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Abstract: In spite of various treatments available, still wound healing is a big challenge because of increasing number of
people suffering from wounds and the cost of wound care. Nanotechnology is one such treatment option which is grabbing
greater attention nowadays. Development in the field of nanotechnology and its applications to the field of medicines and
pharmaceuticals has transformed the twentieth century. Nanotechnology through the use of nanomaterials unlocked a new
chapter in wound healing treatment suggesting solutions for the acceleration of wound healing, as well as demonstrating
distinctive properties as bactericidal agents. In these nanomaterials metallic nanoparticles are increasingly being used due
to their favourable effect on accelerating wound healing, as well as treating and preventing bacterial infections. Other
advantages include: ease of use, less frequent dressing changes and a persistent moist wound environment. In this article we
are going to explore the effect of metallic nanoparticles on wound healing activity.
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Introduction

A wound is defined as damage or destruction to the normal anatomical structure and function. This can range from a simple break
in the epithelial integrity of the skin or it can be deeper, prolong into subcutaneous tissue with damage to other structures such as
tendons, muscles, vessels, nerves, parenchymal organs as well as bone ™. Wounds can appear from pathological processes that start
externally or internally within the involved organ. They can have an unintended or intentional aetiology or they can be the result of
a disease process. Wounding, irrespective of the cause and whatever the form, injure the tissue and interrupt the local environment
within it &,

Wounds can be of acute or chronic based on their time taken to heal 2. Many factors play role in formation of chronic wounds such
as high levels of inflammatory mediators, wound infection, formation of biofilm, hypoxia (common chronic conditions
cardiovascular disease, smoking, pulmonary disease and peripheral vascular disease results in hypoxia), drugs (inotropes, steroids,
NSAIDs, diabetes mellitus, elderly persons, poor nutrition with low protein level can delay wound healing process [,

The normal wound healing is a dynamic and complex development involving a sequence of co-ordinated events, including bleeding,
coagulation, initiation of an acute inflammatory response to the initial injury, regeneration, migration and multiplication of
connective tissue and parenchyma cells, as well as synthesis of extracellular matrix proteins, remodelling of new parenchyma and
connective tissue and collagen deposition. Finally, increasing the wound strength takes place in an ordered manner and culminates
in the repair of severed tissue

Wound healing is a still challenge because of increasing number of people suffering from wounds and the cost of wound care.

As per studies, a 2018 retrospective analysis of Medicare beneficiaries conclude that *8.2 million people had wounds with or
without infections. Medicare cost estimates for acute and chronic wound therapy ranged from $28.1 billion to $96.8 billion [,
The global wound care market size was valued at USD 19.83 hillion in 2020 and is expected to do more at a compound annual
growth rate (CAGR) of 4.1% from 2021 to 2028 [,

The understanding and therapy strategies for wound healing have gone through a great revolution 12,

The various methods are used in treating wounds such as debridement, skin substitutes, growth factors, wound dressings, gene
therapy, stem cell therapy, antiseptics, antibacterial agents [?, traditional therapy-based herbal and animal derived compounds,
living organisms [, electrical field stimulation (1.

Another treatment option which grabbed greater attention is nanotechnology.

Nanotechnology is the study of extremely small structures. The prefix “nano” is a Greek word which Refer “dwarf”’. The word
“nano” refers to very small scale or miniature size [l Nanoparticles (NPs), usually ranging in dimension from 1-100 nanometres
(nm), have exclusive properties from their bulk equivalent. They possess uncommon physicochemical, optical and biological
properties, which can be manipulated suitable for desired applications [€. They are contributing advantages not possessed by larger
particles, such as increased surface to volume ratio or improved magnetic properties 1. Advancement in the field of nanotechnology
and its utilization in the field of medicines and pharmaceuticals has Remodel the twentieth century [,

IJSDR2112028| International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org | 182


http://www.ijsdr.org/

ISSN: 2455-2631 © December 2021 IJSDR | Volume 6 Issue 12

Nanotechnology through the utilization of nanomaterials opened a new chapter in wound healing therapy proposing solutions for
the acceleration of wound healing, as well as presenting distinctive properties as bactericidal agents [,

The drug itself may be developed at a nanoscale such that it can work as its own “carrier” or nanomaterials may be used as drug
delivery vehicles (19,

The main breed of nanomaterials used for wound therapy are represented by nanoparticles, nanocomposites, coatings and scaffolds.
(Are represented in figure).

1) Nanoparticles — a) Inorganic — metal and non-metal

b) Organic — Non polymeric and polymeric

2) Nanocomposites — porous materials, colloids, copolymers, gels

3) Coatings and scaffolds — Hydrogels, nanofibers, films and coatings ™4,

In these nanomaterials metallic nanoparticles are increasingly being used due to their beneficial effect on accelerating wound
healing, as well as treating and preventing bacterial infections. Other benefits include: ease of use, less frequent dressing changes
and a persistent moist wound environment 11,

This review explains about the effect of metallic nanoparticles on wound healing activity.

METALLIC NANOPARTICLES

Depending on the number of metals and metal oxide

Metallic NPs are divided into monometallic, bimetallic, trimetallic and quadrometallic types. In between these, bi-, tri-, and
multimetallic NPs have attracted the greatest interest due to their enhanced catalytic properties and favourable characteristics
compared with monometallic NPs 12,

MONOMETALLIC NANOPARTICLES

Monometallic NPs occupy only one type of metal with particular chemical and physical properties [*2. Metal-based NPs that have
been reported for antimicrobial activity and wound healing activity are silver NPs (AgNPs), gold NPs (AuNPs), copper NPs
(CuNPs), Moreover metal oxide NPs such as zinc oxide NPs (ZnO NPs), titanium dioxide (TiO2), cerium oxide (CeO,), yttrium
oxide (Y203 ) etc 1231,

Silver nanoparticles: - Ag has been known as a material of wound healing from the long past historical ages. In the modern times,
AgNPs have been used in wound dressings due to their extraordinary features of anti-microbial activity and wound healing property
along with large surface area to volume ratio 1,
As per literature reports the silver nanoparticles can regulate anti-inflammatory cytokine release and aid in rapid wound closure
without increasing scarring. They also play role in epidermal re-epithelization through the proliferation of keratinocytes [1%,
The accurate mechanism of action of silver on the microbes is still unexplored. Though the likely mechanism of action of metallic
silver, silver ions, and silver nanoparticles has been proposed according to the morphological and structural changes found in the
bacterial cells.

Mechanism of Action of Silver Nanoparticles (AgNP). The silver nanoparticles exhibit efficient antimicrobial properties compared
to other silver compounds because of their large surface area. The larger surface morphology allows better contact with
microorganisms. AgNP penetrate inside the cell by interacting with cell membrane. Bacterial cell membrane consists proteins,
which include sulphur. AgNP interact with these proteins, also with the phosphorus containing compounds, like DNA. After entry
into the bacterial cell it forms a low molecular weight region in the centre of the bacteria to which the bacteria conglomerate, thus
preserving the DNA from the silver ions. The AgNP interact with the respiratory chain and cell division finally leading to cell death
[15]
AgNPs are more powerful at lower concentrations, thus decreasing their toxicity. However, a report by Szmyd et al. shown that
higher concentrations of AgNPs reduce keratinocyte viability, metabolism, as well as migration and differentiation of these cells,
through the activation of caspase 3 and 7 (proteases involved in programmed cell death) and dose-dependent DNA damage 61,
For the purpose of reducing side effects, silver nanoparticles can be given in low doses along with antimicrobial drugs to achieve
enhanced efficiency.

In a recent study by Ahmadi et.al demonstrated that AQNPs combined with tetracycline significantly decreased bacterial load both
in superficial and deep tissue layers in a mouse model, thus accelerating healing [7). These outcomes encourage the association of
AgNPs with traditional antibacterial agents or dressings, in aiming to more efficiently treat infected wounds.

In a recent study performed in vivo on dogs, Mihai et.al demonstrated that silver impregnated coatings ensures faster wound healing
and avoid microbial colonization on site (81,

In addition, silver nanoparticles were utilized for various clinical trials in the therapy of wounds, principally for burns and chronic
wounds (i.e., diabetic ulcers). At present, there are few commercially available dressings containing AgNPs.

One such example is Acticoat©-wound dressing containing AgNPs with average size of 15 nm.

The proved properties of Acticoat© are: wound healing, infection reduction on the site of the wound, and pain reduction, aspects
observed in most tested patients. Although, this coating is still under examination for the therapy of burns. Recent clinical trials
concluded that Acticoat© may be efficient in avoiding infections in burns when applied together with silver sulphadiazine and
chlorhexidine digluconate cream !4, Silver and other non-antibiotic treatments were forgotten when penicillin and other antibiotics
were discovered but, today, silver has acquired significant attention because of the emergence of antibiotic-resistant strains and its
low tendency to develop resistance. Due to inherent therapeutic properties and multi-site action, silver nanoparticles show a broad-
spectrum antibacterial capability against many micro-organisms and demonstrate a greater potential to overcome the emerging
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issues in the area of microbial resistance in different applications and, in particular, in therapeutically enhanced healthcare. Silver
nanoparticles (AgNPs) have shown greater potential in different applications, such as in detection and diagnosis, drug delivery, for
coating of biomaterials and devices, for novel antimicrobial agents, and in regeneration materials.

Promising results have also been reported for AgNPs-incorporated biomaterials, such as modified cotton, bacterial cellulose,
chitosan, and sodium alginate (9,

Gold nanoparticles:-

Gold nanoparticles (AuNPs) are of best option when it comes to wound therapy because of their chemical stability and capacity of
absorbing near infrared light, while, at the same time, being relatively easy to synthetize. Additionally, by changing the surface
plasmon resonance, AuNP gels exhibit thermo responsiveness, as described by Arafa et al., who demonstrated their in vitro and in
vivo antibacterial and healing properties, backed by histopathologic examinations 2%,

Also, the study by Sherwani et al. demonstrated the ability of Au NPs to heal wounds 24,

AUNPs exhibit bactericidal and bacteriostatic properties by directly targeting the bacterial cell wall, or they can bind to bacterial
DNA, blocking the double-helix from uncoiling during replication or transcription. As a result, they can prevent multidrug-resistant
pathogens, such as Staphylococcus aureus and Pseudomonas aeruginosa 4,

One more possible mechanism of Au NPs is that they can permeate bacterial cells and alter bacterial membrane potential, which
results in the inhibition of bacterial energy metabolism. Further, it also inhibits the activity of ATP synthase enzyme, which results
in bacterial cell death. Moreover, Au NPs act as antioxidants by inhibiting the bacteria from producing reactive oxygen species
which further help in the wound-healing process.

Au NPs can effortlessly be combined and cross-linked with collagen, gelatin, and chitosan for better wound-healing effects. This
process of functionalization assists the Au NPs to gain properties such as biocompatibility and biodegradability 221,

Lorena Maria Cucci et,al did functionalization of gold nanoparticles with angiogenin for improved wound healing applications®l,
In such regard a study conducted by Volkova et al. demonstrated that Au NPs combined with cryopreserved human fibroblasts
(CrHFC-AUNP) applied topically to burn wounds resulted in an increased overall healing rate with reduced inflammatory phase
and enhanced deposition of collagen 24,

Copper nanoparticles:-

In recent times copper nanoparticles (CuNPs) have grabbed greater research interest. As copper (Cu) plays a complex role in various
cells, it modulates several cytokines and growth factor mechanisms of action, and is essentially involved in all stages of the wound
healing process. Cu is popular for its antimicrobial activity and has long been known to play a direct role in angiogenesis. It has
also been proven that copper has greater role in wound healing process by regulating the expression level of 84 genes which are
associated with angiogenesis and wound repair. Studies have shown that copper nanoparticles (CuNP) can stimulate angiogenesis
by affecting the expression of hypoxia inducible factor (HIF-1a) and regulation of the secretion of vascular endothelial growth
factor (VEGF) [7€9].

Various studies regarding wound healing potential of copper nanoparticles are conducted as Sanaz Alzadeh et.al. examined the
potential therapeutic effect of various CuNPs concentrations (1 mM, 10 mM, 100 mM, 1 mM, and 10 mM) and sizes (20 nm, 40
nm, 80 nm) in wound healing. Overall, their results have indicated that the 1 mM concentration of 80 nm CuNPs is a promising NP
for wound healing applications without adverse side effects[?l.

And also, copper nanoparticles can be used in wound dressings to improve wound healing activity a study conducted by by Ensieh
Ghasemian Lemraski et.al showed improved wound healing when copper nanoparticles are incorporated in chitosan/polyvinyl
alcohol wound dressings [61,

Even a studies on the wound healing properties of copper nanoparticles as a function of physicochemical parameters were studied.
A study done by A.A.Rakhmetova et.al examined the wound healing potential and physicochemical characteristics of copper
nanoparticles which are modified with a variety of agents. The ointment of modified copper nanoparticles exhibited wound healing
behavior that varies in effectiveness depending on their physicochemical parameters. Copper oxide nanoparticles (modified with
air), having a particle size of 119 nm and crystalline copper content of ~0.5%, and copper nanoparticles (modified with oxygen),
having a particle size of 103 nm and crystalline copper content of 96%, demonstrated the maximum specific rate of wound
adhesion!?],

Zinc oxide nanoparticle:-

Several factors determine the effect of zinc oxide on wound healing as zinc ions are biogenic, part of many enzymes and indirectly
control the activity of more than 200 enzymes and exhibit immunomodulatory properties.

A small part of zinc ions produced by ZnO NPs have high wound skin permeability, antioxidant properties, promote the regeneration
of damaged tissues by activating collagen synthesis and regulate the redox imbalance during the burn disease due to tissue hypoxia
in the wound 281,

Zinc oxide nanoparticles (ZnONPs) exhibit a definitive antibacterial agent, by causing bacterial cell membrane perforations. In
addition, they are also utilized in hydrogel-based wound dressings where they enhance overall contact time, promote keratinocyte
migration, thus upgrade the re-epithelialization [,

In recent study by Carol M Cleetus et.al concluded that ZnO NP and alginate-based 3D printed lattice structures provide a viable
alternative to existing chronic wound healing treatment options 21,

Aiming to provide a better treatment for burn wounds

New nanocomposites were developed by Nina Melnikova et.al using bacterial cellulose (BC) and betulin diphosphate (BDP) pre-
impregnated into the surface of zinc oxide nanoparticles (ZnO NPs) for the production of wound dressings and the study of their
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biological activity on a rats with thermal burn model. The results showed effective wound healing with BC-ZnONPs-BDP
nanocomposites [28],

Further, the ZnO nanoparticles antibacterial and antibiofilm effects were evaluated by Sajjad Mohsin I. Rayyif et.al and the results
found that ZnO-coated dressings inhibit biofilm development of main wound pathogens and represent efficient candidates for
developing bioactive dressings to fight chronic wounds 1,

ZnO NPs are found to reduce UV photodamage to the skin, by their antioxidant property and preventing DNA damage in humans.
The incorporation of ZnO NPs can aid photo protect damaged skin from UV irradiation during wound healing.

Cheng-Chih Lin, et.al showed that by incorporating as little as 1.0 wt % spherical ZnO NPs to the barrier film spray leads to as high
as 80% of Hs68 cells to survive after 1 h UV irradiation, compared to 55% without photoprotection. Researchers have also attempted
to create core-shell nanocomposites by merging two metal (14,

In this regard, Batool et.al showed the healing efficiency of mouse wound using ZnO-NP/silica gel (ZnO-NP/SG) dressings due to
its extensive evidence on healing property. The microscopic examination of the wound area is decreased remarkably using ZnO-
NP/SG-30 ppm dressings within 11 days of observation as compared to ZnO-NPs of the control sample. These findings elaborated
that as-synthesized dressing enhanced the skin repairing on the wound surface and support its usage in the future (32,

Reihaneh Haghniaz et.al showed that ZnFe204 NPs have promising antibacterial properties and desirable biocompatibility to
promote wound healing. Hence, the optimized ZnFe204 NPs can be used as an alternative therapeutic agent against drug-resistance
microbial pathogens and also as a bandage to enhance burn-wound healing in near future 33,

BIMETALLIC NANOPARTICLES

Bimetallic NPs are formed via the integration of two different types of metal atoms to form a single nano metric material with
varying structures, morphologies, and properties. Bimetallic NPs can be formed by choosing the suitable metal precursors to attain
the desired shape, size, structure, and morphology according to the configuration of atoms, and at last this results in the formation
of alloy, core—shell, and aggregated nanoparticle types. Bimetallic NPs, such as Ag/Au, Ag/Cu, Au/Pt, Au/Pd, Ag/Fe, Fe/Pt, Cu/Zn,
Cu/Ni, Au/CusS, and Fe3SO4/Ag NPs, have extraordinary surface activities. More over, bimetallic oxide NPs, such as MgO/ZnO,
Cu0/Zn0, and Fes04/ZnO NPs, because of tensile strain and synergism between the constituent metals, often show unique
antibacterial performance [*2,

Ag/Au bimetallic nanoparticle

AUNPs and AgNPs are the most extensively used nanomaterials in biomedical applications. AuNPs show chemical stability and
biocompatibility, while AgNPs exhibit good antimicrobial effects. However, AgNPs are less stable under identical biological and
chemical conditions than AuNPs, and may show toxic effects in biological systems. Therefore, a combination of gold and silver in
one bimetallic nanostructure helps to obtain a new set of properties resulting from both metals 41,

To explore the wound healing potential of bimetallic nanoparticles,

Atest carried out by Piotr Orlowski et.al on bimetallic Au@AgNPs sized 30 nm modified with selected flavonoid and non-flavonoid
compounds for wound healing applications, showed the results that Tannic acid-modified Au@AgNPs promoted epithelial-to-
mesenchymal transition (EMT) — like re-epithelialization, at the same time other polyphenol modifications of Au@AgNPs acted
through proliferation and wound closure 4,

ZnO/Ag bimetallic nanoparticle

A study suggests that ZnO/Ag bimetallic nanoparticles can be used in wound dressings to treat antibacterial resistance and infection.
Min Hu et.al developed a new wound dressing that combines ZnONPs and AgNPs to produce an improved antimicrobial activity
against both Gram-negative and Grampositive bacteria. The synthesized ZnO/Ag/PVP/PCL nanofibres exhibited the outstanding
gaseous exchange ability, a solid haemostatic ability and a low weight loss rate. Simultaneously, the bimetallic nanofibres could
synergistically improve the antibacterial effect. These preliminary findings provide a new candidate in treating the increasing
antibacterial resistance and infection [,

Ag/Cu bimetallic nanoparticle

G. Mamatha et.al. developed the nanocomposite cotton fabrics where bimetallic nanoparticles were in situ generated in cotton
fabrics of using aloevera extract as reducing agent. The nanocomposite cotton fabrics have exhibited satisfactory antibacterial
activity against five bacteria. These fabrics can be used for dressing, wound healing, packaging, and medical applications [,
Using a chemical reduction method Jaehee Jang et.al incorporated silver (Ag) and copper (Cu) bimetallic nanoparticles on a GO
surface (Ag/Cu/GO) and their antimicrobial effects against various bacterial species were demonstrated and by the topical
application of Ag/Cu/GO, a biofilm-infected skin wound of a small animal model healed rapidly and efficiently. So, the study
suggests that the Ag/Cu/GO nanocomposites could be used to effectively eradicate antibiotic-resistant bacteria and treat diseases in
the skin or wound due to bacterial infections and biofilm formation 7,

TRIMETALLIC NANOPARTICLES

Trimetallic NPs are prepared from three different metals to decrease metal consumption, atomic order, and to fine-tune the size
and morphology of these NPs. They show greater catalytic selectivity/activity and efficiency in various applications, such as
biomedical, antimicrobial, catalytic, active food packaging, and sensing applications. As it contains three metals, there are some
chances for different structures and morphologies, such as core—shell, mixed structure, subcluster segregated, and multishell. For
better catalytic effect, trimetallic NPs were developed as alloys and intermetallic NPs by transforming the atomic distribution and
surface compositions of different metals. Trimetallic NPs offer innovative physicochemical properties because of their combined
or multifunctional effects for various promising applications than monometallic and bimetallic nanomaterials 14,
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To date not much of the studies available on the wound healing potential of the trimetallic nanoparticles but the various studies are
going on the antimicrobial potentials of trimetallic nanoparticles is studied. A study done by Navneet Yadav et.al on antimicrobial
activity of trimetallic Au/Pt/Ag nanoparticle based nanofluids showed that trimetallic nanofluid has better antimicrobial activity
than monometallic Au and bimetallic Au/Pt nanofluid at a very low concentration. These outcome of trimetallic nanofluids can be
made use in the field of many applications such as medical research, pharmaceutical industries and environmental sciences [,

Conclusion

With passing years, the burden of wounds is increasing due to rise in treatment cost and antimicrobial resistance. Within available
treatment options nanotechnology is found of greater benefits especially metallic nanoparticles being used in wound healing
overcome many existing problems. Amidst metallic nanoparticles bi-, tri-, and multimetallic NPs have attracted the greatest interest
due to their enhanced catalytic properties and favourable characteristics compared with monometallic NPs. However further studies
are essential to assess the effect of bimetallic, trimetallic and multimetallic nanoparticles on wound healing in animal model and to
proceed with this formulation development can be done for better activity.

The present review article discussed the effect of various metallic nanoparticles on wound healing and their related studies
underwent.

References:

[1] Velnar T, Bailey T, Smrkolj V: The wound healing process: an overview of the cellular and molecular mechanisms. Journal
of International Medical Research. 2009 Oct;37(5):1528-42

[2] Singh MR, Saraf S, Vyas A, Jain V, Singh D: Innovative approaches in wound healing: trajectory and advances. Artificial
cells, nanomedicine, and biotechnology. 2013 Jun 1;41(3):202-12.

[3] Okur ME, Karantas ID, Senyigit Z, Okur NU, Siafaka PI: Recent trends on wound management: New therapeutic choices
based on polymeric carriers. Asian Journal of Pharmaceutical Sciences. 2020 Nov 1;15(6):661-84.

[4] Sen CK.Human wounds and its burden: an updated compendium of estimates.

[5] https://www.grandviewresearch.com/industry-analysis/wound-care-market

[6] Pereira RF, Bartolo PJ: Traditional therapies for skin wound healing. Advances in wound care. 2016 May 1;5(5):208-29

[7] Nikalje AP: Nanotechnology and its applications in medicine. Med chem. 2015;5(2):081-9.

[8] Naderi N, Karponis D, Mosahebi A, Seifalian AM: Nanoparticles in wound healing; from hope to promise, from promise to
routine. Front. Biosci. 2018 Jan 1;23:1038-59.

[9]1 Klebowski B, Depciuch J, Parlifska-Wojtan M, Baran J: Applications of noble metal-based nanoparticles in medicine.
International journal of molecular sciences. 2018 Dec;19(12):4031.

[10] Barroso A, Mestre H, Ascenso A, Simdes S, Reis C: Nanomaterials in wound healing: From material sciences to wound
healing applications. Nano Select. 2020 Nov;1(5):443-60.

[11] Mihai MM, Dima MB, Dima B, Holban AM: Nanomaterials for wound healing and infection control. Materials. 2019
Jan;12(13):2176.

[12] Basavegowda N, Baek KH: Multimetallic Nanopatrticles as Alternative Antimicrobial Agents: Challenges and Perspectives.
Molecules. 2021 Jan;26(4):912.

[13] Bhattacharya D, Ghosh B, Mukhopadhyay M: Development of nanotechnology for advancement and application in wound
healing: a review. IET nanobiotechnology. 2019 Oct 17;13(8):778-85.

[14] SinglaR, Guliani A, Kumari'A, Yadav SK: Metallic nanoparticles, toxicity issues and applications in medicine. In Nano scale
materials in targeted drug delivery, theragnosis and tissue regeneration 2016 (pp. 41-80). Springer, Singapore.

[15] Konop M, Damps T, Misicka A, Rudnicka L: Certain aspects of silver and silver nanoparticles in wound care: a minireview.
Journal of Nanomaterials. 2016 Jan 1;2016.

[16] Szmyd R, Goralczyk AG, Skalniak L, Cierniak A, Lipert B, Filon FL, Crosera M, Borowczyk J, Laczna E, Drukala J, Klein
A: Effect of silver nanoparticles on human primary keratinocytes. Biological chemistry. 2013 Jan 1;394(1):113-23

[17] Ahmadi M, Adibhesami M: The effect of silver nanoparticles on wounds contaminated with Pseudomonas aeruginosa in
mice: an experimental study. Iranian journal of pharmaceutical research: 1JPR. 2017;16(2):661.

[18] Mihai MM, Preda M, Lungu I, Gestal MC, Popa MI, Holban AM: Nanocoatings for chronic wound repair—modulation of
microbial colonization and biofilm formation. International journal of molecular sciences. 2018 Apr;19(4):1179

[19] Paladini F, Pollini M: Antimicrobial silver nanoparticles for wound healing application: progress and future trends. Materials.
2019 Jan;12(16):2540.

[20] Arafa MG, El-Kased RF, Elmazar MM: Thermoresponsive gels containing gold nanoparticles as smart antibacterial and
wound healing agents. Scientific reports. 2018 Sep 12;8(1):1-6.

[21] Sherwani MA, Tufail S, Khan AA, Owais M: Gold nanoparticle-photosensitizer conjugate based photodynamic inactivation
of biofilm producing cells: potential for treatment of C. albicans infection in BALB/c mice. PLoS One. 2015 Jul
6;10(7):e0131684.

[22] Naskar A, Kim KS: Recent advances in nanomaterial-based wound-healing therapeutics. Pharmaceutics. 2020 Jun;12(6):499.

[23] Cucci LM, Trapani G, Hansson O, La Mendola D, Satriano C: Gold Nanoparticles Functionalized with Angiogenin for Wound
Care Application. Nanomaterials. 2021 Jan;11(1):201.

[24] Volkova N, Yukhta M, Pavlovich O, Goltsev A: Application of cryopreserved fibroblast culture with Au nanoparticles to
treat burns. Nanoscale research letters. 2016 Dec;11(1):1-6.

IJSDR2112028| International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org | 186


http://www.ijsdr.org/
https://www.grandviewresearch.com/industry-analysis/wound-care-market

ISSN: 2455-2631 © December 2021 IJSDR | Volume 6 Issue 12

[25]

[26]

[27]

[28]

[29]
[30]
[31]
[32]

[33]

[34]

[35]
[36]
[37]

[38]

Alizadeh S, Seyedalipour B, Shafieyan S, Kheime A, Mohammadi P, Aghdami N: Copper nanoparticles promote rapid wound
healing in acute full thickness defect via acceleration of skin cell migration, proliferation, and neovascularization.
Biochemical and biophysical research communications. 2019 Oct 1;517(4):684-90.

Lemraski EG, Jahangirian H, Dashti M, Khajehali E, Sharafinia S, Rafiee-Moghaddam R, Webster TJ: Antimicrobial double-
layer wound dressing based on chitosan/polyvinyl alcohol/copper: In vitro and in vivo assessment. International Journal of
Nanomedicine. 2021;16:223

Rakhmetova AA, Alekseeva TP, Bogoslovskaya OA, Leipunskii 10, OI’Khovskaya IP, Zhigach AN, Glushchenko NN:
Wound-healing properties of copper nanoparticles as a function of physicochemical parameters. Nanotechnologies in Russia.
2010 Apr;5(3):271-6.

Melnikova N, Knyazev A, Nikolskiy V, Peretyagin P, Belyaeva K, Nazarova N, Liyaskina E, Malygina D, Revin V: Wound
healing composite materials of bacterial cellulose and zinc oxide nanoparticles with immobilized betulin diphosphate.
Nanomaterials. 2021 Mar;11(3):713

Cleetus CM, Primo FA, Fregoso G, Raveendran NL, Noveron JC, Spencer CT, Ramana CV, Joddar B: Alginate hydrogels
with embedded ZnO nanoparticles for wound healing therapy. International Journal of Nanomedicine. 2020;15:5097.
Rayyif SM, Mohammed HB, Curutiu C, Birca AC, Grumezescu AM, Vasile BS, Ditu LM, Lazar V, Chifiriuc MC, Mihaescu
G, Holban AM: ZnO Nanoparticles-Modified Dressings to Inhibit Wound Pathogens. Materials. 2021 Jan;14(11):3084.

Lin CC, Lee MH, Chi MH, Chen CJ, Lin HY: Preparation of Zinc Oxide Nanoparticles Containing Spray and Barrier Films
for Potential Photoprotection on Wound Healing. ACS Omega. 2019 Jan 22;4(1):1801-9.

Batool M, Khurshid S, Qureshi Z, Daoush WM: Adsorption, antimicrobial and wound healing activities of biosynthesised
zinc oxide nanoparticles. Chemical Papers. 2021 Mar;75(3):893-907.

Haghniaz R, Rabbani A, Vajhadin F, Khan T, Kousar R, Khan AR, Montazerian H, Igbal J, Libanori A, Kim HJ, Wahid F:
Anti-bacterial and wound healing-promoting effects of zinc ferrite nanoparticles. Journal of Nanobiotechnology. 2021
Dec;19(1):1-5

Orlowski P, Zmigrodzka M, Tomaszewska E, Ranoszek-Soliwoda K, Pajak B, Slonska A, Cymerys J, Celichowski G,
Grobelny J, Krzyzowska M: Polyphenol-conjugated bimetallic Au@ AgNPs for improved wound healing. International
journal of nanomedicine. 2020;15:4969.

Hu M, Li C, Li X, Zhou M, SunJ, Sheng F, Shi S, Lu L: Zinc oxide/silver bimetallic nanoencapsulated in PVP/PCL nanofibres
for improved antibacterial activity. Artificial cells, nanomedicine, and biotechnology. 2018 Aug 18;46(6):1248-57.
Mamatha G, Varada Rajulu A, Madhukar K: In situ generation of bimetallic nanoparticles in cotton fabric using aloe vera
leaf extract, as a reducing agent. Journal of Natural Fibers. 2020 Aug 2;17(8):1121-9.

Jang J, Lee JM, Oh SB, Choi Y, Jung HS, Choi J: Development of antibiofilm nanocomposites: Ag/Cu bimetallic nanoparticles
synthesized on the surface of graphene oxide nanosheets. ACS Applied Materials & Interfaces. 2020 Jul 15;12(32):35826-34.
Yadav N, Jaiswal AK, Dey KK, Yadav VB, Nath G, Srivastava AK, Yadav RR: Trimetallic Au/Pt/Ag based nanofluid for
enhanced antibacterial response. Materials Chemistry and Physics. 2018 Oct 1;218:10

IJSDR2112028| International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org | 187


http://www.ijsdr.org/

