeutic 

approach for wound care, showing strong results 

in lowering microbial infections, delaying the 

healing process, and lessening the harm brought on 

by the chronic inflammatory process. One of the 

main advantages of using NPs is that, in contrast 

to traditional drug delivery techniques, they can 

deliver medications, genes, and peptides in higher 

concentrations with fewer side effects, boosting 

the effectiveness of the treatment[87]. 

Recently, copper and silver nanoparticle-

containing wound dressings have been created, 

showing promising preclinical results. Notably, 

compared to employing silver alone, the 

combination of nano-sized silver and copper 

showed an eight-fold reduction in the number of 

bacteria in an in vitro model of wound 

infection.[88]. 

Synthesis of metal nanoparticles (NP):[62] 

These nanoparticles are synthesized using 

nanotechnology, thereby reducing the metal to its 

nuclear size. Its synthesis can be carried out by 

biological, chemical or physical methods, each 

with its own pros and cons.  

https://doi.org/10.5772/13243
https://doi.org/10.5772/intechopen.80374
https://doi.org/10.22159/ijcpr.2023v15i3.3010
https://doi.org/10.1186/1556-276x-9-393
https://onlinelibrary.wiley.com/doi/10.1002/9780470571224.pse494
https://doi.org/10.3390/pharmaceutics12030252
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9740811/#sec-a.f.ftitle
https://www.powerofparticles.com/metal-inorganic-nanoparticles-and-their-application-wound-care
https://www.mdpi.com/1424-8247/16/10/1410
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1. Physical synthesis: Although these approaches 

avoid the contamination of the NPs with solvents, 

the process requires a high amount of energy for 

condensation and evaporation, which could also 

raise the cost of synthesis. 

Physical Vapour Deposition (PVD): Involves 

evaporating a material in a vacuum and then 

condensing it onto a substrate to form 

nanoparticles. 

Milling: Mechanical grinding of bulk materials 

into nanoparticles using high-energy mills. 

2. Chemical synthesis: In this process, reducing 

and protecting agents are utilized to prevent 

agglomeration, and thus producing NPs with high 

purity and stability. But, the contamination can be 

caused by the use of strong chemicals. 

Chemical Vapour Deposition (CVD): Involves the 

chemical reaction of gaseous precursors to form 

nanoparticles on a substrate. 

Sol-Gel Process: A chemical technique where a 

liquid sol transitions to a solid gel phase, which 

can then be processed into nanoparticles. 

Hydrothermal and Solvothermal Synthesis: Uses 

high-pressure and high-temperature conditions in 

aqueous or organic solvents to synthesize 

nanoparticles. 

3. Biological method of synthesis: It offers an 

eco-friendly and a perfect alternative to the other 

two methods. Biological techniques use 

microorganisms like bacteria and fungi or plants. 

Plants used in biological synthesis act as 

biofactories, making this method the most cost-

effective and environmentally friendly. Scale up is 

easy since these plants are abundant, easily 

available and can be grown in various 

environmental conditions. Biological techniques 

also eliminate the need for toxic, strong chemicals 

typically used in the physical and chemical 

methods, therefore making it a safer and more 

sustainable option. With all the advantages, there 

are some disadvantages, like variability in the 

shape and size of the NPs produced due to the 

different species of plant, different weather 

conditions and harvesting times.  

 

 
Figure 5: Simplified scheme for preparation of metal nanoparticles[73] 

The general synthesis follows two approaches, 

bottom-up and top-down. The bottom-down 

approach is called a constructive process that 

synthesizes the NPs from atoms to clusters then to 

NPs[63]. Generally includes processes like sol-gel, 

spinning and biosynthesis. Top-down approach 

destroys the initial structures to synthesize NPs[64]. 

Most commonly used metals are silver, gold, iron, 

cobalt and nickel and their respective oxides.  

https://www.researchgate.net/figure/Simplified-scheme-for-the-preparation-of-metal-nanoparticles_fig2_335610510
https://link.springer.com/chapter/10.1007/978-981-16-6819-7_3
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Figure 6: General route for the synthesis of metal 

nanoparticles[72] 

SILVER NANOPARTICLES: 

Silver compounds and ions have been extensively 

used for both hygienic and healing purposes, due 

to their strong bactericidal effects, as well as a 

broad spectrum antimicrobial activity. Taking 

advantage of its bactericidal properties, various 

silver-containing preparations have been used for 

the treatment of chronic wounds. 

Silver is applied to burns, either in the form of 

impregnated bandages or as a cream containing 

silver sulfadiazine as the active agent, a product 

that is still considered the benchmark silver 

product. Silver-based formulations exhibit fast and 

broad spectrum antibacterial activity against both 

gram-positive and negative bacteria. In recent 

years, the mechanism of action of silver has been 

investigated: it seems that silver shows a 

multilevel antibacterial effect, due to blockage of 

respiratory enzyme pathways, as well as alteration 

of microbial DNA and the cell wall. Silver NPs 

(Ag NPs) have been shown to possess unusual 

physical, chemical and biological properties . The 

effectiveness of Ag NP-containing dressings has 

been widely tested in vitro, and much research 

work has been published[58]. 

Biopolymers are abundantly available from 

natural sources and are used in numerous 

applications in pharmaceutical sciences and 

medicine. Silver nanoparticles and biopolymer-

based biomaterials (AgNP-BMs) are non-

cytotoxic and safe for patients in wound care 

management. The unique intrinsic features of 

AgNP-BMs promote wound healing and 

effectively control the growth of microorganisms 

at the wound site, and this strategy plays an 

important role in the treatment of both acute and 

chronic wounds[60]. 

Silver nanoparticles enhance wound healing by 

promoting collagen expression and growth factors, 

leading to re-epithelialization, vasculogenesis, and 

collagen fiber deposition. They also induce 

fibroblast differentiation, promoting wound 

contraction and faster remodeling. Silver 

nanoparticles have antibacterial properties, 

reducing bacteria resistance and increasing 

effectiveness against multidrug-resistant 

microorganisms. The wound dressing industry has 

patented and commercialized silver-based 

dressings, which reduce wound area, increase 

collagen deposition, and modulate pro-

inflammatory cytokines, reducing scar occurrence 

and displaying antibacterial properties against 

Pseudomonas aeruginosa and fibroblasts. 

Microbial concentration in the wound milieu has 

crucial aspects concerning healing properties and 

avoiding incremental costs on antibiotic use. 

Supervising bacterial outgrowth in the surgical 

wound becomes fundamental for effective wound 

renovation. Reduction of the bacterial growth with 

a dressing composed of nanoparticles, hastens the 

wound healing course. Most in vivo investigations 

reveal proper wound healing features due to 

intrinsic antibacterial, anti-inflammatory, and 

hemostatic characteristics. Furthermore, except for 

antimicrobial properties, silver surgical textiles 

demonstrate a boost in healing features, as a result, 

silver exploitation has a positive effect on cell 

migration and proliferation quality[68]. 

It is explained in the literature that silver 

nanoparticles can modulate anti-inflammatory 

cytokine release and promote closure of the wound 

immediately without the growing scar[61]. 

https://www.researchgate.net/figure/Fig-1-General-route-for-the-synthesis-of-metal-nanoparticles_fig1_41847897
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Synthesis of silver nanoparticles:[65] 

1. Chemical method for synthesis of silver 

nanoparticles 

This method is beneficial because the equipment is 

more simple and easy to use than the biological 

methods. In brief, the silver ions receive electrons 

from the reducing agent and convert into the 

metallic form, therefore aggregate to form silver 

nanoparticles. Among the widely used silver salts, 

most commonly used is AgNO3, due its low cost.  

It usually incorporates three main components: 

metal precursors, reducing agents and coating or 

stabilizing agents (Table 1). Basically, the 

reduction of silver salts involves nucleation and 

subsequent growth. Even though the yield is 

higher than the physical method, the overall 

method is very expensive and the ingredients used 

are toxic and unsafe, mostly the reducing agents 

used are toxic. 

Reducing agent Precursor 

agent 

Capping agent Experimental conditions 

Trisodium 

citrate 

Silver nitrate Trisodium 

citrate 

Diameter ≈ 10–80 nm; temperature ≈ 

boiling point 

Ascorbic acid Silver nitrate Daxad 19 Diameter ≈ 15–26 nm; temperature ≈ 

boiling point 

Table 1: components in synthesis of silver nanoparticles[65] 

2. Physical method used in the silver nanoparticle 

synthesis 

These methods include evaporation and 

condensation and laser ablation. However, a huge 

amount of energy is required, and a long time to 

complete the whole process. Usually, it has a gas-

phase route that lets a tube furnace produce 

nanospheres at atmospheric pressure. At the center 

of this tube, there's a vessel with the base metal, 

which is evaporated into the carrier gas and 

thereby enables the final synthesis.  

Laser ablation is another technique used in 

physical synthesis. A bulk metal source in a liquid 

medium can be used to produce silver 

nanoparticles. Following the irradiation with a 

pulsed laser, the medium contains only the NPs.  

 
Figure 7: Common synthesis techniques employed for metal NPs[61] 

3. Biological methods of preparation of silver 

nanoparticles 

Biological methods are the alternative for limiting 

the chemical methods, harmful effects of the 

chemicals and to reduce the cost of production. 

Using biological methods of preparation includes 

the use of bacteria, fungi, plant extracts not only 

for silver nanoparticles but for several other NPs. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7747521/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7747521/
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This method gives a higher yield with minimal 

effect on the environment. Therefore selection of 

appropriate plant extracts or sustainable materials 

is very important to enhance the production. 

Biological synthesis utilizes a solvent, reducing 

agent and a non-toxic material. It also has a 

presence of amino acids, proteins and secondary 

metabolites, which prevents the particle 

aggregation. Major advantage is that it provides a 

controlled and uniform particle shape and size.  

 
Figure 8: Outline of Green synthesized AgNPs for 

wound healing applications[67] 

Antimicrobial activity of silver 

nanoparticles:[65] 

Ag nanoparticles are the most often utilized 

inorganic nanoparticles as antibacterial agents, 

according to literature.  

The numerous injection-molded plastic items, 

textiles, and coating-based applications all greatly 

benefit from the antibacterial application of Ag 

additions. Ag nanoparticles are also useful in a 

variety of biological contexts. Ag nanoparticles 

have demonstrated a high level of antibacterial 

activity that is similar to that of its ionic form. 

 Ag nanoparticles have also been shown to have 

antibacterial properties against bacteria that are 

resistant to drugs. According to published 

research, Ag nanoparticles' antibacterial activity 

stems from bacterial outer membrane destruction.  

Ag was also said to be less harmful than a lot of 

other disinfectants. reviewed the Ag nanoparticles' 

antibacterial mechanisms and any possible effects 

on the environment and public health. In order to 

create Ag compounds, composites, and alloys with 

the least amount of toxicity and the greatest 

amount of antibacterial action, we believe that 

further study needs to be done. 

Mechanism of action of silver nanoparticles: 

AgNPs are crucial for wound healing because of 

their broad-spectrum resistance to numerous 

infections, high conductivity, chemical stability, 

and catalytic activity. It has long been recognized 

that silver has strong antibacterial properties[69] 

and demonstrates remarkable effectiveness against 

bacteria that produce biofilms and multidrug-

resistant pathogens that are commonly found in 

chronic wounds. Antibacterial action is affected by 

size, shape, dose, and stabilizer. AgNPs can 

prevent bacterial development by destroying the 

bacterial cell membrane and producing free 

radicals, which cause the bacterial cell to leak 

membrane proteins and lipopolysaccharides, 

ultimately leading to cell death[71]. Oxygen and 

hydrogen atoms of thiol groups combine with 

silver ions to generate disulfide bonds, which 

hinder bacterial growth and DNA replication, 

ultimately leading to cell death. By controlling the 

expression of genes like p53, AgNPs can also 

cause cell death. Therefore, AgNPs are a good 

choice for using cutting-edge biological processes 

such as bone regeneration, wound healing, dental 

application, and catheter modification[66]. 

GOLD NANOPARTICLES: 

Because of their targeted delivery, enhanced 

absorption, and safety, gold nanoparticles are 

widely used to provide a variety of bioactive 

substances, improving medication efficacy. They 

are known to be effective transporters, and their 

therapeutic impact increases with their level of 

dissemination. 

These nanoparticles are used to treat a variety of 

conditions, including tissue healing, because of 

their anti-inflammatory and antioxidant qualities. 

https://doi.org/10.1016/j.engreg.2024.06.004.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7747521/
https://doi.org/10.1155/2014/763807
https://doi.org/10.2147/IJN.S121956
https://doi.org/10.3390/ijms232315376
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Depending on the surface, they have strong 

antioxidant qualities in squelching free radicals 

such OH (hydroxyl), H2O2 (hydrogen peroxide), 

and NO (nitric oxide). Additionally, due to their 

large surface area, spherical gold nanoparticles are 

highly likely to absorb electrons and interact with 

reactive oxygen species (ROS) to eliminate or 

deactivate them[72]. 

AuNPs improve antibacterial activity and 

accelerate healing when added to hydrogel or 

polymer-based dressings. 

Gels and creams for topical use: 

AuNP-containing formulations are given topically 

to wounds to heal them locally and stop infections. 

Biomaterials Integrated into Nanoparticles: 

AuNPs can be incorporated into scaffolds for 

tissue engineering, promoting tissue regeneration 

and cell proliferation. 

Intelligent Bandages: 

AuNPs can be incorporated into these bandages to 

monitor wound conditions in real time, such as 

temperature and pH variations, which can reveal 

infection or the status of healing[73]. 

 
Figure 9: wound healing by gold nanoparticles[74] 

Pressure sores and diabetic ulcers are examples of 

chronic wounds that are infamously hard to heal. 

Due to their several functions, gold nanoparticles 

have demonstrated significant promise in these 

situations: lowering the amount of bacteria, 

reducing inflammatory response, encouraging the 

production of collagen and angiogenesis[74]. 

Synthesis of gold nanoparticles:[66] 

1. Chemical method of preparation of gold 

nanoparticles 

This method involves the reduction of gold 

salt, followed by stabilization of NPs. The 

reducing agent used is trisodium citrate, which 

reduces hydrogen tetrachloroaurate (III). This 

is the most common way to synthesize, but it 

uses expensive and toxic chemicals.  

2. Physical method of preparation of gold 

nanoparticles 

AuNPs are produced by a self-assembly 

process by physical or even chemical method. 

This process is cost-effective and gives more 

control over the final product’s shape and size. 

3. Biological method of preparation of gold 

nanoparticles 

Recently, this method has been preferred over 

the other methods because of its advantages of 

being environmentally friendly, which uses 

microorganisms, enzymes and plants. Like 

biological synthesis of AgNPs, biological 

https://www.mdpi.com/1422-0067/23/23/15376
https://doi.org/10.1039/d3ra03477a
https://doi.org/10.1002/cnma.201900366
https://doi.org/10.1002/cnma.201900366
https://doi.org/10.3390/ijms232315376
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method of synthesis AuNPs also eliminates the 

need for any harmful and toxic chemicals.   

Mechanism of Action of gold nanoparticles:[66] 

Gold nanoparticles are used for tissue repair given 

their anti-inflammatory and antioxidant properties. 

They quench free radicals like hydroxyl, hydrogen 

peroxide, and nitric oxide. Additionally, because 

spherical gold nanoparticles have a large surface 

area, they are highly likely to absorb electrons and 

interact with reactive oxygen species (ROS) to 

eliminate or deactivate them. As a result, they 

become a powerful antioxidant and are essential 

for wound healing. In addition to having potent 

catalytic activity in activities that scavenge free 

radicals, they can raise NRF2 levels, which 

triggers the activation of antioxidant genes. GNPs 

affect the thiol linkages on Keap1, changing its 

conformation and allowing NRF2 to carry on 

cytoprotective gene transcription. In rats, topical 

administration of GNPs has been shown to 

dramatically speed up the healing process by 

greatly increasing the expression of collagen and 

VEGF, as well as cytokines (IL10 and IL4) and 

growth factors (FGF and TGFβ). four times 

quicker than in the other groups for wound closure. 

Antimicrobial activity of gold nanoparticles:[70] 

Because of their nontoxicity, strong 

functionalization capacity, polyvalent effects, 

simplicity of detection, and photothermal activity, 

Au nanoparticles are thought to be extremely 

beneficial in the creation of antibacterial drugs.  

Tiwari et al. examined the antibacterial and 

antifungal properties of Au nanoparticles 

functionalized with 5-fluorouracil against the 

following microorganisms: Aspergillus fumigates 

(A. fumigates), S. aureus, P. aeruginosa, E. coli, 

and Aspergillus niger (A. niger). Due to their 

better internalization into gram negative bacteria, 

the authors observed that these nanoparticles 

exhibited greater activity on gram negative 

bacteria than on gram positive bacteria.  

Because of the ROS-independent mechanism 

underlying their antibacterial effect, Au 

nanoparticles appear to be less harmful to 

mammalian cells than other nanometals. These 

nanoparticles are also excellent candidates for use 

as targeted antibacterial agents due to their great 

functionalization capabilities. 

General overview of other metal nanoparticles: 

Cu, ZnO, Silica nanoparticles: 

Copper Nanoparticles: 

Because of their organized structure, copper 

nanoparticles exhibit a more steady and controlled 

release of copper ions than copper salts, which 

results in less cytotoxicity than that caused by 

copper ions. According to some research, scaffolds 

with CuNPs demonstrated more stable copper ion 

release and degradation, which reduced 

cytotoxicity[85]. 

Zinc Oxide Nanoparticles 

After iron, zinc oxide nanoparticles are the second 

most common metal oxide. They are cheap, safe, 

and simple to make (Kalpana et al., 2018). Zinc 

oxide nanoparticles' physical and chemical 

properties can be readily altered by altering their 

shape by the use of alternative synthesis methods, 

precursors, or materials (Bala et al., 2015)[84]. 

Silicon dioxide Nanoparticles 

Silicon dioxide (SiO2) is used to make silica 

nanoparticles. Numerous techniques, such as sol-

gel synthesis, hydrolysis, and chemical vapor 

deposition, are used to create them. High surface 

area and chemical stability silica nanoparticles can 

be employed in a variety of adsorption and 

catalysis processes, just like other nanoparticles. 

Silica nanoparticles have minimal toxicity and 

biocompatibility, which make them appropriate 

materials for use in biological and medical 

applications in addition to their physical and 

chemical characteristics[86]. 

Titanium dioxide Nanoparticles 

In recent years, the construction industry has paid 

close attention to titanium dioxide nanoparticles in 

https://doi.org/10.3390/ijms232315376
https://doi.org/10.3390/nano1010031
https://www.sciencedirect.com/topics/medicine-and-dentistry/copper-nanoparticle
https://www.sciencedirect.com/topics/chemistry/zinc-oxide-nanoparticle
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/silica-nanoparticle#:~:text=Silica%20nanoparticles%20are%20particles%20made,%2C%20and%20sol%2Dgel%20synthesis.
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the form of anatase because of their potential to 

give infrastructures new capabilities, such as self-

cleaning capabilities and the capacity to remove 

air pollutants through photocatalysis. Despite the 

fact that titanium dioxide nanoparticles (TiO2 

NPs) enhance the mechanical and antibacterial 

qualities of traditional glass ionomer cements 

(GIC), there is ongoing debate regarding their 

biocompatibility. 

SPIONs (Superparamagnetic Iron Oxide 

Nanoparticle) 

The future of cancer theranostics, combinatorial 

cancer detection, and cancer treatment could be 

completely transformed by iron-oxide 

nanoparticles with superparamagnetic 

characteristics and small sizes. Superparamagnetic 

iron-oxide nanoparticles (SPIONs) exhibit 

exceptional tumor-targeting efficacy because of 

their special magnetic properties, which opens the 

door to successful customized cancer treatment. 

These magnetic particles are covered with 

biocompatible polymers like polyethylene glycol 

or dextran, which enhance the blood distribution 

profile of the therapeutic medicines and serve as 

chemical handles for their conjugation. 

SIDE EFFECTS: 

- Most studies reported that silver nanoparticles 

dressing has the potential to be used as an 

effective antibacterial agent for wound 

healing. However, clinical trials on the 

possible toxicity via dermal exposure are not 

sufficient enough, and thus more clinical 

studies are recommended on  the potential 

toxicity via dermal exposure of silver 

nanoparticles[75]. 

- In the wound bed, metal nanoparticles can be 

harmful to healthy cells, especially when 

present in large concentrations. For example, 

oxidative stress caused by silver nanoparticles 

(AgNPs) might result in necrosis, apoptosis, or 

damage to cells.Even though they are less 

harmful, gold nanoparticles (AuNPs) can 

nonetheless stress cells if their concentration 

and size are not ideal[76]. 

- Hypersensitivity or allergic reactions to certain 

metal nanoparticles, especially silver. This can 

cause redness, itching, swelling, or other signs 

of inflammation at the wound site[77]. 

- Although metal nanoparticles at low 

concentrations can aid in wound healing, 

overuse of them can hinder the process. 

Excessive amounts of nanoparticles, 

particularly zinc and silver, may suppress 

fibroblast and keratinocyte activity, delaying 

wound healing and tissue regeneration[78]. 

- If metal nanoparticles are recognized as 

foreign items by the immune system, they may 

cause exaggerated inflammatory reactions. 

Excessive inflammation has the potential to 

postpone wound healing and extend the 

inflammatory period[79]. 

- Certain metal nanoparticles, like silver, have 

the ability to build up in tissues and may be 

harmful over time. Chronic inflammation may 

arise from persistent nanoparticle 

accumulation interfering with regular tissue 

healing processes. 

- Reactive oxygen species (ROS) are produced 

by metal nanoparticles and are detrimental to 

cells. ROS can harm DNA, lipids, and proteins 

in cells, impairing their ability to function and 

delaying the healing of wounds. This is a 

prevalent worry regarding nanoparticles of 

silver[80]. 

- Although metal nanoparticles' antibacterial 

qualities help shield against infections, their 

broad-spectrum action can upset the skin's 

natural flora. This may lead to a state of 

dysbiosis, in which pathogenic bacteria 

proliferate, or impede the process of wound 

healing. 

- Overuse or misuse of metal nanoparticles can 

cause aberrant collagen deposition and perhaps 

cause keloid formation or hypertrophic 

https://doi.org/10.1002/cnma.201900366
https://onlinelibrary.wiley.com/doi/10.1002/smll.200900466
https://doi.org/10.1016/j.mencom.2013.03.001
https://doi.org/10.1155/2010/510682
https://doi.org/10.1155/2015/143720
https://doi.org/10.1016/j.drudis.2014.11.014
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scarring, which can have a detrimental effect 

on tissue functions and cosmetic results[81]. 

- Metal nanoparticles work well against a 

variety of infections, but incorrect or extended 

use may cause germs to become resistant to 

them. This holds special importance for 

nanoparticles of silver[82]. 

Challenges and Future Directions: 

 

 
Figure 10: challenges and future directions of nano formulations 

Scalability and Production: 

One of the challenges in the field of nano-

formulations is scaling up production from 

laboratory research to commercial manufacturing. 

Ensuring consistency, quality, and cost-

effectiveness at a larger scale remains a significant 

hurdle[40]. 

Integration with Digital Health: 

The integration of nano-formulations with digital 

health technologies, such as wearable devices and 

smart monitoring systems, is an emerging area. 

This integration could allow for real-time 

monitoring of drug delivery and therapeutic 

responses, leading to more adaptive and 

responsive treatment strategies[41]. 

Ethical and Social Implications: 

The development and use of nano-formulations 

raise ethical and social questions, including 

concerns about privacy, informed consent, and the 

accessibility of advanced treatments. Addressing 

these concerns is crucial to ensure that the benefits 

of nanotechnology are equitably distributed and 

that patient rights are safeguarded[42]. 

Education and Training: 

As nano-formulations become more prevalent, 

there is a need for education and training for 

healthcare professionals. Understanding the 

specific characteristics, benefits, and potential 

risks associated with nano-based therapies is 

essential for their effective implementation in 

clinical practice. 

In summary, while nano-formulations offer 

transformative potential in drug delivery and 

beyond, ongoing research, regulatory 

advancements, and thoughtful consideration of 

ethical issues are essential for maximizing their 

benefits and minimizing potential risks[43]. 

CONCLUSION 

The application of nanotechnology, particularly 

metal nanoparticles such as silver and gold, offers 

a transformative approach to wound healing 

management. Silver nanoparticles, with their 

robust antibacterial capabilities, have 

demonstrated exceptional promise in avoiding 

infections and increasing tissue regeneration, 

whereas gold nanoparticles provide anti-

inflammatory and antioxidant advantages, making 

them excellent for healing chronic wounds. 

Despite the positive outcomes of preclinical 

investigations, the transition of nanoparticle-based 

therapeutics from research to clinical practice 

presents hurdles such as scalability, regulatory 

approval, and patient safety. Future research 

should prioritize refining nanoparticle 

https://doi.org/10.1039/c8tb03272f
https://doi.org/10.3109/17435390903471463
https://doi.org/10.2217/nnm.12.3
https://doi.org/10.1016/j.addr.2020.06.018
https://doi.org/10.1111/j.1467-8519.2007.00623.x
https://doi.org/10.1016/b978-0-08-102579-6.00013-7
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formulations, increasing targeted distribution, and 

resolving concerns about toxicity and long-term 

impacts. With continuing improvements, nano 

drug delivery devices have the potential to 

transform wound care by providing more 

effective, tailored treatment choices for both acute 

and chronic wounds. 
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