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Abstract 

Leveraging Nanomaterial Design for Next Generation Antimicrobials 

 

Lisa M. Stabryla, Ph.D. 

 

University of Pittsburgh, 2021 

 

 

 

 

Silver nanoparticles (AgNPs) are promising alternatives to conventional antimicrobials due 

to their efficacy against a wide spectrum of bacteria. However, the mechanism of the particle 

contributions (distinct from their released Ag(I) ions) to microbial inactivation is not fully resolved 

and is needed to enable a priori design for maximizing antimicrobial activity. This dissertation 

demonstrates an ability to rationally design AgNPs by manipulating their morphology and 

establishing relationships that correlate material properties to their biological response and 

underlying mechanisms imparting antimicrobial activity. 

A systematic literature review that critically analyzes conclusions about ion and NP 

contributions is conducted as an initial step to evaluate the potential impact of the particle in AgNP 

design. Results indicate that NP-specific effects exist and act in concert with and/or independently 

from solubilized Ag(I) ions, suggesting that more efficacious antimicrobials can be obtained 

through NP design. Next, the unintended consequence of resistance in E. coli repeatedly exposed 

to sublethal AgNPs concentrations is explored using an experimental evolution approach. 

Resistance evolves in response to AgNPs but not to Ag(I) ions alone, indicating a specific 

resistance to AgNPs. Selective emergence of AgNP resistance based on bacterial motility is also 

found, suggesting that the mechanism of resistance may be mediated by flagella. The results are 

promising for considering motility as a predictor of AgNP resistance and could inform design of 

nano-enabled antimicrobials that target non-motile bacteria. Finally, the influence of AgNP shape 

on antimicrobial activity is further explored as no consensus has been reached regarding the 
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differential influence of shape on antimicrobial activity and further, the mechanism(s) underlying 

the differential impact. To avoid material and experimental variables confounding the resolution 

of shape, antimicrobial activity is evaluated with a systematically prepared and comprehensively 

characterized material suite of AgNP shapes with well-controlled physicochemical properties, 

including pseudo-spheres, cubes, and discs. Differential antimicrobial activity arises from the 

AgNP shapes, which is hypothesized to arise from differences in NP characteristics (e.g., surface 

reactivity, crystal facet). 

Collectively, the research in this dissertation enables progress beyond the current disparate 

findings in the literature and supports the use of nanoparticle design to control antimicrobial 

activity and resistance outcomes.  
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1.0 Dissertation Introduction  

1.1 Motivation  

1.1.1 Antimicrobial Usage  

Antimicrobial agents are ubiquitous in many high value industries, including healthcare 

(e.g., medical device coatings, disinfectants), food and agriculture (e.g., food preparation surfaces), 

and drinking water treatment and distribution (e.g., chlorination, copper-silver ionization) with the 

aim of pathogen inactivation, infection prevention, and biofilm control.[1-3] Antimicrobial 

coatings in particular comprise a billion-dollar industry, with the global market having reached 

$3.3 billion in 2020 and projecting to grow to $5.6 billion by 2025.[4] Silver-based antimicrobial 

coatings specifically are projected to lead this market, particularly due to their high efficacy, low 

toxicity to humans, long-lasting performance, and high thermal stability as compared to copper, 

titanium dioxide, and zinc-based formulations.[4] The increase in demand for antimicrobial 

coatings can be attributed to the growing desire for infectious disease control, particularly from 

the medical and healthcare sector and government initiatives to prevent the spread of hospital-

acquired infections.[4] At healthcare facilities, hospital-acquired infections are the leading cause 

of mortality and morbidity, affecting 1.7 million patients and causing 100,000 deaths in the US 

each year.[4] These infections often arise from the use of medical devices during treatment 

procedures as they are a breeding ground for bacteria and are difficult to disinfect with 

conventional antimicrobials.[4] Increased awareness about safety and hygiene, more stringent 

regulations for infection-control procedures and practices in the workplace, and their increasing 
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adoption in other industrial applications have also been driving factors, along with the COVID-19 

pandemic, the rise of antibiotic resistant bacteria, and the growing population.[4] 

A recent BCC market report [5] provides insight into another similar industry. Antiseptics 

(applied to the body) and disinfectants (applied to non-living surfaces such as countertops and 

handrails) also comprise a billion-dollar industry, with the global market having reached $7.1 

billion in 2017 and projected to increase to $9.1 billion in 2022.[5] Revenue in North America 

alone was nearly $3 billion in 2017.[5] Of this, healthcare was the largest sector of spending, with 

$1.2 billion spent on antiseptics and disinfectants, while another $1.0 billion was directed to 

industrial and commercial use, in settings such as food services and food-processing units, 

restaurants, restrooms, and several others.[5] Phenolic antiseptics and disinfectants consume the 

largest global market share at $1.5 billion in revenue (Figure 1.1), followed by quaternary 

ammonium ($1.4 billion), oxidizing agents ($1.3 billion), and alcohol ($1.1 billion).[5] However, 

with the recent FDA ban on phenolic compounds from consumer products (e.g., triclosan), their 

market in North America is declining as manufacturers are withdrawing or reformulating their 

products.[5] In comparison, the silver-based antiseptics and disinfectants market was $63 million 

in 2017 and is projected to surpass $112 million in 2022.[5] This is the highest growth rate due to 

expanded use in wide ranging fields, including textiles, medical-devices, and personal-care 

products, as well as the launch of several innovative silver-based technologies: (i) Microban 

Internationalôs SilverShield technology that inhibits microbial growth on product surfaces, (ii) 

Rudolf GmbHôs Silverplus technology that controls odor-causing bacteria in textiles, and (iii) PPG 

Industriesô PPG SILVERSAN antibacterial powder coating, to name a few.[4, 5] Silver-based 

disinfectants are increasing rapidly in the food industry too. For example, Chipotle Mexican Grill 

adopted PURE Bioscience Incôs Silver Dihydrogen Citrate (SDC) antimicrobial technology as a 
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food-contact surface sanitizer and disinfectant to prevent food-borne illness outbreaks caused by 

Salmonella, E. coli, and Listeria.[5] Silver-based antimicrobial additives are incorporated into 

products during the manufacturing stage and can exist as various forms such as salts, zeolites, and 

nanoparticles. They can be incorporated into a wide range of product types, including medical 

equipment (e.g., urinary and intravenous catheters, wound dressings, bandages), food-contact 

surfaces, textiles, and others.  

a                                                     b 

   

 

 

 

 

Figure 1.1 Global antiseptics and disinfectants by type, in a) USD and b) %. Reprinted from BCC Research 

with permission.[5]  

1.1.2 Antimicrobial Resistance (AMR) as a Global Public Health Challenge 

A major challenge associated with the use of antimicrobial coatings, antiseptics, and 

disinfectants is the development of resistance in the target microorganism, i.e., the ability to 

withstand the toxic effects of chemicals, thereby decreasing the antimicrobialôs efficacy over time 

and leading to the emergence of bacteria called ósuperbugsô. Antimicrobial resistance (AMR) 

poses a serious threat to global public health[6] as the number of resistant bacteria strains increase 

and challenges our ability to adequately treat diseases (Figure 1.2A).[7, 8] Six nosocomial 

pathogens in particular have been identified as priority pathogens by the World Health 
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Organization (WHO) as they exhibit multidrug resistance and virulence and are referred to as the 

ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species).[9] The Center for 

Disease Control and Prevention (CDC) estimate that, in the United States alone, at least 2.8 million 

illnesses and 35,000 deaths are attributed to AMR infections annually, with $20-35 billion in 

healthcare expenses and productivity losses.[8] This problem is exacerbated by the fact that there 

is a diminishing number of antimicrobial agents being approved by the FDA (Figure 1.2B).[7, 10] 

Drug development has not kept pace with the development of antibiotic resistance,[11, 12] which 

is in part due to the significant investment (i.e., $800 million-$1.7 billion) required to bring a drug 

to market.[7]  

a                                           b 

         

 

 

 

Figure 1.2. Factors exacerbating antimicrobial resistance. a) Increase in resistance rates for three bacteria 

identified as serious public health threats. MRSA = methicillin-resistant Staphylococcus aureus. VRE = 

vancomycin-resistant enterococci. FQRP = fluoroquinolone-resistant Pseudomonas aeruginosa. Source: IDSA 

and CDC.[7, 8]  b) Historic trend of FDA approved antimicrobial agents. Source: IDSA and CDC.[7, 8] 

 

Furthermore, antimicrobials are increasingly being regulated due to toxicity concerns 

(arising from both the parent compound and potentially more toxic by-products), receiving 

requests for more data collection (e.g., benzethonium chloride), or have been banned altogether 

from some personal care products (e.g., triclosan) (Table 1.1).[13-20] Similar concerns for 
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resistance arise in drinking water, where chlorine is often used as a disinfectant and a number of 

microorganisms such as Sphingomonas, Giardia, Cryptosporidium, and Legionella pneumophila 

have been reported to possess resistance to chlorine.[21-24] 

Silver nanoparticles (AgNPs) and other ionizing engineered nanomaterials (ENMs) are 

increasingly being developed and proposed as promising alternatives to conventional 

antimicrobials due to their high efficacy in a wide spectrum of multi-drug resistant bacteria,[25, 

26] multiple modes of bacterial inactivation,[27] and ability to manipulate nanoparticle 

parameters, namely size, shape, and surface chemistry, to influence the magnitude and 

mechanisms of antimicrobial activity.[27] Since AgNPs deliver multiple mechanisms of 

inactivation to the cell, it is thought that it will be difficult for microorganisms to evolve resistance 

towards them and thus they are being projected as a solution to the growing AMR crisis.[27] 
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Table 1.1 Summary of existing antimicrobial agents. [13-20]

 

1.1.3 History of Silver as Antimicrobial Agents 

Bulk silver, and arguably nanoparticulate silver (AgNPs), are among the oldest 

antimicrobial agents.[1, 28, 29] In ancient times, roughly 7,000 years ago, silver was used to line 

vessels and silver coins were added to containers of water or milk were used to preserve rations 

during military conflicts.[1, 30, 31] Silver was also instrumental during this time to treat ulcers and 

aid in wound healing.[25, 30, 31] Today, AgNPs comprise a billion-dollar industry, which includes 

more than just antimicrobial applications (Figure 1.3), with the global market being valued at $1.8 

billion in 2019.[32] It is projected to reach $4.1 billion by 2027 particularly due to the rise in 
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demand for antimicrobial applications, disinfectants, and pharmaceuticals and decline in 

traditional antimicrobials due to toxicity and resistance concerns.[32] They are employed in 

numerous industries including healthcare, textiles, electronics, food and beverages, 

pharmaceuticals, cosmetics and personal care, water treatment, and others due to their 

antimicrobial properties. Additionally, around 360ï450 tons of AgNPs are produced globally per 

year.[33] 

 

Figure 1.3. Silver nanoparticles market by application. UNAVAILABLE DUE TO COPYRIGHT .a) globally 

(%) in 2014 and b) projected in North America (USD million) in 2012-2022.[34]Bacterial Inactivation 

Mechanisms of Silver (Ion versus Nanoparticle Effects) 

1.1.4.1 Silver Ion Effects 

The antimicrobial mechanisms of bulk silver are attributed to the release of Ag(I) ions and 

their interactions with various aspects of the microbe.[19, 27, 35] For example, Ag(I) ions can 

interact with sulfhydryl groups on the cell surface, where the subsequent formation of thiol-silver 

bonds block respiration and electron transfer, leading to the collapse of the proton motive force, 

the de-energizing of the membrane, and eventually cell death.[1] The ionic radius of a Ag(I) ion is 

also sufficiently small (0.115 nm) to travel through transmembrane proteins such as porins (30ï50 

kDa; pore size, 1ï3 nm).[27, 36, 37] Once inside the cell, Ag(I) ions may react with thiol functional 

groups in proteins and nucleic acids, interfering with DNA replication and deactivating many 

enzymatic functions.[1] Ag(I) ions also increase the level of reactive oxygen species (ROS) inside 
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the cell because thiol-containing anti-oxidative enzymes are deactivated by silver, thus 

exacerbating the damage done to proteins, lipids, and nucleic acids.[1] 

1.1.4.2 AgNP Effects  

The mechanisms of antimicrobial activity for AgNPs have been widely studied, and many 

researchers largely attribute this activity to the release of Ag(I) ions via oxidation and dissolution 

of the AgNP surface atoms.[27, 30, 35] Compared to their macroscale counterparts, AgNPs exhibit 

enhanced ion release per unit mass mainly due to an increased surface area to volume ratio. 

However, it has also been established that Ag ion exposure alone does not elicit the same bacterial 

response as exposure to AgNPs,[19, 38] which suggests that the observed antimicrobial activity is 

induced not only by solubilized ions but also by the ENM itself.  

Thus, the contribution of the particle and ion remains an open question in AgNP systems as there 

is no general consensus in the AgNP toxicity literature (Table 1.2). Several studies only compare 

endpoint toxicity between the two silver forms (Table 1.2) rather than attempting to isolate the 

major contributor of toxicity in the AgNP system, which is challenging due to multiple inactivation 

modes (e.g., physical mechanisms such as membrane disruption and chemical mechanisms such 

as ROS generation) that are likely occurring simultaneously. Furthermore, the use of different 

microorganisms, exposure media, and particle parameters across studies unintentionally creates 

different AgNP systems and thus leads to varying conclusions (Table 1.2). Additionally, many 

studies do not make appropriate comparisons between the two silver forms, i.e., Ag(I) ion controls 

are often not scaled to the quantities of bioavailable Ag released from the AgNPs (Table 1.2). 
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Table 1.2 Literature of silver nanoparticle toxicity and driving contributions.  

NP size NP ligand NP shape Biological model Exposure media 

Appropriate 

comparison 

between silver 

forms 

Identified effects 

and/or relative toxicity  

between silver forms 

Refs 

Various Various Spherical E. coli Hard water In some cases yes 
Ion > NP, 

Particle effects 
[39] 

83-100 nm -- 
Wires, 

spherical 
E. coli Water Yes 

Ion > NP, 

Ion effects 
[40] 

15 nm PVA Spherical Nitrifying bacteria 
Inorganic 

medium 
No NP > Ion [41] 

15-21 nm PVA Spherical E. coli Nutrient broth Yes Ion > NP [42] 

2 nm -- Spherical E. coli Luria-Bertani No Ion > NP  [43] 

8 nm, 29 nm PVP Spherical 
Several gram+ and 

gram- 

Mueller-Hinton, 

Luria-Bertani 
In some cases yes 

Ion > NP, 

Particle effects 
[44] 

25-50 nm -- Cubic 
Several gram+ and 

gram- 
Mueller-Hinton No Particle effects [26] 

25 nm Various Spherical Candida spp Mueller-Hinton No Ion å NP [45] 

11 nm Citrate Spherical Shewanella oneidensis  Ferric citrate Yes Ion effects [46] 

52 nm -- 
Mainly 

spherical 
E. coli 

Luria-Bertani, DI 

water 
Yes Ion effects [47] 

35 nm Carbon Spherical Activated sludge 
Mixed liquor 

suspended solids 
Yes NP > Ion, Particle effects [48] 

20 nm Citrate -- 
Nitrosomonas 

europaea 
DFR media No 

Ion > NP, 

Ion effects 
[49] 

21-27 nm 
Citrate, gum 

Arabic, PVP 
Spherical 

Nitrosomonas 

europaea 
AOB medium In some cases yes Ion effects [50] 

20 nm, 80 nm 
Phosphate 

monolayer 
Spherical 

Nitrosomonas 

europaea 
HEPES buffer Yes Ion effects [51] 

7 nm 

Cysteine and 

glutathione 

 

Spherical S. aureus, E. coli 
ISB, Dulbeccoôs 

PBS 
Yes 

Ion å NP E. coli 

Ion > NP S. aureus, 

Particle effects 

[52] 

35 nm Various Spherical Pseudomonas putida Various Yes 
Ion > NP, 

Particle effects 
[53] 

9 nm Various Spherical E. coli Various No NP > Ion [54] 

Various PVP 
Cubes, wires, 

spheres 

Several gram+ and 

gram- 
Luria-Bertani No 

Ion > NP, 

Ion effects 
[55] 
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Table 1.2 (continued) 

<10 nm -- -- Pseudomonas putida 
Mineral salt 

media 
Yes Ion effects [56] 

50-100 nm -- Spherical Pseudomonas putida Phosphate buffer In most cases yes Particle effects [57] 

16-20 nm, 50-

30 nm 
PVP Spherical 

Human lung carcinoma 

epithelial-like cell line 
DMEM No Particle effects [58] 

40 nm -- Spherical 
Pseudomonas 

aeruginosa 
GLYM9 No Particle effects [59] 

Various Various Spherical C. elegans 
EPA water, K+ 

medium 
No Particle effects [60] 

Various 
Phosphate 

monolayer 
Spherical E. coli PBS Yes 

Ion > NP, 

Ion effects 
[61] 

6 nm -- Spherical 
Natural community of 

aquatic microorganisms 
Pond water No Ion effects [62] 

5-10 nm -- -- 
S. aureus (MSSA, 

MRSA) 

Mueller-Hinton, 

Luria-Bertani 
No Inconclusive [63] 

Various Various Spherical E. coli Luria-Bertani In most cases yes Particle effects [38] 

35 nm 
Amorphous 

carbon 
Spherical E. coli 

Sodium 

bicarbonate 

buffer 

Yes Ion effects [64] 

Various PEG, PVP Spherical E. coli 

Sodium 

bicarbonate 

buffer 

Yes Ion effects [35] 

Various -- Spherical Vibrio fisheri 2% NaCl Yes Particle effects [65] 

24 nm PEGSH Spherical E. coli 
 Mueller-Hinton, 

Luria-Bertani 
Yes Particle effects [66] 

6 nm Various Spherical E. coli, S. aureus 
Luria-Bertani, 

Tryptic soy agar 
Yes Ion effects [67] 

45 nm Citrate 
Mainly 

spherical 
B. subtilis, E. coli Luria-Bertani Yes Particle effects [68] 

7 nm Starch Spherical Nitrifying sludge 
Synthetic 

wastewater 
Yes Ion effects [69] 

70 nm PVP Spherical E. coli, S. aureus 

Luria-Bertani, 

Roswell park 

Memorial 

Institute medium 

Yes Ion effects [70] 
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Nanoparticle parameters, namely size, shape, and surface chemistry, define the 

nanoparticle and can control particle and ion effects by inducing various physical and chemical 

mechanisms of inactivation, although these remain to be precisely elucidated. Nanoparticle size 

has been shown to influence antimicrobial activity, with smaller particles (i.e., particles having a 

diameter <10 nm) inducing greater antimicrobial activity.[27, 71-73] This is often related to the 

increase in ion release occurring with decreasing nanoparticle size.[27, 71-73] Nanoparticle shape 

most notably changes the crystal facets present on the particle, which can influence both the 

physical interaction with the cell as well as ion release through differential reactivity between the 

exposed surface facets and oxygen.[1, 73, 74] Finally, surface chemistry can influence dissolution 

via capping ligands (i.e., molecules providing stability to the AgNPs) and insoluble passivation 

layers.[39, 50, 75-79] The capping ligand is known to influence AgNP antimicrobial activity 

through regulation of ion release,[79, 80] with the potential for some ligands to chelate released 

ions and drive more dissolution (i.e., Le Chatelierôs principle), while other ligands can enhance or 

reduce ion release by exposing more or less nanoparticle surface and making it available for 

interaction with oxygen.[79, 80] In addition to influencing chemical behavior, surface chemistry 

has also been shown to impact physical behavior (e.g., aggregation, affinity for the bacterial 

cell),[79, 81] which can further influence AgNP antimicrobial activity.[38, 75] For example, there 

is large agreement around positively charged nanoparticles inducing greater antimicrobial activity 

as they have high affinity for the negatively-charged bacterial cell.[38, 39, 75] The surrounding 

media chemistry can also influence ion release and particle behavior.[66] The above examples for 

all three nanoparticle parameters suggest that while differential microbial responses can be a result 

of varying ionization among different nanoparticle formulations, antimicrobial activity attributed 

to the physical mechanisms associated with the nanoparticle parameters remains unknown. Thus, 
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the precise mechanisms of AgNP action remain unresolved, particularly the dynamic contributions 

of the nanoparticle and ion.[27] 

1.1.5 Mechanisms of Antimicrobial Resistance 

1.1.5.1 Resistance to Antibiotics and Conventional Chemical Antimicrobials  

The mechanism of action for antibiotics and conventional chemical antimicrobials 

typically involves targeting one specific aspect of bacterial physiology and biochemistry during 

the growth process of a cell (e.g., the bacterial cell wall, the cell membrane, lipid synthesis, protein 

synthesis, DNA and RNA synthesis, and folic acid metabolism) (Figure 1.4).[82] Resistance in a 

cell builds in response to that one specific target. It can arise specifically from efflux and changes 

in membrane permeability (eliminating the antimicrobial agent via protein pumps), enzymatic 

inactivation or degradation (modification of the antimicrobial agent by enzymes to eliminate the 

functional characteristics that enable them to interact with their targets), target modification 

(alteration and mutation of the targets themselves or production of enzymes that modify the 

targets), and immunity (the act of binding proteins to the antimicrobial or its target to prevent the 

binding of the antimicrobial to its target) (Figure 1.4).[82] Some defenses, such as the cell 

membrane and efflux pumps, are inherent to particular organisms and is referred to as intrinsic 

resistance.[83] Other times, these defenses are acquired from other bacteria via the integration of 

released, free-floating genetic material (e.g., horizontal gene transfer, plasmids, transposons), 

which permits intraspecies and even interspecies transfer to occur even without exposure to the 

antimicrobial.[83] Finally, adaptive resistance, a third category of defenses, is developed under 

pressure of an antimicrobial, involves alterations in gene and/or protein expression, and is being 
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repeatedly correlated with multidrug resistance, i.e., repeated exposure to one drug elicits 

resistance to another drug.[83] This type of resistance can only be passed on to progeny.[84]  

 

Figure 1.4. Antibiotic targets and resistance mechanisms related to cell physiology.Modified from Wright  2010 

under the Creative Commons CC BY 2.0 attribution license.[82] 

 

1.1.5.2 Ag and AgNP Resistance 

There are numerous reports on bacterial resistance to ionic silver, several of which have 

isolated silver-resistant strains of Acinetobacter baumanni, Escherichia coli, Klebsiella 

pneumoniae, Pseudomonas aeruginosa, Pseudomonas stutzeri, and multiple Salmonella species 

from silver-rich clinical (e.g., hospital burn wards) and environmental (e.g., silver mines) 

settings.[1, 31, 85-99] These resistant strains detoxify Ag(I) ions through reduction to a less toxic 

oxidative state (e.g., Ag(I) to Ag(0)) or by eliminating the threat of Ag(I) ions altogether through 

active efflux of Ag(I) ions from the cell by efflux pumps.[87-89, 91, 100-103] In some strains such 

as P. stutzeri, silver resistance is conferred via a plasmid.[1, 27, 87, 88] However, silver resistance 

genes are not commonly found on enterobacterial (e.g., E. coli) plasmids, but rather are acquired 
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through a de novo mutation in the chromosome.[88] Silver ion resistance is specifically associated 

with the sil operon,[1, 87] and contains two periplasmic metal-binding chaperone proteins SilE 

and SilF as well as two efflux pumps - a P-type ATPase SilP and antiporter SilCBA.[87] Since 

silver is not an essential metal, bacteria likely do not have an innate mechanism to eliminate Ag(I) 

ions.[31, 84, 104] Therefore, this system of resistance genes may have stemmed from an 

established copper resistance system (involving multicopper oxidase cueO and transport ATPase 

copA).[104-106] An additional proposed mechanism emerged from studying silver-resistant E. 

coli mutants, which were found to have cell membranes deficient in outer membrane porins, 

thereby decreasing silver uptake.[89, 101]  

Unlike the established resistance mechanisms for Ag(I) ions, the potential for bacteria to 

develop resistance to AgNPs emerged in the past 10 years,[100, 107-111] with the potential to be 

exacerbated because of widespread AgNP use in many commercially available products.[29, 82, 

108] Unlike intrinsic or acquired resistance commonly seen with antibiotics, adaptive resistance 

that is developed under an antimicrobial pressure may be most relevant to AgNPs, as their 

widespread use can facilitate prolonged microorganism exposure to sublethal concentrations of 

bioavailable silver. The studies that show emergence of bacterial resistance to AgNPs conclude an 

ion elimination mechanism.[107, 109] One study specifically found that Bacillus subtilis has a 

natural ability to adapt to cellular oxidative stress induced by the release of Ag(I) ions upon 

prolonged exposure to AgNPs.[109] Another study found a plasmidic silver resistance determinant 

(i.e., SilB) upon exposure to AgNPs in S. senftenberg, similar to what has been found for Ag(I) 

ions.[100] Genomic or chromosomal mutations have also been suggested.[100, 107, 109] For 

example, Graves et al. identified small mutations in four genes: cusS related to intracellular copper 

ion concentrations, purL related to nucleotide synthesis, rpoB related to RNA polymerase, and 
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ompR related to the production of an outer membrane protein that plays a role in regulating 

responses to Ag(I) ion resistance.[107] However, Panacek et al. proposed an alternate resistance 

mechanism that does not involve a genetic mutation.[111] Rather, they show bacterial resistance 

towards AgNPs emerges from particle aggregation induced by the cellôs secretion of flagellin (the 

principal protein component of bacterial flagella).[111] The flagellin is postulated to reduce AgNP 

colloidal stability, causing aggregation and decreasing the particle surface area, which 

subsequently reduces AgNP bioavailability and likely suppresses the surface reactions that cause 

antimicrobial effects.[111] Despite these advancements in understanding AgNP resistance 

mechanisms, it is still a nascent area and there remains substantial opportunity and need to identify 

the precise, underlying resistance mechanisms that develop in response to ion- and particle-driven 

effects (whether chemical or physical), particularly as we strive to use these materials to combat, 

rather than contribute, to the AMR crisis. The current lack of mechanistic resolution around AgNP 

resistance could become a barrier to the success of their use, i.e., they will not be used in a way 

that does not spur resistance. 

 

1.1.5.3 General Notes about Evolution of Resistance  

Both the level of resistance and the mechanisms that occur are dependent on the duration 

and concentration of the antimicrobial exposure.[83, 112] Fast, transient mechanisms occur over 

short timescales and involve rapid, small phenotypic and epigenetic changes (e.g., DNA 

methylation, elevated rates of point mutations), which are less stable.[83] On the other hand, slow, 

more stable mechanisms occur over longer timescales and are imparted by a series of genetic or 

chromosomal mutations to confer a permanent form of resistance.[83] The standard timeframe for 

observing resistance development is 20 serial passages of repeated antimicrobial exposure,[83, 
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111, 113-115] which is considered a long evolutionary path that can lead to the appearance of 

recurrent and sequential mutations promoting a permanent resistance response.[83] 

1.1.6 Nanoparticle Shape as a Design Handle 

There is a growing demand for the development of design criteria to maximize the 

functional performance of AgNP-enabled products and thus current research is aimed at 

understanding the role that nanoparticle parameters (i.e., size, shape, and surface chemistry) play 

in the magnitude and mechanisms of antimicrobial activity. Since nanoparticle shape can be 

manipulated and the particle interacts directly with the microorganism, it is a key design handle 

for maximizing antimicrobial activity in a way that avoids the risk of resistance. The influence of 

nanoparticle shape on the bacteria response, however, is not well understood, particularly the link 

between the material properties imposed by shape and the underlying mechanisms of action 

imparted to the bacteria cell. With the potential to enhance the physical and chemical mechanisms 

of antimicrobial activity, manipulations of AgNP shape can be utilized as a route toward rational 

design. Spherical particles are currently the most studied shape in the literature and in the global 

AgNP market, but the utilization of other shapes in AgNP-enabled products has been increasing 

(Figure 1.5).[32] 

 

Figure 1.5. Global AgNP market by shape. UNAVAILA BLE DUE TO COPYRIGHT. [32] 

 

As highlighted in Table 1.3 and Figure 1.6A, no consensus has been reached regarding 

which shape imparts the greatest antimicrobial activity, and further, which material properties 
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govern the bacterial response to shape. For example, some studies show that shape does not 

influence bacterial response,[55, 116] while others conclude faceted shapes (e.g., prisms) display 

greater biocidal activity due to more ion release, increased interaction with the cell, and enhanced 

membrane disruption.[74] Opposingly, shapes with soft edges (e.g., elongated nanospheres) have 

also been identified as enhancing membrane association and increasing antimicrobial 

activity.[117] These varying conclusions likely arise from the different particle systems and 

different model organisms used across studies as well as inappropriate shape comparisons made 

within studies as other particle parameters are often changed simultaneously along with shape 

(Table 1.3). Still, the crystal facets present on the particle and the surface area available for 

interaction with the cell have been proposed by several studies as the material properties governing 

shape-driven antimicrobial activity (Table 1.3, Figure 1.6B). There is also the potential for 

different contributions from the released Ag(I) ions and the particles themselves to influence 

shape-driven bacterial responses. As stated earlier, nanoparticle shape can influence both ion and 

particle behavior and induce various physical and chemical mechanisms of inactivation. For 

example, nanoparticle shape notably changes the crystal facets present on the particle, which can 

influence both the physical interaction of the nanoparticle with the cell as well as ion release 

through differential reactivity between the exposed surface facets and dissolved oxygen.[1, 73, 74] 

However, studies that investigate nanoparticle shape do not reach consensus on whether ion-

driven[40, 116] or particle-specific[72, 118-122] effects exist, and few studies monitor dissolution 

kinetics necessary to inform mechanistic distinction[116] (Table 1.3, Figure 1.6C). Finally, 

mechanistic resolution at the cellular level has not been achieved, although a few studies propose 

membrane damage as directly underlying the shape-driven bacterial responses[74, 119] (Table 

1.3, Figure 1.6D).  



 35 

 

Figure 1.6. Summary of the four levels of shape effects from the AgNP shape literature.  Studies identifying a) 

shapes imparting greatest antimcirobial activity, b) material properties governing shape-driven effects, c) ion 

and particle effects, and d) underlying physical and chemical mechanisms imparted by those components upon 

interaction with the cell.[40, 55, 73, 74, 116, 118-130] 
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Table 1.3 Summary of the AgNP shape literature showing conflicting conclusions and experimental design. 

Relative 

anti-

microbial 

activity 

between 

shapes 

Bacteria 

strains  

Biological 

endpoints 

NP 

charact-

erization 

Size 

(surface 

area)** 

Ligand 
Ion 

release  

Identified 

ion and 

particle 

effects 

Identified 

governing 

material 

properties 

Identified 

mechanism 

of shape-

based 

inactivation 

Ref 

Hierarch-

ical / 

prism / 

polygonal 

> sphere/ 

disk 

E. coli > 

S. aureus  
% viability 

UV-vis, 

SEM, 

TEM, 

BET, 

FTIR, 

ICP 

32-64 nm 

vs 50 nm 

vs 10-100 

nm vs 

20-110 nm 

 

(30.1, 18.2, 

17.6, 14.8, 

12.0 m2/g) 

Citrate-

methyl 

cellulose-

SDS 

Eluted 

Ag(I) ions 

after 

washing 

of cotton 

samples 

are similar 

for all 

shapes, 

but 

loading 

efficiency 

is 

different  

Ion, 

particle? 

Surface 

area 
-- [127] 

Disk > 

sphere > 

rod > cube 

S. aureus  
MBC, % 

viability  

SEM, 

AFM, 

DCS, 

DLS 

20-60 nm 

vs 40-70 

and 120-

180 nm vs 

50-100 nm 

x 1,000-

20,000 nm 

vs 140-180 

nm 

all PVP 

(zeta 

potential 

varied) 

In water: 

Disk 

(68%) > 

sphere 

(42-54%) 

> rod 

(37%) > 

cube 

(30%) 

Ion  

 
Surface 

area 
-- [116] 
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Table 1.3 (continued) 

Sphere > 

cube > 

wire > 

prism 

 

Prism > 

sphere > 

wire > 

cube 

E. coli,  

B. subtilis 

 

S. aureus 

% viability 

XRD, 

EM,  

UV-vis, 

DLS 

17 nm vs 

450 nm vs 

92 nm vs 

50 nm 

all PVP 

except 

prisms 

-- --  -- [124] 

Prism > 

sphere > 

rod 

E. coli  

Growth 

curve, 

killing 

kinetics, % 

viability  

TEM, 

ICP,  

UV-vis 

40 nm vs 

39 nm vs 

16 nm x 

100-200 

nm  

CTAB-

citrate 
-- 

Combined 

ion and 

particle? 

Facet 

(111), 

surface 

area? 

Membrane 

damage 
[74] 

Cube > 

sphere > 

wire 

E. coli  

Growth 

curve, 

MIC, % 

viability  

TEM, 

XRD, 

UV-vis 

55 nm vs 

60 nm vs 

2,000-

4,000 nm 

All PVP? -- Particle 

Surface 

area, facet 

(100) 

Membrane 

damage 
[119] 
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Table 1.3 (continued) 

Prism > 

sphere > 

cube 

E. coli = 

P. aeruginosa 

> S. aureus 

 

MIC, 

colori-

metric 

change, 

IC50  

TEM, 

DLS 

30 nm vs 

50 nm vs 

80 nm 

all PVP 

(zeta 

potential 

varied) 

Water: 

Prism 

(39%) > 

sphere 

(23%) > 

cube (4%) 

 

BSA: 

Prism 

(0.2%) = 

sphere 

(0.2%) > 

cube 

(0.04%) 

 

MHB: 

spheres 

(4.2%) > 

prism 

(0.4%) > 

cubes 

(0.2%)  

--nothing 

or 

combined

? 

Aggreg-

ation, 

facet 

(111)? 

-- [126] 

Prism > 

sphere > 

cube 

across 

same size 

 

Small 

sphere > 

prism 

Recombinant 

GFP 

expressing E. 

coli BL21 

Growth 

curve, 

fluoresc-

ence, zone 

of 

inhibition 

TEM, 

UV-vis 

all shapes 

at 70 nm 

and 

additional 

10 nm and 

20 nm 

spheres 

Unknown -- Particle? 

Size, 

surface 

area, facet 

(111) 

-- [128] 
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Table 1.3 (continued) 

Hexagon 

> sphere > 

prism 

E. coli 

NP-cell 

interaction, 

growth 

curve, zone 

of 

inhibition 

SEM, 

TEM, 

UV-vis 

All average 

size 40 nm 

PEG-

citrate-

PVP 

-- Particle  -- [118] 

Plate > 

rod > 

hexagon 

S. aureus >  

E. coli 

Zone of 

inhibition, 

MIC, % 

viability, 

growth 

curve 

BET, 

SEM 

Unknown 

(121, 40, 

17 m2/g) 

all PVP -- -- 

Surface 

area, 

stability 

Membrane 

damage 
[129] 

Prism > 

sphere 

E. coli,  

S. enterica,  

P. aeruginosa 

 

MBC, 

inactivation 

curve, % 

viability 

UV-vis, 

TEM, 

EDX, 

DLS, 

ICP-

OES 

22.5 nm vs 

18.92 nm 

(citrate), 

24.5 nm vs 

23.56 nm 

(PVP), 114 

nm vs 

90.75 nm 

(poly-Arg-

PVP)  

Citrate (-

29 vs -

38mV), 

PVP (-26 

vs -30 

mV), 

poly-Arg-

PVP (+29 

vs +34 

mV) 

-- -- 

Sharp 

vertexes 

and edges 

-- [130] 

Sphere > 

prism 

E. coli,  

S. aureus,  

P. aeruginosa 

Zone of 

inhibition, 

MIC, MBC 

XRD, 

TEM, 

UV-vis, 

FTIR 

40-60 nm PVP -- -- 
Surface 

area 
-- [125] 

Small 

sphere > 

prism > 

large 

sphere 

P. aeruginosa 

> E. coli 

Zone of 

inhibition 

SEM, 

UV-vis, 

XRD 

15-90 nm 

vs 150 nm 

PVP-

citrate-

none 

-- 

Combined 

particle 

and ion? 

Size, 

surface 

area, facet 

(111) 

-- [73] 

Cube > 

octahedral 
E. coli  % viability 

TEM, 

SEM, 

XRD 

40-80 nm, 

500-800 

nm 

 -- Particle 
Facet 

(100) 
-- [122] 
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Table 1.3 (continued) 

Prism 

mixture > 

sphere 

E. coli  

MIC, 

growth 

rate, lag 

phase 

SEM, 

XRD, 

HR-

TEM 

10-50 nm 

vs 5 nm 
all citrate -- 

Combined 

particle 

and ion 

Facet 

(111), 

number of 

interaction

/binding 

sites 

-- [120] 

Prism > 

small 

spheres > 

large 

spheres 

E. coli 
Zone of 

inhibition 

TEM, 

UV-vis, 

XRD, 

EDX 

25-400 nm 

vs 4-40 nm 

Citrate-

Borohydri

de-PVP 

-- Particle 

Facet 

(111), 

geometry 

ï sharp 

vertex and 

edge, size 

-- [121] 

Sphere = 

wire  

(no shape-

based 

effects) 

Recombinant 

bio-

luminescent 

and Ag(I)-

induced E. 

coli MC1061 

EC50, 

growth 

curve, % 

inhibition 

of bacterial 

biolumines

cence, % 

viability 

GF-

AAS, 

SEM-

FIB-

EDX, 

ELS/DL

S 

50-100 nm 

vs 70-150 

nm by 

3,000-

8,000 nm 

Citrate, 

unknown 

(-36 and -

46 mV) 

Wire 

(2.4%) = 

sphere 

(2.2%) 

Ion*   -- [40] 

Cube = 

sphere = 

wire  

(no shape-

based 

effects) 

E. coli > B. 

cereus > 

P. aeruginosa 

Growth 

curve 

TEM, 

XRD, 

UV-vis 

36 nm vs 

44 nm vs 

82 nm 

 

(15, 13, 5 

cm2/mL) 

all PVP -- -- -- -- [55] 

Prism = 

cube = 

sphere  

(no shape-

based 

effects) 

S. aureus, 

methicillin-

resistant S. 

aureus 

Growth 

curve, % 

viability 

SEM, 

DLS, 

UV-vis 

20 nm vs 

30 nm 15 

nm 

all PVP 

(zeta 

potential 

varied) 

-- --  -- [123] 
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1.2 Dissertation Objectives and Scope 

As discussed above, the identified research gaps and inconsistent findings in nanoparticle-

driven antimicrobial activity as well as the need for a next-generation antimicrobial to combat the 

AMR crisis motivates the work of this dissertation. The overall objective of this dissertation is to 

inform rational design of antimicrobial silver nanoparticles (AgNPs) by elucidating underlying 

mechanisms of bacterial inactivation and resistance development in response to nanoparticle-

specific properties. The central hypothesis is that tuning nanoparticle-specific properties is an 

effective approach to maximize antimicrobial activity and avoid the risk of bacterial resistance as 

an unintended consequence of its widespread use. Ideally, if we are able to uncover mechanistically 

what causes bacteria inactivation and what causes resistance to emerge, then (depending on what 

those mechanisms are) there is the potential to manipulate particle properties to maximize one and 

minimize the other. (Note: a possible outcome is that we cannot decouple the two ï that the particle 

properties that lead to one are also linked to the other). 

The following specific aims have been pursued to attain the overall objective: 

i) Resolve the role of the nanoparticle on antimicrobial activity. This involves 

identifying studies that make appropriate comparisons between ion and nano-

particulate forms of silver in their experimental design, critically analyzing their 

conclusions about ion and particle contributions to the observed biological 

response, and identifying trends between nanoparticle parameters and mechanisms 

of antimicrobial activity.  
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ii)  Uncover the mechanism(s) of bacterial resistance towards AgNPs. This objective 

employs an experimental evolution approach, whole-population genome 

sequencing, comprehensive characterization of particle aggregation, and bacteria 

strains of varying motility to study the development of bacterial resistance towards 

ion and nano-particulate forms of silver.  

iii)  Elucidate the influence of nanoparticle shape on E. coli antimicrobial activity. This 

objective is attained through preparation of a suite of nanoparticle shapes with 

controlled physicochemical properties, comprehensive characterization of their 

material properties, evaluation of their antimicrobial activity in E. coli, a detailed 

look at the effect of NP surface area, and speculation of underlying mechanisms of 

action imposed on the cells. 

 

1.3 Dissertation Organization 

Tuning nanoparticle-specific behavior to obtain unique, nanoparticle-driven antimicrobial 

activities is an under-utilized feature and current missed opportunity of using ionizing ENMs for 

antimicrobial applications. However, employing nanoparticle-specific behavior necessitates a 

mechanistic understanding of interactions between microorganisms and the nanoparticles, which 

is currently lacking. When this resolution is achieved, there is the opportunity to potentially 

optimize particle design to achieve high antimicrobial activity and low antimicrobial resistance 

using the identified nanoparticle features to tune their respective governing mechanisms. This 
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strategic design of nano-enabled antimicrobials has the potential to positively impact global public 

health, especially in this upcoming post-antibiotic era. 

In Chapter 2, the role of the nanoparticle on antimicrobial activity is investigated. A 

systematic literature review was conducted to identify studies that make appropriate comparisons 

between the two forms of silver and draw valid conclusions of ion and particle contributions to 

antimicrobial activity. This included only studies that scaled Ag ion controls to the concentration 

of Ag ions released from the AgNPs. Conclusions from these studies were analyzed and trends 

between nanoparticle parameters and particle-specific mechanisms of antimicrobial activity were 

identified. The results of this analysis indicate that the antimicrobial effects of AgNPs are not 

governed by ion release alone or in all cases, but that nanoparticle-specific activity is present, and 

at times, acts in concert with or independently from the Ag ions. This suggests an opportunity to 

elucidate both underlying ion-independent antimicrobial mechanisms and mechanisms that act in 

concert with Ag ions, as well as whether nanoparticle-specific parameters can be manipulated to 

influence these mechanisms. Nanoparticle size and surface chemistry are identified as two critical 

factors that have been suggested to elicit particle-specific effects. Interestingly, the identified 

subset of literature reveals nanoparticle shape as being understudied using appropriate ion and 

particle comparisons.  

As an unintended consequence of widespread AgNP use, the development of bacterial 

resistance towards AgNPs is explored in Chapter 3. Here, an experimental evolution approach was 

used to select for and measure E. coli resistance to both ion and nano-particulate forms of silver. 

Results show that E. coli emerges resistance to AgNPs but not to Ag ions, indicating a specific 

resistance to AgNPs. Stability of the resistant phenotype was also explored by removing and re-

introducing the AgNP pressure, after which whole-population genome sequencing was carried out 
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to identify any mutations associated with the heritable resistance. A cusS mutation was identified 

and likely imparts resistance by increasing silver ion efflux. Lastly, this chapter examines whether 

AgNP resistance emerges because of particle aggregation or from bacteria-interactions with the 

particle, particularly interactions centered around the flagella. For this, particle aggregation was 

monitored and the emergence of AgNP resistance was evaluated in hyper- and non-motile E. coli 

strains. Upon comparing AgNP resistance profiles, selective emergence of AgNP resistance based 

on bacterial motility is found with no difference in particle aggregation, suggesting that the 

mechanism may be mediated by flagellum-based motility. This bodes well for using motility as a 

predictor of AgNP resistance and could inform design of nano-enabled antimicrobials that target 

specific bacteria. 

Given the lack of mechanistic understanding of nanoparticle shape identified in Chapter 2, 

the influence of nanoparticle shape on E. coli antimicrobial activity is further explored in Chapter 

4. First, a suite of AgNP shapes including pseudo-spheres, cubes, and discs were prepared with 

controlled surface areas and surface chemistries and comprehensively characterized. Antimicrobial 

activity, as half-maximum effective concentration EC50, was then evaluated in E. coli and 

compared amongst the shapes. Results indicate that discs impart the greatest antimicrobial activity, 

followed by cubes and then spheres, which remains the same trend when antimicrobial activity is 

normalized to NP surface area, suggesting that surface area likely does not play a major role in 

shape-based antimicrobial activity.  

Finally, Chapter 5 summarizes the key findings of the dissertation research, underscores 

the significance of the work and discusses its implications, and suggests areas for future research. 
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2.0 Itôs Not All About the Ion: Support for Particle-Specific Contributions to Silver 

Nanoparticle Antimicrobial Activity  

This chapter has been published as: 

Stabryla, L.M. ; Johnston, K.A.; Millstone, J.E.; Gilbertson, L.M. Emerging investigator series: 

itôs not all about the ion: support for particle-specific contributions to silver nanoparticle 

antimicrobial activity. Environmental Science: Nano, 2018, 5(9): 2047-2068. DOI:   

10.1039/c8en00429c. (reprinted with permission from the Royal Society of Chemistry) 

 

Silver nanoparticles (AgNPs) and other ionizing engineered nanomaterials (ENMs) are 

candidates for the development of antimicrobial agents due to their efficacy, multiple modes of 

bacterial inactivation, and tunability with respect to both the magnitude and mechanisms of 

antimicrobial activity. Exploiting this versatility requires elucidating the bacterial inactivation 

pathway(s) of the ENM, and in particular, the link between material properties and the desired 

biological endpoint. The mechanisms of antimicrobial activity for macrosilver, silver salts, and 

AgNPs have been widely studied, and largely attribute this activity to the release of Ag ions via 

oxidation and dissolution of the surface Ag atoms. However, it has also been established that Ag 

ion exposure alone does not elicit the same bacterial response as exposure to AgNPs, which 

suggests that the observed antimicrobial activity is induced not only by solubilized ions but also 

by the ENM itself. Resolving the role of the AgNP is critical to informing design of nano-enabled 

antimicrobials a priori. Herein, we present a systematic review of the AgNP antimicrobial activity 

literature, and specifically focus on studies that scale Ag ion controls to the likely quantities of 

bioavailable Ag released from AgNPs. This literature selection criterion reveals the critical role of 
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scaled ion controls in distinguishing ion and particle contributions to the observed antimicrobial 

activity. Overall, our analysis of this literature indicates that in most cases of bacteria exposure to 

AgNPs, particle-specific activity is observed and acts in concert with and/or independently from 

solubilized Ag ions alone. These results are exciting and suggest that more efficacious Ag- and 

ENM-enabled antimicrobials can be obtained through ENM design. 

2.1 Introduction  

Antimicrobial agents are crucial and ubiquitous in many industries, including health 

care,[1-3, 25, 31, 131-134] food and agriculture,[2, 3, 135-137] water treatment,[1-3, 131, 138] 

and drinking water distribution.[1-3, 131, 138] An increasingly critical challenge associated with 

antimicrobial use is that the target microbe can build resistance over time.[1, 2, 27, 31, 86, 107, 

132, 133, 139, 140] Silver nanoparticles (AgNPs) and other ionizing engineered nanomaterials 

(ENMs) are candidates for the development of superior antimicrobial agents due to their efficacy, 

multiple modes of organism inactivation, and tunability with respect to both the magnitude and 

mechanisms of antimicrobial activity. Exploiting the enhanced functionality of ENMs as well as 

ensuring that they combat rather than contribute to the global antimicrobial resistance challenge 

requires resolving their mechanisms of organism inactivation, particularly the link between 

material properties and the desired biological endpoint.  

Silver and AgNPs are among the oldest and most widely used antimicrobial agents,[28, 29, 

138] and their antimicrobial properties have been studied extensively.[27, 139] For example, 

dating back to 7,000 years ago, silver-lined vessels and silver coins in containers of water or milk 

were used to preserve rations during military conflicts.[30, 31] Silver has also been used to treat 



47 

ulcers and aid in wound healing.[27, 30] The antimicrobial mechanism(s) of silver at the 

macroscale are attributed to the release of Ag(I) ions and their interactions with various aspects of 

the microbe.[27, 30, 139] For example, Ag(I) ions can interact with sulfhydryl groups on the cell 

surface, where the subsequent formation of the Ag-S bonds blocks respiration and electron 

transfer, leading to the collapse of the proton motive force, the de-energizing of the membrane, 

and eventually cell death.[1] The ionic radius of a Ag(I) ion is also sufficiently small (0.115 

nm)[37] to travel through transmembrane proteins such as porins (30-50 kDa; pore size, 1- 3 

nm).[36] Once inside the cell, Ag(I) ions may react with thiol functional groups in proteins and 

nucleic acids, interfering with DNA replication and deactivating many enzymatic functions.[1] In 

general, Ag(I) ions also increase the level of ROS inside the cell because thiol-containing anti-

oxidative enzymes are deactivated by silver, thus exacerbating the damage done to proteins, lipids, 

and nucleic acids.[1] 

Compared to their macroscale counterparts, AgNPs exhibit enhanced ion release per unit 

mass mainly due to an increased surface area to volume ratio. Yet, the precise mechanism(s) of 

AgNP action remain unresolved, particularly the dynamic contributions of the NP and Ag(I) 

ion.[27, 139] There are three overarching possibilities for mechanisms of AgNP antimicrobial 

activity. The first is that AgNPs are simply a passive Ag(I) ion reservoir, and (as in the case of 

macroscopic silver) released Ag(I) ions are responsible for any antimicrobial activity.[19, 27, 35, 

38, 60, 64, 141, 142] The second possibility is that antimicrobial activity of AgNPs is a result of 

particle-only effects (e.g., physical disruption or alteration of the phospholipid cell membrane, 

production of ROS at the cell surface, or surface proteins that can bind to the NP but do not bind 

Ag(I) ions), putting into question the necessity of Ag(I) ions and their claim as the main agent of 

cellular impact.[27, 38, 75, 143] The third possibility is some combination of the first two 
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mechanisms, and/or some degree of synergistic effects between the released Ag(I) ions and the 

particle action. For example, there may be unique passive transport pathways in the bacterial cell 

(e.g., outer membrane porins, altered membrane permeability) accessible to particles at the 

nanoscale that facilitate the delivery of intracellular Ag(I) ions, a phenomenon known as the Trojan 

horse mechanism.[27, 64, 72, 144-146] Overall, the current literature contains support for all three 

possibilities. This ambiguity in the mechanisms of AgNP antimicrobial activity limits our ability 

to rationally design nanoparticle-enabled antimicrobials, and further, to leverage the material 

tunability of these ENMs.  

While some of the existing mechanistic ambiguity is surely due to the complexity of the 

systems themselves, a non-trivial component arises from inconsistences in experimental designs 

across studies. Critical components of the experimental design include control of AgNP 

morphology (i.e. size, shape, surface chemistry), NP synthesis and washing steps, composition of 

the bacterial growth medium, bacterial strain used, measured toxicity endpoint and the 

methodology used to assess it,[66] and the treatment of the pure Ag(I) ion control.  

Of all of these parameters, the most critical for distinguishing particle-specific 

antimicrobial activity is arguably the measurement and experimental controls for Ag(I) ion release. 

Ion controls are used in experiments analyzing the antimicrobial activity of ionizing ENMs in order 

to identify the biological effects that arise solely due to the ion portion of the ENM system and 

then compare to the effects of the ENM. Ion controls may be delivered to the experimental system 

as a silver salt (e.g., AgNO3, AgC2H3O2, Ag2SO4) or as the isolated ions in the supernatant of a 

AgNP suspension. There are two key components to a pure Ag(I) ion control: the concentration of 

ions introduced to the bacteria and the kinetics of that introduction. The total concentration of 

Ag(I) ion used as a control should reflect, as closely as possible, the concentration of ions released 
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from the NPs used in the study. Matching these concentrations requires the ability to measure 

released Ag(I) ions, which can be challenging (vide infra).  

In order to accurately dose the bacteria with the established concentration of ions, ideally, 

the rate of Ag(I) ion release would also be known. Many studies deliver a single or pulse dose of 

Ag(I) ions that is equivalent to the total silver concentration in the AgNP system, which mimics 

the complete and instantaneous dissolution of the AgNP rather than the release of Ag(I) ion from 

the AgNP over time. In addition to not capturing the kinetics of Ag(I) ion release, this approach to 

ion controls does not accurately represent the AgNP system, since only a fraction of the AgNP 

forms Ag(I) ions at any given time.[147-149] As such, the resulting conclusions regarding ion-

only, particle-specific, and combined ion-particle effects are confounded by the inaccurate 

representation of the Ag(I) ion component of the AgNP system.  

Here, we review more than 300 publications on the cytotoxicity of AgNPs, 59 of which 

specifically aimed to distinguish ion-only, particle-only, and combined ion-particle contributions 

to the observed antimicrobial activity using methodologies that included an ion control. In other 

words, we focus on studies that specifically draw conclusions about the contribution that the ion 

and particle play in the mechanism of antimicrobial activity and not studies that only evaluated the 

potency of AgNPs. We then critically analyze the conclusions from 30 of these 59 studies (51%), 

focusing on those studies that implemented scaled ion controls (vide infra), to identify trends in 

particle parameters and other experimental factors that indicate ion-only, particle-specific, and 

combined ion-particle mechanisms of antimicrobial activity. Interestingly, while the results of this 

analysis suggest an important role of Ag(I) ions, they also clearly highlight that the impact of the 

particle alone cannot be ignored. Further, the analysis reveals a critical opportunity to elucidate 
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these particle-specific antimicrobial mechanisms as well as whether particle-specific parameters 

can be manipulated to influence these mechanisms. 

2.2 State of the Art: Factors Influencing Ion Release and Current Practices of Scaling Ion 

Controls 

It is critical to systematically quantify released Ag(I) ions from the AgNPs to inform 

conclusions regarding the ion and particle contributions on antimicrobial activity. In this section, 

we discuss the state of the art in measuring the quantity and kinetics of Ag(I) ion release from 

AgNPs to inform ion controls. 

2.2.1 Factors that Influence the Extent of AgNP Oxidation and Ion Release Can Guide Ion 

Control Selection 

For AgNPs in aqueous systems, Ag(I) ion release typically begins with oxidation of the NP 

surface. Oxidation of the AgNP surface and release of Ag(I) ions involves several processes that 

occur simultaneously and are dependent on both particle (e.g., size, shape, and surface chemistry) 

and experimental factors (e.g., dissolved oxygen, time, and broth chemistry).[35, 64, 66, 75-77, 

149-153] Modulating these pathways can control both the quantity and kinetics of ion release. 

In general, Ag(I) ion release is initiated by the adsorption of oxygen onto the particle 

surface followed by subsequent electron transfer.[153] Then, AgNPs evolve a surface bound silver 

oxide (Ag2O) layer.[149, 154] The process of ion release begins as this layer is stripped and a new 

layer forms. However, once the initial silver oxide surface layers are removed by dissolution, Ag(I) 
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ion release is minimized.[149] The amount and strength of oxidizers (e.g., H2O2 versus O2) present 

in solution influence the extent of oxidation.[81, 148] The stronger the oxidizer (i.e., having greater 

redox potential), the faster the oxidation rate, where the process follows Arrhenius behavior.[81, 

152] Protons are then required for the dissolution of the silver oxide layer and thus, Ag(I) ion 

release is strongly pH dependent.[149, 152, 154] In addition, suppression of oxidation can occur 

with the addition of organic matter and stabilizing ligands, a reduction in temperature, or an 

increase in pH.[152] Given these differences in kinetics, the relevant extent of Ag(I) ion release 

also depends on the exposure time between AgNPs and the bacteria system of interest.[152] This 

time-dependent ion release suggests the importance of monitoring ion release continuously in the 

AgNP system and using it to inform both the concentration of the ion control and the rate at which 

it should be delivered to the system in order to mimic the AgNP system as accurately as possible. 

The particle alone can influence the oxidation and dissolution process and so the ion control 

needed for each particle type will be different. Generally, smaller particles have a greater radius 

of curvature and therefore oxidize at a faster rate, a phenomenon described by the Ostwald-

Freundlich equation.[76, 155, 156] Different surface-exposed facets also have different reactivity 

towards oxygen,[72, 74, 157-159] highlighting the effect of parameters such as particle shape on 

the oxidation process. Finally, surface chemistry also influences dissolution via capping 

ligands[79] and insoluble passivation layers, which influence the dissolution behavior (total 

concentration and location).[76, 77, 150, 151, 160] Silver oxide surface layers can be removed to 

varying degrees when AgNPs are washed post-synthesis (to remove residual impurities), 

synthesized anaerobically, or synthesized aerobically and reduced by hydrogen to zero-valent 

AgNPs before exposure to bacteria, which can all significantly reduce Ag(I) release.[149] 

Biologically synthesized NPs from plant extracts can also induce different surface chemistries 
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(number and packing distribution of ligands and biomolecules) as compared to chemically 

synthesized NPs.[65, 141, 161] Thus, the AgNP synthesis and purification approach may affect 

the surface structure and as a result, Ag(I) ion release. These studies highlight the importance of 

performing and reporting the AgNP method of synthesis and purification procedures.[75, 149] 

Overall, particle-type specific dissolution is a determining factor guiding the selection of an 

appropriately scaled ion control for specific particle types. 

It is critical that ion release is monitored in the exposure media/environment of the AgNP 

system because the type of environment can influence dissolution, and in turn, the ion control that 

should be used for that specific system. For example, there are multiple types of growth media 

used to provide vital nutrients that enable bacterial growth (e.g., buffers, sodium chloride, water, 

and commonly used broths such as Mueller Hinton, MH, and Luria-Bertani, LB). Due to 

differences in pH and media constituents (e.g., dissolved ionic species, proteins, peptides, 

carbohydrates), the specific media used can impact dissolution, the magnitude of AgNP 

antimicrobial activity, and the dominant mechanism through which that activity occurs (i.e., the 

Ag(I) ion, the AgNP, or a dynamic synergism between the particle and its released Ag(I) ions). In 

one case, we have compared AgNP antibacterial activity in two commonly used bacterial growth 

media (LB and MH broth).[66] Using controlled exposures to AgNPs and Ag(I) ion, we measured 

a differential impact (measured as a difference in the bacterial growth delay and maximum 

achieved bacterial growth in relation to the untreated bacteria) ï in the two media.[66] This 

difference suggests that there is a complex interplay between the particle and the surrounding 

environment, which can result in enhancement or inhibition of Ag(I) release from the AgNP 

surface[76, 77, 150-152, 162] as well as changes in surface charge and particle stability that could 

eliminate particle-specific effects.[76, 77, 81, 150, 151, 163, 164] For example, dissolution can be 
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influenced by the concentration of chloride present in the growth medium; low chloride 

concentrations form a AgCl(s) passivation layer on the AgNP surface that inhibits dissolution 

whereas high concentrations of chloride result in the formation of soluble AgCl complexes and 

promote dissolution.[162] Overall, the confounding influence of media on AgNP behavior not only 

cautions comparison of antimicrobial activity across studies, but also underlines the importance of 

determining interactions of media constituents with themselves, the NP surface, and the released 

ions. 

The presence of bacteria and their metabolic state additionally affect dissolution, and thus 

will affect the concentration of the ion control needed to accurately model the AgNP system. 

Bacteria (i) play a role in altering the dissolved oxygen concentration and pH of the experimental 

system and (ii) introduce extracellular polymeric substances (EPS) that can non-specifically adsorb 

to AgNPs.[35] For example, EPS (and other components of the growth media) can form a protein 

corona around the NP surface and either prevent dissolution or increase the dissolution gradient 

by binding the released Ag(I) ions upon direct association with the cell (via Le Chatelier's 

principle).[35] In this regard, bulk dissolution should be monitored in the presence of bacteria and 

be used to inform accurate concentrations and kinetics needed for appropriately scaled ion 

controls. 

Upon release to the experiential system, there are numerous binding and partitioning events 

that Ag(I) ions can experience. Ag(I) ions can resorb onto the AgNP surface, remain free in 

solution, complex with media components, bind to the cell surface, or enter the cell where they 

can bind to intracellular components or be reduced by them to form new AgNPs.[76, 152] 

However, more work is needed to accurately capture the dynamics of the AgNP oxidation process 

by considering the complex interplay of all factors discussed.[152] This complexity suggests the 
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need to monitor intracellular ion release in addition to bulk ion release. Also, techniques should be 

used to resolve Ag bound to macromolecules in suspension. Combined, such experiments can 

inform the delivery of ion controls that accurately mimic the AgNP system and allow us to 

decouple true ion and particle contributions to antimicrobial activity. Figure 2.1 presents a visual 

summary of all potential Ag(I) ion release pathways, binding, and partitioning events. 

a b 

 

 

 

Figure 2.1. Potential Ag(I) ion release pathways, binding, and partitioning events within the AgNP exposure 

condition.a) State of Ag in the media, external to the bacterial cell. b) Interaction of silver with the cell and state 

of Ag inside the cell. Note: figure is not to scale as the particle is enlarged to demonstrate effect. 

 

2.2.2 Equating the Concentration of the Ion Control to the Total Ag Concentration in the 

AgNP System 

The challenge with many ion controls used in AgNP antimicrobial activity studies is that 

they are equivalent to the total silver concentration in the AgNP system and therefore, do not 

accurately represent the portion of Ag(I) ion present in the test system. There are different forms 
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and concentrations of silver present in the AgNP system (i.e., the Ag(0) form of the nanoparticle 

and the dissolved Ag(I) form, Appendix Figure A.1A), which influences the bioavailability of the 

silver and the resulting biological impacts. The amount of Ag(I) present depends on the extent to 

which the AgNP oxidizes to release Ag(I) ions as well as the tendency for those ions to complex 

with components of the exposure media (e.g., chloride to form AgCl(s) or soluble AgCl 

complexes). Typically, only a portion of the AgNP oxidizes to form Ag(I) ions and as a result, the 

proportion of silver present as Ag(I) is small relative to Ag(0). Therefore, using an ion control at 

the same mass concentration as the total silver content of the AgNPs (hereafter referred to as an 

overestimated ion control) makes for an unequal comparison of the resulting biological activity 

and calls into question the mechanistic conclusions drawn from such studies (Appendix Figure 

A.1B and 1C). 

2.2.3 Quantifying Ion Release in Bulk Solution to Inform an Ion Control 

An improved approach to selecting the concentration of the ion control involves the 

quantification of Ag(I) ion release in the AgNP system, which is commonly pursued using either 

a Ag(I) ion-selective electrode or ultraviolet-visible (UV-vis) spectroscopy, or by first separating 

the Ag(I) ions from the AgNPs by centrifugation or dialysis and then analyzing with inductively 

coupled-plasma mass or atomic emission spectroscopy (ICP-MS or AES) or graphite furnace 

atomic absorption spectroscopy (GF-AAS).[35, 38, 39, 46, 48, 50, 51, 56, 64-66, 69, 79, 119, 165, 

166] It is important to note that when dialysis membranes are used to separate ions from 

particles,[52, 167, 168] the osmotic pressure difference does not allow for complete isolation of 

Ag(I) ions, limiting the utility of this approach. Furthermore, Ag(I) ion concentration in the bulk 

suspension is most often measured at a single time point (typically at the culmination of the 
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experiment),[35, 38-40, 50, 52, 56, 64, 79, 119] which excludes the kinetics of ion release. An 

alternative approach that aims to capture the dynamics of ion release will quantify Ag(I) ion 

concentration at multiple time points over the duration of the experiment.[19, 46, 65, 66, 68, 69, 

165, 167] When this approach is used, Ag(I) ion controls can be employed in a way that closely 

mimics the AgNP exposure system. Finally, these techniques measure the free Ag(I) ions present 

in the bulk solution but do not capture the Ag(I) ions that are removed from solution via subsequent 

interactions with the surrounding environment (e.g., inside the cell or bound to macromolecules in 

the suspension). As a result of this limitation, the concentration of Ag(I) ions dosed in as a silver 

salt control may be inconsistent with the ñrealò concentration released by the AgNP (both 

intracellularly and extracellularly). 

2.2.4 Quantifying Intracellular Ion Release to Inform an Ion Control  

In an effort to circumvent the abovementioned confounding interactions, researchers 

measure intracellular Ag using a bioluminescent E. coli Ag-biosensor[36, 38, 40, 165, 169] or the 

Ag content of the membrane and cytoplasm fractions of the cell,[79] rationalizing that these 

fractions of silver are impacting the bacteria. Yet similar to the methods above, intracellular ion 

release is monitored at a single time point.[38, 40, 165, 169] While intracellular Ag monitoring 

quantifies the concentration of Ag to which the cell is directly exposed, it has not typically been 

used to inform the concentrations and dosing of silver salt ion controls. Doing so would allow for 

accurate modeling of the AgNP system, particularly if used in combination with bulk dissolution 

monitoring. 
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2.2.5 Suggested Best-Practice for Scaling Ion Controls 

The complexity of the system and challenges faced when quantifying the presence of 

released ions in solution and in the microorganism suggest that a new approach to ion controls is 

necessary to obtain comprehensive ion release profiles within the AgNP exposure condition. The 

desired approach will account for the kinetics of Ag(I) ion release and model an accurate 

representation of the AgNP system. To ascertain and then implement these controls, there are three 

key experimental components: (i) continuous monitoring of ion release from AgNPs in the 

exposure media and in the presence of bacteria as well as intracellularly over the duration of the 

experiment,[19, 46, 65, 66, 68, 69, 165, 167] (ii) deliver these measured ion concentrations as a 

series of continuous doses that mirror their release from the ENM, and (iii) subsequently monitor 

the bacterial endpoint of interest. This preferred comprehensive best practice approach to achieve 

an appropriately scaled ion control, although labor intensive, is necessary to robustly decouple the 

contributions of the particle and the ion. 

2.3 Experimental 

2.3.1 Literature Review 

A comprehensive literature survey to identify studies on the cytotoxicity of AgNPs resulted 

in more than 300 publications. Google Scholar, Scopus, Compendex, and Web of Science 

databases were queried using all combinations of the following search terms: ñsilver nanoparticleò, 

ñsilver ionò, ñantimicrobialò, ñ(cyto)toxicityò, and ñmechanismò. The SciFinder database was also 



58 

queried using ñsilver nanoparticle and toxicity and mechanismò as the initial search term and then 

further refined to include ñionò and ñbacteriaò. The sheer size of this set of studies and the 

heterogeneity of experimental designs did not allow for meaningful discernment of the 

contributions of the AgNP and Ag(I) ions. Given the extensive use of AgNPs as antimicrobials in 

a wide range of products, we decided to limit the scope of our literature review to studies that use 

bacteria as their model organism. With the goal of resolving the ion and particle debate, we further 

narrowed the scope to those publications that specifically aim to distinguish ion-only, particle-

only, and combined ion-particle contributions to the observed antimicrobial activity. In other 

words, we focus on studies that specifically draw conclusions about the contribution that the ion 

and particle play in the mechanism of antimicrobial activity and not studies that only evaluated the 

potency of AgNPs (often culminating in the conclusion that the Ag(I) ions are more toxic than the 

AgNPs). This selective literature set included 59 studies. The literature was further refined to attain 

a final subset of studies that (i) included comprehensive characterization of AgNP size (by 

transmission electron microscopy, TEM, at a minimum) and shape, (ii) defined the AgNP dose(s) 

delivered under the exposure condition using ICP-MS, UV-vis, or GF-AAS, and (iii) included a 

scaled ion control (as determined through calculation, described in detail below, using results from 

criteria i and ii) that was delivered under the same exposure conditions as the AgNP (i.e., in the 

same growth medium and bacteria). This final subset of literature contained 30 studies and was 

used in our analysis. Given that we used scaled ion controls as a metric for determining inclusion 

and exclusion of studies (i.e., pre-specified eligibility criteria), we refer to our analysis as a 

systematic review.[170] A descriptive summary of each study is compiled in Appendix Table 

A.1. 
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A scaled ion control is defined here as having an equivalent concentration of silver atoms 

to the bioavailable silver that is released from the AgNPs as Ag(I) and is delivered to the 

experimental system as a silver salt (e.g., AgNO3, AgC2H3O2, Ag2SO4) or as the isolated ions from 

the AgNP. This factor is a distinguishing criterion because scaled ion controls are crucial for valid 

comparison of ion-only, particle-only, and combined ion-particle contributions to AgNP 

antimicrobial activity. The calculations we use to determine a scaled ion control consider the extent 

to which a AgNP of a given particle size and shape can dissolve to its bioavailable Ag(I) form 

based on the surface atoms available for oxidation and will be discussed in detail below. 

2.3.2 Scaled Ion Control Calculations 

The following calculations outline our approach to determine scaled ion controls in each 

experimental AgNP system. Briefly, the percent of AgNP oxidation and subsequent ion release 

necessary to obtain Ag(I) ion concentrations equivalent to the ion controls used in a given study 

(i.e., the expected bioavailable silver) was calculated by comparing the total concentration of silver 

atoms (on a mol/mL basis) present in the reported ion control and in the delivered particle dose(s). 

The theoretical percentage of AgNP surface atoms available for oxidation was calculated by 

considering the size and shape of the AgNP studied (vide infra), which is why inclusion of particle 

characterization by TEM is critical and serves as the basis for defining a scaled ion control. 

Due to ambiguity in the concentrations of the ion controls and AgNPs reported in the 

literature, we carried out the calculations under two feasible assumptions: (i) the reported 

concentration indicates the concentration of the total silver salt or AgNP, and (ii) the reported 

concentration indicates the total silver atom concentration of the silver salt or AgNP. The 

difference in results for these two assumptions was insignificant for the silver salt, but significant 
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for the AgNP. The assumption that the reported concentrations of AgNPs were as amount of 

AgNPs per unit volume resulted in unrealistic values of necessary AgNP oxidation (e.g., 1029%) 

and rejection of every study for having an overestimated ion control. Therefore, the calculations 

proceeded assuming the reported concentration was of the total silver atom concentration unless 

otherwise specified in the study. This assumption is further rationalized by the fact that those 

studies including details on how they determined AgNP concentrations used characterization 

techniques (e.g., ICP-MS or AES, UV-vis, or GF-AAS) that measure total silver atom 

concentrations. 

The following example calculation demonstrates the approach used to determine the 

concentration of Ag(I) ions in the silver salt control in units of moles per mL: 
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Eq. 

2-1 

 

which for a reported concentration of 0.4  Ag(I) (delivered as AgNO3) equates to 3.71x109 

 
 (delivered as AgNO3). The same approach was used to determine the equivalent 

concentration for AgNPs (shown here as an example for a reported concentration of 0.4   

AgNP): 
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Eq. 2-

2 

Since the silver salt ion control is at the same mass concentration as the AgNP (0.4 ), the values 

are the same, which is expected given the assumption that the concentration represents the total 

silver atoms. This ion control assumes that the AgNPs completely dissolve, and thus delivers an 

ion concentration that exceeds the amount of Ag(I) ions that is realistically released from the 
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AgNPs (vide infra). Example calculations using the alternative assumption are outlined in 

Appendix A. The percent of AgNP oxidation necessary to release Ag(I) ion concentrations 

equivalent to the ion controls used in the respective study was calculated as follows: 

 
Ϸ ὃὫὔὖ έὼὭὨὥὸὭέὲ 

άέὰ
άὒ
 ὃὫὍ ὥί ὃὫὔὕ

άέὰ
άὒ
 ὃὫὍ ὥί ὃὫὔὖ

ρzππ 
Eq. 2-

3 

To determine whether the necessary extent of oxidation is reasonable, the theoretical extent of 

oxidation was calculated under the assumption that only a single monolayer of the NP is available 

for oxidation. This assumption is empirically supported. For example, Sotiriou et al. found that the 

equilibrium Ag(I) ion concentration released from the particle into solution corresponds with the 

dissolution of one to two monolayers and is dependent on the particle size.[149] For particles 

greater than 8 nm, the mass fraction of released Ag(I) ions is equivalent to the mass of a single 

silver oxide monolayer, whereas dissolution of particles less than 5 nm in diameter corresponds to 

oxidization of two silver oxide surface layers.[149] An intermediate extent of oxidation, i.e., in 

between one to two silver oxide surface layers, appears for particles sizes between 5-8 nm. We 

proceeded with the assumption that theoretical dissolution was equivalent to the oxidation of the 

outermost surface monolayer because 95.5% (64/67) of the AgNPs in the identified literature are 

greater than 5 nm (the three studies that include AgNPs less than 5 nm also included AgNPs with 

diameters greater than 5 nm). To estimate this monolayer, the percentage of surface atoms on a 

given AgNP was calculated as follows: 
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Eq. 2-

4 

The method used to calculate the volume (needed for determination of the total number of 

atoms) and surface area (necessary for determination of the total number of surface atoms) takes 

into account the size and shape of the AgNP used in a given study (equations in SI). For the 
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determination of surface atoms, the percentages of different surface facets present on AgNPs of 

different shapes were also considered, as this factor can influence the number and packing of the 

atoms on the surface, as well as influence surface reactivity and the propensity to oxidize. Pseudo-

spherical particles were the predominant particle shape studied in the identified literature subset 

and were approximated as cuboctahedrons, having eight (111) faces and six (100) faces, containing 

63.4% and 36.6% of the surface atoms, respectively.[171] The monotonic relationship between 

nanoparticle size and the total number and percent of surface atoms is well established; the total 

number of surface atoms increases with increasing particle size and the percentage of surface atoms 

increases with decreasing particle size (see Figure 2 and Table 2 in reference [172]).[172] Forty 

percent oxidation was determined as a conservative threshold for a scaled ion control based on (i) 

the available percent surface atoms (0.6-26% based on calculation) determined from the AgNP 

size and shape, and (ii) the potential for additional ionization due to known influences of 

experimental conditions (vide supra), which cannot uniformly or robustly be considered in these 

calculations. As a result, ion controls that require > 40% of the AgNP to oxidize were considered 

overestimated. Following the example calculation above, the 1:1 ratio of Ag(I) ions as silver salt 

and AgNP would result in 100% of the AgNP needing to oxidize. This systematic review focuses 

solely on the results and conclusions presented in the subset of studies that included at least one 

scaled ion control. A schematic illustrating the approach to scaled ion control determination is 

presented in Figure 2.2. 
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Figure 2.2. Theoretical dissolution of a given AgNP monolayer.  The depicted process serves as the underlying 

assumption for establishing the threshold for a scaled ion control. The atom-by-atom surface dissolution of 

AgNPs initiated by (i) ligand desorption, (ii) oxygen sorption and formation of the Ag-O complex that begins 

oxidation of Ag(0) to Ag(I), (iii) Ag(I) dissolves into the continuous phase, and (iv) size and morphology of the 

particle changes as a function of dissolution. 

 

These calculations enabled isolation of those studies that incorporated a scaled ion control 

that is representative of the total possible Ag(I) ion released from the AgNP studied. This narrowed 

the focus to conclusions drawn from these isolated studies with the goal of gaining clarity in the 

ion versus particle antimicrobial activity debate. Still, the calculations are not without limitations. 

First, the solvent environment (e.g., growth media),[64, 66, 77, 150, 151] the presence of 

bacteria,[35, 46] and surface chemistry (e.g., ligand identity, silver oxide formation), [38, 39, 50, 

65-67, 75, 76, 78, 79, 160, 166, 173] among other factors, have all been shown to influence AgNP 

ionization (vide supra). Yet, the mechanisms remain unresolved and thus limit our ability to predict 

the influence of experimental conditions on Ag(I) ion release in the studies reviewed herein. 

Second, the calculations determine how much silver can theoretically ionize from the AgNPs 

indicating the bulk concentration of Ag(I) ion in solution, not the concentration of Ag(I) ion 






























































































































































































































































































































