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ABSTRACT

Silver has long been used as an antimicrobial agent. Specifically, silver nanoparticles
(AgNDPs) have been in the scientific spotlight due to their outstanding antibacterial
properties. This study aims to elucidate the mode of antibacterial action of laser-
synthesized colloidal AgNPs against Escherichia coli (E. coli) as a model organism. Laser
ablation in water is used to synthesize AgNPs, which is a physical top-down green
synthesis technique, and the obtained colloid is thoroughly characterized.
Investigating the bactericidal mechanism of AgNPs involves two approaches:
modelling treated bacterial cell growth and experimental probing. To understand the
effect of AgNPs on bacterial cell dynamics, a simple upgradable interaction-based
growth model is developed to explain untreated E. coli growth in batch culture. The
novel model is described by two nonlinear mutually dependent differential equations,
depicting the time evolution of bacteria and concentration of nutrients. The negative
bacterium-bacterium interaction term is specific for the model and leads to population
decay. The model is applied to E. coli growth curves obtained by optical density
measurements for different inoculum sizes and nutrients concentrations. The
proposed model comprehensively describes experimental growth curves and, due to
universality of the equations, can be applied to other bacterial strains. Further
development of this model facilitates studying the effects of AgNPs on bacterial cells
in liquid culture. The most significant effect of AgNPs treatment on a bacterial
population is an increase in apparent bacterial lag time. This is well described by the
further-developed growth model as are entire growth curves for different treatment
concentrations. The main assumption of the model is that the treated bacteria uptake
the nanoparticles and become inactivated, resulting in a decrease of both nanoparticles
and bacteria concentration. Lag time assumes an infinitive value for lethal treatment
and this growth phase is not postponed bacterial growth. The model proves that the
lag phase is a dynamic state where bacterial growth and death rates have proximate
values. Results strongly suggest that the predominant mode of antibacterial action
from laser-synthesized AgNPs is membrane penetration. Experimental probing of the
AgNPs bactericidal mechanism mostly involves fluorescence data acquisition and
processing, as well as atomic force microscopy and spectroscopy. Spectrofluorometry
is used to obtain the time development of reactive oxygen species (ROS) inside AgNP-
treated bacterial cells. An integrated atomic force and fluorescence microscopy system
is used in the study of cell morphology, the Young modulus, viability and integrity
before and during treatment. Lethal treatment shows that not all bacterial cells are
permeabilized with cells mostly retaining their morphology and indicating cell lysis.
The Young modulus of untreated cells exhibits a distinctly bimodal distribution. The
softer parts of the untreated cells are randomly distributed, whereas treated cells
exhibit an exponential softening of stiffer parts over time. AgNPs and bacteria show a
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masking effect on the raw ROS fluorescence signal via absorbance and scattering and
the contribution of cellular ROS resolved from the total fluorescence signal.

Overall, this study shows that the laser-synthesized-AgNP mode of antibacterial
action includes penetration of AgNPs inside cell membranes, membrane
permeabilization, time-dependent cell softening and possible cell leakage, with
insignificant ROS levels detected inside lethally treated cells.
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I. INTRODUCTION

1. General Concept

Silver has long been known to provide antimicrobial activity. Throughout history, it
has been used as a major therapeutic agent for a variety of medical purposes, mostly
empirically before the discovery that infections were caused by microbes.

The underlying interest of this thesis is antibacterial activity of silver colloids, mixtures
in which microscopically dispersed insoluble or soluble silver nanoparticles (AgNPs)
are suspended through another substance. Silver nanoparticles are particles of Ag with
a 1 to 100 nm size range [1]. Silver colloids became the mainstay of antimicrobial
treatment in the first part of the 20th century until the introduction of antibiotics in the
early 1940s [2]. Silver is generally used in a silver nitrate form when requiring an
antibacterial effect. However, there is a meaningful increase in the surface area
available for a microbe to be exposed to when silver nanoparticles are used [3].
Therefore, the bactericidal effect of AgNPs should be attributed to them being made
of silver but also their nano-nature. An overview of the antibacterial effect of

nanoparticles in general is given in the third section of the Introduction.

A reasonable presumption is all research into antibacterial substances is a response to
the ongoing global resistance crisis. This specific issue will be briefly addressed in the
second section of the Introduction. Hence, antimicrobial resistance is an excellent
motive to gaining an understanding of the modes involved in antibacterial action of

compounds, particularly silver colloids.

Nowadays, thousands of commercially available silver-colloid-based products for
numerous and diverse purposes are available. These products are, however, often
introduced without careful characterization of the colloids and thorough bio-
compatibility evaluation. Each possible application requires cautious consideration of
the biological activity and potential toxicity of AgNPs, as well as rigorous quality,
efficacy, and safety evaluation of final AgNP-enabled materials complying with the
Safe-by-Design approach [4]. Rightly so, there is justified global concern regarding the

toxicity of AgNDPs [5] and engineered nanomaterials [6,7].

Although silver-based products (even for human consumption) are commercially

available, scientific community has still not reached uniform agreement on the mode
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of antibacterial action of AgNPs. This issue, and limitations for reaching a general
consensus, will be evaluated in the sixth section of the Introduction. The study of
physical, chemical and bio-compatible properties of AgNPs covers numerous fields of
natural sciences and research results. Searching the Web of Science database for silver
nanoparticles provides a list of almost 75 000 scientific papers (this result was obtained
in June 2020.). Notably, AgNPs attract attention not only because of their antibacterial
activity, but also due to their optical and surface properties with potential applications
in bio-imaging, drug delivery and sensing. The annual number of published studies is
growing each year, and almost 9 000 papers on this topic were published in 2019.
Searching the Web of Science database for silver nanoparticles and antibacterial topics
yields almost 13 000 results, and is continually increasingly annually with almost 2 400
papers published just in 2019. Therefore, the field of researching AgNPs is active and
fruitful, even though silver-based products are widely available to the public for

purchase.

The main motivation of this research is to elucidate the antibacterial mechanism of
laser-synthesized silver colloids against Escherichia coli (E. coli) as a model organism.
Understanding this mechanism requires thoroughly researching two initial systems:
growth/inactivation of viable E. coli culture, and the physical and chemical properties
of produced colloidal silver. The former is done via modeling bacterial growth in batch
cultures and is discussed in the fifth section of the Introduction. The latter is closely
related to a colloid production method and is discussed in the fourth section of the
Introduction. Understanding each of these systems leads also to understanding
biophysical interactions resulting from adding colloids to a bacterial cell culture. This
will be done primarily by applying the principles of physical science in modelling
bacterial growth and inactivation, including interpretation of experimental results. To
properly position the results and conclusions in this study, current proposals on the

mode of antibacterial action will be given in the fifth section of the Introduction.

In summary, the introduction addresses the motive, provides a short overview of the
antibacterial activity of nanoparticles in general, characterization and production of
silver colloid, modelling of bacterial growth and finally the so-far proposed

antibacterial mechanisms.

Novel scientific contributions from this study will be outlined at the end of the

Introduction.
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2. Antimicrobial Resistance

There is a link between antibiotic consumption and bacterial resistance. This resistance
is independent of any demographic variables, i.e., the consumption of antibiotics
creates resistance for diverse groups of people [8]. Generally, the global bacterial
resistance crisis has been attributed to the overuse and misuse of antibiotics, as well as
a lack of novel drug development by the pharmaceutical industry [9]. There is a wide
range of biochemical and physiological mechanisms that might be responsible for the
onset of resistance [10]. The development of generations of antibiotic-resistant
microbes, and their distribution in microbial populations, are the results of many years
of constant selection pressure from human underuse, overuse, and misuse of
antibiotics. It has been argued that this is not a natural process but has been
superimposed upon nature [11]. On the other hand, the development of antibiotic
resistance is viewed as a normal adaptive response and an evident manifestation of
Darwin’s principles of evolution [12]. Antibiotic resistance is regarded as a natural
phenomenon, given that bacteria have long been evolving to resist the action of natural
antibacterial products [13]. However, the occurrence of increasing antibiotic resistance
over the last few decades is incomparable to what happened during the evolution of
microbes over several billions of years. Contemporary selection pressure from
antibiotic use and disposal is much more intense [10].

Whatever the cause of the antimicrobial resistance, a continuous supply of new classes
of antibiotics, not affected by known or existing mechanisms of resistance, is essential
[14]. It is vital that the search for new antimicrobial agents should not be lessened [10].
The problem posed by bacterial resistance, in terms of the synthesis of novel
antibacterial agents and mode of action determination, requires the involvement of
numerous scientific fields, including physics and its underlying methods.

Silver has long been used as an antimicrobial agent [2]. The scientific community has
retained an interest in silver nanoparticles (AgNPs), mostly due to their outstanding
antibacterial property. They have been proven to provide a synergistic effect on the
antibacterial potential of antibiotics [15,16] and are increasingly used for antimicrobial
coating [4]. Antimicrobial resistance, as a global health problem [17], has been and
continued to be an excellent motivator in researching antimicrobial activity of silver
compounds, especially silver nanoparticles [18-22]. The numerous promising results
on the antibacterial effect of AgNPs, evident in literature, emphasizes the need for
thorough characterization of used AgNPs and gaining an understanding of their mode
of antibacterial action.
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3. Antibacterial Activity of Nanoparticles

Lively interest in nanoparticles (NPs) has been led by the onset of drug-resistant
bacteria and increasing rate of hospital infection outbreaks, especially due to the fact
that NPs might actually prevent microbial drug resistance in certain cases. Parameters
such as particle size, shape, surface area, doping modification, surface roughness, zeta
potential, environmental conditions, surface curvature and the producing material, all
affect the antibacterial mechanism and activities [23]. NPs have been utilized as
antibacterial agents for coating implantable devices, wound dressings, bone cement
and dental materials, while other applications include NP-based antibiotic delivery
systems [23]. The high surface-area-to-volume ratio of nanoparticles gives them
different physical and chemical characteristics in comparison to bulk material or larger
particles [24]. Heavy metals, classified as metals with a density higher than 5 g/cm?,
are almost exclusively used for the production of antimicrobial metallic NPs [25].
These metals tend to be transition elements, meaning that their electron configuration
has the d orbital of the atom partially filled, which is important because a partially
tilled d orbital means that these metals are generally more redox active, facilitating NP
formation [25]. The bactericidal effect of transition metal NPs is attributed to numerous
properties, notably their affinity to associate with R-SH groups (thiols), but the most
important is the ability to generate reactive oxygen species (ROS). Heavy metal ions,
such as Ag*or Hg?*, easily bind to SH groups which directly disrupts the functioning
of specific enzymes or breaks S-S bridges necessary in maintaining the integrity of
folded proteins, thus causing harmful consequences to cell metabolism [25]. The
antibacterial mechanism depends on physical and chemical properties of NPs, but
oxidative stress induced by ROS is one of the most prominent and important
mechanisms. ROS is a generic term for molecules (such as the superoxide radical,
hydroxyl radical, hydrogen peroxide and singlet oxygen) that have a strong positive
redox potential. Under normal circumstances, production and clearance of ROS in
bacterial cells are balanced [23]. In contrast, during excessive ROS generation, the
redox balance of cells favors oxidation. This unbalanced state produces oxidative
stress, which damages components in bacterial cells. Different types of NPs produce
different types of ROS [23].

Gold NPs do not generate ROS. They exert antibacterial activity by changing the
membrane potential and inhibiting ATP synthase, leading to a general decline in
metabolism. Also, the effect is evident in the inhibition of ribosome subunits for tRNA
binding, which indicates a collapse of biological processes [26]. Bimetallic AuPtNPs
induce ruptures in the bacterial inner membrane and do not stimulate an increase in
ROS levels [27]. On the other hand, the antibacterial mechanism of copper-bearing
titanium alloys includes a disruption of respiratory chains caused by the release of Cu
ions, which subsequently increases ROS levels. The released Cu ions impede the gene
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replication process, while bacterial morphology changes due to membrane leakage
[28]. The bacterial toxicity of graphene oxide is attributed to both membrane and
oxidative stress [29].

Metal oxide nanoparticles induce diverse response in bacterial cells [30,31]. ZnONPs
treatment of bacterial cells induces a higher intracellular ROS level. Moreover, the
release of Zn? ions and adhesion to cell membranes causes mechanical damage to the
cell wall [32]. Titanium dioxide nanoparticles induce changes in the bacterial outer
membrane protein expression [30]. Evidence shows that MgO and CaO nanoparticles
damage cell membranes, subsequently leading to leakage of intracellular matter and
subsequent death of the bacterial cell [31]. The process involves CuO nanoparticles
entering the bacterial cell and then damaging the vital bacterial enzymes [31]. Silicon
nanoparticles exhibit an antibacterial property by influencing cell functioning in terms
of cell differentiation, adhesion and spreading [31].

4. Production and Characterization of Silver Nanoparticles

Many metallic and metallic oxide NPs show bactericidal potential towards different
bacterial strains [24], but silver nanoparticles attract the most attention partially due to
the antimicrobial activity of Ag+ ions. Silver nanoparticles have been proven to be an
excellent antibacterial agent against gram-negative bacteria and a mild antibacterial
agent against gram-positive bacteria, possibly due to differences in their membrane
structure [20]. They are widely available for purchase or are chemically produced [33-
35]. Chemical synthesis methods have been commonly applied in synthesizing
metallic NPs as a colloidal dispersion in aqueous solutions or organic solvents by
reducing their metal salts. AgNPs are chemically produced mainly in Brust-Schiffrin
synthesis or using the Turkevich method. When synthesizing metallic NPs of a specific
shape, size, and optical properties, the strength and type of reducing agents and
stabilizers should be taken into consideration [36]. Most reports on the antibacterial
effect of AgNPs refer to chemically synthesized colloids, but this type of production
results in colloids containing unwanted chemical byproducts. Eco-friendly
alternatives exist, such as biosynthesis with bacteria, fungi, or plant-related parts [22].
Green-synthesized nanoparticles exhibited a narrow size distribution, antioxidant
activity and high antibacterial activity versus chemically synthesized ones which have
a wider size distribution, no anti-oxidant activity and less antibacterial activity [37].
However, one of the most convenient techniques is the physical production of colloids
by using laser ablation in liquids (LAL) [38], and there are significantly less reports on
the bactericidal effect of nanoparticles produced by LAL [39-42]. This technique,
known as a green synthesis technique [43], though other types of synthesis are also
considered to be green [44], enables the production of pure colloids without
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byproducts and stabilizing molecules but with unique surface properties [45,46]. This
is extremely important when trying to elucidate the NP mode of antibacterial action.

4.1. LAL in liquids

The silver colloids used in this research were produced by a laser ablation process
where the silver target is immersed into water [47]. The physics behind laser ablation
in liquids, a synthesis method for producing AgNPs, is beyond the scope of this study,
but some of the features of the production method will, nonetheless, be addressed.

In past years, LAL emerged as a reliable green alternative to traditional chemical
reduction methods for obtaining noble metal nanoparticles in water or organic
solvents [45]. AgNP synthesis based on pulsed laser ablation in liquid facilitates the
preparation of stable silver colloids in pure solvents without the use of capping or
stabilizing agents, producing AgNPs more suitable for biomedical applications than
those prepared using common wet chemistry preparation techniques [42]. LAL is a
physical approach to the top-down synthesis of nanomaterials, complementary to
bottom—up chemical reduction methods. Also, the LAL technique provides good
reproducibility while NPs are obtainable, without any ligands or stabilizers, in a
variety of solvents [45]. Since any metal target can be ablated, LAL is not limited to a
choice of materials.

Biomedical applications of NPs are often complicated due to possible toxicity of
conventional nanomaterials, resulting from inadequate procedures for purifying
nanoparticles obtained from synthetic pathways using toxic or non-biocompatible
substances [43]. The microscopic, physical and chemical properties of AgNPs are
closely related to experimental preparation procedures, interaction of metal ions with
reducing agents, as well as adsorption of stabilizers [48]. In addition, attributes such
as the size, optical properties and stability of AgNPs have been shown to be solvent-
dependent [49]. Therefore, the production method as well as these physical and
chemical properties of NPs are crucial for their antibacterial effect and mechanism.

LAL is used to prepare metal nanomaterials in clean, biologically friendly aqueous
environment and thus resolves the additional toxicity problem [43]. This method
produces stable metal colloids of extremely small size (at a scale of 1 nm) with a unique
surface chemistry, and can be used for bio-imaging, cancer treatment and
nanoparticle-enhanced Raman spectroscopy [43].

4.2. Characterization of AgNPs

Physical and chemical properties of AgNPs have been shown to play a significant role
in the mode of antibacterial action. Therefore, thorough characterization of the LAL-
synthesized AgNPs is required, leading to the introduction of commonly used
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experimental techniques. These techniques provide information on nanoparticle size
(distribution), concentration, stability, composition and structure.

Dynamic light scattering (DLS) and zeta potential measurements are simple, easy and
reproducible tools to ascertain particle size and surface charge respectively [50].
Electrophoretic light scattering has emerged as a fast and convenient technique for
obtaining the zeta potential, the potential at the slipping/shear plane of a colloidal
particle [50] which is considered to be a measure of the electrokinetic charge of a
particle [51]. The zeta potential of a nanoparticle is generally accepted as a measure of
its stability [42] and for suspensions that are stabilized by electrostatic repulsion, the
zeta potential should be at least + 30 mV [52]. Particles in a colloid dispersion scatter
incident light, and the DLS technique is used to detect the intensity of scattered light.
The nanoparticles are in thermal motion within the dispersion, which causes
constructive and destructive interferences, hence the intensity of scattered light
changes over time [50]. The dynamics of the NPs is determined by comparing intensity
values in two close moments. This technique is mostly used to determine the size
distribution of NPs, confirm surface functionalization and determine long term
stability in different media or pH values [53].

Transmission electron microscopy (TEM) analysis and UV-visible spectroscopy are
usually exploited for obtaining information on nanoparticles synthesis results [45]. The
interaction of light with the conducting electrons in a gold or silver nanostructure
causes collective excitations known as surface plasmons [54]. UV-visible spectroscopy
is a fast technique for characterization of nanoparticle shape and size. Generally, the
presence of a sharp plasmon band close to 400 nm is proof that spherical AgNPs have
been produced [45]. This cheap technique can be used to verify temporal stability of
produced colloids. UV-visible spectroscopy of plasmon bands can also be used to
monitor surface coverage of metallic NPs [45]. TEM modus operandi resembles that of
a transmission light microscope [55]. It is a technique that exploits the interaction of
accelerated electrons with the specimen and provides morphological, compositional,
and crystallographic information [56]. Electron and atomic force microscopies are
often used to determine the shape of AgNPs, particularly TEM which is also used to
determine size (distribution), structure and shape [35,49,57,58]. In comparison, atomic
force microscopy is seldom utilized, but the technique can provide shape [37,39] and
size information where the former yields size distribution. NPs size distribution
yielded by atomic force microscopy (AFM), is obtained by measuring the height of
AgNPs (equal to the nanoparticle’s diameter) since lateral dimensions are not to be
taken into account due to AFM tip dilation [59]. More information on this technique
will be given in the sixth section of the introduction. Finally, the possible crystalline
nature and composition of nanoparticles is usually characterized using X-ray
diffraction [22,39,60-63]. This characterization method is based on the X-rays
diffraction by specimen periodic atomic planes and the angle or energy-resolved
detection of the diffracted signal [64].
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5. Modelling Untreated and Treated E. coli Growth and Inactivation

Bacterial growth consists of four distinct and commonly accepted phases: lag phase,
exponential growth phase, stationary phase and mortality phase [65]. All stages of
growth may not necessary be obtained in a growth curve, and this depends on
experimental circumstances [66-68]. These stages are clearly distinguished on a
growth curve which has a bacterial concentration time-dependency. A growth curve
provides information on the total number of bacteria in a batch, average division time,
state of bacterial metabolism and the phase at which the inoculum was taken. Different
modeling strategies are used to understand the underlying mechanisms of growth,
especially in interpreting data obtained under different growth conditions. The most
commonly used models include the Gompertz function and its modifications [69,70],
or the rate logistic (Verhulst) model [65] and its modifications [66,71]. The purely
empirical Gompertz function does not provide any mechanistic insight into growth.
On the other hand, the logistic model seems more intuitive given that bacterial growth
is described using a differential equation. However, it only explains the exponential
and stationary phase [66]. These two common models are used to fit growth curves of
standard bacterial strains grown in batch culture and in food microbiology [71-73].
Buchanan et al. [74] proposed a three-phase linear model, consisting of three
equations, using a physiological approach and taking into account biological
variability. The downside of this model is that it describes each of the first three growth
phases using a different equation. Modeling microbial growth kinetics based on a
substrate concentration was first introduced by Monod [75]. He proposed that the cell
division rate depends on the substrate concentration, thus forming a curve described
using a Michaelis-Menten type of equation. The idea in describing the influence of
resources availability and waste on the growth of a population, was also introduced
by S. Sakanoue [76]. The death phase is usually given as a mirror image of growth,
when depicting bacterial growth [65]. Peleg and Shetty proposed that a combination
of the logistic growth and Fermi decay provide a model for the entire growth curve of
certain microbes [77]. Bacterial death was also described by introducing a constant rate
decay term into the model equations [78]. An overview of the models given in [79,80]
includes a series of mathematical equations that model only the inactivation process
in bacterial curves. Some of the proposed models include numerous parameters and
give a description only for the death phase in a mathematically complex way.

The lag phase, a delay of exponential growth due to altered growth conditions, has
been the center of attention in many primary growth models [81-83]. The Baranyi
model [84,85] describes lag time in terms of cell adjustment to its new post-inoculum
environment. Hills and Mackey [86] associated this phase with delayed biosynthesis
of an essential growth factor and cell injury/resuscitation. This phase also seems to be
induced when bacteria are treated using different sub minimal inhibitory



Krce, Ph. D. thesis, 2020 Introduction

concentration (MIC) values of antibacterial substances [87-90], including silver ions
and silver nanoparticles [35,91-93]. Scarce attempts have been made in modeling
bacterial growth in the presence of silver nanoparticles [63,94]. The study published
by Chatterjee et al. [94] introduced a modified Gompertz model for bacterial
isothermal growth data obtained at various AgNPs concentrations but without any
interpretation at a microscopic level.

Understanding the relevant parameters for untreated-bacteria growth is vital in
understanding and explaining the effect that AgNPs treatment has on a bacterial
population. If this is done by modelling, the model should be designed in a
mechanistic fashion, i.e., it should not just be a mathematical description of the growth
curve. Developing a model for growth and inactivation of viable Escherichia coli (E. coli)
cells assists in understanding the bactericidal mechanism of laser-synthesized AgNPs.

6. Proposals Concerning the Silver Nanoparticle Mode of Antibacterial
Action

The mode of antibacterial action of AgNPs has still not been resolved [95] and more
research on the bioactivity and biocompatibility of AgNPs is necessary [96], but it has
been stated that silver ions play a crucial role in the antibacterial activity of silver [18]
given that many proposed mechanisms incorporate the release of silver ions upon
dissolution of AgNPs [3,18,97-99]. Silver cations have a profound ability to interact
with and bind proteins and anions in a medium [100]. The released silver ions from
AgNPs interact with the thiol groups of many enzymes and causing them to inactivate.
Furthermore, cells can up-take these ions possibly inhibiting several functions in cells
while ROS are possibly produced due to ion inhibition of respiratory enzymes [3].
Generally, the mode of antibacterial action for AgNPs is attributed to the fact they are
silver and a nanomaterial.

It has been shown that treatment using silver cations alone induces morphological
changes both in gram positive and gram negative bacterial cells [101]. Morones-
Ramirez et al. [102] showed that sub-lethal silver cation concentrations induce
morphological changes in bacterial membranes and protein aggregation, while
membrane permeability and ROS generation are triggered at inhibitory and lethal
silver concentrations. It has been noted that AgNP generation of ROS is linked to the
release of silver ions [38], whereas no significant difference in silver ion toxicity
towards bacteria has been observed between anaerobic and aerobic conditions, which
rules out oxidative stress induced by ROS as an important antibacterial mechanism for
silver ions [103]. A particle-specific antibacterial potential, manifested in an increased
intracellular concentration of Ag ions, has been previously reported as the main
mechanism of AgNPs in combating bacteria [104]. Then again, Xiu et al. [97] reported
that antimicrobial activity of AgNPs is solely due to the release of Ag ions and particle
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properties that affect toxicity towards bacteria are to be interpreted as an influence on
the rate, extent, location, and/or timing of Ag ion release. Interestingly, concentrations
of silver ions are 10 times lower in laser-synthesized colloids than in chemically
produced colloids, but these colloids reveal similar antibacterial activity [40]. This
indicates that besides Ag ions, AgNPs also play an important role in the antibacterial
mechanism. It has been shown that AgNPs cause more damage than do Ag ions [105].
Furthermore, it has been shown that Ag NPs toxicity towards bacteria is mediated on
a large scale by dissolved Ag ions, but the way in which the particles interact with
bacterial cells and some of the pathways involved in toxicity of the particles are highly
dependent on nanoparticle physicochemical properties, i.e., toxicity mechanisms in E.
coli vary for silver nanoparticles and differ from ionic silver [106]. These, sometimes
opposite and contrary results, demonstrate the need for thorough characterization of
the colloidal silver as an independent system and stability checks when added to the
culture.

It has been reported that the mode of antibacterial action of AgNPs is size dependent:
the bactericidal effect of AgNPs smaller than 10 nm is due to the nanoparticles, but the
predominant mechanism of larger ones might be the release of silver ions [107]. Their
bactericidal effect depends on their size [19], concentration [33], shape [18] and surface
properties [106]. For coated silver nanoparticles, antimicrobial effects were found to be
an interplay of the AgNPs size, solubility, and surface coating [108]. Also, AgNPs tend
to attach to cell walls and subsequently penetrate them, causing permeability of cell
membranes and ultimately cell death [3], with reports on the formation of pits in cell
walls due to nanoparticle accumulation [46].

As suggested in a recent review paper [109], there are two main hypotheses for the
AgNP mode of antibacterial action. The first hypothesis relies on the electrostatic
interaction of nanoparticles with bacterium membrane and/or membrane proteins,
leading to partial membrane dissolution. The second hypothesis presumes the
penetration of AgNPs inside the cell/membrane and subsequent release of silver ions,
followed by an increase of ROS levels and cell oxidative stress. The two scenarios are
not necessarily mutually exclusive [109]. Notably, Duran et al. [107] stated that AgNPs
exhibit antibacterial activity through the cell membrane disruption and DNA
transformation due to ROS, but that data on the temporal resolution of ROS
production or possible membrane alterations induced by the AgNPs is lacking. Taken
together, it is reasonable to say that AgNP adhesion to and/or penetration inside cells
and ROS generation are recognized as the most significant modes of antimicrobial
action [110], whether or not they include the release of silver ions.

There are many experimental methods for probing the antimicrobial mechanism of
AgNPs, and here only a few, important for this research, will be discussed.

10
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6.1. Atomic force microscopy of AgNPs-treated cells

Microscopy techniques are rather useful as they reveal membrane alteration caused by
AgNP treatment. Electron-microscopy is most often used but the technique requires
complicated sample preparation and cells are not able to be inspected in the native cell
environment. Published results on AgNP-treated cells imaged by electron-microscopy
reveal gaps in cell membranes and the disorganization of entire cells [93], an
accumulation of nanoparticles in membranes, cell penetration and the leaking of
intracellular substances [33], nanoparticles have been found on cell surfaces and
attached to substances released by cells [111]. In particular, TEM images of E. coli
treated with LAL-synthesized AgNPs have revealed that nanoparticles penetrate cells
membranes during which cells showed an irregular appearance [40].

On the other hand, as a valuable tool in biophysics, atomic force microscopy facilitates
the study of morphology and live bacteria in different media where staining, labelling,
or fixing the strain is not necessary [112]. AFM detects forces acting between the
surface of the specimen and the sharp tip mounted on a cantilever. The study of
nanomechanical properties is of particular use when bacterial morphology changes do
not provide enough information or are at a size-scale smaller than the resolution of the
microscope. Force spectroscopy, another AFM feature, is used to quantify the forces
between the surface of a specimen and the sharp tip. This is done by measuring
cantilever deflection as a function of probe-specimen distance when the tip is brought
into proximity of the specimen and retracted from it. These measurements yield force-
distance curves that provide information on the nanomechanics of cell surface [112].
These curves can be analyzed by applying theoretical indentation models to acquire
quantitative information on sample elasticity, i.e., the Young modulus (YM) [113,114].
Applying the theoretical models presumes a well-established geometry of the tip and
physical properties of the cantilever. Commonly used Hertzian models describe the
indentation of a non-deformable indenter (tip) into an infinitely extending deformable
elastic half space (the specimen’s surface) [115]. However, the non-elastic response of
the specimen and non-perpendicular approach of the tip to the surface may complicate
analysis [116].

Topography of the specimen obtained while acquiring force-distance curves is
particularly useful, meaning that morphology and nanomechanics measurements are
done simultaneously. This can be achieved by utilizing the respective measurement
modes [117]. Possible treatment-induced alterations can be detected by measuring the
YM of a cell. Despite these described advantages, this powerful non-destructive
technique is underused when it comes to studying bacteria exposed to nanomaterials.
In particular, reports can be found on the AFM of dried out AgNP-treated bacterial
cells. These results include loss of cellular morphology of AgNP-treated Staphylococcus
aureus [118] and destruction of the E. coli cell wall accompanied by a spreading out of
peptidoglycan or outer membrane fragments on the surrounding surface indicating

11
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cell lysis [119]. However, bacteria tend to lose their morphological characteristics
during the drying process, hence these results might be doubtful. A rare AFM study
of hydrated AgNP-treated E. coli revealed alteration of ultrastructural and
nanomechanical properties of the cell. Also, AgNPs induced extensive damage to the
cell membrane, changing its surface roughness, rigidity and adhesion [120].

6.2. ROS detection

A widely accepted fact is that oxidative cell stress is linked to the intracellular ROS
level. AgNPs and Ag ions may act as catalysts and increase ROS generation, which in
turn leads to oxidative stress [46]. The fluorescence probe 2',7'-
dichlorodihydrofluorescein diacetate (DCFH2-DA), which diffuses through the cell
membrane, can be used to measure bacterial ROS generation during AgNP treatment.
DCFH2-DA deacetylates to non-fluorescent, but membrane-impermeable, 2',7'-
dichlorodihydrofluorescein (DCFH:) due to intracellular esterases. Subsequently,
DCFH: reacts with intracellular ROS to produce fluorescent 2',7'-dichlorofluorescein
(DCF) which is trapped inside the cell, making it fluorescent [121]. This probe was
proved to be a suitable marker for total ROS production [121] and is the most widely
used fluorescent probe for detecting intracellular hydrogen peroxide [122]. The
intensity of the obtained DCF signal fluorescence signal is thought to be proportional
to the amount of ROS [123].

Research data obtained from previous reports are mostly raw DCF data [94,124] or are
normalized the non-dyed control (background fluorescence) [125]. The data may also
be given with respect to hydrogen peroxide induced DCF signal [126] or given with
respect to the non-treated bacteria [127,128]. The published data suggest that:
treatment with AgNPs alone did not induce significant ROS formation [126]; a
significant increase in the DCF fluorescence intensity was observed for AgNP-treated
bacterial cells [94]; colloidal silver significantly increased the production of ROS when
compared with untreated cells [125]; ROS played a very important role in the
antibacterial mechanism of AgNPs [128]. Interestingly, ROS detection data in AgNP-
treated E. coli [127] showed that the fluorescence signal of AgNP-treated cells is lower
than for non-treated cells, regarding most treatment concentrations. A ROS increase in
bacterial cells, induced by biosynthesized AgNPs, was confirmed by DCFH: and
antioxidant scavenging [129]. Treatment using the LAL-synthesized AgNPs resulted
in particle-size dependent ROS generation, which was highest for particles with an
average size of 19 nm [124].

Some nanoparticles reduce the obtained DCF signal. A masking effect for the DCF
fluorescence signal has been reported for iron oxide nanoparticles [130] while coated
AgNPs were shown to decrease ROS levels due to fluorescence quenching and
adsorbing the fluorescent dye [123]. Hence, extraction of the intracellular ROS
fluorescence signal from the total signal generated in the sample might not be trivial
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given that AgNPs possess characteristic optical properties that must be taken into
account when analyzing the DCF signal. This is due to two main reasons. First, cellular
ROS must be resolved from the contribution provided by autooxidation signal of the
dye. Second, light is attenuated due to absorption and/or scattering on both the
nanoparticles and cells, present in the measured sample.

7. Aims and Scopes of the Study

The motive of this paper is to investigate, describe and understand the bactericidal
mechanism of laser-synthesized AgNPs. Accordingly, it becomes vital to understand
the underlying mechanisms of bacterial growth. This facilitates investigating the
influence of AgNPs on bacterial growth, when added to the system under the same
controlled conditions. The investigation relies on modelling while ensuring that the
model incorporates basic interactions/processes within the system. Due to the variety
and complexity of bacterial growth models found in the literature, numerous models
are considered to satisfactorily fit the bacterial growth data. Since these models
incorporate a large number of parameters, it seemed most convenient to construct a
novel model for bacterial growth and inactivation. Furthermore, since bacterial
population dynamics is a very multidisciplinary field, consideration should be given
to the fact that many researchers do not have a mathematical background. Therefore,
a simple method for data analysis and determining growth/death parameters should
be provided.

A relatively rarely investigated antibacterial effect for LAL-synthesized silver colloid,
considered to be free of chemical byproducts, has the potential to reveal its bactericidal
action without irrelevant or uncontrollable parameters. Since the physicochemical
properties are important for antibacterial action, the AgNPs should be characterized,
and their stability and activity determined when added to the biological system. The
designed model for non-treated E. coli cells is extended, and the bactericidal
mechanism is probed using modelling of the obtained OD growth curves of E. coli
treated with different concentrations of laser-produced AgNPs. The objective is not
just to provide a mathematical description of the curves, but also, based on the
modeling approach at the microscopic level, to explain bacterial growing and dying
mechanisms.

In general, despite the numerous studies, conflicting reports on the mode of
antibacterial action of colloidal silver still exist. This could be partially due to
differences in AgNP colloid properties which depend on the synthesis method, and
also due to discord in applied experimental methods and data analysis. Moreover,
based on the literature, it is important to reveal whether these nanoparticles interact
with and/or penetrate the membrane. Based on modeling of the growth of AgNP-
treated bacteria, this study determines whether the penetration of the LAL-
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synthesized AgNPs into cells is linked to the bactericidal mechanism. Furthermore, the
antibacterial mode of action for AgNPs is most likely an interplay of many
mechanisms. Besides membrane penetration and damage/alterations, other notable
mechanisms include oxidative stress based on ROS generation. Therefore, this study
is also designed to experimentally probe these two mechanisms as the mode of action
of laser-synthesized AgNPs. Most of the experimental findings are obtained by
studying the time development of the DCF fluorescence signal, which is proportional
to the ROS level, and time-dependent YM spectroscopy of bacterial cells. Besides the
proposed bactericidal mechanism of AgNPs, this study also provides a contribution
based on its carefully designed experiments and data analysis approach, especially the
DCEF signal measurements and cellular ROS extraction.

Overall, this study aims to provide a deeper understanding of the mode of
antibacterial action for laser-produced AgNPs against E. coli as a model organism and
open a discussion on some of the findings given in the literature in relation to our
results.
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Abstract

We present a simple growth model which was developed to explain Escherichia coli growth in batch
culture. Optical density measurements are used to obtain E. coli growth curves for different inoculum
sizes and nutrients concentrations. The model is described by two nonlinear mutually dependent
differential equations that describe time evolution of bacteria and nutrients concentration.
Introduction of the negative bacterium—bacterium interaction term is specific for the model and
leads to the population decay. The proposed model describes entire experimental growth curves.

The growth rate, as a function of initial nutrients concentration, follows the Monod function, whilst
during the growth it decreases proportionally with the concentration of nutrients. The parameters

in our equations can be related to the parameters of the logistic model. The proposed model can be
applied to different E. coli strains and, because of the universality of the equations, might be applied

to other bacterial strains.

Introduction

It is generally accepted that the bacterial growth
consists of four distinct stages or phases: lag
phase, exponential growth phase, stationary phase
and mortality phase [1]. These stages are clearly
distinguished in a growth curve which shows the
change of bacterial concentration in time. The shape
of a growth curve provides us with information about
the state of bacterial metabolism, the phase at which
the inoculum was taken, total number of bacteria
in the batch, average division time, etc. Depending
on the experimental circumstances, all stages of
growth may not be obtained in a growth curve [2—4].
However, every growth curve should at least contain
the exponential growth phase and the mortality phase
if the growth is monitored for a sufficiently long
time. To understand the underlying mechanisms of
growth, different approaches and modeling strategies
have been and are used, especially to explain the data
obtained under different growth conditions. In this
paper we consider growth that is described by the
primary growth models which explain growth curves
obtained for constant temperature, pH and water
activity.

Most commonly used models include the
Gompertz function and its modifications [5, 6] or are
based on the rate logistic (Verhulst) model [1] and its
modifications [2, 7]. The Gompertz function, being
purely empirical, does not provide any mechanistic
insight into the growth. On the other hand, the logis-
tic model seems more intuitive with bacterial growth
described by the differential equation. However, it can
only explain the exponential and the stationary phase
[2]. These two models have been used to fit the growth
curves of standard bacterial strains grown in batch cul-
ture and in food microbiology [7-9].

Some, more comprehensive, proposals of bacte-
rial growth mechanisms have been given in the last few
decades. Buchanan et al [10] proposed a three-phase
linear model consisting of three equations. The model
has a physiological approach and takes into account
biological variability but describing each of the first
three growth phases with a different equation. When
it comes to lag phase prediction and interpretation, the
Baranyi model [11, 12] describes lag time in terms of
cell adjustment to the new post-inoculum environ-
ment. Work done by Hills and Mackey [13] relates lag
with the delayed biosynthesis of some essential growth
factor and cell injury/resuscitation.

©2019 IOP Publishing Ltd
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The idea of modeling microbial growth kinetics
via substrate concentration was first introduced by
Monod [14]. He proposed that the number of cell divi-
sions in time depends on the substrate concentration,
thus forming a curve that can be described with the
equation of the Michaelis—Menten type. The idea to
include influence of resources availability, e.g. nutri-
ents, and waste, e.g. metabolites on the growth of a
population, was also proposed by Sakanoue [15].

Not many models include cell inactivation. When
depicting bacterial growth, the death phase is usually
given as a mirror image of the growth [1]. Peleg and
Shetty propose that the combination of logistic growth
and Fermi decay could model the entire growth curve
of some microbes [16]. They also model cell response
to stress which might be indicative of the cell reaction
to the presence of an antibacterial agent. The bacterial
death was also described by introducing a constant
rate decay term into the model equations [17]. Over-
views of models given in [18, 19] offer a series of math-
ematical equations that model only the inactivation
process. Some of the proposed models include several
parameters and are mathematically complex in giving
description only for the death phase.

The main motivation for this work was to inves-
tigate, describe and understand our bacterial growth
system so that we could control the bacterial growth
in a reproducible way. This would enable us to study
the influence of an antibacterial agent when it is added
to the system at the same, controlled, conditions. Hav-
ing in mind the variety and complexity of the bacterial
growth models found in the literature, we considered
the models that would fit our data satisfactory, but
with the minimum number of parameters. It was also
important that the model takes into account the basic
interactions/processes within the system. To satisfy
these demands we have constructed a novel growth
model and applied it to our experimental data. As for
many other models, the bacterial growth is related to
the change in nutrients (substrate) concentration and
described with the two differential equations that give
time evolution of the both, bacteria and nutrients con-
centrations. Also, a negative bacterium-bacterium
interaction term is included, which brings a negative
contribution to the overall growth rate. This term pre-
vails after the nutrients have been exhausted, resulting
in an appearance of the bacteria death phase. If this
term is put to zero, the model is reduced to the logis-
tic growth. To our knowledge, this approach to the
description of bacterial inactivation phase has not
been described in the literature so far. Furthermore, we
offer a simple method for data analysis and determina-
tion of growth/death parameters that can be used by
researchers without a deep mathematical background.
Theanalysis of Escherichia coli DH5alpha strain growth
data, obtained for Luria- Bertani growth medium, is
discussed in detail. To demonstrate the applicability of
the model for different strains and growth mediums,
we performed the optical density (OD) measurements
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for bacterial growth in Mueller Hinton broth and for E.
coli ATCC 29213. We found that the proposed model
successfully explains the obtained data as well, as pre-
sented in supporting information files (stacks.iop.org/
PhysBio/16/066005/mmedia) of the paper.

Methods

In this work we have used E. coli DH5« strain to study
bacterial growth under the different but controlled
growth conditions. Firstly, we have performed growth
measurements for batches containing differentdilutions
of the growth medium inoculated with the same
bacterial concentration. By diluting the growth medium,
we have proportionally reduced the concentration of the
initial nutrients. Secondly, we have performed growth
measurements for different inoculum sizes whilst
keeping the nutrients at the same level for all batches.
Material and methods for additional measurement,
made in order to further validate the model, as well as
the code for solving differential equations, can be found
in the supplementary information.

Optical density (OD) measurements

Different initial nutrients concentration

E. coli DH5« strain was grown overnight at 37 °C
with shaking in 50% Luria- Bertani (LB) (5.0g 17! of
tryptone, 2.5g1 ! of yeast extract and 5.0 g1~ of NaCl
per 1 liter of deionized sterile water).

This growth medium will be referred as the master
medium. The following day, five dilutions of the fresh
master medium were made with sterile deionized
water giving the master medium volume shares of
100%, 75%, 50%, 25% and 12.5%. Each dilution was
inoculated with 5 - 10° CFU (colony forming units)
per milliliter taken from the overnight culture, and
incubated for 24h at 37 °C with shaking. Bacterial
growth was monitored through OD measurements of
the bacterial batch culture. The OD data at 600 nm
wavelength (OD600) were monitored on a microtiter
plate reader (BioTek ELx808, USA). To keep the OD
signal in the microtiter plate reader linear range, 50%
LB broth was used as the master medium. The experi-
ment was performed in triplicate.

Different inoculum sizes

Wehave performed growth measurements for different
inoculum sizes whilst keeping the nutrients at the same
level for all batches. We have used the same strain,
master medium, growing conditions and microtiter
plate reader as described in the section above. An
overnight culture was, again, diluted in fresh master
broth, grown and adjusted spectrophotometrically toa
density of 5- 103 CFUml ™~ '. A 10-fold serial dilutions in
fresh master medium were then prepared to a finalload
of 5- 10> CFU ml ™, and incubated for 24 h at 37 °C
with shaking. Bacterial growth was, again, monitored
through OD measurements. The experiment was
performed in triplicate.
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Viable cell counting

The overnight E. coli DH5« culture and the next-
day dilution in the master medium was prepared
as for OD measurements and was left to grow in the
same conditions. At different time points, serial 10-
fold dilutions of the batch culture were made and
aliquots of 50 ul were plated on sterile trypticase soy
agar (Biolife, Italy) plates. The plates were incubated
for 24h. By counting each colony, the total number
of CFU/ml was calculated according to the formula:
CFU/ml = (number of colonies x dilution factor)/
volume of the plated culture. We found that 1
absorbance unit (a.u.) corresponds to 3.64 - 10° CFU
ml ™!, The calibration of the spectrophotometer was
performed for the cells in the mid- exponential phase.
The experiment was performed in triplicate.

Experimental results

Figure 1 shows growth curves of E. coli DH5« obtained
for different initial concentrations of nutrients N
and the same inoculum size By =5 - 10> CFU ml ™.
Master growth medium nutrients concentration was
determined to be Ny = 2.1 - 10° CFU ml~!, where
equivalent CFU units are used as it will be explained
later. Different initial concentrations of nutrients
were produced by dilution of the master medium with
sterile deionized water. The ratio x = Ny/Ny; which
denotes the volume share of the master medium in the
batch will be referred as the initial nutrients dilution
factor.

The presented curves are the average of OD data
obtained from three separate experiments, conducted
under the same conditions. The baseline, i.e. OD of the
vial and the corresponding sterile growth medium,
is subtracted from the raw data so that the OD data
reflect only the change in the bacteria concentration.
Bacterial concentration in CFU/ml is given on the
right axes. It can be noted that the maximum of bac-
terial OD and the exponential growth rate decreases
with the reduction of the nutrients concentration. For
all curves, the bacterial OD initially increases exponen-
tially (as will be shown in the following section), exhib-
its the maximum for time f ~ 500 min and gradually
decreases for larger . It can also be seen that the maxi-
mum OD decreases with the growth medium dilution.
The viable cell counting data (the large squares) show
decrease of the bacterial population as well.

Figure 2 shows bacterial growth curves obtained
for samples with different inoculum sizes whilst the
initial nutrients concentration was kept constant at
Ny = Nu. The presented curves are the average of OD
data obtained from three separate experiments con-
ducted under the same conditions. Absorbance of the
sterile growth medium and the vial was subtracted
from the data so that OD reflects only the change in
bacterial concentration. Inoculum size By was changed
for six orders of magnitude, from 5 - 10%to 5 - 108 CFU
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ml ™, so that the two successive concentrations differ
by an order of magnitude, while all other experimental
parameters were kept constant. It can be noted that
the inoculum change does seem not affect the overall
shape of the curve and the main effect of inoculum
change is the shift of the curve along the time axis.

Introducing the model

In order to explain the experimental data, a simple
theoretical model of bacterial growth was developed.
The basic assumptions of the model are the following:
a bacterium collects nutrients and divide, which gives
a rise to the bacterial concentration B(t), a number of
bacteria per milliliter of the sample. At the same time,
it interferes with other bacteria in a complex way. This
interference could be seen through the production of
metabolic waste, bacterial competition for nutrients,
lack of the space etc. Such mechanisms lead to the
reduction of bacterial concentration. So, the time
change in the bacteria concentration is described with
two terms

4

dt
where N(t) is concentration of nutrients, a number of
nutrient units per milliliter of the sample, and o and
[ are the interaction strength parameters. First term
describes the increase in the bacterial concentration
where we presume that bacteria collect nutrients
randomly, with the probability that is proportional
to the product of the bacterial B(#) and nutrients N(¢)
concentrations. This term describes the interaction
between bacterial cells and nutrients. Consequently,
the growth rate is proportional to the quantity of the
nutrients. The second term is negative and describes
mutual interaction between bacterial cells that reduces
bacterial concentration. As this interaction always
appears between two bacterial cells, the probability for
the interaction to appear is proportional to the square
of the bacterial concentration B(t), regardless of the
mechanism the interaction is driven by.

We also presume that the concentration of nutri-
ents is changed only because of the bacterial consump-
tion, so that the rate of change of the nutrients con-
centration is equal to the negative value of bacterial
nutrients uptake:

d

ZN () =—a B(H)-N(1). (2)

Equations (1) and (2) form the system of two mutually
dependent non-linear differential equations. Solution
of these equations gives the time dependence of the
bacterial and nutrients concentrations.

Equation (1) can be written in the form

4y

dt
and can be considered as the exponential growth with
the decreasing growth rate, given in the brackets. The

() =a-N(t)-B(t) - 5-B(t)’, (1)

(t)=la-N@-p-B@®)]-B(1), )
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Figure 1. Different initial nutrients concentration. Growth curves of E. coli DH5« obtained for different initial dilution factors
x, with the same inoculum size. The OD data are given on the left axis in absorbance units and the corresponding bacterial
concentrations are given on the right axes in CFU/ml. Large squares are the bacteria concentrations for x = 1 sample obtained by the
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Figure2. Different inoculum. Growth curves of E. coli DH5« obtained for the different inoculum concentrations By with the

growth rate o - N(t) is the rate at which the bacterial
concentration increases due to the uptake of the
nutrients by the bacteria. The death rate 3 - B(t) is the
rate at which the bacterial concentration decreases
due to the bacterial interaction with other bacteria.
It is proportional to the bacterial concentration since
more bacteria produce more negative influence. If the
growth conditions are met, the death rate increases due
to the increase of B(t). This means that the fraction
of the bacteria which are not able to produce a clone
increases with bacterial concentration.

We find convenient to express the concentration of
nutrients N(f) in bacteria—equivalent units. If myn/V
is the mass concentration of nutrients, where my is the
mass of nutrients and V the volume of the sample, and
mn 1s the quantity of nutrients needed for single bac-

terium growth, then N(t) = (mn/mn;)/V is the con-
centration of bacteria that could be produced with a
given nutrient concentration. In this way we define a
constant ‘package’ of nutrients as the quantity needed
for the creation of a single bacterium and we can
express the N(#) in equivalent CFU/ml units.

Solutions of the system of differential equa-
tions (1) and (2), for initial concentration of bacteria
By = 0.001 a.u., & = 0.02min~! a.u.”! and for differ-
ent values of Jare given in figure 3. The nutrients data
are given in terms of equivalent concentration of bac-
teria.

During the process of growth, the nutrients con-
centration is being reduced due to bacterial consump-
tion. Since nutrients concentration is measured in
packages, needed to produce a single bacterium, it
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Figure3. Solutions for different 3. Solutions of the system of differential equations (1) and (2) for different values of Freveal time
evolution of concentrations of bacteria B(t) and nutrients N(t). Each concentration is divided by the initial nutrient concentration
N giving the relative concentration. The data are plotted for By = 0.001 a.u.and o = 0.02 min~!'a.u.”!. For 3 = 0 alogistic-like
curve is obtained with B(t) + N(t) = Ny + By = const. For 3 > 0, B(t) + N(t) = const. (dotted line) does not hold because of the
bacterial inactivation.

represents the maximum possible bacterial concen-
tration. The growth is mathematically described as
a transformation of nutrients packages to bacteria
so that, for § =0, the growth capacity is conserved,
B(t) + N(t) = const., as shown by the dotted green
line in Fig 3. We also see that for 3 > 0 the growth
capacity B(t) + N(t) is not conserved and it decreases
in time due to the bacterial disintegration. For
0 < t < 240min the bacterial growth with the same
growth rate is obtained for all cases. For t > 500 min
the nutrient concentration decreases to zero so that
for 3 = 0 the bacterial concentration saturates to the
maximum value Ny + By, while for 3 > 0 it exhibits a
maximum after which it gradually decreases, similarly
to the experimental results of figure 1.

Data analysis

The fitting procedure is simplified by comparing the
model and the experimental data for the two limiting
growth phases (the exponential and the death phase)
in which certain parameters are easily obtained. This
procedure also enables a better insight into the physical
meaning of the obtained parameters.

Different initial nutrients concentration

At the beginning of the growth, bacterial concentration
is much lower than the concentration of nutrients
B(t) < N(t) and the second term in the brackets of the
equation (3) can be neglected. The concentration of
nutrients does not change much with respect to the
initial concentration, N(#) ~ Ny, so that altogether the
expression in the brackets is approximately equal to aNp.
For this case, bacterial growth is exponential with the
growth rate k = Ny and from equation (3) we obtain

d
ZB(t) = k- B(1). (4)

Solution of this equation

B(t) = By - ", (5)

depends only on two parameters: inoculum size By
and the growth rate k. The logarithm of bacterial
concentration, as a function of time, is a straight
line with the slope equal to the growth rate k and the
intercept equal to the logarithm of the inoculum size
B()Z

InB(t) =k-t+InB,. (6)

In this way we can obtain parameters By and k from
the experimental data. Figure 4 shows logarithmic
values of the OD data from figure 1 at the beginning
of the growth. The symbols are the experimental
data for different initial concentrations of nutrients
and the solid lines are the theoretical fits, which will
be discussed later. We see that at the beginning of
the growth the logarithm of bacterial population
exhibits a linear time dependence, characteristic for
the exponential phase, showing the absence of the lag
phase. A change in the growth rate for the curves with
the different initial nutrients concentration is clearly
seen. To analyze the exponential phase data, we first
made the two-parameter linear fits for r < 240 min
data, in accordance with equation (6), and obtained
parameters By and k for each sample. For x = 0.13
sample, the deviated points at the beginning of the
growth were not included in the fitting procedure
because, they significantly differ from the overall
trend. We presume that this is probably due to the
experimental error. As all the samples have the same
inoculum size, we find reasonable to repeat the same
fitting procedure, with parameter B, fixed. The
dotted lines are the one-parameter linear fits of the
exponential phase data with fixed By= 10" a.u.
which is the average value obtained from the data of
two-parameter fits. The adjusted R? values of all linear
fits obtained in this manner was above 0.99. The




I0P Publishing

Phys. Biol. 16 (2019) 066005

LKrceetal

In (B) (a.u.)

0 120 240
Time (min)

Figure4. Differentinitial nutrients concentration: initial exponential growth. Plot of logarithmic values of E. coli growth curves
from figure 1 for different initial concentration of nutrients where the symbols are experimental data and solid lines the theoretical
fits. The dots are the linear fits of the exponential phase data, for t < 240 min.
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described procedure gave values for k that deviated not
more than 10%, with respect to the values obtained if
both kand By are varied.

After the growth curve reaches its maximum,
which occurs after bacteria have consumed almost
all nutrients, N(#) = 0, the death phase appears in
which a gradual decrease of bacterial concentration is
observed. It can be seen in Fig 3 that for # > 600 min
nutrients concentration falls to zero. We can neglect
the first term in the brackets of the equation (3), so that
the equation reduces to

d

2
—_ = — . . 7
dtB(t) 8- B(t) (7)
Solution of this equation is
B(t)=
Bt + C (8)

where Cis the integration constant. Reciprocal value of
the bacterial concentration

L:B-tJrC. 9)

B(1)
is linear in time with the slope that is equal to the
parameter 3 and intercept C. To compare the value
of the intercept C with the theory we assume that
the position ty of the maximum of the growth
curve corresponds to the maximum of bacterial
concentration B(fy). The maximum value is
approximately equal to Ny, because at the maximum
all nutrient packages should be ‘transformed’ to
bacteria. Strictly speaking, it is a little bit less than
Ny due to a small population decay before ty caused
by bacterium-bacterium interaction. Time ty was
determined from the data sheet, simply by reading the
time for which OD assumes maximum value, with the

error of about 15 min, which is the sampling rate of the
instrument. By introducing B(fy;) = Ny in (9) we find
that C = 1/Ny — (-fy, and equation (9) becomes

1 1

—— =f-(t—t —.

B0 B (t—tu) + No (10)
Comparing equations (9) and (10) we conclude that,
from the intercept and the slope of the 1/B(¢) plot, the
initial concentration of nutrients can be obtained as

No= (C+8-ty) " (11)

Figure 5 shows the reciprocal growth curves for
different initial nutrients dilution factors x and the
corresponding linear fits obtained in the death phase,
for t > 600 min. From the slopes and intercepts of the
obtained lines, 3and Ny are determined for each initial
nutrients dilution factor x. From equation (11) we find
initial nutrients concentrations Ny to be: Ny, 0.78 Ny,
0.50Ny, 0.22Ny; and 0.12Ny;, where Ny = 2.1 - 10°
CFU ml™!is the nutrients concentration of the master
growth medium. This is in excellent accordance with
the nominal values given in the Experimental results
section: Ny, 0.75Np, 0.50Ny, 0.25Ny and 0.13Ny,
respectively. By obtaining the experimental initial
nutrients concentration, one obtains the experimental
initial dilution factor x. The described procedure
can be used for accurate determination of the initial
nutrients concentration in the diluted samples. For
further discussion and calculations, we use the initial
dilution factors obtained from the fits in figure 5, not
the nominal ones.

Interaction strength parameters o and [ for dif-
ferent initial nutrients dilution factor x are plotted in
figure 6. Parameter a(x) =k(x)/Ny = k(x)/(Nym - x)
(Ny = 0.58 a.u.) is calculated from the coefficients
of growth k(x) obtained from the slopes of linear
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linear fits for the death phase, t > 600 min.
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Figure 5. Different initial nutrients concentration: the mortality phase. Reciprocal growth curves for different initial nutrients
dilution factors x, obtained from the data shown in figure 1. The symbols are the experimental data and lines are the corresponding

described in the text.
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Figure6. Interaction strength parameters. Bacterial interaction strength parameter 3 (open diamonds and left axis) and « (full
squares and right axis), as function of the initial nutrients dilution factor x. The solid line is the fit to the rational function, as

fits in figure 4. The B(x) data are obtained from the
slopes of the linear fits in figure 5 in accordance with
the equation (9). Interaction strength ((x) strongly
decreases with x, with the dependence very similar to
the concentration dependence of parameter a(x) as
shown in figure 6 in the appropriate scale. Therefore,
we presume that both parameters are described with
the function f(x) = a/(x1, + x) which differs only
in parameter a. The solid line in figure 6 is the least-
square fit of parameter a(x) (with R* = 0.99) to the
function f(x), with a = 3.34 - 107> min! a.u.”! and
X172 = 0.093. The same line is the fit to the same func-
tion for parameter 3(x) (with R* = 0.89). For param-
eter xy; fixed to the value 0.093, this fit gives a’ = 3.37
-10~*min'a.u. "L

The same functional dependence of « and (3 is
also found for E. coli ATCC 29213, but with different
parameters a = 5.51 - 10 2 min ! auw."!, a = 7.45 -

1 1

107* min~! a.u.”! and x;, = 0.163, as described in
detail in the supplementary file and shown in figure S3.
Comparison between the experimental and the
model data for the growth curves in the whole range
are given in figure 7. The lines are the best fits obtained
from the solutions of model equations (1) and (2).

To resume, note that the fitting procedure requires
variation of the four parameters: By, Ny, o and 3, but
parameters space is limited since the initial and the
final part of the growth curve are well defined with
only two of the parameters. To obtain the best fits, we
first fitted the data of the exponential phase, from t = 0
to 240 min, in accordance to the equation (6). From
the least square linear fit for the logarithm of bacte-
rial concentration as a function of time parameters By
and a = k/Ny are obtained. We found parameter B,
to be approximately constant for all the samples with
the average value By = 1.0 - 1072 a.u.. Least square
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Figure 7. Model application: different initial nutrients concentration. Growth curves given in figure 1 with the corresponding
theoretical curves. Symbols are the experimental data and solid lines are the theoretical fits. The OD in absorbance units is given on
the left axis and the corresponding bacterial concentrations in CFU/ml are given on the right axes.

linear fits were also performed for the reciprocal bacte-
rial concentration as a function of time according to
equation (9) to obtain the slope 3 and the intercept C.
The values for the initial nutrients concentration N
were obtained from equation (11). The nutrients con-
centration of the master growth medium Ny, is found
from the growth curve fit of the x = 1 sample and with
the assumption that in the process of growth all the
nutrients were consumed, i.e. all the nutrients were
converted to bacteria. For the sample with maximal
OD, we obtain Ny = Ny = 0.58 a.u., or Ny = 2.1 - 10°
CFU ml ™. After inserting the obtained four param-
eters in the system of differential equations (1) and (2)
the solution is found numerically. The solution gives a
good description of the entire growth curve for all ini-
tial nutrients concentrations, as can be seen in figure 7.

Different inoculum sizes

The model is also used to explain the growth curves
obtained for different inoculum sizes whilst the initial
nutrients concentration is kept constant. Figure 2
shows that there is an approximately constant time
shift between two adjacent concentrations, which
means that the reduction of inoculum results in a
delay of bacterial growth. The question is: Does the
exponential growth starts from the beginning or there
is a lag phase? To answer the question, we plotted the
first 800 min of the experimental data from figure 2
in 8 in logarithmic OD scale. Note that for samples
with By < 5+ 10° CFU ml ™! the data at the beginning
of the growth are not presented. Those data are
below the resolution limit of the instrument, which
is about 10° CFU ml™! and cannot be resolved from
the noise. For all the samples a linear increase at the
beginning of the growth is found, in accordance with
equation (6). To obtain the intercepts, the missing
data are extrapolated by solid lines. According to
equation (6) the interceptions of these lines with the

ordinate are the inoculum sizes, and the slopes are
the growth rates. From figure 8, we see that for all the
samples the intercepts follow the nominal inoculum
sizes By and that the growth rate is approximately the
same. This brings us to the conclusion that the cells
grow exponentially from the very beginning.

To explain the shift along the time axis from fig-
ure 2, we consider the exponential bacterial growth
(equation (5)) for two samples that differ only in the
inoculum sizes which we denote by By and B;, It is eas-
ily seen that the growth of the second sample B’ (¢) can
be expressed by the same exponential function B (t) as
for the first sample, but with the time shift #’:

B (t)=By &) =Bt —v), (12)
where

gLy

3 n Eg (13)
To obtain the shifts along the time axes a linear
regression for B(t) is made between 0.1 and 0.4 a.u., for
each curve in figure 2. Time shifts are determined from
the intercepts of the obtained lines with the time axis.

The inset of figure 9. shows the time shifts #', meas-
ured with respect to the By = 5 - 10° CFU ml ™! growth
curve, plotted against the logarithm of the inoculum
sizes ratio By/Bj. The solid line is the linear fit to the
data. As can be seen from figure, the time shift is pro-
portional to the logarithm of inoculum size as pre-
dicted by equation (13).

According to equation (12), all the curves obtained
for different inoculum sizes, when properly shifted,
must fall on the same curve. To check this hypothesis,
the data from Fig 2, obtained for the different inocu-
lum sizes, were shifted on the time axes for 0, £110,
£220 and +330min in order to match the curve
with By = 5 - 10° and plotted in figure 9. We see that
all data collapsed to a single curve. We conclude that,
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data are extrapolated by the solid lines of equal slope.
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Figure 8. Different inoculum: initial exponential growth. The bacterial growth data from figure 2, obtained for the different
inoculum sizes, presented in logarithmic OD plot, exhibit an exponential growth from ¢ = 0, with no observable lag. The missing
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Figure 9. Different inoculum: time shift. Reduced (divided by N) growth curves from figure 2 for different inoculum sizes shifted
on the time axes to match the By = 5 - 10° curve. We see that all the data collapse to the single curve. The solid line is the theoretical
model curve. The inset shows the time shifts # plotted against the logarithm of the inoculum sizes Bj. The solid line is a linear fit to

in accordance with the model, the change in the inoc-
ulum size provides only a shift of the whole curve at
the time scale, but keeps the overall shape of the curve
unchanged. In the exponential phase, bacterial growth
obtained for the initial bacterial concentration By, is
equivalent to bacterial growth with ten times lower ini-
tial concentration By/10, obtained with the 110 min-
utes delay.

From the slope of the linear fit and equation (13),
we obtain the growth rate k(x=1) =k - g(x=1)
=0.0208 £ 0.004 min !, with the error of only 2%,
which is much more accurate then k obtained from the
exponential fit of the single curve. These considera-
tions show that exponential bacterial growth phase is
present in all samples from the very beginning of the
experiment, i.e. from ¢=0. Smaller inoculum size
results in larger time shift, because bacteria take longer
period of time to reach the maximum population. We

can conclude that the lag phase is not present in our
measurements at all. Since all curves are explained
with the same growth rate k(x) we also find that the
change in inoculum size does not induce the change of
the growth rate.

Model formulation and comparison with
other models

From the data analysis we obtained the functional
dependence of strength parameters a(x) and ((x)
on nutrient dilution factor x, which enables us to
discuss the bacterial growth more comprehensively.
If we introduce the reduced bacterial concentration
b(t) = B(t)/Ny and reduced nutrients concentration
n(t) = N(t)/Ny, and take into account functional
dependences of a(x) and [3(x), equations (1) and (2)
take on a more general form
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Table 1. List of the model variables and parameters.

Symbol Physical quantity

B(t) Bacterial concentration

By Inoculum size

N(1) Nutrients concentration

Ny Initial nutrients concentration

Num Master growth medium nutrients
concentration

x Initial nutrients dilution factor

a(x) Bacteria—nutrients interaction
strength parameter

B(x) Bacteria—bacteria interaction
strength parameter

k Exponential growth rate

™M Maximum OD time

b(t) Reduced bacterial concentration
(per No)

n(t) Reduced nutrients concentration
(per Ny)

km Bacteria—nutrients interaction
strength constant

kub Bacteria—bacteria interaction
strength constant

q(x) Initial nutrients response function

d

20 (1) =) [knb (1) -1 (1) = kb (1)"] (14)

En(t)— q(x)kmb (¥) - n(2) (15)
q( :m’ (16)

with theall therelevant physical quantities of the model
given in table 1. In this notation the concentrations
n(t) and b(t) are dimensionless quantities that are
measured relative to the initial nutrients concentration
Ny and can assume values from 0 to 1, as shown in
figure 3. The constants k,, = a-Ny = 1.94 - 102
min~' and ky, = a’ - Ny =1.96 - 107* min~! are a
measure of bacteria—nutrient and bacteria—bacteria
interaction strength, respectively. They do not depend
on Ny and have dimension of inverse time.

To compare our model with the logistic model, the
bacterium—bacterium interaction strength is set to
zero. For ky, = 0 differential equations (14) and (15)
reduce to:

Zb() =kn-q(x) - n(t)-b(1)  (7)

d d

Time dependence of bacterial and nutrients con-
centrations for this case in given in figure 3. Equa-
tion (18) can be written in a form

d

S n(0)+b(1) =0, (19)
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which gives the solution

n(t)+b(t) =1+ b. (20)
Inserting (20) into (17) we obtain the differential
equation for bacterial concentration

%b(t): e q(x) b () - [1+bo— b(1)].

After separation of variables, equation (21) is solved

by integration, which brings the solution

1+ by
b(t) B 1+ i . e—kma(x)-(1+bo)-t*

(21)

(22)

The solution (22) can be recognized as a logistic
(Verhulst) model [1, 2,7, 15] for bacterial growth:

ba
b(t) - (%0 - 1) g
where ky is the logistic growth rate constant and b, is
the maximum population,i.e. the number of bacteria a
habitat can support. Comparing expressions (22) and
(23), we find the following relationships between the
parameters:

(23)

by =1+ by (24)

ky = km - q(x) - (14 bp).

In most experiments inoculum size by is much less
than initial nutrient size (by < 1) so that equation (22)
becomes equivalent to the logistic equation (23) with
the maximum population equal to the concentration
of nutrients, b, = 1. However, unlike equation (23),
for larger inoculum sizes our result revels the fact
that the maximum capacity of the habitat should
be given by the sum of initial nutrients and bacterial
concentrations. This could be important for large by,
e.g. if additional nutrients are added to the exhausted
culture batch during the stationary or the death phase
asin [20]. There is also a difference in the growth rate.
The logistic growth rate (25) depends on the initial
nutrients dilution factor x and on the inoculum size
bo. However, this dependence is significant only if the
inoculum size by is of the same order of magnitude as
the maximal population b,.

Initial growth rate (for r = 0) for the logistic model
can be found from (23) as ratio of the derivative of bac-
terial concentration b(#) at the beginning of the growth
and the inoculum size b,

1d, ( bo)
bt © =k (1-3")

We see that, for the logistic model, the growth rate
decreases with the inoculum size, i.e. with the ratio by/
b,. On the other hand, for our model, after inserting
(24) and (25) in (23a) we find

(25)

(23a)

(23b)

that the initial growth rate does not depend on the
inoculum size.
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Figure 10. Comparison to other models. Growth curve for the Ny = Ny sample (squares) is compared with the theoretical fits
obtained for our model (solid line), logistic model (dotted line),and Monod model (dashed line). Initial growth rates (circles),
obtained from the slopes of the linear fits for each initial nutrients dilution factor x are given in the inset. The inset also shows
dependence of growth rate on the nutrients concentration for our model (solid line) and for Monod model (dashed line).

From the proportionality between initial nutri-
ents concentration and maximum OD (see figure 1),
we conclude that the growth stops due to the lack of
nutrients. Therefore, we found useful to discuss our
data in terms of the Monod model which is related to
nutrients (substrate) limited growth. For that purpose,
we plot the experimental growth data for x = 1 sam-
ple and theoretical growth curves for related models in
figure 10. The circles in the inset are the initial growth
rates k(x) obtained from the fitting procedure for dif-
ferent initial nutrients dilution factor x, as described in
figure 4.

When discussing the growth rate, it should be
noted that it could have different meanings in the lit-
erature. For the exponential growth given by equa-
tion (4), it is a constant. It is also related to the maxi-
mum microbial population, since larger growth rate
yields a larger maximum microbial population, as
can be observed from figure 1 in Lopez et al [3]. More
generally, it is assumed that the growth rate is a func-
tion of the nutrient concentration k = k(n), and that it
declines during the growth, which is mostly related to
the decay in nutrients concentration [14, 21-23]. The
Monod growth rate function k(n) is given by:

n

k(n) = kn———,
(n) —

(26)
where ky, is the maximum growth rate and ny, the
nutrients concentration for which the growth rate is
half of the maximal, k(rn,) = kn/2 [14, 21-23]. As
seen in the inset of the figure 10, the initial growth
rates obtained from different growth curves from
figure 4 follow this dependence. Best fit of our data to
the Monod function is obtained for ky, = 0.021 min !
and n;, = 0.121. These values are close to the values
obtained for k;,, and x5, obtained from the parameter
a(x) fit. Obviously, there is an excellent agreement

between our data and the Monod fit, as shown in the
inset.

The dependence of growth rate on the nutrients
concentration given in equation (26) can be com-
pared with the growth rate function for our model for
kpp, = 0. From equation (17) it follows:

k(n) = ki - q(x) - n. (27)

We see that the growth rate function is linear, which
is typical for the logistic model, with the slope that
depends on the initial nutrients dilution factor x.
Growth rate function k(n), for x =1 is drawn with
the solid line in the inset of the figure 10. If the initial
growth rate dependence on the initial nutrients
concentration x, obtained from different growth
curves (dashed line in the inset), is interpreted as a
growth rate dependence on nutrients concentration
n during the growth, k(n) = k(x), the growth curve
should follow the Monod model, which is not the case
for our data.

Discussion

The growth curve for Ny = Ny sample is compared
with the different theoretical models in figure 10.
We see that all models well describe the data at the
beginning of the growth. The Monod model (dashed
line) does not describe the transition to the stationary
phase as the data show much slower transition. The
slowed-down transition to the stationary phase can be
for bacteria growing in colonies, as found by Shao et al
[24], and described by the modified Monod model.
However, our growth curves are obtained for batch
culture. Also, according to the literature, this bacterial
strain and growth method cannot result in the
formation of aggregates [25, 26]. The logistic model
(dotted line) overshoots the maximum bacterial
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concentration and does not describe the death phase.
On the other hand, our model (presented with the solid
line) describes all phases of growth. This analysis shows
that the Monod model explains the initial growth rate
dependence on the initial dilution factor but does not
describe the experimental growth curve. Figures 7 and
10 show that our model describes entire growth curves
for different dilution factors x but cannot consistently
explain the initial growth rates k(x) = a(x)Ny which
are not proportional to x. This issue obviously requires
further investigation and interpretation.

It should be noted that, due to the experiment
design, there is a possibility that the change in the
growth rate does not come only from the change of the
nutrients concentration. By diluting the medium other
constituents are also changed, which can resultin addi-
tional variables, and influence the growth. However,
our data gave proportionality of the maximal popu-
lation with the initial nutrients concentration which
shows that the limited nutrient is the dominant vari-
able in the experiment.

We further elaborate the meaning of the interac-
tion strength parameter a(x) and discuss its depend-
ence on the initial nutrients dilution factor x given in
figure 6. This dependence shows that the probability of
nutrients uptake (when bacteria encounters nutrients)
decreases with the initial dilution factor x. The expla-
nation can be the following. If there is an abundance
of nutrients (large x), bacteria will not uptake it at
each encounter so that c(x) will be small. On the other
hand, for small x, there is a lack of nutrients. So, a bac-
terium consumes nutrients every time it encounters it,
resulting with a large a(x). As our growth curves are
described with the «a(t) = const., we conclude that
bacteria nutrients uptake does not change significantly
during the growth. It seems that bacteria somehow
adapt their nutrient uptake frequency in respect to
the initial growing conditions which leads to the dif-
ferent maximal populations. The possibility to adapt
might be attributed to, e.g., quorum sensing [27] since
bacteria use it to determine the population density to
anticipate carrying capacity to avoid population col-
lapse [28]. However, E. coli DH5« does not seem to be
able to produce signal activity [29].

In our experiments we used LB broth, for which
it has been demonstrated that bacterial growth stops
due to consumption of all utilizable carbon sources,
because after adding glucose, the growth continues
[20]. This also indicates that other nutrients in the
batch were not exhausted and that the metabolite
waste level was not as toxic to induce growth stop.

According to our model, bacterial inactivation is
caused by the interaction amongst bacteria which is
described by the second term of equation (1). As the
nutrients resources are being spent and the exponential
growth phase comes to its end, this interaction becomes
more noticeable since it increases with the square of bac-
terial concentration. In other words, the mortality occurs
prior to the onset of the visible inactivation phase.
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The idea to introduce a negative quadratic term of
bacterial concentration to describe bacterial inactiva-
tion is different from the ideas found in literature, as
e.g. introduction of the waste products variable [15],
or negative term proportional to the bacterial concen-
tration [24]. We also found that these models are not
convenient for the description of our data. The model
presented in [15] includes the waste products as a vari-
able, which we are not able to control/ measure, and the
model given in [24] is related to the bacterial growth in
colonies which are not observed in our samples.

The bacterium-bacterium interaction might com-
prise different contributions. The positive contrib-
ution, probably mediated by the metabolic byprod-
ucts, gives rise to J. The negative contribution might
arise from bacterial death, since dying bacteria might
be a source of nutrients for the rest of the population
[30]. The later would result in the reduction of the
(. We found that that the higher maximal bacterial
concentration leads to the lower bacterial interaction
parameter 3(x), which could be described by the same
functional dependence on the initial dilution factor x
as parameter o(x). However, a relatively large scatter-
ing of 3(x) data gives R* = 0.89 for the corresponding
fit so that the proposed functional dependence for 3(x)
should be considered with caution. In any case, if the
B(x) data are expressed by a two-parameter function,
it is reasonable to presume that this function has the
same rational form as a(x) for which a theoretical
explanation can be found.

The dependence of parameter a(x) is equivalent
to the Monod dependence of the growth rate k(x)
on nutrients concentration. An attempt to explain
Monod dependence is given in [23] where a delay for
biomass production is taken into account. According
to that paper, growth rate is not proportional to the
instant bacterial concentration, but to the bacterial
concentration some time ago, and that is because the
substrate-to-biomass conversion is not instantaneous.
Similar consideration can be applied to the negative
bacterium-bacterium interaction which could result
in the same functional dependence of 3(x).

The death phase OD data should be discussed with
care since OD method cannot distinguish between via-
ble and unviable cells. The OD is expected to decrease
only if bacteria disintegrate, which appears sometime
after their inactivation. So, we found necessary to do
viable cell counting measurements for the death phase.
Comparison of the viable plate counting and the OD
data for the initial nutrients dilution factor x = 1is given
in figure 1. It is noticeable that the decline of bacterial
concentration in the mortality phase obtained by viable
cell counting is steeper than the one obtained by OD
measurements. This could be because the non-viable
cells contribute to the OD signal until they completely
decompose. Similar observations were made when
modeling growth curves obtained for different strain or
different growing medium. Details can be found in the
supplementary file accompanied by figures S1 and S2.
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Our experiments, which included variation of
inoculum and initial nutrient concentration, did
not induce a lag phase. Modeling of growth curves
obtained for different inoculum sizes showed that
smaller inoculum sizes result in larger time shifts,
because bacteria take longer period of time to reach the
same population. Bacterial growth is not seen at the
beginning of measurements not because of the lag of
the growth, but because of very low cell concentration
that cannot be observed by the instrument. We relate
the absence of a lag phase with the sample preparation
protocol in which the initial growing conditions did
not change. The overnight batch culture was trans-
ferred to the same fresh medium so that the cells did
not need time to metabolically adapt. Note that the lag
phase, in which bacteria adapts to the new environ-
ment after inoculation, is included in many models of
growth [31]. Also, we have shown that the inoculum
size variation only induces the time shift of the curve.
This is due to the fact that the growth rate k(x) is the
same for each growth curve. This observation is in line
with the properties of our model that the initial growth
rate does not depend on the inoculum size (see equa-
tion (23b)).

Conclusion

In this work we study E. coli growth by measuring the
time change of the sample OD, for different initial
nutrients concentrations and different inoculum
sizes. For all curves, obtained from the different initial
nutrients concentration experiment, the bacterial OD
initiallyincreases exponentially, exhibits the maximum
for time t &~ 500 min and gradually decreases for larger
t. The maximum OD decreases proportionally with the
initial nutrients dilution factor, suggesting that the
growth stop is caused by the lack of the nutrient. The
main effect of the inoculum change is a shift of the
curve along the time axis without affecting the overall
shape of the curve. This shift should not be attributed
to the lag phase, which is not observed in our data.
The variation of inoculum and initial nutrient
concentration did not induce a lag phase. Absence
of the lag phase is a very convenient starting point
for studying the influence of a bactericide which can
induce it.

To analyze the observed data, we introduce a sim-
ple growth model which describes the entire growth
curve. The bacterial population is described by the two
mutually dependent first-order nonlinear differential
equations. These equations give the time change of
bacteria and the nutrients concentration. Specific for
our model, in addition to the usual positive bacteria—
nutrients interaction term, which gives the exponen-
tial rise and saturation of the bacterial population, is
the introduction of the negative bacterium-bacterium
interaction term which leads to the population decay.
This is a novel mathematical approach for description
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of bacterial inactivation and onset of the death phase
which can be explained on a microscopic basis. The
model can be easily extended to include additional
interactions.

If the bacterium—bacterium interaction is
neglected, the model reduces to the logistic one with
the initial growth rate independent on the inoculum
size.

We found that the initial bacteria—nutrients inter-
action, and related initial growth rate depend on the
initial nutrients concentration. This dependence is
described with the Monod function. However, it is not
equivalent to the growth rate dependence on nutrients
concentration during the growth, since the growth
curves cannot be described with the Monod model.
The growth data are described if the initial bacteria—
nutrients interaction strength is kept constant dur-
ing the growth, which is a characteristic of the logistic
model.

We describe a simple method for data analysis
and determination of models parameters. The initial
growth rates and inoculum sizes are obtained from
linear fits of the logarithmic plots of the OD data. The
initial nutrients concentration and the bacterium-—
bacterium interaction strength is found from the lin-
ear fits of the inverse data plots. Once the parameters
are obtained the entire growth curve is described. This
procedure can be used by a researcher with a minimum
of mathematical background. The method for accu-
rate determination of the growth rate from the time
shifts of growth curves with different inoculum sizes
is also presented.

The generality of the model should be tested by
applying it to different microbial strains. Also, despite
simplicity and interaction-based interpretability of the
model, the biochemical interpretation of the param-
eters is missing and should to be considered. We plan
to keep on investigating in this line.
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Abstract: This study is aimed to better understand the bactericidal mode of action of silver
nanoparticles. Here we present the production and characterization of laser-synthesized silver
nanoparticles along with growth curves of bacteria treated at sub-minimal and minimal inhibitory
concentrations, obtained by optical density measurements. The main effect of the treatment is the
increase of the bacterial apparent lag time, which is very well described by the novel growth model
as well as the entire growth curves for different concentrations. The main assumption of the model is
that the treated bacteria uptake the nanoparticles and inactivate, which results in the decrease of both
the nanoparticles and the bacteria concentrations. The lag assumes infinitive value for the minimal
inhibitory concentration treatment. This apparent lag phase is not postponed bacterial growth. It is a
dynamic state in which the bacterial growth and death rates are close in value. Our results strongly
suggest that the predominant mode of antibacterial action of silver nanoparticles is the penetration
inside the membrane.

Keywords: laser synthesis of nanoparticles; silver nanoparticles; antibacterial activity; modeling
bacterial growth

1. Introduction

Antimicrobial resistance, being a global health problem [1], has been and currently is, an excellent
motivator in the research of the antimicrobial activity of silver compounds, especially silver
nanoparticles (AgNPs) [2—6]. The high surface-area-to-volume ratio of nanoparticles (NPs) provides
different physical and chemical characteristics of NPs in comparison to bulk material or larger
particles [7]. Many metallic and metallic oxide NPs show bactericidal potential towards different
bacterial strains [7], but silver nanoparticles attract the most attention partially due to the antimicrobial
activity of Ag* ions [8]. Silver nanoparticles have been proven to be an excellent antibacterial agent
against Gram-negative bacteria and a mild antibacterial agent against Gram-positive bacteria, possibly
due to differences in their membrane structure [4]. They are widely available for purchase or are
chemically produced [9-11]. Their bactericidal effect depends on their size [3], concentration [9],
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shape [2] and surface properties [8]. It has also been shown that AgNPs enhance the antibacterial
potential of antibiotics compared to the drugs alone [12,13]. Reports of the impact of AgNPs on
human health are still not numerous and are inconclusive as stated in the review paper [14]. It has
been show that toxicity also depends on the physicochemical properties of nanoparticles [15] so it
might be difficult to compare between toxicity research of AgNPs with different shapes and sizes at
different concentrations.

However, significantly fewer reports on the bactericidal effect of nanoparticles produced by laser
ablation in liquid (LAL) exist [16-19]. This technique, known as a ‘green synthesis” technique [20],
although other types of synthesis are considered to be green [21], enables nanoparticle production
without chemical byproducts and stabilizing molecules [22].

The mode of antibacterial action of AgNPs is still not resolved [23] though many mechanisms
incorporate the release of silver ions while some report formation of pits in the cell wall due to
the nanoparticles accumulation [24]. It was reported that the mode of action is size-dependent:
the bactericidal effect of AgNPs smaller than 10 nm is due to the nanoparticles, but the predominant
mechanism of the larger ones might be the release of silver ions [25].

A bacterial cell concentration, as a function of time, obtained in a closed habitat, yields a growth
curve generally consisting of four distinctive phases: lag phase, exponential phase, stationary phase
and mortality phase as depicted in [26]. The lag phase, the delay of the exponential growth arising
due to the changed growth conditions, has been a center of attention of many primary growth
models [27-29]. This phase also seems to be induced when bacteria are treated at different sub-minimal
inhibitory concentration (MIC) values of antibacterial substances [30-33], including silver ions and
silver nanoparticles [11,34-36]. Commonly used approaches for bacterial growth modeling are the
empirical Gompertz [37] and the rate logistic (Verhulst) models [26]. Scarce attempts have been made
in modeling the bacterial growth in the presence of silver nanoparticles [38,39]. Recently published
work [38] introduced a modified Gompertz model for bacterial isothermal growth data obtained at
various AgNPs concentrations but without any interpretation at the microscopic level.

A relatively rarely investigated antibacterial mode of action of LAL-synthesized silver colloid,
which is considered to be free of chemical byproducts, has a potential to reveal its bactericidal action
without irrelevant or uncontrollable parameters. This has been our main motivation for this research.

We have synthetized silver nanoparticles by laser ablation, treated E. coli (Escherichia coli) and
subsequently tracked the bacterial cell number in time through the optical density (OD) of the
batch culture. We have aimed to explain the obtained OD growth curves of E. coli treated with
different concentrations of laser produced AgNPs through modeling. Our objective was not just to
give a mathematical description of the curves, but also, according to the modeling approach at a
microscopic level, to explain the bacterial growing and dying mechanisms. We extended our model
for non-treated E. coli cells [40], and described the bacterial growth through the system of three
differential equations. These equations give the time change of bacterial, nutrients and nanoparticles
concentrations. The model enabled us to understand the obtained growth phases, particularly the
apparent lag phase and to propose the mode of antibacterial action of LAL-synthesized AgNPs which
is one of the main prerequisites for efficient clinical trials and drug development. According to our
knowledge, this approach has not been exploited.

2. Materials and Methods

2.1. Silver Colloid Production

Colloidal AgNPs were synthesized by laser ablation of silver target (purity >99.99%, GoodFellow,
Huntingdon, UK) immersed in deionized water. The experimental setup is shown schematically in [41].
The silver target was immersed in a 30 mL beaker containing 25 mL of deionized water, while the
water thickness above the target surface was 2 cm. The thickness of the water layer was kept constant
during the laser ablation in order to keep the laser ablation efficiency constant [42]. The target was
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irradiated by a Nd:YAG laser using fundamental wavelength of 1064 nm and the laser pulse energy
delivered to the target was 100 m] giving fluence of 10 J/cm?. The number of delivered pulses was 5000
with the repetition rate of 5 Hz. The laser pulse was focused on the target surface using a 10 cm lens.
The focal plane position was corrected after each 1000 pulses as the index of refraction of the produced
colloid changed with the time of processing. This procedure was repeated four times in order to obtain
100 mL of colloid.

2.2. Silver Colloid Characterization

To determine the nanoparticle size, concentration, stability, composition and structure,
the following measurements were performed.

The total volume of all AgNPs in the colloid was obtained from the volume of the craters that
were created on the target surface during the laser ablation process. In order to determine the crater’s
volume, the craters were studied with an optical microscope (Leitz Aristomet, Leica, Wetzlar, Germany)
in a reflective illumination mode.

The ultraviolet-visible (UV-VIS) spectrum of synthesized Ag colloidal solutions was recorded
in the wavelength range from 190-1100 nm using a UV-VIS spectrophotometer (Lambda 25, Perkin
Elmer, Waltham, Massachusetts, USA).

Particles’ sizes and zeta potentials were determined by dynamic (DLS) and electrophoretic
light scattering, respectively, using a Zetasizer Ultra (Malvern Panalytical, Malvern, UK). To avoid
overestimation arising from the scattering of larger particles, the average particle size was obtained
as the value at peak maximum of the number size distribution. The reported results are average of
10 measurements. The zeta potential result is reported as an average value of three measurements.
The data processing was done by a ZS Xplorer 1.20 (Malvern Panalytical, Malvern, UK).

In order to perform structural characterization, the produced colloid was applied to a silicon
substrate and left to air dry. This procedure was repeated several times resulting in an Ag film.
The crystalline structure of the Ag films was investigated using a D5000 diffractometer (Siemens,
Munich, Germany) in parallel beam geometry with Cu K« radiation, a point detector and a collimator
in front of the detector. Grazing incidence X-ray diffraction (GIXRD) scans were acquired with the
constant incidence angle oy of 1°, guaranteeing that the information contained in the collected signal
covers the entire film thickness.

The morphology of the sample was investigated with a transmission electron microscope (TEM)
(Jeol 2100, 200 kV, Jeol, Tokio, Japan). For TEM analyses, a specimen was prepared by adding 0.5 mL of
the colloid to 0.5 mL of methanol and ultra-sonicated for a few minutes. Then one drop of the obtained
dispersion was deposited on a lacey carbon film supported by a copper grid and dried in air. TEM
nanoparticle size distribution was obtained by measuring the diameter of over 850 nanoparticles.

The specimen preparation for the atomic force microscopy (AFM) (Multimode 3, Digital
Instruments/Bruker, Billerica, Massachusetts, USA) started by applying 5 pL of the colloid on a
freshly cleaved mica sheet. The specimen was then left to air dry for 30 min. Imaging was done in
contact mode at ambient conditions with probes having nominal spring constants of 0.12 N/m and
0.06 N/m (DNPS-10, Bruker, Billerica, Massachusetts, USA). AFM height images were analyzed using
Gwyddion, an open source software for AFM data analysis. Height of each nanoparticle was taken as
its diameter. Height measurements of over 170 nanoparticles yielded the particles size distribution.

Zeta potential, DLS and UV-VIS spectrum measurements were done immediately after the LAL
synthesis, while the GIXRD measurements and microscopy studies were performed a few days later.

2.3. Minimal Inhibitory and Bactericidal Concentrations

To determine the minimal inhibitory concentration and the minimal bactericidal concentration
the following experimental method and materials were used. The in vitro antibacterial activity of the
synthesized Ag colloid was tested against the Gram-negative E. coli DH5¢« (kindly provided by Jano$
Terzi¢ Lab, School of Medicine, University of Split, Croatia).
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DH5« is commonly used laboratory E. coli strain to maintain and amplify small plasmid
DNA [43]. More importantly, it is often used in fundamental research of a wide range of new potential
antibacterials [44-47] and even for the production of silver nanoparticles upon transformation [48].
Additionally, it seemed reasonable to model growth curves of this strain since we have thoroughly
investigated its growth parameters [40].

Antibacterial activity was evaluated using the microdilution method according to the Clinical and
Laboratory Standards Institute guidelines [49] and performed in 96-well microtiter plates. Nutritionally
impoverished Luria-Bertani (LB) broth (5.0 g of tryptone, 2.5 g of yeast extract, and 5.0 g of NaCl per
1 L of deionized sterile water) was used in all experiments. This medium will be further referred as the
master medium. An overnight culture of E. coli DH5x was diluted in the fresh master medium and
grown for 60 min. Aliquots of bacterial suspension (50 L) corresponding to 10° colony forming units
per milliliter (CFU/mL) were added to 50 uL of serial dilutions of the synthesized Ag colloid to a final
load of 5 x 10° CFU/mL per well. The silver colloid was briefly ultra-sonicated before adding it to
the bacterial culture. Plates were incubated at 37 °C for 18 h before visual inspection. The MIC was
read as the lowest concentration of the substance, showing no turbidity in the wells. For the minimal
bactericidal concentration (MBC) determination, aliquots were taken from the wells corresponding to
MIC and 2 x MIC and then plated on Mueller-Hinton agar (Biolife, Monza, Italy). After the incubation
for 18 h at 37 °C, the MBC value was recorded as the concentration which caused ~99.9% of mortality
in the starting inoculum.

2.4. Optical Density Measurements

The microdilution method showed that the MIC value corresponded to the AgNPs concentration
obtained at the 50% colloid volume share of the plate well. The bacteria were subsequently treated
with different AgNPs concentrations (colloid volume shares) that were close to the MIC value. Growth
curves of the treated bacteria were obtained by OD595 (optical density at 595 nm) measurements in
a microtiter plate reader (BioTek ELx808 and BioTek Synergy HTX, BioTek Instruments, Winooski,
Vermont, USA). Bacterial culture was prepared for the treatment as was for the MIC experiments.
The colloid was added to each plate well so that it constituted 3% to 63% of the sample volume, while
the rest of the volume consisted of bacterial suspension in the master medium. Before adding it to
the bacterial suspension, the colloid was briefly ultrasonically agitated. The inoculum was kept at
5 x 10° CFU/mL for all wells. The plate was shaken constantly at 37 °C. The OD was measured every
15 min for 24 h. All OD measurements were performed in triplicates. In order to obtain the bacterial
concentration, the OD data were calibrated by viable cell counting. We found that 1 absorbance unit
(a.u.) corresponds to 3.64 x 10° CFU/mL.

2.5. Statistical Analysis

All experimental OD data were obtained in triplicate, and the results were expressed as the mean
values and the maximal relative standard deviation was obtained for all growth curves. To compare
the experimental data with the theoretical model, we have calculated the theoretical OD values for
each experimental OD time point. The linear correlation between the corresponding experimental
and theoretical data was quantified by Pearson correlation coefficient which was calculated for each
couple of curves. The statistical analysis was performed using Microsoft Excel (Microsoft Office 2016,
Microsoft Corporation, Redmond, Washington, DC, USA).

3. Experimental Results

3.1. Colloid Characterization

The volume of a crater created during ablation was determined from a crater’s semi-profile as
described in detail in [50]. Using this procedure, an average crater’s volume was determined since
the colloidal suspension was made by four ablation procedures. The calculated average volume was
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5.2 + 0.8 x 10° um3 giving the total ablated volume in 4 craters Vit = 2.1 £ 0.3 X 10”7 um3, which
corresponded to the total volume of synthesized AgNPs. The ablated mass was dispersed in 100 mL of
deionized water giving the mass concentration of 220 + 32 pg/mL.

Figure 1a shows an average UV-VIS spectrum for the four samples of silver colloids. The spectrum
exhibits a sharp absorption peak in the visible range due to nanoparticle’s surface plasmon band [51].
The obtained maximum at 404 nm is typical for silver spherical stable colloidal nanoparticles in the
diameter range of about 10 nm [52]. The zeta potential of nanoparticles is, as generally accepted, a
measure of its stability [19], and for suspensions that are stabilized by electrostatic repulsion is required
tobe + 30 mV at least [53]. Zeta potential of the produced silver colloidal solution was —(53.1 + 1.1) mV.
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Figure 1. (a) UV-VIS photoabsorption spectrum of AgNPs exhibits a prominent characteristic peak at
about 400 nm. The inset shows an AFM height image of a dried-out colloid sample reveling spherical
shape of AgNPs, (b) GIXRD pattern obtained from AgNPs. Simulated patterns for the fcc-Ag and
AgO phases are shown at the bottom. The peak at 260 = 56° originates from the monocrystalline
silicon substrate, (c) Size-distribution of AgNPs obtained from AFM images (red full column bar) with
counts multiplied by a factor of 4 for better visibility and from TEM images (blue column bar) with the
corresponding log-normal fit (blue dotted curve). The black full curve represents the size distribution
obtained from the DLS measurements, (d) TEM image of AgNPs. The high-resolution TEM inset
indicates the crystalline nature of AgNPs. The inset was taken in the area marked by a white frame.

Figure 1b shows the GIXRD pattern for the Ag film together with the simulations for the fcc-Ag
and the silver-oxide phases. The measured pattern matches with the fcc-Ag phase (ICDD card no.
00-004-0783). The appearance of all major Bragg peaks of Ag phase evidences randomly-oriented Ag
crystallites. A relatively weak Bragg peak at 20 = 32.18° proves that only a very small fraction of AgNP
was oxidized.

The results of TEM analysis, presented in Figure 1d, support AFM (inset in Figure 1a) findings
showing that the AgNPs are spherical-like. As seen in Figure 1c, their diameters were found mostly in
the range from 3 nm to 40 nm (very rarely nanoparticles of up to 250 nm can be found). Nanoparticles
are crystalline (inset to Figure 1), measured d-spacing of 0.24 nm corresponds to the (111) planes of
Ag (ICDD card no. 00-004-0783) what is in the line with GIXRD findings. The AFM size distribution
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(Figure 1c) is obtained by measuring the height of the AgNPs (equal to the nanoparticle’s diameter,
z-axis) since the lateral dimensions are not to be taken into account due to the AFM tip dilation [54].
An average AgNP diameter obtained from the AFM images is 13.1 nm, while the TEM images revealed
the diameter to be 11.3 nm (the discrepancy is possibly due to better resolution of the TEM microscope).

DLS measurements reveal that the dynamic AgNP diameter is 15.6 nm (black line given in
Figure 1c). However, all size distributions are relatively broad ranging from about 3 nm to 50 nm with
the maximum at around 10—15 nm. The TEM size-distribution follows a log-normal (LogN) distribution
fit represented by the blue dotted line. LogN fit is often used to describe the size-distribution of NPs
synthesized from gaseous phase, which is the case in NP synthesis by LAL. It is applied whenever
particle growth depends on the diffusion and drift of atoms to a growth zone of the nanoparticles [55],
while the final distribution is determined with the available growth time of the nanoparticles [56].
The average volume of a single nanoparticle can be determined from the average diameter of the
NPs. Dividing the ablated volume of silver, dispersed in 100 mL of water, by the average nanoparticle
volume, one obtains the concentration of AgNPs to be 1.2 + 0.2 x 10! mL~! as obtained from the TEM
diameter. The procedure of how to determine the nanoparticle concentration is described in detail
in [57].

3.2. Bacteria Treatment Results

The MIC and MBC values obtained by the microdilution assay for the produced Ag colloid against
E. coli DH5«x were resolved to be (110 + 16) pg/mL. To study how a near-MIC treatment influences
bacterial growth, the OD growth experiments were made. The raw OD bacterial growth data at 595 nm
for the eight sub-MIC and MIC treatments are given in Figure 2a, where the OD signal is proportional to
the concentration of bacteria. The maximal relative standard deviation for the three replicates was 4.5%
of the OD signal for all growth curves. The numbers given in the legend are the volume shares v of the
colloid in the batch culture, and are proportional to the concentration of the NPs. The concentration
of the NPs for each treatment is obtained by multiplying the concentration of NPs in the produced
colloid by v. As seen in Figure 2a, the main effects of increasing the AgNPs concentration are: increase
of the baseline, increase of the bacterial lag time and the reduction of the maximal OD.
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Figure 2. (a) Growth data of E. coli treated with different concentrations of silver nanoparticles, i.e.,
different colloid volume shares v. The OD in absorbance units is given on the left axis and the
corresponding bacterial concentrations in CFU/mL are given on the right axes. (b) The first 650 min of
the experimental OD data given in Figure 2a.
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The growth curve for v = 0.30 exhibits the lowest maximal OD and the largest lag time. For v > 0.33
bacterial growth is completely suppressed, that is when the NPs concentration in the batch exceeds
the value of 73 + 11 pg/mL. This value is close to the MIC/MBC obtained by microdilution. Note that,
for the microdilution assay, a serial dilution of the produced colloid was made, thus reducing the
AgNPs concentration in the successive wells by the factor of 2. In comparison, the OD data gave finer
and more accurate results.

The details of the first 650 min of growth are shown in Figure 2b. They reveal the bacterial
population dynamics during the lag phase. Growth curves obtained for bacteria treated with higher
concentrations of NPs show an increase of the initial optical density and appearance of the minimum
in the OD before the growth of bacteria prevails. The bacterial inactivation curve obtained for v = 0.33
exhibits a constant decrease in the OD.

The OD data given in Figure 2a,b have motivated us to develop a model of bacterial growth in the
presence of the antimicrobial agent.

4. Model Evolution

The model we apply here is an extension of the interaction-based model that successfully describes
growth and inactivation of untreated E. coli cells [40]. The sketch of the model’s mechanism, i.e.,
included interactions within the system when bacteria are treated with the AgNPs, is given in Figure 3.
Bacteria consume nutrients and divide which leads to the increase of the bacterial concentration B(f)
and the decrease of the nutrients concentration N(t). Bacteria also interact with the nanoparticles
which leads to the decrease of the AgNPs concentration P(f) and the bacterial concentration B(t).
We find convenient to express both N(t) and P(t) in bacteria-equivalent units, that is in “packages” per
bacterium as described below.
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Figure 3. The schematic representation of the batch system as described by our model. The squares
and circles represent the nutrients and nanoparticles “packages” that correspond to a single bacterium
creation or inactivation, respectively. Interactions are represented by double-head arrows and marked
by their interaction strengths «a, f, and y. They describe the following occurrences: Bacteria (i) consume
the nutrients, (ii) interact with other bacteria, and (iii) they uptake nanoparticles.

If my/V is the mass concentration of nutrients, where my; is the mass of nutrients and V the
volume of the sample, and my is the quantity of nutrients needed for a single bacterium growth, then
N(t) = (mn/mnN1)/V is concentration of the bacteria that could be produced with the given nutrients
concentration. Similarly, if Np/V is the concentration of AgNPs, where Ny, is the number of the AgNPs
in the sample and Ny is their number needed for a single bacterium inactivation, then P(t) = (Np/Np1)/V
is the concentration of the bacteria that could be inactivated with the given concentration of AgNPs.

The bacterium-nutrient interaction strength @ and bacterium-nanoparticle interaction strength
y describe the positive influence of the nutrients and the negative influence of the AgNPs on the
bacterial population, respectively. The bacterium-bacterium interaction strength  describes the
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negative bacterial influence on the bacterial growth such as: the presence of metabolite waste, bacterial
competition for nutrients, and possibly lack of space. The model is mathematically expressed by the
system of three mutually dependent non-linear differential equations:

SB(1) = @B N() - BB(1)? — yB()P() 0
%N(t) — —aB(H-N(1) )
2 p(t) =~y B(E)P(1). 3)

The first equation describes the time change of the bacterial concentration. The bacterial
concentration increases due to the presence of nutrients, and decreases due to the presence of other
bacteria and AgNPs. The second and third equations describe the decrease of nutrients and AgNPs
concentrations in time, respectively, with the presumption that their concentration is changed only
because of the bacterial consumption. If the concentration of nutrients is changed only because of the
bacterial consumption, then the number of bacteria produced in unit of time should reduce the number
of the nutrients packages for the same amount. This assumption is taken into account by putting the
same coefficient o in Equations (1) and (2). The corresponding rates of change are equal in size but
opposite in sign. Similarly, if the colloid is stable, the concentration of AgNPs is changed only because
of bacterial uptake. The list of the parameters included in the model is as follows:

t—time

B(t)—bacterial concentration

Bp—inoculum size

N(t)—nutrients concentration

Ny—master growth medium nutrients concentration
P(t)—AgNPs concentration

Py—produced colloid AgNPs concentration

x—initial nutrients dilution factor

v—initial volume shares of the colloid
a(x)—bacterium—nutrients interaction strength parameter
B(x)—bacterium-bacterium interaction strength parameter
y—bacterium-nanoparticle interaction strength

The number of bacteria inactivated in a unit of time, due to the AgNPs, should reduce the number
of the AgNPs packages for the same amount, which is taken into account by putting the same coefficient
y in Equations (1) and (3). The bacterial growth is determined by the initial bacterial concentration
(inoculum) B(0), initial concentration of nutrients “packages” N(0) and initial nanoparticles “packages”
concentration P(0). In our experiments, the inoculum was kept constant, while the AgNPs concentration
was changed by mixing the appropriate volume Vp of the colloid, that has the AgNPs concentration
Py1, with the volume of the appropriately inoculated master growth medium Vy, that has nutrients
concentration Ny, so that the total volume of the batch culture V = Vi + Vp is kept constant. In this
way, the initial volume shares of the colloid v =Vp/V = P(0)/Py and of the growth medium x = Vy/V =
N(0)/Ny are varied so that the condition:

x+v=1 4)

is fulfilled. Therefore, the initial conditions are defined by Equations (5)—(7):
B(0) = By ©)

P(0) = Pyv (6)
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N(0) = Npyp-x = Npp-(1 = 0). @)

In our previous work [40], we found that the interaction strengths o and § depend on the initial
nutrients concentration with the dependence in the form of a rational function const./(0.093 + x). For
our system, the best fits are obtained for @ = a (x) = (0.0295 min~!-a.u.)/(0.093 + x) and B=p(x)=
(0.00045 min~!-a.u.)/(0.093 + x). According to Equation (4), @ and f can also be expressed in terms of
the initial colloid volume share v giving a (v) = (0.0295 min~!-a.u.)/(0.093 + 1 — v) and B (v) = (0.00045
min~-a.u.)/(0.093 + 1 — ).

Solutions of Equations (1)—(3), for By = 0.0025 a.u. Ny = 0.57 a.u., Pp; = 0.05a.u., v =0.33,y = 1.65
and = 0 are plotted in Figure 4. As will be shown latter, these values correspond to the experimentally
observed OD data obtained for the MIC treated culture. Note that all concentrations are expressed in
terms of a.u., so that calculated values can be compared to the experimental data. In order to make
the NPs’ concentration change visibly on the given scale, the P(t) data were multiplied by a factor of
10. Additionally, to emphasize the main results of the model, parameter , which is responsible for
the population decay in the death phase, is set to zero. At the beginning, the bacterial concentration
slightly decreases, then acquires a broad minimum and then slowly increases, so that the bacterial
population remains below the inoculum size up to 1000 min approximately. In that period, both the
nutrients and the NPs’ concentrations decrease, exhibiting similar functional dependence. Obviously,
a dynamic equilibrium exists in which approximately an equal number of bacteria divide, because of
the nutrients consumption, and die due to the uptake of the nanoparticles. The exponential bacterial
growth appears only if the concentration of nanoparticles falls below some critical value. As a result of
that process, the exponential growth phase is significantly postponed. For ¢ > 1000 min, the onset of
the exponential growth phase is seen and the stationary phase is reached for ¢ > 2000 min.
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Figure 4. Time change of bacterial concentration B(t) and the equivalent concentrations of nutrients
N(t) and nanoparticles P(f) as obtained from the solution of Equations (1)—(3). Note the conservation of
the total growth capacity B(t) + N(t) — P(t) = const.

As seen from Figure 4, the sum B(t) + N(t) — P(t) = const. holds at all times during the growth.
This sum is also the final concentration of the bacterial population; thus it represents the total capacity
of the system.

To further elucidate the proposed model, it is useful to inspect the bacterial growth behavior upon
treatment with different initial NPs concentrations. Figure 5a shows bacterial growth curves calculated
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for different NPs concentrations while all other parameters were the same as for the data given in
Figure 4. Bacterial growth for non-treated cells is represented by the full curve. The growth curves
for several sub-MIC concentrations show that the main effect of the NPs concentration increase is the
delay of the exponential growth phase. For volume share v = 0.345 given in dotted curve, bacteria do
not go into the exponential phase. This behavior is in accordance with the experimental data given in

Figure 2.

Optical density (a.u.)

Optical density (a.u.)
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Figure 5. (a) Bacterial population obtained from solutions of Equations (1)—(3) for § = 0 for different

colloid volume shares v. The increase of the colloid volume share reduces the maximal bacterial

concentration and postpones the exponential bacterial growth. (b) The same data given in logarithmic

scale, exhibiting the population dynamic of the lag phase.



Materials 2020, 13, 653 11 of 21

The decrease of the maximal population size with the increase of the colloid volume share is
mostly related to the dilution of the master growth medium and the decrease of the initial nutrients
concentration, i.e., the total growth capacity.

Figure 5b shows the growth data from Figure 5a presented in the logarithmic OD scale. In this
representation, it can be found that the postponed exponential bacterial growth is not a classic lag in
which bacteria do not divide. This state can be characterized as a dynamic lag phase that is close to the
steady state because the bacterial growth rate is close to the bacterial death rate. As expected, cells in
the non-treated sample grow exponentially from the beginning, and the exponential growth of the
cells treated with the colloid volume shares of 0.10 and 0.186 is postponed.

For higher nanoparticle concentrations, v = 0.30 and v = 0.33, the bacterial population firstly
decreases, and develops a broad minimum, before the exponential growth prevails. The minimum
is related to the prevailed onset of the exponential growth. To determine the lethal nanoparticle
dosage, the concentration range in which a minimum of B(t) develops and disappears should be found
analytically. We found that the minimum disappears for v > 0.345 treatments for which the bacterial
population decreases continually. This value is in excellent agreement with the experimentally-obtained
MBC concentration.

According to the model, the decrease of bacterial concentration is due to the uptake of the AgNPs,
which causes bacterial death. In this process, the nanoparticles are removed from the habitat. This is in
line with the study done by Sondi and Salopek Sondi [8] where TEM analysis clearly showed that the
nanoparticles were accumulated in the membrane, while some of them successfully penetrated into
the cells. When the concentration of the NPs falls below a certain level, the rest of the viable bacteria
start to divide.

5. Data Analysis and Discussion

There is a wide range of reported MICs of silver nanoparticles, typically between 1 and
100 pg/mL [3,9,39,58,59]. Since the bactericidal effect depends on nanoparticles’” physical and chemical
properties, the bacterial strain and growth conditions, it is reasonable to conclude that the obtained
MIC value of 73 + 11 pug/mL falls within the reported range.

To compare the model with the experimental data from Figure 2a,b, the contributions of nutrients,
nanoparticles, and cells to the measured OD data should be taken into account. We neglect the
contribution of nutrients in accord to our previous findings [40], where the change in nutrients
concentration did not provide observable change in the initial OD signal for the nutrients concentrations
described here. The total OD signal can then be written as the sum of the constant contribution of the
well plate and the medium cy, and the time and volume-share dependent contributions of bacterial
cpB(t,v) and nanoparticles ¢, P(t,v) concentrations:

OD(t,v) = ¢ +cp-B(t,v) + cpP(t,v) 8)

The contribution of AgNPs is in accordance with Figure 1a that shows absorbance of the silver
nanoparticles at 595 nm, the wavelength used in our OD experiments.

The constants ¢, and ¢, reflect the light scattering/absorbance intensity for the bacteria and for
the nanoparticles, respectively. To compare the experimental and theoretical growth curves, these
constants are determined. The constants are obtained from the two limiting cases: the beginning of the
growth, where B(0, v) = 0, and from the maximum of the population, where P(t, v) = 0.

The contribution of the NPs to the total OD signal is observed at the beginning of the growth,
while the bacterial concentration is very low and not visible in the OD signal, so the condition B(0,v)
= 0 in Equation (8) is fulfilled and we assume that the whole change in the OD signal is due to the
change of the NPs concentration. The contribution of the AgNPs to the OD signal is obtained from the
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concentration dependence of the initial OD(0, v) obtained for different growth curves. These data are
shown in Figure 6. The line is the linear fit to the data given by the expression:

OD(0,0) = (0.086 + 0.074-0) a.u. )

where the intercept ¢y = 0.086 a.u. is the absorbance of the well plate and the medium. The coefficient
cp = 0.074 a.u. is obtained from the slope of the linear fit. We see that maximal overall contribution of
AgNPs to the total OD is of the order of 0.02 a.u. and is much less than the maximum bacteria OD,
which is around 0.5 a.u.
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Figure 6. Initial OD (baseline) of the experimental growth curves given in Figure 2a, as a function of
the colloid volume share v, is given by squares. Linear fit obtained for these data, given by the straight
line, is the contribution of the silver nanoparticles to the total OD.

Since NPs are taken up by the bacterial cells, the concentration of the nanoparticles decreases
so from the exponential phase and onwards it becomes negligible, in comparison to the bacterial
concentration, so we can put P (¢, v) = 0. Equation (8) becomes:

OD(t,v) = cm + ¢p°B(t,v) (10)

and we can compare the OD data with the calculated bacterial concentration.

Equation (10) shows that if we subtract ¢y, from the experimental OD (t, v) data and set ¢, to 1,
there is one-to-one correspondence between the theoretical calculations and experimental data. In other
words, the calculated, theoretical data, are expressed in a.u. Note that the theoretical concentrations of
nutrients and nanoparticles are calculated in terms of bacterial equivalents, as explained before, and
are also given in a.u.

When modelling the experimental curves in Figure 7a, we found that the best fits are obtained
for the initial nanoparticles concentration P(0, v) = 0.05 X v a.u.. Substituting this expression for v in
Equation (9) gives:

ODy,(0,v) = 0.086 a.u. + 1.5-P(0,v). (11)
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Figure 7. (a) Comparison of the experimental curves (symbols) with theoretical fits for different v values
(lines). (b) the first 700 min of the OD signal from Figure 7a. The symbols are the raw experimental data
for the different colloid volume shares and the full lines are the theoretical fits as given by Equations
(1)—(3) and Equation (12). The dashed line is the theoretical bacterial concentration B(t) for v = 0.26
summed with the constant ¢, = 0.086. The dotted line is cy = 0.086 a.u., i.e., the optical density of the
well plate and the master medium.

Equation (11) gives calculated initial OD for different growth curves as a function of the initial
colloid volume share v, i.e., concentration of nanoparticles. It reveals that one “package” of the AgNPs
needed to annihilate a single bacterium contributes 1.5 times more to the total OD when compared to
the OD contribution of a single bacterium. This dependence is used to describe time evolution of the
OD for a growth curve for which the nanoparticles concentration is time-dependent.

As a result, Equation (8) assumes the form:

ODy,(t) = 0.086 a.u. + B(t) + 1.5-P(t). (12)

This allows us to model the obtained experimental OD data with more accuracy. To compare the
experimental and theoretical data, the parameters were adjusted and the solutions of Equations (1)—(3)
were calculated in bacteria-concentration equivalent absorbance units. In accordance with the Equation
(12) the calculated nanoparticles concentration is multiplied by the factor of 1.5. The comparison of
the experimental and theoretical OD response of bacteria and nanoparticles for the four representative
experimental growth curves from Figure 2a is given in Figure 7a. The symbols are the experimental
data while the lines are the theoretical fits according to the solutions of the Equations (1)-(3) and OD
contributions given by Equation (12).

The fitting procedure was the following. Firstly, the growth curve for the colloid volume share
v = 0.16 was fitted in a way that only parameter v = 0.16 was fixed and all other parameters in the
system of Equations (1)—-(3) were varied. This curve was chosen merely because it is in the middle of
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the treatment range. Initially, to obtain Py, the contribution of nanoparticles in the OD signal was
neglected, but for further iterations Equation (12) was used to compare the fit with the experimental
data. The least-square fit was obtained for the following parameters set: By = 0.0025, Py = 0.05,
Ny = 0.57, y = 1.65. When fitting the other curves, only the parameter v was changed while all other
model parameters were kept at the same values as for the v = 0.16 sample.

It can be seen that the theoretical curves fit the experimental data for the lag and the exponential
phase very well, i.e., the model completely describes the nanoparticles concentration-dependent
postponed bacterial growth. The obtained correlation coefficients for the corresponding sets of data are:
0.96 for v = 0.03 curves, 0.99 for v = 0.16 curves, 0.99 for v = 0.26 curves, and 0.99 for v = 0.30 curves.

The postponed bacterial growth for cultures treated with AgNPs is found in many published
data [9,10,38,39,60]. Our model, however, less successfully describes the reduction of the maximal
OD for higher nanoparticles concentration, as well as the time-dependent decrease of the bacterial
population in the death phase. Lowering of the maximal OD is reported in many studies [9-11,38] while
some report relatively unaffected max OD value for treatments with spherical silver nanoparticles [39,61].
In our case, the decrease of the maximal OD is mostly related to the experimental design. Notably,
the maximal bacterial population depends on the initial concentration of nutrients [40]. In the
experiment, the NPs concentration is changed by replacing the growth medium with the produced
colloid. Consequently, the samples with the higher AgNPs concentration had lower initial concentration
of nutrients and thus developed lower maximal number of bacterial cells.

It is also noticeable that for higher AgNP concentrations, the experimental maximal OD is
systematically lower than the calculated value. The drop down of the maximal OD could be due to the
return of AgNPs back to the habitat, caused by the decomposition of the dead cells. In other words, it
is reasonable to presume that a dead bacterium decomposes and releases the nanoparticles back into
the batch so that some nanoparticles might be used more than once. However, these considerations
demand further investigation and modeling of the system.

The data also show that the AgNPs treatment does not change the bacterial growth rate. A weak
growth rate reduction can be attributed to the change in nutrients concentration as we found for
untreated cells [40]. Published data show a discrepancy regarding this issue: some report relatively
unaffected growth rates [39,60] while others report growth rate reductions [11,38]. To resume, we found
that the change in the observed maximum OD and the growth rate is due to the change in the initial
nutrients concentration and not due to the influence of the AgNPs.

Figure 7b presents details of the data from Figure 7a at the beginning of the growth. The symbols
are the raw experimental data and the full lines are the theoretical fits for the different colloid volume
shares, as given by Equations (1)—(3) and Equation (12). At this scale, all the contributions to the optical
density signal can be resolved. This is demonstrated for the sample with the colloid volume share
v = 0.26. The dotted line is the constant c,, = 0.086 a.u., i.e., the OD of the well plate and the master
medium. The difference between the dashed and dotted line is the theoretical bacterial contribution
B(t) and the difference between the dashed and the full line is the theoretical contribution of the
nanoparticles P(t). As can be seen in the figure, for ¢t > 500 min this difference is practically zero because
P(t) falls to zero. When B(t) and P(t) curves are compared, it is noticeable that the prominent decrease
in the OD value, before the bacterial concentration OD signal prevails, can only be attributed to the
reduction of the nanoparticle concentration in the habitat due to the bacterial uptake. From Figure 7b,
we also see to what extent the theoretical model can describe the experimental data. Generally, it can
be noted that the agreement with the experiment is better for lower nanoparticles concentrations,
v =0.03 and v = 0.16, then for the higher ones. For higher nanoparticle concentrations, theoretical
curves exhibit a more pronounced minimum in the OD when compared to the experiment. This could
be because the nanoparticles that were adhered to the bacterial surface still absorb some of the light
and thus still contribute to the measured OD signal. However, the theoretical curves follow the trend
of the OD decrease before bacterial growth prevails which is observed in the experimental data.
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The theoretical calculations show that, at the beginning of the growth, the nanoparticles
contribution to the OD dominates over the bacterial and that the decrease of the total OD, as seen
in Figures 7b and 8, comes from the decrease of the nanoparticles concentration in the batch. It is
reasonable to presume that this decrease is due to the uptake of the nanoparticles by the bacteria
because the nanoparticles that enter the bacteria are no longer visible to the spectrophotometer. Our
results are supported by the TEM data which clearly showed that the AgNPs have penetrated the
membrane/cell [9].
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Figure 8. Growth curves of bacteria treated with the MBC concentration. The full symbols are the
experimental OD data for bacterial v = 0.33 treatment (cy value was subtracted), i.e., the AgNPs’
OD signal. The full and the dashed lines are the theoretical data for bacterial and for nanoparticle
concentrations, respectively, for v = 0.345. All the curves exhibit a continuous drop of OD for the given
time frame. The open symbols are the experimental data obtained for v = 0.33 mixture of LB growth
medium and AgNPs.

When modeling non-treated curves, we have shown [40] that the bacterial OD could not be
observed at the initial time by the utilized spectrophotometer for the inoculum size used in these
experiments. This indicates that the initial decrease of OD given in Figure 7b, cannot be attributed to
the inactivation of the bacterial cells. When it comes to the MIC/MBC value, there is a small discrepancy
between the experimental and theoretical data. From the experiment we found that the MIC/MBC
value is at v = 0.33 and the theoretical model gives v = 0.345.

Figure 8 shows the experimental and theoretical growth data for the MIC/MBC concentration.
We see that the theoretical OD data are lower than the measured OD, but they describe well the time
dependence of the measured OD. Additionally, Figure 8 reveals that the nanoparticles contribution to
the OD signal is approximately an order of magnitude greater than the contribution of bacteria. The
bacterial concentration also exhibits a decrease but on the scale that is comparable with the sensitivity
of the spectrophotometer (about 0.001 a.u).

It is generally accepted that the silver ions (Ag™) are, to some extent, released by AgNPs and there
are opinions that these Ag* ions are mostly responsible for the antibacterial effect. According to the
literature [62], silver ions are likely to interact with chloride ions (C17) present in the bacterial growth
medium and can cause precipitation of silver ions as AgCl(s). Therefore, there is a possibility that
the decrease in the OD signal found at the lethal concentration of AgNPs appears due to the AgNPs
dissolution in the growth medium.
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However, our experimental data obtained for the same non-inoculated sample, given by open
symbols in Figure 8, exhibits almost constant OD which does not support the Ag* release mechanism
as the main cause of the obtained decrease of the OD, which is expected to appear even without the
cells. Since the OD decrease does not appear if there are no bacteria in the batch, we conclude that
these data support the hypothesis of our model, according to which the OD decreases because of the
bacterial uptake of the nanoparticles.

This supports our statement that, for the lethal treatment, the OD signal measures mostly the
change in the concentration of the nanoparticles due to the bacterial uptake.

It should be emphasized that the lag phase was not observed in our experiments with the
non-treated bacteria, which were prepared according to the same protocol [40] so the “traditional”
lag is not included in the model. Figure 7b clearly shows that the postponed exponential growth is
not due to the classical lag, i.e., the absence of the bacterial division, and should be considered as a
dynamic lag phase. According to the model, Figure 4 shows that the nutrients consumption continues
even when the bacterial concentration is being reduced. Thus, during this dynamic lag phase, bacteria
are dividing and being inactivated by the AgNPs at the same time. The duration of the dynamic lag
phase depends on the nanoparticles concentration. We find that the time interval measured from the
beginning of the growth to the inflection point (the point at which the growth is maximal) is the most
reliable measure for comparing the experimental and theoretical data. This time is easily determined
from the maximum of the time derivative of the growth curve. We propose that this time should be
called the dynamic lag time. The dynamic lag phase includes the bacterial division and inactivation.

The symbols in Figure 9 are the dynamic lag times obtained from the maximum of the derivative of
the experimental OD curves from Figure 2a for different colloid volume shares v. The full line, obtained
from the derivative of the theoretical curves, follows the experimental data very well. We see that the
dynamical lag time increases with the nanoparticles concentration and diverges (becomes infinite) at
the lethal colloid volume share v = 0.345. The limit between bacterial life and death conditions (lethal
treatment) is denoted by the vertical line. In fact, Figure 9 represents a transition between life and
death conditions, transforming the bacterial habitat from the one that enables bacterial growth to a
habitat in which the bacteria growth is suppressed.
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Figure 9. The dependence of the dynamic lag time on the colloid volume share v. The squares are the
data obtained from the experimental growth curves and the solid line are the calculated data obtained
from the theoretical model. The limit between bacterial life and death conditions (lethal treatment) is
denoted by the vertical dashed line.
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Since there are rare attempts on modeling the bacterial growth in the presence of nanomaterial in
general, we find this model a good start for future developments. It is important to note that further
validation of this model should be conducted for different bacterial strains growing under different
conditions. The model might also be applicable if other antibacterial agents are utilized as long as they
are detectable via spectrophotometer.

6. Conclusions

The main goal of this study is better understanding of bactericidal mode of action of silver
nanoparticles. The silver nanoparticle colloid was synthetized by laser ablation in deionized water.
To determine the NPs stability, composition, structure, size and concentration, UV-VIS, zeta potential,
GIXRD, DLS, AFM, and TEM measurements were performed. The concentration of the AgNPs in the
colloid was estimated from the volume of the ejected material. The colloid proved to be stable having
spherical NPs with the average diameter of ~11.3 nm and the log-normal size distribution. The GIXRD
results revealed the fcc-Ag crystallites and very weak presence of the silver oxide phase.

The colloid was tested against E. coli DH5 cells which showed sensitivity towards the produced
colloid. The AgNPs MIC/MBC values were 73 + 11 nug/mL. Growth curves of bacteria treated with
sub-MIC and MIC AgNP concentrations were obtained via the OD measurements.

The main effects of the treatment are the increase of the baseline of the growth curve, increase of
the apparent lag time, and reduction of the maximal OD, without significant change of the growth rate.
Growth curves of bacteria treated with higher sub-MIC concentrations exhibit a minimum, before the
exponential growth prevails. For concentrations higher than the MIC, the growth is suppressed and
the OD constantly decreases.

In order to analyze the data, we designed a novel growth model as an extension of the
interaction-based model for the non-treated cells [40]. The main assumption of the model is
that treated bacteria uptake the nanoparticles, which results in the decrease of the both the
nanoparticles and the bacteria concentrations. The time change of the bacterial, nutrients, and
nanoparticles concentrations depends on the strengths of the bacteria—nutrients, bacteria—bacteria, and
bacteria-nanoparticles interactions.

We have shown that the experimental growth data reflect the concentration of both bacterial cells
and nanoparticles. The contribution of the nanoparticles was clearly observed at the beginning of
the growth, when the nanoparticles OD signal dominates the bacterial one. The signal was found to
be constant for the non-inoculated sample and it decreased for the lethal bacterial treatment because
AgNPs enter the bacteria. This also brings us to the conclusion that, for the lethal treatment, the
decrease in OD mostly reflects the change in the nanoparticles concentration.

The model completely describes concentration-dependent postponed growth, with very good
fits for the apparent lag and the exponential phase. It also describes the reduction of the maximal
population with the colloid volume share increase and the decrease of the bacterial population in
the death phase. According to the model, the postponed exponential growth is not due to a classic
lag in which bacteria do not divide. This state can be characterized as a dynamic lag phase, or a
near steady state for which the bacterial growth rate is close to the bacterial death rate. In the lag
phase bacteria are dividing due to nutrients consumption, and being inactivated due to the uptake of
the silver nanoparticles, at the same time. The duration of the dynamic lag time increases with the
nanoparticles concentration and becomes infinite at the lethal concentration, representing a transition
between bacterial life and death conditions.

To conclude, the main contributions of this research may be emphasized as follows. The observed
lag phase induced by AgNPs is not postponed bacterial growth and the predominant mode of
antibacterial action of AgNPs is their penetration inside the cell.
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Abstract: We aim to elucidate the mode of antibacterial action of the laser-synthesized silver colloid
against Escherichia coli. Membrane integrity was studied by flow cytometry, while the strain viability
of the treated culture was determined by plating. The spectrofluorometry was used to obtain the time
development of the reactive oxygen species (ROS) inside the nanoparticle-treated bacterial cells. An
integrated atomic force and bright-field/fluorescence microscopy system enabled the study of the
cell morphology, Young modulus, viability, and integrity before and during the treatment. Upon
lethal treatment, not all bacterial cells were shown to be permeabilized and have mostly kept their
morphology with an indication of cell lysis. Young modulus of untreated cells was shown to be
distinctly bimodal, with randomly distributed softer parts, while treated cells exhibited exponential
softening of the stiffer parts in time. Silver nanoparticles and bacteria have shown a masking effect on
the raw fluorescence signal through absorbance and scattering. The contribution of cellular ROS in
the total fluorescence signal was resolved and it was proven that the ROS level inside the lethally
treated cells is not significant. It was found that the laser-synthesized silver nanoparticles mode of
antibacterial action includes reduction of the cell’s Young modulus in time and subsequently the
cell leakage.

Keywords: laser-synthesized nanoparticles; silver nanoparticles; mode of antibacterial action;
nano-bio interactions; reactive oxygen species; atomic force microscopy; Young modulus

1. Introduction

Silver nanoparticles (AgNPs) have retained the interest of the scientific community, mostly due to
their outstanding antibacterial property. They have been proven to have a synergistic effect on the
antibacterial potential of antibiotics [1,2] and are increasingly being used for antimicrobial coating [3].
These promising results emphasize the need for thorough characterization of the used AgNPs and
understanding of their antibacterial mode of action.

As suggested in the recent review paper [4], there are two main hypotheses for their antibacterial
mode of action. The first hypothesis relies on the nanoparticle’s electrostatic interaction with the
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bacterium membrane and/or with membrane proteins which leads to membrane’s partial dissolution.
The second hypothesis presumes penetration of the AgNPs inside the cell/membrane and subsequent
release of silver ions, followed by the increase of the reactive oxygen species (ROS) and cell oxidative
stress. The two scenarios do not need to be mutually exclusive [4]. Ivask et al. [5] emphasize the role of
the dissolved silver ions in the toxicity mechanism, and also the importance of AgNPs’ physicochemical
surface properties which govern the interaction with the bacterial cells. For coated silver nanoparticles,
antimicrobial effects were found to be the interplay of nanoparticle (NP) size, solubility, and surface
coating [6]. The activity of transition metals, such as silver, should also be considered to be the possible
reason for potent antibacterial activity. Transition metals have an affinity to associate with R-SH groups,
which can disrupt the function of specific enzymes or disrupt S-S bridges necessary to maintain the
integrity of folded proteins, causing detrimental effects to the metabolism and the physiology of the
cell [7]. Particle-specific antibacterial potential, which is manifested through increased intracellular
concentration of Ag ions, has been previously reported as the AgNPs’ main mechanism to battle
bacteria [8]. Xiu et al. [9] report that the antimicrobial activity of AgNPs is solely due to the release of
Ag ions. Notably, Duran et al. [10] state that the AgNDPs exhibit their antibacterial activity through
the cell’s membrane disruption and DNA transformation via ROS but that there is a lack of data
regarding the temporal resolution of the ROS production or possible membrane alterations induced by
the AgNPs. Taken together, it is reasonable to say that the AgNPs adhesion to and/or penetration inside
the cells, ROS generation and modulation of microbial signal transduction pathways are recognized as
the most notable modes of antimicrobial action [11].

In comparison, AuNPs [12] and AuPtNPs [13] do not induce the generation of ROS. On the other
hand, the antibacterial mechanism of copper-bearing titanium alloys includes an increased amount
of ROS, among other cells” alterations [14]. The toxicity of graphene oxide towards bacteria may be
attributed to both membrane and oxidative stress [15], while ZnO NPs induce ROS production and
TiO; NPs promote changes in the outer membrane proteins [16].

Most of the reports concerning the antibacterial effect of the AgNPs refer to colloids produced
by the reduction of metal salts with a chemical agent which results in colloids containing unwanted
chemical byproducts. There are eco-friendly alternatives such as biosynthesis with bacteria, fungi, or
plant-related parts [17]. However, one of the most convenient techniques is the physical production
of colloids by using laser ablation in liquids (LAL) [18]. This method enables the production of pure
colloids without byproducts and with unique surface properties [19] which is extremely important
when one is trying to elucidate their mode of antibacterial action.

Microscopy techniques are rather useful since they can reveal membrane alteration caused by the
AgNPs treatment. Previously, electron-microscopy data have revealed gaps in the cells” membrane
and disorganization of entire cells [20], nanoparticles accumulated in the membrane, penetration into
the cells and leaking of intracellular substances [21], nanoparticles found on cells’ surface and attached
to the substance released by the cells [22]. Transmission electron-microscopy images of Escherichia coli
(E. coli) treated with LAL-produced AgNPs revealed that the nanoparticles have penetrated the cells’
membranes and entered the cells while the cells had irregular appearance [23]. However, this technique
does not enable the inspection of cells in their native environment.

Atomic force microscopy (AFM), enables the study of morphology and nanomechanical
properties of live bacteria in different media. The loss of cellular morphology of AgNP-treated
Staphylococcus aureus [24] and alterations in the bacterial cell surface [25] is reported for AFM performed
on dried out bacterial cells. A rare report on AFM performed on hydrated AgNP-treated E. coli
cells reveals membrane rupture, cell stiffness reduction, and appearance of cellular debris around
the cells [26]. Although being a very convenient technique, AFM is still under-used in the study of
AgNP-treated bacteria and according to our knowledge, there is no time-resolved analysis of Young
modulus (YM) of the AgNP-treated bacterial cells.

AgNPs and Ag ions might act as catalysts and increase the generation of ROS which can lead to
oxidative stress [19]. ROS detection is mostly performed using the 2’,7’-dichlorodihydrofluorescein
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(DCFH;) which oxidizes inside the cells to yield the highly fluorescent 2’,7’-dichlorofluorescein
(DCF) [27]. The intensity of the fluorescence signal is proportional to the amount of ROS [28]. The
research data obtained from previous reports suggest that: treatment with AgNPs alone did not induce
significant ROS formation [29]; a significant increase in the DCF fluorescence intensity was observed for
AgNP-treated bacterial cells [30]; colloidal silver significantly increased the production of ROS when
compared with untreated cells [31]; ROS played a very important role in the antibacterial mechanism of
AgNPs [32]. Interestingly, ROS detection data in AgNP-treated E. coli [33] showed that the fluorescence
signal of AgNP-treated cells is lower than for the non-treated cells, for most treatment concentrations.
ROS increase in bacterial cells, induced by biosynthesized AgNPs, was confirmed by DCFH, and
antioxidant scavenging [34]. Treatment with the LAL-produced AgNPs resulted in the particle-size
dependent ROS generation, highest for particles with an average size of 19 nm [35]. It is also worth
noting that no significant difference in silver ion toxicity towards bacteria has been observed between
anaerobic and aerobic conditions, which rules out oxidative stress by ROS as an important antibacterial
mechanism for silver ions [36].

The AgNPs have been used in industry for food packaging, medical device coating, and
environmental sensing [37]. LAL-synthesized AgNPs have already been used to fabricate
AgNP-impregnated paper fines sheets with antimicrobial activity [38]. This type of AgNPs might also
be used as drug carriers by applying different functionalization strategies [39]. Another application
might include AgNP-impregnated polymeric nanofibers [40] for wound healing or the incorporation
of AgNPs into a device for delivering bioactive agents, such as protein scaffolds [41]. These possible
applications require careful consideration of AgNPs’ biological activity and potential toxicity as well
as careful quality, efficacy, and safety evaluation of final AgNP-enabled materials complying with the
Safe-by-Design approach [3]. It must be noted that there is a justified global concern regarding the
toxicity of AgNPs [42] and engineered nanomaterial in general [43,44].

Altogether, despite the numerous studies, there are still contrary reports on the mode of
antibacterial action of colloidal silver. This could be partially related to the difference in the AgNPs
colloid properties which depend on the synthesis method. Recently, based on modeling of the growth
of AgNP-treated bacteria, we have shown that the antibacterial action of LAL-synthesized AgNPs is
closely related to their penetration into the cell [45] which should be supported by other complementary
experimental methods found in the literature. All the above encouraged us to extend our research of
bactericidal effects induced by LAL-synthesized AgNPs, produced in our lab.

Most of our findings are done by studying the time development of the DCF fluorescence signal,
which is proportional to the ROS level, and time-dependent YM spectroscopy of bacterial cells. This
paper is aimed to contribute to the understanding of the mode of antibacterial action of AgNPs against
E. coli as a model organism and to discuss some of the findings given in the literature in the context of
our results.

2. Materials and Methods

The laser synthesis of AgNPs in water and thorough characterization of the produced colloid is
described in [45]. The nanoparticles were determined to be spherical-like with the mean diameter of 13.1
nm (obtained from the transmission electron microscopy (TEM) measurements). The produced colloid
was stable with the zeta potential of & = —(53.1 +1.1) mV and the obtained UV-Vis maximum at 404
nm. The mass concentration of AgNPs in the produced colloid was calculated to be of 220 + 32 ug/mlL.
The MIC = MBC value is reported as a volume share v of the colloid in the batch culture and was
obtained to be v = (30 +4)%. The colloid volume share v correlates to the mass concentration of
AgNPs in the batch when it is multiplied by the mass concentration of the produced colloid. Therefore,
in further text the colloid volume share v will be referred to as the AgNPs’ concentration.

The E. coli DH5w cells, used in this study for all experiments, were grown in the nutritionally
impoverished Luria Bertani (LB) medium (5.0 g of tryptone, 2.5 g of yeast extract and 5.0 g of NaCl per
1L of deionized sterile water). Overnight bacterial culture, grown at 37 °C and 220 rpm, was diluted
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for at least 15 times in the fresh medium. Cells were further grown for 1.5 h in the same conditions.
The minimal inhibitory concentration (MIC) and the minimal bactericidal concentration (MBC) of the
produced colloid were determined as previously reported [45]. These experiments were repeated for
each colloid production and are reported in terms of volume shares v of the colloid in the batch culture.

2.1. Time-Killing Assay

The assay was performed as explained in BlaZevi¢ et al. [46]. Exponentially grown bacterial
cells were adjusted spectrophotometrically to a density of 10° CFU/mL and exposed to %MIC, MIC,
and 2MIC values of the produced colloid. The strain viability was determined by plating the serial
dilutions after the incubation at 37 °C for 0, 15, 30, 60, 90, 240, 360, and 600 min. Colonies were grown
on Mueller Hinton agar (MHA) plates and were counted after 24 h. All measurements were done in
duplicates and the reported values are their average.

2.2. Membrane Integrity Assay

The effect of the AgNPs on the bacterial inner membrane integrity was studied by measuring the
percentage of propidium iodide (PI) positive cells after exposure to nanoparticles, using an Accuri C6
flow cytometer (BD Biosciences, San Jose, CA, USA). Cells penetrated by this stain are often referred to
as the PI-positive cells (PI+). Cell staining was done as described previously in Roncevic et al. [47].
The cells were treated by AgNPs in concentrations corresponding to sMIC, MIC, and 2MIC, and
the measurements were obtained after 0, 15, 30, 60, and 90 min of the treatment. Melittin, a strong
membranolytic peptide [48], was used as a positive control, while stained untreated cells were used
as the negative control. Non-stained cells and single stained samples were used to compensate
fluorescence channels on the cytometer and to adjust appropriate gates on dot-plots. All measurements
were done in triplicates, and for each incubation time at least 10,000 cells were collected. Data analysis
was carried out with FlowLogic 6.0 software.

2.3. Reactive Oxygen Species (ROS) Detection

The obtained bacterial culture was centrifuged at 4500x g for 5 min at room temperature. Pelleted
cells were then resuspended (1:10) in the 1x phosphate-buffered saline (PBS) and the colloid AgNPs
were added to the culture in several volume shares v: 0.01, 0.05, 0.10, 0.20, 0.25 and 0.30. The fluorimetric
probe 2’,7’-dichlorodihydrofluorescein diacetate (DCFH,-DA) (Sigma-Aldrich, St. Louis, MO, USA)
was diluted in dimethyl sulfoxide (DMSO) to the final concentration of 1 mg/mL and 2 uL of diluted
dye was added to the vials while the final volume of the reaction mix was 1 mL. After adding the
AgNPs, samples were incubated for 30 min with shaking at 37 °C in the dark. The 0.33 mM H,0,
bacterial treatment was used as a positive control. Finally, 200 uL of the reaction mix was transferred
to the microtiter plate (Porvair Science, Wrexham, UK) and the fluorescence signal was obtained every
3 min using the spectrofluorometer (LS 55, Perkin Elmer, Waltham, MA, USA) at the 492 nm excitation
and 523 nm emission wavelengths.

To measure the time dependence of the fluorescence signal without the cells, another set of
samples was prepared in the same way while cell suspension was replaced by PBS. Also, two control
data sets were obtained for the stained non-treated culture suspension and the stained PBS samples.
All experiments were done in quadruplicates and the reported values are their averages.

2.4. AFM Measurements

A 50 pL aliquot of the prepared culture was applied to the sterile Petri dishes (WPI, Sarasota,
FL, USA) coated with the Cell-Tak (Corning, New York, NY, USA) solution prepared as we have
previously reported [49]. To eliminate non-attached and loosely attached bacterial cells, the culture
was thoroughly rinsed with the sterile medium 10 min after the application. This was done taking care
not to dry out the sample during rising.
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AFM measurements were carried out using a Nanowizard IV system (JPK/Bruker, Berlin,
Germany) operating in the quantitative imaging (QI) mode (force-distance curve-based mode) using
the pre-calibrated PFQNM-LC-A-CAL probes (Bruker, Billerica, MA, USA). The setpoint was kept
at 1.2 nN while the extend/retract speed was up to 150 um/s. Each measurement was done with a
resolution of 128 x 128 pixels and with 10 um scan sizes. Several AFM measurements were obtained
before the treatment to make sure that the AFM probing does not influence the bacterial viability. The
rinsing of the sample with the fresh medium followed this step. AFM probing was then done for
cells treated with AgNPs at the concentration corresponding to 2MIC at several time points. All AFM
measurements were done in the growth medium at 37 °C. The AFM data processing was carried out by
the JPK data processing software. This software allows batch processing of the obtained force-distance
curves. The processing was done to obtain the YM of the treated and non-treated bacterial cells for
several time points. The YM was calculated by applying the Hertz model to the first 50 nm of the
indentation made by the spherical indenter that has an end radius of 65 nm. The distribution of the
bacterial YM was obtained from modulus data points whose corresponding height data were in the 5%
of the highest points for each scan line. The baseline was taken to be the highest point belonging to
the substrate.

2.5. Fluorescence and Bright-Field Microscopy

The used AFM system is integrated with the inverted optical fluorescence microscope IX73
(Olympus, Tokyo, Japan). The integration allows the overlay of the bright-field and the AFM
image. Bright-field images were taken during the pre-treatment and treatment periods. Fluorescence
images were obtained immediately after the final AFM measurements. The growth medium and
the colloid mixture were replaced by the physiological saline solution and the cells were stained by
the green-fluorescent nucleic stain SYTO 9 and the red-fluorescent nucleic PI (LIVE/DEAD BacLight
Bacterial Viability Kit L7012; Invitrogen, Carlsbad, CA, USA). The staining was done by adding 1.5 pLL
of each dye per mL of the bacterial culture.

3. Results

Results of the time-killing assay are given in Figure 1a where cell count for bacteria treated with
different concentrations of AgNPs and for non-treated bacteria are plotted in a logarithmic scale as a
function of time. The inset shows the first 90 min of the experiment. The non-treated bacteria exhibit
exponential growth, while the viable cells” data obtained for v = 0.15 treatment develop a broad
minimum before the growth prevails. The viable cells data obtained for the MIC treatment show a
continuous decrease until the complete population inactivation after 600 min of treatment. As expected,
the 2MIC (v = 0.60) treatment caused much faster viable-cell decrease, and the complete population
inactivation occurs after about 100 min of treatment.

The effect of AgNPs on the E. coli membrane integrity is shown in Figure 1b. The symbols are the
percentages of the Pl-positive cells as a function of time upon the produced colloid treatment. The cells
were incubated with the AgNPs for 90 min at concentrations of %MIC (v = 0.15), MIC (v = 0.30),
and 2MIC (v = 0.60). Melittin was used as a positive control. The data are expressed as the mean
values of percentages of the PI-positive cells + SD. PI, commonly used fluorescent stain for identifying
permeabilized cells in a population, penetrates only cells with disrupted membranes and is generally
excluded from viable cells [50]. The increase of the PI signal shows that the treatment of E. coli cells with
the AgNPs caused significant inner membrane permeability at all tested concentrations (Figure 1b).
This effect was dose and time-dependent with ~40% PI-positive cells after 15 min of treatment with
AgNPs at %MIC concentration, increasing to almost 90% after 90 min of treatment. Treatment with the
AgNPs at the MIC concentration caused somewhat more damage with 94% Pl-positive cells after 90
min of incubation. Interestingly, the treatment with AgNPs at the 2 MIC concentration resulted in a
more rapid response, i.e., over 90% of all cells were PI-positive after 60 min of incubation. However,
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after 90 min of treatment at the 2MIC concentration, the percentage of PI-positive cells did not change
compared to treatment with AgNPs at MIC concentration.
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Figure 1. The time-killing and membrane integrity assays. (a) Viable-cell concentration versus

time. The mean values of viable-cell concentration + SD for E. coli incubated with different AgNPs

concentrations, as given in the legend. The inset is the first 90 min of the experiment. (b) Percentage

of PI-positive cells versus time. The data represent the percentage of PI-positive cells + SD for E. coli

incubated with different AgNPs concentrations, or with Melittin, as given in the legend.

Melittin was used as a positive control since it has a strong membranolytic effect [48]. Figure 1b
shows that the 2MIC AgNPs and the 5 mM Melittin treatment have almost the same effect on bacterial
membrane integrity. After 90 min of treatment with Melittin and AgNPs, most of the cells endured
damage and the percentage of the PI+ cells is almost the same, for both MIC and 2MIC treatments.

Figure 2 shows the time dependence of the fluorescence signal developed when the DCFH,-DA
dye is added to samples containing different concentrations of AgNPs and H,O,. Figure 2a reveals
the fluorescence signal obtained for non-inoculated dyed PBS and different AgNPs concentrations
mixtures. All curves exhibit an increase in the fluorescence signal. The sample without nanoparticles
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exhibits the highest signal at all-time points. The signal of each curve reduces as the concentration of
the AgNPs increases. Figure 2a shows the mean values of the obtained quadruplet measurements
for which the standard deviations were expressed as a percentage of the mean value. The mean
values of standard deviations for each data set are: 6.9% (v = 0), 5.8% (v = 0.01), 7.0% (v = 0.05), 6.4%
(v =0.10), 7.1% (v = 0.20), 6.7% (v = 0.25) and 5.0% (v = 0.30). The inset shows the correlation between
the non-inoculated and inoculated sample without AgNPs. Best linear fit for this correlation gives
y = (0.66x +46) a.u., with R? = 0.97.
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Figure 2. Evolution of the raw fluorescence data. (a) Raw fluorescence intensity versus time. Time
dependence of the fluorescence signal developed when the DCFH,-DA dye is diluted in non-inoculated
PBS and mixed with the produced colloid. The legend reveals AgNPs concentrations in the mixture.
The inset shows the correlation between the non-inoculated and inoculated samples raw fluorescence
data that are AgNP-free (v = 0) and its linear fit. (b) Raw fluorescence intensity versus time. Time
development of the fluorescence signal of the same mixture given in (a) when inoculated with E. coli
cells. The cross-shaped symbols in the inset are the raw fluorescence signal of HyO, treated E. coli cells
and the double cross-shaped symbols are the cellular ROS data.
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Figure 2b depicts the fluorescence data of the inoculated samples for the same AgNPs
concentrations. The highest signal is obtained for v = 0.15 while the signals for v = 0.05
and v = 0.01 treatments are slightly smaller. The fluorescence signal initially decreases for v = 0.25
and v = (MIC) samples, before the increase prevails. When compared with the fluorescence data
given in Figure 2a, the change in the total signal is expected to occur due to the intracellular ROS
production, induced by the presence of AgNPs. Interestingly, the final fluorescence signal of inoculated
samples is higher than the non-inoculated ones for all samples except two; the MIC-treated and the
non-treated sample signal. The mean values of standard deviations for each data set are: 4.6% (v = 0),
6.7% (v = 0.01), 4.3% (v = 0.05), 4.0% (v = 0.10), 5.2% (v = 0.20), 4.5% (v = 0.25) and 5.9% (v = 0.30).

H,0; isa known oxidizing and antibacterial agent to which the membranes are semi-permeable [51].
The fluorescence results obtained for the bacterial HyO, treatment are shown in the inset of Figure 2b.
The cross-shaped symbols are the raw fluorescence signal of H,O; treated E. coli cells and the double
cross-shaped symbols are the bacterial ROS fluorescence data, obtained as explained in the Discussion
section. The mean value of standard deviations for the H,O, raw data was obtained to be 4.2%.

The correlations between v = 0 and v # 0 fluorescence data of non-inoculated samples are given
in Figure 3a. For all concentrations, the linear correlation is found with R? > 0.98. Please note that
thev =MIC,v = 0.25,and v = 0.20 sample data deviate from linearity for f < 36 min. For these
concentrations, the linear fit is applied for the ¢ > 36 min. The concentration dependencies of the
correlations’ coefficient (slope) and the intercept are given in the inset of Figure 3a. The symbols are
the data and the full lines are the one-parameter linear fits. The correlations’ slope decreases with
the concentration and the best linear fit, with intercept fixed to 1, is found to be y = 1 —1.92x, with
R* =0.99.

Figure 3b shows the time evolution of the bacterial ROS signal extracted from the raw data, as
explained in the Discussion section. Initially, the signal is higher for higher AgNPs concentrations. It
increases in time with the concentration-dependent rate, except for the MIC sample, which initially
decreases, and then increases, exhibiting a broad minimum at about 50 min. For the smallest tested
AgNPs concentrations (v = 0.01, v = 0.05), the increase is low but for the higher concentrations
(v = 0.10,v = 0.20,v = 0.25) it is rather significant. The highest final ROS signals were obtained
forv = 0.20and v = 0.25 samples. The inset shows concentration dependency of the ROS signal
obtained at the beginning (full stars) and the end (full circles) of the treatment. The values are the signal
averages of the three consecutive points. The ROS signal increases proportionally with concentration v,
for 0.20 < v < 0.25 assumes the maximal value of about 200 a.u. and then for v = 0.30 suddenly drops
to about 50 a.u. Notably, the MIC treatment induces a significantly lower ROS level.

AFM data acquisition and analysis were used to obtain topography and YM of untreated and
AgNP-treated cells. The obtained data are shown in Figure 4. All images have the 128 x 128 resolution,
scan size of 10 X 10 micrometers and height color scale up to 1.5 micrometers, while the YM maps have
the color scale up to 1 MPa. It takes about 40 min to collect a full AFM data set. For every pixel, the
height of the sample is obtained, and the force-distance curve is measured. The YM of each pixel is
calculated by fitting those curves. All redundant data points are excluded from the calculations since
our interest is only in the YM of the bacterial cell and not of the surrounding substrate. YM data in
Figure 4a—c reveal that the substrate/glass is very stiff with some randomly distributed soft points that
can be attributed to the Cell-Tak coating.

The correlations’ intercept increases proportionally with the concentration, and the best
proportional fit is found to be y = 107x, with R? = 0.92.
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Figure 3. Fluorescence data analysis. (a) The correlation between v = 0 and v # 0 fluorescence intensity

data from Figure 2a. The symbols are the experimental data and the lines are the best linear fits where

the lines’ length denotes the data range selected for each fit. The inset gives the slope (full stars) and
the intercept (open stars) of the fits as a function of AgNPs concentration. Each data set is fitted to a
line. (b) ROS fluorescence intensity versus time. Time evolution of the AgNP-induced bacterial ROS
fluorescence (irpg) signal extracted from the raw data, as described in the Discussion section. The inset

shows the concentration dependence of the irpg average for the first and last three time points. The

AgNPs concentration is given in the legend.
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Figure 4. AFM data of non-treated and AgNDPs treated E. coli cells at different times. Topography
and YM maps are obtained for the same cell group and the data are collected at different pre- and
post-treatment times. Larger images have 128 x 128 resolution, 10 X 10 pm scan size, 0 to 1.5 pm height
color scale, and 0 to 1 MPa YM color scale. Histograms, representing count versus Young modulus, are
the distributions of the YM data selected within the 5% of the highest points for each scan line. The
full lines are the bimodal normal distribution fits with means and the standard deviations given in
parentheses. Parts of the YM maps marked with red squares are enlarged. (a) Non-treated bacterial
cells height data (left image) and the corresponding calculated YM data (right image). (b) Treated
bacterial cells height data (left image) and the corresponding calculated YM data (right image) whose
scan began after 50 min of treatment. (c) The same as in (b) with the scan beginning after 90 min of
treatment (d) The same as in (b) with the scan beginning after 130 min of treatment.

Figure 4a reveals the AFM topography image of non-treated bacteria given on the left side and
the corresponding YM map on the right side. These cells are “the mother cells” of all other cells that
are given in Figure 4b—d. It can be noticed that the YM increases as the height of the bacteria increases,
i.e., the YM is apparently lower on the cells’ edges.

Due to the oval shape of the cell, the tip of the AFM probe is far from being perpendicular to the
cell surface on the edges. Therefore, the Hertz model, for which the calculations of YM are performed,
is not valid. Consequently, only data obtained on the top of the cell provide correct information on the
bacterial YM. We have extracted and considered only the YM data that correspond to the top 5% of the
height points of each scan line. This was done for all obtained YM data sets.

Figure 4a also gives the normalized distribution of the YM values, selected as described above,
whose number is found to be 798. The normalized histogram indicates that the YM has a bimodal
distribution. The full line is the corresponding bimodal normal distribution fit with the following
mean values and standard deviations: (0.09 + 0.07) MPa and (1.11 + 0.69) MPa. The enlarged part
of the map shows that the softer (darker) points, for which the YM is within (0.09 + 0.07) MPa, are
evenly distributed on the bacterial surface. Rough estimate is that the softer points (first four bins of
the histogram) make about 30% of all scanned points.
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Figure 4b shows the height and YM map for the AgNPs treated cells. Data collection started
about 50 min after the start of the treatment. It can be noted, by comparing the cell morphologies
in Figure 4a,b, that the bacterial overall shape and appearance has not changed. In Figure 4b, there
are a few cells (denoted by an arrow) that appear to be narrower on one end since this end is loosely
attached. This occurs when bacteria stop growing in a monolayer and are stacked on top of each other.
The YM data that correspond to these loosely attached parts of bacterial cells were excluded from the
histogram. The number of YM points selected for the analysis is 598.

Figure 4b shows that after the treatment, the distribution of YM data remains bimodal, but with
modified means and the standard deviations: (0.04 + 0.01) MPa and (0.44 + 0.35) MPa. It should be
noted that both YM means are now shifted to lower values. The YM data reveal the softening of the
bacterial cells. The YM distribution for the softer regions is narrower. These softer regions on top of
the cells are evenly distributed and more numerous (when compared to non-treated cells), as can be
observed on the enlarged YM map. The rough estimate is that the softer YM population (first two bins
of the histogram) now makes about 50% of all YM points.

Figure 4c shows the topography and YM maps obtained for the same cell group. The data
acquisition started after 90 min of treatment. By comparing this topography with the topography of
untreated cells of Figure 4a, it can be noted that some cells are now shorter and that the YM modulus
data reveal further softening of the cells. It can also be seen that some cells are surrounded by some
soft matter. The mean values and the standard deviations obtained from the bimodal YM distribution
are (0.04 + 0.01) MPa and (0.27 + 0.17) MPa, and the number of the used YM points is 834. The
softer regions retain the same stiffness, while the stiffer regions become even softer with the sharper
distribution. The softer YM population, which makes about 50% of all YM points, remains unchanged.
These softer regions of the cell may be observed on the enlarged YM map.

The acquisition of the data presented in Figure 4d began 130 min after the AgNPs have been
added to the culture. The means and the standard deviations obtained for the YM histogram are
(0.04 £+ 0.01) MPa and (0.13 + 0.24) MPa, and the number of selected YM points is 729. Once again,
the softer regions are unaltered, while the stiffer ones become softer. The population of the softer YM
points (first bin of the histogram) makes about 50% of all YM points and its distribution sharpens.

The inset of Figure 4d shows the change of the YM mean values with time. The triangles are the
YM mean values for softer regions (first mode), while the circles are the YM mean values for stiffer
regions (second mode). It can be noted that soon after the beginning of the treatment, the YM of the
soft regions drops to half its initial value and then remains constant, while YM of the stiff regions
decreases all the time. The dotted line is the exponential fit of the YM data of the stiffer region. The fit
is given by the equation y = 1.1e70%* with R? = 0.99.

Bright-field images were obtained before and after the AgNPs treatment. Figure 5a,b show
untreated cells before and after AFM scans, respectively. It is visible that the cells have divided proving
that the probe does not interfere with the cells’ viability. Bacteria given in Figure 5a are “the mother
cells” to all bacteria in subsequent Figure 5b—f. Figure 5c shows the region of interest immediately
after the treatment. Figure 5d, taken after 3 h of treatment, shows that the cell division does not cease
immediately after the treatment. The image reveals that the cells’ number has increased sometime
during the treatment. Figure 5e,f are the fluorescence signal of SYTO 9 and PI, respectively. SYTO 9
stains all bacterial cells, while the PI signal of bacteria appears only if the membrane is permeabilized.
When both dyes are present at once, PI exhibits a stronger affinity towards nucleic acids than SYTO
9,50 SYTO 9 is displaced by PI [50]. Figure 5e reveals that the green signal of E. coli is reduced, and
the signal seems to be shifted towards the yellow. Figure 5f shows that all E. coli cells have been
permeabilized and every red-colored region of the image belongs to a rod-shaped bacterial cell.
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d) ?'

Figure 5. Optical microscopy data of non-treated and treated E. coli cells. (a) Bright-field image of
the initial “mother cells” before AFM imaging. (b) Bright-field image taken after AFM of non-treated
cells, about 1.5 h after the (a) image. (c) Bright-field image taken after a few minutes of treatment.
(d) Bright-field image taken after 3 h of treatment. (e) SYTO 9 fluorescence image taken after 3 h of
treatment. (f) PI fluorescence image taken after 3 h of treatment.

4. Discussion

The consistency of E. coli cell membrane and bacterial viability were studied upon AgNPs’ treatment
to elucidate possible correlation of membrane perturbation with the observed bactericidal effect. The
important question is whether the AgNPs permeabilize the cells and if so, how this influences the cell
viability. Please note that the PI molecule enters the cells only if they are membrane-permeabilized.
After 90 min of the treatment with %MIC dose, we found that 86% of cells were Pl-positive, as shown
in Figure 1b. After the same period, the time-killing assay revealed the 80% reduction of the viable-cell
population, as shown in the inset of Figure 1a. These results demonstrate that the PI-positive cells are
also non-viable and that the membrane permeabilization is closely related to the AgNPs’ antibacterial
mode of action. The 90-min treatment at a concentration corresponding to the MIC value induced PI
permeabilization for 94% of the bacterial population, i.e., only 6% of the population remained possibly
viable, while the time-killing assay indicated less than 0.3% of viable cells. These MIC data reveal that
not all non-viable cells are also PI-positive, so we conclude that the permeabilization of the membrane
might not be the only killing mechanism.

It was not possible to compare the AFM data with the time-killing assay data at 2MIC since the
growing conditions for the two experiments were quite different, due to the impossibility of shaking
the AFM sample during incubation. However, Figure 5f clearly shows that after 3 h of treatment all
cells (shown in Figure 5e) are Pl-positive, which means that scanned cells in Figure 4d were not viable.

Itis widely accepted that cell stress is related to the intracellular ROS level. DCFH,-DA fluorescence
probe, which diffuses through the cell membrane, is used to measure the bacterial ROS creation during
the AgNPs treatment. Due to the intracellular esterases, DCFH,-DA deacetylates to non-fluorescent
but membrane-impermeable DCFH,, which reacts with intracellular ROS to produce the fluorescent
DCEF [27]. This probe was proved to be suitable as a marker for the total ROS production [27] and is the
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most widely used fluorescent probe for detecting intracellular HyO, [52]. However, it is difficult to
extract the ROS fluorescence signal from the total signal generated in the sample. There are two main
reasons for this. The first is that the cellular ROS must be resolved from the contribution of the probe’s
autooxidation signal. The second is the attenuation of the light by absorption and/or scattering on both
the nanoparticles and the cells, which are present in the measured sample.

Two fluorescence experiments were performed to obtain the dependence of the bacterial ROS
signal irog (v,t) on the AgNPs’ concentration and time: first for different concentrations of AgNPs
in dyed PBS without bacteria and the second for the same samples but inoculated with bacteria.
The results are shown in Figure 2. Figure 2a shows the time dependence of the signal I5o(v,t) that
appears in the non-inoculated sample, due to the self-oxidation of the probe for different AgNPs
concentrations. The signal increases in time as the oxidation progresses. It also decreases with the
AgNPs concentration increase due to their absorption/scattering of the light. A similar masking effect
for the DCF fluorescence signal has been reported for iron oxide nanoparticles [53] while coated AgNPs
were shown to decrease ROS level due to fluorescence quenching and adsorption of the fluorescent
dye [28].

To obtain the influence of bacteria on the fluorescence signal, we compare the signal of the
inoculated dyed PBS bulffer I3(0, t) with the autooxidation signal I5o(0, t) of the non-inoculated dyed
PBS buffer. As shown in the inset of Figure 2a, the correlation between the two signals is linear and it
can be written in the form:

Ip(0,t) = kplao(0,t) +Ipo, ey

where kg = 0.66 is the attenuation coefficient and the intercept Igy) = 46 a.u. is the constant which
depends on the time of preparation of the samples and the offset of the instrument. Bacteria attenuate
the existing fluorescence signal throughout the absorption/scattering of the light. This correlation
(Equation (1)) proves that within the accuracy of the experiment, there is no additional fluorescence
signal generated by bacteria, i.e., bacteria in the dyed PBS buffer do not produce ROS.

The nanoparticles act similarly. They absorb and scatter both the incident light, coming from the
instrument’s lamp to the probe in the sample, and the fluorescent light emitted by the molecule. It is
reasonable to assume that for low concentrations of the AgNPs, the absorption/scattering coefficient is
proportional to the concentration v so that the intensity of the incident light on its path to the molecule is
reduced by the factor (1 — k;v). Similarly, the intensity of the fluorescent light on its path out the sample
is reduced by the factor (1 -k fv), where k; and ky are the constants that for a given sample geometry,
depend on the wavelength. The UV-visible absorption spectrum of the LAL-synthesized AgNPs
exhibits a typical sharp peak at 404 nm due to nanoparticle’s surface plasmon band absorption [45].
The absorption of the fluorescence light, emitted by DCF at A = 523 nm, is about half the maximum but
is still strong enough to produce the observed fluorescence signal reduction.

Under these assumptions, the fluorescence signal which should be obtained for AgNPs
concentration v,

Ir(o,t) = (1-ks)(1=k)I£(0,t) )

can be related to the fluorescence signal I f(O, t), obtained for the nanoparticle-free sample. For the low
nanoparticle concentrations, the quadratic term in v can be neglected. Therefore, Equation (2) assumes
a linear form

If(U, t) = (1 —kNpU)If(O, t), 3)
where knp = k¢ + k;.
Taking into account that the measured intensities differ from the actual values by the constant I,

which could appear e.g., due to the offset of the instrument, Equation (3) can be rewritten in terms of
the measured quantities as

Ino(v,t) —Io = (1-knpv)(In0(0,t) —Io), 4)
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where I40 (v, t) is the measured fluorescence for the non-inoculated samples (see Figure 2a). Equation (4)
gives a linear correlation
Ino(v,t) = (1-knpo)Lao(0,t) + knpolo )

between the measured I4o(v,t) and I40(0, t), with the correlation coefficient being a linear function of
v whose intercept is equal to 1. The assumptions on the role of AgNPs in the dyed PBS buffer, as given
in Equation (5), are confirmed by the correlation analysis of the fluorescence data shown in Figure 3a.
The slopes and intercepts obtained from the linear correlations given in Figure 3a were proven to have
linear dependencies on the nanoparticle concentration, as shown in the inset of Figure 3a.

Therefore, we conclude that the influence of the AgNPs on the autooxidation of the dye is
negligible. The decrease in fluorescence signal, which appears when the AgNPs are added to the batch,
appears only because of light absorption and scattering by the nanoparticles.

The evolution of the fluorescence signal for the inoculated samples I(v,t) is shown in Figure 2b.
The non-treated-bacteria signal starts with the highest intensity and then gradually drops below
the signals obtained for the treated cells. For the MIC-treated bacteria, the signal starts with the
lowest intensity and is almost constant for about 40 min after which it increases. These results can be
explained in terms of the AgNPs’ double effect. They stimulate cells’ ROS creation, which increases the
fluorescence signal, but they also absorb and scatter the incident/emitted light which results in signal
reduction. The latter applies to both fluorescence signals: the abiotic one I4o(0, t) — Ip that appears in
the sample without the cells and the ROS related signal irps(v, t) coming from inside the cell. The
total measured signal Iz(v, t) is the sum of those two signals multiplied by reduction factors of the
nanoparticles and the bacteria and, similarly as for Equation (4), can be written in the form:

Ig(v,t) —Io = kg(1—knpv)(Ia0(0,t) —Io +iros(v,t)). (6)
Please note that the actual and measured values differ for the offset I5. From Equation (6) we obtain

Ig(v,t) —Ip

Ko (1= knp0) I40(0,t) + Io. (7)

iROS (Ur t) =

Knowing the parameters kg, kyp and I, and obtaining the fluorescence response of the I4o(0, t)
sample, Equation (7) enables the extraction of the fluorescence signal due to the intercellular ROS from
the Ig(v, t) raw data. The parameter kg = 0.66, which is related to the fluorescence signal attenuation
due to the scattering on the bacterial cells, is the correlation coefficient of the fit given in the inset
of Figure 2a. The parameter kyp = 1.92, which refers to the fluorescence signal attenuation due
to the scattering/absorption of the AgNPs, is the correlation coefficient of the slopes’ fit given in the
inset of Figure 3a. According to Equation (5), the parameter Iy is obtained by dividing the correlation
coefficients of the linear fits given in the inset of Figure 3a, i.e., Iy = % = 558 a.u.

It is reasonable to presume that the extracted irps(v, t), shown in Figure 3b, is proportional to
the level of the cellular ROS which is dose- and time-dependent. Sub-MIC treatments, for which the
bacterial population is not terminally threatened, gives the response of metabolically active cells on a
chosen time scale. If the ROS production would be the dominant antibacterial mode of action, the ROS
level should increase with the AgNPs concentration and the MIC treatment should result in the highest
ROS level. The ROS level dependency is given in the inset of Figure 3b, fort = 5minand ¢t = 95 min.
It can be seen (for t = 95 min) that the ROS level increases with the AgNPs concentration up to 2/3
MIC (v = 0.20), assumes the maximum, and then suddenly drops for the MIC treatment. ROS level
obtained at f = 95 min for the MIC treatment is 3 times lower than for 5/6 MIC (v = 0.25) treatment.
The highest ROS level is significantly (about 3 times) lower than the ROS level developed for the
treatment with 0.33 mM H;O,. Please note that the later time-dependent level of ROS was obtained
from Equation (7) for v = 0, and is given in double cross-shaped symbols in the inset of Figure 2b.

Altogether, it is reasonable to conclude that the ROS induced oxidative stress is not the predominant
antibacterial mode of action of the LAL-synthesized AgNPs against E. coli. The ROS level does
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significantly increase with the AgNPs dose and time, but only for the sub-MIC dose and is still notably
lower when compared to the HyO; induced ROS level. Our results show that ROS production is related
to the antibacterial mode of action for sub-MIC AgNPs treatments, but not for the MIC treatment.

The results on the time evolution of the DCF fluorescence signal in E. coli treated with AgNPs [33]
are scarce. Published data are raw, which cannot be compared with our ROS data obtained by careful
analysis of the fluorescence signal. Interestingly, time dependency of the DCF fluorescence signal given
in Figure 2a reveals functional dependency similar to the DCF fluorescence signal of the graphene
oxide (GO) and poly (methyl 2-methylpropenoate) (PMMA) fiber mixture [54]. However, the DCF
signal of GO/PMMA develops longer lag with the final intensity very close to the H,O, DCF signal.
Also, according to the baseline data, it seems that the GO/PMMAs mixture does not induce the
scattering/absorbance effect as AgNPs do.

To explore the possible treatment-induced alterations, the AgNP-treated bacterial cells were
inspected by AFM. The YM was measured since the inspection of the morphology did not give a
significant difference between the non-treated and treated cells for all times. We used the QI mode which
enables simultaneous imaging and measurement of mechanical properties of bacterial cells [55]. YM
was obtained from the force—distance curves by applying the Hertz model for spherical indenters [56].

The YM map of viable non-treated cells, given in Figure 4a, reveals that the periphery of the
bacterial cell is apparently more deformable than the apex. This effect occurs due to the curvature
of the cell, i.e., the applied force is not normal to the cell [57]. To avoid this artifact the analysis was
performed only for the curves obtained from the central region of the cells [58].

The reported average values of YM for untreated E. coli vary by several orders of magnitude, as
shown in Table 1 in [59]. This might be attributed to the conditions under which the data were obtained
such as measurements on the dried bacterial samples. Our YM data are obtained on viable E. coli cells
in the growth medium. The novel result in our AFM study, which could be of particular interest, is the
bimodal distribution of the YM of untreated E. coli cells. The distribution has two clearly split maxima
that differ in value for an order of magnitude. The softer regions are randomly distributed on the
cell surface and cannot be attributed to, for example, an ongoing cell division, which would induce
localized YM alterations.

Some findings in the literature could be related to the observed YM variation and inhomogeneity
of untreated cells. It is worth noting that DH5¢ strain is commonly used to maintain and amplify small
plasmid DNA [60]. Also, it has been shown that induction of competence for transformation causes
pores which can be entry points for macromolecules [61]. Production of calcium competent cells results
in pore formation during the heating step [62] and the shockwave transformation causes an increase
in YM of dehydrated cells [63]. We speculate that softer parts of the cell could be predestined as the
future points of pore formation. However, this hypothesis demands thorough research.

Post-treatment YM histograms, given in Figure 4, reveal the narrowing of the stiffer YM distribution
and the shift of its maximum towards the lower values. We presume that the narrowing of the YM
distribution is an indicator of metabolic activity reduction. YM map given in Figure 4c, obtained for 90
min of bacterial treatment, reveal softer regions next to the cells. This might be an indicator of the
intracellular matter leakage due to cell membrane damage/lysis. It is also worth noting that the YM
maximum of stiffer regions decreases exponentially in time with the time constant of about 50 min, as
indicated in the inset of Figure 4d. Since the data given in the histogram in Figure 4d are obtained for
non-viable cells, it is clear that the cell viability can be related to the softening of the stiffer parts of
the cell.

It has been found that the 4 nm SiO, NPs induce the de-structuration of the peptidoglycan layer
and lead to the cell lysis [64]. Our results reveal that the mode of antibacterial action of AgNPs is
related to the time-dependent softening of the treated cell and possible cell lysis, which might be due
to the de-structuration of the peptidoglycan layer.

The treated cells were monitored by the bright-field and fluorescence microscopy to obtain
additional cell viability data before and after AFM data acquisition. Figure 5a,b of untreated cells show
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that AFM imaging does not influence bacterial viability. Figure 5c¢,d prove that cell growth does not
cease immediately upon treatment. This finding is in line with the dynamic nature of the population
lag as reported in the model of the AgNP-treated E. coli growth [45], which assumes that cells that
have not been inactivated continue to grow during treatment. A broad minimum in viable-cell number
for the IMIC treatment (Figure 1a) is also per the model. The fluorescence data in Figure 5e,f reveals
that all cells are non-viable after 3 h of treatment.

5. Conclusions

The effect of AgNPs treatment on the consistency of the cell membrane and the cell viability
is studied through the fluorescence of the PI probe and plating, respectively. The obtained data
reveal that PI-positive cells are non-viable, but at the same time, some non-viable bacteria were not
Pl-positive, leading to the conclusion that permeabilization of the membrane might not be the only
killing mechanism.

The change in bacterial ROS level during the AgNPs treatment was obtained from the DCF
fluorescence signal. Two experiments were performed to resolve the cellular ROS from the total
fluorescence signal: for different concentrations of AgNPs in dyed PBS without bacteria and for the same
samples but inoculated with E. coli cells. The results showed that the fluorescence signal increases in
time but reduces with nanoparticle concentration. Besides the contribution of the probe’s autooxidation
effect, these results can be explained in terms of the nanoparticles” double effect. Specifically, AgNPs
stimulate cellular ROS production which increases the fluorescence signal, but they also absorb and
scatter the incident/emitted light which results in a signal reduction.

From the linear correlation between the inoculated dyed PBS buffer signal and the autooxidation
signal of the non-inoculated dyed PBS buffer, we conclude that non-treated bacteria do not produce
ROS. Similarly, from a linear correlation between dyed PBS buffer signals with different AgNPs
concentrations, we conclude that the influence of the AgNPs on the autooxidation of the dye is
negligible. The decrease in the fluorescence signal, which appears when the AgNPs are added to the
non-inoculated batch, appears only because of light absorption and scattering by the nanoparticles.

This analysis enables the extraction of the cellular ROS level from the total fluorescence signal and
further conclusions.

The obtained cellular ROS level is dose- and time-dependent. The ROS level does significantly
increase with the AgNPs dose and time, but only for the sub-MIC dose and is still about 3 times lower
when compared to the H,O, induced ROS level. Given the fact that ROS assumes the highest level
for the sub-lethal dose, we conclude that the ROS induced oxidative stress is not the predominant
antibacterial mode of action of LAL-synthesized AgNPs against E. coli.

YM was obtained from the force-distance curves measured at the topmost parts of bacteria. We
found that the distribution of the YM data of untreated E. coli cells is bimodal, which is particularly
interesting. The distribution has two clearly split maxima that differ in value for an order of magnitude.
The softer regions are randomly distributed on the cell’s surface.

During the AgNPs treatment, the bacterial YM histograms reveal the narrowing of the stiffer YM
maximum and its softening, i.e., shift towards the lower values, which can indicate the metabolic
activity reduction. YM data of treated cells also reveal softer regions next to the cells, which might
be an indicator of the intracellular matter leakage due to cell lysis. Fluorescence microscopy images
of the AFM-inspected AgNPs treated cells have shown that all cells have been PI permeabilized
i.e., inactivated.

Bright-field microscopy of the treated cells shows that the cells” growth does not cease immediately
upon treatment. This finding is in line with the dynamic nature of the population lag as reported in the
model of the AgNP-treated E. coli growth [45], which assumes that cells that have not been inactivated
continue to grow.

Altogether, our results indicate that the LAL-synthesized AgNPs mode of antibacterial action
includes an increase of the cellular ROS level and destabilization of the cell membrane which includes
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reduction of its YM and possible cell leakage. We found ROS induced oxidative stress not to be the
main killing mechanism.

The bimodal distribution of YM found for the untreated E. coli cells is a novel result that could be
of general interest in understanding the membrane structure and motivate us for further work.
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V. CONCLUSIONS

The topic of the papers that are included in this study can be divided into three parts:
modelling bacterial growth curves, experimental characterization of the produced

colloid and probing the mode of antibacterial action of laser-synthesized AgNPs.

Firstly, it was necessary to understand the growth and inactivation of viable bacterial
cells. Understanding this growth enables recognizing, describing and explaining
population growth/inactivation features obtained when the cells are treated with
AgNPs. For that reason, viable E. coli growth data were obtained by measuring the
time change of the optical density of the sample, for different initial nutrients

concentrations and different inoculum sizes.

Our data showed that the main effect of the inoculum change is a shift of the growth
curve along the time axis without affecting the overall curve shape while growth stop
is caused by a lack of nutrients governing maximal cell concentration. The variation of
inoculum and initial nutrients concentration did not induce a lag phase. The absence
of a lag phase is a convenient starting point for studying the influence bactericide has
on inducing a lag phase. The simple interaction-based E. coli growth model was

developed and applied to the acquired data.

The bacterial population is described by the two mutually dependent first-order
nonlinear differential equations which constitute the model. These equations give the
time change of bacteria and nutrients concentrations. The introduction of a negative
bacterium-bacterium interaction term, leading to population decay, is specific for our
model. This is a novel mathematical approach for describing bacterial inactivation and
the onset of the death phase which can be explained on a microscopic basis. The model
can easily be extended to include additional bacterial interactions. Furthermore, a
simple method for data analysis and identifying model parameters is given. This

method can be used by researchers possessing minimum mathematical skills.

The silver nanoparticle colloid was synthetized using laser ablation in deionized
water. XRD, DLS, AFM, TEM, UV-VIS and zeta potential measurements were
performed to determine the NPs composition, structure, size, concentration and
stability. The concentration of the AgNPs in the colloid was estimated from the volume
of the LAL-ejected material. The colloid was tested against E. coli cells which showed
sensitivity towards it. Growth curves of bacteria treated with sub-lethal and lethal

AgNP concentrations were obtained from OD measurements.
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The main effects of the AgNP treatment are an increase in the baseline of the bacterial
growth curve, increase in apparent lag time, reduction of the maximal OD, without
significant change to the growth rate. Growth curves of bacteria treated with higher

sub-lethal concentrations exhibit a minimum, before exponential growth prevails.

To analyze the obtained data, a novel growth model is designed as an extension of our
interaction-based model for non-treated cells. The main assumption of the model is
that treated bacteria uptake nanoparticles, resulting in a decrease of both nanoparticles
and bacteria concentrations. The time change of bacterial, nutrients, and nanoparticles
concentrations depends on strengths of the bacteria—nutrients, bacteria—bacteria, and

bacteria—nanoparticles interactions.

Experimental growth data reflect the concentration of both bacterial cells and
nanoparticles which in turn shows that, for lethal treatment, a decrease in OD mostly

reflects a change in nanoparticle concentration.

The model comprehensively describes concentration-dependent postponed growth,
with very good fits for the apparent lag and exponential phase. It also describes the
concentration-dependent reduction of the maximal population, and the decrease of the
bacterial population in the death phase. According to the model, the postponed
exponential growth is not due to a classic lag in which bacteria do not divide. This state
can be characterized as a dynamic lag phase, or a near-steady state for which the
bacterial growth rate is close to the bacterial death rate. In the lag phase, bacteria divide
due to nutrients consumption and are inactivated due to the uptake of silver
nanoparticles, all at the same time. The duration of the dynamic lag time increases with
nanoparticle concentration and becomes infinite at the lethal concentration,

representing a transition between bacterial life and death conditions.

To summarize, the main contributions of modelling AgNP-treated bacteria growth
curves can be emphasized as follows. The observed lag phase induced by AgNPs is
not postponed bacterial growth and the predominant mode of antibacterial action of

laser-sythesized AgNPs is AgNP penetration inside the cell.

The experimental probing of the AgNP bactericidal mechanism was mostly done using
the obtained fluorescence data and AFM data. The findings indicate that some non-
viable AgNP-treated E. coli cells are not membrane-permeabilized, leading to the
conclusion that permeabilization of the membrane might not be the only killing

mechanism.

The change in bacterial ROS levels during AgNP treatment was obtained from the DCF

fluorescence signal. Two experiments were performed to resolve the cellular ROS from
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the total fluorescence signal: for different concentrations of AgNPs in dyed PBS
without bacteria and for the same samples but inoculated with E. coli cells. The results
show that the fluorescence signal increases in time but reduces with nanoparticle
concentration. When eliminating the contribution of the probe autooxidation, these
results can be explained in terms of the nanoparticle double effect. Specifically, AgNPs
stimulate cellular ROS production which increases the fluorescence signal, but they
also absorb and scatter the incident/emitted light which results in signal reduction. The
findings also show that non-treated bacteria do not produce ROS and the influence of
AgNPs on autooxidation of the dye is negligible. A decrease in the fluorescence signal,
occurring when AgNPs are added to the non-inoculated batch, appears because of

light absorption and scattering from the nanoparticles.

This careful analysis of data enables extraction of the cellular ROS level from the total
fluorescence signal. The obtained cellular ROS level is dose- and time-dependent.
Given the fact that ROS assumes the highest level for the sub-lethal dose, we conclude
that ROS-induced oxidative stress is not the predominant antibacterial mode of action
of LAL-synthesized AgNPs against E. coli.

YM data were obtained from the force-distance curves measured at the topmost parts
of bacteria. The findings show that the distribution of the YM data of untreated E. coli
cells is bimodal, which is particularly interesting. The distribution has two clearly split
maxima that differ in value by an order of magnitude. The softer regions are randomly

distributed on the cell surface.

During AgNP treatment, bacterial YM histograms reveal the narrowing of the stiffer
YM maximum and its softening, i.e., a shift towards the lower values, possibly
indicating a reduction of metabolic activity. YM data of treated cells also reveal softer
regions next to the cells, which may be an indicator of intracellular matter leaking due
to cell lysis. Bright-field microscopy of treated cells shows that cell growth does not
cease immediately upon treatment. This finding is in line with the dynamic nature of
the population lag as reported in the model on AgNP-treated E. coli growth, which

assumes that cells which have not been inactivated continue to grow.

To summarize, our results indicate that the mode of AgNP antibacterial action is an
interplay of multiple factors. The LAL-synthesized AgNP bactericidal mechanism
includes AgNP penetration inside the membrane/cell, destabilization of the cell
membrane, including a reduction of its YM and possible cell leakage, with an increase
in the cellular ROS level.
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Appendix

VI. APPENDIX

SUPPLEMENTARY MATERIAL TO CHAPTER II
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E. coli DHb5a strain was grown overnight at 37 °C with shaking in 50 % Mueller-Hinton
Broth (MHB) broth (Biolife, Italy), while E. coli ATCC 29213 was grown in 50 % Luria-
Bertani (LB) medium (5.0 g/L of tryptone, 2.5 g/L of yeast extract and 5.0 g/L of NaCl
per 1 liter of deionized sterile water) in the same conditions. The following steps were
done in the same way as describes in the Methods section in the paper. The

experiments were done in triplicates.

Viable cell count of E. coli ATCC 29213 growing in 50 % LB was done as described in

the paper. The experiments were done in triplicates.
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Fig S1. DH5« in MHB: different initial nutrients concentration. Growth curves of E. coli
DHb5a in 50 % MHB obtained for different initial dilution factors x but with the same inoculum
size. The presented curves are the average of OD data obtained from three separate experiments,
conducted under the same conditions. Symbols are the experimental data and full lines are the
theoretical fits. The OD in absorbance units is given on the left axis and the corresponding

bacterial concentrations in CEU/ml are given on the right axes.

Fig S1 shows experimental and theoretical growth curves of E. coli DH5a in 50 % MHB
obtained for different initial concentrations of nutrients No, i.e. different initial
nutrients dilution factors x. The experimental growth curves are given by symbols.

Bacterial concentration in CFU/ml is given on the right axes. The baseline, i.e. OD of
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the vial and the corresponding sterile growth medium, is subtracted from the raw data
so that the OD reflects only the change in the bacterial concentration. It can be noted
that the maximum of bacterial OD, as well as the growth rate follow the reduction of
the nutrients concentration in the same way as they do for E. coli DH5« in 50 % LB.
The lines are the best fits obtained from the solutions of model equations (1) and (2).
The fitting procedure requires variation of the four parameters: Bo = 0.005 a.u., Nm =
0.55 a.u., a and g. The fitting procedure was done as explained in the paper. The figure
shows that the cells have not gone into the stationary or the mortality phase within the
first 24 hours. For this reason, f parameter was taken to be zero for these fits.
Interaction strength parameters @ was obtained as described in the paper. As seen in

the figure, these theoretical curves follow the experimental data very well.
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Fig S2. ATCC 29213 in LB: different initial nutrients concentration. Growth curves of E. coli
ATCC 29213 in 50 % LB obtained for different initial dilution factors x but with the same
inoculum size. The presented curves are the average of OD data obtained from three separate
experiments, conducted under the same conditions. Smaller symbols are the experimental OD
data and full lines are the theoretical fits. Larger symbols are the viable cell count data. The OD
in absorbance units is given on the left axis and the corresponding bacterial concentrations in
CFU/ml are given on the right axes.
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Fig 52 shows growth curves of E. coli ATCC 29213 in 50 % LB obtained for different
initial concentrations of nutrients N, i.e. different initial nutrients dilution factors x.
The experimental data manipulation and the fitting procedure was as previously
explained. Once again it can be noted that the maximum of bacterial OD, as well as the
growth rate follow the reduction of the initial nutrients concentration in the same way
as they do for the data given above. The initial fitting parameters were: Bo = 0.0002 a.u.
and Nm = 0.55 a.u. This figure shows that this strain in these growing conditions
undergoes the death phase after approximately 8 hours. The fits of the experimental
data (given by solid lines) explain the experimental growth (given by symbols) curves
nicely. In order to inspect the viability of the cells in the death phase, viable cell
counting assay was performed. These data are presented by large squares in the figure.
The viable cell data follow the same trend as the OD data even though they are
somewhat dispersed around the OD curve since the OD measurements are much more

precise.
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Fig §3. ATCC 29213 in LB: interaction strength parameters. Interaction strength parameters
a and B for E. coli ATCC 29213 in 50 % LB. Bacterial interaction strength parameter 5 (open
diamonds and left axis), as function of the initial nutrients dilution factor x obtained as
described in the paper. Parameter « as a function of x (full squares and right axis) is presented

for comparison. The full line is the fit of B and a to a rational function.
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In order to further validate the model, interaction strength parameters a and § of E.
coli ATCC 29213 in 50 % LB for different initial nutrients dilution factors x were
obtained according to the described procedure. The data shows that the interaction
strength parameter f(x) strongly decreases with x, with the dependence very similar
to the concentration dependence of parameter a(x) as shown in Fig S3 in the
appropriate scale. These data were fitted to the same rational function f(x) = a/ (x12 + x)
as given in the paper. The functions for ac and {3 differ only in the value of the parameter
a. The full line in Fig S3 is the least-square fit of parameter «a(x). This fit yielded: a =

5.51 102 min? a.u.”, ' =7.45 -10* min? a.u.” and x12= 0.163.
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Appendix

SUPPLEMENTARY MATERIAL TO CHAPTER III
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We further analyze the system for = 0. By inserting equations (2) and (3) into (1), we

obtain the expression for the growth capacity of the habitat which is constant in time:
Z[B(®) +N(t) — P()] = 0 (1)

B(0) + N(0) — P(0) = B(t) + N(t) — P(t) 2)

Combination of equations (2) and (3), and integration, gives the relationship between

the nutrients and the nanoparticles concentrations:

N(t) = N(0) - (%)7 3

As seen in Figures 7 a) and 7 b), by increasing the initial nanoparticles concentration
of the batch, B(t) develops a broad minimum which moves to the right on the time axis.

Let 7 be the time at which the curves reach its minimum. At the minimum, for t =7,

% B(t) = 0is valid and equation (1") becomes

%N(t) = %P(t). @)

After inserting equations (2) and (3) into (4’), we obtain the relationship between the

nutrients and the nanoparticles concentrations at the minimum
N(D =L P(0), ()

which combined with (3) gives the nanoparticles concentration at the minimum

Y
2 e
P(O)Y ,
o=l
Finally, after inserting (5”) and (6”) into (2’), for t = 7, equation (2") reads
v
@ )@ a@)-y
v ’
BO+NM<1—”)—PM'”=B(T)+($‘1)'[$'m] : )

For known B(7) this equation can be numerically solved for v.

The first solution is v1=0.186 is found for 7=0and and B(7) = Bo . The second solution,
v2=0.345 for 7 =00 and B(7) = 0. We conclude that with the nanoparticles volume
share increase, for v € [0.186,0.345] and ¢ = 7, a minimum in B(f) is developed, where
the dynamic lag time is increasing and assumes infinite value for v = v2. The volume
share v2 is the calculated lethal dosage which is in excellent accordance with the

experimental value.
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