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Leveraging Nanomaterial Design for Next Generation Antimicrobials
Lisa M. Stabryla Ph.D.

University of Pittsburgh2021

Silver nanoparticles (AgNPaye promising alternatives to conventional antimicrobials due
to their efficacy against a wide spectrum of bactdfiawever,the mechanim of the particle
contributions (dighct from ther released Ag(l) ions) to microbial inactivation is not fully resolved
and is needed to enakdepriori designfor maximizng antimicrobial activity This dissertation
demonstrate 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 rewe that critically analyze conclusions about ion and NP
contributionsgs conducted as an initial step to evaluate the potential impact of the particle in AQNP
design. Results indicate that MPecific effects exist and act in concert with and/or indepelyden
from solubilized Ag(l) ions, suggesting that more efficacious antimicrobials can be obtained
through NP desigmlext, the unintended consequence of resistanEe @oli repeatedly exposed
to sublethal AgNPsconcentrations is explored using an experitak evolution approach.
Resistance wlves in responseto AgNPs but not to Ag(l) ionsalone indicating a specific
resistance to AgNP$Selective emergence of AgNP resistance based on bacterial metaitgo
found, suggesting that the mechanishresstance may beediated byflagella The results are
promising for consideringotility as apredictor of AQNP resistance and could inform design of
nanceenabled antimicrobials that targein-motile bacteriaFinally, the influence of AQNP shape

on antimicobial activity is further explored as no consensus 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 variable®gnding the resolution
of shape, antimicrobial activitis evaluated with a systematically prepared and comprehensively
characterized material suite of AQNP shapes with-aatitrolled physicochemical properties,
including pseudepheres, cubes, and dis@ifferential antimicrobial activity asesfrom 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 beyonurdre 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

1.1.1Antimicrobial Usage

Antimicrobial agents are ubiquitous in mahigh valueindustries, including healthcare
(e.g., medical device coatings, disinfectarftg)dand agriculture (e.g., food preparation surfaces)
and drinking watetreatment andistribution(e.g., chlorinatia, coppersilver ionization)with the
aim of pathogen inactivation, infection prevention, and biofiim cofir@] Antimicrobial
coatings in particular comprise a billi@lollar industry, with the global market having reached
$3.3 billion in 2020 and projecting to grow to $HiBion by 2025[4] Silver-based antimicrobial
coatings specifically are projected to lead this market, particularly due to their high efficacy, low
toxicity to humanslonglasting performance, and high thermal stability as compared to copper,
titanium doxide, and zineébased formulationgl] 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 prevesprélael of hospital
acquired infection§4] At healthcare facilities, hospitalcquired infections are the leading cause
of mortality and morbidity, affecting 1.7 million patients and causing 100,000 deaths in the US
each yeaf4] These infections ofterise from the use of medical devices during treatment
procedures as they are a breeding ground for bacteria and are difficult to disinfect with
conventional antimicrobialgl] Increased awareness about safety and hygiene, more stringent

regulations fornfectioncontrol 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 @OVID
pandemic, the rise of antibiotic resistant bacteria, and the growing popiitgti

A recent BCC market repdi®] provides insight int@nothersimilarindustry. Antiseptics
(applied to the body) andisinfectants (applied to ndiving surfaces such as countertops and
handrails) also comprise a billigiollar industry, with the global market having reach&dlL$
billion in 2017 and projected to increase to $9.1 billion in 20Z2Revenue in North America
alone was nearly $3 billion in 2013} 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 angrémedsig units,
restaurants, restrooms, and several otfrBhenolic antiseptics and disinfectants consume the
largest global market share at $h#lion in revenue Figure 1.1), followed by quaternary
ammonium ($1.4 billion), oxidizing agents ($1.3 billion), and alcohol ($1.1 bil[i§jnNowever,
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
productd5] In comparison,he silverbased antiseptics and disinfectants mankat$63 million
in 2017 and is projected to surpass $112 million in Z6RZhis is the highest growth rate due to
expanded use in wide ranging fields, including textiles, medieaices, and personehre
producs, as well as the launch of several innovative sibased technologies: (i) Microban
I nternational 6s SilverShield technology that
Rudol f GmbHO®Gs Sil ver pl u-sausingbadiensotéxblesyandt(iDnRPG c ont 1
|l ndustriesé PPG SILVERSAN ant i bpg,chl Qverrtbased p owd e
disinfectants are increasing rapidly in the food industry too. For example, Chipotieall&xill

adopted PURE Bioscience Incbs Silver Dihydrog
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food-contact surface sanitizer and disinfectant to prevent-boode illness outbreaks caused by
Salmonella, E. coliand 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)ntactd

surfaces, textiles, and others.

a b

4

amidines
, il | | il | ‘ 1l | | l-l

v

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

with permission.[5]

1.1.2Antimicrobial Resistance (AMR) as &lobal Public Health Challenge

A major challenge associated withe use ofantimicrobial coatings, atiseptics, and
disinfectantsis the development of resistance in the target microorganism, i.e., the ability to
withstand the toxic effects of chemicals, the
and leading to the emergence of bacteria kcae d 0 s Amptimicrdbial gesistance (AMR)
poses a serious threat to global public h¢@]tas the number of resistant bacteria strains increase
and challeges our ability to adetely treat diseasesiqure 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 resistancevandenceand are referred to as the
ESKAPE pathogengEnterococcus faecm, Staphylococcus aureuKlebsiella pneumonige
Acinetobacter baumanniPseudomonas aerugingsmdEnterobactespecies]9] The Center for
Disease Control and Prevention (CDC) estimate that, in the United States alone2a heidlgin
illnesses an®5,000 deaths are attributed to AMR infections annually, with-32®illion in
healthcare expenses and productivity l0$8g3his problem is exacerbated by the fact that there
is a diminishing number of antimicrobial agents being approved by the Fip&ré 1.2B).[7, 10]
Drug development has not kept pace with the development of antibiotic resjdtarcd,which

is in part due to the significant investmeirg.($800 million$1.7 billion) reuired to bring a drug

to market.7]

a b

60

m Total # new antimicrobial

50 4 MRSA 14 agents (5 year intervals)
= VRE e 12
40 1 - rqre Pe—— 10
30 =
— 8
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Figure 1.2. Factors exacerbating antimicrobial resistancea) Increase in resistance rates fothree bacteria
identified as serious public health threats. MRSA = methicilliar esistant Staphylococcus aureus. VRE =
vancomycinresistant enterococci. FQRP = fluoroquinolonegesistant Pseudomonas aeruginosa. Source: IDSA

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

Furthermore, antimicrobials aiacreasinglybeing regulated due to toxicity concerns
(arising from both the parent compound and potentially more toydproducts) receiving
requests for more data collection (e.g., benzethonium chloride), or have been banned altogether

from some personal care products (e.g., triclosamaplé 11).[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
microorgansms such aSphingomonas, Giardia, CryptosporidiuandLegionella pneumophila
have been reported to possess resistance to chja ]

Silver nanopatrticles (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 raliig resistant bacter[@p,

26] multiple modes of bacterial inactivatipp7] and ability to manipulate nanoparticle
parameters, namely size, shape, and surfadoemistry, to influence the magnitude and
mechanisms of antimicrobial activif7] 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 AMRisis.
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Table 11 Summary of existing antimicrobial agents. [13-20]

Antimicrobial Chemical Mechanism of .
P Advantages Disadvantages
Agent Structure Inactivation
» Toxic to humans, linked to hormone
cl OH o disruption
,..J\ ,CLHA_\ » Multiple mechanisms < e s‘.’e"‘r“m. ey » Banned by FDA in antimicrobial scaps
. [ 1 o » Was active against Gram- o = s -
Triclosan CI/[-%‘_/]’ g # Disrupts cell wall SR AT AT (BLliis » Resistance acquired through multiple
J functions p mechanisms

negative bacteria » Contributes to resistance of other

medically relevant antimicrobial agents

B-lactam

o ) O > Inhibits cell wall > Displayed broad spectrum > Docreased effectiveness against
antibiotics { ; Ny Staphylococcus aureus
e e o formation activity . o . .
(methicillin) = Mot effective in Gram-negative bacteria
Floroquinolones T . » Central nervous system side effects
(ci r(:)ﬂ oxacin) M M > Inhibits production of ~ ~ Displayed broad spectrum 5, propipited in some countries
p vo A A A nucleic acids activity » Decreased effectiveness against E. coll,
o 0 Shigella, and Salmonella
» Long-term exposure linked to cancer,
. s ] er s . . » Highly effective against AMR allergies, and organ toxicity
Benzethlonlum : ’ > Multiple mechanisms bacteria » Banned in Canada and Japan for use in
chloride cosmetic products and soaps
o, o > Relatively safe
0 P R # Uniguely inhibits > Effective against AMR ¥ Long-term exposure could cause nerve
xazolidinones L T et ] : -
li lid o I" ¥ w0 initiation step of protein  bacteria damage and bone marrow suppression
(linezolid) v ’ synthesis > Can switch quickly from IV to
oral use
» Smaller size, higher surface
Silver +t,+ » DNA damage _area . = Toxicity to humans and environment is
nanoparticles s » Membrane destruction » Effective againstAMR unresolved
(AgNPs) [ \A_g) # Oxidative stress ) bacl_ena ) ~ »Same wide-spread usage of sub-lethal
9 # Multiple modes of inactivation  amounts could result in resistance

» Chance of being "resistance-
free”

1.1.3History of Silver as Antimicrobial Agents

Bulk silver, and arguably nanoparticulate silver (AgNPs), among the oldest
antimicrobial agentfl, 28, 29 In ancient times, roughly,000 years agailver was used to line
vessels andgilver coins were added to containers of water or milk were used to preserve rations
during military conflictd.1, 30, 31] Silverwas alsanstrumental during this tim® treat ulcers and
aid in wound healing?25, 30, 31] Today,AgNPs comprise a billiowlollar industrywhich includes
more than just antimicrobial applicatiofisgure 1.3), with the global market being valued at $1.8

billion in 2019[32] It is projected to react4.1 billion by 2027particularly due to the rise in
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demand for antimicrabl applications, disinfectants, and pharmaceuticatsl decline in
traditional antimicrobials due to toxicity and resistance cond@&jsThey 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. dditionally, around 360450 tons of AgNPs are produced globally per

year[33]
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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 20122022[34]Bacterial Inactivation

Mechanisms ofSilver (1on versusNanoparticle Effects)

1.1.4.1Silver lon Effects

The antimicrobial mechanisms lofilk silverare attributed to the releaseAd(l) ions and
their interactions with various aspects of the micidi® 27, 35 For example, AfJ) ions can
interact with sulfhydryl groups on the cell surface, where the subseguerattion d thiol-silver
bonds block respiration and electron transfer, leading to the collapse of the proton motive force,
the deenergizing of the membrane, and eventually cell dgjthhe ionic radius of &g(l) ion is
also sufficiently small (0.115 nm) to travel through transmembrane proteins such as pd60s (30
kDa; pore size,13 nm)[27, 36, 37] Once inside the cell, A9 ions may react with thiol functional
groups in proteins and nucleic acids, interfering with DNA replication and deactivating many

enzymatic functiongl] Ag(l) ions also increase the level of reactive oxygen species (ROS) inside
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the cell because thiglontaining antioxidative enzymes are deactivated Bilver, thus

exacerbating theainage done to proteins, lipids, and nucleic afditis.

1.1.4.2AgNP Effects

The mechanisms of antimicrobial activity for AQNPs have been widely studiedyamgd
researcherkargely attribute this activity to the release of(Agons via oxidation and dissolution
of theAgNP surface atomf27, 30, 35 Compared to their macroscale counterparts, AgQNPs exhibit
enhanced ion release per unit mass mainly due to an increased surface area to volume ratio.
However, it has also been established thaiofigexposure alone does not elicit Hane bacterial
response as exposure to AgNP8, 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 consensimsthe AgNP toxicity literatureTable 1.2). Several studies only compare
endpoint toxicity between the two silver form&able 12) rather than attempting to isolate the
major contributor of toxicity in the AgNP system, which is challenging due to nauitipttivation
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 paramateoss studies unintentionally creates
different AQNP systems and thus leads to varying conclusibaislg 1.2). Additionally, many
studies do not make appropriate comparisons between the two silver forms, i.e., Ag(l) ion controls

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

ﬁgmog:;gﬁ Identified effects
NP sze NP ligand NP shape Biological model Exposure media paris and/or relative toxicity Refs
betweensilver X
f betweensilver forms
orms
. . . . lon > NP,
Various Various Spherical E. coli Hard water In some cases ye . [39
Particle effects
83-100 nm - Wires, E. coll Water Yes lon > NP, [40]
spherical lon effects
15 nm PVA Spherical Nitrifying bacteria Inmoergar::]c No NP > lon [47]
1521 nm PVA Spherical E. coli Nutrient broth Yes lon > NP [42]
2nm -- Spherical E. coli Luria-Bertani No lon > NP [43]
8 nm, 29 nm PVP Spherical Several gram+ and Muel_ler—Hmtor_L In some cases ye Io_n > NP [44]
gram Luria-Bertani Particleeffects
2550 nm -- Cubic Severglrgrrsm+ and Mueller-Hinton No Particle effects [26]
25 nm Various Spherical Candidaspp Mueller-Hinton No l on & NR [459
11 nm Citrate Spherical Shewanella oneidensi{  Ferric citrate Yes lon effects [46]
52 nm -- Mam_ly E. coli Luria-Bertani, DI Yes lon effects [47]
spherical water
35nm Carbon Spherical Activated sludge Mixed liquor . Yes NP > lon, Particle effect [48]
suspended solidg
20 nm Citrate -- Nitrosomonas DFR media No lon > NP, [49
europaea lon effects
Citrate, gum , Nitrosomonas .
21-27 nm Arabic, PVP Spherical europaea AOB medium In some cases ye lon effects [50]
20 nm, 80 nm Phosphate Spherical Nitrosomonas HEPES buffer Yes lon effects [51]
monolayer europaea
Cysdeine and | SB Dul l on B.cdiP
7 nm glutathione Spherical S. aureus, E. coli ' Yes lon > NPS. aureus [52]
PBS ;
Particle effects
. . . . lon > NP,
35nm Various Spherical Pseudomonas putida Various Yes . [53
Particle effects
9 nm Various Spheical E. coli Various No NP > lon [54
Various PVP Cubes, wires| Several gram+ and Luria-Bertani No lon > NR, (55
spheres gram lon effects
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Table 12 (continued)

<10 nm -- -- Pseudomonas putida er;r?ergliasalt Yes lon effects [56]
50-100 nm -- Spherical Pseudomonas putida| Phosphate buffer] In most cases ye;s Particle effects [57]
16-20 nm, 50 PVP Spherical H“!“a”. Iurjg carcinoma DMEM No Particle effects 58]
30 nm epitheliatlike cell line
40 nm -- Spherical Pseudqmonas GLYM9 No Particle effects [59
aeruginosa
Various Various Spherical C.elegans EPﬁq\év;Ler:; K+ No Particle effects [60]
Various Phosphate Spherical E. coli PBS Yes lon > NP [61]
monolayer lon effects
6 nm -- Spherical Nat“fa' cpmmunlty_ of Pond water No lon effects [62]
aguatic microorganism
S. aureugMSSA, Mueller-Hinton, .
5-10 nm - - MRSA) Luria-Bertani No Inconclusive [63]
Various Various Spherical E. coli Luria-Bertani In most cases yes Particle effects [39]
Amorphous Sodium
35nm Spherical E. coli bicarbonate Yes lon effects [64]
carbon
buffer
Sodium
Various PEG, PVP Spherical E. coli bicarbonate Yes lon effects [35]
buffer
Various -- Spherical Vibrio fisheri 2% NacCl Yes Particle effects [65]
: . Mueller-Hinton, :
24 nm PEGSH Spherical E. coli Luria-Bertari Yes Particle effects [66]
6 nm Various Spherical E. coli, S. aureus Lurlq—Bertam, Yes lon effects [67]
Tryptic soy agar
45 nm Citrate Mam_ly B. subtilis, E. coli Luria-Bertani Yes Particle effects [68]
spherical
. Lo Synthetic
7 nm Starch Spherical Nitrifying sludge wastewater Yes lon effects [69]
Luria-Bertani,
70 nm PVP Spherical E. coli, S. aureus Roswell park Yes lon effects [70]

Memorial

Institute medium
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Nanoparticle parameters, namely size, shape, and surface chemistry, define the
nanoparticleand cancontrol particle and ion effects lgducing various physical and chemical
mechanisms of inactivation, although these remain to be precisely elucidated. Nanopaeticle
has been shown to influence antimicrobial activity, with smaleticles(i.e., particles having a
diameter<10 nm)inducing greater antimicrobial activifg7, 71-73] This is often related to the
increase inon releaseccurringwith decreasing nanopatrticle si&¥, 71-73] Nanopatrticleshape
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 oxy§grv.3, 74] Finally, surface chemistryaninfluence dissolution
via capping ligandsi.e., molecules providing stability to th&gNPs) and insoluble passivation
layers[39, 50, 7579 The capping ligand is known to influence AgNP antimicrobial activity
through regulation of ion releafg9, 80] with the potential for some ligands to chelate released
ions and drive more dissolutiong,,Le Chat el i erés principle), whil
reduce ion release by exposing morelass nanoparticle surface and making it available for
interaction with oxygeif79, 80] In addition to influencing chemical behavior, surface chemistry
has also been shown tmpact physical behavior (e.g., aggregation, affinity for the bacterial
cell),[79, 81] which carfurther influence AgNP antimicrobial activifa8, 75] For example,here
is large agreenm around positively charged nanoparticles inducing greater antimiceaity
as they have high affinity for the negativelyarged bacterial c€lB8, 39, 75] The surrounding
media chemistry can also influence ion release and particle bef@&jidihe above examples for
all three nanoparticle parameters segfghat while differentiahicrobialresponsgcan 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 remanespolved, particularly the dynamic contributions

of the nanopatrticle andn.[27]

1.1.5Mechanisms ofAntimicrobial Resistance

1.1.5.1Resistance toAntibiotics and Conventional Chemical Antimicrobials

The mechanism of actionoff 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 synthesrs, protei
synthesis, DNA and RNA synthesis, and folic acid metabol{gingure 1.4).[82] Resistance in a
cell builds in response to that one specific target. It can arise specifically from efflux aggs€ha
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 vhi#ir ttargets), 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 antimicroblato 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
resistancg¢83] Other times, these defenses are acquinad other bacteria via the integration of
released, frefloating 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 resistan¢e third categy of defenses, is developed under

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

resistance to another dr{@8g] This type of resistance can only be passedo progeny84]

Antibiotic Targets  Antibiotic Resistance

Cell Wall Efflux

Immunity
& Bypass

DNA/RNA
Synthesis

CooH

Folate \\\

Synthesis N Target
Modification
Cell Membrane Protein Inactivating

Synthesis Enzymes

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

under the Creative Commons CC BY 2.0 attribution licens¢82]

1.1.5.2Ag and AgNP Resistance

Thereare numerouseportson bacterial resistance to ionic silvesgeveral of which have
isolated silverresistant strains ofAcinetobacter baumanni, Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Pseudomonas statzemultipleSalmonellaspecies
from silverrich clinical (e.g., hospital burn wards) and environmental (e.g., silver mines)
settings[1, 31, 85-99] These resistant strains detoxify Ag(l) idhsough reduction to a less toxic
oxidative state (e.g., Ag(l) tog{0)) orby eliminating the threat of Ag(l) ions altogether through
active efflux of Adl) ions from the cell by efflux pumgd87-89, 91, 100-103 In same strains such
asP. stutzerj silver resistance is conferred viglasmid[1, 27, 87, 88] However, silver resistance
genes are not commonly found on enterobacterial .0l plasmids but rather are acquired
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through a de novo mutation in the chromos§8& Silver ion resistance is specifically associated
with the sil operon|1, 87] and containgwo periplasmic metabinding chaperone protesrSilE
andSilF as well agwo efflux pumps- a Rtype ATPase SilP and antiporter SilICB&VZ] Since
silveris not an essential metalacteria likely @ not have an innate mechanism to eliminaigy(l)
ions[31, 84, 104 Therefore, his systemof resistance genesay have stemmed fromna
establishedopper resistancgystem(involving multicopper oxidase cueO and transport ATPase
copA).[104-106 An additional proposed mechanism emerged from studying sisestantE.

coli mutants which were found to haveell membranes deficient in outer membrane porins,
therebydecreasing silver uptak89, 101]

Unlike the established resistance mechanismadgl) ions, the potential fobacteria to
develop resistance ®gNPs emerged in the past 10 yeat90 107-111] with the potential to be
exacerbated because of widesprégaiP use inmanycommercially availablgproductg29, 82,

10§ Unlike intrinsic or acquired resistancemmonly seen with antibioticedaptive 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 silverThestudies thashow emergence bfacterial resistance to AgNEsncludean

ion eliminationmechanisnj107, 109 One study specifically found th&acillus subtilishas a

natural ability to adapto cellular oxidative stress induced tye release oAg(l) ions upon
prolonged exposure to AgNPE09 Another study foundplasmidic silver resistance determinant

(i.e., SilB) upon exposure to AgNPs 1 senftenbergsimilar to what has been found for @®g
ions[100 Genomic or chromosomal mutations halso been suggestdd00, 107, 109 For
exampleGraves et al. identified small mutations in four gecasSrelated to intracellular copper

ion concentrationgpurL related to nucleotide synthesipoB related to RNA polymerase, and
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ompRrelated to the production of an outer membrane protein that plays a role in regulating
responses to A ion resistanc@l07] However, Panacek et al. proposed an alternate resistance
mechanism that does not involve a genetic mutdfidd] Rather, they show bacterial resistance
towards AgNP€merges fronparticleaggregationnduced bythecellb s s ecr et i(then o f
principal protein component of bacterial flagell111] The flagellin is postulatetb reduce AgQNP
colloidal stability, causing aggregation and decreasing the particle surface area, which
subsequently reduces AgNP bioavailability and likely suppresses the surface reactions that cause
antimicrobial effect§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 resistaanmechanisms that develop in response toaod particledriven

effects (whether chemical or physical), particularly as we strive to use these materials to combat,
rather than contribute, to the AMR crisi$e currentack of mechanistic resolution anod 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.

1.1.5.3General Notes aboutEvolution of Resistance

Both the level of resistance and the mechanisms that occur are depemdee duration
and concentration of the antimicrobial expod@&®.117 Fag, transient mechanisms occur over
short timescales and involve rapidmall phenotypic and epigenetic changes (e.g., DNA
methylation, elevated rates of point mutatiomd)ich are less stab[83] On the other hand]ow,
morestable mechanisms occur over longer timescalesaendnparted by a serie$ geneticor
chromosomainmutations ¢ confer gpermanent form of resistanf&3] The standard timeframe for

observing resistance development is 20 serial passages of repeated antimicrobial g&gosure,
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111, 113115 which isconsidered a long evolutionary path that can lead to the appearance of

recurrent and sequential mutations promoting a permanent resistance ré8gonse

1.1.6Nanoparticle Shapeas aDesignHandle

There is a growing demand for the development of design criteria to maximize the
functional performanceof AgNP-enabled products and thusirent 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 actiiiyyce nanoparticle shaman be
manipubted and the particlénteracts directly with the microorganismjsta key design handle
for maximizingantimicrobial activityin a way that avoids the risk of resistantke influence of
nanoparticle shape on the bacteria response, however, is nandetstood, particularhhe link
between the material properties imposed by shape andniterlying mechanismef action
imparted to the bacteria ceith the potential to enhance the physical and chemical mechanisms
of antimicrobial activity, manipaktions of AQNP 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 AghtRabled products has been incregsi

(Figure 1.5).[32]

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

As highlighted inTable 1.3 andFigure 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 exampige studies show that shape does not
influence bacterial responfe5, 116 while others conclude faceted shapes (@rgsmg display
greater biocidal activity due to more ion releasereased interaction with the cell, and enhanced
membrane disruptiof¥.4] Opposingly, shapes witboft edges (e.g., elongated nanospheres) have
also been identified asnhantng membrane association and inciags 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 parécparameters are often changed simultaneously along with shape
(Table 13). 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 propentigsgov
shapedriven antimicrobial activity Table 1.3, Figure 1.6B). There is also th@otential for
different contributions from the released (Bgions and the particles themselvesinfluence
shapedriven bacterial response&s stated earlier, nanoparticle shape can influence both ion and
particle behavior and induce various physical and chemical mechanisms of inactiation.
example, nanopartickhapenotably changes the citgs 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 facetissudvedoxygen|l, 73, 74
However, studies that investigateanoparticle shapdo not reach consensus on whether ion
driven[40, 116 or particlespecifid72, 118122 effects existand few studies monitor dissolution
kinetics necessary to inform mechanistic distingtldg| (Table 13, Figure 1.6C). Finally,
mechanistic resolution at the cellular level has not been achieiteoligh a few studies propose
membrane damage as directly underlying the sllapen bacterial respond&@d, 119 (Table

1.3, Figure 1.6D).
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Table 1.3 Summary of the AgNP shape literature showing conflicting conclusions and experimental design.

REGITE » . | Identified
antr . Identified | Identified )

: , : : , NP Size : : mechanim
microbial | Bacteria Biological charact | (surface Ligand lon ion and governing | oo Ref
activity strains endpoints i g release particle material P

erization| area)** : based
between effects properties inactivation
shapes
Eluted
Ag(l) ions
32-64 nm after :

: , vs 50 nm washing
Hierarch UV-vis, vs 10-100 of cotton
ical / SEM, Am Vs Citrate samples
prism / E. coli> Oh viahil TEM, methyl are smilar | lon, Surface _
polygonal | S. aureus % viability BET, 20-110nm cellulose | for all particle? | area [127
> sphere/ FTIR, (30.1, 18.2 SDS shapes,
disk ICP 17.6, 14.8, :i’)‘{atding

12.0 m/g) efficiency
is
different
20-60 nm In water:
vs 4670 Disk
and 120 (68%) >
Disk > MBC. % iEII\\/IA 180 nmvs ?ZIIeItDaVP sphere lon Surface
sphere > | S. aureus o 70 ’ 50-100 nm , (42-54%) - [114
viability DCs, potential area
rod > cube DLS x 1,000 varied) > rod
20,000 nm (37%) >
vs 140-180 cube
nm (30%)
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Table 13 (continued)

Sphere >
cube >
wire > .
. . coli, XRD, 17 nmyvs
prism subtils |4 o |EM, | 450 nmus | 21 PVP
o viability UV-vis. | 92 nm vs except -- -- -- [124
Prism > ' prisms
. aureus DLS 50 nm

sphere >
wire >
cube

Growth 40 nm vs Facet
Prism > curve, TEM, 39 nmyvs CTAB- Combined (111) Membrane
sphere > . coli killing ICP, 16 nm x citrate -- ion and surface damaage [74]
rod kinetics, % | UV-vis | 100200 particle? area? 9

viability nm '

Growth 55 nmvs
Cube > TEM, Surface
sphere > . coli K/Iulrc\:/efy XRD, goog{}n VS L AllPVP? | -- Particle area, facet g/l:g;r:ne [119
wire NS 70 T Gyvis | 4 (100) 9

viability 4,000 nm
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Table 13 (continued)

Water:
Prism
(39%) >
sphere
(23%) >
cube (4%)
BSA:
MIC Prism
Pri E. coli= ' all PVP (0.2%) = | --nothing | Aggreg
rism > P. aeruginosa COIOr." TEM 30 nmvs (zeta sphere or ation
sphere> ' 9 metric ’ 50 nm vs . P : ’ - [126
> S. aureus DLS potential | (0.2%) > | combined | facet
cube change, 80 nm varied) | cube ? (111)?
ICs0 (0.04%)
MHB:
spheres
(4.2%)>
prism
(0.4%) >
cubes
(0.2%)
Prism >
sphere > all shapes
cube R . Growth at 70 nm ,
SAME SIZ€ | expressingE. | ence, zone | UV-vis igdr:nn?gil q Unknown | -- Particle? area, facet| [129
Small coliBL21 of 20 nm (1112)
inhibition
sphere > spheres
prism
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Table 13 (continued)

NP-cell
Hexagon mrt(;evr\zﬁtlon, SEM, All average PEG
> sphere >| E. coli g TEM, : 98 Citrate - Particle - 11
curve, zone size40 nm
prism of ' UV-vis PVP
inhibition
Zone of
inhibition
Plate > ' Unknown Surface
S aureus > MIC, % BET, Membrane
rod > E. col viabiity, | SEM | (121,40, |allPVP | - - area damage | (129
hexagon ' growth ’ 17 ne/g) stability
curve
22.5 nm vs | Citrate ¢
18.92 nm | 29 vs-
UV-vis, | (citrate), 38mV),
E. coli, MBC, TEM, 24.5 nmvs | PVP (26 Shar
Prism> | S. enterica, | inactivation| EDX, 23.56 nm | vs-30 _ B verteges _ [13
sphere P.aeruginosa | curve, % DLS, (PVP), 114 | mV), and edaes
viability ICP- nm vs poly-Arg- 9
OES 90.75 nm | PVP (+29
(poly-Arg- | vs +34
PVP) mV)
. XRD
E. coli, Zone of !
Sphere > S. aureus, inhibition, TEM’. 4060 nm | PVP -- - Surface -- [125
prism P. aeruginosa| MIC, MBC | ZY VIS area
- aerig ’ FTIR
Small Size
sp_here > P. aeruginosa| Zone of SEM’. 1590 nm P.VP_ Comblned surface
prism > - N UV-vis, citrate -- particle -- [73
> E. coli inhibition vs 150 nm . area, acet
large XRD none and ion? (111)
sphere
TEM, 40-80 nm,
Cube> | £ coi % viability | SEM, | 500800 - Particle | .2c®t - [127
octahedral XRD am (100)
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Table 13 (continued)

Facet
: MIC, SEM, , (111),
Prism Combined
mixture> | E. coli growth XRD, 10-50 nm all citrate | -- particle _number_ off [120
sphere rate, lag HR- VS 5nm and ion mFergctlon
phase TEM /binding
sites
. Facet
SPanIrIn ” TEM, Citrate (111),
spheres > | E. coli _Zor_1e_ pf UV-vis, | 25400nm Borohydri | -- Particle _geometry -- [121
inhibition XRD, vs 440 nm I sharp
large dePVP
spheres EDX vertex a}nd
edge, size
. ECSO! GI:_
Sphere = | Recombinant | growth | yag | 50100 nm | - |
' bio- curve, % Citrate, Wire
wire . s SEM- vs 73150 _
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1.2 Dissertation Objectives and Scope

As discussed above, the identified research gagsnconsistent findings in nanoparticle
driven antimicrobial activity as well as the need for a 1ggxteration antimicrobial to combat the
AMR crisis motivates the work of this dissertation. The overall objective of this dissertation is to
inform ratioral 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 nanopaietific poperties 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 andatvbauses 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 théhawthe particle
properties that lead to one are also linked to the other).

The fo$pewi hhgacv eaphmsssrued t o attain the over e

i) Resolve the role of the namhbpsartinwlod v e
identi fyi hetlsatpupdrioepsr i at e compari s-ons be
particulate forms of silver in their ex
conclusionm® abdwtpduti ohes t o t he obser
respamdse,dentifyi mgnoplkedpabathewmenbani sn

of antimicrobi al activity.
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ii)

Uncover the mechanism(s) of bacterial r

empl oys an experiment al -pcep/wllattiioom gen
sequencing, comprehenscil ee aglgaeagat € 0inz ata
strains of varying motility to study th
i on amnpdarntaincoul ate forms of silver.

Elucidate the infl uekncemwndfimamrod@daratsi alcd
objective is attained through preparat:.
controlled physicochemical properties,
materi al properties, eval umtobndef at hed

|l oak the effectammwdgpeNPudsautrufroeahceer | ayri enag, me c h

action imposed on the cell s.

1.3 Dissertation Organization

Tuning nanoparticlspecific behavior to obtain unique, nanopartidtaren antimicrobial

activities is an undeutilized feature and current missed opportunity of using ionizing ENMs for
antimicrobial applications. However, employing nanoparsgecific 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 respegbverning mechanismghis
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strategic design of narenabled antimicrobialsas the potential tpositively impact global public
health especiallyin this upcoming posantibiotic era.

In Chapter 2, the role of the nanoparticle on antimicrobial actigitinvestigated. 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 onistudies 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 pafipkcific mechanisms of antimicrobial activity were
identified. The results of this analysis indicate that the antimicrobial effects of AQNPs are not
governed by ion release alone or in all cases, but that nanopspidiic activity is present, and
at times, acts in concert with or independently from the Ag ibhis. suggests an opportunity to
elucidate both underlying ieimdependent antimicrobial mechanisms and mechanisms that act in
concert with Ag ions, as well as whether nanoparsglecific parameters can be manipulated to
influence these mechanisnNanopaticle size and surface chemistry are identified as two critical
factors that have been suggestecelicit particlespecific effects. Interestingly, the identified
subset of literature reveals nanoparticle shape as being understudied using appropeaiade ion
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 meas#iecoli resistanceo both ion and nanparticulate forms of silver.
Results showhat E. coli emergs resstance to AgNPs but not to Agns, indicating a specific
resistance to AgNP&tability of the resistant phenotype was also explored by removing and re

introducing theAgNP pressure, after which whet®pulation genome sequencing was carried out
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to identify any mutations associated with the heritable resistAncesSmutation was identified
and likely imparts resistance by increasing silver ion effliastly, this chapter examines whether
AgNP resistance emerges because of particle aggregation or from batézdaetions with the
particle, particularly interactions centered around the flagella. For this, particle aggregation was
monitored and the emgence of AgNP resistance was evaluated in hyaped nomrmotile E. coli
strains. Upon comparing AgNP resistance profiletective emergence of AgNP resistariased
on bacterial motility $ foundwith no difference in particle aggregatjosuggesting @t the
mechanismmay bemediated by flagelluabased motility This bodes well for usingotility as a
predictor of AgNP resistance and could inform design of rearabled antimicrobials that target
specific bacteria.

Given the lack of mechanistic understarg of nanoparticle shape identified in Chapter 2,
the influence of nanoparticle shapekrcoli antimicrobial activity is further explored in Chapter
4. First, a suite of AQNP shapes includipgeudespheres, cubes, and discs were prepared with
conedalrlf ace areas and sur f acch arhsechiretrtiirdi ecsr oabni da
activit-snaxiamunhadfff ecti vs@ aa@rsc etnhternak ¢ wvalolEa e d

compared amorRgsul tbBei sdapase t haantt idmisccrso biinapla rat

foll owed by cubesvhard trlreenai aiphdrhees same trend
normali zed to NP surface area, suggesting tha
Shalpesed anti microbial 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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20l t 6s Not Al | Ab o uPartitldhSpecificcCantribuBongtpSilvert f o r

Nanopatrticle Antimicrobial Activity

This chapter has been published as

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

it os not al | about letspedfic cootnbutions to Bilves manopartiole par
antimicrobial activity. Environmental Science: Nano2018 5(9): 20472068. DOI:

10.1039/c8en00429¢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 magnitudenmathanisms 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 antirabial 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 exposire 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 inforndegign of nanenabled
antimicrobialsa 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 AdIS. 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 ofi@sjgosure to
AgNPs, particlespecific activity is observed and acts in concert with and/or independently from
solubilized Ag ions alone. These results are exciting and suggest that more efficacieus Ag

ENM-enabled antimicrobials can be obtained tigto 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 agriculturg?, 3, 135137 water treatmety1-3, 131, 13§
and drinking water distributiofl-3, 131, 138 An increasingly critical challenge associated with
antimicrobial use is that the target microbe can builttasce over timégl, 2, 27, 31, 86, 107,
132 133 139, 14Q Silver nanoparticles (AgNPs) amadher 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 antimichbial 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 linledre
material properties and the desired biological endpoint.

Silver and AgNPs are among the oldest and most widely used antimicrobial [28c2®s,
138 and their antimicrobial properties have been studied extengR&lW.39 For example,
dating back to 7,000 years ago, siNiaed vessels and silver coins in containers of water or milk

were used to preserve rations during military confli86.31] Silver has also been used to treat
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ulcers and aid in wound healifg7, 30] The antimicrobial mechanism(s) of silver atth
macroscale are attributed to the release of Ag(l) ions and their interactions with various aspects of
the microbd27, 30, 139 For example, Ag(l) ions can interact with sulfhydryl groups on the cell
surface, where the subsequent formation of theSAgonds blocksespiration and electron
transfer, leading to the collapse of the proton motive force, thenerizing of the membrane,

and eventually cell deafli] The ionic radius of a Ag(l) ion is also sufficiently small (0.115
nm)[37] to travel through transmembrane proteins such as porinSQ3Da; pore size,-13
nm)[36] Once inside the cell, Ag(l) ions may react with thiol functional groups in proteins and
nucleic acids, interfering with DNA replication and deactivating many enzymatic fungtipims.
general, Ag(l) ions also increase the level of ROS inside the cell becauseotit@hing anti
oxidative enzyras are deactivated by silver, thus exacerbating the damage done to proteins, lipids,
and nucleic acidfl]

Compared to their macroscale counterparts, AgQNPs 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 unresolvegarticularly the dynamic contributions of the NP and Ag(l)
ion[27, 139 There are three overarching possibilities for mechanisnsgbfP antimicrobial
activity. The first is that AgNPs are simply a passive Ag(l) ion reservoir, and (as in the case of
macroscopic silver) released Ag(l) ions are responsible for any antimicrobial act®ig, 35,

38, 60, 64, 141, 142 The second possibility is that antimicrobial activity of AQNPs is a result of
particleonly 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(l) ions), putting into question the necessity of Ag(l) ions and ttiaim as the main agent of

cellular impac{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(l) ions and the
particle action. For example, there may be unique passive transport pathways in the bacterial cell
(eg., outer membrane porins, altered membrane permeability) accessible to particles at the
nanoscale that facilitate the delivery of intracellular Ag(l) ions, a phenomenon known as the Trojan
horse mechanisii27, 64, 72, 144-14¢ Overall, the current literature contains support for all three
possibilities. This ambiguity in the mechanisms of AQNP antimicrobial activity limits our ability

to rationally design nanopile-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 ntrivial component arises from inconsistenae€xperimental 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 djseneasured toxicity endpoint and the
methodology used to assesfif] and the treatment of the pure Ag(l) ion control.

Of all of these parameters, the most critical for distinguishing pagpseific
antimicrobial actiity is arguably the measurement and experimental controls for Ag(l) ion release.
lon 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 podfidhe ENM system and
then compare to the effects of the ENM. lon controls may be delivered to the experimental system
as a silver salt (e.g., AQNOAgCH30,, Ag2SQy) or as the isolated ions in the supernatant of a
AgNP suspension. There are two key comgnts to a pure Ag(l) ion control: the concentration of
ions introduced to the bacteria and the kinetics of that introduction. The total concentration of

Ag(l) ion used as a control should reflect, as closely as possible, the concentration of iord release
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from the NPs used in the study. Matching these concentrations requires the ability to measure
released Ag(l) ions, which can be challengivigé infra).

In order to accurately dose the bacteria with the established concentration of ions, ideally,
the rate of Ag(l) ion release would also be known. Many studies deliver a single or pulse dose of
Ag(l) ions that is equivalent to the total silver concentration in the AgNP system, which mimics
the complete and instantaneous dissolution of the AgNP rathettihaelease of Ag(l) ion from
the AgNP over time. In addition to not capturing the kinetics of Ag(l) ion release, this approach to
ion controls does not accurately represent the AgNP system, since only a fraction of the AgNP
forms Ag(l) ions at any givetime[147-149 As such, the resulting conclusions regarding ion
only, particlespecific, and combined igparticle effects are confounded by the inaccurate
representation of the Ag(l) ion component of the AgNP system.

Here, we review more than 3@@iblications on the cytotoxicity of AgNPs, 59 of which
specifically aimed to distinguish ieonly, particleonly, and combined ieparticle contributions
to the observed antimicrobial activity using methodologies that included an ion control. In other
words, we focus on studies that specifically draw conclusions aboubtitebutionthat the ion
and patrticle play in themechanisnof antimicrobial activity and not studies that only evaluated the
potency of AQNPs. We then critically analyze the conclusimome 30 of these 59 studies (51%),
focusing on those studies that implemented scaled ion contidésiqfra), to identify trends in
particle parameters and other experimental factors that indicatenipnparticlespecific, and
combined iorparticle mehanisms of antimicrobial activity. Interestingly, while the results of this
analysis suggest an important role of Ag(l) ions, they also clearly highlight that the impact of the

particle alone cannot be ignored. Further, the analysis reveals a criticatunmiy to elucidate
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these particlespecific antimicrobial mechanisms as well as whether pagpmeific parameters

can be manipulated to influence these mechanisms.

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

Controls

It is critical to systematically quantify released Ag(l) 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 quamiitykiaetics of Ag(l) ion release from

AgNPs to inform ion controls.

2.2.1Factors that Influence the Extent of AQNP Oxidation and lon Release Can Guide lon

Control Selection

For AgNPs in aqueous systems, Ag(l) ion release typically begins with oxidation d?the N
surface. Oxidation of the AgNP surface and release of Ag(l) 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 baoth chemistry)35, 64, 66, 7577,

149153 Modulating these pathways can control both the quantity and kinetics of ion release.

In general, Ag(l) ion release is initiated by the adsorption of oxygen onto the particle
surface followed by subsequent electron trandf&8g Then, AQNPs evolve a surface bound silver
oxide (AgO) 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(l)
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ion release is minimizeld.49 The amount and strength of oxidizers (e.gQkversus Q) present
in solution influence the extent of oxidatif8i, 148 The stronger the oxidizer (i.e., having greater
redox potential), the faster the oxidation rate, where the process follows Arrhenius bggtavior.
152 Protons are then required for the dissolution of the silver oxide layer and thus, Ag(l) ion
release is strongly pH dependgid9 152 154 In addition, suppressn of oxidation can occur
with the addition of organic matter and stabilizing ligands, a reduction in temperature, or an
increase in pH152 Given these differences in kinetics, the relevant extent of Ag(l) ion release
also depends on the exposure time between AgNPs and the bacteria system oflibgrEisis
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 contrdienaké at which
it should be delivered to the system in order to mimic the AQNP 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 differe@enerally, smaller particles have a greater radius
of curvature and therefore oxidize at a faster rate, a phenomenon described by the- Ostwald
Freundlich equatiofiz6, 155 156 Different surfaceexposed facets also have different reactivity
towards oxygefi72, 74, 157-159 highlighting the effect of parameters such as particle shape on
the oxidaton process. Finally, surface chemistry also influences dissolution via capping
ligandg79] and insoluble passivation layers, which influence the dissolution behavior (total
concentration and locatiofi}6, 77, 150 151, 160 Silver oxide surface layers cae bemoved to
varying degrees when AgNPs are washed -pgsthesis (to remove residual impurities),
synthesized anaerobically, or synthesized aerobically and reduced by hydrogen\talersro
AgNPs before exposure to bacteria, which can all significamtjuce Ag(l) releasgl49

Biologically synthesized NPs from plant exita can also induce different surface chemistries
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(number and packing distribution of ligands and biomolecules) as compared to chemically
synthesized NP5, 141, 161] Thus, the AgNP synthesis and purification approach may affect
the surface structure and as a result, Ag(l) ion release. These studies highlight the importance of
performing and reporting the AgNP method of synthasid purification procedurg35, 149

Overall, particletype specific dissolution is a determining factor guiding the Bele®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 mirthwmntr
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, MR LuriaBertani, 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 meacism through which that activity occurs (i.e., the
Ag(l) ion, the AgNP, or a dynamic synergism between the particle and its released Ag(l) ions). In
one case, we have compared AgNP antibacterial activity in two commonly used bacterial growth
media (LB andvIH broth)[66] Using controlled exposures to AgNPs and Ag(l) ion, we measured
a differential impact (measured as a difference in the bacterial growth delay and maximum
achieved bacterial growth in relation to the untreatactdsia)i in the two medid66] 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(l) release from the AgNP
sufacq76, 77, 150-152 162 as well as changes in surface charge and particle stability that could

eliminate particlespecific effect§.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
concentrdons form a AgCI(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 dissolutiofl62 Overall, the confouting influence of media on AQNP 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.

Thepresence 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 concentratidbpld of the experimental
system and (ii) introduce extracellular polymeric substances BRS)an norspecifically 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(l) ions upon direct association with the cell @vi€hatelier's
principle)[35] In this regard, bulk dissolution should bemitored 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(l) ions can exerience. Ag(l) 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 Ag6|PiH2
However, more work is needed to accurately capture the dynamics of the AgNP oxidation process

by considering the complex interplay of all factors discu§$sd. This complexity suggests the
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need to monitor intiellular 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 allde us
decouple true ion and particle contributions to antimicrobial activigure 2.1 presents a visual

summary of all potential Ag(l) ion release pathways, binding, and partitioning events.
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Figure 2.1. Potential Ag(l) ion release pathways, binding, and partitioning events within the AQNP exposure
condition.a) State of Ag in the media, external to the bacterial celb) Interaction of silver with the cell and state

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

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

AgNP System

The challenge with many ion controls used in AgQNP antimicr@mfvVity 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(l) ion present in the test system. There are different forms
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and concentrations of silver pres@mthe AgNP system (i.e., the Ag(0) form of the nanoparticle

and the dissolved Ag(l) formy\ppendix Figure A.1A), which influences the bioavailability of the

silver and the resulting biological impacts. The amount of Ag(l) present depends on theoextent t
which the AgNP oxidizes to release Ag(l) ions as well as the tendency for those ions to complex
with components of the exposure media (e.g., chloride to form AgCI(s) or soluble AgCI
complexes). Typically, only a portion of the AgQNP oxidizes to form Aigfis and as a result, the
proportion of silver present as Ag(l) 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) mek for an unequal comparison of the resulting biological activity

and calls into question the mechanistic conclusions drawn from such s#yplEsn@ix Figure

A.1B and 1C).

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

An improved apprach to selecting the concentration of the ion control involves the
guantification of Ag(l) ion release in the AgNP system, which is commonly pursued using either
a Ag(l) ionselective electrode or ultravioleisible (UV-vis) spectroscopy, or by first septing
the Ag(l) ions from the AgNPs by centrifugation or dialysis and then analyzing with inductively
coupledplasma mass or atomic emission spectroscopy-MiSPor AES) or graphite furnace
atomic absorption spectroscopy (BRS).[35, 38, 39, 46, 48, 50, 51, 56, 64-66, 69, 79, 119, 165,

164 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(l) ions, limiting the utility of this approach. Furthermore, Ag(l) 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, 3840, 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 quantifyiofg(l)
concentration at multiple time points over the duration of the experih@mu6, 65, 66, 68, 69,

165, 167] When this approach is used, Ag(l) ion controls can be employed in a way that closely
mimics the AgNP exposure system. Finally, these techniquesuregg free Ag(l) ions present

in the bulk solution but do not capture the Ag(l) 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 asut of this limitation, the concentration of Ag(l) ions dosed in as a silver
salt contr ol may be inconsistent with the

intracellularly and extracellularly).

2.2.4Quantifying Intracellular lon Release to Inform an lon Control

In an effort to circumvent the abovementioned confounding interactions, researchers
measure intracellular Ag using a bioluminesdentoli Ag-biosensdr36, 38, 40, 165 169 or the
Ag content of the membrane and cytoplasm fractions of thd7@lrationalizing that these
fractions of silver are impacting the bacteria. Yet similar to the methods above, intracellular ion
release is monitored at a single time p¢a&. 40, 165 169 While intracellular Ag monitoring
guantifies 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 ohe AgNP system, particularly if used in combination with bulk dissolution

monitoring.
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2.2.5Suggested BesPractice for Scaling lon Controls

The complexity of the system and challenges faced when quantifying the presence of
released ions in solution andtime 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(l) ion release and model an accurate
repregntation of the AgQNP 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 intracelluariyhe duration of the
experimen{,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. Thigferred 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

2.3.1Literature Review

A comprehensive literata survey to identify studies on the cytotoxicity of AGQNPs resulted
in more than 300 publications. Google Scholar, Scopus, Compendex, and Web of Science
databases were queried using all combinations

As$ver T onod, Aantimicrobial 6, A(cyto)toxicityo
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gueried using Asilver nanoparticle and toxici
further refined to i ncl ud e offthisosaet®f stadied and thea ct er
heterogeneity of experimental designs did not allow for meaningful discernment of the
contributions of the AgNP and Ag(l) ions. Given the extensive use of AQNPs as antimicrobials in
a wide range of products, we decideditait 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 distinguisimlignparticke-

only, and combined ieparticle contributions to the observed antimicrobial activity. In other
words, we focus on studies that specifically draw conclusions aboootikebutionthat the ion

and patrticle play in themechanisnof antimicrobial activityand not studies that only evaluated the
potencyof AgNPs (often culminating in the conclusion that the Ag(l) ionsvaoee toxicthan 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 mimmuand shape, (ii) defined the AgNP dose(s)
delivered under the exposure condition using-M®, UV-vis, or GFAAS, 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 metrieforinieq inclusion

and exclusion of studies (i.e., pspecified eligibility criteria), we refer to our analysis as a
systematic revieyl70 A descriptive summary of each study is compileddppendix Table

A.l.
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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 AgldPsAg(l) and is delivered to the
experimental system as a silver salt (e.g., AgMQC:H302, AgSQy) or as the isolated ions from
the AgNP. This factor is a distinguishing criterion because scaled ion controls are crucial for valid
comparison of iofonly, particleonly, and combined ioparticle 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 bioavailabldéoAg(l)

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

2.3.2Scaled lon Control Calculations

The following calculations outline our approach to determine scaled ion controls in each
experimental AQNP system. Briefly, thermpent of AgQNP oxidation and subsequent ion release
necessary to obtain Ag(l) 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
atams (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 studidd {nfrg), which is why inclusion oparticle
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 calculationader 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 reults 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 AQNPs were as amount of
AgNPs per unit volume resulted in unrealistic values of necessary AgNP oxitation1 %)
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 assumpiis further rationalized by the fact that those
studies including details on how they determined AgNP concentrations used characterization
techniques (e.g., IGRIS or AES, UMWis, or GFAAS) that measure total silver atom
concentrations.
The following example calculation demonstrates the approach used to determine the

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

oW PQ_ pat b0 G¢&'0O Ea.

ﬁo AOW i Qauutﬁdxgnl T a o

Wil Qa i ®@ o

which for a reported concentration of 04 Ag(l) (delivered as AgNg) equates to .31x10°

(delivered as AgNeg). The same approach was used to determineethavalent

concentration for AQNPs (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 AghNB, (b 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 Agsithat is realistically released from the
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AgNPs (ide infrd. Example calculations using the alternative assumption are outlined in
Appendix A The percent of AgNP oxidation necessary to release Ag(l) ion concentrations

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

O & Q wmgm v rnn
R, . Gp 0 Powio QY Eq.2-
POQIDHOMQAAMNO D¢ Zpmm
O E O e v om e
o ° AOwio Qv v 3

To determine whether the necessary extent of oxidatioeasonable, 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(l) ion concentration released from the particle into solution corresponds with the
dissolution of one to two monolayers and is dependent on the particld4%d-or particles
greater than 8 nm, the mass fraction of released Ag(l) ions is equivalent to the mass of a single
silver oxide monolayer, whereas dissolution of parsitdss than 5 nm in diameter corresponds to
oxidization of two silver oxide surface laydfist9 An intermediate extent of oxidation, i.e., in
between one to two silver oxide surface layers, appears for particles sizes be8vesn B/e
proceeded with the assumption that theoretical dissolution was equivalent to the ot #tie
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 mongl#ye percentage of surface atoms on a

given AgNP was calculated as follows:

[ 0] Q& i Eq.2-
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The method used to calculate the votuneeded 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 Sl). For the
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determination bsurface atoms, the percentages of different surface facets present on AQNPs 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 jisofgeasidize. 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 atgmespectively171] 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 decrsimg particle size (see Figure 2 and Table 2 in refergik®).[172 Forty

percent oxidation was determined as a conservative threshold for a scaled ion control based on (i)
the available percent surface atoms {666 based on calculation) determined from the AgNP

size and shape, and (ii) the potential for additional ionization tduknown influences of
experimental conditionsvide suprd, 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 exampkaulation above, the 1:1 ratio of Ag(l) 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
saled ion control. A schematic illustrating the approach to scaled ion control determination is

presented ifrigure 2.2.
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Figure 2.2. Theoretical dissolution of a given AgNP monolayer.The depicted processerves as the underlying
assumption for establishing the threshold for a scaled ion control. The atoilmy-atom surface dissolution of
AgNPs initiated by (i) ligand desorption, (ii) oxygen sorption and formation of the AgD complex that begins
oxidation of Ag(0) to Ag(l), (iii) Ag(l) 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 isrepresentative of the total possible Ag(l) 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, thiewdations are not without limitations.

First, the solvent environment (e.g., growth mefld), 66, 77, 150 151 the presence of
bacterig,35, 46] and surface chemistry (e.ggdnd 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@h 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(l) ion in solution, not the concentration of Ag(l) ion
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