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Abstract

Metal oxide nanoparticles (MO-NPs)are known to effectively inhibit the growth of a wide range of
Gram-positive and Gram-negative bacteria. They have emerged as promising candidates to
challenge the rising global issue of antimicrobial resistance. However, a comprehensive
understanding of their mechanism of action and identifying the most promising NP materials for
future clinical translation remain a major challenge due to variations in NP preparation and testing
methods. With various types of MO-NPs being rapidly developed, a robust, standardized, in vitro
assessment protocol for evaluating the antibacterial potency and efficiency of these NPs is needed.
Calculating the number of NPs that actively interact with each bacterial cell is critical for assessing
the dose response for toxicity. Here we discuss methods to evaluate MO-NPs antibacterial
efficiency with focus on issues related to NPs in these assays. We also highlight sources of
experimental variability including NP preparation, initial bacterial concentration, bacterial strains
tested, culture microenvironment, and reported dose.
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Antibacterial resistance is rapidly increasing among many species of bacteria, becoming a
major clinical and public health issue across the globe. Each year, 2 million cases are
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identified in United States alone, where antibiotic resistant bacteria have added substantial
health burden to patients and financial burden to the healthcare system(1). Nanoscale
engineering of surfaces and nanoparticles (NPs) provides new paths for antibacterial drug
design that augment traditional tools of organic chemistry(2, 3). Metal oxide NPs (MO-NPs)
have shown especially promising results in inhibiting bacterial growth and challenging
antibacterial resistance(4—6). MO-NPs are further desirable as antimicrobial pharmaceuticals
due to their durability, high stability, and low mammalian cell toxicity when compared to
organic NPs(7). Their nanoscale and variable surface chemistry allow MO-NPs to induce
bacterial toxicity through several modes of actions such as, lipid peroxidation, oxidative
stress, cell membrane lysis, enzyme inhibition, proteolysis, efc(4, 8, 9). Literature suggests
that due to these NPs’ multiple mechanisms of attack, bacteria would be challenged to
develop strong resistance pathways(10), while mammalian cells and tissues have better
protection toward similar chemical pathways(11). Despite this promise, the explosion of
novel formulations of MO-NPs has not yet translated to clinically relevant antimicrobial
treatments.

This delay in translation is a reflection of two conceptual problems. First, while MO-NPs
appear effective against medically relevant pathogens, their exposure to the environment
through either waste disposal(12, 13)or usage in food packaging industry(14-16) poses a
great threat to many ‘friendly’ species of bacteria. Likewise, these materials have broad
antimicrobial spectrum and therefore the potential for significant disruption of the healthy
human microbiome which can lead to devastating diseases such as Clostridium difficile
colitis and peptic ulcer disease. Second, and the primary focus of this article, is the high
degree of variability and inconsistency in characterizing, evaluating, and reporting of
experimental results for MO-NPs. To be clear, most of the studies on NP formulations are
performed with rigor and diligence. However, the NP synthesis and characterization methods
have many differences with traditional organic synthesis protocols. The methods of NP
standardization and metrics, especially for biomedical purposes are still being
established(17).

The proper protocols for antibacterial efficacy and mammalian cell toxicity evaluations for
NPs are still being developed. Hence one can observe dramatic variations in the various
experimental protocols and outcomes between publications. This makes developing a
comprehensive, fundamental description of MO-NP antibiotics, and comparisons of specific
formulations for potential clinical translation based on the current set of data quiet
challenging.

Here we will focus on the specific issues that challenge interpretation of the antimicrobial
MO-NP literature. By highlighting variability across studies, we will demonstrate the
significant potential to tune MO-NPs for a variety of purposes and address the need to
selectively inhibit pathogens while sparing or even stimulating ‘friendly’ members of the
microbiome. While the potential is great, the challenge of translation is equally great. The
intent of this work is to generate awareness of the variability within the literature and
provide guidance for designing future experiments and reporting of results that will allow
rigor and reproducibility not just within research groups, but across the antimicrobial NP
field. First, we describe how the mechanism of action of a NP defines the appropriate dosing
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unit and how NP synthesis technique influences their biochemical mechanism. Then,
different methods for evaluating antimicrobial efficacy are discussed and specific sources of
variability in results are identified. Finally, we describe how the surrounding growth media
or matrix provides additional variability in experimental results and provide a rational
framework to describe the dose-response relationship between bacteria and MO-NPs.

Mechanism of action influences dosing unit

The efficacy of antibiotics against a specific microorganism is typically measured by the
minimum inhibitory concentration (MIC). The MIC is the lowest concentration that will
inhibit the visible growth of a microorganism after 24-hour culture. For traditional
pharmaceutical antibiotics this is expressed in mass concentration (e.g., pg/ml). This makes
sense and offers little controversy for small molecule drugs like penicillin that typically
work by inhibiting a specific enzyme. There is a predictable, linear relationship between the
mass and the number of active molecules. For NPs, however, the water becomes quite
muddy. As a simple example, take the seminal work by Raghupathi ef a/. on zinc oxide
(Zn0O) NPs against Staphylococcus aureus(18). They showed that decreasing particle size
increases antibacterial potency with the exact same molar concentration (/.e., 6 mM). With
NPs, there is no longer a simple or even predictable relationship between mass and molecule
— or particle — number. Further, it is unclear from that paper whether 6 mM represents the
molar concentration of ZnO atoms or ZnO particles. The potential difference is astounding.
That is, the mass of ZnO required for 6 mmoles of 30 nm NPs is orders of magnitude less
than 6 mmoles of 300 nm NPs. Although their work is an exceptional illustration of the
potential of nanotechnology to have dramatic impact on biological functions, it shows that
our traditional conceptualization of drug dosing as applied to NPs, is not sufficient to
describe the phenomena and will require a better conceptual framework.

One possible explanation for the inverse relationship between NP size and antibacterial
activity described above and by others is that decreasing NP size leads to increasing
effective surface area. We are fully aware of its limitations in the view of the importance of
shape on antibacterial activity of NPs(19), and their biomimetic properties(20), however,
effective surface area is an essential physico-chemical parameter involved in several
potential mechanisms for antibacterial activity. Under that paradigm, surface area
concentration maybe a more appropriate unit of dose, suggesting whereby that the
mechanism of action of the NP against bacteria is based on the NP’s surface chemistry.
Therefore, we can infer that knowledge of the mechanism of action of a NP against bacteria
will provide insight into the appropriate dosing unit. Furthermore, this will inform tuning of
the NP synthesis for maximum activity. As such, understanding the mechanism of action is
crucial to interpreting the results of MO-NP experiments and in particular comparing various
synthesis techniques.

Some of the most noted and researched MO-NPs include, silver oxide (Ag,0), copper oxide
(CuO), iron oxide (Feo,O3), magnesium oxide (MgO), titanium oxide (Ti»O), and ZnO.
Certain NPs made out of copper and silver have been shown to kill bacteria most likely via
the release of Cu 2* and Ag * ions(21-26). It should be noted that resistance to these
particles has been shown to develop over time, although its mechanisms are not understood.
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The mechanism of antibacterial activity for NPs of Ti,O, MgO, and ZnO is even more
controversial(27, 28). Proposed mechanisms have been comprehensively reviewed in the
past and include release of toxic ions as well as oxidative stress, lipid peroxidation, cell
membrane damage, enzyme inhibition, and proteolysis(4).

However, we will provide a conceptual framework for how a particular mechanism of action
leads to consideration of a specific dosing unit, depicted in Figure 1. Let us first consider the
already mentioned release of Ag* ions. Xiu et al. provided a definitive study demonstrating
the requirement of Ag ion release for Ag-NP antibacterial activity(24). Therefore, the
effective dose can be related to the total mass and/or moles of Ag* ions released by a
particular NP. The primary dosing unit would then be mass concentration. Since many NPs
will not completely dissolve, the effective concentration may be some fraction of the total
concentration within the NPs. In addition, the rate of release may be dependent on the
solvated surface area of the particle. Small particles with high surface area to weight ratio
may generate a greater effective mass concentration than larger particles. Ultimately, the
effective dose unit is the amount of ions in solution. For this scenario we recommend
measuring and reporting the ion concentration using techniques such as inductively coupled
plasma mass spectroscopy. In addition, results should be compared to a highly soluble salt
with same ion concentration as a positive control.

Alternatively, for ZnO-NPs, the catalytic production of reactive oxygen species (ROS) is a
commonly proposed mechanism of action. While this remains a matter of significant debate,
it creates a very different scenario in terms of dose. This mechanism is based on the catalytic
properties of ZnO-NP surface. Specifically, ZnO is a wide-band gap semiconductor which
can generate ROS on its surface(29-31). While not required, this phenomenon is enhanced
by excitation with ultraviolet light(25, 32). Under this mechanism the total mass of the NP is
less important. Rather, the total available surface area available for catalysis is the most
important unit to consider. This scenario is also true for NPs that have been coated with
specific bio-organic substances such as enzymes, peptides, or individual amino acids. Again
the mass of the NP is much less important than the bioactive surface area. Here detailed
knowledge of NP morphology is required to determine the effective surface area dose.
However, it should be noted that this will be complicated by NP propensity toward
agglomeration which reduces the effective surface area.

Another unique facet of MO-NPs is the wide variety of shapes and morphologies that can be
generated including spheres, plates, pyramids, rods, wires, stars, and flowers(2). Complex
morphologies that have multiple reactive features can be generated. For instance, Cha et al
demonstrated that ZnO nanopyramids could effectively inhibit enzyme activity through
binding to the enzyme without protein denaturation(19). They suggest that specific edges or
vertices of the pyramid shape allowed binding and conformational frustration of the enzyme.
Interestingly, this specific shape was much more effective in inhibiting bacterial growth than
other ZnO shapes. This suggests that protein binding and enzyme inhibition may play a role
in the mechanism of action. Pyramidal and star-shaped NPs therefore may have multiple
edges or vertices that are “active sites” on a single particle. In this case, neither the surface
area nor the mass are the most important factors in the dose; it is the number of effective
“active sites” that are most important. Ideally, a detailed understanding of the molecular
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mechanism and identity of potential interacting biomolecules is required to report the
effective ‘stoichiometry” and therefore appropriate dose.

Finally, many suggest that MO-NPs interact with bacterial cell membrane and provide a
mechanical disruption of the membrane(4). This results in loss of membrane integrity,
dissipation of ion gradients, arrest of cellular metabolism, and ultimately cell death via
lysis(4). This mechanism shifts focus from the chemical properties of the NPs to their
mechanical properties. Here, one can imagine a hard, rough NP interacting with a relatively
soft and fluid cell membrane, essentially abrading the cell surface causing local damage.
There are ample electron microscopic evidences of cell surface damage caused by MO-NPs
in the literature(3, 4). Although it remains unclear if membrane damage is a direct action of
the NPs or a downstream event in the cell dying process, this proposed mechanism is
plausible. Therefore, appropriate NP dose in this case would likely be a combination of NP
surface roughness as well as available surface area. Again, detailed reporting of NP
morphology is critical for proper comparison with other data.

This is certainly not an exhaustive list of mechanisms of action for MO-NPs. However, there
is evidence in the literature that all of these phenomena can occur individually or
simultaneously. Therefore, when making comparisons with regards to the potency of MO-
NPs, it is important to understand the mechanism of activity of the NPs on the bacteria. This
will inform the dosing unit to be used for comparison purposes.

NP synthesis and surface modifications influence antibacterial mechanism

of action

There are a variety of techniques for preparing MO-NPs, including sonochemical, reflux,
biosynthesis, solvothermal, etc(33-35). These synthesis methods result in vastly different
surface chemistry, size, and shapes of the MO-NPs. These differences are further magnified
by the use of various surfactants, capping agents, and stabilizers(36). The additives function
to modulate shape, surface chemistry, and stability, as well as potentiate interaction with
specific cells(37). Ultimately, these variables define the activity of MO-NPs against bacteria.
That is, positively charged NPs may interact with the surface of negatively charged bacteria
(e.g, Escherichia coli and Staphylococcus aureus)(38) causing cell wall or membrane
disruption. Alternatively, hydrophobic NPs may dissolve through the membrane to interact
with and inhibit cytosolic contents such as proteins or nucleic acids. Or, as noted above,
specific NP surface chemistry may release or catalyze the generation of toxic substances.
Most of the MO-NP publications are motivated by the discovery and development of novel
NP preparations followed by subsequent testing, however, what is lacking is a
comprehensive understanding of how specific NP features (surface chemistry, shape, and
size) enhance antibacterial function. Recently, strong indications that chirality of the
individual NPs(39-42) and their assemblies(43) needs to be considered as a part of the
parameter set(44). On the contrary, some features may lead to particle instability,
degradation, or agglomeration which may significantly reduce the NP efficacy or longevity.
Being able to assess which properties lead to increased potency, longevity, or selectivity
would then inform more intelligent design of next generation NP preparations. Currently,
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there are computer aided designs to simulate these possible interactions between NPs and
target biomolecules. The compositions of coronas which form due to biomolecule - NP
interactions vary over time with continuous protein association and dissociation events.
Literature suggests that computer simulations that are calibrated by experimental protein -
NP binding affinities serve as strong predictors of NP stability and interaction with cells(45-
48). As a matter of fact, scientists have used machine learning and developed Quantitative
Nanostructure-Activity Relationship (QNAR) modeling, which seems to reproducibly
predict biological activity profiles of novel nanomaterials, and prioritize design and
manufacturing of nanomaterials towards better and safer products(48). Improvement in such
software modeling technologies will greatly expand the understanding of NP antibacterial
mechanism.

Evaluating antimicrobial efficacy

MO-NP studies report antibacterial effect using a variety of terms, such as percent of cells
(directly visualized by microscopy), zone of inhibition, log reduction in colony forming
units (CFU), change in bacterial suspension turbidity (7.e., optical density), live/dead
fluorescence ratio, MIC, etc. While all of these techniques are validated in the literature,
they lead to varied interpretations. For instance, how do you compare 10* live cells to an
optical density of 0.1 to a live/dead fluorescence ratio of 10%? It is important to understand
the differences in the interpretation of these results and to ensure that appropriate
comparisons are being made between different studies. In addition, the details of the specific
experimental protocol including, initial starting concentration of bacteria, bacterial species
and strain, dose of NPs, and time of exposure are important considerations. In this section,
we will discuss pitfalls of interpreting various techniques and the sources of experimental
variability with specific focus on unique issues related NPs.

Direct visualization and counting of bacterial cells using microscopy is a common method to
evaluate antimicrobial effect. This can be done using a hemocytometer and conventional
light microscopy to generate a cell per volume concentration for test and control samples.
Likewise, electron microscopy (EM) can be used to assess number of cells. However, many
cells can appear intact but may very well be dead or at least uncultureable(49). The exquisite
detail provided by EM is enticing but is subject to significant sample processing artifact(4).
This process requires extensive sample preparation where NP exposed cells are fixed with an
aldehyde fixative and serially dehydrated with ethanol for electron imaging. Sample
dehydration requires multiple centrifugations at high speeds to precipitate bacteria and
resuspend in higher concentrations of alcohol. This introduces significant artifacts where
NPs attached to cell surfaces are removed, or free floating NPs in solution falsely attach to
cell surfaces. This sample processing provides great difficulty in interpreting the physical
interaction between cell surface and NPs under EM. In addition, the small number of cells
visualized in a single field of views opens the door for significant sampling bias. NPs may
further confound sampling bias by causing agglomerations of cells and NPs leading to
heterogeneous distribution (Figure 2A).

Zone of inhibition assays are commonly used as a clinical test of antibiotic susceptibility.
Antibiotic-impregnated test disks are placed on agar plates inoculated with bacteria.
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Effective antimicrobials will inhibit growth or kill bacterial leaving an area around the disk
where the bacteria are not visible. While they are common and well standardized they
provide only qualitative assessment. Furthermore, they depend on the diffusion of the
antibiotic material from the test disk. This is straightforward for small molecule antibiotics
( e.g., penicillin) but less so for larger NPs or NP conjugates which have decreased
diffusivity or constituents with varied diffusivity from the test disk.

The colloidal nature of bacteria allows indirect detection of their growth by monitoring
turbidity or optical density of aqueous suspensions. Typically a dilute suspension of cells is
exposed to a certain concentration of NPs. Spectrophotometry measurements are taken as a
function of time generating a typical sinusoidal growth curve (Figure 2B). This provides
excellent relative measurements between samples being run simultaneously and is a standard
in microbiology laboratories. However, many NPs are optically active or at least provide
their own turbidity. While in some instances this can be corrected for, particle agglomeration
or interaction with cells can lead to colloidal instability and unpredictable changes in optical
density over time. Also, the increased turbidity of the base NP suspension can drive the
optical density out of the linear range once bacteria are added (Figure 2C).

One of the best methods for reporting antibacterial activity is reduction in CFUs. In this case
a sample exposed to a test NP suspension is then serially diluted and spread on agar plates.
This spatial separation of cells allows enumeration of individual cells as colonies (Figure
2D). It is highly quantitative and because the cells have to generate colonies they have to be
alive. However, it is time consuming and labor intensive. It also neglects a phenotype of cells
known to be live but unculturable(50). The significance of these cells remains a question.
They may be permanently “wounded” or a persister cell that is metabolically quiescent but
able to switch back to a rapidly dividing cell at a later date(51). There is another issue with
enumeration of CFU that is unique to NPs. That is, it may confound the exposure time. If a
NP remains in contact with or internalized within a cell it will not be serial diluted from the
suspension. Therefore, it will continue to provide exposure during the plating process. This
is a problem when comparing to a NP that remains in the solution and is serially diluted to
sub lethal concentrations during the plating process.

Fluorescent staining of live and dead cells using a combination of cell membrane permeant
and impermeant dyes is another means to evaluate antimicrobial efficacy(25, 52-54). This
can be semi-quantitative by evaluating general fluorescent intensity via fluorescence
spectroscopy of the two stains or full quantitative using flow cytometry, fluorescent
microscopy, or confocal laser scanning microscopy. The use of fluorescent dyes in
evaluating NPs can be a source of significant error. There is a high tendency for the NPs to
interact with dyes causing systemic bias(4). Also, NP agglomerations may be miscounted as
cells on a flow cytometer therefore, specific considerations for gating are necessary.

If there is a gold standard for evaluating antibacterial efficacy it is the MIC and/or the
minimum bactericidal concentration (MBC). The MIC by definition is the lowest
concentration that prevents visible growth of a bacterium overnight. Similarly the MBC is
the lowest concentration causing bacterial cell death. MIC is normally performed by making
serial dilutions of bacterial culture into various concentration of antibacterial substance, and
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observing turbidity after 24-hour incubation at 37°C(55). MBC is observed by taking the
least grown culture after NP exposure and plating it on agar for colony enumeration. This
gives a value for the number of cells that died during NP exposure. Measuring the MIC and
MBC for NPs is challenging for two main reasons. First, as mentioned above, NP
suspensions may be turbid at baseline due to facile assembly of NPs into supraparticles(56,
57) with and without biological components(58). Second, NPs have varied dissolution rates
and colloidal stability in bacterial culture media. Some NPs stay in suspension easily in
growth media, either due to capping reagents or ligands, while others become unstable over
time. Instability results in NP precipitation and sequestration at the bottom of the test vessel.
Cells significantly separated from NPs in the supernatant are free to grow. Changes in NP
surface chemistry due to cellular interaction or binding of organic substance in the media
over time can lead to NP agglomeration.

Sources of experimental variability

Clearly there is no perfect method for evaluating antimicrobial efficacy. A thorough
evaluation will required a combination of methodologies. Regardless of the technique, there
are a number of experimental conditions that must be considered, controlled, and reported in
detail. First, the results of almost all assays described above are highly dependent on the
initial concentration of cells, as large number of cells can outgrow a chosen antibacterial
concentration, while few cells are more susceptible at that same concentration. MIC testing
of small molecule antibiotics is typically standardized by an initial optical density, instead of
the cell number(55). Given the issues of turbidity already discussed, we agree with others in
the literature suggest that using ~10° bacterial cells per antibacterial concentration. Of note,
currently used initial concentrations varying anywhere between 104-108 cells(55). The
difference affected by initial bacterial concentration was highlighted by Leung et al for ZnO
and TiO,. They varied the initial concentration from 106 to 108 and observed changes in cell
growth inhibition as well as protein expression(59). If a specific number is followed by all
testing the efficiency of NPs against bacteria, many of the MBC and mechanistic assays can
be standardized and reported back in terms of colony enumeration over a period of time.

Second, antibacterial efficacy is a function of both dose and exposure time. In other words,
NP antibacterial effect depends on whether a single dose is strong enough (acute dose) or
whether low doses are administered over an extended period of time (chronic dose). In the
case of bacteria, where many species are observed to divide every 20-40 minutes in a
nutrient rich environment at ambient temperatures, providing a consistent exposure dose of
NPs with respect to the growing number of bacteria is challenging.

Third, as with all antimicrobials there is significant variation in the antibacterial spectrum.
That is, some species are more or less susceptible than others. Worse still, there is significant
variability between strains within the same species. Of particular concern in the NP literature
is the use of bacterial strains which are not typically considered pathogenic or of industrial
significance. The most common are K12 strains of £. coli which are commonly used in
molecular biology laboratories as expression or cloning vectors(60, 61). Although these
strains are convenient, they are engineered strains and typically lack many of the highly
evolved and redundant defense mechanism of true pathogens. Studies limited to these strains
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while scientifically interesting provide little motivation for translation to clinical application.
Table 1 uses ZnO-NPs as an example and provides a brief summary of the challenges
associated with NP efficacy assessment by providing examples from literature where various
bacterial strains, cell numbers, and NP preparations, are used and evaluated by different
methods. Based on these results, it is difficult to assess which types of ZnO-NPs are most
effective in killing the listed bacteria and whether ZnO-NPs are more or less efficient when
compared to Fe,O3 or MgO as an example. Therefore a more standardized and organized
method is necessary when reporting MO-NP antibacterial data to best evaluate the
effectiveness of the rapidly developing NP materials.

Role of surrounding media/microenvironment on NP efficacy

Lastly, the type of surrounding media (e.g., nutrient rich or minimal media) can have a
profound effect on results. Not only are certain types of media species and/or stain specific
but there are significant NP considerations. Most investigations of NP toxicity on bacterial
cells is tested in growth medium such as tryptic soy broth (TSB) or lysogeny broth (LB),
both of which contain high concentrations of amino acids, small peptides, and salts as well
as trace minerals and vitamins. Many are also supplemented with glucose as well. These
media constituents can greatly affect the surface chemistry of MO-NPs by changing zeta
potential, dissolving the particle, or blocking interactions. Media contents can make NPs
unstable through ion/molecule/protein adsorption or loss of surface functionality, resulting in
the formation of aggregates(36, 62). The role of complex NP corona ( /.¢., biological
components that surround NPs in dispersion(63, 64)) may stabilize the NPs but also affect
the outcome of their interactions with bacteria.

The colloidal stability and/or agglomeration rate of NPs in specific media and shaking (used
to aerate media) conditions is not typically described or discussed in most papers. These
processes further influence the NP behavior and significantly alter their diffusivity. However,
at the same time, the growth media is the best condition to test NP toxicity, as bacteria have
regulated their gene expression for maximal replication rate. Therefore, it is imperative to
test the effects of the specific media on key NP features before drawing conclusions on their
toxicity and efficiency in killing bacteria. Specifically, NPs exposed to media (without
bacteria) can be tested for changes in zeta potential, addition of functional groups through
fourier transform infrared spectroscopy, optic properties via spectroscopy, and size and
shape via EM and spectroscopic techniques. However, it should be noted that once NP
antimicrobial activity is confirmed or optimized and the role of the surrounding media
elucidated for a given NP preparation repeat testing in the solvent conditions of the given
application (blood, urine, food preparations, etc.) will be required as new solvent
constituents may alter the NP in different and unpredictable ways.

In addition to the static constituents in cell culture media, there are dynamics changes to the
surrounding microenvironment. At times, increased cell proliferation changes the pH and
chemical composition of the media. The production of acid metabolites and waste products
begin to take the place of nutrients and raw materials. This effect is much more challenging
to test. However, if cells and NPs can be centrifuged out separately, where cells precipitate
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faster than NPs due to their mass, the remaining NPs can be removed and tested using
techniques noted above.

A framework for the dose-response relationship

The argument thus far is that the current state of the art fails to provide a comprehensive
description of how the cell culture microenvironment changes the surface chemistry,
agglomeration rate, and decomposition of MO-NPs. More importantly, it fails to elucidate
how these factors are dictated by the specific NP dose of interest. Therefore, it is difficult to
develop a NP efficacy assessment in a straightforward manner. We contend that the most
interesting factor is the number of NPs that could be actively interacting with a single
bacterial cell in a given period of time. Here we offer a framework for assessing NP and
bacterial cell interaction by suggesting calculations of NP particle numbers from a given
mass concentration and the assessment of individual and agglomerate NPs to cell ratio as a
means to more objectively and rigorously describe the antibacterial efficiency of a candidate
NP preparation.

Based on the previous discussion, evaluating the difference between a toxic but nonlethal
dose and a lethal dose for NPs is extremely difficult since their mechanism of action against
bacteria is not clearly understood and they have varied behavior in different growth media
solutions. Presently, there are three methods to measure MO-NPs for dosing: (1) mass/
weight of a dissolved substance per volume (gram per liter), (2) molar concentration of a
dissolved amount of substance (number of atoms, to be calculated from the molecular
weight) per volume (mol per liter) or (3) particle density or particle concentration per
volume (particle counts per volume).

Given the frequent crystallinity of MO-NPs, many of them form well-defined geometric
shapes, where structures such as spheres, rods, and cubes are seen commonly. Therefore,
once individual particle dimensions are determined via transmission electron microscopy
(TEM), the values can be used for accurate calculations of volume and conversion from
mass concentration to particle number concentration. Most NP dispersions are made by
weighing dry NP powder and then sonicating or suspending into the experimental solvent,
followed by exposure to cells. We suggest not only reporting the mass concentration of
experimental conditions, but also the number of particles or agglomerates potentially
interacting with certain number of cells in that sample. In essence, this generates a ratio of
NPs to cells and provides an upper limit to the number of NPs that can be interacting with a
single cell. One way of calculating the number of particle in concentrations is using the
volume (V) of the NP shape and the density (p) of the material. This method was used by
McGuffie et. al(65);, essentially V was calculated from TEM measurements and multiplied
by the p to give the mass of a single NP. Then, dividing the experimental mass concentration
by the individual particle mass (pV) yields the number of particles in that particular
concentration. As a result, they showed how changing the dosing unit altered the conclusions
regarding the role of shape on NP efficacy.

These calculations can be applied to particles of various shapes and sizes, as long as their
shape is geometric and the density of the nanomaterial is known. There are however, major
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challenges involved with strongly predicting how many NPs are directly interacting with
cells. This is because NP assembly is a common phenomenon due to van-der-Waals and
other forces(66), substances being secreted by the bacteria, the growth media contents, or
other sources. Therefore, we also suggest reporting the average NP agglomerate size/shape
in respective media over a period of time as well. This can be evaluated through light
scattering measurements(67). If NP antibacterial activity is reported in terms of initial cell
numbers used, number of NPs present, and the number of CFU after NP exposure, NP
potency can be assessed better.

Conclusion

Assessing MO-NP toxicity and dosage for actively dividing bacteria is highly challenging
due to complex effects of NP synthesis techniques, NP agglomeration, NP confounding of
standard microbiology assays, and interaction of NPs with cells and media constituents.
Considering a fundamental dosing unit of the number of particles internalized or interacting
per cell will provide a mechanism for comparative studies. We propose that using density of
NP material and volume of the NP shape, individual NP mass can be calculated. By
reporting the number of initial cells used, number of potential particles and NP aggregates
exposed to these cells, exposure time, and the log reduction of CFU, a standard model of NP
toxicity towards bacterial cells could be potentially prepared. There are challenges in
reporting the exact number of NPs that are in contact with bacterial cells, as many MO-NPs
may assemble/agglomerate and are likely to develop the protein coronas in the growth
media. The solubility of these NPs is time dependent and plays a major role in the NP
toxicity as well. Additionally, several factors should be considered when assessing dose
response and antibacterial mechanism of MO-NPs. Some of these include the NP
mechanism of action, synthesis, surface textures or topography, zeta-potential, particle
shape, stability in growth media, and the band gap energy levels as oxygen vacancies on the
MO-NPs surface could induce cellular oxidative stress. Although the literature is
demonstrating that MO-NPs are effective antibacterial agents, this data can be challenged by
discrepancies across studies in the amount of cell death/inhibition, the types of bacterial
species used, initial number of cells exposed to NP, and methods for preparing NPs and their
suspensions. Continual testing is necessary to assess the efficacy of MO-NP antibacterial
toxicity according to a standard toxicity assessment. Further studies should be performed to
better understand the MO-NP mechanism of action against bacteria to bring better
alternatives for antibiotics and disinfectants in biomedical applications.
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Figure 1.
Mechanism of action conceptualization. (A) NPs dissolve in to constitutive toxic ions which

diffuse into the media. (B) NP catalyze the production of toxic substances (e.g., ROS) on
their surface. (C) NP vertices or edges interact with biomolecules such as proteins or DNA
in a shape-specific, biomimetic manner. (D) Rough NPs come into contact with bacterial
membranes causing mechanical damage.
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Figure2.
(A) Scanning electron micrograph of S. aureus grown on a MO-NP coated surface

demonstrating a heterogeneous distribution. (B) Example growth curves, measured by
optical density, of bacteria with and without MO-NPs. (C) Demonstration of how cells and
NPs can have similar turbidity. (D) Bacterial culture plates demonstrating enumeration of
colonies with and without MO-NPs.
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