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Abstract: In vitro and in vivo antibacterial activity of silver nanoparticles (AgNPs) against pathogenic 

bacteria has been demonstrated. Gram (+) and Gram (-) bacteria, including multidrug-resistant species, 

are susceptible to AgNPs' antibacterial effects. AgNPs have several concurrent mechanisms of action, 

and they work effectively with other antibacterial agents, such as antibiotics or chemical compounds, 

against infections like Esecheria coli and Staphylococcus aureus. Due to their unique characteristics, 

silver nanoparticles are perfect for use in healthcare and biomedical products where they can 

successfully treat or prevent infections. AgNPsʹ demonstrated genuine properties and significant 

potential for the development and improvement of novel antimicrobial agents, drug-delivery 

formulations, identification, detection, and diagnosis platforms, biomaterial and medical device 

coverings, tissue restoration and regeneration materials, complex healthcare condition schemes and 

strategies, and performance-enhanced therapeutic alternatives. The purpose of this review was to give 

a comprehensive discussion of the present state of the art in using the most relevant types of silver 

nanoparticles as antibacterial agents. This review aims to identify factors influencing the antibacterial 

impacts of silver nanoparticles and to highlight the benefits of using AgNPs as new antibacterial agents 

in addition to antibiotics, which will decrease the dosage necessary and avoid secondary effects 

combined with both. This is due to the need for new, effective, and efficient antibacterial agents. 
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1. Introduction 

Due to their distinct and genuine physical, chemical, and biological properties, metallic 

nanoparticles made of noble metals, such as gold and silver, have received much interest and 

significant research efforts in recent years [1]. Special focus was given to the biological 

assessment of AgNPs, which sought attention when first developed as potential antibacterial 

agents. AgNPs have long been employed as antibacterial agents in medical equipment, 

cosmetics, food storage, and fabric coatings, and some ecological uses have been discovered 

regarding their toxicology and in vivo biological activity [2]. AgNPs are from a class of zero-

dimensional substances with distinctive morphology patterns and dimensions between 1 and 

100 nm. These have been indicated to have a higher surface (area-to-volume ratio) and capacity 

than silver in bulk form. Due to the material's exceptional nanoscale electrical, optical, and 
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catalytic properties, systems for targeted administration of drugs, diagnostics, identification, 

and imaging have been investigated and developed [3]. Scientists and businesses are most 

interested in AgNPs because of their exceptional antibacterial activity. AgNPs have been 

shown to have antibacterial efficacy against a variety of contagious and pathogenic diseases, 

including bacteria that are multidrug resistant[4]. 

The following events are believed to contribute to the antimicrobial attributes of 

nanosilver-based systems, even though the precise anti-pathogenic mechanisms of silver 

nanoparticles are unknown: (a)damage of microbial membrane or outer covering, which is 

caused by AgNPs' physicochemically influenced adherence to the cell surface and subsequent 

functional and structural modifications (such as membrane destabilization, gap formation, 

cytoplasm spillage, and membrane piercing); and (b) miRNA production. AgNP-based 

antimicrobial activity's most important mechanistic mechanisms include adherence to 

microbial cells, the formation of ROS and free radicals, microbial wall penetration and invasion 

inside the cell membrane, and the control and modification that leads to improving microbial 

signal-transduction pathways [5,6]. Metallic silver ions are effective antimicrobials on their 

own, but it is simple to isolate them thanks to proteins, phosphate, chloride actions, and 

additional biological components [7]. The inherent bactericidal or biostatic activity of AgNPs 

is significantly influenced by various physicochemical properties, such as shape, size, surface 

coating, surface charge, and oxidation and dissolution states [8]. 

To determine how effective biomaterials based on nanosilver are used as antimicrobial 

agents, research has been conducted on various bacteria, viruses, fungi, yeasts, and other 

medically important planktonic and sessile pathogenic microorganisms. When developing 

innovative, performance-improving nanosilver-influenced biomedical goods such as 

orthopedic materials and gadgets, anticancer drugs, bandages, catheters, antiseptic sprays, and 

drug delivery systems. AgNPs' exceptional antibacterial activity is a fantastic place to start 

[13]. AgNPs have exceptional potential in nanotechnology, medical care, and ecological 

sustainability [14], necessitating improved economical procedures for their synthesis. A rough 

understanding of the proper physicochemical specificities, in vivo and in vitro impacts, 

biodistribution, safety monitoring mechanisms, pharmaceutical kinetics, and 

pharmacodynamics of AgNPs is necessary for advancing nanotechnology based on silver to 

applications in medicine [15]. These objectives must also be satisfied by creating simple, safe, 

eco-friendly, and affordable processes for creating silver nanoparticles. 

2. Synthesis of Silver Nanoparticles 

Silver nanoparticles are not a novel or recent discovery. Some bacteria's biological 

production of metal-based nanoparticles has been described as a heavy metal detoxification 

mechanism. Metal-based nanoparticles are often used in the formation of cosmetics and 

textiles, although the technique's applicability has only been explored lately [16]. Their 

versatility intrigued The scientific community, which led to a constant search for novel 

compositions, applications, and synthesis techniques. Numerous synthesis techniques have 

been developed, including physical, chemical, and, more recently, novel biological strategies 

[17]. Physical methods are top-down in nature (Figure 1), starting with bulk metal and 

separating it into successively smaller fragments through mechanical action. Despite being 

straightforward, this method produces nanoparticles with a relatively uniform size distribution, 

rendering it undesirable to create metal-based nanoparticles, where size can be a factor in 

activity [18]. On the contrary, bottom-up methods are used in biological processes that 
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concentrate on green synthesis processes using a variety of microbes, as well as chemical 

processes that use organic solvents [19]. 

 
Figure 1. Different methods used for the synthesis of silver nanoparticles. 

2.1. Thermolysis methods. 

This given procedure completely relies on the disintegration of organ metallic 

precursors in organic solvents at temperatures typically greater than 100°C under inert gas to 

prevent surface oxidation of the nanoparticles [20]. Using these reactions for large-scale 

synthesis is challenging due to their exothermic settings and much-diluted nature. The 

regulated thermolysis of silver alkyl carboxylates is one method for making silver nanoparticles 

(AgNPs) even without using organic solvents. The major benefit of the controlled thermolysis 

technique is that it is very economical for commercial large-scale production [21]. 

2.2. Chemical reduction methods. 

In these processes, a metal precursor dispersed in a solvent is combined with an 

appropriate reducing agent, a surfactant, and an inert gas in a batch reactor that is constantly 

stirring. When two or more metal cationic species are present in the solvent, a nanosized phase 

with varying compositions is produced. This technique of making stabilized metal 

nanoparticles shows promise. There are numerous alternatives for the reducing agent. 

However, it could also depend on the particular redox thermodynamics. In most instances, the 

mixture's pH significantly impacts the action of reducing agents [22]. For instance, the 

precursor copper acetate will dissolve in stirred deionized water to produce copper 

nanoparticles (CuNPs) [23]. 
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2.3. Biochemical methods. 

In recent years, these processes have also included the utilization of plants, algae, fungi, 

yeasts, bacteria, and even viruses [24]. Growth can take either intracellularly or extracellularly, 

and it depends on reducing mechanisms that are either enzymatic or non-enzymatic. Depending 

on the host cells and process variables, bacteria or fungi may create gold and silver 

nanoparticles in various shapes (cubes, spheres, triangles, wires, or plates). Biosynthesis 

process optimization is still a problem despite these methods being documented in numerous 

patents [25]. 

2.4. Electrochemical methods. 

Electrochemical procedures have explained several important benefits over chemical 

techniques in the creation of size-shape-selective or shape-controlled extremely pure metal 

nanoparticles. Metal particles stabilized by ammonium salts are formed when a metal sheet is 

anodically dissolved, and the intermediate metal salt that is produced decreases at the cathode 

[26]. According to some researchers [27], bimetallic Cd-Ag nanoalloys can be created by 

sequentially arranging two different cations on a carbon electrode. Templated-assisted electro-

accumulation from electrolytes holding salts of the required cation precursor was also used to 

produce palladium metallic nanostructures [28]. Other scientists have described the immediate 

electro-reduction of gold ions in mass to produce AuNPs, employing polyvinylpyrrolidone 

(PVP) to promote the synthesis of gold nanoparticles while preventing metal accumulation on 

the cathode. 

2.5. Biological methods. 

The quest to develop new, more ecologically friendly procedures that are not dependent 

on harmful chemicals or organic solvents gave rise to biological approaches. They have also 

proven to be affordable and secure substitutes. By modifying the strain, incubation time and 

temperature, metal precursor concentration, and required optimal pH conditions, for example, 

it is possible to overcome crucial aspects of metal-based nanoparticle production, such as 

distribution of size and crystalline [29]. 

By utilizing the mechanisms of defense found in particular organisms (against high 

metal ions concentrations), biological techniques produce nanoparticles based on metals. These 

methods include extracellular (such as bioabsorption, biomineralization, complexation, or 

precipitation) as well as intracellular (like bioaccumulation) mechanisms [30]. Fungi have a 

higher resilience to flow pressure and bioreactor agitation than bacteria, making them a better 

choice for creating metal-based nanoparticles on an industrial scale [31]. However, the bulk of 

research has reported using plant extracts recently since, in addition to the pros mentioned 

above, it makes sample treatment, scale-up manufacture, and product gathering easier. 

3. Silver Nanoparticles (AgNPs) 

Silver is frequently used as an antibacterial agent to speed up healing. AgNO3-

impregnated dressings are readily accessible, both in their solid form and in combination with 

salt solutions to treat wounds [32]. Silver has fascinating characteristics due to its good 

conductivity, chemical stability, catalytic activity, and antimicrobial activity. One of the 

nanoparticles currently being studied the most is silver nanoparticles (AgNPs) [33]. Textiles, 
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clothing, cosmetics, the food industry, biomedicine, and other industries have used AgNPs. 

Due to their utilization as antibacterial agents, medical equipment coatings, and 

chemotherapeutic drug transporters, they are becoming more and more prominent in the 

biomedical field [34]. Despite substantial research, more bio-sustainable synthesis techniques 

and the disclosure of the procedures involved in the toxicological consequences of AgNPs are 

still needed. 

3.1. Synthesis. 

3.1.1. Conventional chemistry. 

AgNPs can be produced chemically at a low cost and with ease on a larger scale while 

maintaining the size distribution that should be monodispersive. Out of the the different 

chemical techniques available, chemical reduction is the way that produces this type of 

nanosystems the most frequently. The three main elements of this process are reducing agents, 

metal precursors, and stabilizing agents. Nucleation and development occur in two stages 

(Figure 2). The stabilizing agent in this synthesis can also act as a reducing agent in the identical 

reaction [35]. The nucleation stage can be controlled by monitoring experimental parameters 

such as the reaction's precursor, reducing agents, reagents concentration, pH, and temperature 

to produce AgNPs with the right average size, polydispersity, and shape [36].  

 
Figure 2. Process for the synthesis of AgNPs. 

AgNP stabilization is a crucial stage in their manufacturing, especially in stopping the 

processes of agglomeration and oxidation. As a result, the most popular method is the use of 

stabilizing agents that can shield AgNPs. Amine derivatives, gluconic acid, thiols, or chitosan 

may be used to stabilize the product. Additionally, it has been shown to be advantageous to use 

polymeric materials as polyacrylates, polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), 

polyacrylonitrile, polyethylene glycol (PEG) or polyacrylamide. Adding a negative charge to 

the surface of these NPs, typically through citrate groups, can stabilize them by electrostatic 

repulsion [37]. The Creighton approach, which yields monodispersed and small (approximately 

10 nm) nanoparticles, is the chemical process that is most frequently employed to make AgNPs 

[38]. In this method, AgNO3 serves as the precursor, and NaBH4 acts as the reducing agent. 

The following is the reaction that is carried out: 

2 AgNO3 + 2 NaBH4 →2 Ag(s) + B2H6 + H2 + 2 NaNO3 

3.1.2. Green chemistry. 

Despite the lower cost and higher chemical synthesis performance, reducing agents can 

be dangerous. Eco-friendly reagents and techniques have been created as a result. It is 

particularly interesting to study the chemical reduction of AgNO3 salt using β-D-glucose as a 

reducing agent. This method employs starch as a stabilizing component (Figure 3). These 
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environmentally friendly synthesis techniques can create AgNPs with mean diameters under 

10 nm. [39]. 

 
Figure 3. Chemical reduction of AgNO3 salt from β-D-glucose. 

Ascorbic acid was used as a reducing agent in the process that Ho et al. reported for 

reducing AgNO3. They were successful in producing hybrid AgNPs inside polylysine shells 

that had changed from various fatty acids. AgNPs with mean diameters that range from 2 to 5 

nm were created using this green synthesis technique [40]. As indicated by a rise in publications 

on the topic in recent years, modern eco-friendly biosynthesis methods are gradually replacing 

conventional chemical synthesis. The biosynthesis of AgNPs uses the same building blocks as 

chemical synthesis, but rather than a chemical entity, it uses the reductive characteristics of 

biological entities. Bacteria that can produce reductase enzymes can produce AgNPs either 

intracellularly or extracellularly [41]. Intracellular biosynthesis uses a simpler passage of Ag+ 

ions inside the bacteria cells. By transforming ionic Ag+ to neutral Ag0, bacteria can also 

produce AgNPs. In this case, AgNP recovery requires an additional step (like cell lysis). 

Extracellular biosynthesis is carried out outside the bacterial cell using bacterial biomass, 

bacterial culture supernatant, or cell-free extracts. An organic base is used in the supernatant 

to encourage the correct recovery of AgNPs by centrifugation followed by resuspension [42]. 

Because extracellular biosynthesis does not require downstream processing, it is preferred to 

intracellular biosynthesis. One of the first bacteria used for the manufacture of AgNPs by 

cultivation in high concentrations of AgNO3 was Pseudomonas stutzeri, a silver-resistant 

bacterium obtained from a silver mine that transforms Ag+ to Ag0 with accumulation inside the 

cell [43]. AgNO3 is typically combined with the organic base and incubated under ideal 

conditions. According to Jang et al., alkaline pH in the pH range from 8 to 10 results in smaller-

sized particles while increasing reaction yield. 

On the contrary hand, Ag+ ions precipitation takes place, and AgNP formation is 

uncommon at acidic pH [44]. Extracellular enzymes produced by fungi are secreted outside the 

cell and break down extracellular macromolecules, followed by nutrient absorption. Due to 

their distinctive property, they play a crucial role in the extracellular production of AgNPs. 

After incubation and colony formation, fungi are normally taken out of the aqueous media 

carrying extracellular enzymes. The first is taken out, and the medium is then infused with 

AgNO3. Then, this mixture is incubated, often at close to room temperature. The formulae 

mentioned above control the creation of AgNPs. The media's color changes to verify the 
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synthesis reaction [45]. Important considerations include medium characteristics, incubation 

period, temperature, AgNO3 and biomass quantities, and activity. Zhao et al. discovered that 

pH 7, 25°C, 1 mM AgNO3, and 15-20 g of wet cell filtrates are the best conditions for fungus 

to produce AgNPs extracellularly. The generated nanoparticles had an average size of 25 to 30 

nm and were spherical in shape [46]. Based on their comparatively high concentrations of 

steroids, sapogenins, carbohydrates, and flavonoids, which serve as reducing agents, as well as 

bio-capping compounds, which lessen nanoparticle aggregation and enable better size control, 

plant extracts are used to synthesize AgNPs [47]. In general, the process of making AgNPs 

from extracts of plants is simple. Freshly collected plant parts are washed in sterile water, 

allowed to dry in the shade, and then ground. To create the plant extract, dry powder is boiled 

in deionized water. The resulting infusion is filtered to get rid of any insoluble particles. The 1 

mM AgNO3 solution is then enhanced with a specific amount of plant extract. By changing the 

color of the medium (usually dark brown) and verifying it with the ultraviolet-visible (UV-Vis) 

spectra, the synthesis of AgNPs can be checked once more. Produced AgNPs can be easily 

collected by centrifuging repeatedly for 15 minutes at 12,000 rpm [48]. 

4. Characterization of AgNPs 

AgNPs have been characterized and controlled using a variety of methods. The most 

often reported techniques include UV-Vis spectrophotometry, X-ray diffraction (XRD), 

transmission electron microscopy (TEM), and infrared spectroscopy (IR). Typically performed 

at various points throughout the reaction, UV-Vis spectrophotometry provides significant 

insight into the success of AgNP generation [49]. AgNPs are extremely effective at both 

absorbing and dispersing light. When certain wavelengths of light activate the metal surface's 

electrons, generating a collective oscillation, this interaction with light takes place. These 

oscillations are described by the surface plasmon resonance. In the case of AgNPs, this emerges 

at a wavelength of about 400 nm; its precise location relies on the diameter, shape, and 

dispersion of the nanoparticles [50]. AgNPs' crystalline nature is assessed by XRD, which 

records data in the range of 30-80 and validates their morphology. Face-centered cubic (FCC) 

metallic silver structures are frequently produced in AgNPs, as seen in their XRD pattern. TEM 

image can be used to see the morphology of biosynthesized AgNPs. AgNPs are generally 

spherical and have a large average size dispersion [51]. Using free amine groups, cysteine 

residues, or carboxyl electrostatic interaction, IR is frequently used to detect important 

functional groups and characterize biomolecules attached, notably on synthetic AgNPs. The 

pellet of biologically produced AgNPs is mixed with potassium bromide and put in the sample 

container. According to the study, these substances and proteins are believed to be crucial for 

capping stabilization. The IR spectra are impacted by the characteristics of the species or 

organism utilized to synthesize AgNPs [52]. Two other techniques for determining size and 

size distribution are scanning electron microscopy (SEM) and atomic force microscopy (AFM). 

Additionally, the nanoparticles' zeta potential (an indirect measurement of the surface electrical 

charge) is evaluated using electrophoresis laser Doppler, and the size and polydispersity index 

of the nanoparticles is determined using dynamic light scattering (DLS). 

Furthermore, energy-dispersive X-ray (EDX) is used for elemental analysis or chemical 

characterization, and field emission scanning electron microscopy (FESEM) provides 

information on surface morphology. A useful technique for figuring out the stability of AgNPs 

and the surface electrical charge of aqueous colloidal suspensions is zeta potential 

measurement. Balakrishnan et al. incorporated zeta potential measurement in their thorough 
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analysis of AgNPs, and it was found to be approximately 9.56 mV, indicating a mild repulsion 

of AgNPs [53]. On the other side, Farhadi et al. measured about 35 mV. The colloidal AgNP 

suspension is stable since this latter value is greater than |30| mV, illustrating the attraction 

between generated nanoparticles that prevents agglomeration [54]. Zeta potential readings can 

be positive or negative, although they are usually negative. This is most likely because the bio-

organic components in the extract have been capped. Lower antibacterial activity is often 

correlated with AgNPs having a negative zeta potential [55]. 

5. Antimicrobial Activity 

Despite several attempts made over the years, AgNPs' precise mode of action is still 

unknown. The four primary mechanisms by which AgNPs exert their antimicrobial activity are 

as follows: (i)attraction to the bacterial surface; (ii) destabilization of the bacterial cell wall and 

membrane with alterations in permeability; (iii) induction of toxicity and oxidative stress via 

the generation of ROS and free radicals; and (iv)modulation of signal transduction pathways 

[56]. Many authors refer to the adherence of AgNP to bacterial surfaces as the beginning of a 

sophisticated mechanism of bacterial suppression. AgNP zeta potential, in addition to their 

size, has a significant impact on how well they adhere. Depending on the production method, 

AgNPs may possess a positive, neutral, or negative surface charge. According to research by 

Abbaszadegan et al., changing the surface charge of nanoparticles results in a noticeable 

change in their antibacterial activity. Positively charged AgNPs strongly attract the slightly 

negatively charged bacterial surface, increasing the antibacterial effect. On the other hand, 

neutral or negatively charged nanoparticles have significantly less of an antibacterial effect. 

However, utilizing a bacterial surface saturation approach, raising the concentration of AgNPs 

allows the reduction of electrostatic repulsion. [57]. 

After sticking to the bacterial surface, AgNPs may communicate with cells via two 

different strategies. While larger nanoparticles stay outside the bacteria, smaller AgNPs 

directly penetrate the cell. AgNPs continuously release Ag+ ions in both scenarios. These ions 

attach to the cell membrane components, breaking the membrane potential and proton leakage. 

Cell wall instability significantly increases bacterial permeability, allowing larger AgNPs to 

penetrate the cell [58]. 

Invading AgNPs and Ag+ ions interact with a range of cellular components, including 

proteins, lipids, and DNA, leading to cellular dysfunction. It is widely known that AgNPs have 

a significant capacity to produce free radicals and reactive oxygen species (ROS), including 

hydrogen peroxide (H2O2), superoxide anion (O2), and hydroxyl radical (OH). As a 

consequence of cellular respiration, ROS are produced naturally in bacteria. However, under 

normal circumstances, bacteria have defense mechanisms that act as antioxidant enzymes and 

eliminate these dangerous species, such as glutathione (GSH), superoxide dismutase, and 

catalase. High levels of Ag+ generated by AgNPs lead to excessive oxidative stress (Figure 4). 

Antioxidant enzymes can only partially neutralize the amount of released ions, even if they 

remove some [59]. These species communicate with respiratory chain proteins on the outer 

layer and render enzymes inactive because of their attraction for phosphates, thiols, and 

carboxyl groups [60]. Their interaction with phosphate groups restricts protein 

phosphorylation, which is frequently involved in enzymatic activation, hence preventing the 

development of bacteria. Dephosphorylation of protein tyrosine residues has also been 

associated with disruption of exopolysaccharide and capsular polysaccharide synthesis and 

transport to the membrane, leading to cell cycle disruption [61]. Additionally, Ag+ has the 
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ability to intercalate DNA strands, breaking H-bonds and forming complexes with nucleic acids 

within the purine and pyrimidine base pairs [62]. 

It's also crucial to remember that exposing human cell cultures to AgNP can cause 

cytotoxicity [63], cell-type-dependent inflammatory responses, and genotoxicity. Due to their 

innate capacity to produce stimuli-dependent reactions by precisely adjusting their optical 

characteristics, chemical surroundings, high molar absorptive, and the numerous sorption sites 

located on their vast surface, AgNPs are also used for numerous analytical applications [64]. 

The biocide effects of silver are specifically covered in a large number of research studies. 

State-of-the-art focuses on the favorable pairing of antimicrobial silver nanoparticles with 

synthetic or natural polymers in the current endeavor to minimize or even abolish microbial 

contamination and colonization processes [65]. The main advantage of nanosilver-based 

biomaterials created for innovative antibacterial applications is related to their innate anti-

pathogenic capabilities shown against both planktonic and biofilm-organized pathogens. AgNP 

bactericidal impact is believed to be caused by silver cations' ability to selectively attach to 

thiol groups in bacterial proteins, inhibiting their physiological activity and leading to cell death 

[66]. 

 
Figure 4. Schematic representation of AgNPs mechanism of antimicrobial activity. 

6. Applications of Silver Nanoparticles in Healthcare 

The industries that have invested the most in the development and research of 

technologies that take advantage of nanoparticle antibacterial activity are health and medicine. 

AgNPs can be used in a wide range of products to enhance bactericidal capabilities due to their 

biocompatibility and simplicity of functionalization. In the healthcare industry, there are many 

different kinds of applications: 

6.1. Silver nanoparticles for drug-delivery systems. 

The pharmacodynamics and pharmacokinetics of a drug are equally important in 

medicine as their inherent therapeutic benefits. The particular and selective administration and 
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effects of therapeutic agents became one of the most investigated topics for improving current 

human healthcare practice, which attracted a lot of attention to nanoparticles in developing and 

designing new and improved drug-delivery systems [67]. Anti-inflammatory [68], antioxidant 

[69], antibacterial [70], and anticancer [71] biosubstances are only a few of the therapeutic 

chemicals that have been looked into as potential therapeutic molecules for AgNP-based 

nanosystems. To offer a specific therapeutic impact onhuman or animal species, the procedure 

or method utilized during the administration of the selected pharmaceutical chemical must be 

taken into account. Because of their exceptional biocompatibility and practical features for 

nanoscale-derived therapeutic settings, hybrid molecular units made of AgNPs were chosen 

successfully for the development of new and performance-enhanced drug-delivery systems 

adaptable to thermal, optical, or pH variations to target inflammatory, infectious, and malignant 

illnesses [72]. Due to difficulties in AgNP synthesis and concerns regarding nanosilver-based 

systems' toxicity and poor stability whenever functionalized using conventional salt-aging 

procedures, silver is not widely employed in nanoparticle-based drug delivery applications 

[73]. It is substituted with gold or other nanomaterials. For drug delivery applications, a great 

trigger-able and tunable nanosystem should be easy to build from widely available components, 

have the best adaptability, and function with various triggers. [74]. 

6.2. Silver nanoparticles for catheter modification. 

Central venous catheters (CVCs) have evolved since Niederhuber first described them 

in 1982 into essential therapeutic tools for a range of clinical conditions requiring starvation 

and substitute treatment (such as cancer and renal disease) [75]. CVCs frequently provide 

accessibility for intravenous fluid administration, hemodynamics tracking, pharmaceutical 

delivery methods, and nutritional support in critically ill patients. These medical devices are an 

important risk factor for microbial contamination and colonization phenomenon in addition to 

being a significant contributor to hospital-acquired illnesses [76, 77]. Several Staphylococcus 

aureus strains cause infections associated with catheter usage, 82% of that are methicillin-

resistant strains with several genes expressed during bacterial dispersion and biofilm formation 

procedures [78]. In order to produce antibacterial effects in clinically relevant materials and 

devices, AgNPs have been extensively studied for the alteration of one-dimensional and two-

dimensional surfaces, like cotton fabrics [80], natural and synthetic fibers [81], thin polymer 

films [82], and wound pads [83]. The exceptional surface-to-volume atomic ratio of AgNPs 

justifies the continual local supply of Ag+ ions at the coating/tissue interface because silver, a 

semi-noble metal, is rapidly oxidized [84]. Recent studies have demonstrated the value of 

AgNP-modified catheters as non-toxic instruments that deliver antibacterial silver 

continuously and reduce infection-related complications. A thorough investigation was 

conducted into how AgNPs and AgNP-coated catheters affected coagulase-negative 

staphylococci (CoNS), among the major microorganism groups responsible for device-related 

infections. Gram-positive and Gram-negative bacteria biofilms are significantly inhibited by 

CVCs coated with AgNPs [85, 86]. 

6.3. Silver nanoparticles for dental applications. 

Dental caries, one of the most prevalent oral disease-related diseases worldwide, is also 

expensive. By accelerating remineralization and controlling biofilm formation, dental-related 

nanotechnology-based solutions seek to lessen or eliminate caries' clinical effects [87]. In 
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addition to their inherent highly biocompatible behavior, the materials for dental barrier 

membranes (DBM), which are widely used for efficient alveolar bone healing, must carry out 

several extra and particular features and functions. Studies have been done on the efficiency of 

different metal-coated implants against the microbes that result in dental-related biofilm 

formation and eventual implant failure [88]. To avoid the bacterial contamination of dental 

implants, it is specifically advised that you brush your teeth properly, take preventive 

antibiotics, and use antimicrobial mouthwash. Dentistry's main goal is to protect the mouth 

cavity, which acts as a disease entrance point into the body [89]. The possibility that biofilms 

on dental implant surfaces will potentially cause inflammatory lesions on the peri-implant 

mucosa raises the risk of implant failure. Silver has been used in oral care for millennia due to 

its crucial function in dental amalgams that are employed to replace teeth. In the 19th century, 

silver rose to international prominence [90]. Few dental disciplines have employed AgNPs, 

including implantology, restorative and endodontic dentistry, and dental prosthetics. Due to 

their unique properties, silver nanoparticles play a vital role in restorative, regenerative, and 

multifunctional biomedicine. This is because they can be used in various real-world 

applications in modern society [91]. 

6.4. Silver nanoparticles for wound healing. 

Wound infections are a serious clinical issue because they substantially impact patient 

morbidity and mortality in addition to a significant financial impact. Preventing dehiscence of 

wounds and infection at the surgical site is a challenging and important aspect of contemporary 

therapeutic practice. Despite being the largest and one of the most intricate organs in the body, 

the skin is prone to harm from various external factors [92]. Physically or chemically induced 

cutaneous wounds may substantially compromise the epidermis' functional and structural 

integrity at different stages, leading to permanent damage or even death, depending on the 

degree of the injury. The significance of wound infections caused by opportunistic pathogenic 

microbes has lately increased in contemporary medical practice [93]. The best way to treat 

infected wounds is to promote rapid tissue recovery processes, maximum functionality 

restoration, and minimal scar tissue development. The wound-healing process has numerous 

stages, including coagulation, inflammation, the proliferation of cells, and matrix and tissue 

remodeling, just like any complex pathophysiological mechanism [94]. 

ActicoatTM and BactigrasTM (Smith & Nephew), AquacelTM (ConvaTec), PolyMem 

SilverTM (Aspen), and TegadermTM (3M) are a few examples of biocomposites enriched with 

ionic silver that have been approved by the US Food and Drug Administration (FDA) for use 

in wound-dressing applications. In addition to these commercial goods, including AgNPs 

inside innovative, naturally occurring biomaterials for enhanced wound-healing management, 

such as (but not limited to) modified cotton textiles, bacterial cellulose, chitosan, and sodium 

alginate, have shown promising results. The combination of AgNPs and Ag+ carriers also offers 

a beneficial strategy for delayed diabetic wound-healing processes since diabetic wounds can 

cause various secondary infections. AgNPs can help diabetic individuals in the initial phases 

of wound healing and cause only mild scarring [95, 96]. 

6.5. Silver nanoparticles for bone healing. 

Each year, millions of people around the world are affected by a wide range of diverse 

and complex bone-related diseases, including infectious diseases, degenerative and genetic 
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diseases, cancers, and fractures [97]. Unfortunately, opportunistic contamination and 

colonization of orthopedic implants pose important issues in osseous-tissue replacement 

schemes due to the high morbidity associated with infections [98]. Regeneration and restorative 

processes are made possible by the inherent and complex bone-remodeling mechanism in bone 

[99]. Most of the time, serious osseous tissue deficiencies caused by trauma, cancer, or 

hereditary malformations are repaired or replaced using bone grafts. High levels of 

inflammation, implant loss, and bone-destroying events are frequently present alongside 

orthopedic and bone-implant-related illnesses [100].  

The crystallized calcium-phosphate salt hydroxyapatite is the main component of 

human bone, dentin, and dental enamel. Given that synthetic and biosynthesized 

hydroxyapatite have special biocompatibility, these substances and their derivatives are being 

carefully studied for the advancement of novel osseous-related healing and regeneration 

strategies, either as material coatings for metallic implants or as synthetic bone grafts [101]. 

Regarding the superficial alteration of various metallic implant surfaces, biocompatible 

hydroxyapatite combined with silver (either metallic or ionic) is an excellent choice for 

producing bioactive and antibacterial bone implants. Gram-positive [102] and Gram-negative 

[103] nanosilver-coated hydroxyapatite-based coatings successfully inhibited strains of 

bacteria. In bone-replacement procedures, AgNPs are frequently used as doping components 

for synthetic and bio-inspired bone scaffolds, and relevant results have recently been published 

[104]. Several experimental techniques, such as beam-assisted deposition, electrochemical 

deposition, magnetron sputtering, ion-beam-assisted deposition, sol-gel technology, and micro-

arc oxidation, to introduce antibacterial properties into hydroxyapatite coatings, proved 

effective [105]. 

7. Conclusions 

These days, AgNPs are a potent antimicrobial agent with strong antibacterial properties. 

Nanoparticles can also be altered to achieve specificity and delivery to particular targets. These 

requirements are considered, including antibacterial effectiveness, prompt action, and low 

cytotoxicity. Drug delivery, wound dressing, tissue scaffolding, and protective coating are 

some applications for AgNP-based nanosystems and nanomaterials. It was discovered that 

many physicochemical elements, such as size, shape, concentration, surface charge, and 

colloidal state, had an impact on the innate antibacterial capabilities of AgNPs. The incredible 

surface area of nanosilver also enables the interaction of several ligands, providing a myriad of 

options for the surface functionalization of AgNPs. 

Much research evidence supports the beneficial effects of AgNPs in emerging 

biocompatible and nanostructured substances and devices developed for modern therapeutic 

approaches. AgNPs are a good option for designing, acquiring, testing, and clinically 

evaluating performance-enhanced biomaterials and medical devices because they provide 

additional mechanical, optical, chemical, and biological characteristics in addition to their 

appealing and versatile antibacterial potential. However, further research is required on their 

short- and long-term toxicity and the mechanisms underlying hazardous effects. Silver 

nanoparticles have great potential for use in biomedical applications, highlighted by the 

limitations on conventional medical practice already in place and the most recent challenges 

imposed by nanosilver-based technologies. Whether we consider changing previously current 

biomaterials and devices or constructing entirely novel nanostructured ones, AgNPs are good 

options for achieving the aim of approaching modern biomedicine. 

https://doi.org/10.33263/LIANBS134.198
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS134.198  

https://nanobioletters.com/ 13 of 18 

 

Funding 

No Funding. 

Acknowledgments 

The authors are also thankful to the Department of Biosciences and Technology, MM (DU), 

Mullana. 

Conflicts of Interest 

No conflict of interest was declared. 

References 

1. Chowdhury, N.R.; MacGregor-Ramiasa, M.; Zilm, P.; Majewski, P.; Vasilev, K. 'Chocolate' silver 

nanoparticles: Synthesis, antibacterial activity and cytotoxicity. J. Colloid Interface Sci. 2016, 482, 151–

158,https://doi.org/10.1016/j.jcis.2016.08.003. 

2. Gerace, E.; Mancuso, G.; Midiri, A.; Poidomani, S.; Zummo, S.; Biondo, C. Recent Advances in the Use of 

Molecular Methods for the Diagnosis of Bacterial Infections.Pathogens2022,11, 

663,  https://doi.org/10.3390/pathogens11060663. 

3. Padilla-Cruz, A.L.; Garza-Cervantes, J.A.; Vasto-Anzaldo, X.G.; García-Rivas, G.; León-Buitimea, A.; 

Morones-Ramírez, J.R. Synthesis and design of Ag–Fe bimetallic nanoparticles as antimicrobial synergistic 

combination therapies against clinically relevant pathogens.Sci. Rep.2021,11, 

5351,https://doi.org/10.1038/s41598-021-84768-8. 

4. Geraldo, D.A.; Needham, P.; Chandia, N.; Arratia-Perez, R.; Mora, G.C.; Villagra, N.A. Green synthesis of 

polysaccharides-based gold and silver nanoparticles and their promissory biological activity. Biointerface 

Res. Appl. Chem. 2016, 6, 1263–1271,http://repositorio.unab.cl/xmlui/handle/ria/1139. 

5. Faisal, N.; Kumar, K. Polymer and metal nanocomposites in biomedical applications. Biointerface Res. Appl. 

Chem.2017,7, 2286–2294.  

6. Abou El-Nour, K.M.M.; Eftaiha, A.; Al-Warthan, A.; Ammar, R.A.A. Synthesis and applications of silver 

nanoparticles. Arab. J. Chem. 2010,3, 135–140,https://doi.org/10.1016/j.arabjc.2010.04.008. 

7. Tavaf, Z.; Tabatabaei, M.; Khalafi-Nezhad, A.; Panahi, F. Evaluation of antibacterial, antibofilm and 

antioxidant activities of synthesized silver nanoparticles (AgNPs) and casein peptide fragments against 

streptococcus mutans. Eur. J. Integr. Med.2017,12, 163–171,https://doi.org/10.1016/j.eujim.2017.05.011.  

8. Domeradzka-Gajda, K.; Nocun, M.; Roszak, J.; Janasik, B.; Quarles, C.D., Jr.; Wasowicz, W.; Grobelny, J.; 

Tomaszewska, E.; Celichowski, G.; Ranoszek-Soliwoda, K.; et al. A study on the in vitro 

percutaneousabsorption of silver nanoparticles in combination with aluminum chloride, methyl paraben or 

di-n-butyl phthalate. Toxicol. Lett. 2017,272, 38–48,https://doi.org/10.1016/j.yrtph.2018.04.006.  

9. Kraeling, M.E.K.; Topping, V.D.; Keltner, Z.M.; Belgrave, K.R.; Bailey, K.D.; Gao, X.; Yourick, J.J. In vitro 

percutaneous penetration of silver nanoparticles in pig and human skin. Regul. Toxicol. Pharm. 2018,95, 314–

322,https://doi.org/10.1016/j.yrtph.2018.04.006. 

10. Fortunati, E.; Peltzer, M.; Armentano, I.; Jiménez, A.; Kenny, J.M. Combined effects of cellulose 

nanocrystals and silver nanoparticles on the barrier and migration properties of pla nano-biocomposites. J. 

Food Eng.2013, 118, 117–124,https://doi.org/10.1016/j.jfoodeng.2013.03.025. 

11. Kumar, S.; Shukla, A.; Baul, P.P.;Mitra, A.; Halder, D. Biodegradable hybrid nanocomposites of 

chitosan/gelatin and silver nanoparticles for active food packaging applications. Food Packag. Shelf2018,16, 

178–184,https://doi.org/10.1016/j.fpsl.2018.03.008.  

12. Pannerselvam, B.; Dharmalingam Jothinathan, M.K.; Rajenderan, M.; Perumal, P.; Pudupalayam 

Thangavelu, K.; Kim, H.J.; Singh, V.; Rangarajulu, S.K. An in vitro study on the burn wound healing activity 

of cotton fabrics incorporated with phytosynthesized silver nanoparticles in male Wistar albino rats. Eur. J. 

Pharm. Sci.2017, 100, 187–196,https://doi.org/10.1016/j.ejps.2017.01.015. 

13. Zhou, Y.; Tang, R.C. Facile and eco-friendly fabrication of agnps coated silk for antibacterial and antioxidant 

textiles using honeysuckle extract. J. Photochem. Photobiol. B2018, 178, 463–

471,https://doi.org/10.1016/j.jphotobiol.2017.12.003. 

https://doi.org/10.33263/LIANBS134.198
https://nanobioletters.com/
https://doi.org/10.1016/j.jcis.2016.08.003
https://doi.org/10.3390/pathogens11060663
https://doi.org/10.1038/s41598-021-84768-8
http://repositorio.unab.cl/xmlui/handle/ria/1139
https://doi.org/10.1016/j.arabjc.2010.04.008
https://doi.org/10.1016/j.eujim.2017.05.011
https://doi.org/10.1016/j.yrtph.2018.04.006
https://doi.org/10.1016/j.yrtph.2018.04.006
https://doi.org/10.1016/j.jfoodeng.2013.03.025
https://doi.org/10.1016/j.fpsl.2018.03.008
https://doi.org/10.1016/j.ejps.2017.01.015
https://doi.org/10.1016/j.jphotobiol.2017.12.003


https://doi.org/10.33263/LIANBS134.198  

https://nanobioletters.com/ 14 of 18 

 

14. Kejlová, K.; Kašpárková, V.; Krsek, D.; Jírová, D.; Koláˇrová, H.; Dvoˇráková, M.; Tománková, K.; 

Mikulcová, V. Characteristics of silver nanoparticles in vehicles for biological applications. Int. J. Pharm. 

2015, 496, 878–885,https://doi.org/10.1016/j.ijpharm.2015.10.024. 

15. Zhang, L.; Zeng, G.; Dong, H.; Chen, Y.; Zhang, J.; Yan, M.; Zhu, Y.; Yuan, Y.; Xie, Y.; Huang, Z. The 

impact of silver nanoparticles on the co-composting of sewage sludge and agricultural waste: Evolutions of 

organic matter and nitrogen. Bioresour. Technol. 2017,230, 132–139, 

https://doi.org/10.1016/j.biortech.2017.01.032.  

16. Silva, L.P.; Silveira, A.P.; Bonatto, C.C.; Reis, I.G.; Milreu, P.V. Silver Nanoparticles as Antimicrobial 

Agents: Past, Present, and Future. In Nanostructures for Antimicrobial Therapy: Nanostructures in 

Therapeutic Medicine Series; Elsevier: Amsterdam, The Netherlands, 2017; pp. 577–596, ISBN 

9780323461511, http://dx.doi.org/10.1016/B978-0-323-46152-8.00026-3.  

17. Ferdous, Z.; Nemmar, A. Health impact of silver nanoparticles: A review of the biodistribution and toxicity 

following various routes of exposure. Int. J. Mol. Sci.2020, 21, 2375, https://doi.org/10.3390/ijms21072375.  

18. Tran, Q.H.; Nguyen, V.Q.; Le, A. Silver nanoparticles: Synthesis, properties, toxicology, applications and 

perspectives. Adv. Nat. Sci. Nanosci. Nanotechnol. 2013,4, 033001, https://doi.org/10.1088/2043-

6262/4/3/033001 

19. Korshed, P.; Li, L.; Liu, Z.; Mironov, A.;Wang, T. Size-dependent antibacterial activity for laser-generated 

silver nanoparticles. J. Interdiscip. Nanomed. 2021, 4, 24–33,https://doi.org/10.3390/nano10061207.  

20. Chung, I.M.; Park, I.; Seung-Hyun, K.; Thiruvengadam, M.; Rajakumar, G. Plant-Mediated Synthesis of 

Silver Nanoparticles: Their Characteristic Properties and Therapeutic Applications. Nanoscale Res. 

Lett.2016,11, 1–14,https://doi.org/10.1186/s11671-016-1257-4.  

21. Tan, K.S.; Cheong, K.Y. Advances of Ag, Cu, and Ag-Cu alloy nanoparticles synthesized via chemical 

reduction route. J. Nanopart. Res. 2013, 15, 1537,https://doi.org/10.1007/s11051-013-1537-1. 

22. Liu, M.S.; Lin, M.C.C.; Tsai, C.Y.;Wang, C.C. Enhancement of thermal conductivity with Cu for nanofluids 

using chemical reduction method. Int. J. Heat Mass Transf.2006, 49, 3028–

3033,https://doi.org/10.1016/j.ijheatmasstransfer.2006.02.012.  

23. Kobayashi, M.; Yamashita, I.; Uraoka, Y.; Shiba, K.; Tomita, S. Gold nanostructures using tobacco mosaic 

viruses for optical metamaterials. Proc. SPIE Int. Soc. Opt. Eng.2011,8070, 80700C. 

24. Kannan, N.; Subbalaxmi, S. Biogenesis of nanoparticles—A current perspective. Rev. Adv. Mater. Sci.2011, 

27, 99–114.  

25. Ma, H.; Yin, B.; Wang, S.; Jiao, Y.; Pan, W.; Huang, S.; Chen, S.; Meng, F. Synthesis of Silver and Gold 

Nanoparticles by a Novel Electrochemical Method. Chem Phys Chem2004, 5, 68–

75,https://doi.org/10.1002/cphc.200300900. 

26. Ambrusi, R.E.; Staikov, G.; Garcia, S.G. Electrochemical synthesis of Cd–Ag bimetallic particles and the 

involved alloy formation. J. Electroanal. Chem.2014, 728, 130–

133,https://doi.org/10.1016/j.jelechem.2014.06.022.   

27. Ilias, S.H.; Kok, K.Y.; Ng, I.K.; Saidin, N.U. Electrochemical synthesis and characterization of palladium 

nanostructures. J. Phys. Conf. Ser. 2013, 431, 012003,https://doi.org/10.1088/1742-6596/431/1/012003 

28. Shah, M.; Fawcett, D.; Sharma, S.; Tripathy, S.K.; Poinern, G.E.J. Green Synthesis of Metallic Nanoparticles 

via Biological Entities. Materials2015, 8, 7278–7308, https://doi.org/10.3390/ma8115377.  

29. Nagalingam, M.; Kalpana, V.N.; Devi Rajeswari, V.; Panneerselvam, A. Biosynthesis, characterization, and 

evaluation of bioactivities of leaf extract-mediated biocompatible gold nanoparticles from Alternanthera 

bettzickiana. Biotechnol. Rep. 2018, 19, e00268, https://doi.org/10.1016/j.btre.2018.e00268.  

30. Castro, L.; Blázquez, M.L.; Muñoz, J.; González, F.G.; Ballester, A. Process, mechanism and applications of 

metal nanoparticles prepared by bio-mediated process. Rev. Adv. Sci. Eng.2014, 3, 199–216, 

https://doi.org/10.2174/0929867325666180209143715.  

31. Basiuk, V.A.; Basiuk, E.V. Green Processes for Nanotechnology; From Inorganic to Bioinspiring 

Nanomaterials; Springer International Publishing: Cham, Switzerland, 2015; 35–

73https://link.springer.com/book/10.1007/978-3-319-15461-9.  

32. Chen, X.; Schluesener, H.J. Nanosilver: A nanoproduct in medical application. Toxicol. Lett.2008, 176, 1–

12,https://doi.org/10.1016/j.toxlet.2007.10.004. 

33. Aderibigbe, B.A. Metal-Based Nanoparticles for the Treatment of Infectious Diseases. Molecules 2017, 22, 

1370. https://doi.org/10.3390/molecules22081370. 

34. Zhang, X.F.; Liu, Z.G.; Shen, W.; Gurunathan, S. Silver nanoparticles: Synthesis, characterization, properties, 

applications, and therapeutic approaches. Int. J. Mol. Sci.2016, 17, 9,https://doi.org/10.3390/ijms17091534. 

https://doi.org/10.33263/LIANBS134.198
https://nanobioletters.com/
https://doi.org/10.1016/j.ijpharm.2015.10.024
https://doi.org/10.1016/j.biortech.2017.01.032
http://dx.doi.org/10.1016/B978-0-323-46152-8.00026-3
https://doi.org/10.3390/ijms21072375
https://doi.org/10.1088/2043-6262/4/3/033001
https://doi.org/10.1088/2043-6262/4/3/033001
https://doi.org/10.3390/nano10061207
https://doi.org/10.1186/s11671-016-1257-4
https://doi.org/10.1007/s11051-013-1537-1
https://doi.org/10.1016/j.ijheatmasstransfer.2006.02.012
https://doi.org/10.1002/cphc.200300900
https://doi.org/10.1016/j.jelechem.2014.06.022
https://doi.org/10.1088/1742-6596/431/1/012003
https://doi.org/10.3390/ma8115377
https://doi.org/10.1016/j.btre.2018.e00268
http://dx.doi.org/10.2174/0929867325666180209143715
https://link.springer.com/book/10.1007/978-3-319-15461-9
https://doi.org/10.1016/j.toxlet.2007.10.004
https://doi.org/10.3390/molecules22081370
https://doi.org/10.3390/ijms17091534


https://doi.org/10.33263/LIANBS134.198  

https://nanobioletters.com/ 15 of 18 

 

35. Singh, J.; Kaurav, N.; Choudhary, K.K.; Okram, G.S. Synthesis and optical properties of silver nanoparticles 

and arrays. AIP Conf. Proc.2015, 1670, 1221–1231,https://doi.org/10.1038/s41598-019-49444-y. 

36. Hamouda, R.A.; Hussein, M.H.; Abo-elmagd, R.A.; Bawazir, S.S. Synthesis and biological characterization 

of silver nanoparticles derived from the cyanobacterium Oscillatoria limnetica. Sci. Rep.2019, 9, 1–17, 

https://www.nature.com/articles/s41598-019-49444-y.  

37. Dakal, T.C.; Kumar, A.; Majumdar, R.S.; Yadav, V. Mechanistic basis of antimicrobial actions of silver 

nanoparticles. Front. Microbiol.2016, 7, 1831, https://doi.org/10.3389/fmicb.2016.01831. 

38. Solomon, S.D.; Bahadory, M.; Jeyarajasingam, A.V.; Rutkowsky, S.A.; Boritz, C.; Mulfinger, L. Synthesis 

and study of silver nanoparticles. J. Chem. Educ.2007, 84, 322–325, https://doi.org/10.1021/ed084p322.  

39. Kumar, S.V.; Bafana, A.P.; Pawar, P.; Rahman, A.; Dahoumane, S.A.; Je_ryes, C.S. High conversion 

synthesis of <10 nm starch-stabilized silver nanoparticles using microwave technology. Sci. Rep.2018, 8, 1–

10, https://www.nature.com/articles/s41598-018-23480-6.  

40. Ho, C.H.; Thiel, M.; Celik, S.; Odermatt, E.K.; Berndt, I.; Thomann, R.; Tiller, J.C. Conventional and 

microwave-assisted synthesis of hyperbranched and highly branched polylysine towards amphiphilic core-

shell nanocontainers for metal nanoparticles. Polymer2012, 53, 4623–4630, 

https://doi.org/10.1016/j.polymer.2012.08.032. 

41. Cao, H. Silver Nanoparticles for Antibacterial Devices: Biocompatibility and Toxicity; CRC Press: Shanghai, 

China, 2017, https://www.routledge.com/Silver-Nanoparticles-for-Antibacterial-Devices-Biocompatibility-

and-Toxicity/Cao/p/book/9781032339627.  

42. Javaid, A.; Oloketuyi, S.; Khan, M.M.; Khan, F. Diversity of Bacterial Synthesis of Silver Nanoparticles. 

Bionanoscience2018, 8, 43–58,https://doi.org/10.1007/s12668-017-0496-x. 

43. Haefeli, C.; Franklin, C.; Hardy, K. Plasmid-determined silver resistance in Pseudomonas stutzeri isolated 

from a silver mine. J. Bacteriol.2022, 158, 389–392,https://doi.org/10.1128/jb.158.1.389-392.1984.  

44. Gan, S.-L.; Zhang, L.; Zhang, S.; He, Y.; Tian, S.; Biosynthesis, Y.; Gan, L.; Zhang, S.; Zhang, Y.; He, S.; 

et al. Characterization and antimicrobial activity of silver nanoparticles by a halotolerant B. endophyticus. 

Prep. Biochem. Biotechnol.2018, 48, 582–588,https://doi.org/10.1080/10826068.2018.1476880.  

45. Elsayed, M.A.; Othman, A.M.; Hassan, M.M.; Elshafei, A.M. Optimization of silver nanoparticles 

biosynthesismediated by Aspergillus niger NRC1731 through application of statistical methods: 

Enhancement and characterization. 3 Biotech.2018, 8, 132,https://doi.org/10.1007/s13205-018-1158-6.  

46. Zhao, X.; Zhou, L.; Rajoka Riaz, M.S.; Yan, L.; Jiang, C.; Shao, D.; Zhu, J.; Shi, J.; Huang, Q.; Yang, H.; et 

al. Fungal silver nanoparticles: Synthesis, application and challenges. Crit. Rev. Biotechnol. 2018, 38, 817–

835,https://doi.org/10.1080/07388551.2017.1414141.  

47. Ahmed, S.; Ahmad, M.; Swami, B.L.; Ikram, S. A review on plants extract mediated synthesis of silver 

nanoparticles for antimicrobial applications: A green expertise. J. Adv. Res.2016, 7, 17–28, 

https://doi.org/10.1016/j.jare.2015.02.007. 

48. Logeswari, P.; Silambarasan, S.; Abraham, J. Synthesis of silver nanoparticles using plants extract and 

analysis of their antimicrobial property. J. Saudi Chem. Soc.2015, 19, 311–317, 

https://doi.org/10.1016/j.jscs.2012.04.007. 

49. Amendola, V.; Bakr, O.M.; Stellacci, F. A study of the surface plasmon resonance of silver nanoparticles by 

the discrete dipole approximation method: Effect of shape, size, structure, and assembly. Plasmonics 2010, 

5, 85–97, https://doi.org/10.1007/s11468-009-9120-4 

50. Shivakumar, M.; Nagashree, K.L.; Yallappa, S.; Manjappa, S.; Manjunath, K.S.; Dharmaprakash, M.S. 

Biosynthesis of silver nanoparticles using pre-hydrolysis liquor of Eucalyptus wood and its effective 

antimicrobial activity. Enzyme Microb. Technol. 2017, 97, 55–

62,https://doi.org/10.1016/j.enzmictec.2016.11.006.  

51. Markus, J.;Wang, D.; Kim, Y.-J.; Ahn, S.; Mathiyalagan, R.;Wang, C.; Yang, D.C. Biosynthesis, 

characterization, and bioactivities evaluation of silver and gold nanoparticles mediated by the roots of chinese 

herbal angelica pubescens maxim. Nanoscale Res. Lett.2017, 12, 46, https://doi.org/10.1186/s11671-017-

1833-2. 

52. Roy, S.; Mukherjee, T.; Chakraborty, S.; Das, T.K. Biosynthesis, characterisation & antifungal activity of 

silver nanoparticles synthesized by the fungus Aspergillus foetidus MTCC8876. Dig.J. Nanomater. 

Biostruct.2012, 8, 197–205, https://chalcogen.ro/197_Swarup.pdf.  

53. Hwang, N.; Barron, A.R. BET SurfaceArea Analysis of Nanoparticles; Rice University: Houston, TX, USA, 

2021. 

https://doi.org/10.33263/LIANBS134.198
https://nanobioletters.com/
https://doi.org/10.1038/s41598-019-49444-y
https://www.nature.com/articles/s41598-019-49444-y
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.1021/ed084p322
https://www.nature.com/articles/s41598-018-23480-6
https://doi.org/10.1016/j.polymer.2012.08.032
https://www.routledge.com/Silver-Nanoparticles-for-Antibacterial-Devices-Biocompatibility-and-Toxicity/Cao/p/book/9781032339627
https://www.routledge.com/Silver-Nanoparticles-for-Antibacterial-Devices-Biocompatibility-and-Toxicity/Cao/p/book/9781032339627
https://doi.org/10.1007/s12668-017-0496-x
https://doi.org/10.1128/jb.158.1.389-392.1984
https://doi.org/10.1080/10826068.2018.1476880
https://doi.org/10.1007/s13205-018-1158-6
https://doi.org/10.1080/07388551.2017.1414141
https://doi.org/10.1016/j.jare.2015.02.007
https://doi.org/10.1016/j.jscs.2012.04.007
https://doi.org/10.1007/s11468-009-9120-4
https://doi.org/10.1016/j.enzmictec.2016.11.006
https://doi.org/10.1186/s11671-017-1833-2
https://doi.org/10.1186/s11671-017-1833-2
https://chalcogen.ro/197_Swarup.pdf


https://doi.org/10.33263/LIANBS134.198  

https://nanobioletters.com/ 16 of 18 

 

54. Lin, P.C.; Lin, S.; Wang, P.C.; Sridhar, R. Techniques for Physicochemical Characterization of 

Nanomaterials. Biotechnol. Adv. 2022, 32, 711–726, https://doi.org/10.1016/j.biotechadv.2013.11.006. 

55. Rebanda, M.M.; Bettini, S.; Blasi, L.; Gaballo, A.; Ragusa, A.; Quarta, A.; Piccirillo, C. Poly(l-Lactide-Co-

Caprolactone-Co-Glycolide)-Based Nanoparticles as Delivery Platform: Effect of the Surfactants on 

Characteristics and Delivery Efficiency.Nanomaterials2022,12, 1550, 

https://doi.org/10.3390/nano12091550. 

56. Singh, M.; Thakur, V.; Kumar, V.; Raj, M.; Gupta, S.; Devi, N.; Upadhyay, S.K.; Macho, M.; Banerjee, A.; 

Ewe, D.; Saurav, K. Silver Nanoparticles and Its Mechanistic Insight for Chronic Wound Healing: Review 

on Recent Progress.Molecules2022,27, 5587,https://doi.org/10.20944/preprints202205.0358.v1.  

57. Gagliardi, A.; Giuliano, E.; Venkateswararao, E.; Fresta, M.; Bulotta, S.; Awasthi, V.; Cosco, D. 

Biodegradable Polymeric Nanoparticles for Drug Delivery to Solid Tumors. Front. Pharmacol. 2021, 12, 

601626,https://doi.org/10.3389/fphar.2021.601626. 

58. Narayanan, K.B.; Bhaskar, R.; Han, S.S. Recent Advances in the Biomedical Applications of Functionalized 

Nanogels. Pharmaceutics 2022, 14, 2832, 

https://doi.org/10.3390/pharmaceutics14122832 

59. Elkanzi, N.A.A.; Hrichi, H.; Alolayan, R.A.; Derafa, W.; Zahou, F.M.; Bakr, R.B. Synthesis of Chalcones 

Derivatives and Their Biological Activities: A Review.ACS Omega.2022, 7, 27769–

27786,https://doi.org/10.1021/acsomega.2c01779. 

60. Malik, M.N.; Haq, I.U.; Fatima, H.; Ahmad, M.; Naz, I.; Mirza, B.; Kanwal, N. Bioprospecting Dodonaea 

viscosa Jacq.; a traditional medicinal plant for antioxidant, cytotoxic, antidiabetic and antimicrobial 

potential.Arab. J. Chem.2022, 15,https://doi.org/10.1016/j.arabjc.2022.103688. 

61. Maiti, P. K.; Mandal, S. Comprehensive genome analysis of Lentzea reveals repertoire of polymer-degrading 

enzymes and bioactive compounds with clinical relevance. Scientific Reports, 2022,12, 8409–8424, 

https://doi.org/10.1038/s41598-022-12427-7. 

62. Wasilewska, A.; Klekotka, U.; Zambrzycka, M.; Zambrowski, G.; Święcicka, I.; Kalska-Szostko. B. Physico-

chemical properties and antimicrobial activity of silver nanoparticles fabricated by green synthesis. Food 

Chemistry 2023, 400,133960,https://doi.org/10.1016/j.foodchem.2022.133960. 

63. Schneider, G. Antimicrobial silver nanoparticles—Regulatory situation in the European Union. Mater. Today 

Proc. 2017, 4, S200–S207, https://doi.org/10.1016/j.matpr.2017.09.187. 

64. Hasan, F.K.M.; Xiaoyi, Liu.; Shaoqin, Z.; Horváth, P. G.; Bak, M.; Bejó, L.;  Sipos, G.; Alpar T. Functional 

silver nanoparticles synthesis from sustainable point of view: 2000 to 2023 .A review on game changing 

materials. Heliyon2022,8, e12322, https://doi.org/10.1016/j.heliyon.2022.e12322. 

65. Gul, M.; Turk Celikoglu, E.; Idil, O. et al. Synthesis, antimicrobial activity and molecular docking studies of 

spiroquinoline-indoline-dione and spiropyrazolo-indoline-dione derivatives. Sci Rep 2023, 13, 1676, 

https://doi.org/10.1038/s41598-023-27777-z. 

66. Radzig, M.A.; Nadtochenko, V.A.; Koksharova, O.A.; Kiwi, J.; Lipasova, V.A.; Khmel, I.A. Antibacterial 

effects of silver nanoparticles on gram-negative bacteria: Influence on the growth and biofilms formation, 

mechanisms of action. Colloids Surf. B Biointerfaces2013, 102, 300–306, 

https://doi.org/10.1016/j.colsurfb.2012.07.039. 

67. Jahangirian, H.; Lemraski, E.G.;Webster, T.J.; Rafiee-Moghaddam, R.; Abdollahi, Y. A review of drug 

delivery systems based on nanotechnology and green chemistry: Green nanomedicine. Int. J. Nanomed. 2017, 

12, 2957–297, https://doi.org/10.2147/IJN.S127683. 

68. Jiang, Q.; Yu, S.; Li, X.; Ma, C.; Li, A. Evaluation of local anesthetic effects of lidocaine-ibuprofen ionic 

liquid stabilized silver nanoparticles in male swiss mice. J. Photochem. Photobiol. B Biol.2018, 178, 367–

370, https://doi.org/10.1016/j.jphotobiol.2017.11.028. 

69. Karthik, C.S.; Manukumar, H.M.; Ananda, A.P.; Nagashree, S.; Rakesh, K.P.; Mallesha, L.; Qin, H.-L.; 

Umesha, S.; Mallu, P.; Krishnamurthy, N.B. Synthesis of novel benzodioxane midst piperazine moiety 

decorated chitosan silver nanoparticle against biohazard pathogens and as potential anti-inflammatory 

candidate: A molecular docking studies. Int. J. Biol. Macromol.2018, 108, 489–

502,https://doi.org/10.1016/j.ijbiomac.2017.12.045. 

70. Soni, N.; Dhiman, R.C. Phytochemical, antioxidant, larvicidal, and antimicrobial activities of castor (Ricinus 

communis) synthesized silver nanoparticles. Chin. Herb. Med.2017, 9, 289–

294,https://doi.org/10.1016/S1674-6384(17)60106-0. 

71. Arumai Selvan, D.; Mahendiran, D.; Senthil Kumar, R.; Kalilur Rahiman, A. Garlic, green tea and turmeric 

extracts-mediated green synthesis of silver nanoparticles: Phytochemical, antioxidant and in vitro cytotoxicity 

https://doi.org/10.33263/LIANBS134.198
https://nanobioletters.com/
https://doi.org/10.1016/j.biotechadv.2013.11.006
https://doi.org/10.3390/nano12091550
https://doi.org/10.20944/preprints202205.0358.v1
https://doi.org/10.3389/fphar.2021.601626
https://doi.org/10.3390/pharmaceutics14122832
https://doi.org/10.1021/acsomega.2c01779
https://doi.org/10.1016/j.arabjc.2022.103688
https://doi.org/10.1038/s41598-022-12427-7
https://doi.org/10.1016/j.foodchem.2022.133960
https://doi.org/10.1016/j.matpr.2017.09.187
https://doi.org/10.1016/j.heliyon.2022.e12322
https://doi.org/10.1038/s41598-023-27777-z
https://doi.org/10.1016/j.colsurfb.2012.07.039
https://doi.org/10.2147/IJN.S127683
https://doi.org/10.1016/j.jphotobiol.2017.11.028
https://doi.org/10.1016/j.ijbiomac.2017.12.045
https://doi.org/10.1016/S1674-6384(17)60106-0


https://doi.org/10.33263/LIANBS134.198  

https://nanobioletters.com/ 17 of 18 

 

studies. J. Photochem. Photobiol. B Biol.2018, 180, 243–

252,https://doi.org/10.1016/j.jphotobiol.2018.02.014. 

72. Al-Obaidi, H.; Kalgudi, R.; Zariwala, M.G. Fabrication of inhaled hybrid silver/ciprofloxacin nanoparticles 

with synergetic effect against pseudomonas aeruginosa. Eur. J. Pharm. Biopharm. 2018, 128, 27–35, 

https://doi.org/10.1016/j.ejpb.2018.04.006. 

73. Kaur, A.; Goyal, D.; Kumar, R. Surfactant mediated interaction of vancomycin with silver nanoparticles. 

Appl. Surf. Sci. 2018, 449, 23–30, https://doi.org/10.1016/j.apsusc.2017.12.066. 

74. Petrov, P.D.; Yoncheva, K.; Gancheva, V.; Konstantinov, S.; Trzebicka, B. Multifunctional block copolymer 

nanocarriers for co-delivery of silver nanoparticles and curcumin: Synthesis and enhanced efficacy against 

tumor cells. Eur. Polym. J.2016, 81, 24–33,https://doi.org/10.1016/j.eurpolymj.2016.05.010. 

75. Heilman, S.; Silva, L.G.A. Silver and titanium nanoparticles used as coating on polyurethane catheters. J. 

Nano Res.2017, 47, 17–23,  https://doi.org/10.4028/www.scientific.net/JNanoR.47.17 

76. Thomas, R.; Mathew, S.; Nayana, A.R.; Mathews, J.; Radhakrishnan, E.K. Microbially and phytofabricated 

Agnps with different mode of bactericidal action were identified to have comparable potential for surface 

fabrication of central venous catheters to combat staphylococcus aureus biofilm. J. Photochem. Photobiol.B 

Biol. 2017, 171, 96–103, https://doi.org/10.1016/j.jphotobiol.2017.04.036.  

77. Rtimi, S.; Sanjines, R.; Pulgarin, C.; Kiwi, J. Microstructure of cu–ag uniform nanoparticulate films on 

polyurethane 3D catheters: Surface properties. ACS Appl. Mater. Interfaces2016, 8, 56–63, 

https://doi.org/10.1021/acsami.5b09738.  

78. Ballottin, D.; Fulaz, S.; Cabrini, F.; Tsukamoto, J.; Durán, N.; Alves, O.L.; Tasic, L. Antimicrobial textiles: 

Biogenic silver nanoparticles against candida and xanthomonas. Mater. Sci. Eng. C2017, 75, 582–589, 

https://doi.org/10.1016/j.msec.2017.02.110.  

79. Su, C.-H.; Kumar, G.V.; Adhikary, S.; Velusamy, P.; Pandian, K.; Anbu, P. Preparation of cotton fabric using 

sodium alginate-coated nanoparticles to protect against nosocomial pathogens. Biochem. Eng. J.2017, 117, 

28–35, https://doi.org/10.1016/j.bej.2016.10.020. 

80. Zhang,M.; Lin, H.;Wang, Y.; Yang, G.; Zhao, H.; Sun, D. Fabrication and durable antibacterial properties of 

3D porous wet electrospun rcsc/pcl nanofibrous scaffold with silver nanoparticles. Appl. Surf. Sci.2017, 414, 

52–62, https://doi.org/10.1016/j.apsusc.2017.04.052. 

81. Alippilakkotte, S.; Kumar, S.; Sreejith, L. Fabrication of pla/ag nanofibers by green synthesis method using 

momordica charantia fruit extract for wound dressing applications. Colloids Surf. A Physicochem. Eng. 

Asp.2017, 529, 771–782, https://doi.org/10.1016/j.colsurfa.2017.06.066. 

82. Biswas, P.; Bandyopadhyaya, R. Biofouling prevention using silver nanoparticle impregnated 

polyethersulfone (PES) membrane: E. coli cell-killing in a continuous cross-flow membrane module. J. 

Colloid Interface Sci.2017, 491, 13–26, https://doi.org/10.1016/j.jcis.2016.11.060. 

83. Benavente, J.; García,M.E.; Urbano, N.; López-Romero, J.M.; Contreras-Cáceres, R.C.; Casado-

Rodríguez,M.A.; Moscoso, A.; Hierrezuelo, J. Inclusion of silver nanoparticles for improving regenerated 

cellulose membrane performance and reduction of biofouling. Int. J. Biol. Macromol.2017, 103, 758–763, 

https://doi.org/10.1016/j.ijbiomac.2017.05.133. 

84. Štular, D.; Jerman, I.; Nagliˇc, I.; Simonˇciˇc, B.; Tomšiˇc, B. Embedment of silver into temperature- and ph-

responsive microgel for the development of smart textiles with simultaneous moisture management and 

controlled antimicrobial activities. Carbohydr. Polym. 2017, 159, 161–

170,https://doi.org/10.1016/j.carbpol.2016.12.030. 

85. Ding, L.; Shan, X.; Zhao, X.; Zha, H.; Chen, X.;Wang, J.; Cai, C.;Wang, X.; Li, G.; Hao, J.; et al. Spongy 

bilayer dressing composed of chitosan–Ag nanoparticles and chitosan–Bletilla striata polysaccharide for 

wound healing applications. Carbohydr. Polym. 2017, 157, 1538–

1547,https://doi.org/10.1016/j.carbpol.2016.11.040. 

86. Jishma, P.; Narayanan, R.; Snigdha, S.; Thomas, R.; Radhakrishnan, E.K. Rapid degradative effect of 

microbially synthesized silver nanoparticles on textile dye in presence of sunlight. Biocatal. Agric. 

Biotechnol. 2018, 14, 410–417, https://doi.org/10.1016/j.bcab.2018.04.007. 

87. Lee, D.; Lee, S.J.; Moon, J.-H.; Kim, J.H.; Heo, D.N.; Bang, J.B.; Lim, H.-N.; Kwon, I.K. Preparation of 

antibacterial chitosan membranes containing silver nanoparticles for dental barrier membrane applications. 

J. Ind. Eng. Chem. 2018,  https://doi.org/10.1016/j.jiec.2018.05.030. 

88. Divakar, D.D.; Jastaniyah, N.T.; Altamimi, H.G.; Alnakhli, Y.O.; Muzaheed; Alkheraif, A.A.; Haleem, S. 

Enhanced antimicrobial activity of naturally derived bioactive molecule chitosan conjugated silver 

https://doi.org/10.33263/LIANBS134.198
https://nanobioletters.com/
https://doi.org/10.1016/j.jphotobiol.2018.02.014
https://doi.org/10.1016/j.ejpb.2018.04.006
https://doi.org/10.1016/j.apsusc.2017.12.066
https://doi.org/10.1016/j.eurpolymj.2016.05.010
https://doi.org/10.4028/www.scientific.net/JNanoR.47.17
https://doi.org/10.1016/j.jphotobiol.2017.04.036
https://doi.org/10.1021/acsami.5b09738
https://doi.org/10.1016/j.msec.2017.02.110
https://doi.org/10.1016/j.bej.2016.10.020
https://doi.org/10.1016/j.apsusc.2017.04.052
https://doi.org/10.1016/j.colsurfa.2017.06.066
https://doi.org/10.1016/j.jcis.2016.11.060
https://doi.org/10.1016/j.ijbiomac.2017.05.133
https://doi.org/10.1016/j.carbpol.2016.12.030
https://doi.org/10.1016/j.carbpol.2016.11.040
https://doi.org/10.1016/j.bcab.2018.04.007
https://doi.org/10.1016/j.jiec.2018.05.030


https://doi.org/10.33263/LIANBS134.198  

https://nanobioletters.com/ 18 of 18 

 

nanoparticle against dental implant pathogens. Int. J. Biol. Macromol.2018, 108, 790–

797,https://doi.org/10.1016/j.ijbiomac.2017.10.166. 

89. Bapat, R.A.; Chaubal, T.V.; Joshi, C.P.; Bapat, P.R.; Choudhury, H.; Pandey, M.; Gorain, B.; Kesharwani, 

P. An overviewof application of silver nanoparticles for biomaterials in dentistry. Mater. Sci. Eng. C2018, 

91, 881–898, https://doi.org/10.1016/j.msec.2018.05.069. 

90. Noronha, V.T.; Paula, A.J.; Durán, G.; Galembeck, A.; Cogo-Müller, K.; Franz-Montan, M.; Durán, N. Silver 

nanoparticles in dentistry. Dent. Mater.2017, 33, 1110–1126,https://doi.org/10.1016/j.dental.2017.07.002. 

91. Priyadarsini, S.; Mukherjee, S.; Mishra, M. Nanoparticles used in dentistry: A review. J. Oral Biol. Craniofac. 

Res.2018, 8, 58–67, https://doi.org/10.1016/j.jobcr.2017.12.004 

92. Wilkinson, L.J.; White, R.J.; Chipman, J.K. Silver and nanoparticles of silver in wound dressings: A review 

of efficacy and safety. J. Wound Care2011, 20, 543–549,https://doi.org/10.12968/jowc.2011.20.11.543. 

93. Gong, C.P.; Li, S.C.; Wang, R.Y. Development of biosynthesized silver nanoparticles based formulation for 

treating wounds during nursing care in hospitals. J. Photochem. Photobiol. B Biol.2018, 183, 137–141,  

https://doi.org/10.1016/j.jphotobiol.2018.04.030. 

94. Cardoso, V.S.; de Carvalho Filgueiras, M.; Dutra, Y.M.; Teles, R.H.G.; de Araujo, A.R.; Primo, F.L.; Mafud, 

A.C.; Batista, L.F.; Mascarenhas, Y.P.; Paino, I.M.M.; et al. Collagen-based silver nanoparticles: Study on 

cell viability, skin permeation, and swelling inhibition. Mater. Sci. Eng. C Mater. Biol. Appl.2017, 74, 382–

388, https://doi.org/10.1016/j.msec.2016.12.025. 

95. Kumar, S.S.D.; Rajendran, N.K.; Houreld, N.N.; Abrahamse, H. Recent advances on silver nanoparticle and 

biopolymer-based biomaterials for wound healing applications. Int. J. Biol. Macromol. 2018, 115, 165–175, 

https://doi.org/10.1016/j.ijbiomac.2018.04.003. 

96. Bozaci, E.; Akar, E.; Ozdogan, E.; Demir, A.; Altinisik, A.; Seki, Y. Application of carboxymethylcellulose 

hydrogel based silver nanocomposites on cotton fabrics for antibacterial property. Carbohydr. Polym. 2015, 

134, 128–135, https://doi.org/10.1016/j.carbpol.2015.07.036. 

97. Correia, T.R.; Figueira, D.R.; de Sá, K.D.;Miguel, S.P.; Fradique, R.G.;Mendonça, A.G.; Correia, I.J. 3D 

printed scaffolds with bactericidal activity aimed for bone tissue regeneration. Int. J. Biol. Macromol. 2016, 

93, 1432–1445,  https://doi.org/10.1016/j.ijbiomac.2016.06.004. 

98. Castiglioni, S.; Cazzaniga, A.; Locatelli, L.; Maier, J.A.M. Silver nanoparticles in orthopedic applications: 

New insights on their effects on osteogenic cells. Nanomaterials2017, 7, 124, 

https://doi.org/10.3390/nano7060124. 

99. Zhang, Y.; Zhai, D.; Xu, M.; Yao, Q.; Zhu, H.; Chang, J.; Wu, C. 3D-printed bioceramic scaffolds with 

antibacterial and osteogenic activity. Biofabrication2017, 9, 025037, https://doi.org/10.1088/1758-

5090/aa6ed6. 

100. Aurore, V.; Caldana, F.; Blanchard, M.; Kharoubi Hess, S.; Lannes, N.; Mantel, P.Y.; Filgueira, L.;Walch, 

M. Silver-nanoparticles increase bactericidal activity and radical oxygen responses against bacterial 

pathogens in human osteoclasts. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 601–607, 

https://doi.org/10.1016/j.nano.2017.11.006. 

101. Qing, T.;Mahmood,M.; Zheng, Y.; Biris, A.S.; Shi, L.; Casciano, D.A. A genomic characterization of the 

influence of silver nanoparticles on bone differentiation inMC3T3-E1 cells. J. Appl. Toxicol. JAT2018, 38, 

172–179, https://doi.org/10.1002/jat.3528. 

102. Lu, H.; Liu, Y.; Guo, J.;Wu, H.;Wang, J.;Wu, G. Biomaterials with antibacterial and osteoinductive properties 

to repair infected bone defects. Int. J. Mol. Sci.2016,17, 334. 

https://doi.org/10.3390/ijms17030334. 

103. Yu, W.-Z.; Zhang, Y.; Liu, X.; Xiang, Y.; Li, Z.; Wu, S. Synergistic antibacterial activity of multi components 

in lysozyme/chitosan/silver/hydroxyapatite hybrid coating. Mater. Des.2018, 139, 351–362,  

https://doi.org/10.1016/j.matdes.2017.11.018. 

104. Zhang, X.; Chaimayo, W.; Yang, C.; Yao, J.; Miller, B.L.; Yates, M.Z. Silver-hydroxyapatite composite 

coatings with enhanced antimicrobial activities through heat treatment. Surf. Coat. Technol. 2017, 325, 39–

45, https://doi.org/10.1016/j.surfcoat.2017.06.013. 

105. Geng, Z.;Wang, R.; Zhuo, X.; Li, Z.; Huang, Y.; Ma, L.; Cui, Z.; Zhu, S.; Liang, Y.; Liu, Y.; et al. 

Incorporation of silver and strontium in hydroxyapatite coating on titanium surface for enhanced antibacterial 

and biological properties. Mater. Sci. Eng. C2017,71, 852–861, https://doi.org/10.1016/j.msec.2016.10.079. 

https://doi.org/10.33263/LIANBS134.198
https://nanobioletters.com/
https://doi.org/10.1016/j.ijbiomac.2017.10.166
https://doi.org/10.1016/j.msec.2018.05.069
https://doi.org/10.1016/j.dental.2017.07.002
https://doi.org/10.1016/j.jobcr.2017.12.004
https://doi.org/10.12968/jowc.2011.20.11.543
https://doi.org/10.1016/j.jphotobiol.2018.04.030
https://doi.org/10.1016/j.msec.2016.12.025
https://doi.org/10.1016/j.ijbiomac.2018.04.003
https://doi.org/10.1016/j.carbpol.2015.07.036
https://doi.org/10.1016/j.ijbiomac.2016.06.004
https://doi.org/10.3390/nano7060124
https://doi.org/10.1088/1758-5090/aa6ed6
https://doi.org/10.1088/1758-5090/aa6ed6
https://doi.org/10.1016/j.nano.2017.11.006
https://doi.org/10.1002/jat.3528
https://doi.org/10.3390/ijms17030334
https://doi.org/10.1016/j.matdes.2017.11.018
https://doi.org/10.1016/j.surfcoat.2017.06.013
https://doi.org/10.1016/j.msec.2016.10.079

