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Abstract

Biofilms provide a protected environment in which bacteria can grow and thrive. These biofilms 

are especially resistant to antibiotic treatments. This poses a huge problem as 80% of infections 

that are of clinical significance grow within biofilms.  Silver has been known to have 

antimicrobial properties. Only within the past 15 years, however, has the nanoparticle form of 

silver been seriously researched for the purpose of treating bacterial biofilms. The purpose of this 

dissertation was to determine the efficacy of silver nanoparticles in combating bacterial biofilms. 

A literature review was performed by collecting peer-reviewed research articles that addressed 

each of the following sub-questions: i) are silver nanoparticles effective against antibiotic-

resistant biofilms, ii) by what mechanisms do silver nanoparticles act, iii) is the efficacy of silver 

nanoparticles dependent on dose or morphology, iv) can resistance develop to silver 

nanoparticles, v) are there risks or side effects associated with silver nanoparticles or unknown 

safety concerns, and vi) what avenues of silver nanoparticles administration are the most 

promising. The findings were combined in table form. Silver nanoparticles stand out as a 

promising treatment, as they have been found to be effective against MDR bacterial biofilms. 

The size, shape, surface properties, and environment of the nanoparticle will greatly determine 

its efficacy. It is possible and necessary to engineer the properties of the nanoparticle to the 

desired function. While safety concerns about silver nanoparticles still remain, they appear to be 

a promising treatment for improved drug delivery, wound dressings, and coatings on medical 

implants, dental implants, catheters and other medicals devices.

Keywords: Silver nanoparticles, bacterial biofilms, antibiotic resistance, silver 

nanoparticle mechanisms, biofilm resistance, silver nanoparticle safety.
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Definition of Terms:

Analysis of Variance – ANOVA

Autoinducers – AIs

Center for Disease Control – CDC

Colony Forming Unit – CFU 

Confocal Laser Scanning Microscopy – CLSM

Dynamic Light Scattering – DLS

Electron Transport Chain – ETC

European Society of Clinical Microbiology and infectious Diseases – ESCMID

Exopolysaccharide – EPS

Human Serum Albumin – HSA

Hydroxyl Radical – HO

Minimum Inhibitory Concentration – MIC

Multi-Drug Resistant – MDR

Nanoparticles – NPs

Nanoparticle Tracking Analysis – NTA 

Natural Killer cell - NK

Planktonic – Free-living

Poly (N-vinyl pyrrolidone) – PVP 

Quorum Sensing – QS

Reactive Oxygen Species – ROS

Scanning Electron Microscope – SEM

Silver ion – Ag+
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Silver (II) ion – Ag2+

Silver (III) ion – Ag3+

Tricarboxylic Acid Cycle – TCA

Transmission Electron Microscopy – TEM

Ultra Violet Visible Spectroscopy – UV-vis
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The Efficacy of Silver Nanoparticles as a Treatment for Bacterial Biofilms

Biofilms

Bacteria are able to aggregate into community assemblies called biofilms. Biofilms are 

composed of extracellular matrix products that form structurally complex habitats. These 

habitats can provide a special protection to the bacteria as they grow and thrive (Lopez et al., 

2010). Biofilms form on surfaces that are present in aqueous environments. This surface could 

be either living or dead and be made up of any number of substances including tissue, metal, 

or plastic (Schachter, 2003). Biofilms enable bacteria to act differently than they would living 

outside of such a community. They can replicate and accumulate in much higher numbers than 

they would be able to achieve if they were free-living (Worthington et al., 2012).  Biofilm 

bacteria are held together in groups via a polymeric matrix that they produce, made up of 

proteins, polysaccharides, and DNA.  This matrix not only gives the biofilm structure, but it 

also provides resistance to invasion (Hoiby et al., 2011a). A biofilm can form and reach 

maturity in as little as five to seven days (Hoiby et al., 2011a).  Once established, they are able 

to evade the immune system of the host as well as resist many antibiotic medications (Lopez et 

al., 2010). 

Structure

The structure of a biofilm greatly influences what mechanisms may be effective against it 

as a treatment.  Biofilms allow bacteria to take on the characteristics of a living system instead of 

an individual. Channels form within the structure, allowing nutrients and water to reach cells on 

the inside of the biofilm (Annous et al., 2009). These channels can contribute to gradients 

forming within the biofilm structure. The upper surfaces of biofilms are more metabolically 

active, as they are aerobic. Consequently, more growth occurs. The bottom of the biofilm has 
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very little growth, as it eventually becomes anaerobic. These gradients may contribute to the 

resistance of a biofilm (Hoiby et al., 2011b). It is thought that biofilm structure is more similar to 

a polymer than the typical properties of a group of bacterial cells, as it has both viscous and 

elastic characteristics. These properties allow the biofilm to expand three-dimensionally (Franci 

et al., 2015).

Within a biofilm, bacteria are less susceptible to environmental stressors, including 

changes in pH, oxygen levels, temperature, and pressure. The matrix of the biofilm binds water 

and keeps bacterial cells hydrated, reducing the stress of dehydration. Since bacteria are close 

together in colonies within the biofilm, they are able to exchange metabolic products, nutrients, 

and genetic material. Gene expression occurs differently within biofilms, as the physiology of 

the bacterial colonies becomes altered from that of planktonic cells. For this reason, it is less 

common for cells to divide within much of the biofilm. Although bacteria produce 

polysaccharides that can be used for their nutritive value, growth and replication are slow and 

minimal. Biofilms can be made up of a mixture of different bacterial species or of one single 

type. It is most common, however, for several different species to be living together 

synergistically (Annous et al., 2009). Biofilms are dynamic communities, and bacterial behavior 

is stimulated by small peptide chemical messengers known as autoinducers that are produced 

because of varying genes that are being expressed (Franci et al., 2015; Rabin et al., 2015). The 

genes that are responsible for this depend on the strain of bacteria, but not all have been fully 

elucidated. For example, Vibrio species of bacteria contain genetic clusters such as cqs which 

produces the CAI-1 autoinducer, while the genes responsible for producing the AI-3 autoinducer 

in Escherichia coli are still unknown. The autoinducers produced by these genes allow bacteria 

to work together to respond to environmental changes. These coordinated efforts allow bacteria 
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within biofilms to mimic behavior that is typically only seen in higher organisms (LaSarre & 

Federle, 2013).

Development

Biofilms are formed by enzymes that produce matrix; this is dependent on how many 

nutrients are available. Specific nutrients that may contribute to the formation of biofilms are 

available calcium, polyamines, bile salts, and indole (Franci et al., 2015). A biofilm develops 

through five main stages. First, the bacteria find and adhere to a surface (Taylor et al., 2014). 

This step is reversible (Annous et al., 2009). Second, the bacteria begin to produce 

exopolysaccharide (EPS), proteins, and DNA which make up the extracellular matrix of the 

biofilm. The third step involves improved cell-to-cell communication. This occurs through the 

establishment of complex signaling systems known as quorum sensing as cells become more 

organized (Taylor et al., 2014). Microcolonies have the ability to form and operate 

systematically, providing the basis for the biofilm structure (Annous et al., 2009). Growth of the 

biofilm and development of microenvironments within the greater biofilm community denotes 

the fourth step. And lastly, the spread of bacteria from the biofilm to new locations signifies the

completion of development and the start of a new cycle (Taylor et al., 2014).

Quorum Sensing

Bacteria in biofilms have a special way to communicate across cells, known as quorum 

sensing, through the use of signaling compounds. Quorum sensing can regulate gene expression, 

but it depends on cell density for successful signaling. Once the population reaches a certain 

density, the signals being produced will be able to bind to receptors more readily. Such binding 

can activate or suppress gene expression. This can work to the advantage of the bacteria, helping 

them to adapt to their environment or increase available nutrients where they are needed. The 
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altered gene expression can aid bacteria in the production of antimicrobial proteins, the 

regulation of their virulence potential, the promotion of biofilm building, and the transfer of 

plasmids (Annous et al., 2009). Plasmids contain circular DNA that can replicate independently 

from chromosomal DNA. Even though they typically hold only a few genes, these genes are

likely to contain resistances to antibiotics and are easily transferred between bacterial cells

through conjugation. Conjugation is the transfer of genetic material from either direct contact or 

the formation of other physical connections between bacterial cells. By allowing genes to 

transfer in this way, resistance can be easily spread among bacterial populations (Taylor et al., 

2014). Consequently, quorum sensing can influence how biofilms form their tolerance levels 

(Hoiby et al., 2011b). Quorum sensing between different bacteria can also affect the phenotype 

of the bacteria. This enables them to respond as a group to threats and other changes in the 

environment (Forier et al., 2014).

Quorum sensing can be stopped by enzymes that break down signaling molecules. 

Examples include lactonase, which acts on ester bonds, as well as acylase, which breaks amide 

bonds (Annous et al., 2009).  Quorum sensing can also be hindered by preventing the signal 

molecules from being made as well as preventing signals from binding to receptors (Annous et 

al., 2009). Thus, substances that can prevent quorum sensing, such as enzymes and competitive 

inhibitors, are likely to be good treatment options because they will target the biofilms with

minimum effects to host cells (Markowska et al., 2013).

Bacterial Strains that Produce Biofilms

Several bacterial strains are known for forming biofilms that are of medical relevance.

These strains are often used as model organisms when biofilms are being studied. Table 1 
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outlines common model bacterial strains that form biofilms and the type of infection that is 

associated with each one. 

Table 1

Notable Bacterial Strains and Their Associated Biofilm Infections

Note: These biofilm-forming bacterial strains are reviewed in the literature.

Bacterial strain Bacterial Type Associated Biofilm 
Infection

Reference

Pseudomonas 
aeruginosa

Gram-negative Cystic fibrosis, chronic 
wounds, COPD, medical 
device infections

(Mulcachy et al., 
2014; Zare et al., 
2017))

Escherichia coli Gram-negative UTI, catheter and medical 
device infections, Crohn’s 
disease, open wound 
infections

(Sharma et al., 2016; 
Augustine et al., 
2016)

Streptococcus mutans Gram-positive Dental plaque, medical 
device infections

(Matsumoto-Nakano, 
2017)

Chromobacterium 
violaceum

Gram-negative Endocarditis, pneumonia (Venkatramanan et 
al., 2020)

Vibrio cholera Gram-negative Cholera, GI infections (Silva & Benitez, 
2016)

Staphylococcus aureus Gram-positive Medical implant 
infections, open wound 
infections

(Sreenivasagan et al., 
2020; Augustine et 
al., 2016)

Salmonella typhi Gram-negative Catheter-associated 
infections

(Tursi et al., 2020)

Streptococcus 
sanguinis

Gram-positive Dental plaque, 
endocarditis

(Zhu et al., 2018)

Bacillus subtilis Gram-positive Endocarditis, pneumonia, 
open wound infections

(Katas et al., 2021)

Streptococcus 
sanguinis

Gram-positive Medical implant infections (Besinis et al., 2017)
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Bacteria that form biofilms can be categorized as either gram-positive or gram-negative. 

Gram-positive bacteria are characterized by their thick outer layer of peptidoglycans and lack of 

an outer lipid membrane. Gram-negative bacteria, however, contain a lipid membrane in 

combination with a peptidoglycan layer that is very thin. These structural differences can play a 

role in which antibiotics (or other treatments) are effective against them (Qing et al., 2018).

Clinical Impact of Biofilms

Approximately 80% of all clinically significant infections grow in biofilms 

(Worthington et al., 2012). Biofilm formation is one of the key characteristics that determines 

how pathogenic an infection may become. Not only is there a growing association between 

biofilms and infectious diseases, but biofilms are becoming viewed as a major threat to the 

medical community (Worthington et al., 2012).  Within the United States alone, 17 million new 

infections are attributed to biofilms each year, resulting in 550,000 deaths (Worthington et al., 

2012). These types of infections are not only chronic, but also known for their inflammatory 

nature and damage to surrounding tissues (Hoiby et al., 2011a). Most commonly, biofilms are 

associated with infections pertaining to endocarditis, burn and chronic wounds, ear infections, 

cystic fibrosis, and dental decay (Worthington et al., 2012). Biofilms can form within the gut, 

acting as a warning sign of disease development (Deng et al., 2020). These biofilm formations 

are associated with inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis 

(Chandra et al., 2019). Even infectious diseases such as Lyme disease are thought to be 

associated with persistent biofilms, allowing the bacteria to attach to tissues within the body to 

remain stationary and largely undetected in the blood (Domenico et al., 2018). In addition, 

biofilm infections can form on medical and dental implants and other devices placed within the 

body (Hoiby et al., 2011a; Marsh, 2010).  These devices may include prosthetics, endotracheal 
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tubes, and catheters of various kinds. More than half of the hospital-acquired infections in the 

United States can be attributed to the formation of biofilms on various medical devices 

(Monteiro et al., 2009). An indwelling device allows for a much smaller population of bacteria to 

cause a problematic infection. Currently, it is almost impossible to completely eliminate a 

biofilm infection on an indwelling device once it has formed (Worthington et al., 2012).  

Economic Burden

Biofilms cause a significant economic burden to the medical community as they 

contribute to the costs associated with chronic infections, extended hospital stays, and higher 

mortality rates. Biofilms are also the driving factor behind most chronic wounds and hospital-

acquired infections (Azevedo et al., 2020; Worthington et al., 2012). Hospital-acquired 

infections impact two million patients per year in the United States; sixty-five percent of those 

infections are directly due to biofilms (Forier et al., 2014; Satpathy et al., 2016). They are also 

responsible for up to 900,000 hospital admissions or readmissions per year in the United States

(Forier et al., 2014). The treatment of catheter-related infections of the bloodstream can easily 

cost around $6,000 per patient. Even many reconstructive surgeries can result in biofilm 

infections, which adds up to an additional yearly cost of 900 million dollars for treatment 

(Schachter, 2003). Biofilms that develop in wounds and cause delayed healing affect millions 

of people each year. The additional costs to treat such wounds, in Europe for example, requires 

2% of the continent’s entire health budget (Azevedo et al., 2020). Globally, billions of dollars 

in additional costs each year can be attributed to biofilms and their associated complications

(Worthington et al., 2012). 

Antibacterial Resistance

Bacteria that grow within the confines of a biofilm are much more resistant to antibiotics 

than their free-living counterparts (Worthington et al., 2012). Biofilms allow bacteria to 
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withstand much stronger doses of antibiotics than would typically be used to kill the planktonic 

form. Most antibiotics work via mechanisms that target rapidly dividing cells. They inhibit 

transcription factors, cell wall formation, and protein synthesis, all of which are needed for cell 

division to occur (Toma & Deyno, 2015). Since biofilms allow bacteria to replicate much more 

slowly, these antibiotic treatments are rendered less effective. Biofilms, however, do not just 

confer antibiotic resistance through this mechanism alone. They seem to offer protection against 

antibiotics through several different mechanisms. For example, the structure of the biofilm can 

inhibit many classical treatments. The surface layer of the biofilm can prevent a broad range of

antibiotic drugs from being able to penetrate the biofilm and reach the bacteria living within 

(Schachter, 2003).  The polymeric matrix can act like an adsorbent, causing substances to adhere 

to the surface without allowing them to pass through. Biofilm bacteria are one hundred times 

more likely to resist treatment because of this. Bacteria that are deep inside of the biofilm may go 

into a dormant or altered state due to areas that lack nutrients and oxygen. This state also gives 

them protection against antibiotics as bacterial metabolism is much slower and harder to target. 

Thus, the mechanisms through which antibiotics normally work are impaired (Cavalieri et al., 

2014). In addition, microclimates form within biofilms where waste production and nutrient 

depletion occurs. If an antibiotic penetrates the biofilm, it is likely to be stifled in these areas 

(Schachter, 2003). Bacteria within biofilms may also be able to differentiate into persister cells, 

which are known for their protective nature, or increase the expression of certain genes which 

makes them resistant to the antibiotics, once exposed. For these reasons, bacteria that live in 

biofilms usually survive antibiotic treatment (Taylor et al., 2014).

There are three types of resistance that can be seen in bacterial cells. The first is known as 

intrinsic resistance. Intrinsic resistance uses mechanisms that are already built into the bacteria to 
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decrease general susceptibility. This could include characteristics such as an outer membrane 

with low permeability that would act as a blockade to certain molecules and drugs. Intrinsic 

resistance does not require the bacteria to have any previous exposure to an antibiotic in order for 

the resistance to form (Taylor et al., 2014). This is dangerous because bacteria with these 

resistances are often unable to be targeted well by medications, due to their general or passive 

nature. They do not require time to develop and act as an immediate barrier (Toma & Deyno, 

2015).

Acquired resistance, however, occurs after bacteria have been exposed to an antibiotic. In 

this way, either genetic mutations or the horizontal spreading of resistant genes can occur 

between unrelated bacteria via plasmids. For example, mutations that reduce the number of porin 

channels in the outer membrane decrease the amount of antibiotic that would be able to enter the 

cell. This increases the minimum inhibitory concentration (MIC) needed to be effective. 

Exposure to antibiotics also promotes the growth of persister cells, which are able to survive 

harsh conditions (Taylor et al., 2014).

The third type of resistance with increasing clinical importance is adaptive resistance. 

Unlike intrinsic and acquired resistance, adaptive resistance is not based on pre-programmed 

responses within the cell.  Instead, it depends on environmental circumstances that affect growth. 

Thus, various stimuli can induce this resistance. This may include exposure to antibiotics, but 

can also encompass nutrient deficiencies, DNA stress, temperature shock, changes in pH, biocide 

exposure, and anaerobiosis (Taylor et al., 2014). The inheritance of epigenetic features is also 

thought to be a contributing factor to its development (Sandoval-Motta & Aldana, 2016).  

Adaptive resistance is seen in biofilms, as biofilms give protection to bacteria while they develop 

and accumulate mutations. Consequently, many genetic changes that occur can be shared across 
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populations, as biofilms produce a great environment for horizontal gene sharing. When 

subpopulations within a biofilm have developed adaptive resistances, it contributes to the overall 

resistance of the biofilm, particularly when not all of the microbes have developed the same 

resistance. Finally, adaptive resistance can occur from microclimates with pockets of limited 

nutrient and oxygen availability (Taylor et al., 2014).

Horizontal gene transfer can greatly contribute to antibiotic resistance, as it allows genes 

to be shared between unrelated bacteria. Genes can randomly mutate, and mutation rates are 

much higher among bacteria within biofilms than in their planktonic counterparts (Hall & Mah, 

2017). Some genes on plasmids are already resistant to antibiotics, and horizontal gene transfer 

allows these plasmids to be easily exchanged between cells. This transfer rate is much higher 

within biofilms than that of free-living cells. In addition, biofilms allow for increased 

conjugation and mobilization of genes, which tends to increase the transfer of these resistant 

genes within plasmids (Rabin et al., 2015). Biofilm environments also allow for virulence factors 

to spread and cells to conjugate more easily, at a rate that is up to 700 times greater than for free-

living bacteria (Bowler, 2018).

Areas within the biofilm that have no or sluggish growth, adaptions to stress, or 

populations of persister cells with a high tolerance to antibiotics will often survive despite 

exposure (Acker et al., 2014). Some antibiotics such as quinolones and macrolides can inhibit

quorum sensing even at very low levels, but biofilms can get around this using other defenses 

such as the upregulation of efflux pumps. This helps to prevent antibiotics from even permeating 

into less metabolically active areas of the biofilm (Hoiby et al., 2011a). Persister cells, residing

in these sluggish pockets, are also thought to downregulate genes for the tricarboxylic acid 

(TCA) cycle and electron transport chain (ETC) in order to decrease the production of reactive 
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oxygen species (ROS) from antibiotics. Since the ETC is responsible for cellular respiration and 

ATP production, this results in decreased energy production and further slows metabolic activity 

in these areas, making the cells difficult targets. At the same time, the upregulation of enzymes 

such as superoxide dismutase (SOD) and catalase allow the ROS that have formed to be 

mitigated. This enables the bacteria to minimize ROS-induced damage to DNA and other 

structures which could lead to cell death. Such regulation has been observed through 

comparisons of the genetic profiles expressed in antibiotic-treated vs untreated persister cells. 

They have also been found to upregulate alternative pathways and other genes that promote the 

detoxification of ROS. In this way, the ROS can be removed from bacterial cells before damage 

occurs. The survival rate of persister cells in these sluggish areas of the biofilm was 1,000 times 

higher than in planktonic bacteria (Acker et al., 2014).

For a treatment to be called effective, it must either prevent the formation of the biofilm 

or be able to eradicate an already formed biofilm (Cavalieri et al., 2014). Damage to the biofilm 

structure can lower the resistance of that biofilm to allow for successful treatment, while an 

undamaged biofilm is more difficult to treat (Kalishwaralal et al., 2010). Since it may take time 

for an antibiotic to enter an intact biofilm, bacteria on the inside may have a period of time where 

they are exposed to a dose that is below the minimum inhibitory concentration. This allows the 

bacteria to develop resistance, while the concentration slowly increases. The polysaccharides of 

the outer biofilm matrix may contribute to a slowed antibiotic entrance, due to their charge which 

attracts and captures these medications. This slowed penetration may be specific to the structure 

or thickness of biofilm, as the composition of exopolysaccharides in the matrix changes in 

response to environmental and stress responses (Rabin et al., 2015; Thuptimdang et al., 2017). 
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Biofilms may also have an increased number of efflux pumps, which can quickly remove 

unwanted substances such as antibiotics from the cell (Acker et al., 2014). 

Larger doses of antibiotics are required to generate ROS in biofilms than for planktonic 

cells due to the structural protection that biofilms provide (Acker et al., 2014). This is important 

in clinical practice because higher doses of antibiotics are associated with higher risks of side 

effects and toxicity to the host. Biofilms may require doses up to 1,000 times higher than free-

living cells to be eliminated (Worthington et al., 2012). Some antibiotics are not able to produce 

ROS in biofilms. Many biofilm bacteria already contain molecules such as proteins and lipids 

that are highly oxidized. Such molecules are generally present in persister cells or in areas of the 

biofilms that have decreased activity or anaerobic conditions. Thus, antibiotics that work via 

oxidation are not effective on them. Generally, the older a biofilm becomes, the more resistant it 

may be due to more anaerobic pockets forming (Acker et al., 2014). 

Many antibiotics that were once effective are no longer a viable option due to 

resistance forming from prolonged or improper exposure to these drugs. This can occur from 

either the overuse of antibiotics or the inappropriate use of antibiotics. When antibiotics are 

prescribed for illnesses that are caused by nonbacterial pathogens, such as viruses, this allows 

populations of bacteria in the body to be exposed. Likewise, when patients do not take 

antibiotic prescriptions consistently or until the end of the full course of treatment, this allows 

the concentration of the antibiotic in the body to drop below the minimum inhibitory 

concentration (MIC). Both of these scenarios can allow the bacteria to be exposed to levels of 

the antibiotics that are not strong enough to kill the bacteria. As a result, bacterial strains that 

are capable of surviving in the presence of these medications are selected. Consequently, 

bacteria are able to evade and survive the antibiotic’s deadly mechanisms. Previous
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antibiotics that were able to cure infections, are no longer effective or may have a very 

limited efficiency. Unfortunately, this problem is permeating medical treatment. In 2004, it 

was found that over 70% of harmful bacteria had developed resistance to one or more of the 

major antibiotic treatments in use (Penesyan et al., 2015). The CDC’s 2019 Antibiotic 

Resistance Threats Report states that resistant strains are responsible for more than 2.8 

million infections each year in the United States alone (CDC, 2019). Table 2 below outlines 

some of the main antibiotics in use, their mechanisms of action, and the methods through

which bacteria can resist them.

Table 2

Antibiotic Mechanisms of Action and Bacterial Resistance

Note: Data gathered from (Merck Manual, 2020; Toma & Deyno, 2015).

Mode of Action Antibiotic Class Antibiotic Mechanism of Bacterial 
Resistance

Inhibits protein 
synthesis

Aminoglycoside

Tetracyclines

Macrolides

Streptomycin 
Kanamycin
Amikacin

Tetracycline

Fidaxomicin

Enzyme degradation 

Efflux pumps

Efflux pumps and 
hydrolysis

Inhibits synthesis 
of cell wall

Glycopeptide

Penicillins

Cephalosporin

Vancomycin

Amoxicillin
Ampicillin
Oxacillin

Cefepime
Cefotaxime

Enzymatic alterations

Hydrolysis of antibiotic
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The majority of antibiotic research has been performed on free-living, single-celled 

bacteria instead of biofilms. Planktonic microbes were the first form to be discovered and are 

much easier to work with and study in a lab environment. As a result, virtually all of our current 

antibiotics were developed around their ability to kill the planktonic form of bacteria, which

are not widely effective on biofilm infections (Rabin et al., 2015). The likelihood of developing 

an effective antibiotic medication does not look promising for the near future. In the past four 

decades, clinical practice has only incorporated two new categories of antibiotics, lipopeptides 

and oxazolidinones (Worthington et al., 2012).  This is partly due to the lack of investment in 

antibiotic research. Since antibiotics do not have huge financial returns, interest in this area 

has dwindled. Antibiotic discovery is highly regulated and can take up to ten years for the 

finished product to reach the market. This translates into a low likelihood of recovering the 

high costs that were put into the drug’s development. Although antibiotic research continues, 

the pharmaceutical industry has been much more focused on developing medications for 

chronic illnesses because this provides long-term revenue (Penesyan et al., 2015).  If the 

research industry continues to maintain this perspective, we may soon reach a day when 

effective treatments are in short supply for resistant bacteria, particularly those that reside in 

biofilms (Penesyan et al., 2015). Consequently, there is a great need to look outside of the 

realm of traditional antibiotics for a solution to this problem. Research needs to have a greater 

focus on alternative treatments to solve the issue of biofilms (Worthington et al., 2012). 

The role of biofilms in antibiotic resistance has been underappreciated and, until recently, 

largely ignored. The European Society of Clinical Microbiology and Infectious Diseases 

(ESCMID) put out guidelines in 2014 stating that more research needed to be prioritized for the 

treatment of biofilms (Bowler, 2018). Some of the current research in this area includes 
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investigations into infrared and blue light therapies (Shany-Kdoshim et al., 2019; Wu et al., 

2020). Another particular focus was to be on developing drugs that could dissolve biofilms so 

that antibiotics would be more effective. The ESCMID also stressed the need to find solutions in 

which resistance would not develop. Since then, silver has been noted to combat biofilms 

(Bowler, 2018).

Silver 

Silver has long been recognized for its antimicrobial effects. Before the Germ 

Theory was even recognized, silver was used as food and water storage containers to keep the 

contents fresh and free from spoilage. By the 1900s, silver solutions were used to cleanse the 

eyes of newborns to prevent infections that could develop from the bacteria of the birth canal. 

As of 1970, the CDC still recommended silver for this application, along with two other 

antibiotic options (Barillo & Marx, 2014).  Silver has been used for over 200 years in the 

treatment of burn wounds. When silver was first being trialed for this application, no bacterial 

resistance was noted in the first seven months of documented use. Even the U.S. Space 

Program has recognized the antimicrobial actions of silver, using it for water purification 

purposes for long missions (Barillo & Marx, 2014). 

The characteristics of silver make it a very unique metal. Silver conducts heat and 

electricity better than other metals, and it is known for its optical properties. In the presence of 

light, silver ions become reduced and can amplify light. This has made it useful in applications 

including photography, medical imaging, electronics, and sensors (Tran et al., 2013; Wiley et 

al., 2007). For antibacterial purposes, silver has traditionally been used in the ionic form. With 

the onset of nanotechnology, however, silver nanoparticles are now available. As the scale of a 

material changes from that of the bulk material, so do its properties (Diez & Ras, 2011). 

Certain forms of silver have been used in the past for medical reasons, but most of this has 
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been ionic silver (Percival et al., 2019). Traditionally the antibacterial actions of silver have 

been attributed to silver ions which act on bacterial surfaces and eventually damage DNA and 

uncouple ATP, the energy source for the cell. Silver ions also denature proteins and enzymes 

that are associated with cell respiration. The overall effect of these things is the eventual 

rupturing of the cell (Percival et al., 2019). There are, however, disadvantages to using silver 

ions alone in many treatments. 

There are three oxidative states in which silver may exist: Ag+, Ag2+, Ag3+. Only Ag+ has 

the stability to act as an antibacterial agent (Percival et al., 2019). The other two are very reactive

and remain only for short periods. Ag0 represents the pure metallic form of silver. This form does 

not have major antibacterial properties because it does not have a large enough surface area to 

volume ratio to participate in oxidation. Thus, silver nanoparticles (NPs) are thought to be 

promising for this role. Ionic forms of silver tend to bind to proteins, acids, and other ions, thus 

inactivating them. As a result, concentrations of silver that are 80-200 times greater may be 

needed to still have enough ions left to act on the actual bacteria. Since silver NPs continually 

release these ions, they are much less likely to be completely overcome in this way (Percival et 

al., 2019).

Since the properties of a material change at the nanoscale, this may be the answer to 

being able to infiltrate the biofilm and kill bacteria. By producing silver NPs, the surface area is 

increased which allows silver ions (Ag+) to be released at higher rates than the elemental form. 

NPs are better at attaching to and penetrating the biofilm and bacterial membranes. They also 

allow for a more continuous release of ions (Ansari et al., 2015). Some additional benefits of 

silver NPs are that they are cheap to manufacture and act as a broad-spectrum antimicrobial (Guo 

et al., 2019).
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Nanoparticles have recently gained significant attention in the research sector, and silver 

nanoparticles have been one of the most popular types. They are not only being researched for 

their medical uses, but also for their applications in engineering, environmental clean-up,

electronics, and for use in consumer products. Since they seem to exhibit antibacterial properties 

in solution, they are thought to show promise for use in the fluid compartments of the human 

body such as in serum, saliva, and the fluid-filled linings of organs like the lungs. The reactivity 

of silver NPs, however, makes them unpredictable which is a concern for use in biological 

systems. This raises questions about the cytotoxic potential of silver NPs and the ramifications 

this could have on human health (Akter et al., 2018). There is also a question as to whether or not 

bacteria will be able to develop a resistance to silver NPs like they have to antibiotics (Panacek 

et al., 2017). 

Major health claims surround the topic of silver for use as a treatment for several diseases 

such as lupus, cholera, HIV, cancer, and more. Many of these claims, however, have never been 

backed up by peer-reviewed data. This has led to much concern for both those who are in support 

of and those who are skeptical of medicinal silver applications (Barillo & Marx, 2014). Still, the 

primary medical interest for silver NPs surrounds its antibacterial properties (Ansari et al., 2015). 

While numerous questions remain, it is hoped that silver nanoparticles will be effective against 

biofilm infections that have become resistant to antibiotics (Franci et al., 2015). 

Significance of the Study

While most antibacterial research has focused on the treatment of planktonic forms of 

bacteria, it is now widely recognized that bacterial colonies live and thrive within biofilm 

structures. Biofilm communities, however, are much more resistant to antibacterial 

treatments (Lopez et al., 2010). Not only does the biofilm itself provide a physical barrier to 
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treatment, but it also provides an environment where resistances are more likely to develop 

and spread among bacteria (Cavalieri et al., 2014). With more and more strains of bacteria 

becoming resistant to antibiotic medications, biofilms provide an optimal environment to

resist these treatments (Taylor et al., 2014). Due to the inherent protective nature of biofilms 

and the growing problem of antibiotic resistance, new treatments to combat bacterial biofilms 

are needed. The medical and economic burden caused by biofilms is growing, as biofilms are 

associated with the majority of clinically important infections. Biofilms have been known to 

form in association with wounds, medical and dental implants, inflammatory bowel diseases, 

and endocarditis. They also develop in most hospital-acquired infections. The additional cost 

to treat biofilm-related infections and their associated complications is estimated to costs 

billions of dollars each year around the world (Worthington et al., 2012).

Historical applications of food preservation and water purification have shown that 

silver exhibits antibacterial properties. Although silver has been utilized medicinally over the 

years, the ionic form has mostly been used, and its effectiveness has never been properly 

researched (Barillo & Marx, 2014). With the progression of nanotechnology, we can now 

study an entirely new form of silver. By utilizing silver on the nanoscale, the antimicrobial 

properties may be enhanced. It is hoped that silver NPs will be more effective against 

bacterial biofilms than other forms of silver that have traditionally been used (Percival et al., 

2019). Thus, if silver nanoparticles can be shown to be a safe and effective treatment against 

bacterial biofilms, a significant medical burden would be lifted. 

The purpose of this dissertation research is to determine the efficacy of silver 

nanoparticles in combating bacterial biofilms as well as the most promising applications for 

their use. 
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Research Questions

RQ:1. Are silver nanoparticles effective in the treatment of bacterial biofilms?

RQ:2. Are silver nanoparticles effective against antibiotic-resistant biofilms?

RQ:3. By what mechanisms do silver nanoparticles combat biofilms?

RQ:4. Is the efficacy of silver dependent on dose or morphology of nanoparticles?

RQ:5. Can bacterial biofilms become resistant to silver nanoparticles?

RQ:6. Are there any risks or safety concerns pertaining to the use of silver nanoparticles?

RQ:7. What avenues of silver nanoparticle administration look to be the most promising?

Research Objectives

The primary research objective is to determine the efficacy of silver nanoparticles as a 

treatment for bacterial biofilms. The secondary research objectives are (1) to determine if silver 

nanoparticles are effective against antibiotic-resistant bacterial biofilms, (2) to determine the 

mechanisms through which silver nanoparticles combat biofilms, (3) to determine how dose and 

morphology of silver nanoparticles relate to their effectiveness, (4) to determine the likelihood of 

biofilm resistance developing to silver nanoparticles, (5) to determine the overall safety of silver 

nanoparticle administration, along with any associated risks, and (6) to determine the most 

promising applications for silver nanoparticle administration. 

Review of the Literature

The Mechanisms of Silver NPs

Silver NPs generally range from 1-100 nm, although particles outside of this range are 

sometimes studied and used. As particle size gets smaller, the surface area becomes larger. This 

changes not only the physical properties of the silver as compared to the bulk metal, but the 

biological and chemical properties as well. Silver ions (Ag+) can bind to many different 
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substances because they have unpaired electrons (Percival et al., 2019).  Some of the specific 

mechanisms of action of silver NPs include making structural changes in the cytoplasm and cell 

wall of the bacteria; altering the shape, permeability and other functions of the cell membrane; 

inhibiting cellular respiration processes, dehydrating bacterial cells; inhibiting replication of 

DNA; and altering the available ATP levels within the cell (Franci et al., 2015). They may also 

alter biochemical pathways, trigger enzyme inhibition, create oxidative stress, cause protein 

deactivation, change the expression of genes, and create imbalances of electrolytes (Estevez et 

al., 2020). Damage is often irreversible. Many sources cite that the mechanism of action is 

unknown. This, however, seems to be due to the fact that silver NPs have so many different 

mechanisms of action all occurring at the same time and not all of them are well understood 

(Bapat et al., 2018). For this reason, silver NPs are considered a non-specific and broad-spectrum 

bacterial treatment (Perez-Diaz et al., 2015). 

Structural Changes Induced by Silver 

Silver NPs have been found to impair the structural stability of biofilms due to their 

capacity to bind to proteins, polysaccharides, and functional groups. When functional groups are 

bound, they are no longer able to interact with other substrates and this discourages 

cohesiveness. Since biofilm structure relies on the cohesiveness of the matrix, overall stability is 

greatly affected. This makes it difficult for the biofilm to function. NPs also release silver ions, 

serving as a constant source of emanating silver (Grun et al., 2016).  

Thuptimdang et al. (2017) researched the relationship between the physical 

characteristics of biofilms and the susceptibility to silver NPs. In an in vitro analysis, mature 

biofilms were prepared for 24 hours and examined to determine the amount of biomass present.

The thickness, volume and roughness of the biofilms were measured. Biofilms along with a toxic 
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dose of silver NPs were combined in a 96-well plate, leaving controls for comparison. The NP 

sizes tested were 40-60 nm with a concentration of 20 mg/L. All biofilm groups were compared 

using multiple t-tests, and correlations were performed between silver NPs and biomass 

thickness and roughness. Biofilms grown in a glucose solution were thicker than those grown in 

a citrate solution. This difference was statistically significant (p=0.011). They found that silver 

NPs have more difficulty penetrating biofilms that have higher thickness and biomass, resulting 

in a negative correlation of r=-0.760. The physical characteristics of the biofilm architecture 

were more important in terms of susceptibility than the cell physiology within the biofilm. 

Biofilms were also more tolerant if they had decreased surface roughness, a low surface area to 

volume ratio, and a large overall volume. Surface roughness is typically lower in biofilms that 

have not yet been damaged. The correlation between biomass roughness and silver NPs was 

positively correlated (r=0.706) (Thuptimdang et al., 2017). Overall, this study demonstrates that 

the thicker the biofilm, the less susceptible it will be to silver NPs. The rougher the surface of the 

biofilm, however, the more susceptible it will be to silver NPs. Thus, if there is an increased 

surface area due to outer roughness, silver NPs will have more opportunity to act. As a result, if 

the environment surrounding the biofilm can be altered to change the physical characteristics of 

the biofilm, the susceptibility to treatments like silver NPs should be able to be controlled.

Silver may be able to kill over 650 different pathogens. It is effective against gram-

negative and gram-positive bacteria (Bapat et al., 2018). It works more strongly against gram-

negative bacteria; however, this is probably due to its thinner cell wall (Qing et al., 2018). For 

example, in gram-negative bacteria, NPs damage the cell wall forming indentations which allows 

for increased permeability. This damage to the cell wall occurs both through oxidation and 

denaturation, eventually leading to organelle damage and lysis of the cell. NPs are also able to 
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interfere with the transduction of phosphorylation signals. This hinders multiplication through 

the phosphorylation of protein residues, which modify the overall peptide profiles (Bapat et al., 

2018).

The diffusion properties of a NP will help to determine other factors such as the 

aggregation properties, mobility, and toxic potential. The adsorption of NPs to various molecules 

or gases, the clumping of NPs with various macromolecules or the exopolysaccharide of the 

matrix, and the porosity of the biofilm can prevent silver NPs from being able to enter biofilms. 

Biofilms are also known for preventing the diffusion of antibiotics across the matrix (Perez-Diaz 

et al., 2015). The cell walls of bacteria are made up of negatively charged functional groups such 

as amino, phosphate, and carboxyl groups. Since silver NPs have a positive charge, they are 

easily attracted to bacterial cell walls, as opposite charges will attract. If the surface of the NP is 

altered in a way that makes the charge stronger, it will adhere to bacterial cells more strongly. 

The penetration of silver NPs depends on size and the smaller particles penetrate easier. In 

addition, the greater the surface area of the particle, the more ions will be released. This is 

important as part of the antibacterial actions of the NP depends on the release rate of ions (Qing 

et al., 2018).

A study by Guo et al. (2019), found that biofilms use proteins to adhere to surfaces. This 

in vitro experiment added silver NPs in doses of 12, 8, 6, and 2 μg/mL to Pseudomonas 

aeruginosa biofilms. Pseudomonas aeruginosa is considered to be a model organism for gram-

negative bacterial biofilms. Biofilm biomass was analyzed every two hours, and the results were 

compared using t-tests. For biofilm biomass, significant differences were seen between the 

control and 6 μg/mL groups (p < 0.01) and between the 2 μg/mL and 6 μg/mL groups (p < 0.05). 

In terms of cell biomass changes, significant differences were noted between the control and 
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2 μg/mL group (p < 0.05) and between the 2 μg/mL and 6 μg/mL groups (p < 0.01). They found 

that low exposure to silver NPs caused the production of more protein and polysaccharide due to 

increased stress levels. This would eventually lead to biofilm structural changes. Biofilm 

structural changes continued to degrade when more than one generation of bacteria was exposed 

in this way. Biofilms lost their ability to attach to surfaces when protein production was altered. 

Silver NPs were also able to permeate the membrane causing leakage of the cytoplasm and 

eventually cell death. Silver ions showed more antibiofilm activity than the actual NPs in this 

experiment. Silver NPs give better delivery of the ions and work synergistically with them 

against the actual bacteria once inside the biofilm (Guo et al., 2019). This study demonstrates 

that low doses of silver NPs alter protein production which hinders biofilm attachment. 

Bacteria become more permeable due to structural changes caused by the physical 

interaction of the silver NP. This is dependent on the concentration, shape, and size of the NP. 

NPs can clump together on the surface of the bacteria, creating gaps or pores through the 

membrane. When silver NPs are dissolved in water or have entered bacterial cells, they begin to 

release cationic silver. These ions contribute to the antibacterial effect, along with the 

characteristics of the actual NP (Markowska et al., 2013). Thus, silver kills bacteria through two 

main methods: direct contact via the NP and ion-facilitated mechanisms as the NP releases silver 

ions (Qing et al., 2018). The mechanisms of the NP and ions work simultaneously and 

synergistically to generate the full antibacterial effect (Franci et al., 2015). When NPs are in 

water, about 12% of the silver is in the form of ions. Thus, it can sometimes be hard to separate 

the actions of the ions from the actions of the actual NPS. Microbes respond differently to the 

ions than the NPS, and the NPS are known for producing ROS which causes damage to DNA
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and other internal structures (Markowska et al., 2013). The combination effect between both 

methods is what is thought to make silver NPs effective in killing bacteria (Qing et al., 2018). 

A study by Grun et al. (2016) compared the accumulation of two sizes of silver NPs 

within biofilms. They found that biofilms accumulated silver of both 30 nm and 70 nm sizes, 

with more coming from the 30 nm particles. This in vitro research applied the NPs to already 

formed biofilms in varying concentrations. On average, biofilms lost about 38% of their biomass, 

making them less stable. Differences between the two treatment groups and the control group 

were analyzed using a one-way ANOVA followed by a Tukey test. Even though the analysis 

demonstrated that the two NP sizes did not result in accumulation differences that would be 

considered statistically significant for most concentrations, clear variation was seen in the results. 

At the highest concentration of 2400 μg/L, a significant difference was seen, with more 30 nm 

particles accumulating in biofilms than 70 nm particles (p < 0.05). The higher the concentration 

of 30 nm NPs, the less stable the biofilm was. Stability losses were similar for the 70 nm size, no 

matter the concentration. Not only did silver NPs affect stability, but also cohesiveness and 

adhesion. The protein content of the biofilms decreased overall which made the biofilm weaker 

and less stable. Biofilm architecture and EPS content of the matrix, however, was not 

significantly affected. Both the antimicrobial activity and toxicity of silver NPs were believed to 

be caused in part by the release of silver ions from the NPs. These ions add to the oxidative stress 

and therefore, a low ion release resulted in both low toxicity and effectiveness (Grun et al., 

2016). This study demonstrated that not only are silver NPs effective in the destruction of 

already formed biofilms, but that certain sized NPs can act more strongly on the structural 

stability at varying doses. Although the results of most of the comparisons were not considered 

statistically significant, this does not mean that the results will not end up having clinical 
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significance, as the two are not always strongly correlated. Statistical significance only indicates 

that the treatment used was different from the control. Clinical significance, however, tells us if 

the results would be meaningful in practice.

Grun et al. (2016), also noted that heavy metal ions (positively charged, cations) can bind 

to the EPS due to its many chelating groups that may act as a barrier to prevent silver NPs and 

ions from getting through. Thus, EPS binding may lower NP strength and toxicity. It was also 

observed that silver may interact with free proteins in addition to those within the EPS. As NP 

concentrations increased, cell protein content decreased, and certain bacterial cell structures such 

as flagella and fimbria decreased as well (Grun et al., 2016).  This may be a contributing factor 

to the decreased adhesion of cells. Another in vitro study by Domingo et al. (2019), found that 

silver NPs decreased biofilm formation of Escherichia coli by changing protein expression. It 

was revealed that many of the proteins responsible for adhesion were downregulated, which 

resulted in weaker biofilm structures as well as decreased wall thickness. Reduced protein levels 

also lowered the biofilms’ ability to respond to stress (Domingo et al., 2019). This highlights the 

role of proteins to both the structure and reliability of the biofilm as well as the ability of silver 

NPs to target these molecules.

Binding and ROS

Silver ions can bind to any molecule that has a negative charge, like nucleic acids and 

proteins. When binding occurs, structural and conformational changes take place. This not only 

affects the shape of the cell wall and membranes but also the DNA. Silver ions can interact with 

functional groups that act as electron donors. Examples include indoles, hydroxyls, phosphates, 

and imidazoles. When silver NPs damage membranes, they cause ROS to form. These ROS can 

kill bacteria and cause damage to other surrounding cells (Franci et al., 2015). The oxidative 
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stress that is produced impairs enzyme function, particularly of the electron transport chain 

(Besinis et al., 2017). Both silver ions and the actual NPs can enter bacterial cells and damage 

the structures within. They may bind to genetic material, which may hinder protein synthesis, 

translation, transcription, and the formation of ribosomes. Exposure to silver NPs has been 

known to cause the build-up of precursor molecules to membrane proteins. This causes the outer 

portion of the membrane to destabilize (Franci et al., 2015).

In an in vitro study by Qayyum et al. (2017), silver NPs with an average size of 40 nm 

were tested against Escherichia coli and Streptococcus mutans biofilms. Each bacterial type was 

exposed to a pre-determined minimum inhibitory concentration (MIC) of 32 μg/mL and 

64 μg/mL for Escherichia coli and Streptococcus mutans, respectively, and a common sub-MIC

of 0.125 μg/mL. The groups were compared using t-tests, and visualization of NPs was 

performed using UV-vis, TEM, and field emission SEM. The t-tests revealed that there was no 

significant difference between the control group and sub-MIC for both bacterial types (p > 0.05). 

A significant difference did exist, however, between the MIC and both the sub-MIC and control 

group (p < 0.05). After thorough visualization, it was determined that the silver NPs were 

producing ROS, and the concentration of ROS increased over time. The silver NPs also distorted 

the bacterial cell shapes, creating perforations in the cell membrane. An accumulation of silver 

NPs could be seen on the outside of cells, which was thought to have changed the membrane 

potential, allowing the changes in bacterial morphology (Qayyum et al., 2017). This study not 

only confirms that silver NPs are anti-bacterial, but suggests that both ROS generation and 

particle accumulation on membranes are two important mechanisms in this process.

One of the reasons that silver is effective against bacteria is because it is able to bind with

thiol groups. Thiol groups, also known as sulfhydryl groups, are made up of sulfur and hydrogen 
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atoms. These thiol groups are located on enzymes that are responsible for metabolism within the 

bacterial cell. Thus, the interaction between silver and these functional groups results in cell 

death. Silver NPs can become oxidized when they contact the cell membrane. This releases silver 

ions which then interact with the thiol groups of enzymes, inhibiting their action. While silver 

NPs prefer to bind to either nucleic acids or cell membranes, they also act as weak acids.  It is 

because of this that they are attracted to thiol groups, which are weak bases. The phosphate 

groups of DNA molecules are also weak bases, making them a prime target of silver NPs as well. 

When silver binds to membranes and DNA, it causes structural changes and irreversible damage 

that often causes the cell to die (Cavalieri et al., 2014). 

An in vitro study by Ferreira et al. (2020) investigated both the binding and the ROS 

mechanisms of silver NPs. Silver NPs of 100 nm were combined with human hepatocarcinoma 

cells and either thiol or non-thiol antioxidants. After 24 hours, the results were visualized using 

TEM, DLS, NTA, and X-ray photoelectron spectroscopy. The atomic percentage of silver-sulfur 

binding was determined to be between 74 and 96%, indicating that significant binding between 

the two occurs. The presence of antioxidants reduced the amount of damage caused by the silver 

nanoparticles. This confirms that sulfur-binding and ROS generation are primary mechanisms 

through which silver NPs exert their effects (Ferreira et al., 2020).

Silver NPs not only bind to proteins that contain sulfur but to molecules that contain 

phosphorus, like DNA.  This prevents the replication of DNA and ribosomal protein expression 

which can lead to cell death (Chung & Toh, 2014). The antibacterial properties of NPs are highly

associated with these binding interactions. These binding events allow the silver NP to donate 

unpaired electrons which form ROS that harm nearby structures (Qing et al., 2018). While 

bacteria can combat ROS, they do so by using the thioredoxin (Trx) system. The Trx system 
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reduces ROS to alleviate oxidative stress. Silver, however, can also bind to Trx active sites on 

the bacteria, which disrupts the function of this system, rendering it ineffective in many cases 

(Qing et al., 2018). 

An in vitro study by Ansari et al. (2015) (described in greater detail below) found that the 

silver NPs can get into the water channels of the biofilm. Even though these are usually used for 

nutrient transport, they may be transporting the actual NPs as well. Finally, NPs were thought to 

stop quorum activity and the attachment of various substances, preventing biofilm formation 

(Ansari et al., 2015).

Quorum Sensing 

Bacteria in biofilms rely on the chemical messenger system produced through quorum 

sensing to communicate. Many of the small messenger molecules are called autoinducers (AIs).

These AIs regulate gene expression and various processes that can promote pathogenesis. If the 

quorum sensing system can be targeted, then virulence can be decreased. It has been reported by 

Shah et al. (2019), that silver NPs may exhibit some anti-quorum sensing properties.  In this in

vitro study, silver NPs of two different sizes were combined with Chromobacterium violaceum

and analyzed for quorum sensing biomarkers. A preestablished MIC of 500 μg/mL was used in 

addition to lower doses for comparison. The NPs were visualized by UV-vis, TEM, and SEM 

methods, using t-tests to compare groups against a control. The quorum sensing biomarker for 

Chromobacterium violaceum was inhibited by the MIC of silver NPs 60% more than in the 

control. All doses of silver NPs, however, were significantly different from the control in terms 

of quorum sensing inhibition (p < 0.05). This verified the ability of silver NPs to inhibit AIs 

responsible for quorum sensing. The authors concluded that silver can be used not just to induce 

physical or structural changes, but as an anti-communication agent within biofilms. In 
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Pseudomonas aeruginosa biofilms, for example, quorum sensing is used to regulate EPS, 

motility, aggregation, and attachment. If quorum sensing can be targeted, then the ability of 

bacteria to control these functions could be lost. Even concentrations of silver NPs below the 

MIC (at 6 and 8 μg/mL) were shown to hinder quorum sensing functions. These lower levels of 

silver NPs were also enough to degrade biofilm structure. The higher the concentration, the more 

the biofilm was inhibited (Shah et al., 2019). This study is one of the first to demonstrate the 

effect of silver NPs on certain quorum sensing biomarkers in well-known biofilms.

The mechanism of silver nanoparticles may depend on the chemical properties of the NP 

itself, as well as the type of pathogen that is present. Being able to understand each of these 

mechanisms is vital, as silver seems to be one of the most promising therapeutic agents being 

researched. Most other treatment methods only work via one mechanism of action. Silver works 

through multiple mechanisms, and the better these mechanisms are understood, the greater the 

likelihood of developing fast, cheap, and reliable ways to use the NPs effectively (Estevez et al., 

2020). 

Factors that Alter the Effectiveness of Silver

Protein Coronas

Before silver nanoparticles can perform their expected biological activities, they must 

travel through and interact with a medium that contain proteins. The NPs will likely interact with 

these proteins before performing their desired function. Many times, these proteins can adsorb to 

the surface of the NP, forming what is known as a protein corona. Protein coronas can alter the 

effectiveness of the silver NP. Many times, they render the NP less effective. Proteins that have a 

high affinity for the NP will bind slowly but strongly, forming a hard corona layer close to the 

NP. Proteins that have a low affinity will bind to the NP but may be exchanged for other low-

affinity molecules. These proteins form the soft corona on the outer surface. As a result, it may 
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be the corona that interacts with cells within the body, not the actual NP itself. The corona acts as 

the communication between the NP and the cells that it interacts with, and the corona helps to 

establish the NP identity within the biological system. Some suggest that the response within the 

body is more dependent on the protein corona than the actual NP. The characteristics of the NP, 

however, determine the composition of the corona that binds to it. The surface chemistries, shape 

and size all affect how the corona will form. Corona formation is also determined by what 

proteins and other factors are present in the biological medium. How the corona is formed and 

composed affects not only how the NP will be internalized in systems and cells, but also how 

toxic it will become (Duran et al., 2015). 

The use of various NP coatings can also greatly affect the binding of protein coronas. 

Coatings have also been known to cause NPs to clump together when in the presence of proteins. 

Thus, different cappings and coatings can affect the stability of the surface of the NP, creating 

different interactions with proteins. Typically, hydrophobic proteins are more likely to bind 

strongly to silver NPs. NP coatings, however, can affect this binding as they can alter the surface 

chemistry of the particle. Silver NPs that are the same size but have different surface chemistries 

attract different protein coronas based on the free energy of the folding and unfolding of the 

proteins. In the same way, the surface curvature of different sized NPs, which can also be altered 

by coatings, can affect corona formation as protein adsorption and clumping are affected. Thus, 

hydrophobic and electrostatic interactions that are determined by coatings greatly affect the 

formation of the corona. For example, when silver NPs interact with human blood, the corona 

may be formed out of proteins such as fibrinogen, apolipoproteins, immunoglobulins, transferrin, 

human serum albumin (HSA), hemoglobin, and complement proteins. Proteins that are available 

in higher concentrations are likely to be the first adsorbed to the surface of the NP. Examples of 
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proteins that may be present in higher concentrations include fibrinogen and HSA. Molecules 

that have a stronger affinity for the NP may eventually replace these. Corona formation has been 

documented on iron and gold NPs more so than for silver. The medium in which the NPs interact 

with the proteins can be very important in determining the outcome. For example, a medium 

with cancer cells present will cause proteins to interact differently with NPs than plasma that is 

cancer-free. In the same way, other disease states of the body will have a unique medium that 

affects interactions and binding (Duran et al., 2015). For this reason, protein coronas should be 

characterized for a variety of disease conditions to better predict how silver NPs will interact. 

Miclaus et al. (2014) performed laboratory testing to characterize the formation of both 

hard and soft protein coronas over time on silver NPs. Stabilized silver NPs were placed in 

cultures that contained fetal bovine serum (FBS). Measurements of corona formation were taken 

in situ over 24 hours. The inherent optical resonance properties of the silver NP were used as a 

sensor to identify the amount of protein binding. Proteins that were bound to the NP for 15 

minutes or longer were categorized as hard coronas, while proteins with shorter binding times 

were considered part of the soft corona. They found that soft corona proteins could bind to either 

the NP itself or the hard corona. The formation of both types of coronas were dependent on the 

amount of time the NP was in the protein solution as well as the concentration of proteins in the 

solution. Hard coronas displayed an increase in protein material over time, although the 

components of the protein content remained the same. While the soft coronas were made up of 

more protein than the hard coronas, they were more dynamic and exhibited constant changes.

This demonstrates how the formation of protein coronas will affect the interaction of the particle 

within a biological medium before reaching a biofilm. The longer the particle is within a protein 
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medium, the more protein can bind within the hard corona (Miclaus et al., 2014). Protein binding 

is likely to render the NP less effective against a biofilm (Duran et al., 2015).

The article previously mentioned by Grun et al. (2016) also noted that the formation of 

protein coronas can hinder ion release. Proteins adsorb to the surface of NPs, impairing diffusion 

and interaction with oxidants. Since NPs are normally a continuous source of ions, the formation 

of coronas on the surface may alter effectiveness. As a result, the aqueous environment is highly 

influential on both antibacterial action and toxicity (Grun et al., 2016). Studies that use mediums 

without proteins show stronger ionic power and results, but the practicality of these results are 

lowered, as the medium dictates the bioavailability of the ions. As a result, research in this area 

generally has either high internal validity or high external validity, but not both.

Cappings and Coatings 

Sometimes silver NPs tend to clump together because of their high surface-area-to-

volume ratio. For this reason, cappings and coatings may be used to stabilize the NPs while also 

providing some other synergistic effects (Guo et al., 2019). Certain coatings like peptides, 

glucosamine, polyethyleneimines, and chitosan have been known to heighten the antibacterial 

properties of the NP.  This is likely due to increased binding abilities of the coated NP to 

bacteria. Starch-coated NPs have been very efficient at breaking up biofilms. Citrate cappings 

are also effective (Franci et al., 2015). Sodium-citrate is the most common stabilizing agent for 

silver NPs (Grun et al., 2016). Polyvinylpyrrolidone (PVP) coatings have been known to enhance 

antimicrobial actions. Beta-cyclodextrin cappings increase stabilization and actions against 

biofilms, while making them less toxic to mammalian cells (Franci et al., 2015). Some studies 

have found that HSA allows citrate-capped nanoparticles to be more stable and less likely to 

clump (Duran et al., 2015). 
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The research by Ellis et al. (2016) investigated the effects of coatings on NP behavior. In 

this in vitro study, silver NPs were coated with either citrate or PVP and introduced to an 

aqueous microcosm where they could be observed. Samples were taken from the microcosm 

every day for the first 14 days, with additional samples being collected on days 21 and 28. The 

characteristics and transport of the silver nanoparticles were then modeled and visualized using 

UV-vis and TEM. They found the NPs with the PVP coating remained stable throughout the 

28 day period, with no alterations to the NP found due to the aqueous environment. The citrate 

coatings were much less stable and were found to fluctuate in terms of movement and 

sedimentation (Ellis et al., 2016). This highlights the strong effect that coatings can have on the 

properties and functions of silver NPs.

Surface chemistry and coatings affect the toxicity of nanoparticles, as this helps to 

determine how likely they are to bind and aggregate. Certain coatings such as citrate have been 

known to increase the stability of the NP and decrease its toxicity. NPs coated with 

polysaccharides caused more DNA damage than plain nanoparticles, as NPs that are not coated 

are more likely to clump (Zhang et al., 2014a). 

Surface Properties and Morphology 

Both the function and the therapeutic benefit of nanoparticles depends on the structure, 

shape, and form of the particle. This largely determines the way in which the particles will 

interact with biological cells. The surface properties such as shape, size, charge, surface 

chemistry, functional groups, and elasticity can greatly impact whether the NP will be able to 

associate with or be internalized by a cell. For example, surface elasticity can determine how 

long the NP will circulate in the body, its distribution rates and locations, and its ability to be 

internalized and transported. If a particular NP is antimicrobial, in theory it could be engineered 



46

 

to meet the demands of its desired therapeutic use. Metal NPs tend to be more antimicrobial than 

their larger bulk counterparts that emit ions. By breaking down a metal to the nanoscale, it allows 

the NP to be more interactive with its surroundings (Cavalieri et al., 2014).

The properties of the nanoparticle can be determined by how they are synthesized. Metal 

nanoparticles are made generally through either physical or chemical methods. Physical methods 

include electron beam lithography, photolithography, laser ablation, ion ejection, evaporation, 

and sputtering. Chemical methods typically include the reduction of metal ions. Popular reducing 

agents for this purpose are ascorbate, sodium borohydride, and citrate. Sometimes these agents, 

however, can cause the NPs to precipitate out and clump together. To prevent this, water-soluble 

polymers or a carbon matrix may be used as stabilizers. It is possible to use stabilizers that also 

exhibit antimicrobial activity (Cavalieri et al., 2014).

The more the characteristics of the silver NP can be controlled, the more specialized its 

function will be. Coatings and cappings are not the only way to create stable NPs. Nanoparticles 

can be made in a two-step process instead of a one-step process, which leads to greater 

stabilization. Focusing on processes that generate NPs that are all the same size and shape can 

reduce aggregation. The use of microreactors may also give more controlled characteristics 

(Santos et al., 2014).

A study by Gudikandula & Maringanti (2016) investigated how the antibacterial 

properties of silver NPs change according to the method of synthesis. Both chemical and 

biological methods were compared, and changes in the properties of the silver NPs were noted. 

Particles were analyzed using UV-vis. They found that both chemical and biological methods 

could be used to make reliable particles of a particular size, shape, and surface characteristics. 
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Particles that were made via biological methods, however, were consistently more antimicrobial 

(Gudikandula & Maringanti, 2016). 

Size. More silver ions (Ag+) are released from nanoparticles than from larger particles. 

This is one of the primary factors that is responsible for the antimicrobial action of the particle. 

Thus, the antibacterial properties of silver depend on the size of the particle. It is thought that by 

regulating the size of the nanoparticles being used, the antimicrobial functions can be more 

tightly controlled (Bapat et al., 2018). Small NPs seem to penetrate cellular membranes more 

efficiently than larger ones. Smaller NPs also have a positive zeta potential, which is the 

difference in charge between the actual particle and the surrounding fluid. This allows them to be 

attracted to bacteria that have a negative charge on their surface, promoting a very close 

interaction between the two. These electrostatic forces make it much more likely that the NP will 

cross the bacterial membrane. Thus, NPs that are small and have a positive zeta potential have 

higher antimicrobial activity and tend to be more effective in killing the actual bacteria (Franci et 

al., 2015). NPs that are in the range of 1-10 nm tend to induce the most damage to cell 

membranes, causing an increased permeability (Bapat et al., 2018). A particle that is between 5 

nm and 100 nm is currently considered to be the best size for a NP to penetrate and control the 

actual biofilm, and NPs should not be more than 500 nm for this purpose (Estevez et al., 2020). 

Research by Perez-Diaz et al. (2015), compared the effects of three different sized NPs, 

with each group measuring an average of 9.5, 25.9, and 78.7 nm in diameter. This in vitro study 

grew bacterial strains collected from human saliva. Silver solutions containing each size particle 

were combined with the bacterial cultures. The antibiotic oxacillin was used as a fourth treatment 

group. The best performing group was then tested against a biofilm in varying concentrations, 

and t-tests were used to compare each concentration statistically. Every dose of 9.5 nm silver 
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nanoparticles performed significantly better than the control (p < 0.05). Biofilms were analyzed 

using microscopic imaging. While the smallest size NP was most effective, all three sizes of NP 

proved to be just as effective or more effective than the commercial antibiotic treatment of 

oxacillin. The smallest size NP (9.5nm) had the greatest effect, with an MIC of 4 ppm. The 

largest NPs had a MIC of 16 ppm, which is equal to the commercially available antibiotic 

oxacillin. The small NP, however, was four times more effective than the antibiotic. This study 

also confirmed that silver NPs kill bacteria within biofilms. They note, however, that higher 

doses are needed to kill bacteria in biofilms than planktonic bacteria. (Perez-Diaz et al., 2015). 

In the previously mentioned in vitro trial by Grun et al. (2016), biofilms were exposed to 

citrate-capped NPs of either 30 or 70 nm size. Each size NP was applied to biofilms in 600, 

1200, and 2400 μg/L concentrations to see what changes in the biofilm structure and 

characteristics could be seen. Both the 30 nm and the 70 nm NPs accumulated in the biofilm, but 

the 30 nm particles accumulated to a greater extent. The amount of measurable silver ions 

released was dependent both on the size of the NP and the medium that the NPs were in. Smaller 

amounts of detectable ion release were thought to be partially due to the binding of proteins and 

NPs in the solution (Grun et al., 2016). The fact that proteins were present in the solution being 

tested was a strength for this study. This set-up more closely resembles conditions that would 

occur in vivo. For this reason, this study has a higher external validity than many other in vitro

studies on silver NPs. 

Raza et al. (2018) conducted in vitro research on the antibacterial efficacy of four 

different size ranges of spherical NPs. The sizes of the particles were determined to be 15-50, 25-

70, 30-80, and 30-200 nm using UV-vis. Agar plates of Escherichia coli and Pseudomonas

aeruginosa were exposed to each size range of nanoparticles for 24 hours, and the zones of 
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inhibition (ZOI) were measured for each. Even though all sizes of silver NPs demonstrated 

antibacterial effects, the smallest NPs had the largest effect with a ZOI of 8 and 1.5 mm for 

Pseudomonas aeruginosa and Escherichia coli, respectively (Raza, 2018). These results have 

been confirmed by other studies. Habash et al. (2014) not only found that smaller NPs were more 

antibacterial, but they also noted that biofilms were less likely to regrow after treatment with 

small NPs. It was noted that biofilms treated with the antibiotic aztreonam had significant 

increases in biomass post treatment, which were comparable to the untreated biomass of 

controls. Biofilms that were treated with small NPs were not able to recover afterward, while 

biofilms treated with large NPs performed similarly to those treated with antibiotics (Habash et 

al.,2014). This research demonstrates that smaller silver NPs may be beneficial in preventing 

biofilms from growing back after treatment.

In the previously mentioned study by Shah et al. (2019), NPs between 20-70 nm in size 

were analyzed. These NP sizes had an MIC of 12.5 and 25 μg/mL for Pseudomonas aeruginosa

and Chromobacterium violaceum respectively (Shah et al., 2019). This is a lower MIC than in 

other studies, but the results still showed that smaller NPs were more effective and required 

lower doses to do so. Most silver NPs that are studied have an average diameter of 65 nm. While 

large NPs help to prevent biofilm adhesion, smaller NPs prevent adhesion and act as a treatment 

against already formed biofilms (Habash et al.,2014).

Shape. In an in vitro study, Helmlinger et al. (2016) looked at the ion release of four 

different shaped silver NPs in order to determine the antibacterial properties. Silver platelets, 

spheres, rods, and cubes of comparable sizes were investigated. All particle types were stabilized 

with PVP and analyzed using SEM and DLS. The antibiotic properties were verified by applying

100 μg/mL of each shape of NP to bacterial cultures in agar plates. They found that platelet-
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shaped NPs were the most antibacterial, followed by spherical, rod, and cube-shaped particles, 

respectively. The antibacterial properties of each shape were associated with its specific surface 

area, with larger surface areas releasing more ions and acting more strongly (Helmlinger et al., 

2016). Other studies have determined that triangular-shaped NPs are more antimicrobial than 

spherical or rod-shaped NPs. In general, research is showing an association in terms of various 

shapes and effectiveness. Platelet and triangular NPs do seem to be the most effective. Spherical 

NPs, however, are a more effective shape than hexagonal, pentagonal, and rectangular 

nanoparticles (Qing et al., 2018).

Certain NP shapes can also be more toxic. For example, an in vitro study by Tak et al. 

(2015) investigated the associations between silver NP shape and toxicity. Triangular, spherical, 

and rod-shaped NPs were applied to skin cells in 23 μg/mL concentrations to determine the rate 

of permeation. As expected, the various shapes had differing permeation rates. Rod-shaped 

particles had the highest permeation rates, with spherical and triangular following respectively. 

Thus, rod-shaped NPs should be more toxic to host cells. For each shape, however, the zeta 

potential was also determined (Tak et al., 2015). Zeta potentials are associated with antibacterial 

actions, as higher positive values act more strongly due to the attraction to cell membranes 

(Franci et al., 2015). This analysis revealed that the shapes that are most toxic to host cells are 

the least antibacterial. Thus, triangular NPs were the most antimicrobial, with spherical and rod-

shaped particles following. It should also be noted that some NP shapes are hard to visualize 

under microscopes, depending on their orientation. This can make them hard to identify and 

poses a challenge for research in this area (Sweet et al., 2012). 
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Dose 

The literature makes it clear that the effectiveness of silver nanoparticles is highly 

dependent on the dose or concentration used (Franci et al., 2015). Several of the aforementioned 

studies have demonstrated this already. The most effective concentration of silver NPs depends 

both on the class of bacteria present as well as its colony-forming unit (Percival et al., 2019). For 

example, an in vitro study by Zhang et al. (2014b) showed that Pseudomonas aeruginosa and 

Vibrio cholera required concentrations higher than 75 μg/mL to inhibit their activity and growth. 

This meticulous study was able to determine these levels after testing eleven different 

concentrations (Zhang et al., 2014b). Low concentrations have been known to kill Escherichia 

coli, while Staphylococcus aureus requires medium concentrations (Franci et al., 2015). Low 

doses have been effective on Salmonella typhi and Escherichia coli O157:H7, which is the strain 

known for causing severe hemorrhagic enteritis (Santos et al., 2014). The MIC of silver NPs can 

vary anywhere from 3 μg/mL to 500 μg/mL depending on the type of bacteria; however, most 

strains will be killed by silver at concentrations from 5 to 40 μg/mL. Variation may also be due 

to non-standardized testing environments. For example, Staphylococcus aureus, may require 

anywhere from 8 to 80 μg/mL of silver NPs depending on testing conditions. For Pseudomonas

aeruginosa, a range from 8 to 70 μg/mL can be seen (Percival et al., 2019). These studies in 

combination reveal that variation in dose can often be linked to the variation of other factors 

during testing.

In vitro research by Salomoni et al. (2017) investigated the impact of silver NP dose on 

three different strains of Pseudomonas aeruginosa. Silver NPs of 10 nm size were applied to 

cultures in concentrations of 0.156, 1.25, and 5.0 μg/mL for 12 hours. Samples were tested every 

hour during that time and compared to a control. All bacterial strains were susceptible to silver 
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NPs at 5.0 μg/mL, with 99.9% of all bacteria being killed at that dose. One of the strains was 

affected by the 0.156 and 1.25 μg/mL concentrations to a lesser extent (Salomoni et al., 2017). 

This demonstrates that the antibacterial effects of silver NPs are highly dose-dependent. If 

administered in the correct concentration silver NPs can be quite effective against biofilm-

forming bacteria.   

Ansari et al. (2015) confirmed these findings and also demonstrated that varying doses of 

silver NPs can affect the bacteria and the biofilms differently. In this in vitro study, it was 

determined that a dose of 10 μg/mL inhibited the formation of biofilms but did not kill the actual 

bacteria associated with them. A concentration of 50 μg/mL, however, both killed bacteria and 

stopped biofilm formation (Ansari et al., 2015). 

Another in vitro study by Guo et al. (2019) focused on the gram-negative bacteria, 

Pseudomonas aeruginosa. Four different concentrations of silver NPs were applied to pre-grown 

biofilms, and biofilm development was checked after 24 hours. After a mature 8-hour biofilm 

had been exposed to silver NPs, it more closely resembled a 6-hour biofilm. These biofilm 

effects were highly dependent on the dose used. The stronger the concentration of NPs above the 

MIC, the harder it was for a biofilm to develop. As the concentration increased, there were 

decreases in both biofilm and bacterial biomass as well as overall coverage of the biofilms. 

Increases in roughness of biofilms were also seen. The number of bacteria that were able to 

adhere to surfaces decreased. This greatly weakened the ability of the biofilms to form. In 

general, it took 9 times the amount of silver NPs to kill biofilms vs the planktonic form (Guo et 

al., 2019).

Effect of Silver on MDR Bacterial Biofilms

Silver nanoparticles are now being considered as a possible treatment for multi-drug

resistant (MDR) bacteria. Silver is considered a new class of antimicrobial, as it fights infections 
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using various, multifaceted mechanisms. For this reason, silver is considered to have broad-

spectrum activity (Franci et al., 2015). This is important because MDR strains of bacteria cause 

the death of 14 to 15 million people each year globally (Shah et al., 2019).

To compare the effectiveness of silver nanoparticles with that of antibiotics, most 

research does not use an antibiotic as a control, but rather uses silver NPs against strains of 

bacteria that have already proven to be multi-drug resistant. In this way, it can be determined 

whether the silver is useful in situations where current treatments are failing. For bacteria to be 

classified as multidrug-resistant, it must be resistant to at least three different classes of 

antibiotics (Palanisamy et al., 2014). 

In vitro research by Ansari et al. (2015) demonstrated that silver had an antibacterial 

effect against the multi-resistant Staphylococcus strains MRSA and MRSE. These strains were 

applied to wells and exposed to silver NPs that were 5-10 nm in size. Untreated strains acted as a 

control group. Bacterial cells were analyzed using SEM imaging and confocal laser scanning 

microscopy (CLSM). Colonies that grew in the absence of silver NPs formed biofilms, while 

colonies that were grown with silver NPs did not survive. Overall, the growth of bacterial strains 

was inhibited by 98%. Colonies grown with minimal silver NPs present allowed bacterial 

growth, but without the formation of a matrix or subsequent biofilm. Silver NPs also changed the 

cellular morphology of MRSA and kept them from adhering to glass surfaces. Likewise,

bacterial cells were not able to spread and form into patterns. A rough and elongated bacterial 

cell surface indicated that there had been damage from the silver NPs (Ansari et al., 2015). This 

study successfully demonstrated that small silver NPs are indeed effective against MDR strains 

of bacteria. One of the strengths of this study was that it used CLSM. While other imaging 

techniques may have trouble properly viewing both the bacteria and biofilm together, CLSM can
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do so without causing significant alterations to the biofilm by capturing images of each layer of

the biofilm. These layers can then be reconstructed to form a 3-dimensional image.

In vitro research by Palanisamy et al. (2014) investigated the effects of silver NPs on 

MDR Pseudomonas aeruginosa. This study used treatment groups with both sensitive and 

resistant strains of Pseudomonas aeruginosa for comparison. NP activity was the highest on 

sensitive strains when the concentration was at 20 μg/mL. At this dose, biofilms were inhibited 

by 67%. In MDR strains, at the same concentration, biofilm inhibition occurred at a rate of 56%. 

The higher the bacteria count present, the lower the inhibition rate of the silver. This is because a 

specified amount of silver can only fight a certain number of bacteria at one time. Since these 

results were seen on mature biofilms grown for at least 24 hours, it is thought that even better 

results would be evident in preventing or treating younger biofilms from MDR strains 

(Palanisamy et al., 2014). 

Safety

Historical Safety 

Historically, argyria (blue skin) has been the main documented consequence of exposure 

to large amounts of silver salts (Wilkinson et al., 2011). This is irreversible. Argyosis (discolored 

eyes) and some detrimental effects to the respiratory, renal, and hepatic systems have been noted. 

Some of these effects may have been due to simultaneous exposure to fluorides and toxic 

capping compounds that were present in the silver solutions (Bapat et al., 2018). Currently, there 

is no other human research to date that suggests that silver causes significant toxicity to organs in 

any way, even when argyosis is present. Little toxicity has been found to the reproductive, 

nervous, immune, or cardiovascular systems of the body from other forms of silver. Some 

historical documents show that silver nitrate can harm the gastrointestinal tract, but this was not 

in nanoparticle form. In addition, there are some reports of allergic reactions to skin exposure to 
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silver. For silver NPs that are found in various consumer products like clothing and cosmetics,

no adverse effects have yet been documented (Wilkinson et al., 2011). There needs to be a clear 

distinction made between silver NPs and silver in other forms, to help determine the 

appropriateness of extrapolating historical safety data to help determine the safety of the NP 

form.

In an in vitro study by Gonzalez et al. (2015), ionic and NP forms of silver were tested 

and compared for their damage-inducing capacities. Either silver ions or silver NPs were added 

to biofilms incrementally over four days. The concentrations of silver were increased each time 

an application occurred. The biofilms were constantly analyzed by a rotating annular bioreactor 

(RAB) which produced measured outputs of data daily. This data was statistically evaluated 

using a one-way ANOVA and t-tests. Biofilm growth was not significantly inhibited due to 

silver ions (p > 0.05), but was inhibited due to silver NPs (p < 0.05). Silver NPs also caused 

significant changes to the biofilm surface (p < 0.05), while silver ions did not (p > 0.05). The 

NPs used in this study were citrate-coated, with a negative charge. In theory, because biofilms 

also have a negative charge, this increases the likelihood that the NPs would be repelled by the 

biofilms. Even with this handicap, biofilms proved to be more sensitive to silver NPs than the 

ionic form of silver (Gonzalez et al., 2015). The results of this study imply that silver NPs act 

more strongly than ionic silver. Thus, we should be very careful in using historical safety 

information from ionic forms of silver to infer safety information for the NP form of silver. 

General Safety

It is thought that silver NPs would hurt human cells through the same mechanisms that 

they incur damage upon bacterial cells. Human cells, however, have natural built-in defense 

mechanisms that can counter many of these attacks. Only if these defenses are overwhelmed 
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would silver NPs prove to be toxic (Duran et al., 2015). Since the DNA of human cells is 

protected within a nucleus, concerns of silver toxicity are somewhat low. Bacterial DNA, on the 

other hand, is found within the cytoplasm and is much more exposed to the actions of silver 

(Percival et al., 2019). Even with this added protection, it is thought that the increasing use of 

silver nanoparticles could have increasingly harmful effects. Some concerns include toxicity to 

the immune, central nervous, and cardiovascular systems (Duran et al., 2015).  

There are many factors that determine how toxic silver NP may be. Some of these include 

the size, surface characterizations, dispersion, and concentration of NPs. Even though smaller 

NPs seem to be more antibacterial, they may also be more toxic as they are more likely to 

accumulate. Smaller particles are more likely to enter and build up in various cellular organelles 

and compartments such as the mitochondria, lysosomes, and endosomes (Duran et al., 2015;

Zhang et al., 2014a).

In an animal study by Cho et al. (2018), the toxicity of various sized NPs on host cells 

was investigated. BALB/c mice were divided into four groups: one control and three receiving 

silver NPs in sizes of 100, 60, and 10 nm respectively. Each of the treatment groups were 

injected intraperitoneally with 0.2 mg per mouse of silver NPs, and all mice were observed for 

six hours. At 5 hours, decreased activity was noted in the 10 nm treatment group. No other 

clinical signs were observed. Dunnett’s comparisons were used to statistically analyze 

differences in biochemical markers. Only the 10 nm silver NP treatment group had significant 

differences from the control. Biochemical markers of note were ALB (p < 0.01), AST (p < 0.01), 

and BIL (p < 0.05). Histopathological examination revealed significant damage to the liver, 

spleen, gallbladder, and thymus for this group as well (Cho et al., 2018). These findings 

demonstrate that smaller silver NPs are indeed more toxic to both host and bacterial cells. 
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Silver toxicity in humans is considered to be much lower than that of some other 

organisms. It is thought that in most cases it would take very high levels of silver to be 

dangerous or to even cause mild symptoms such as abdominal pain, respiratory tract irritation, 

and allergic reactions (Gonzalez et al., 2015). Cytotoxicity is thought to be both dose-dependent 

and time-dependent (Qing et al., 2018). 

In an animal study by Wen et al. (2017), Sprague-Dawley rats at 16 weeks of age were 

divided into four groups of four. Two of the groups served as a vehicle control and a 

cyclophosphamide (CPA) positive control, respectively. The remaining two groups were 

administered either silver ions or silver NPs intravenously for 24 hours. Doses were selected for

each form of silver so that the concentration in the blood would reach toxic levels (5 mg/kg for 

silver NPs and 0.0003 mg/kg for silver ions). Rats were carefully monitored for clinical signs, 

but evident visual changes were not seen in any of the groups except those administered silver 

NPs. Heavy breathing and decreased activity were noted in these subjects. Upon biochemical and 

histopathological examination, it was determined that silver accumulation and organ damage was 

caused in the silver NP group only, and included the organs of the lungs, liver, spleen, kidney, 

heart, and thymus. A one-way ANOVA revealed that liver enzymes in the silver NP group were 

statistically higher than in other groups (p < 0.05). The researchers concluded that silver NPs 

were likely to accumulate in vital organs and continue to release ions, causing further damage at 

the location of deposition. They also observed a brown-red color in the urine of some rats which 

they further investigated on additional subjects. The color was caused by red blood cells which 

disappeared after 24 hours if no additional silver NPs were given (Wen et al., 2017). This 

demonstrates that while silver NPs may be acutely toxic at the correct dose, the body is able to 

reverse mild effects post-treatment. It should be noted that the dose of silver NPs administered in 
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this study (5 mg/kg) is much larger than the doses used to kill in vitro samples of bacteria. The 

intravenous application of silver NPs may also be more toxic than other routes of administration.

A review by Duran et al. (2015) concludes that the route of exposure may make a 

difference in safety and toxicity. Possibilities for the administration of NPs include physical 

contact or direct application to a wound, ingestion, inhalation, or injection (Duran et al., 2015). 

Bapat et al. (2018) reports that when silver NPs were administered orally in rats, the No 

Observable Adverse Effect Level (NOAEL) was 30 mg/kg, while the Lowest Observable 

Adverse Effect Level (LOAEL) was 125 mg/kg. (Bapat et al., 2018). These doses are much 

higher than those that are reported to be safe when given intravenously. This is likely due to the 

fact that these NPs are being administered directly to the bloodstream without having to first go 

through the absorption process, which may render many of the particles ineffective after 

interaction with digestive enzymes and other proteins in the digestive tract (Bapat et al., 2018). 

Likewise, the previously mentioned study by Salomoni et al. (2017) verifies the results 

found by Wen et al. (2017) pertaining to the difference in doses of silver NPs needed to kill 

bacterial vs. host cells. Silver NPs were tested against bacterial cultures as well as mouse liver 

cells. The dose used for testing (5 μg/mL) was strong enough to kill bacterial cells but not the 

liver cells. Mouse cell lines only demonstrated signs of very low toxicity (Salomoni et al., 2017). 

This implies that there should be a dose strong enough to eradicate bacterial infections while 

remaining safe for host cells. 

Resistance to Silver NPs

Biofilms have been known to show resistance to metals. Sometimes pathogens can 

develop resistance to metals by eliminating the metal from the cell, repairing any damage caused, 

using alternative biochemical pathways, or by using the structure of the biofilm to capture and 

hold onto the metal. This automatically delays cell death. Biofilms may be especially resistant to 
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metal toxicity if multiple species are present. Multiple species may provide complementary 

functions and act in a cooperative manner. Since they have a diversity of functions, they may 

also have a diversity of tolerances to be able to accumulate and sequester more of the metal 

(Koechler et al., 2015). Many biofilms detoxify metals using biomineralization. Mineralization 

of silver has been observed in natural biofilms along the surface where there was a diversity of 

species. Whether or not this can occur may also depend on other environmental factors such as 

the organic compounds available, which species are in that area of the biofilm, the pH, and the 

temperature. Toxic metals may also lead to mutations, which change how bacteria will respond 

(Koechler et al., 2015).

A review article by Percival et al. (2019) notes that there are historical reports of 

resistance to silver in the literature. There has been uncertainty as to whether these claims are 

valid. For example, wounds treated with silver sulfadiazine were thought to cause eventual 

resistance to silver. This was not silver in NP form, however. Likewise, most of the historical 

literature that documents possible resistance, was not using silver in NP form. Percival et al. 

(2019), also refers to an older study that is no longer in print that researched certain strains of 

bacteria that were thought to be resistant to silver. When these strains were isolated, they were 

found to withstand concentrations of 300 ppm of silver NPs. Upon closer inspection, however, 

they realized that only 3 ppm of silver could be measured, indicating that much of it had bound 

to proteins or become ineffective by forming complexes. This means that the bacteria may not 

have been resistant and eluding high doses, but that the actual dose was not high enough to kill 

them. This was somewhat of a landmark study for silver resistance. For this reason, resistance to 

silver has not been a major focus of research. Ultimately, fewer than 20 studies have been 
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reported from 1975 to 2019, that indicate even a possible presence of bacterial resistance to 

silver. (Percival et al., 2019). 

In the previously mentioned study by Guo et al. (2019), the main point of the study was 

not to determine biofilm resistance to silver. The authors noted, however, that if multiple 

treatments of silver NPs were given below the MIC, the MIC would gradually increase (Guo et 

al., 2019). This could be considered the beginnings of biofilm resistance and indicates that low 

chronic exposure may contribute to its development.

In an in vitro study by Panacek et al. (2017), bacterial resistance to silver NPs was 

investigated. Both Escherichia coli and Pseudomonas aeruginosa were exposed repeatedly to 

solutions of silver NPs that were below the MIC (3.38 mg/L) for both strains. Solutions were 

applied to bacterial cultures in 20 different successions. After the sixth exposure, the MIC for 

Escherichia coli was noted to have increased to 13.5 mg/L. The MIC increased again to 54 mg/L 

by the eighth step. P. aeruginosa also became more resistant by exposures 11 and 13, reaching 

MICs of 6.75 and 54 mg/L, respectively. As bacterial MICs increased, it was noted that more of 

the silver NPs in the solution were clumping together and collecting at the bottom of the wells. 

This was thought to have been caused by the bacteria through the production of an adhesive 

protein. Even NPs coated with stabilizers were not able to overcome this effect. Genetic testing 

showed that no changes to the genome had occurred that would be responsible for the 

mechanism of resistance (Panacek et al., 2017). This shows that resistance to silver NPs is 

possible when long-term low-dose exposure occurs. 

There has not yet been any reported resistance to silver NPs from bacteria that are multi-

drug resistant. The more widespread silver is used, however, the more likely it is that we will see 

resistance begin to develop and for those resistant strains to spread (Franci et al., 2015).  



61

 

Possible Applications for Administration

There are many applications that could be possibilities for successful silver NP 

administration. The most predominant applications being investigated in the literature are the 

following.

Medical and Dental Implants

Infections associated with medical implants are often caused by bacteria that can be 

found on the skin. This usually includes Staphylococci and Streptococci strains. For this reason, 

infections generally develop soon after the implant is surgically inserted. Contamination may 

occur on the surface of the implant, during the procedure, or even from direct patient 

contamination (Veerachamy et al., 2014). For dental implants, bacteria such as Enterococcus 

faecalis commonly grows on the dentin of teeth (Wu et al., 2014). When a patient has other 

chronic conditions or a compromised immune system, infection is even more likely to occur. 

Silver NPs look to be promising as either surface coatings on implants or surface modifications 

on implants. So far, silver on the surface of implants has hindered bacterial adherence and 

prevented biofilms from being able to form (Veerachamy et al., 2014).

An in vitro study by Besinis et al. (2017) compared three different ways to apply silver 

NPs as a coating on implants. These included a plain silver-plated titanium disc, and two 

titanium discs plated with silver and either nHA or mHA (forms of hydroxyapatite). Several 

controls were used including titanium discs that were plated only with the non-silver coatings as 

well as an uncoated disc. These discs were placed in wells containing cultures of Streptococcus

sanguinis and analyzed after 24 hours. Each group was compared using a one-way ANOVA. All 

three silver-coated discs inhibited the attachment and growth of bacterial biofilms. The amount 

of silver released from the silver-only plates was very small, with only 0.07% showing up in the 
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physiological saline used. The combination coatings that included silver released twice as much 

silver into the saline. This was a statistically significant difference from the silver-only discs 

(p < 0.05). All silver-plated discs, however, demonstrated that biofilm growth on the discs was 

completely prevented. Varying degrees of biofilm formation could be detected on the discs not 

coated with silver. They also noticed that the rougher the surface of the implant, the more likely 

it was to develop a biofilm. For bone implants, however, a certain amount of roughness must be 

present for osteointegration to occur and the implant to be successful. Silver alone did not 

increase surface roughness on the discs. Coatings made with combinations of silver and 

hydroxyapatite did increase surface roughness some, and the silver still prevented biofilm 

formation despite this. The coatings on the implants were able to remain stable (Besinis et al.,

2017). This means that silver NP coatings are a good prospect for decreasing biofilm infections 

on medical implants without making the surface less biocompatible. In addition, the low release-

rate of the silver indicates that the effectiveness of the implant coatings would be long-lasting.

One of the most common materials for implant devices is titanium, which is often used in 

orthopedic surgeries. Silver NPs have shown promise when paired with titanium. Titanium is 

often used for implants because it is resistant to corrosion, has good strength, and is 

biocompatible. Biofilms can still form on them, however. Previous options for inhibiting 

infections included coatings of antibiotics and chlorhexidine.  These are only effective in the 

short-term, and chlorhexidine is harmful to human cells (Besinis et al., 2017). So far, silver NPs 

seem to increase implant biocompatibility in addition to preventing infections (Steckiewicz & 

Inkielewicz-Stepniak, 2020). 

In an in vitro study by Sreenivasagan et al. (2020), silver-coated titanium implants were 

tested for their antibacterial effects. Mini-implants were coated with silver and applied to 
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cultures of Staphylococcus aureus, Streptococcus mutans, and Lactobacillus species for 24 

hours. The 30-35 nm silver NPs were distributed evenly on the implants. Uncoated implants 

acted as controls for comparison. The zones of inhibition were measure for each. None of the 

controls had any measurable zone of inhibition. In comparison, the zones of inhibition for 

Staphylococcus aureus, Streptococcus mutans, and Lactobacillus were 11 by 8 mm, 15 by 10 

mm, and 15 by 11 mm, respectively. This was considered a strong and successful antibacterial 

effect (Sreenivasagan et al., 2020). One weakness of this study, however, is the short testing

period. Clinical practice has demonstrated that the first month after implant insertion has the 

highest likelihood for biofilm development (Veerachamy et al., 2014). Thus, an antibacterial 

coating would need to be effective for at least one month.

Open Wounds

The current research being done on silver NPs for wound healing is two-fold. First, 

bacterial biofilms can make wound healing quite a challenge. To find a way to eradicate biofilms 

from wounds would allow a much quicker recovery. Secondly, the bacteria that tend to colonize 

open wounds are also the same types of bacteria that are most likely to infect medical devices 

that have been implanted. Thus, the results of this research can have applications for both. For 

open wounds, however, the idea is for silver NPs to be embedded in wound dressings to prevent 

infections over time (Ansari et al., 2015).

In an in vitro study by Augustine et al. (2016), the incorporation of silver NPs in an 

electrospun membrane used for wound dressings was evaluated for antibacterial efficacy. Silver 

NPs were incorporated into a composite membrane and evaluated using SEM and energy-

dispersive X-ray. Antibacterial efficacy was then determined using agar diffusion tests against 

Escherichia coli and Staphylococcus aureus. The silver-embedded membranes were cut into 
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circular pieces with a diameter of 6 mm and placed onto the agar plates containing each bacterial 

culture. A membrane without silver NPs and a 30 μg disc of ciprofloxacin acted as controls. 

Zones of inhibition were then measured for each and compared using t-tests. The silver-

embedded membranes were found to have antibacterial activity that was significantly stronger 

than the membrane without silver for both Escherichia coli (p=0.0375) and Staphylococcus 

aureus (p=0.0061). The antibiotic control, however, had slightly larger zones of inhibition than 

the silver treatments. The authors considered this a successful outcome for silver dressings in 

terms of antibacterial activity. Upon further inspection of the dressings, they concluded that the 

silver NPs helped to contribute to the mechanical stability of the membrane in addition to having 

antibacterial effects (Augustine et al., 2016). These findings demonstrate that silver NPs are a 

good addition to wound dressings for antibacterial purposes. One drawback to this study is that 

planktonic forms of bacteria were used. Although both strains tested are known for forming 

biofilms, the study did not indicate that the biofilm form was used. Still, this study sets the 

precedent that silver NPs embedded into wound dressings have strong antibacterial activity 

against bacteria that are known for forming biofilms. 

Katas et al. (2021) performed in vitro research to determine the efficacy of silver NP 

hydrogels used in wound dressings against bacterial biofilms. Silver NPs were produced and 

incorporated into a hydrogel for use in wound dressings. Four bacterial strains were obtained for 

testing, including Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, and 

Bacillus subtilis. The silver hydrosol was put on top of a membrane and monitored for diffusion 

and antibacterial activity on agar plates containing bacterial biofilms. Membranes with 

ciprofloxacin and distilled water acted as positive and negative controls. Crystal violet staining

was used to evaluate the anti-biofilm activity of the silver, and zones of inhibition were 
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measured. Statistical comparisons of groups were performed using a one-way ANOVA followed 

by Tukey tests. All bacteria showed significant susceptibility to the membranes treated with the 

silver hydrosol (p < 0.05). Biofilm inhibition was also found for Pseudomonas aeruginosa and 

Escherichia coli. Overall, gram-negative bacteria were more sensitive to silver treatments than 

gram-positive bacteria (Katas et al., 2021). This study demonstrated that silver NP-treated wound 

dressings can be effective against biofilms, in addition to planktonic forms. 

Catheters and Other Medical Devices

Silver NPs seem to be effective as coatings on catheters and other devices used within the 

body. In the case of catheters, biofilms can form blockages, rendering the catheter useless (Zare 

et al., 2017). Staphylococci biofilms are especially good at adhering to polymer surfaces, such as 

those of catheters (Ansari et al., 2015). Urinary tract infections account for 24% of all infections. 

Anywhere from 70-80% of these infections are due to infected catheters. Almost all patients that 

are using catheters long-term (more than 28 days) develop a bacterial infection that involves a 

biofilm. Escherichia coli and Pseudomonas aeruginosa are some of the most common offenders. 

In addition, urease secretions from the bacteria can cause pH changes and buildup of other 

precipitates and crystals on the catheter. These precipitates, along with the biofilm itself can clog 

the catheter. Antibiotics are not a good choice for coating catheters because they just contribute 

to the development of antibiotic resistance (Zare et al., 2017). 

In an in vitro study by Zare et al. (2017), the effectiveness of silver-treated materials used 

in catheters was tested. Silicone squares were treated with silver NPs to represent the material 

present in a catheter. Some of these squares were also coated with polymers. The coated silicone 

was then placed in petri dishes of Escherichia coli and compared to treatments of penicillin 

squares. Biofilm and precipitate build-up were then measured, as well as any zone of inhibition 
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that may have occurred around the treatment. Both the silver and the silver-polymer coatings 

were found to be antibacterial. The coated silver was the most effective, and like the antibiotic 

control in terms of results. This combination coating was found to enhance the zone of inhibition 

and prevent the formation of both organic and non-organic biofilms. It was hypothesized that the 

coated silver performed better because it made the surface more hydrophilic, which may have 

affected ion release. Some coatings release more silver from the surface of a medical device than 

other coatings. Thus, certain coatings may make the effectiveness of silver either long or short-

lasting. The coatings allowed for the release of both silver NPs and silver ions at a rate of 

200 μg/l. This level was higher than the preestablished MIC and is thought to be a good rate for 

long-term applications. This is promising for the development of long-term catheters (Zare et al., 

2017). One weakness of some of the studies in this area is that they sometimes combine coatings 

when testing for things like biocompatibility and antibacterial activity, when each one was not 

tested individually. Therefore, it cannot be distinguished which coating may have had the larger 

effect or if both coatings contributed. This study, however, did a preliminary test to verify the 

antibacterial actions of silver before the initial testing, so any enhancement could be attributed to 

the polymer coating used.

It is thought that impregnating the catheter or other polymer material with silver is better 

than merely coating the outside. Silver coatings can be rendered inactive if proteins bind to the 

surface of the material. Also, if a material has silver incorporated throughout, the antibacterial 

properties will work on both the inner and outer surfaces. Silver must be used very carefully in 

conjunction with medical devices because both the effects and toxicity are dose-dependent. 

Silver becomes more antimicrobial once it is oxidized. The silver that is present in the coatings 

of medical devices is not in an oxidized form; therefore, most of its beneficial action occurs after 
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it has been released from the surface. Since many of the silver ions released from the surface end 

up binding to proteins that deactivate them, there must be enough silver, so that it can continue to 

be released for extended periods of time. Surface silver releases faster than the silver that resides 

within the bulk of the material. The morphology of the silver NPs may also determine the rate 

that they are released. Release rate may also be dependent on the concentration gradient of ions 

between the material and the surrounding fluids (Zare et al., 2017).

In the previously mentioned study by Qayyum et al. (2017), it was demonstrated that 

catheter pieces coated with silver NPs were effective at preventing bacterial growth. They also 

noted that the release rate was sufficient to prevent the formation of biofilms. The average size of 

the NPs used was 40 nm, with a total range of 30-70 nm. A molecular probe was utilized to 

determine that the NPs were generating ROS after release from the coating (Qayyum et al., 

2017). 

Gut Biofilms

While several of the bacterial strains being used in in vitro testing can be found in the gut, 

none have focused on silver NPs as a treatment specifically for infections of the digestive tract. 

Most of the research on silver NPs for gut biofilms investigates the effects of chronic low dose 

exposure from commercial applications on the microbiome. These studies are not testing the 

efficacy of NPs to kill bacterial biofilms for the purpose of eradicating an infection. Thus, 

applications in this area are not yet well understood (Domingo et al., 2019).

Drug Delivery

NPs show great promise for drug delivery, as they can increase the effectiveness of a 

drug while decreasing both toxicity and cost. Often less of a drug can be used if paired with NPs, 

resulting in reduced toxicity. If the properties of the NP can be modified, the potential 
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effectiveness can be increased. NPs tend to be better at permeating target cells and are retained 

better by those cells as well (Steckiewicz & Inkielewicz-Stepniak, 2020). 

NPs can be used as carriers for antibiotics to assist the drug in being able to enter the cell. 

In this application, the drug can be much more concentrated due to the NP’s superior carrier 

capabilities.  It is more likely that the specific target will be hit using NPs, which allows more of 

the drug to enter bacterial cells. Time-released medications may also be more effective. NPs may 

help solve resistance to the original medication. Since silver NPs are already antimicrobial, if 

they are paired with antibiotics, they can have synergistic effects (Cavalieri et al., 2014). 

In an in vitro study by Surwade et al. (2019), the effects of the antibiotic ampicillin were 

tested both alone and in combination with silver NPs. Both Staphylococcus aureus  and MRSA 

were used as test strains. Cultures were exposed to ampicillin and an ampicillin-silver NP combo 

in varying concentrations. The silver NPs used were spherical, coated with PVP, and 10 nm in 

size. Comparison death rates of bacterial cells were used to evaluate the efficacy of each 

treatment. They found that bacterial death rates were higher for the silver-antibiotic combination

than for ampicillin alone. It was also noted that lower doses of ampicillin were more effective 

than higher ones when combined with silver NPs (Surwade et al., 2019). This demonstrates that 

when paired with ampicillin, silver NPs aid in both the delivery and effectiveness of the 

antibiotic. Likewise, it is possible to treat MDR-resistant strains using this combination therapy. 

Jyoti et al. (2016) also tested the synergistic effects of silver NPs and antibiotics. In their 

in vitro research, nine antibiotics were investigated alone and in combination with silver NPs 

against a panel of pathogens, including both gram-positive and gram-negative strains. A range of 

conventionally used antibiotics were tested, including streptomycin, amikacin, kanamycin, 

vancomycin, tetracycline, cefepime, cefotaxime, amoxicillin, and ampicillin. Inhibition zones 
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were measured for each treatment to determine the level of efficacy. Every antibiotic performed 

better when paired with silver NPs. Silver NPs enhanced the actions of streptomycin the least, 

with an increase in the zone of inhibition ranging from 0.1 to 0.9, depending on the pathogen. 

The actions of ampicillin benefitted the most from being paired with silver NPs, with zones of 

inhibition increasing up to 15 times larger than the antibiotic alone (Jyoti et al., 2016). This 

allows less antibiotic to be used, while achieving a better outcome. Silver NPs can make an 

antibiotic up to 1,000 times more effective. The actual bonding between the NP and the 

antibiotic is what determines the extent of the synergistic effect between the two. It is thought 

that this type of drug delivery may eventually have implications for the treatment of infectious 

diseases (Franci et al., 2015). The authors also noted that pairing antibiotics with silver NPs will 

make it more difficult for pathogens to develop resistance to treatment (Jyoti et al., 2016).

Methods

A complete literature review was conducted on the efficacy of silver nanoparticles 

against bacterial biofilms using the following methods.

Search Procedures

The articles used for this review were obtained using several databases which are listed

below. An initial search was performed using the keywords silver nanoparticles biofilms. This 

search proved to be too broad as it returned 741 results. A more advanced search was then 

completed, filtering results to display only the articles that contained the keywords in the title or 

abstract. The Boolean string silver nanoparticles AND biofilms was also used. This search 

returned 226 total results. While some of these articles were used for background and 

introductory information, another filter was added to include articles that were from 2014 to 
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2021 only, for use in the literature review section. This returned 192 results. Additional Boolean 

strings were used to narrow down results according to the specific secondary research questions 

that were being asked. For example, the Boolean string silver nanoparticles AND biofilms AND

mechanisms was used to find articles that could help determine the mechanisms by which silver 

nanoparticles act against biofilms. This returned 18 results. A complete list the of Boolean 

strings used is given below. All literature found on the efficacy of silver nanoparticles in 

combating bacterial biofilms was carefully reviewed. From there, it was determined which 

articles would be utilized based on the inclusion and exclusion criteria listed below. A total of 89

studies were included in this paper. Figure 1, below, outlines the number of articles found at each 

step of the search process. This review emphasized the following topics: (a) the mechanisms of 

silver nanoparticles, (b) silver nanoparticles and antibiotic-resistant biofilms (c) morphology and 

surface characteristics of silver nanoparticles, (d) effective dose or concentration of silver 

nanoparticles, (e) bacterial resistance to silver nanoparticles, (f) silver nanoparticle toxicity and 

safety, and (g) applications of silver nanoparticles. 
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Figure 1

The number of articles found at each step of the search procedure 

Libraries used

The library used for this research paper was the Health Professions Divisions Library at

the University of Bridgeport’s Wahlstrom Library.
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Search engines and databases used

Several databases were used to locate resources for this paper. These databases include 

PubMed, Cochran Review, Science Direct, and CINAHL.

Search terms

Various search terms were used to find resources for this paper. The following search 

terms were used: (a) silver nanoparticles biofilms, (b) silver nanoparticles biofilms antibiotic 

resistance (c) silver nanoparticles biofilms mechanisms, (d) silver nanoparticles biofilms size, (e) 

silver nanoparticles biofilms shape, (f) silver nanoparticles biofilms dose, (g) silver nanoparticles 

biofilms toxicity, (h) silver nanoparticles biofilms safety, (i) silver nanoparticles biofilms 

antibacterial applications.

Boolean strings

This literature search utilized Boolean strings. The Boolean strings used were: (a) silver 

nanoparticles AND biofilms, (b) silver nanoparticles AND biofilms AND antibiotic resistance, 

(c) silver nanoparticles AND biofilms AND mechanisms, (d) silver nanoparticles AND biofilms 

AND size, (e) silver nanoparticles AND biofilms AND shape, (f) silver nanoparticles AND 

biofilms AND dose, (g) silver nanoparticles AND biofilms AND toxicity, (h) silver nanoparticles 

AND biofilms AND safety, and (i) silver nanoparticles AND biofilms AND applications.

Age of the sources

Only sources within the last seven years were considered for inclusion in the literature 

review section. Some older sources may have been referenced for historical purposes. Older 
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resources were also used in the introduction section to provide a comprehensive background on 

biofilms and antibiotic resistance. 

Inclusion criteria

There were several inclusion criteria for this literature review. The inclusion criteria 

included (a) literature published since 2014, except historical or background sources, (b) English 

language text, (c) peer-reviewed research articles pertaining to silver nanoparticles and biofilms, 

and (d) peer-reviewed research articles that contributed answers to one of the research questions. 

Since most of the research in this area is still at the in vitro level, priority was given to in vivo

studies when possible.

Exclusion criteria

There were several exclusion criteria used. The exclusion criteria included (a) literature 

published before 2014, except historical and background sources, (b) text not published in 

English, (c) articles on fungal biofilms, (d) articles on viral biofilms, (e) articles on forms of 

silver that are not nanoparticles, except for historical or safety information, (f) articles that were 

not scholarly, peer-reviewed research articles. Articles were primarily eliminated if they did not 

answer one of the main research questions being asked.

Analysis of the Literature

All literature included in the study was critically reviewed before being incorporated in 

the paper. For each article, the following study elements were identified and analyzed: (a) study 

design, (b) intervention, (c) NP parameters, (d) comparison groups, (e) organism or cell type 

tested, (f) number of subjects or bacterial wells, (g) study duration, (h) visualization methods, (i) 

statistical methods, (j) the alpha or cutoff value used for analysis, and (k) any numerical values 
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pertinent to the results. The internal and external validity of each study was evaluated. Any key 

findings were put into table form and included in the Results section of this review.  

Results

Mechanisms of Action for Silver NPs

 Much of the analyses performed on the mechanisms of action for silver NPs are done via 

sophisticated imaging methods. Cultures and cells are examined for morphological 

characteristics both before and after exposure to NPs. The movement and actions of the silver 

NPs are also tracked. Some of the most common imaging methods for this purpose include SEM, 

TEM, UV-vis, DLS, and NTA. 
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Table 3 displays an overview of the mechanisms of action determined by each study, along with 

the imaging techniques used to visualize the results. 

Table 3

The mechanisms of action of silver NPs

 

Table 3 illustrates that silver NPs work through many different mechanisms of action. 

They may bind to the biofilm or membranes of bacterial cells and induce cell damage. 

Destruction can also occur via the production of ROS. These actions not only result in structural 

changes to the biofilm but also to vital cellular components within bacteria. NPs have also been 

found to use water channels for transport and to inhibit quorum sensing. Other mechanisms of 

Bacteria Mechanism of Action Imaging Method Study
Pseudomonas 
putida

Cell membrane adhesion 
and alterations, biofilm 
structural changes

CLSM (Thuptimdang et al., 
2017)

Pseudomonas  
aeruginosa

Biofilm structural changes 
due to increased protein 
production

TEM, UV-vis (Guo et al., 2019)

Aquabacterium 
citratiphilum

Destruction of biofilm 
biomass, biofilm stability 
losses, decreased biofilm 
wall thickness

DLS (dynamic 
light scattering)

(Grun et al., 2016)

Escherichia coli, 
Streptococcus 
mutans

ROS generation, NP 
accumulation on 
membranes 

UV-vis, TEM, field 
emission SEM

(Qayyum et al., 2017)

Escherichia coli, 
Staphylococcus
aureus, 
Pseudomonas  
aeruginosa

Binding to molecules with 
sulfur, ROS generation

TEM, DLS, NTA, 
X-ray 
photoelectron 
spectroscopy

(Ferreira et al., 2020)

MRSA, MRSE Transport via water 
channels

CLSM, SEM (Ansari et al., 2015)

Chromobacterium  
violaceum

Anti-QS actions UV-vis, SEM, 
TEM

(Shah et al., 2019)
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action include the dehydration of bacterial cells, inhibition of cellular respiration, inhibition of 

DNA replication, and impairing ATP production (Franci et al., 2015).

Efficacy Against MDR Strains

Since they work through multiple mechanisms simultaneously, silver NPs have been 

found to be effective against MDR strains of bacteria (Franci et al., 2015). The study by Ansari 

et al. (2015) focused on the effectiveness of silver NPs against strains of staphylococci that were 

resistant to methicillin, namely Staphylococcus aureus (MRSA) and S. epidermidis (MRSE). 

These strains were grown both in a medium with silver NPs and a medium without silver NPs. 

When treated at 50 μg/mL, bacterial strains were killed and biofilm formation could not occur. 

At lower doses, bacteria were able to survive, although the development of a biofilm was still 

impeded. Bacteria that were grown in medium without any silver NPs were not only able to grow 

and thrive, but to form substantial biofilms as well. Thus, low doses of silver NPs may be able to 

prevent biofilm formation, even if bacterial strains survive. At a correct dose, however, both 

biofilm and bacterial infection can be prevented in strains of MRSA and MRSE (Ansari et al., 

2015).  
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Table 4 outlines these results in MRSA. 

Table 4

The effect of various doses of silver NPs against MRSA

MRSA
Untreated Organisms grew and 

produced exopolysaccharides, 
leading to significant biofilm 
formation.

10 μg/mL AgNPs Bacterial growth occurred but 
without the formation of 
matrix, preventing biofilm 
formation.

20 μg/mL AgNPs Biofilm formation was still 
arrested, while individual 
organisms survived. 

50 μg/mL Ag NPs Organisms did not survive or 
produce biofilms.

Note. Data collected from (Ansari et al., 2015).

Exposure to silver in this study also prevented bacteria from being able to adhere to glass 

surfaces. Bacteria cannot form biofilms without first adhering to a surface. Silver NPs also 

incurred damage to the surface structure and morphology of bacterial cells. This may have 

played a role in preventing surface adhesion (Ansari et al., 2015).  

Multi-drug resistant strains of Pseudomonas aeruginosa were also tested by Palanisamy 

et al. (2014). In these strains, silver NPs were most effective at concentrations of 20 μg/mL, with 

an inhibition rate of 56%. This was the highest dose tested in the study. This dose was most 

effective at bacterial concentrations of 105 and 106 cfu/mL (Palanisamy et al., 2014). Studies on 

dose of silver NPs suggest that better results would have been seen if a higher concentration had 

been used. Nonetheless, silver NPs were shown to be effective against MDR Pseudomonas
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aeruginosa strains as well (Palanisamy et al., 2014). Table 5 displays side-by-side results of 

MRSA and MDR Pseudomonas aeruginosa treated with the same dose of silver NPs.

Table 5

Impact of silver NPs on MDR strains

Strain Dose of Ag NPs Outcome Study
MRSA 20 μg/mL Biofilm formation 

arrested
(Ansari et al., 2015)  

MDR Pseudomonas 
aeruginosa

20 μg/mL 56% inhibition of 
biofilm

(Palanisamy et al., 2014)

Morphology of Nanoparticles

The form that a silver NP takes on greatly determines its function. The morphology and 

other surface properties determine the extent of the particle’s interactions and whether the 

particle will be able to enter cells and perform its microbial actions. The two most relevant 

characteristics in determining the function of the silver nanoparticle are size and shape (Cavalieri 

et al., 2014).

Size

It is established that the size of the silver NP will determine its antibacterial properties 

(Bapat et al., 2018). In addition, it is possible to closely regulate the antibacterial properties of a 

silver NP by adjusting its size (Shameli et al., 2012). The literature agrees that smaller silver NPs 

are more antimicrobial and are thus more efficient at killing bacterial cells. Not only do smaller 

particles have a positive zeta potential which enhances their attraction and interaction with 

bacterial cells, but they are also more effective at damaging and permeating cell membranes 

(Franci et al., 2015). Smaller NPs can better penetrate and accumulate within the actual biofilm, 

causing a loss of biofilm mass as well as damage to individual bacterial cells (Grun et al., 2016). 
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In addition, smaller NPs require a lower dose to be administered to be effective (Perez-Diaz et 

al., 2015). Table 6 outlines the effectiveness of silver NPs of various sizes.

Table 6

The effectiveness of various sized silver NPs

Size of AgNP Effect of NP Bacteria/Biofilm type Study
9.5 nm Biofilms were reduced 

at a MIC of 4.0 ppm
Streptococcus mutans (Perez-Diaz et al., 

2015)

25.9 nm Biofilms were reduced 
at a MIC of 8.0 ppm

Streptococcus mutans (Perez-Diaz et al., 
2015)

78.7 nm Biofilms were reduced 
at a MIC of 16.0 ppm

Streptococcus mutans (Perez-Diaz et al., 
2015)

30 nm Loss of up to mutants 
65% biofilm biomass 
with silver 
accumulating in the 
biofilm at 
concentrations of more 
than 16 μg/mL.

Aquabacterium
citratiphilum

(Grun et al., 
2016)

70 nm Loss of up to 60% 
biofilm biomass with 
silver accumulating in 
the biofilm at 
concentrations up to 
12 μg/mL.

Aquabacterium
citratiphilum

(Grun et al., 
2016)

20 nm Biofilm biomass was 
dramatically reduced

Pseudomonas
aeruginosa

(Habash et al., 
2014)

40 nm Biofilm biomass was 
reduced by less than 
50%

Pseudomonas
aeruginosa

(Habash et al., 
2014)

60 nm Biofilm biomass was 
similar to controls

Pseudomonas
aeruginosa

(Habash et al., 
2014)

Note. 1 ppm = 1 μg/mL
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Shape

The research is very clear that certain shaped NPs have higher antimicrobial actions. The 

article by Qing et al., (2018) reported that triangular-shaped NPs tend to be among the most 

antimicrobial, giving superior results as compared to spherical and rod-shaped NPs (Qing et al., 

2018). This is thought to be due to the increased number of facets on the surface of triangular 

NPs which increase their activity (Monteiro et al., 2009). Spherical silver NPs, however, have 

greater antimicrobial actions than NPs that are hexagonal, pentagonal, and rectangular shapes 

(Qing et al., 2018). Platelet-shaped NPs were also found to be more antimicrobial than spherical 

particles, with rod-shaped and cube-shaped particles following, respectively. Figure 2 below 

displays these results. 

Figure 2

Antimicrobial Activity of Various Shaped NPs

Note: Data gathered from (Helmlinger et al., 2016; Qing et al., 2018).

The shape of a NP can affect its toxicity. Tak et al. (2015) found that rod-shaped particles 

were more toxic than spherical, followed by triangular shapes. The zeta potentials, however, 

were inversely related to toxicity (Tak et al., 2015). 
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Table 7 shows the zeta potentials of various shaped NPs. 

Table 7

Zeta potentials for various shaped NPs

NP Shape Zeta Potential
Triangular 34.59

Spherical 34.07

Rod 31.84
Note. Source: Tak et al., 2015

Higher zeta potentials have higher antimicrobial activity (Franci et al., 2015). Thus, the toxicity 

of certain shaped NPs is also inversely related to its antibacterial activity.

Dose of Nanoparticles

The dose or concentration of silver NPs is one of the primary factors which determines its 

effectiveness. In general, higher doses are more effective. The dose needed, however, may vary 

depending on the type of bacteria present and other factors in the aqueous environment (Bapat et 

al., 2018). 
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Table 8 displays the doses that were required to inhibit the growth of various bacteria and their 

associated biofilms. 

Table 8

Effective concentrations of silver NPs needed to inhibit growth

Concentration of silver 
NP

Bacterial Type Study

12.5 μg/mL Pseudomonas aeruginosa (Shah et al., 2019)

25 μg/mL Chromobacterium violaceum (Shah et al., 2019)

75 μg/mL Pseudomonas aeruginosa (Franci et al., 2015)

75 μg/mL Vibrio cholera (Franci et al., 2015)

50-60 μg/mL Escherichia coli  (Bapat et al., 2018)

8-80 μg/mL Staphylococcus aureus  (Percival et al., 2019)

8-70 μg/mL Pseudomonas aeruginosa (Percival et al., 2019)

5.0 μg/mL Pseudomonas aeruginosa (Salomoni et al., 2017)

The variations seen in the minimum doses needed to inhibit bacterial growth may be due 

to other factors such as the size and shape of NPs being used or environmental factors such as the 

pH or proteins present in solution. The MIC may also be smaller if tested in vitro (under ideal 

conditions) as compared to in vivo studies. Doses that are too small to completely inhibit 

bacterial growth may still prevent or damage the formation of a biofilm. The stronger the 

concentration of NPs, the less likely it is that a biofilm will develop (Guo et al., 2019).

It should also be noted that smaller doses are needed if smaller silver NPs are being used (Perez-

Diaz et al., 2015). 
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Table 9 displays these results.

Table 9

Dose needed in relation to size of NP for S. mutans

Size of AgNP MIC Needed Bacteria/Biofilm type
9.5 nm 4.0 ppm Streptococcus mutans

25.9 nm 8.0 ppm Streptococcus mutans

78.7 nm 16.0 ppm Streptococcus mutans

Commercial 
antibiotic oxacillin

16.0 ppm Streptococcus mutans

Note. Data collected from (Perez-Diaz et al., 2015).

Here we can see that the minimum inhibitory concentration can be greatly reduced by 

using smaller-sized NPs. In this study, smaller NPs were not only four times more effective than 

larger ones, but they were also four times more effective than the leading antibiotic that would 

typically be used. This has serious implications for toxicity. Since small NPs can be effective at a 

quarter of the dose needed for both large NPs and antibiotics, they would likely have a smaller 

toxic load on the body (Perez-Diaz et al., 2015). Table 10 displays the effective doses for 

Pseudomonas aeruginosa at various NP sizes.

Table 10

Dose needed in relation to size of NP for Pseudomonas aeruginosa

Size of AgNP MIC Needed Bacteria/Biofilm type
10 nm 1.25 to 5.0 μg/mL Pseudomonas aeruginosa

20 nm 1.25 to 5.0 μg/mL Pseudomonas aeruginosa

40 nm 2.5 to >10 μg/mL Pseudomonas aeruginosa

60 nm 5.0 to >10.0 μg/mL Pseudomonas aeruginosa

Note. Data collected from (Habash et al., 2014).
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Bacterial Resistance to Silver

The literature gives us some reason to be concerned that bacterial biofilms could 

eventually develop resistance to silver. A key study by Panacek et al. (2017) demonstrated that

this was possible. With repeated, low-dose exposure the MIC for both Escherichia coli and P.

aeruginosa was demonstrated to have increased. Table 11 below shows how the MIC increased 

with repeated exposures to silver NPs.

Table 11

The increases in MIC (mg/L) with repeated low doses of silver NPs

Note. Modified from (Panacek et al., 2017).

Here we can see that the MIC for Escherichia coli increased after just six exposures, and 

again at eight exposures. The MIC for Pseudomonas aeruginosa increased at exposures eleven 

and thirteen. This study is one of the few that demonstrates that resistance can develop after 

prolonged non-lethal exposure.

Safety of Silver Nanoparticles

The extent of the toxicity of silver NPs is determined by the characteristics of the 

individual NP being used (Duran et al., 2015). For example, nanowire-shaped silver NPs seem to 

be among the most toxic shapes (Stoehr et al., 2011). Other surface characterizations and 

dispersion rates will also affect toxicity, as well as the route of administration of the NPs (Duran 

et al., 2015). 

Dose Number
Bacteria 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Pseudomonas 
aeruginosa

3.38 - - - - - - - - - 6.75 - 54 - -

Escherichia 
coli  

3.38 - - - - 13.5 - 54 - - - - - - -
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Table 12 summarizes the main contributing factors to the toxicity of silver NPs.

Table 12

Factors that determine silver NP toxicity

Factor Study
Size of NP (Shah et al., 2019)

Surface characterization (Duran et al., 2015)

Dispersion (Duran et al., 2015)

Concentration/dose (Salomoni et al., 2017) 

Route of exposure (Bapat et al., 2018)

Time/length of exposure (Qing et al., 2018)

Release rates from coatings (Zhang et al., 2014a)

Shape of NP (Tak et al., 2015)

Location of cellular deposition (Wen et al., 2017)

Both Wen et al. (2017) and Bapat et al. (2018) reported the results of animal studies using 

rats to determine the toxicity of silver NPs. They found drastically different doses to be toxic, 

which was thought to be due to varying routes of administration (Wen et al., 2017; Bapat et al., 

2018).
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This can be seen in Table 13 below. 

Table 13

Toxic doses of silver NPs based on route of administration

Dose of AgNP Signs of Toxicity Route of 
Administration

Study

30 mg/kg NOAEL Oral (Bapat et al., 2018)

125 mg/kg Small amounts of 
liver damage,

LOAEL.

Oral (Bapat et al., 2018)

500 mg/kg Increased liver and 
kidney damage,

increased 
accumulation of silver 

in the liver and 
kidneys.

Oral (Bapat et al., 2018)

5 mg/kg Heavy breathing, 
elevated liver 

enzymes,
RBCs in urine

Intravenous (Wen et al., 2017)

Bapat et al. (2018) reported that the No Observable Adverse Effect Level (NOAEL) and 

the Lowest Observable Adverse Effect Level (LOAEL) were 30 mg/kg and 125 mg/kg, 

respectively for oral administration of silver NPs (Bapat et al., 2018). If these concentrations 

were able to be translated to humans, this means that the oral doses required to be toxic to 

humans would be quite large. Again, these effect levels would be dependent on the 

characteristics of the NPs used in the study.

Even though some serious safety concerns and unknowns remain, these concerns are not 

unique to silver NPs. Many other medical treatments, including antibiotics, have the same 

potential side effects and can be regulated by proper dosing and administration. In the same way, 
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it is likely that even with possible toxicities, silver NPs will be able to be utilized as long as the 

NP is properly engineered and dosed for the specific application (Steckiewicz & Inkielewicz-

Stepniak, 2020).

Applications for Silver Nanoparticle Administration

From the research thus far, there are several avenues for silver NP administration that 

look to be promising soon. As the research grows, there is no doubt that other applications will 

open up as well. Currently, the following applications should benefit from advancing the use of 

silver NPs.

Medical and Dental Implants

Medical and dental implants are some of the most highly researched applications for 

silver NPs. Research on silver NP coatings for implants not only explores the effectiveness of the 

silver NPs, but also other variables that affect the release rate of silver, biocompatibility, and 

toxicity to surrounding tissues (Besinis et al., 2017).  Silver has performed very well in trials thus 

far, and it is becoming apparent that the successful use of silver NPs for this application is 

dependent only on the ability to tailor the NP to the specific scenario within the body (Santos et 

al., 2014). Even the method used to generate the silver NPs may make a difference in aiding in 

biocompatibility and overall success within the body (Qing et al., 2018). The study by Besinis et 

al. (2017) is a good representative study of this. 
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The results of their research are displayed in Table 14 below.

Table 14

Results of antibacterial testing on silver-coated vs. non-coated discs 

Study Element Silver Coated Discs Non-silver Coated Discs
Adhesion value 2.5% 91.1%

P value < 0.001 > 0.05

Note. Alpha=0.05. Data gathered from Besinis et al. (2017).

Here we can see that titanium discs coated with silver NPs had an adhesion value of 2.5% 

as compared to controls. This means that bacteria were almost completely prevented from 

attaching to the surface of the disc. The uncoated discs had an adhesion value of 91.1% 

compared to controls, indicating almost no antibacterial activity at all. With a p-value of < 0.001,

all the silver-coated discs were significantly different from controls. The non-silver coated discs 

were not significantly different from the controls in terms of preventing biofilm formation.

Open Wounds

Silver solutions have traditionally been used on open wounds with good results. Silver 

NPs that are incorporated into wound dressings and other bandages look to be a promising 

application. The study by Augustine et al. (2016) found that all silver embedded membranes that 

were tested as wound dressings performed better than the non-silver controls in terms of 

antibacterial actions (Augustine et al., 2016).
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Table 15 shows that the antibacterial activity was statistically significant (Augustine et al., 2016).

Table 15

Antibacterial activity of silver-embedded membranes

Bacteria Comparison P-value
Escherichia coli  Silver vs non-silver membrane 0.0375

Staphylococcus aureus  Silver vs non-silver membrane 0.0061
Note. Alpha level=0.05. Data collected from (Augustine et al., 2016).

Research has also found that strains of MRSA decreased by 20% in a single day in 

wounds after the administration of bandages with silver NPs (Ansari et al., 2015).

Catheters and Other Medical Devices

For catheters, silver NPs have not only been effective as coatings, but by being 

incorporated throughout the entire material, giving antibacterial effects on both inner and outer 

surfaces. This is vital for indwelling devices as biofilms have been known to form blockages on 

them (Monteiro et al., 2009). The in vitro research by Zare et al. (2017) was a good 

representative study, comparing silver in combination with other coatings for catheters. They 

found that silver NPs in combination with other coatings worked better than a silver coating 

alone. Coatings that were hydrophilic performed the best (Zare et al., 2017). 



90

 

Table 16 displays these results.

Table 16

Results of antibacterial testing on silver coated silicone. 

Comparison of Coatings P-value 
Ag vs Ag-PPX-N < 0.01

Ag-PPX-N vs Ag-hydrophilic 
PPX-N

<0.001

Ag vs Ag-hydrophilic PPX-N <0.001

Note. Ag-hydrophilic PPX-N had the greatest zone of inhibition. The Ag coating had the 
smallest zone of inhibition. Alpha = 0.05. Data gathered from (Zare et al., 2017).

Drug Delivery

Pairing silver NPs with various drugs or medications may help to improve both their 

delivery and effectiveness. Silver NPs are better able to locate and penetrate target cells. Thus, 

when they are paired with other medications, those substances become more effective. Silver 

NPs also allow a drug to be effective at a much lower dose, thus reducing possible toxic side 

effects (Steckiewicz & Inkielewicz-Stepniak, 2020). This kind of pairing can even be done with 

antibiotics that otherwise would be resisted by bacteria, making the antibiotic up to 1,000 times 

more effective than it would be alone. Jyoti et al. (2016) found that antibiotic-silver treatments 

performed better than the same antibiotic alone (Jyoti et al., 2016).
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This can be seen in Table 17 through the increases in the fold areas which are calculated from the 

zones of inhibition.

Table 17

Increases in fold areas for B. cereus using silver combination treatments.

Antibiotic Antibiotic-Ag
Combination

Increase in Fold Area 

Streptomycin Streptomycin-Ag 6.1

Amikacin Amikacin-Ag 0.3

Kanamycin Kanamycin-Ag 1.7

Vancomycin Vancomycin-Ag 0.9

Tetracycline Tetracycline-Ag 2.1

Ampicillin Ampicillin-Ag 0.2

Cefepime Cefepime-Ag 0.8

Amoxicillin Amoxicillin-Ag 1.9

Cefotaxime Cefotaxime-Ag 0.4
Note. The increase in fold area is unitless and is calculated by C=B2 – A2/A2 if A is the ZOI 
(mm) for the antibiotic and B is the ZOI (mm) for the combination treatment (Jyoti et al., 2016).

Surwade et al. (2019) also notes that much smaller doses of antibiotic are required when 

paired with silver NPs (Surwade et al., 2019).

Discussion and Conclusions

General Summary

Bacterial biofilms are a growing problem in the medical community. They are 

responsible for millions of new infections and hundreds of thousands of deaths each year. Not 

only are bacterial biofilms associated with numerous diseases and their corollary damages within 
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the body, but they have created quite an economic burden on the medical community as well. 

Globally, the problem of bacterial biofilms is costing us billions of dollars each year 

(Worthington et al., 2012).  To make matters worse, traditional antibiotic treatments have 

become less and less effective against these biofilms. Bacterial resistance to antibiotics is a 

growing problem, and biofilms have additional built-in resistances to antibiotics, making them 

even more resistant than planktonic varieties (Taylor et al., 2014). This study aimed to 

investigate silver NPs as a possible solution against bacterial biofilms.

Interpretation of the Findings

Silver NPs look to be a very promising treatment in the elimination of bacterial biofilms. 

The properties of silver change from the bulk material as it is broken down to the nanoscale 

(Diez & Ras, 2011). Silver NPs have a much higher surface-area-to-volume ratio which makes 

them more effective as an antimicrobial. They are also a source of emanating silver ions which 

can be delivered directly to the target, making them more effective than treatments of silver ions 

alone (Percival et al., 2019). Silver NPs work through multiple mechanisms. For this reason, they 

are considered a broad-spectrum treatment against bacteria. Silver NPs have been found to 

induce structural changes to the biofilm. Thuptimdang et al. (2017) found that silver NPs are 

more effective against thin biofilms with high surface roughness. High surface roughness is 

associated with increased surface area, which gives the silver NPs more opportunity to interact 

with the biofilm (Thuptimdang et al., 2017). Exposure to silver NPs also causes the excess 

production of proteins which prevents biofilm adhesion and decreases stability. The effects of 

these alterations to the biofilm become more apparent with each generation of bacteria that are 

exposed to silver NPs. Biofilms continue to lose overall biomass and decrease in structural

stability with chronic exposure (Guo et al., 2019; Grun et al., 2016). Some of the other 
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mechanisms through which silver NPs function include the penetration of cell walls and 

membranes, halting cellular respiration and the production of ATP, and inhibition of DNA 

replication (Franci et al., 2015). They may also bind to various cellular structures, induce the 

production of ROS, deactivate protein synthesis, inhibit enzymes, and alter gene expression 

(Estevez et al., 2020). In addition, it is thought that silver NPs have many other mechanisms of 

action that have not yet been elucidated (Bapat et al., 2018).

There are several reasons why silver NPs may be effective against biofilms when 

antibiotics are not. Antibiotics are generally broken down into categories based on their 

mechanism of action. For example, penicillin works by inhibiting the synthesis of the cell wall 

(Hall & Mah, 2017). Just like these antibiotics, silver NPs are able to disrupt the cell wall or 

membrane. Silver NPs, however, are not limited to this single mechanism of action. They are 

considered broad-spectrum because they work through many different mechanisms 

simultaneously. This allows them to be effective against a variety of bacterial strains and their 

associated biofilms (Guo et al., 2019). 

When comparing the various mechanisms of action of antibiotics and silver NPs, the 

main difference seems to be that silver NPs can penetrate biofilms and individual bacteria more 

quickly than antibiotics. This gives the bacteria little time to mount any defenses and gives the 

many mechanisms of silver an edge once inside as compared to an antibiotic. Since antibiotics 

tend to slowly leak into a biofilm, this gives an opportunity for resistance to develop. While both 

antibiotics and silver NPs can adhere to the outer matrix of the biofilm, for the silver NP, this 

interaction seems to be what allows it to damage the structure of the biofilm. While none of the 

literature specifically states it, this quick entry into the biofilm appears to be one of the 

fundamental reasons why silver NPs are more effective than antibiotics. This is evident from the
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fact that silver NPs are much more effective against gram-negative bacteria than gram-positive 

bacteria (Qing et al., 2018). The fact that gram-negative bacteria have a thinner cell wall tells us 

that the speed of penetration of the cell wall is a vital part of the effectiveness of silver NPs.

It is clear from the research that the morphology and other surface properties of the NP 

play a huge role in determining how effective the particle will be. The surface chemistry, charge, 

size, and shape of the NP all contribute to how the particle will interact with a biofilm and its 

associated bacteria (Cavalieri et al., 2014). Every study evaluated found that smaller NPs are

stronger antimicrobials that are much more effective against biofilms than larger NPs. As the

size of the NP decreases, so does the MIC needed to be effective, indicating that smaller NPs 

may be less toxic (Perez-Diaz et al., 2015). Smaller NPs were also able to prevent the regrowth 

of biofilms after treatment, which is a great advantage over current antibiotics (Habash et 

al.,2014). NPs with shapes that have more facets, like triangular and platelet, are also more 

highly antimicrobial. This is since the surface is more likely to interact with bacterial cells 

(Franci et al., 2015). Shape affects antimicrobial properties, but more research should be done, 

comparing these shapes to create a better picture of the true hierarchical layout. Different cell 

types may also react differently and be more susceptible to certain shapes. So, it may be possible 

to customize the shape of a nanoparticle for a specific target cell with few consequences to other, 

surrounding cells (Zhang et al., 2014a). No matter the size or shape of the NP, the research 

clearly shows that a higher dose of NPs will be more effective (Franci et al., 2015).

Several other factors can alter the effectiveness of silver NPs as an antimicrobial. These 

include protein coronas and various cappings and coatings. Proteins present in the medium can 

bind to silver NPs forming coronas around the surface. The corona becomes part of the NPs

identity and can determine how the NP functions within the biological system. Protein coronas 
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can either render the NP ineffective or simply direct its function. For the best results from silver 

NPs, possible protein coronas should be characterized in each disease state in which the NP 

would be used. This would allow the NP to be best designed to form a desired protein corona 

rather than an undesired one (Duran et al., 2015). Putting cappings or coatings on silver NPs may 

help to dictate what coronas form. They also may be used to prevent clumping, stabilize the NP, 

and even enhance antimicrobial activity (Franci et al., 2015).

Silver NPs have been found to be effective against MDR strains of bacteria, particularly 

MRSA. Not only have silver NPs prevented biofilm formation in these strains, but they also 

inhibited the growth of the actual bacteria while preventing them from being able to adhere to a 

surface (Ansari et al., 2015). It may also be possible to infer from other studies on dosing, that if 

higher doses had been used against MDR strains, even stronger inhibition rates of biofilm 

formation would have been seen. This could have profound clinical implications, as 70% of 

damaging bacteria are resistant to antibiotic treatment and need to be inhibited another way 

(Penesyan et al., 2015). 

While there is some concern over the eventual development of resistance to silver NPs, 

research in this area is still in its infancy. It is well known that biofilms have developed 

resistances to other metals in general. Metals have been known to be sequestered in the matrix of 

the biofilm and removed from the cell. In initial silver research there was confusion as to 

whether resistances were developing. Early studies failed to recognize that protein binding 

rendered NPs ineffective and instead incorrectly attributed the lack of efficacy to silver 

resistance. As a result, silver resistance was not properly investigated (Percival et al., 2019). 

The fact that silver NPs work via multiple mechanisms makes it much less likely to 

develop resistance as quickly as to other treatments, such as antibiotics that work via one 
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mechanism only. Some studies, however, have shown that chronic low-dose exposure will 

eventually increase the MIC. This would appear to be a legitimate resistance. It should also be 

noted that there have not been any reports of resistance to silver NPs from MDR strains (Franci

et al., 2015). 

There is still much to be learned about the safety of silver NPs. Although other forms of 

silver have traditionally been used for various ailments, this does not necessarily mean we can 

extrapolate the results to the NP form (Gonzalez et al., 2015). It is thought that silver NPs would 

cause toxicity through the same mechanisms that it uses against bacteria, and human cells have 

built-in defenses against many of these mechanisms (Wilkinson et al., 2011).  Bacterial DNA is 

contained in the cytoplasm of the cell which is easily targeted by silver NPs. Human cells, 

however, hold DNA within the confines of the nucleus which acts as a protective barrier against 

silver (Percival et al., 2019). Thus, the toxicity to bacterial cells should be much higher than

human cells. It has also been determined that higher doses of silver NPs are more toxic to both 

bacteria and humans. The doses needed to be toxic in vivo, however, have been much larger than 

what is needed to kill bacteria (Wen et al., 2017). This leads researchers to believe that it should 

be possible to find doses of silver NPs that are both deadly to bacteria and yet safe for human 

cells. Still, the possibility remains that silver NPs could accumulate within the body and 

eventually result in toxicity (Duran et al., 2015). Most safety data thus far is considered 

rudimentary, as it is based primarily on in vitro studies. More research is needed in vivo before 

human trials can take off (Markowska et al., 2013). From the small amount of in vivo research to 

date, it appears that silver NPs may be able to accumulate in certain organs like the liver and 

kidneys, causing damage. This damage has been shown to be reversible, however, and doses 

required for toxicity are estimated to be quite large (Bapat et al., 2018; Wen et al., 2017). 
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Currently, there are more unknowns than knowns pertaining to the safety of silver NPs 

(Wilkinson et al., 2011).

There are several applications for silver NP administration that look to be promising. In 

the forefront are silver NP coatings for medical implants, dental implants, and other medical 

devices such as catheters. Not only have silver NPs done a good job at preventing biofilm 

infections from forming on these devices, but they also seem to do well in terms of 

biocompatibility (Besinis et al., 2017). One challenge to the research in this area is that studies 

often combine antibacterial testing with biocompatibility testing. Thus, it is possible that they are 

confounding their results by introducing too many variables at the same time. Even still, 

preliminary testing has been successful in this area, with both the promotion of biocompatibility 

and prevention of biofilm formation (Zare et al., 2017). Bandages that are embedded with silver 

NPs are also looking to be beneficial in the prevention of open wound infections (Ansari et al., 

2015). In addition, pairing silver NPs with antibiotics or other drugs to aid in their delivery and 

effectiveness against infections may be a future possibility as well (Steckiewicz & Inkielewicz-

Stepniak, 2020). Jyoti et al. (2016) found that every single antibiotic-silver combination 

treatment performed better than the same antibiotic treatment alone. They also found that silver 

combination treatments allowed for smaller doses of antibiotics to be used. This may help to 

decrease the toxicity and side effects associated with antibiotics (Jyoti et al., 2016). More 

research is needed before it is known if silver NPs will be practical for applications such as gut 

biofilms and infectious diseases (Domingo et al., 2019; Franci et al., 2015). 
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Problems with the Current Research

There are several challenges and problems with the research currently being done on the 

effectiveness of silver NPs against bacterial biofilms. Silver research is not standardized. Factors 

such as distribution of the silver, the release rates of silver, implant or device surface properties, 

size and shape of NPs, varying in vitro environments and medias, and differing pHs, can affect 

outcome (Percival et al., 2019).  Variation in the results of studies may be due to differences in 

surface and chemical properties of the NPs used. In addition, NPs can be stabilized with various 

cappings and coatings, adding even more confounding variables to the research (Markowska et 

al., 2013). 

There are also gaps in the research pertaining to the actual biofilms being tested. Most of

the silver research that is currently being done is on biofilms that are made up of monocultures 

(Annous et al., 2009). Most biofilms in vivo are polycultures. This could have practical 

implications on the true effectiveness of silver NPs. There is a need to test silver against varying 

models of biofilms in vitro before in vivo research takes off. Even the stage of development that 

a biofilm is in can determine the efficacy of silver or other treatments. Proper categorization of 

biofilm development stages needs to be improved for research. Biofilm terminology differs from 

in vitro research to clinical practice. In vitro research classifies a biofilm as mature after only 24 

hours of growth and development. Clinically, lengths of time have not been ascribed to mature 

vs immature biofilms. In addition, much of the research is sponsored by companies looking to 

use it for their industry, which introduces a clear bias (Percival et al., 2019).

Most studies that look at toxicity dose are in vitro because this helps to decrease both the 

time and cost of the studies. It is also considered more ethical at this early stage in the research 

(Wilkinson et al., 2011). It is well understood, however, that in vitro experiments have different 



99

 

microenvironments than in vivo research (Rabin et al., 2015). Thus, the relevance of these studies 

has yet to be determined. Many observed toxicities from the research occur only at high doses, 

and it is unclear if practical applications would even require treatments to reach such a dose. 

There is also a difference between the dose given in vitro and how much would reach the target 

cells in vivo. This makes toxicity hard to determine. Silver NPs can also vary in surface reactivity 

(especially in comparison to larger silver) which makes it hard to predict how it will interact with 

a person’s metabolism. (Wilkinson et al., 2011).

In vitro research tends to be done under optimal conditions in the absence of proteins that 

form coronas. This can give the illusion that the ions are stronger and more effective than they 

really would be clinically, as the medium that the NPs are in is what determines how available 

the ions will be. This is not a very realistic set-up and lowers the external validity of many 

studies (Grun et al., 2016). Lastly, most research focuses on determining how effective the NP is 

as an antimicrobial, but how those NP are made and assembled are just as important. If the NP 

can be tailored to fit the specific use, application, or mode of administration, it will be much 

more effective (Cavalieri et al., 2014).

Future Research Directions

Research on silver NPs needs to become more standardized. Since we know that 

outcomes highly depend on varying environments, it would be greatly beneficial to have a base 

of silver NP research that was done under the same conditions using standardized factors

(Percival et al., 2019).  In addition, there needs to be a greater effort to simulate in vivo

conditions in in vitro testing. For example, all in vivo testing conditions will involve proteins in 

the environment that have the potential to deactivate silver ions or to form protein coronas. 

In vitro conditions should be designed to match these scenarios to get results that are more 
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accurate and have greater external validity (Grun et al., 2016).  This will help in getting more 

accurate dosing information as well as proper data for toxicity and safety. Protein compositions 

of individual disease states should also be profiled to emulate in the lab, as we know that these 

varying conditions have implications for efficacy (Duran et al., 2015).

Research in this area would also greatly benefit from the systematic study of various 

methods for making silver NPs. The methods used to generate NPs can have a great effect on the 

surface properties and characteristics of the NP (Cavalieri et al., 2014). By studying and 

standardizing methods for making silver NPs with particular characteristics, further research 

could be streamlined.

Lastly, research needs to become more standardized and realistic in terms of the actual 

biofilms being tested. Polyculture biofilms need to become part of best practices in in vitro

research, as monoculture biofilms are rarely seen clinically. Various biofilm models should be 

profiled under conditions that are like what is seen in vivo (Annous et al., 2009). In addition, the 

terminology for the stages of biofilm development and maturity needs to be standardized across 

both research and clinical applications (Percival et al., 2019). This will prevent confusion and 

misapplications as the research progresses. 

Significance of the Study

 The significance of this study is two-fold. First, this literature review has determined that 

silver NPs are a promising treatment for bacterial biofilms, which could prove to have beneficial 

clinical impacts in the future. Secondly, this literature review has identified several points of 

weakness within current research on silver NPs. This information can now be used to guide 

research as it continues in the future. This will ensure a more standardized and reliable base of in

vitro research before major clinical trials begin.
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Limitations

The main limitation of this literature review is that it did not include any human or 

clinical trials. This is because the research on silver NPs has not advanced to this stage yet. 

Although the author is aware of several clinical trials currently taking place on silver-embedded 

dressings for wound applications, those studies are still in progress and will not be completed by 

the time of publication. Since this research was based mostly on in vitro studies, the external 

validity of the findings would be low.

Delimitations

 The main delimitation of this study is common to many literature reviews. Although a 

thorough database search was performed, there was no attempt made at collecting unpublished 

data. It is possible that other research was performed and not published because the findings 

were either not significant or did not have the desired outcome. Therefore, by not searching for 

such data, the possibility of publication bias exists. There was also no attempt to collect research 

published in other languages. Again, this could inherently bias the study, based on the pool of 

research that was used to collect articles. This decision was made based on the plethora of 

research that was already available. 

The topic of this study was selected because it was of interest to the author. Through the 

process of answering the research questions of whether silver NPs are a good treatment for 

bacterial biofilms, several holes in the current research were identified. As the author could 

pursue original research in this field based on the findings of the literature review, it is hoped that 

the knowledge gained will help to improve the standards of research used in this area. 
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Suggestions for Future Research

 The following suggestions for future research would ensure standardization and greater 

external validity of results: (a) profiling of the size, shape, and surface characteristics for silver 

NPs produced through chemical methods of synthesis using each of the following reducing 

agents: sodium borohydride, ascorbate, and citrate, (b) test silver NPs in solutions that contain a 

standard measurement of proteins such as an R2A medium which contains 0.05% each of 

proteose peptones, casamino acids, and yeast extract, (c) test silver NPs against polyculture 

biofilms that have been collected from in vivo sources, and (d) perform in vivo animal testing to 

determine toxic doses for each route of exposure.

Conclusions

The main take-away from the research is that silver NPs are not a one-size-fits-all 

treatment. There is no question about the antibacterial properties of silver NPs, but what will 

allow these NPs to be used practically and effectively will be the ability to tailor the silver NP to 

each specific application. The size, shape, and surface properties will have to be customized for 

each type of bacteria as well as each disease state in the body (Duran et al., 2015). Since we 

know that it is possible to engineer silver NPs for a desired function, research should be focused 

in this direction (Santos et al., 2014). Instead of only testing silver NPs to see how antimicrobial 

they are, research should begin to focus on how to design and assemble NPs for the anticipated 

purpose (Cavalieri et al., 2014). Silver NP research will remain a primary contender in 

developing a treatment against hard-to-treat bacterial biofilms.
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