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Abstract:
The motivation of this project is to investigate the bactericidal eﬀect of silver
nanoparticles (AgNPs). The bactericidal eﬀect of spherical silver nanoparticles
(SAgNPs) (0.083 mM and 0.274 mM),
triangular silver nanoprisms (TAgNPs)
(0.024 mM), and silver ions (0.101 mM
and 0.295 mM) are investigated toward the
gram-negative bacteria Escherichia coli
(E. coli) and the gram-positive bacteria
Bacillus subtilis (B. subtilis). The bacteria are cultivated in LB broth and YP
broth, respectively, and the bactericidal
eﬀects of the antimicrobial agents are determined through optical density measurements (OD600 ). AgNPs are synthesized by
a chemical reduction method, and absorption spectroscopy and atomic force microscopy (AFM) are applied to confirm
the shape and size of the AgNPs. The
antimicrobial agents were suspended into
the broths between OD600 0.7 and 1.1.
The bactericidal eﬀect of silver ions are
well documented, and the silver ions in
this project showed a great bactericidal effect. The bactericidal eﬀect of SAgNPs
and TAgNPs are also well documented,
however, this project revealed no bactericidal eﬀect in the broth experiments. This is
suspected to originate in too high concentrations of bacteria in the broth compared
to the concentrations of antimicrobial particles.

The content of this report is freely available, but publication (with source reference) may
only take place in agreement with the authors.

Preface
This project is written by group 4.212, consisting of third semester Nanotechnology
students of Aalborg University from September 3rd to January 5th . Lector Evamaria
Petersen, Lector Peter Fojan, and Lector Thomas Søndergaard are the primary supervisors.
The topic of the project is nanostructures, which includes nanoparticles and templates.
This project will only concern silver nanoparticles as a bactericidal agent.
The project will introduce the topic of nanoparticles and pathogenic bacteria, leading
to a problem analysis and problem statement. The statements in the problem analysis
and problem limitation are further elaborated throughout the project. Furthermore, the
project includes a State of the Art chapter, which concerns with current application of silver
nanoparticles in the medical industry. Moreover, the project includes theoretical chapters
describing a model of nanoparticles and the antimicrobial eﬀect of silver nanoparticles. A
description of the experiment and results will follow, which leads to the end of the project
consisting of a discussion and conclusion of the experiment according to relevant theory.
Throughout the project, each chapter and section will have numbered titles. Furthermore,
all figures, significant equations, and tables will be numbered. The reference system applied
is the numerical system and every reference is then represented by a [number], which refers
directly to a specific source in the bibliography. Figures with no reference number are
composed by the group itself and vectors are denoted in bold.
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1. Introduction
Microorganisms are present all over the earth’s biosphere including air, water, and soil,
and some microorganisms even thrive under extreme environmental conditions. The human
body is a rich habitat for symbiotic microorganisms including bacteria, fungi, and a few
protozoa. The human body contains around 600,000 billion cells, where only approximately
60,000 billions of them are human cells. The rest are primarily bacterial cells, which we
live in a close vital symbiotic relationship with [1]. However, some microorganisms are
pathogenic to the human body, and even our own neutral bacterial flora can become
pathogenic in too high concentrations or if they penetrate into the bloodstream or into
sterile organs through some surface traumas. [2]
The World Health Organization (WHO) is estimating that pathogens cause around 10
billion infections every year and that 12 million people dies from infectious diseases
yearly. Infectious diseases are also among the most common causes of death in humans
along with diﬀerent types of heart and cancer diseases [3]. Most infections caused by
pathogenic microorganisms are treatable with antibiotics or other drugs, and some are
even preventable by vaccines. However, we face an increase in cases of multi antibiotic
resistance in pathogenic microorganisms in the industrial world caused by the heavy use
of antibiotics. [3]
Microorganisms are very adaptable to environmental alternations leading to drug resistance
in bacteria through development of resistant strains. This induces the need for new
alternatives to conventional antibiotics before harmless infections become deadly due to
the lack of eﬀective treatments.
The search for new antimicrobial agents opens a new field of nanotechnology, and diﬀerent
approaches are examined today, one include neutral appearing materials as vegetables and
herbs, where others include noble metals and even vaginal bacteria [4, 5].

Group 4.212
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1.1. Problem Analysis

1.1

Problem Analysis

The continuous increase in cases of multi antibiotic and metal ion resistance in pathogenic
microorganisms induces the need for constant development of new drugs. However, few
new antibiotics have been introduced by the pharmaceutical industry in the last decade,
and none have improved activity against multidrug resistance [6, 7]. Furthermore, some
antibiotics are proven toxic and allergy inducing in humans, which further motivates the
development of new alternative antibiotics that are safe, cost-eﬀective, and with little risk
of drug resistance. [7]
One antimicrobial agent that has caught great interest is nanoparticles of noble metals,
which have demonstrated great antimicrobial activity making them attractive potential
alternatives to antibiotics. Nanoparticles possess unique physiochemical characteristics
including extremely high surface-to-volume ratio compared to bulk material, providing a
large active surface, high reactivity, and a size ranging in nanometres. [6]
Among the noble metallic nanoparticles, silver nanoparticles have received the greatest
attention due to their good conductivity, chemical stability, anti-inflammatory eﬀects,
and great antimicrobial activity towards gram-positive and gram-negative bacteria, fungi,
and vira [8]. Other noble metal nanoparticles including copper, gold, and titanium
nanoparticles have proved some antimicrobial activity, however, silver nanoparticles have
proven the most eﬀective antimicrobial agent. Copper is a cheaper alternative to more
expensive metal nanoparticles. [7]
It is well known that silver ions and silver based compounds are highly toxic to
microorganisms including 16 major species of bacteria [9]. For centuries silver based
compounds have been applied in treatment of burn and chronic wounds. However, the use
was minimized after the introduction of penicillin in the 1940’s [7]. Now silver compounds
have once again caught attention and are currently applied in dental works, catheters,
and treatment of burn wounds, where they act as antibacterial agents, and control the
bacterial growth [10]. The antimicrobial eﬀect of silver compounds is well documented,
however, the inhibitory mechanism of silver on microbial growth is only partially known. It
is suggested that the antimicrobial eﬀect of silver nanoparticles is a combination of several
reactions; penetration of the cell membrane causing structural changes in permeability of
the cell membrane, accumulation of nanoparticles on the cell membrane, generation of free
radicals leading to a porous cell membrane, deactivation of vital enzymes by reaction
between thiol groups and silver ions released from silver nanoparticles, destruction of
microbial DNA and RNA, only to mention some of the reactions leading to cell death
of pathogenic microorganisms. [9]
When discussing the antimicrobial eﬀect of nanoparticles their size and shape are an
important notion. The antimicrobial eﬀect of nanoparticles depends on their small size
ranging between 1 and 100 nm, and it is suggested, that a decrease in size will increase
antimicrobial activity. Furthermore, the shape of the particle is another leading factor
of antimicrobial activity of nanoparticles. It is suggested, that the triangular shape of
nanoparticles results in higher antimicrobial activity compared to spherical and rodlike
nanoparticles. [8]
Lastly, some precautions must be accounted for when applying silver nanoparticles in
antimicrobial treatments including nanotoxicity. There is a need of more profound studies
in the field of toxicity of nanoparticles and it is suggested that they are toxic to the
Group 4.212
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environment, mammalian cells, and cause health problems.
Where metallic silver is inert, silver ions are potentially very reactive. This is important
in the antimicrobial action of silver nanoparticles, but can, on the other hand, cause
health problems such as Argyria, Argyrosis, and liver and kidney damage. However, there
are no regular reports on silver allergy [7, 9]. Furthermore, it is suggested that silver
nanoparticles cannot discriminate between diﬀerent strains of bacteria hence leading to
cell death in microbes beneficial to the environment. [9]

1.2

Problem Limitations

This project is limited to the investigation of the bactericidal eﬀect of spherical silver
nanoparticles (SAgNPs), triangular silver nanoprisms (TAgNPs), and silver ions toward
the gram-negative bacterium Escherichia coli (E. coli) and the gram-positive bacterium
Bacillus subtilis (B. subtilis) in broths. This project will investigate how the surfaceto-volume ratio and the presence of crystallographic facets {111} and {100} aﬀect the
bactericidal eﬀect. TAgNPs predominantly have {111} facets where spherical and rodlike, on the other hand, have a high percentage of {100} facets. The {111} facet has the
highest atomic density. [8]
Several ways to synthesize silver nanoparticles exist. However, chemical reduction method
is by far the most simple to conduct, and it is the easiest one to upscale the production
volume of [11]. Chemical reduction method only requires a reduction and stabilizing
agent. In this project, SAgNPs are reduced from silver nitrate by sodium borohydride
and stabilized by the surfactant polysorbate 80 (Tween 80). TAgNPs are produced, firstly,
by reducing silver nitrate by sodium borohydride into nano seeds stabilized by trisodium
citrate and, later, silver is reduced by ascorbic acid, stabilized by trisodium citrate, and the
growth into nanoprisms is controlled by the surfactant poly(sodium styrene sulphonate).
Both bacteria are grown in broth with environmental conditions optimal for the bacteria.
Silver nanoparticles (AgNPs) are added during the exponential growth phase of the
bacteria. The antimicrobial eﬀect of the AgNPs are determined by optical density of
the culture. A more turbid culture yields a higher absorbance, and is a sign of a higher
bacterial concentration. The turbidity of the cultures are determined by absorption
spectroscopy measuring the optical density at a wavelength of 600 nm. If the AgNPs have
any bactericidal eﬀect toward the bacteria the turbidity of the cultures should decrease as
the concentration of metabolic active cells decreases as time progress. The technique is
termed turbidimetry.

1.3

Problem Statement

Which of SAgNPs, TAgNPs, and silver ions have the greatest bactericidal eﬀect toward E.
coli and B. subtilis?

Group 4.212
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2. State of the Art
Various methods have been reported over the last two decades for synthesis of silver
nanoparticles (AgNPs), and the majority involves physical and chemical processes. AgNPs
can be produced by top-down techniques involving mechanical grinding of bulk metals
which are then stabilized by colloidal protecting agents, or bottom-up techniques including
chemical reduction methods, electrochemical methods, and sonodecomposition. [9, 12]
Chemical reduction method is by far the most simple one, and it is easy to upscale
into large productions. It relies on reduction of metal salts by some chemical reducing
agent, and the resulting nanoparticles are 3 - 40 nm in size. The electrochemical method
involves electroreduction of silver nitrate in aqueous media containing polyethylene glycol,
and produces nanoparticles with a radius of 5 nm. Sonodecomposition involves usage of
ultrasonic waves to induce cavitation, which is a phenomenon where ultrasonic waves pass
through an aqueous media resulting in microscopic bubbles that expand and eventually
burst. The nanoparticles are synthesized by sonochemical reduction of dissolved silver
nitrate in an argon-hydrogen atmosphere through generation of hydrogen radicals. The
produced nanoparticles are approximately 10 nm in radius. Furthermore, nanoparticles can
be synthesized from reduction of silver nitrate by variable frequency microwave radiation
resulting in a fast reaction and a high concentration of AgNPs. The produced nanoparticles
range from 15 to 25 nm in size. [9]
The main problems with the above mentioned synthesis methods is the use of hazardous
chemicals and the extremely expensive nature of the methods. These factors have
motivated a search for environmentally friendly biological synthesis methods of metal
nanoparticles, which have produced many diﬀerent, but successful results. Biological
synthesis methods involving diﬀerent leaf extracts and broths have yielded AgNPs with
controllable size from 15 to 500 nm [13, 14]. There are, however, still challenges, using
this method in relation to shape control and monodispersity. Various microorganisms have
also been used to synthesize metal nanoparticles. Klaus et al. have reported triangular
nanoprisms with diﬀering sizes and a limited control over both size and shape, using the
silver resistance in some bacterial cells [15]. Konish et al. produced platinum nanoparticles
with no mention of size or shape control, using the bacterium Shewanella Algae [16].
Enzymes have also been used to synthesise metal nanoparticles along with nanowires [17].
In other experiments, Vigneshwaran et al. used a fungus to produce AgNPs, which had
a narrow size distribution of 8 ± 1.26 nm. The method used is reported to be very ecofriendly and easy to upscale to large productions. [18]
Kumar et. al. show a way of synthesizing SAgNPs in vitro using the enzyme nitrate
reductase produce by the fungi Fusarium oxysporum. First the fungi is grown, whereupon
the nitrate reductase is purified from it. Nitrate reductase is then used to synthesize
SAgNPs in vitro under anaerobic conditions and in the presence of ↵-NADPH and
phytochelatin. The SAgNPs should be 9 nm in size. [19]
Another way of producing metal nanoparticles involve green synthesis, where metal
nanoparticles are synthesized from leaf extracts. An example of this is described by
Geethalaksmi et al.. Gold nanoparticles and AgNPs is synthesized from gold (III) chloride
Group 4.212

15 of 76

2. State of the Art
trihydrate and silver nitrate using saponin isolated from aqueous leaf extracts from
the plant Trianthema decandra. This method produced gold nanoparticles in spherical,
hexagonal, and cubic shapes with diameters ranging from 37.7 to 79.9 nm and spherical
AgNPs with a diameter ranging from 17.9 to 59.6 nm. [20]
Biosynthesis of AgNPs could also include the use of bacteria as a synthesizing or reducing
agent. Shahverdi et al. describes a way of synthesizing AgNPs using supernatant from
bacteria of the Enterobacteriacae family. Supernatant was extracted from bacteria by
centrifuging the bacterial culture. Silver nitrate solutions were added to the supernatant,
where Ag+ was reduced to Ag0 . This was succesfully done using the bacteria E. coli, E.
cloacae, and K. pneumonia. Compared to methods using bacteria or fungi cell masses, this
method is faster, because the reduction of silver occurs more rapidly using the supernatant
rather than the bacteria. [21]
A potentially very useful application of the antimicrobial properties of the AgNPs is
adsorbing the nanoparticles into diﬀerent forms of fabrics. Perelshtein et al. describes
a sonochemical method of adsorbing AgNPs to diﬀerent forms of fabric where ultrasound
is used to fuse the AgNPs with the textile fibres. The treated fabrics, showed great
bactericidal eﬀect against both gram-negative (E. coli) and gram-positive (S. aureus)
bacteria. These results show great promise for future use which could include bed linen,
wound dressing, and medicinal bandages. These applications could prevent wounds from
getting infectious or maybe help treat already existing infections in wounds. [22]
A problem with this approach, is that the antimicrobial agents are always active, which
might prolong the healing process of a wound or kill harmless bacteria that are a
natural part of the human microflora which might diminish the natural defence against
infections. Zhou et al. provides a solution to this problem by using vesicles containing the
antimicrobial agents instead of applying the antimicrobial agents directly to the wound
dressing. Some pathogenic bacteria will secrete toxins that damage the membranes of
human cells, thereby killing them. The vesicles are, however, designed to be broken down
by the same toxins thus releasing the antimicrobial agents, making the pathogenic bacteria
the cause of their own demise. A colorimetric response could also be build into the vesicles
thereby giving patients and doctors an early warning of a wound infection. [23]
Just as well as fabrics can be impregnated with AgNPs in order to achieve an antimicrobial
eﬀect, so can other surfaces or objects. Implantable medical devices pose a major risk
of infections. Once a device has been implanted it gets covered in a biofilm consisting of
glycoproteins from tissue and plasma that is insusceptible to most therapeutic agents. Due
to this, the device often has to be removed in order to completely eradicate the infection
and prevent a relapse. Impregnating these devices with AgNPs shows great potential in the
prevention of infections as shown by Furno et al.. Silver particles coated onto the surface
of the devices have proven ineﬀective as an antimicrobial agent, most likely, because silver
ions are unable to penetrate the biofilm. However, Furno et el. have found the AgNPs
to be eﬀective when impregnated onto the surface, partially due to a diﬀusion pressure
"pushing" silver ions, released from AgNPs, through the biofilm. [24]
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3. Bacterial Microorganisms
Microorganisms include several species such as bacteria, archaea, some fungi and algae,
and certain multicellular micro-scaled organisms. Microorganisms are categorized into
prokaryotic or eukaryotic cells depending on anatomy and cell structure. Furthermore,
prokaryotic cells are divided into the domains of Archaea and Bacteria, while all eukaryotes
are placed in one domain of Eukarya. While prokaryotes typically are single cell organisms,
eukaryotes can be single or part of a multicellular organism, and are much more complex
in structure and composition of intracellular components. [3]
A prokaryotic cell contains several intracellular components, however, none of them are
membrane bound. See Figure 3.1 for a three dimensional generalized rodlike bacterium.
One other characteristic of prokaryotes is the lack of a true cellular nucleus; in terms
of bacteria, their genomes are typically in the form of a single circular strand of DNA
(bacterial chromosome), which is an aggregate of hereditary material in the central cell area
termed the nucleoid. Some bacteria also contain non-essential (in terms of metabolism)
DNA plasmids, which can be transferred between bacteria and often confer the bacteria
protective characteristics such as drug resistance and production of toxins and enzymes.
Furthermore, bacterial DNA contain only exons, where eukaryotic DNA can contain a
large percentage of introns.

Figure 3.1. A three dimensional illustration of a generalized rodlike bacterial cell structure along
with its internal and external components. Notice that this is a generalized model, and not all
components are found in all bacterial cells. [3]

On the cell envelope, which encloses the prokaryotic cell, several external components can
be found, which often includes mobility appendages such as one or multiple flagella and
axial filaments, and attachment or channel appendages such as pilus and fimbriae. These
external components are the ones which reacts with the surrounding environments. Like
eukaryotes, prokaryotes contain ribosomes, which are the primary protein synthesis site in
organisms. [3] The most relevant components and reactions for this project in accordance
Group 4.212
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3.1. Generalized Model of the Bacterium Envelope
with Section 4.5 are further described in this chapter.

3.1

Generalized Model of the Bacterium Envelope

Most bacteria have a chemically complex external envelope surrounding the intracellular
components. The cell envelope is composed of two primary layers; the cell wall and the
cell membrane. These are often tightly bound together only separated by a thin layer
termed the periplasmic space. This space is an important reaction site for substances
during transport in and out of the cell. [3]
The cell wall accounts for a number of important bacterial characteristics. In general
it helps determine the shape of the bacterium, and it provides an excellent structural
support necessary to keep a bacterium from bursting or collapsing due to changes in
osmotic pressure. In bacteria, the stability of the cell wall depends on the macromolecule
peptidoglycan (PG), which is composed of a repeating framework of long glycan chains,
N-acetyl glucosamine and N-acetyl muramic acid alternately, cross-linked by short peptide
fragments. The cell wall is crucial to bacterial survival, and if it somehow is missing or
incomplete, the bacterium will soon start to lyse. Several types of antimicrobial agents
like penicillin target the peptide cross-links, which disrupts the integrity of the PG. [3]
Just beneath the cell wall, the cell membrane exists, which is a thin flexible bilayer of
phospholipid units embedded with sulfate and nitrate rich proteins ranging from 5 to 10
nm in thickness. Some membrane proteins are only situated on the surface where other
extends through the total membrane. The phospholipids serve as the primary structural
component of cell membranes, and are composed of two long apolar fatty acid hydrocarbon
chains bound to one glycerol whose third binding site is bound to one phosphate group.
The phosphate group is bound to an alcohol group, and the phosphoric acid-alcoholic
group is negatively charged resulting in a negatively charged cell membrane, see Figure
3.2.

Figure 3.2. Illustration of the general molecular structure of a cell membrane phospholipid.
The phospholipids are composed of two long apolar fatty acid hydrocarbon chains bound to one
glycerol whose third binding site is bound to one phosphate group. The phosphate group is bound
to an alcohol group, and the phosphoric acid-alcoholic group is negatively charged resulting in a
negativly charged cell membrane. [3]

Bacterial cell membranes generally consist of 30 - 40 % phospholipids and 60 - 70 %
proteins of the total membrane mass. Prokaryotes that diﬀer significantly from this model
are mycoplasma- and archaea membranes. [3]
Group 4.212
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The lipid phase is in motion and thus the cell membrane is dynamic, constantly changing,
and proteins migrate freely around. The major role of regulating transport by selective
permeable proteins is primarily completed by the cell membrane although the cell wall can
bar the passage of larger molecules. In bacteria, the membrane provides an important site
for energy reactions, nutrient processing, and synthesis. Most enzymes essential for energy
reactions of respiration in bacteria resides in the cell membrane. [3]
The cell envelope can include one or two cytoplasmic lipid membranes classifying the
bacterium as either gram-positive or gram-negative. The gram-positive bacteria envelope
contains one thick PG cell wall ranging from 20 to 80 nm in thickness and one cell
membrane. Moreover, the cell wall is composed of tightly bound acidic polysaccharides,
which include teichoic- and lipoteichoic acid, where teichoic acid is a polymer of ribitol
or glycerol and phosphate that is embedded into the framework of PG, and lipoteichoic
is similarly a polymer, but is instead attached to lipids in the cell membrane. The grampositive bacteria either have a very thin, or no periplasmic space. [3]
On the other hand, the gram-negative bacteria, besides a thinner single PG layer ranging
1 - 3 nm and a cell membrane, contains one outer membrane making it more complex in
morphology. This membrane is similar in construction to the cell membrane; except the
fact that it contains specialized types of lipopolysaccharides (LPs) and lipoproteins. LPs
are composed of lipid molecules bound to polysaccharides. The lipid molecules make up
the top layer matrix of the membrane. Located in the top layer one will find porins that
act as transport proteins regulating molecules during transport in and out of the cell, and
on the bottom layer one will mainly find phospholipids and lipoproteins. The selective
permeability of gram-negative bacteria relies on the porin proteins. The thin PG layer
assigns the gram-negative bacteria greater flexibility and sensitivity to lysis. Surrounding
the PG layer, one will find two extensive periplasmic spaces. [3]
The envelope structure of a gram-positive and a gram-negative bacterium is illustrated in
Figure 3.3.

Figure 3.3. A three-dimensional illustration of the gram-negative and gram-positive cell envelope.
In the case of the gram-positive cell envelope, a thick (20 - 80 nm) cell wall and a cell membrane
are present. In the case of the gram-negative cell envelope, a thin (1 - 3 nm) cell wall, a cell
membrane, and an outer cell membrane are present. [3]
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Due to the extra membrane layer, the gram-negative bacterium is more impervious to
some antimicrobial chemicals making them more diﬃcult to inhibit or kill. One exception
is alcohol-based compounds that can potentially dissolve the lipids in the outer membrane
disturbing its integrity. Several bacterial groups lack the cell wall structure of gramnegative and gram-positive, and some do not have a cell wall at all (Mycoplasmas).
Mycoplasmas resist bursting and collapsing by sterols incorporated into the cell membrane.
[3]

3.2

Intracellular Components

The intracellular components of the bacterial cell reside in a complex solution termed
the cytoplasm, or cytoplasmic matrix. This solution serves as a site for biochemical and
synthetic cell activities. Its primary component is water ranging from 70 to 80 %, which
serves as solvent for a mixture of nutrients including sugars, amino acids, and other organic
molecules and salts, which provides necessary building blocks for cell synthesis or as energy
sources. Furthermore, the cytoplasm contains larger, discrete components such as the
bacterium chromosome, ribosomes, granules, and actin strands. The composition of the
intracellular components vary within bacterium species. [3]
A bacterial cell typically contains a large number of ribosomes, that are chemically
composed of about 60 % rRNA and about 40 % protein. The ribosomes are the primary
protein synthesis site of all living cells, and they diﬀer in size, composition ratio, and
structure between bacteria and eukarya, making them a potential antimicrobial action
site. Some antimicrobial agents inhibit bacterial ribosomes while eukarya ribosomes remain
unharmed. [3] Lastly it is proposed that certain bacterial species possess an intracellular
network of protein polymers (actin strands), which, along with the cell wall, contribute to
cell stability and integrity. Chemically, the proteins are similar to actin filaments of the
eukaryotic cytoskeleton, and are therefore termed bacterial actin. [3]

3.3

Bacterial Cell Growth

Microorganisms that are provided with nutrients and the required environmental factors
are metabolically active, and growing in terms of population, and synthesis of cellular
components resulting in an increase in size [3]. This section is based upon characteristics
of bacterial growth in single-celled microorganisms.
In bacteria, cell division primarily occurs through binary transverse fission, where one
parent cell becomes two daughter cells in the transverse plane. During binary fission,
the parent cell increases its size, duplicates its chromosome, and forms a central transverse
septum that finally divides the parent cell into two daughter cells. This cycle is a continuous
process in bacterial colonies resulting in an increase in bacterial population, and the
duration of it is termed the generation time. [3]
Compared to other organisms, bacteria grow with a rapid rate; the average generation time
is between 30 and 60 minutes under optimum conditions. However, they will not continue
doubling at a maximum rate. Eventually several biotic and abiotic factors will prevent
cell division leading to cell death and a decrease in population. In systems of finite space
and nutrients with no waste removal mechanisms the bacterial lifespan is described over
3 to 4 days in a growth curve. The curve consists of a series of phases; the lag phase, the
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Cell density (OD600)

exponential growth phase, the stationary phase, and the death phase. [3]
In the lag phase, the bacterial population is not increasing. The individual cells are
adjusting to the environment and are metabolically active resulting in an increase in size
and a synthesis of chromosomes, enzymes, and ribosomes. The length of the lag phase
varies between populations depending on the bacteria and growth media. [3]
In the exponential (logarithmic or log) growth phase, the bacterial population reaches
its minimum generation time, and at the end, its maximum population number. This
phase will continue until nutrients are no longer adequate for exponential growth.
Microorganisms in this active phase are more vulnerable to antimicrobial agents that
disrupt cell metabolism and binary fission compared to those in the next phase. [3]
In the stationary phase the bacterial population has reached its maximum. The curve
appears stationary since the rate of cell death balances out the rate of cell multiplication.
Normally at this state, the level of nutrients and oxygen becomes limited, leading to cell
death, along with the high level of organic acids and other toxic biochemicals from the
high density of bacterial cells. Eventually the cells become unable to multiply due to the
lack of nutrients, and all bacteria begin to lyse, resulting in the last growth phase; the
death phase. The death rate in this phase is exponential, and the speed of decay depends
on the relative resistance of the species and the level of toxins in the media. However, the
rate is usually slower than the rate of the exponential growth phase [3]. See Figure 3.4 for
a full, generalized growth curve.

Stationary
Exponential

Death

Lag
Time

Figure 3.4. Generalized bacterial growth curve illustrating the lag phase, exponential phase,
stationary phase, and the death phase. The death phase depends on the individual bacterium
species.

Although bacteria are very adaptable to adverse habitats, nothing can be compared to
bacterial endospores. Endospores are dormant bodies produced by bacteria, including
Bacillus, and are a part of the two-phased life cycle of these bacteria, shifting between
vegetative cells and endospores. The vegetative cell is the metabolic active one, and when
exposed to certain environmental signals forms an endospore by sporulation. The spore is
inert, highly resistant to almost everything, and fitted for long-term survival. [3]

3.3.1

Cultivation of Microorganisms

To cultivate microorganisms, one will need a container of nutrient medium, which provides
an environment suitable for the cultivated microorganism to grow in. The medium needs
to provide carbon, nitrogen, energy sources, and vitamins and trace minerals as well as a
growth base with minimal or no cellular adaptation, and demonstrate ability to maintain
cell population for an extended period of time. [25]
Growth media are categorized by their physical state, chemical composition, and functional
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type. Media described here are designed for bacteria and fungi growth, and will only
concern liquid and solid media.
Liquid media are fabricated by dissolving media components in distilled water and are thus
defined as water-based solutions that do not solidify at temperatures above freezing. These
media are termed broths, milks, or infusions, and bacterial growth occurs throughout the
media by a dispersed, cloudy, or flaky appearance. [3]
Likewise, solid media are fabricated by dissolving media components in distilled water.
However, solid media additionally contain solidifying agents, most often agar, which
changes the physical properties of the medium in response to temperature. Once liquefied
at 100 °C, agar re-solidifies around 42 °C, and provides a firm, hard surface on which
cells can form discrete colonies. Agar is a complex polymer of galactose and sulphurcontaining carbohydrates that provides a basic framework to hold nutrients and moisture
in the medium. [3]
The nutritional and environmental requirements of bacterial species is specific, indicating
that the growth media must obey these requirements for the cells to grow optimally. The
media composition is either chemically defined (synthetic media) or complex, meaning
that either all components of the media is expressed by chemical formulas, or one or few
components of the media are indefinable. Indefinable components often refer to extracts
from animal or plant tissue or blood, milk, or digests like peptone or tryptone. The benefits
of complex media are that they are often inexpensive, and they support growth of a large
variety of microorganisms. [3]
Peptone and tryptone are partially digested proteins, rich in amino acids, that are often
used as primary carbon and nitrogen sources in a growth medium. Peptone is proteins,
either partially enzymatic digested or partially acid hydrolysed into a protein intermediate.
Peptones are preferably partially digested into peptides compared to being fully digested
into amino acids, since several bacteria prefer peptides to amino acids. Tryptone is a
peptone digest of casein protein originated from milk. Both peptone and tryptone are
water-soluble and both provide an excellent carbon source as well as a nitrogen source.
However, they generally provide diﬀerent amounts of specific amino acids due to the origin
of the proteins. The origin of the peptone protein must be specified if it is to be applied.
[3, 25]
Furthermore, it is necessary to provide the medium with vitamins. One inexpensive source
is yeast extract that not only provides vitamins, but also proteins, carbohydrates, and other
micronutrients. Yeast extract is a water-soluble, peptone-like derivative of yeast cells. [25]
Lastly, most organisms require an isotonic or hypotonic environment for optimal growth,
and particularly sodium chloride to maintain osmolality. In these environments, water
either flows in and out of the cell at equal rates (isotonic), or only into the cell (hypotonic).
Furthermore, most bacteria require salts such as magnesium, calcium, iron, and potassium
salts for bacterial growth as they provide elements used for cofactors in certain enzymatic
reactions. [26]

3.3.2

Turbidimetry

One of the simplest existing techniques of estimating the size of a bacterial population
is by turbidimetry [3]. Turbidimetry is the measurement of the cloudiness or turbidness
of a culture broth, that gradually becomes more turbid with increasing concentration of
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bacterial cells starting in clear broth. The turbidity can be measured by means of a light
sensitive instrument like a spectrophotometer. The spectrophotometer is equipped with a
light source that sends monochromatic light through a sample cuvette, and a photodetector
that measures the light intensity through the sample. As the cell population increases, the
light intensity through the sample decreases, resulting in higher absorbance. Less light will
reach the photodetector and more will be absorbed or scattered by the cells themselves.
When entering the cuvette, the incident light will be subjected to three interactions; some
will be absorbed by the cells, some will be transmitted through the sample, and some will
be scattered by the cells. When measuring OD using light with a wavelength between 400
and 1000 nm, bacterial cells primarily scatter the incident light. The absorbance of light
at these wavelengths by the bacterial cells is weak compared to when using UV light. The
scattering originates from the diﬀerent refractive index inside the bacteria, compared to
the media, which is typically 1.39. This is enough to scatter the incident light. [27] The
standard light used for turbidimetry is monochromatic visible light at a wavelength of 600
nm, thus the optical density (OD) is OD600 [3].
However, some problems must be accounted for when using turbidimetry. For example, the
spectrophotometer cannot diﬀerentiate between metabolic active and dead cells resulting in
an OD representing total cell density. Furthermore, microscopic air bubbles are measured
as metabolic active cells, and in dense populations, the concentration of air bubbles might
be quite high.
When the OD600 exceeds 0.7, there is a deviation from the Lambert-Beer law, resulting in
a poor estimation of cell density. The Lambert-Beer law relates the light intensity with the
length of the optical path and the concentration of the absorbing and scattering particles
[28]. The law, however, is only valid at low concentrations of the particles, and when the
OD600 value exceed 0.7, the culture broth must be diluted before measurement [29].

3.4

Escherichia coli

Escherichia coli (E. coli), see Figure 3.5, is a gram-negative, rodlike facultative anaerobe
bacterium, that ferments lactose but prefers aerobic respiration when oxygen is present.
The E. coli chromosome contains 4,288 genes and measures about 1 mm if unfolded linearly. In comparison, the bacterium is only 1 µm in length. The normal generation time
is approximately 20 minutes, making it an ideal, and traditional, cloning host. [3]

Figure 3.5. The rodlike Escherichia coli bacterium [30].

A common habitat of E. coli is the digestive tract of most warm-blooded animals where
it lives symbiotically with the host, producing vitamins and acids beneficial to the host,
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and produces proteins toxic to other intestine pathogens. However, in large concentrations
E. coli becomes pathogenic; it is a major cause of food and water poisoning resulting in
diarrhoea. Furthermore, 80 % of urinary tract infections can be traced to E. coli. Diﬀerent
strains and serotypes of E. coli posses diﬀerent pathogenic characteristics. However, it is
not classified as a true pathogenic. [3].
E. coli is best cultivated at a temperature of 37 °C, and according to ATCC, it is best
cultivated in Luria-Bertani (LB) medium, which is an all-purpose medium consisting of
tryptone, yeast extract and sodium chloride, either as broth or with agar. [26]

3.5

Bacillus subtilis

Bacillus Subtilis (B. subtilis), see Figure 3.6, is a gram-positive, rodlike facultative
anaerobe bacterium, once thought to be an obligate aerobe, that grows by anaerobic
respiration when nitrate is present, or fermentation when glucose and pyruvate are
present [31]. The B. subtilis chromosome contains approximately 4,100 genes [32] and
the bacterium measures 1 - 5 µm in length [32]. Under optimal growth conditions, the
generation time of B. subtilis varies between 26 and 45 minutes, but is observed as high as
120 minutes. Its natural habitat includes soil, water, air, and decomposing plant material.
Furthermore, B. subtilis is capable of producing endospores when the environment is
unfavourable for the bacterium. [3, 25]
B. subtilis is used in production of antimicrobial agents, because it produces a class
of lipopeptide antibiotics including iturins, which favour the survival of B. subtilis by
outcompeting other microorganisms like bacteria and fungi. B. subtilis bacteria are not
true human pathogens, and are rarely isolated from infections in humans. [3, 26]
Like most environmental strains, B. subtilis is optimally cultivated at temperatures
between 25 and 30 °C [26], however, it is also observed to be 30 to 37 °C, with minimum
growth temperature 18 °C and maximum 43 °C [33]. B. subtilis is capable of adapting to
changes in osmotic pressure and saline conditions, but it is observed to grow most optimally
in media with no or very little salt concentration. [34]

Figure 3.6. SEM picture of the rodlike Bacillus subtilis bacterium. [35]
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Nanotechnology literally means any technology on the nanometer scale. Following that,
a nanoparticle is defined as an aggregate of atoms bonded together with a radius ranging
from 1 to 100 nm, typically consisting of 10 to 105 atoms. Nanoparticles often have
extraordinary properties compared to bulk sized particles including optical, magnetic,
electronic, and catalytic properties, due to quantum mechanical eﬀects, which only occur
on the nanometer scale. An example of this is gold, which in bulk size is a noble metal
that usually is inert. However, gold nanoparticles with a size of 2 - 3 nm are quite reactive
and can cause chemical reactions to occur faster than they would if bigger particles were
used. This is a consequence of the fact that chemical reactions occur on the surface of
particles and as the particle-size decreases, the surface-to-volume ratio increases. A cube
consisting of one billion atoms has a side length of roughly 300 nm and 0.6 % of the atoms
will be on the surface of the cube. Another cube with a side length of 3 nm on every side
consists of a thousand atoms and 50 % will be on the surface of the particle. [36, 37]
Like gold, silver nanoparticles (AgNPs) are also much more reactive than bulk silver due to
the higher surface-to-volume ratio. Due to the great reactivity of nanoparticles, they have
caught great attention in treatment of infectious diseases where they act as antimicrobial
agents.
The silver atoms aggregate into nanoparticles in an ordered manner. The most common
crystal structure of silver is the face-centered cubic system, which include crystallographic
facets as {111}, {100} and {110} dependent on axis contact of the facet [38], see Figure
4.1. The surface composition confers the particle unique colloidal properties, where
larger surface-to-volume ratio supposedly results in a larger antimicrobial eﬀect. Diﬀerent
morphologies can result from changing the relative growth rates of diﬀerent crystallographic
facets by surface-modifying or capping agents, but also parameters such as time and
temperature can aﬀect the morphology of the particle. In antimicrobial context, two
interesting morphologies of AgNPs are the spherical silver nanoparticle (SAgNP) and the
triangular silver nanoprism (TAgNP). [39]

Figure 4.1. Illustration of two important crystallographic facets of the face-centered cubic system.
The {111} facets are predominantly present in TAgNPs, where the {100} facets are predominantly
present in SAgNPs.
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To determine the morphologies of nanoparticles, one can measure light absorption on the
particles using a spectrophotometer when exposed to diﬀerent incident light wavelengths.
The result is an absorption spectra specific for the particle morphology with a maximum
absorption wavelength defined by the particle acting as an oscillating dipole. One can
predict the absorption spectra of a specific nanoparticle by the behaviour of the particle
exposed to electromagnetic waves. The absorption cross-section is a measurement of the
probability of particle and light interaction.

4.1

Absorption of Spherical Silver Nanoparticles

When exposed to light, a SAgNP with a significantly small diameter compared to the
wavelength of the visible light experiences an increased interaction with the electromagnetic
wave compared to those with a larger diameter. This eﬀect can be described by making
some assumptions about the nanoparticle; the particle must be extremely small compared
to the wavelength of the electromagnetic wave and when suspended, the particles are far
away from each other.
From the first assumption, one can assume that the electromagnetic field of the
electromagnetic wave is homogeneous around the nanoparticle. The contribution of the
magnetic field of the electromagnetic wave to the interaction is significantly small, and
therefore only the electric field (E-field) is accounted for, see Figure 4.2. In the external
E-field, the free electrons of the nanoparticle are slightly displaced in relation to the
nanoparticle creating a partially negative and positive side on the particle. This creates an
induced internal E-field inside the nanoparticle. The particle is polarized by the external Efield, and is essentially an electric dipole. As time progress, the dipole oscillates, following
the electromagnetic wave oscillation. As the external E-field induces the dipole, some of
the light will be absorbed in the nanoparticle with a maximum amount of absorption at a
specific frequency, termed the plasmon resonance frequency [40]. The plasmon resonance
frequency is directly related to a specific wavelength of the incident electromagnetic wave,
and can be visualized with absorption spectroscopy [41, 42].
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Figure 4.2. Illustration of a nanoparticle exposed to an external E-field (E(!)) from an incident
electromagnetic wave resulting in the nanoparticle acting as an oscillating dipole in the z -direction,
creating an internal oscillating E-field (E1 ).
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When the light wave interacts with the nanoparticle some of the light will be absorbed
in the nanoparticle, and some will be scattered throughout the medium. However, the
scattered part is considered negligible in comparison to the absorption. To describe this
phenomenon, the absorption cross-section is introduced. The absorption cross-section is
related to the probability, and amount of absorption interactions in a sample at specific
wavelengths. The maximum absorption wavelength ( max ) is equal to the maximum
absorption cross-section wavelength. The absorption cross-section is defined in Equation
(4.1).
Pabs
,
(4.1)
abs =
I0
where Pabs is the eﬀect of the absorbed light and I0 is the intensity of the incident light.

4.1.1

Dielectric Constant of a Metal Nanoparticle

In order to determine the eﬀect of the absorbed light, one will need to introduce the
dielectric constant of the nanoparticle. The dielectric constant varies with the wavelength
of the incident light. To determine the dielectric constant, the current density is introduced,
which is described by the movement of the electrons in the particle. Following Drudes
theory of free electrons, the electrons inside the nanoparticle are considered to be free and
independent of each other. Thus when the electrons are moved as a unit their movement
can be considered as the sum of the motion of the individual electrons. The motion of one
electron can be found by equation (4.2), which describes the force acting on the electron.
[42]
dv
me ·
+ me v = eE,
(4.2)
dt
where me is the eﬀective electron mass, e is the charge of the electron, v is the electron
velocity, and is a dampening constant [42]. As the light wave propagates sinusoidal by
E(!) = E0 · e i!t , the electron velocity also propagates sinusoidally as it changes with the
external E-field, v = v0 · e i!t . Compiled into Equation (4.2), one will find Equation (4.3),
( i!me + me )v0 · e

i!t

= e · E0 · e

i!t

.

(4.3)

Isolating v0 from Equation (4.3), it can be written that
v0 =

e
me

i!me

E0 .

(4.4)

The current density is defined by the individual motion of the electrons times the electron
density n and the electron charge,
J = e · n · v0 =

n · e2
E0 .
me
i!me

(4.5)

Furthermore, the current density can be defined as the particle conductivity (!) times the
vector amplitude of the external E-field E0 . Conclusively, the fraction on the right-hand
side of Equation (4.5) must be equal to the particle conductivity:
(!) =

n · e2
.
me
i!me

(4.6)

Equation (4.6) yields that the particle conductivity is dependent on the frequency of the
light and thus on the light wavelength. Note that the particle conductivity is complex.
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Furthermore, the current density J is described as the change over time in polarisation P
i!t . Thus
of the AgNP by the external E-field J = @P
@t , where P being P = P0 · e
J=

i! · P ) P =

1
i
J = · (!) · E0 .
i!
!

(4.7)

The displacement field induced by the external E-field in the particle is defined and
combined with Equation (4.5), yielding
D = "0 · "r · E 0 = "0 · E 0 + P =

✓

◆
✓
◆
i
i
"0 +
(!) · E0 = "0 · 1 +
(!) · E0 .
!
!"0

The last parenthesis is known as the complex dielectric constant or eﬀective dielectric
constant "eﬀ of the nanoparticle.
Inserting the particle conductivity from equation (4.6) into the parenthesis yields
"eﬀ = 1 +

i!p2
i
ne2
·
=1+
=1
!"0 me
i!me
!(
i!)

!p2
.
!(! + i )

(4.8)

2

Here !p2 = "ne
. For later it is important to note that <( (!)) = !"0 ·=("eﬀ ). The internal
0 me
E-field of the nanoparticle is nextly determined in order to find the eﬀect of the absorbed
light.

4.1.2

Internal Electric Field of the Nanoparticle

The electric field E(!) around a spherical nanoparticle, with radius rs and dielectric
constant "eﬀ in a medium that has dielectric constant "out , is homogeneous and points in the
z-direction in this model. The electrostatic potential inside and outside the nanoparticle is
introduced, where, using spherical zonal harmonics derived from Legendre’s polynomials,
the solution is guessed to be satisfied by a sum of the two lowest order zonal harmonics.
[43]
Inside the nanoparticle
1 (r, ✓)

= A1 · r · cos(✓) + C1 · r

2

· cos(✓).

(4.9)

= A2 · r · cos(✓) + C2 · r

2

· cos(✓).

(4.10)

Outside the nanoparticle
2 (r, ✓)

Far away from the particle, the external E-field is uniform and there is no contribution
from the nanoparticle. The electrostatic potential becomes, as if no particles were present
at all, E0 · r · cos(✓). Thus A2 = E0 . C1 must be zero, as otherwise the external E-field
and potential would become infinite at the center of the spherical nanoparticle. Lastly,
the constants A1 and C2 can be determined through boundary conditions, at the surface
of the nanoparticle, as 1 = 2 at r = rs . [43] Consequently
E0 · rs · cos ✓ + C2 · rs 2 · cos ✓ = A1 · rs · cos ✓.

(4.11)

The boundary conditions for the external E-field is expressed through the radial part of
?
? =
the displacement field Dout
Din
free . However, the surface charge is free = 0, and
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? = D ? . Moreover, the radial part of the displacement field is expressed by the change
Dout
in
⇣ ⌘

in electrostatic potential D? =

"

@
@r

. Thus

"out · E0 · cos ✓ + 2C2 · rs 3 · cos ✓ =

"eﬀ · A1 · cos ✓.

(4.12)

Equations (4.11) and (4.12) are two equations with two unkown quantities. Cosine can be
discarded, and C2 does not need to be isolated as only the internal potential is of relevance.
Equations (4.11) and (4.12) are combined to express A1 as
3 · E0 · "out
.
"eﬀ + 2 · "out

A1 =

Thus the potential inside the nanoparticle is
1 (r, ✓)

=

3 · E0 · "out
· r · cos ✓.
"eﬀ + 2 · "out

(4.13)

3"out
· E0 .
"eﬀ + 2"out

(4.14)

Only the E-field inside the nanoparticle is important as this field is the one used to find
the eﬀect, and later the absorption cross-section. It is defined as E = r , and
E1 =

From Equation (4.14), it is evident that the internal E-field is at maximum when
"eﬀ ! 2"out .

4.1.3

Eﬀect of Absorbed Light

Remember that the absorption cross section is defined by the eﬀect of the absorbed light.
The eﬀect is defined by
⌧Z
Pabs =
J · E (!) d⌧ .
V

The external
⇣ E-field E⌘ (!) is⇣ only defined
⌘ by⇣the real part
⌘ of the internal E-field E1 .
1
1
i!t
i!t
i!t
⇤
˜
˜
˜
E (!) = < E1 · e
= 2 E1 · e
+ 2 E1 · e
. The same is true for the current
density. Thus
⌧Z
⌘ 1⇣
⌘
1⇣˜
Pabs =
J1 · e i!t + J˜⇤1 · ei!t ·
E˜1 · e i!t + E˜⇤1 · ei!t d⌧ .
2
V 2
+

⌧Z

1 ⇣⇣ ˜ ˜⇤ ⌘ ⇣ ˜⇤ ˜ ⌘ ⇣ ˜ ˜ ⌘ 2i!t ⇣ ˜⇤ ˜⇤ ⌘ 2i!t ⌘
J1 · E 1 + J1 · E 1 + J1 · E1 e
+ J1 · E 1 e
d⌧ .
V 4
⌦
↵ ⌦
↵
The eﬀect is averaged over time. As e 2i!t = e2i!t = 0, and as the integral does not
depend on the current density nor the E-field, it yields
V ⇣⇣ ˜ ˜⇤ ⌘ ⇣ ˜⇤ ˜ ⌘⌘
Pabs =
J1 · E 1 + J1 · E 1 .
4
Pabs =

As both current density and the internal E-field is present with their complex conjugate,
it can be shortened as the real part of the product
Pabs =
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As J˜1 = (!) · E˜1 , the equation becomes
⌘ V ⇣
⌘
V ⇣
Pabs = < (!) · E˜1 · E˜⇤1 = < (!) · |E˜1 |2 .
2
2
Inserting Equation (4.5) for the particle conductivity
internal E-field E1 , it can be written that
Pabs

Pabs

V
=
2

V
=
2

(!) and Equation (4.14) for the

3"out
!"0 · =("eﬀ ) ·
· E0
"eﬀ + 2"out
✓

2

!

.

+

◆
9 · "2out
2
!"0 · =("eﬀ ) ·
· |E0 | .
|"eﬀ + 2"out |2

(4.15)

Now, one will only need to determine the intensity of the incident electromagnetic wave
to express the absorption cross-section.

4.1.4

Intensity of Incident Light

The poynting vector is pointing in the propagation direction of the electromagnetic wave.
The intensity of the incident electromagnetic wave is expressed by the magnitude of the
poynting vector. The magnitude of the poynting vector is defined as
S=
Here, µ0 = (c2 · "0 ), yielding

1 nout
·
· |E0 |2 .
µ0
c

S = nout · c · "0 · |E0 |2 .

The intensity of the incident electromagnetic wave is equal to the time averaged magnitude
of the poynting vector. The only thing varying is the amplitude of the external E-field E0 ,
yielding
1
hSi = · nout · c · "0 · |E0 |2 = I0 .
(4.16)
2

4.1.5

Absorption Cross-section

Lastly, the absorption cross-section can be expressed for a spherical nanoparticle by
equation (4.15) and (4.16), giving
abs

=

V
2

9·"2out
|"eﬀ +2"out |2
· "0 · |E0 |2

· ! · "0 · =("eﬀ ) ·
1
2

· nout · c

Simplifying and inserting

!
c

=

2⇡

,V =

4
3

· |E0 |2

V
2

· ! · "0 · =("eﬀ ) · 9 · "2out · |E0 |2
.
1
2
2
2 · nout · c · "0 · |E0 | · |"eﬀ + 2"out |
p
· ⇡ · rs3 and nout = "out ,
=

3

abs

2
24 · ⇡ 2 · rs3 · =("eﬀ ) · "out
=
.
· |"eﬀ + 2"out |2

The nanoparticle is suspended in water, and thus the dielectric constant is "out = n2water =
1.332 . The dielectric constant of the nanoparticle can be described as "eﬀ = "0eﬀ + i"00eﬀ as
it is complex, giving
3
24 · ⇡ 2 · rs3 · 1.33 2 · "00eﬀ
.
(4.17)
abs =
· ("0eﬀ + 2 · 1.332 )2 + ("00eﬀ )2
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The dielectric constant of a silver nanoparticle is "eﬀ = (n + ik)2 = (n2 k 2 ) + 2ink, where
n2 k 2 is the real part and 2nk is the imaginary part. n and k are specific for silver, and
are determined experimentally and given in a database [44].
3

abs

=

24 · ⇡ 2 · rs3 · (1.332 ) 2 · 2 · n · k
.
· ((n2 k 2 ) + 2 · 1.332 )2 + (2 · n · k)2

(4.18)

Values for n and k were not given at every integer of wavelength, thus these values were
determined by interpolation. The absorption cross-section is displayed as a function of the
wavelength in Figure 4.3 with diﬀerent radii of the SAgNP.

Absorption Cross-section

Figure 4.3. Plot displaying absorption cross-section at diﬀerent wavelengths with maximum
absorption at wavelength 397.33 nm. The absorbance increases with radius of the SAgNP, however,
it does not shift the maximum absorption wavelength.

The maximum absorption wavelength is found to be at approximately 397.33 nm. As can
be observed from Figure 4.3, the diﬀerent radii of the SAgNP do not change max , only
the magnitude of the absorption cross-section.

4.2

Absorption of Triangular Silver Nanoprisms

TAgNPs have a higher antimicrobial eﬀect, possibly due to the larger surface-to-volume
ratio, see Section 4.5. The research into how to determine the shape of the AgNPs are of
great importance.
TAgNPs have a higher percentage of {111} facets than spherical and rodlike AgNPs, and
these facets are proposed to contribute significantly to the greater antimicrobial eﬀect.
Furthermore, these facets are a factor in how the absorption spectra of TAgNPs appear
compared to SAgNPs which was shown in Figure 4.3. According to Mock et al., there will
be a maximum absorption wavelength ranging from 555 to 625 nm due to the triangular
shape of the AgNPs. Unlike the SAgNPs, there is no clear correlation between the size of
the TAgNPs and the maximum absorption wavelength according to Mock et al., see Figure
4.4. [45]
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Figure 4.4. There is a clear correlation between size and peak of absorption in SAgNPs, where
the maximum absorption wavelength is red-shifted as the size of the particles increase. In contrast,
there is no clear correlation between size and maximum absorption wavelength in TAgNPs. [45]

The maximum absorption wavelength of TAgNPs is found to depend mainly on the
roundness of the corners of the triangle, see Figure 4.5. Mock et al. have heated the
TAgNPs, and measured the absorption spectra of them after 30 min, and after an additional
20 min. The corners were at their sharpest before being heated, and the maximum
absorption wavelength was at 625 nm. After being heated for 30 min, the corners were
softened a bit, and there was a blue-shift in the maximum absorption wavelength to 585
nm. After additional 20 min of heating, the edges of the triangles were at their softest,
and the maximum absorption wavelength was at 555 nm, see Figure 4.5.

Figure 4.5. The wavelength of the maximum absorption of TAgNPs is mainly determined by
the roundness of the corners. Sharp corners result in a red-shift in the maximum absorption
wavelength. The sharp corners correspond to a maximum absorption wavelength at 625 nm, the
softer edges at 585 nm, and the softest edges at 555 nm. [45]

Chen et al. found that their truncated TAgNPs had a maximum absorption wavelength at
552 nm, see Figure 4.7, and they had made very truncated TAgNPs, see Figure 4.6. [46]
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Figure 4.6. TEM picture showing truncated
TAgNPs with very soft edges, which should,
according to Mock et al [45], result in a blueshift in maximum absorption wavelength.[46]

Figure 4.7. Absorption spectrum of the truncated TAgNPs shown in Figure 4.6, illustrating
a maximum absorption wavelength at 552 nm,
which corresponds with the wavelength Mock
et al. [45] found for TAgNPs with truncated
corners [46].

In line with the findings of Mock et al. [45] and Chen et al. [46], Jin et al. [47] found that
the more truncated the TAgNPs were, the more blue-shifted their maximum absorption
wavelength became, see Figure 4.8.

Figure 4.8. Illustration showing A) the absorption spectrum of sharp TAgNPs and B) the
absorption spectrum of more truncated TAgNPs. The blue-shift in the maximum absorption
wavelength is evident, as the TAgNPs becomes more truncated [45].

4.3

Synthesis of Spherical Silver Nanoparticles

The SAgNPs are synthesized using a chemical reduction method described by Mulfinger et
al. [48]. Silver nitrate is slowly added to a solution of sodium borohydride, which acts as
a reducing agent of silver nitrate into metallic silver. The nanoparticles produced in this
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synthesis should be in the size range of 12 ± 2 nm.
AgNO3 + NaBH4 ! Ag + 12 H2 + 12 B2 H6 + NaNO3 .

(4.19)

The borohydride ions also act as a stabilizing agent, and are adsorbed onto the SAgNPs
giving them an overall negative surface charge and thereby creating electrostatic repulsion
between the SAgNPs preventing further aggregation [48]. However, borohydride ions are
unstable in water, and will react with water to form boric acid over time. Boric acid is
moderately soluble in water and will act as a weak Lewis acid towards OH– [49, 50].
BH4 + 4 H2 O ! B(OH)3 + OH + 4 H2 ! B(OH)4 + 4 H2

(4.20)

The boric acid ions will, however, act as a stabilizing agent in the same way as borohydride
ions. However, if electrolytes such as sodium chloride is added to the solution the charges
on the surface of the SAgNPs will be shielded, and the SAgNPs will be allowed to aggregate.
[48]
Since the antimicrobial eﬀect of the nanoparticles in this project will be tested in a broth
bacterial culture, containing sodium chloride, sodium borohydride will not be suﬃcient as
a stabilizing agent. As a stabilizing agent polysorbate 80 (Tween 80), which is a surfactant,
can be used. Tween 80 will be adsorbed onto the SAgNPs and prevent aggregation of the
nanoparticles due to steric hindrance, even when in the presence of electrolytes. [48, 51]

4.4

Synthesis of Triangular Silver Nanoprisms

There are several ways to synthesize TAgNPs, and in this project, the most simple one
is chosen, which is a chemical reduction synthesis. Firstly, seed AgNPs are produced
by reduction of silver ions to metallic silver by sodium borohydride in a solution with
trisodium citrate and poly(sodium styrene sulphonate). The trisodium citrate acts as
a reducing agent like sodium borohydride, though mainly as a stabilizer because of its
three carboxylate ion groups, when deprotonated. To stabilize, trisodium citrate binds
one ionized carboxylate group to the surface of the seed nanoparticles, while the two
remaining ionized carboxylate groups are free to act as electrostatic hindrance between
the seed nanoparticles in the solution ensuring no further aggregation [52]. By adding
a surfactant or polymer, here poly(sodium styrene sulphonate), see Figure 4.9, one can
control the properties of the seed particles and prevent a diverse seed solution, where some
seeds might grow into spheres and some might grow into prisms.

Figure 4.9. Chemical representation of the surfactant poly(sodium styrene sulphonate).
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The polymer or surfactant creates a micelle around the seed particles, and poly(sodium
styrene sulphonate) creates a rodlike micelle, ensuring only prisms are formed. Lastly,
trisodium citrate is added to the solution in order to stabilize the seed particles. The
reaction is carried out at room temperature, where sodium borohydride reduces silver ions
at a high rate, forming a large amount of very small seed particles. Sodium borohydride
is the primary reducing agent as it reacts faster than the trisodium citrate.
The stabilized seed particles are diluted in a solution of ascorbic acid and water, where
ascorbic acid acts as primary reducing agent. By slowly adding silver nitrate, the metallic
silver will aggregate upon the seed particles into a crystal structure. The silver crystal
structure is growing inside the micelle structure, which acts as a limiting agent in the [111]
direction, see Figure 4.10.

Figure 4.10. Illustration of the micelle containing the silver seed particle, limiting growth to only
two dimensions.

The slow rate of silver nitrate results in a fast growth in the easily accessible plane
perpendicular to the [111] direction, resulting in a flat triangular silver nanoprism, see
Figure 4.11. However, the growth parameters of seed nanoparticles are not yet fully
understood [53].
Lastly trisodium citrate is added once more to the solution to stabilize the grown TAgNPs
preventing further aggregation. [54]

Figure 4.11. Illustration of the structure of a produced TAgNP, whose growth in the [111]
direction has been limited during the synthesis.

4.5

Antimicrobial Properties of Silver Nanoparticles

There are a large number of proposed mechanisms, through which AgNPs inhibit or reduce
bacterial cell growth and metabolism resulting in accelerated cell lysis or population growth
plateau. However, this project will only concern the uptake of free silver ions by bacterial
cells disrupting the ATP production, generation of reactive oxygen species (ROS) by both
AgNPs and silver ions, and by direct damage to bacterial cells by AgNPs. [55]
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4.5.1

Free Silver Ions

Silver ions are potentially very reactive, and can react with the negatively charged cell
membrane. The release of silver ions from AgNPs avoids the use of silver salts in
treatments, and AgNPs are furthermore, less susceptible to deactivation by chloride ions
in physiological media compared to silver salts. AgNPs oﬀer a slow and controlled release
of silver ions compared to reactive silver salts making them more desirable in treatments.
[12]
In certain solutions and situations, AgNPs posses the same intrinsic antimicrobial
properties, since they can potentially dissolve and generate free silver ions from their
surfaces. Silver ions are produced by AgNPs, when the silver is oxidized by strong oxidants,
and Morones et al. found that when 0.7 mM silver, in the form of AgNPs, were dissolved
in 0.2 M sodium nitrate, they rapidly released ions in the concentration of 1 µM. The
concentration of ions decreased to < 0.2 µM due to aggregation of ions onto existing or into
new nanoparticles over time [56]. There are diﬀerent proposed mechanisms through which
the ions are released, and one proposed reaction is the reaction between the nanoparticles,
hydrogen peroxide, and two protons [57]:
2 Ag + H2 O2 + 2 H+ ! 2 Ag+ + 2 H2 O.

(4.21)

For Reaction (4.21) to occur, there must be peroxides present prior to the production of
silver ions. A mechanism proposed by Liu et al., however, should be able to take place as
long as oxygen and water is present [58]:
4 Ag + O2 + 2 H+

! 2 Ag+ + H2 O.

(4.22)

They showed, that under aerobic conditions, AgNPs suspended in deionized water will
produce silver ions, while this is not the case in anaerobic conditions. Even polymeric
stabilizers did not protect the AgNPs against the ion release. The experiment, however,
shows that the pH value of the solution has an important role to play in the production
of ions, and a pH 4 is the optimal value for ion formation, see Figure 4.12.

Figure 4.12. Two graphs showing A) the formation of silver ions in air-saturated water over time
and B) the eﬀect of the pH value of the water [58].
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The antimicrobial eﬀects of this hypothesis was tested by Xiu et al., who tested the
bactericidal eﬀects of AgNPs under both aerobic and anaerobic conditions. They found,
that there was no bactericidal eﬀect of the AgNPs under anaerobic conditions, even at high
concentrations of AgNPs. They suggest that the particles themselves have no bactericidal
eﬀect, and that silver ions cannot be released in the absence of oxygen. Furthermore,
locally in the periplasmic place pH is as low as 3.0 due to the proton motive force (PMF)
and free protons, which will enhance silver ion release from the AgNPs. [59]
However, one could argue that this does not exclude any other bactericidal eﬀect of AgNPs
beside the release of ions. Xiu et al. have carried out their experiments on E. coli, which
is an facultative anaerobic bacteria, meaning that during anaerobic conditions the final
electron acceptor is some nonoxygenic compound, and there is no natural production of
ROS during anaerobic respiration. AgNPs are stated to react with enzymes processing
ROS, resulting in an increase in ROS levels, which is cytotoxic. However, if there is no
neutral production of ROS in the first place, due to anaerobic conditions, the inhibitory
eﬀect of the AgNPs is negligible since the ROS levels wil not increase, thus no bactericidal
eﬀect will appear during anaerobic conditions.
The antimicrobial eﬀects of silver ions are well documented. The silver ions can interact
with enzymes participating in the respiratory reactions of the bacteria, resulting in a
breakdown of the synthesis of ATP [60, 61, 62, 63]. Furthermore, silver ions can bond
to the specialized carrier proteins and enzymes residing in the bacterial cell membrane.
This chain of proteins and enzymes transport electrons and simultaneously move protons
from the cytoplasm into the periplasmic space creating a concentration gradient termed
the PMF. This electron transport system over the cell membrane is the primary generator
of ATP during aerobic respiration in bacteria, and the process is termed chemiosmosis.
The only place protons can diﬀuse into the cytoplasm again is through the ATP synthase
complex, which results in the formation of ATP by a redox reaction between ADP and
inorganic phosphate, and the electrons reaching the final electron acceptor site, see Figure
4.13. The final electron acceptor is dissolved oxygen in the case of aerobic respiration, and
primarily results in water or in small concentrations of cytotoxic ROSs, which specialized
enzymes process.
The bonding of silver ions to the carrier proteins and enzymes, crucial to the ATP
generation, leads to a proton leakage inducing a collapse of the PMF resulting in a halt of
the ATP synthesis and induces bacterial lysis. [3, 64]
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Figure 4.13. The PMF occurs over the cell membrane in bacteria. ATP synthase is a complex
enzyme composed of two primary units, F0 and F1 , and as protons diﬀuse through the F0 center,
the F1 center pulls in ADP and inorganic phosphate. ATP synthase then rotates its motoric parts,
which creates a high-energy bond between ADP and the third phosphate, forming ATP. The ATP
is released into the cytoplasm and ATP synthase rotates back to original position ready to repeat
the reaction. When electron transport and ATP synthesis is linked together, the ATP is formed by
oxidative phosphorylation. Lastly the protons reach the last electron donor site, which in the case
of aerobic respiration is oxygen. The ATP molecules are used by the cell to carry out synthesis
reactions. As an example, the bacterium E. coli consumes around 2.5 million ATP molecules pr.
second for synthesis alone. [3]

Feng et al. and Jung et al. have shown that silver ions are capable of disturbing the electron
density within the bacteria, as well as creating a new large gab between the cell membrane
and the cell wall [65, 66]. Furthermore, it was shown that the cell membrane sometimes
completely dissolves, which leads to intracellular leakage. Silver ions have also been shown
to bond with DNA molecules in the cells, thus causing mutations [67]. Although there is a
shown antimicrobial eﬀect of the silver ions, some cells go into an active but not cultivable
state. In this state, the bacteria are physiologically alive, but there is no detectable growth
and thus the bacteria are not cultivable.
As it has been described in this section, silver ions are highly toxic to cells, and it has
been proposed that production of ions is one of the main causes of the bactericidal eﬀect
of AgNPs [57, 64, 68]. It is however evident, from the reactions proposed by Liu et al. and
Morones et al., that either an oxidizing or acidic environment needs to be present before
the formation of silver ions can occur. The formation of ROS, such as hydrogen peroxide
is also a complex process which is not well understood.

4.5.2

Reactive Oxygen Species

ROS are a group of highly reactive and short lived oxidants. ROS include molecules such
as hydrogen peroxide (H2 O2 ), superoxide radicals (O–2 ), singlet oxygens (O2 ), and hydroxyl
radicals (·OH) [55, 69]. ROS are widely used in antibiotics and other drugs designed to
kill bacteria [69].
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The metabolism of any aerobe respiring organism produces small concentrations of ROS
that are very toxic to the organisms. However, every aerobic organism posses the necessary
enzymatic antioxidant defences to process these cytotoxins. Further generation of ROS can
lead to oxidative stress in the cell, and eventually cell death [3, 70], and ROS can attack
proteins, membrane lipids, and DNA in the cell [71].
Carlson et al. have studied the formation of ROS as a result of AgNPs, and found that
the use of AgNPs of 15 nm resulted in a decreased level of the important antioxidant
Glutathione entailing weakening of the antioxidant defence of the cell and an increase of
ROS levels [72]. Moreover, one could hypothesize that the created oxidizing intracellular
environment would lead to oxidation of AgNPs releasing silver ions, see Equation (4.21).
Kim et al. used the antioxidant N-acetyl-cysteine along with AgNPs in order to determine
if ROS had any influence on the antimicrobial eﬀects of the nanoparticles, which was found
to be the case [10]. Complementary, other studies have reported an increase in ROS as a
result of the presence of either AgNPs or silver ions [56, 73].
The antimicrobial eﬀects of silver ions have been described, but their contribution to the
formation of ROS should also be noted. Park et al. and Hwang et al. have reported that
silver ions are responsible for a part of the formation of ROS, and they found that the
main oxygen species formed was the superoxide radical. Furthermore, they found that the
generation of superoxide radicals was closely related to the reaction between the silver ions
and the enzymes of the respiratory pathways. [69, 74]

4.5.3

Direct Cell Damage by Silver Nanoparticles

Choi et al., Raﬃ et al., Sondi et al., and Smetana et al. have all reported that
AgNPs are capable of attaching themselves to the bacterial cell wall and membrane and
changing the permeability, resulting in both membrane and wall penetration of the cell
[68, 75, 76, 77, 78]. Li et al. showed with TEM how the AgNPs attach themselves to the
cell membrane of E. coli and enter the cell, see Figure 4.14.

Figure 4.14. TEM pictures showing c) E. coli untreated and d) E coli treated with AgNPs. It
is clearly seen, that the AgNPs attach themselves to the cell membrane and enter the cell. [79]

The change in permeability of the membrane and wall is supposed to originate in a release of
both wall and membrane proteins and a degradation of the outer membrane layer in gramnegative bacteria [55, 80]. Furthermore, wall and membrane disruption, as a result of AgNP
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accumulation have been reported, disturbing the membrane integrity. This contributes to
the ability of the particles to enter the cell freely. The AgNPs are suspected to disrupt
gradients of the cell membrane such as the PMF and potassium and sodium gradients by
leakage of intracellular components due to competitive inhabitation of transport proteins
crucial to the gradient maintenance or cell wall gaps. [55, 77]
Several sulphur compounds reside in the bacterium membrane of gram-negative bacteria
[3], and the PG cell wall consists primarily of teichoic and lipoteichoic acid, which are
phosphorus molecules. Moreover, the bacterial membrane consists of phospholipids. Silver
is very reactive towards sulphur and phosphorus when in contact [56], and this is speculated
to be the mechanism through which, the AgNPs disturb the membrane and wall integrity of
the bacteria. Data obtained with TEM show that AgNPs are capable of entering bacteria,
and once inside, the AgNPs will have a tendency to react with other phosphorus and
sulphur compounds such as proteins and DNA. There is no definitive conclusion to these
speculations, and Morones et al. and Hwang et al. found no induced DNA damage caused
by AgNPs, but only damage done to proteins and the cell membrane [56, 74]. This is
supported by Gogoi et al. who found that DNA from E. coli treated with AgNPs did not
show any alteration [81].
Studies using diﬀerent ligands and surfactants for stabilizing the nanoparticles have found
that some surfactants increase the bactericidal eﬀects such as positively charged stabilizers
[51, 82, 83], while others have the opposite antimicrobial eﬀects like negatively charged
stabilizers [77]. Furthermore, some stabilizers remain neutral in terms of antimicrobial
eﬀect.

4.5.4

Size and Shape of the Silver Nanoparticles

It is widely accepted that the size and shape of the nanoparticles greatly influence the
antimicrobial eﬀect of the particles [84]. A larger surface-to-volume ratio results in a
higher concentration of silver ions released during suspension of particles, and a higher
degree of silver is able to react with the cell wall and membrane. Futhermore, smaller
particles can have a higher aﬃnity for entering the bacteria.
Crystal facets {111} and {100} are responsible for the reactivity of AgNPs. TAgNPs
predominantly have {111} rather than {100} facets, and spherical and rodlike AgNPs
predominantly have {100} facets. The {111} facet has a higher atomic density resulting
in increased binding eﬃciency of silver to sulphur and phosphorus, making the TAgNPs
more eﬀective than their spherical and rodlike counterparts [8, 55, 56, 84]. Furthermore,
TAgNPs have a higher surface-to-volume ratio compared to spherical or rodlike AgNPs
resulting in a higher antimicrobial eﬀect. [55, 56, 72, 84]
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This chapter presents the synthesis method of silver ions, SAgNPs, and TAgNPs. The
characterization method of the AgNPs and the determination method of the bactericidal
eﬀect of the antimicrobial agents toward E. coli and B. subtilis will lastly be described.

5.1

Synthesis of Silver Ions

Materials
• 250 mL Bluecap container for AgNO3
solution

Chemicals
• 10 mM AgNO3 ( 99.8 %) stock solution
(VWR International)
• Milli-Q water

Two concentrations of silver ions were made, corresponding to the concentrations of silver
in the SAgNP solutions. This resulted in two silver ion solutions of 0.74 mM and 2.16
mM. The silver cations were prepared by dissolving silver nitrate (AgNO3 ) in Milli-Q water producing silver cations and nitrate anions. To minimize waste, the AgNO3 solution
from synthesis of AgNPs was diluted in Milli-Q water until the concentrations of 0.74 mM
and 2.16 mM were reached.

5.2

Synthesis of Spherical Silver Nanoparticles

Materials
• Magnetic stirrer with magnets
• 250 mL Bluecap container for AgNO3 stock
solution
• 500 mL Bluecap container for NaBH4 stock
solution
• 50 mL Bluecap container for SAgNP solution
• 25 mL Bluecap container for SAgNP solution
• 1 - 5 mL Eppendorf pipette
• 10 mL Volumetric pipettes
• Plastic pasteur pipettes
• Ice

Chemicals
• 10 mM AgNO3 ( 99.8 %) stock solution
(VWR International)
• 20 mM NaBH4 ( 98 %) stock solution
(Sigma Aldrich)
• Tween 80 (Sigma Aldrich)
• Milli-Q water

Firstly, AgNO3 and sodium borohydride (NaBH4 ) was dissolved in Milli-Q water resulting
in two stock solutions of 10 mM and 20 mM, respectively. In order to synthesize SAgNPs,
AgNO3 was reduced by NaBH4 while being stirred on ice, which resulted in a 0.6 mM and
a 2.0 mM SAgNP solution. The 0.6 mM SAgNP solution was synthesized by stirring 30
mL NaBH4 stock on ice for 20 minutes. Afterwards, 2 mL AgNO3 stock was added at a
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rate of one drop per second. This resulted in a brownish solution of SAgNPs. To stabilize
the SAgNPs, 600 µL Tween 80 was added to the solution, supplying steric hindrance,
immediately after the last drop of AgNO3 . The solution was taken oﬀ the ice and magnetic
stirrer, and Tween 80 would fully dissolve.
For the 2.0 mM SAgNP solution, the same procedure was used, but with 15 mL NaBH4
stock and 4 mL AgNO3 stock. When adding Tween 80 into both solutions, the Eppendorf
pipette was set to 1 mL, but due to the viscosity of Tween 80, not all was emptied from
the pipette tip. Due to this, approximately 500 - 600 µL was added to the solutions.
The SAgNP solutions were stored in darkness at 3.4 °C.

5.3

Synthesis of Triangular Silver Nanoprisms

Materials
• Magnetic stirrer with magnets
• 12 mL disposable glas flasks for stock
solutions, seed stock solution, and finished
TAgNP solutions
• 50 mL Bluecap container for AgNO3 stock
solution
• 10 - 100 µL Eppendorf pipette
• 100 - 1000 µL Eppendorf pipette
• 1 - 5 mL Eppendorf pipette
• 10 mL Volumetric pipettes
• Plastic pasteur pipettes

Chemicals
• 10 mM AgNO3 ( 99.8 %) stock solution
(VWR International)
• 25 mM and 2.5 mM C6 H5 O7 · 3 Na ( 99.5
%) stock solution (Sigma Aldrich)
• 20 mM NaBH4 ( 98 %) stock solution
(Sigma Aldrich)
• 500 mg/L [C8 H7 NaO3 S]n (Sigma Aldrich)
• 10 mM C6 H8 O6 ( 99.7 %) stock solution
(Sigma Aldrich)
• Milli-Q water

Firstly, AgNO3 and NaBH4 was dissolved in Milli-Q water resulting in two stock solutions
of 10 mM and 20 mM, respectively.
In order to synthesize TAgNPs one will need a silver seed particle solution. Silver nano
seed particles were prepared by reducing AgNO3 with NaBH4 in the presence of trisodium
citrate (C6 H5 O7 · 3 Na) and poly(sodium styrene sulphonate) ([C8 H7 NaO3 S]n). 5 mL 2.5
mM C6 H5 O7 · 3 Na and 0.25 mL 500 mg/L [C8 H7 NaO3 S]n was mixed together. While
stirring, 0.3 mL 10 mM NaBH4 was slowly added to the solution, and 5 mL 0.5 mM
AgNO3 was added at a rate of 2 mL per minute resulting in a yellow seed stock solution.
In order to synthesize a 0.17 mM TAgNP solution, 75 µL 10 mM ascorbic acid (C6 H8 O6 )
was dissolved into 5 mL Milli-Q water, and 150 µL seed stock solution was slowly added to
this solution. Afterwards, 3 mL 0.5 mM AgNO3 was added at a rate of 1 mL per minute
resulting in a deep blue solution of TAgNPs. The TAgNPs were stabilized by 0.5 mL 25
mM C6 H5 O7 · 3 Na supplying electrostatic repulsion between particles. The procedure was
repeated ten times to produce enough TAgNP solution for the experiments. The TAgNP
solutions were stored in darkness at 3.4 °C.

5.4

Characterization of Silver Nanoparticles

In order to determine the size and shape of the produced nanoparticles, two methods have
been used; absorption spectroscopy and AFM.
AFM was carried out by applying a droplet of a AgNP solution to a clean mica plate. The
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droplet was then left for drying before performing AFM measurements in dynamic mode
on the sample. This resulted in a visualized morphology of the produced nanoparticles.
Absorption spectroscopy was performed by adding 1 mL of the AgNP solutions to a semi
micro cuvette. Using a UV1 UV/visible spectrophotometer from VWR International along
with the software VisionLite Scan, the absorption of the AgNP solutions was measured
from a wavelength of 300 to 800 nm with an interval of one nm. This resulted in a specific
spectrum for each nanoparticle solution.

5.5

Bactericidal Eﬀect of Silver Nanoparticles

The bactericidal eﬀect of AgNPs and silver ions were tested on two bacteria grown in
broths; B. subtilis and E. coli. The following section contains two method subsections, one
for each bacteria.

5.5.1

Bacillus subtilis

Materials
• 1000 mL Erlenmeyer flasks for broth YP
• 500 mL Bluecap container for extra broth
YP
• 500 mL Bluecap container for agar media
• Sterile Petri dishes for agar plates
• Sterile 12 mL culture tubes
• Sterile inoculating loops
• Semi micro cuvettes
• Magnetic stirrer with magnets
• Bunsen burner
• Sterile Drigalski spatula
• 1 - 5 mL Eppendorf pipette
• 100 - 1000 µL Eppendorf pipette
• Autoclave from JP Selecta
• Innova 4230 Refrigerated Incubator Shaker
from New Brunswick Scientific
• Ultrospec 3000 UV/Visible spectrophotometer from Pharmacia Biotech

Chemicals
• 5 g/L Tryptone (Applichem)
• 5 g/L Yeast extract (Fermtech)
• 15 g/L Agar (Sigma Aldrich)
• Milli-Q water
• Bacillus subtilis strain DSM2 2109
• 0.9 % NaCl solution

In order to test the bactericidal eﬀect of AgNPs and silver ions, B. subtilis cells were grown
on Yeast Peptone (YP) agar plates. The agar plates were prepared by dissolving 5 g/L
tryptone, 5 g/L yeast extract, and 15 g/L agar-agar in Milli-Q water. The agar medium
was prepared in Bluecap bottles containing a magnet for later stirring.
Broth YP was prepared by dissolving 5 g/L tryptone and 5 g/L yeast extract in Milli-Q
water. The broths were prepared in 1000 mL Erlenmeyer flasks in portions of 100 mL.
Additional medium for dilution and reference was prepared in a 500 mL Bluecap container.
Physiological salt was prepared by dissolving sodium chloride (NaCl) in Milli-Q water.
The diﬀerent YP media and the physiological salt solution were autoclaved at 121 °C, 1
bar above the atmospheric pressure for 30 minutes along with pipette tips.
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After autoclaving, the YP agar media were slowly cooled down while being stirred with a
magnetic stirrer, to ensure an even cooling. Before the agar media hardened, it was poured
into Petri dishes to 3 - 5 mm height. When the plates had hardened B. subtilis cells were
added onto the YP agar plates using a Drigalski spatula. This was done in the presence of
a lit Bunsen burner in order to create an upward airflow to prevent contamination of the
plates. The agar plates with bacterial cells were placed at 37 °C for about a day to allow
growth of the bacteria. The rest of the solutions were placed in the refrigerator at 3.4 °C
along with the agar plates when a suﬃcient amount of bacteria had grown on them, while
the sterile pipette tips were placed at 60 °C. When the amount of bacteria was running
low, some bacterial cells were transferred to new agar plates and allowed to grow again.
The bactericidal eﬀect of the antimicrobial agents was tested in the broths. Firstly, a
preculture was prepared by adding 5 mL YP broth to a sterile culture tube, and placing
bacterial cells from the agar plates into the culture tube using a sterile inoculating loop in
the presence of a lit Bunsen burner. The preculture was placed in an incubator shaker at
37 °C and shaken with 230 rpm over night. New precultures were made fresh before each
experiment.
In order to determine when the antimicrobial agents should be suspended in the bacterial
culture, a standard growth curve was made. 2 mL of three diﬀerent precultures were
suspended into three 1000 mL Erlenmeyer flasks containing 100 mL broth. The cultures
where placed in an incubator shaker at 37 °C and 230 rpm. The bacterial growth
was determined by measuring the OD600 of the cultures every 30 - 60 minutes with a
spectrophotometer.
When the OD600 reached 0.7, the samples taken for measurement were diluted with extra
YP broth in order to keep the measurements precise. This was done in the presence of a
lit Bunsen burner, and bottlenecks were burned before and after a sample had been taken
out of the Erlenmeyer flasks, to prevent contamination of the culture.
In order to determine the bactericidal eﬀect of the AgNPs and silver ions, 1.5 mL of the
same preculture was suspended in three 1000 mL Erlenmeyer flasks containing 100 mL YP
broth. The same preculture was used, in order to minimize deviations.
When the OD600 had reached 0.7, 15 mL AgNP or silver ions solution were added to two
of the cultures and 15 mL physiological salt was added to the last culture as a reference.
The bacterial growth was determined by measuring the OD600 of the cultures every 30 60 minutes with a spectrophotometer, and the samples were diluted when OD600 reached
0.7.
Diﬀerent concentrations of AgNPs and silver ions were used in these experiments.
One concentration of one antimicrobial agent was used in one experiment. The final
concentrations of silver in the cultures were 0.083 mM and 0.276 mM for SAgNPs, 0.024
mM for TAgNPs, and 0.103 mM and 0.298 mM for silver ions.
Absorption of the physiological salt and silver solutions at concentrations similar to those
in the culture were measured relatively to Milli-Q water or the media in the culture was
measured. This was done in order to correct any diﬀerence in OD600 measurements between
salt and silver causing an unwanted deviation between the culture with the salt solution
and the cultures with the silver solutions.
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5.5.2

Escherichia coli

Materials
• 500 mL Erlenmeyer flasks for broth LB
• 500 mL Bluecap container for extra broth
LB
• 500 mL Bluecap container for agar media
• Sterile Petri dishes for agar plates
• Sterile 12 mL culture tubes
• Sterile inoculating loops
• Semi micro cuvettes
• Magnetic stirrer with magnets
• Bunsen burner
• Sterile Drigalski spatula
• 1 - 5 mL Eppendorf pipette
• 100 - 1000 µL Eppendorf pipette
• Autoclave from JP Selecta
• Innova 4230 Refrigerated Incubator Shaker
from New Brunswick Scientific
• UV1 UV/Visible spectrophotometer from
VWR International including Visionlite
Fixed software

Chemicals
• 10 g/L Tryptone (Applichem)
• 5 g/L Yeast extract (Fermtech)
• 5 g/L NaCl (Supplier Unknown)
• 15 g/L Agar (Sigma Aldrich)
• Milli-Q water
• Escherichia coli strain BL21 (DE3)
• 0.9 % NaCl solution

In order to test the bactericidal eﬀect of AgNPs and silver ions, E. coli cells were grown
onto LB agar plates. The agar plates were prepared by dissolving 10 g/L tryptone, 5 g/L
yeast extract, 5 g/L NaCl, and 15 g/L agar-agar in Milli-Q water. The agar medium was
prepared in Bluecap bottles containing a magnet for later stirring.
Broth LB was prepared by dissolving 10 g/L tryptone, 5 g/L NaCl, and 5 g/L yeast extract
in Milli-Q water. The broths were prepared in 500 mL Erlenmeyer flasks in portions of 100
mL. Some additional media for dilution and reference were prepared in a 500 mL Bluecap
container. Physiological salt was prepared by dissolving NaCl in Milli-Q water.
The diﬀerent LB media and the physiological salt solution were autoclaved at 121 °C, 1
bar above atmospheric pressure for 30 minutes along with pipette tips.
After autoclaving, the LB agar media were slowly cooled down while being stirred with a
magnetic stirrer, to ensure an even cooling. Before the agar media hardened, it was poured
into Petri dishes to 3 - 5 mm height. When the plates had hardened E. coli cells were added
on the LB agar plates using a sterile Drigalski spatula. This was done in the presence of
a lit Bunsen burner in order to create an upward airflow to prevent contamination of the
plates. The agar plates with bacterial cells were placed at 37 °C for about a day to allow
growth of the bacteria. The rest of the solutions were placed in the refrigerator at 3.4 °C
along with the agar plates when a suﬃcient amount of bacteria had grown on them, while
the sterile pipette tips were placed at 60 °C. When the amount of bacteria was running
low, some bacterial cells were transferred to new agar plates and allowed to grow again.
The bactericidal eﬀect of the antimicrobial agents was tested in the broths. Firstly, a
preculture was prepared by adding 5 mL LB broth to a sterile culture tube, and placing
bacterial cells from the agar plates into the culture tube using a sterile inoculating loop in
the presence of a lit Bunsen burner. The preculture was placed in an incubator shaker at
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37 °C and shaken with 230 rpm over night. New precultures were made fresh before each
experiment.
In order to determine when the antimicrobial agents should be suspended in the bacterial
culture, a standard growth curve was made. 2 mL of three diﬀerent precultures were
suspended into three 500 mL Erlenmeyer flasks containing 100 mL broth. The cultures were
placed in an incubator shaker at 37 °C and 230 rpm. The bacterial growth was determined
by measuring the OD600 of the cultures every 30 - 60 minutes with a spectrophotometer.
When the OD600 reached 0.7 the samples taken for measurement were diluted with extra
LB broth in order to keep the measurements precise. This was done in the presence of a
lit Bunsen burner, and bottlenecks were burned before and after a sample had been taken
out of the Erlenmeyer flasks, to prevent contamination of the culture.
In order to determine the bactericidal eﬀect of the AgNPs and silver ions, 1.5 mL of the
same preculture was suspended into three 500 mL Erlenmeyer flasks containing 100 mL
broth LB. This was done in order to minimize deviations.
When the OD600 had reached 0.7, 15 mL AgNP or silver ion solutions were added to two of
the cultures and 15 mL physiological salt to the last culture as a reference. The bacterial
growth was determined by measuring the OD600 of the cultures every 30 - 60 minutes with
a spectrophotometer, and the samples were diluted when OD600 reached 0.7.
Diﬀerent concentrations of AgNPs and silver ions were used in these experiments.
One concentration of one antimicrobial agent was used in one experiment. The final
concentrations of silver in the cultures were 0.083 mM and 0.273 mM for SAgNPs, 0.024
mM for TAgNPs, and 0.101 mM and 0.295 mM for silver ions.
Absorption of the physiological salt and silver solutions at concentrations similar to those
in the culture were measured relatively to Milli-Q water or the media in the culture was
measured. This was done in order to correct any diﬀerence in OD600 measurements between
salt and silver causing an unwanted deviation between the culture with the salt solution
and the cultures with the silver solutions.
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6. Results
6.1

Characterisation of Silver Nanoparticles

To determine if the particles were actual AgNPs, absorption spectroscopy was used
to determine if the experimental maximum absorption wavelength was identical to the
theoretical one. The absorption was measured from 300 to 800 nm with an interval of 1
nm. To determine the size of the AgNPs, AFM measurement was used in dynamic mode.
Note that all concentrations relating AgNPs or ions in this chapter are concentrations of
the amount of silver atoms in the solutions.

6.1.1

Spherical Silver Nanoparticles

After the synthesis, 1 mL of each solution containing the assumed SAgNPs were tested by
absorption spectroscopy yielding the absorption graphs shown in Figures 6.1 and 6.2.
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Figure 6.1.
Three absorption spectra of
SAgNPs in 0.6 mM concentrations. Absorption
was measured, in a spectrophotometer, between
300 to 800 nm at an interval of 1 nm. The range
has been adjusted to include only wavelengths
from 300 to 600 nm.
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Figure 6.2. Four absorption spectra of SAgNPs
in 2.0 mM concentrations. Absorption was
measured, in a spectrophotometer, between 300
to 800 nm at an interval of 1 nm. The range has
been adjusted to include only wavelengths from
300 to 600 nm.

For the concentration of 0.6 mM, three samples were tested as three solutions were made
during the experiment. As can be seen from Figure 6.1 the 0.6 mM SAgNPs show max
at 404 nm in sample 1 and 2, while sample 3 shows max at 406 nm. For the 2.0 mM
SAgNPs, four samples were tested as four solutions were made during the experiment. As
can be seen from Figure 6.2 the 2.0 mM SAgNPs show max at 405 nm for sample 1, 402
nm for sample 2, 406 nm for sample 3, and 404 nm for sample 4.
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For AFM measurement a drop of one solution of the 0.6 mM concentration was dropped
on a mica plate and left to dry. Afterwards the mica plate was measured using AFM
in dynamic mode yielding the picture shown in Figure 6.4. Afterwards a profile was
established using the software WsxM 5.0 Develop 6.5 shown in Figure 6.3. The profile
was created by measuring nine of the green dots from Figure 6.4. Figure 6.4 was modified
using a diﬀerent color scale, in order to make the nanoparticles easier to identify, indicated
by the green dots.

Figure 6.3. Profile of nine of the SAgNPs from
Figure 6.4. The height of the SAgNPs vary from
8 to 12 nm. The software used was WsxM 5.0
Develop 6.5.

Figure 6.4. AFM measurement in dynamic
mode of SAgNPs at 0.17 mM concentration on a
mica plate. The colors were modified to enhance
the contrast between the mica plate and the
SAgNPs. The software used was WsxM 5.0
Develop 6.5.

The profile in Figure 6.3 shows that the height of the produced SAgNPs vary from 8 - 12
nm. Figure 6.4 shows 17 SAgNPs indicated by the green dots.
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6.1.2

Triangular Silver Nanoprisms

After synthesis, 1 mL of the solution containing the assumed TAgNPs was tested by
absorption spectroscopy yielding the absorption spectrum shown in Figure 6.5.
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Figure 6.5. Absorption spectrum of 0.17 mM TAgNPs. Absorption was measured, in a
spectrophotometer, between 300 - 800 nm with an interval of 1 nm.

The concentration of the TAgNPs was 0.17 mM. In figure 6.5, three peaks are observed.
One at 335 nm, one at 398 nm, and one at 640 nm.
Furthermore, a picture was taken of the solutions containing TAgNPs, showing a deep blue
color as can be seen in Figure 6.6.

Figure 6.6. A picture showing the solutions containing TAgNPs just after the synthesis.
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6.2

Standard Growth Curves

To determine the bactericidal eﬀect of AgNPs, two standard growth curves were made,
one for E. coli and one for B. subtilis. Each growth curve is an average between three
individual growth curves made from three diﬀerent precultures, where 2 mL of preculture
was inoculated in 100 mL broth.
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Figure 6.7. OD600 measurements taken with a
spectrophotometer over 15 hours and 30 minutes
with an interval of 30 - 60 minutes, giving
an averaged standard growth curve of E. coli
with no antimicrobial agents added to the LB
broth. The cultures used were made from 2
mL preculture inoculated in 100 mL LB broth,
stored in an incubator shaker at 37 °C at 230
rpm. The sample solutions measured were
diluted before OD600 reached 0.7, 2.8, and 5.6,
by a factor 4, 8, and 10 respectively.

Figure 6.8. OD600 measurement taken with a
spectrophotometer over 18 hours and 30 minutes
with an interval of 30 - 60 minutes, giving an
averaged standard growth curve of B. subtilis
with no antimicrobial agents added to the YP
broth. The cultures used were made from 2
mL preculture inoculated in 100 mL YP broth,
stored in an incubator shaker at 37 °C at 230
rpm. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 10 respectively.

To measure the OD600 accurately, the culture samples were diluted by a factor 4 before
reaching 0.7 in absorbance and later diluted by a factor 8 before reaching 2.8 in absorbance.
E. coli was furthermore diluted by a factor 10 before reaching 5.6 in absorption. The error
bars on both curves show the spread between the three original growth curves from each
experiment.
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6.3

Bactericidal Eﬀect of Silver Ions

The growth curves were determined from 1 mL of the culture solutions measured in a
spectrophotometer at 600 nm at intervals of 30 - 60 minutes.

E. coli - Ag+ 0.101 mM

B. subtilis - Ag+ 0.103 mM

4

3.5

Reference
3.5
3

Reference
3

Culture 2
Culture 3

Culture 2
Culture 3

2.5

OD600

OD600

2.5
2

2

1.5

1.5

Time [h]

Figure 6.9. OD600 measurements taken with a
spectrophotometer over 8 hours and 9 minutes
with an interval of 30 - 60 minutes. The blue
growth curve shows the reference culture of E.
coli, where 15 mL 0.9 % NaCl solution was
added at the same time as the silver ions in
the other cultures. The green and red curves
show cultures 2 and 3, where 15 mL of 0.74 mM
silver ions were added 3 hours and 16 minutes
after inoculation of the preculture. This resulted
in a concentration of 0.103 mM silver ions in
the broths. All three cultures were measured
at the same time. All cultures were made by
1.5 mL of the same preculture inoculated in 100
mL LB broth. The vertical grey line shows the
time of addition of both silver ions and NaCl
solution. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 8 respectively.
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Figure 6.10.
OD600 measurements taken
with a spectrophotometer over 8 hours and 11
minutes with an interval of 30 - 60 minutes. The
blue growth curve shows the reference culture of
B. subtilis, where 15 mL 0.9 % NaCl solution
was added at the same time as the silver ions
in the other cultures. The green and red curves
show cultures 2 and 3, where 15 mL of 0.74 mM
silver ions were added 4 hours and 33 minutes
after inoculation of the preculture. This resulted
in a concentration of 0.103 mM silver ions in
the broths. All three cultures were measured
at the same time. All cultures were made by
1.5 mL of the same preculture inoculated in 100
mL YP broth. The vertical grey line shows the
time of addition of both silver ions and NaCl
solution. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 8 respectively.

15 mL 0.74 mM silver ions were added to the cultures 2 and 3 and the physiological salt
to the reference culture 3 hours and 16 minutes after the experiment was begun for E.
coli, shown in Figure 6.9, and 4 hours and 33 minutes for B. subtilis, shown in Figure 6.10.
This resulted in a silver concentration of 0.101 mM in the broth with E. coli and 0.103
mM in the broth with B. subtilis. The time is indicated by the grey vertical line present
on both graphs. To measure the OD600 accurately, the culture samples were diluted by a
factor 4 before reaching 0.7 in absorbance and later diluted by a factor 8 before reaching
2.8 in absorbance.
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The growth curves were determined from 1 mL of the culture solutions measured in a
spectrophotometer at 600 nm at intervals of 30 - 60 minutes.
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3.5

4.5
4
3.5

Reference

Reference
3

Culture 2
Culture 3

Culture 2
Culture 3

2.5
3

OD600

OD600

2.5
2

2

1.5

1.5
1
1
0.5

0.5

Time [h]

Figure 6.11. OD600 measurements taken with
a spectrophotometer over 8 hours and 9 minutes
with an interval of 30 - 60 minutes. The blue
growth curve shows the reference culture of E.
coli, where 15 mL 0.9 % NaCl solution was
added at the same time as the silver ions in
the other cultures. The green and red curves
show cultures 2 and 3, where 15 mL of 2.16 mM
silver ions were added 2 hours and 49 minutes
after inoculation of the preculture. This resulted
in a concentration of 0.295 mM silver ions in
the broths. All three cultures were measured
at the same time. All cultures were made by
1.5 mL of the same preculture inoculated in 100
mL LB broth. The vertical grey line shows the
time of addition of both silver ions and NaCl
solution. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 8 respectively.
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Figure 6.12.
OD600 measurements taken
with a spectrophotometer over 7 hours and 56
minutes with an interval of 30 - 60 minutes. The
blue growth curve shows the reference culture of
B. subtilis, where 15 mL 0.9 % NaCl solution was
added at the same time as the silver ions in the
other cultures. The green and red curves show
cultures 2 and 3, where 15 mL of 2.16 mM silver
ions were added 3 hours and 48 minutes after
inoculation. This resulted in a concentration
of 0.298 mM silver ions in the broths. All
three cultures were measured at the same time.
All cultures were made by 1.5 mL of the same
preculture inoculated in 100 mL YP broth. The
vertical grey line shows the time of addition
of both silver ions and NaCl solution. The
sample solutions measured were diluted before
OD600 reached 0.7 and 2.8, by a factor 4 and 8
respectively.

15 mL 2.16 mM silver ions were added to the cultures 2 and 3 and the physiological salt
to the reference culture 2 hours and 49 minutes after the experiment began for E. coli,
shown in Figure 6.11, and 3 hours and 48 minutes for B. subtilis, shown in Figure 6.12.
This resulted in a silver concentration of 0.295 mM in the broth with E. coli and 0.298
mM in the broth with B. subtilis. The time is indicated by the grey vertical line present
on both graphs. To measure the OD600 accurately the culture samples were diluted by a
factor 4 before reaching 0.7 in absorbance and later diluted by a factor 8 before reaching
2.8 in absorbance.
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6.4

Bactericidal Eﬀect of Spherical Silver Nanoparticles

The growth curves were determined from 1 mL of the culture solutions measured in a
spectrophotometer at 600 nm at intervals of 30 - 60 minutes.

E. coli - SAgNP 0.083 mM
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Figure 6.13.
OD600 measurements taken
with a spectrophotometer over 13 hours and 36
minutes with an interval of 30 - 60 minutes. The
blue growth curve shows the reference culture
of E. coli, where 15 mL 0.9 % NaCl solution
was added at the same time as the SAgNPs in
the other cultures. The green and red curves
represent cultures 2 and 3, where 15 mL of 0.60
mM SAgNPs were added 4 hours and 39 minutes
after inoculation of the preculture. This resulted
in a concentration of 0.083 mM silver ions in
the broths. All three cultures were measured
at the same time. All cultures were made by
1.5 mL of the same preculture inoculated in
100 mL LB broth. The vertical grey line shows
the time of addition of both SAgNPs and NaCl
solution. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 8 respectively.
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Figure 6.14.
OD600 measurements taken
with a spectrophotometer over 13 hours and 14
minutes with an interval of 30 - 60 minutes.
The blue growth curve shows the reference
culture of B. subtilis, where 15 mL 0.9 % NaCl
solution was added at the same time as the
SAgNPs in the other cultures. The green and
red curves represent individual cultures where
15 mL of 0.60 mM SAgNPs were added 4
hours and 20 minutes after inoculation of the
preculture. This resulted in a concentration of
0.083 mM silver ions in the broths. All three
cultures were measured at the same time. All
cultures were made by 1.5 mL of the same
preculture inoculated in 100 mL YP broth. The
vertical grey line shows the time of addition of
both SAgNPs and NaCl solution. The sample
solutions measured were diluted before OD600
reached 0.7 and 2.8, by a factor 4 and 8
respectively.

15 mL 0.60 mM SAgNPs were added to the cultures 2 and 3 and the physiological salt to
the reference culture 4 hours and 39 minutes after the experiment was begun for E. coli,
shown in Figure 6.13, and 4 hours and 20 minutes for B. subtilis, shown in Figure 6.14.
This resulted in a silver concentration of 0.083 mM in the broth with E. coli and 0.083
mM in the broth with B. subtilis. The time is indicated by the grey vertical line present
om both graphs. To measure the OD600 accurately the culture samples were diluted by a
factor 4 before reaching 0.7 in absorbance and later diluted by a factor 8 before reaching
2.8 in absorbance.
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The growth curves were determined from 1 mL of the culture solutions measured in a
spectrophotometer at 600 nm at intervals of 30 - 60 minutes.
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Figure 6.15.
OD600 measurements taken
with a spectrophotometer over 10 hours and 19
minutes with an interval of 30 - 60 minutes. The
blue growth curve shows the reference culture
of E. coli, where 15 mL 0.9 % NaCl solution
was added at the same time as the SAgNPs in
the other cultures. The green and red curves
show cultures 2 and 3 where 15 mL of 2.00 mM
SAgNPs were added 3 hours and 18 minutes
after inoculation of the preculture. This resulted
in a concentration of 0.274 mM silver ions in
the broths. All three cultures were measured
at the same time. All cultures were made by
1.5 mL of the same preculture inoculated in
100 mL LB broth. The vertical grey line shows
the time of addition of both SAgNPs and NaCl
solution. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 8 respectively.
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Figure 6.16.
OD600 measurements taken
with a spectrophotometer over 10 hours and 34
minutes with an interval of 30 - 60 minutes. The
blue growth curve shows the reference culture of
B. subtilis, where 15 mL 0.9 % NaCl solution
was added at the same time as the SAgNPs in
the other cultures. The green and red curves
show cultures 2 and 3 where 15 mL of 2.00 mM
SAgNPs were added 4 hours and 3 minutes after
inoculation of the preculture. This resulted in
a concentration of 0.276 mM silver ions in the
broths. All three cultures were measured at
the same time. All cultures were made by 1.5
mL of the same preculture inoculated in 100
mL YP broth. The vertical grey line shows
the time of addition of both SAgNPs and NaCl
solution. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 8 respectively.

15 mL 2.00 mM SAgNPs were added to the cultures 2 and 3 and the physiological salt to
the reference culture 3 hours and 18 minutes after the experiment was begun for E. coli,
shown in Figure 6.15, and 4 hours and 3 minutes for B. subtilis, shown in Figure 6.16.
This resulted in a silver concentration of 0.274 mM in the broth with E. coli and 0.276
mM in the broth with B. subtilis. The time is indicated by the grey vertical line present
on both graphs. To measure the OD600 accurately the culture samples were diluted by a
factor 4 before reaching 0.7 in absorbance and later diluted by a factor 8 before reaching
2.8 in absorbance.
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6.5

Bactericidal Eﬀect of Triangular Silver Nanoprisms

The growth curves were determined from 1 mL of the culture solutions measured in a
spectrophotometer at 600 nm at intervals of 30 - 60 minutes.
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Figure 6.17.
OD600 measurements taken
with a spectrophotometer over 11 hours and 27
minutes with an interval of 30 - 60 minutes. The
blue growth curve shows the reference culture of
E. coli, where 15 mL 0.9 % NaCl solution was
added at the same time as the TAgNPs in the
other cultures. The green and red curves show
cultures 2 and 3 where 15 mL of 0.17 mM silver
nanoprisms were added 3 hours and 5 minutes
after inoculation of the preculture. This resulted
in a concentration of 0.024 mM silver ions in
the broths. All three cultures were measured
at the same time. All cultures were made by
1.5 mL of the same preculture inoculated in
100 mL LB broth. The vertical grey line shows
the time of addition of both TAgNPs and NaCl
solution. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 8 respectively.

Figure 6.18.
OD600 measurements taken
with a spectrophotometer over 11 hours and 39
minutes with an interval of 30 - 60 minutes. The
blue growth curve shows the reference culture of
B. subtilis, where 15 mL 0.9 % NaCl solution was
added at the same time as the TAgNPs in the
other cultures. The green and red curves show
cultures 2 and 3 where 15 mL of 0.17 mM silver
nanoprisms were added 4 hours and 34 minutes
after inoculation of the preculture. This resulted
in a concentration of 0.024 mM silver ions in
the broths. All three cultures were measured
at the same time. All cultures were made by
1.5 mL of the same preculture inoculated in 100
mL YP broth. The vertical grey line shows
the time of addition of both TAgNPs and NaCl
solution. The sample solutions measured were
diluted before OD600 reached 0.7 and 2.8, by a
factor 4 and 8 respectively.

15 mL 0.17 mM TAgNPs were added to the cultures 2 and 3 and the physiological salt to
the reference culture 3 hours and 5 minutes after the experiment was begun for E. coli,
shown in Figure 6.17, and 4 hours and 34 minutes for B. subtilis, shown in Figure 6.18.
This resulted in a silver concentration of 0.024 mM in the broth with E. coli and 0.024
mM in the broth with B. subtilis. The time is indicated by the grey vertical line present
on both graphs. To measure the OD600 accurately the culture samples were diluted by a
factor 4 before reaching 0.7 in absorbance and later diluted by a factor 8 before reaching
2.8 in absorbance.
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7. Discussion
7.1

Characterisation of the Silver Nanoparticles

The absorption spectra of both the SAgNPs and TAgNPs reveal information about their
shape. The SAgNPs will show a peak in absorption at the wavelength corresponding to
the plasmon resonance frequency for spherical nanoparticles. This makes it possible to
predict where the peak in absorption will occur, and it is then possible to determine the
shape of the SAgNPs from their absorption spectrum.
The TAgNPs had a diﬀerent absorption spectrum due to their shape, and the calculations
allowing one to predict the maximum absorption wavelength are much more complicated
and beyond the scope of this project. The absorption spectrum of the TAgNPs will
therefore be discussed in relation to the current research, and the observations other reports
have made in relation to it.

7.1.1

Spherical Silver Nanoparticles

As shown in Section 4.1, the wavelength corresponding to the plasmon resonance frequency
could be determined by absorption spectroscopy, as there would be a peak in absorption
around this wavelength. The measured absorption spectrum of the SAgNPs can be seen
in Figures 6.1 and 6.2, and the maximum absorption wavelengths can be seen in Table 7.1.
Sample number
Theory
1
2
3
4

in 0.6 mM
397.33 nm
404 nm
404 nm
406 nm
•

max

in 2.0 mM
397.33 nm
404 nm
402 nm
406 nm
404 nm

max

Table 7.1. max for both 0.6 mM and 2.0 mM concentrations of SAgNPs. max is approximately
8 - 10 nm from the theoretical value obtained in Subsection 4.1.5, which was at 397.33 nm.

In Subsection 4.1.5, the maximum absorption wavelength was predicted to be approximately 397.33 nm. As can be seen from Table 7.1, the experimental maximum absorption
wavelengths were all slightly displaced in the spectrum having a max value 8 - 10 nm
greater than the theoretical maximum absorption wavelength. This diﬀerence can be attributed to the fact that the particles are suspended in broths, which can lead to some
formation of silver ions. When nanoparticles, which have a much larger surface-to-volume
ratio, are suspended, in relation to bulk silver, more ions can be produced. However, this
displacement is considered small, making it highly likely that there was indeed synthesized
SAgNPs. These max values are similar to the current research [10, 48, 51, 84, 85, 86] as
is evident from the graphs in Figures 7.1 and 7.2.
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Figure 7.1.
Maximum absorption wavelength of SAgNPs showing the destabilizing ability of poly(diallyldimethylammonium) chloride
(PDDA) solutions. The information relevant for
this report is sample (A) as it contains no PDDA
solution. The graph is obtained from Kvitek
et al. showing the maximum absorption wavelength at approximately 400 nm. [51]

Figure 7.2. Maximum absorption wavelength
of SAgNPs at diﬀerent concentrations of sodium
chloride obtained from Bae et al. showing the
maximum absorption wavelength at approximately 400 nm [86].

Another point of interest is to investigate the width of the peak at half height, the fullwidth half-maximum (FWHM) of the experimental and theoretical graphs and compare
them with other research, as seen in Table 7.2.
Source
Theory
Experimental
Mulfinger et al. [48]
Bae et al. [86]
Kamat et al. [87]
Nair et al. [88]

Size of SAgNPs
N/A
8 - 12 nm
10 - 14 nm
25 - 30 nm
35 - 50 nm
60 - 80 nm

max

397.33 nm
402 - 406 nm
395 - 405 nm
400 nm
420 nm
438 nm

FWHM
40 nm
75 - 85 nm
50 - 70 nm
75 nm
100 - 110 nm
140 - 150 nm

Table 7.2. The table shows FWHM from both the theory in Section 4.1 and the experiments done
together with the values from the current research. The table is ordered by sizes of the SAgNPs.
Note that the size derived from theory is non-applicable as max does not depend on the diameter
of the SAgNPs in the theory used in this project.

The experimental FWHM from this project is twice the size of the theoretical FWHM,
which according to Quentin et al. can be caused by a greater dielectric constant in the
actual nanoparticles than the dielectric constants found by the database used in Section
4.1 [41]. The red-shift observed in particles between 35 - 50 nm and 60 - 80 nm in diameter
may be caused by the size of the particles. The theory used in Section 4.1 assumes the size
of the nanoparticles to be much less than that of the wavelength of the electromagnetic
wave. At 60 - 80 nm the nanoparticle is almost one fifth the size of the wavelength, and
the assumption that the E-field from the electromagnetic wave is homogenous around the
particle might no longer be applicable.
Even though the shape of the SAgNPs becomes apparent from absorption spectroscopy,
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their size does not, as a changed size of the SAgNPs would not change the maximum
absorption wavelength. Therefore, AFM was used to measure the size of the SAgNPs,
as can be seen in Figures 6.3 and 6.4. The measurements showed that the SAgNPs
had a diameter between 8 - 12 nm. This size of SAgNPs conforms with the literature,
where reports have made SAgNPs around the same size using diﬀerent methods of
synthesis [10, 48, 75, 76, 77, 84, 85]. These diﬀerent methods of synthesis have been
expanded on in Chapter 2. SAgNPs with this size should be very eﬀective against bacteria
[10, 51, 75, 77, 84], and the eﬃcacy of the SAgNPs made in this project will be commented
on in Section 7.2.
As stated in Section 4.3, the stabilizing agent, Tween 80, was needed to keep the SAgNPs
from aggregating. Tween 80 is a non-ionic, non-toxic, and biocompatible surfactant [89],
and it was chosen primarily due to the small eﬀect it has on the bactericidal eﬀect of
the SAgNPs and the excellent stabilization it facilitates [51, 90]. Tween 80 stabilizes the
SAgNPs by steric hindrance, meaning the molecules are adsorbed to the surface of the
nanoparticles, thereby hindering any interactions between the SAgNPs, ideally resulting
in no aggregation. When compared to larger surfactants, Tween 80 is adsorbed to the
surface of the SAgNPs in a smaller, more compact way, which can be part of the reason
behind the small disturbance in the bactericidal eﬀects of the SAgNPs. [51]

7.1.2

Triangular Silver Nanoprisms

TAgNPs were synthesized as described in Section 4.4.
As with SAgNPs, they
were characterized using both absorption spectroscopy and AFM measurements. The
spectroscopy measurements revealed a spectrum very much alike what is measured in
current research [46, 47, 54, 91], see Figure 6.5. A visual inspection revealed a deep blue
color of the nanoparticles, as shown in Figure 6.6, and this corresponds very well with a
maximum absorption wavelength at 640 nm according to Kelly et al. [54]. Furthermore,
the blue color could mean less truncated prisms, as mentioned in Section 4.2, which also
corresponds to a max value around 640 nm [45]. The AFM measurement done on the
TAgNPs was not a success however, which is speculated to be related to the stabilizing
agent, trisodium citrate. As mentioned in Section 4.4, trisodium citrate stabilizes by
having negatively charged carboxylate groups pointing outwards, making the particle, as a
whole, negatively charged. As described in Section 5.4, a mica plate was used during AFM
measurements, and it is well known, that a mica surface is negatively charged [92]. This
results in electrostatic repulsion between the particles and the mica surface, and if AFM
measurements were to be made, a diﬀerent stabilizer, such as Tween 80, should be used. It
is however evident from both absorption spectroscopy and visual inspection that TAgNPs
were indeed synthesized, even if their corresponding morphology could not be determined
with AFM.
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7.2

Bactericidal Eﬀect toward Escherichia coli and Bacillus
subtilis

In order to determine a bactericidal eﬀect of AgNPs and silver ions, E. coli and B. subtilis
were presented with optimal growth conditions. They were both incubated at 37 °C and
aerobic conditions, which resulted in excellent growth of both bacteria. E. coli was cultivated in LB broth, whereas B. subtilis was cultivated in YP broth, since sodium chloride
potentially can decrease the growth rate of B. subtilis according to Mercedes et al. [34].
For every experiment containing three cultures with one being a reference, 1.5 mL preculture was inoculated in each of the three cultures. This was done, to ensure that every
culture had the same initial concentration of bacteria and potential impurities. When
comparing OD600 in the beginning of the experiments, there was a negligible diﬀerence
between the start concentrations which ranged from 0.013 to 0.016 in absorbance.
In every experiment, 15 mL of AgNP solutions were added to culture 2 and 3, while 15 mL
of physiological salt (0.9 % sodium chloride) was added to the reference culture (culture
1). Physiological salt was added to the reference culture in the same volume as AgNP to
culture 2 and 3 to present identical dilution factors. Right after addition, OD600 showed a
drop in absorbance in most cultures. This is speculated to originate from dilution of the
cultures and not the bactericidal eﬀect of the AgNPs since the same drop occurred in the
reference culture. The volume of the cultures were around 92 mL when the 15 mL AgNP
solution was added giving a dilution factor of approximately 1.2, which is enough to show
a decrease in absorbance.
Furthermore, the E. coli and B. subtilis cultures containing the lowest concentration of
SAgNPs (0.083 mM in the broth) showed no drop in absorbance after addition of SAgNPs.
This can be a result of a lack of correction being made, unlike every other experiment. An
addition of 15 mL physiological salt to the B. subtilis reference cultures can potentially
have decreased growth rate of the bacterium for a period of time. However, according to
Mercedes et al. B. subtilis is excellent at adapting to changes in osmotic pressure [34], and
it is evident that B. subtilis continued growth after the addition of the physiological salt.
A standard growth curves of both B. subtilis and E. coli was developed through 16 - 18
hours of OD600 measurements under optimal growth conditions for the bacteria in order
to determine a point in growth when silver ions, SAgNPs and TAgNPs should be added.
In this project, bactericidal agents were added during the third, fourth or the fifth growth
hour (exponential phase) corresponding to OD600 ranging from 0.7 to 1.1 in absorbance.

7.2.1

Silver Ions

It is well known that silver ions have a high bactericidal eﬀect toward both gram-negative
and gram-positive bacteria, see Subsection 4.5. Silver ions are postulated to interact with
enzymes participating in cell respiration, react with proteins crucial for membrane gradients such as PMF, and disturb cell electron density, only to mention a few antimicrobial
eﬀects of silver ions. It is evident from the experiments, described in Subsection 6.3, that
both silver ion concentrations of 0.10 mM and 0.29 mM in the broths caused great bactericidal eﬀects toward E. coli and B. subtilis immediately after addition.
This eﬀect was expected, as silver ions have been used as an antimicrobial agent for cenGroup 4.212
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turies, as mentioned in Section 1.1 [7]. The growth rate in both bacteria decreases, and
one can argue, that in the case of E. coli some silver ions have reacted with chloride in
the medium in order to form silver chloride. However, no diﬀerence in bactericidal eﬀect
toward E. coli and B. subtilis was observed. The concentration of silver ions in the cultures
has been eﬀective against the bacterial cell concentration at the time of addition.
Factors such as B. subtilis being significantly larger than E. coli resulting in a higher
number of E. coli than B subtilis at similar OD600 , an equal concentration of silver were
added to both bacteria, an equal bactericidal eﬀect was observed in both of the experiments, and the OD600 measures total cell density, all point towards the fact, that silver
ions might be more eﬀective against E. coli. Feng et al. found similar results, when they
demonstrated that silver ions are more eﬀective against E. coli than the gram-positive
bacterium Staphylococcus aureus (S. aureus). They speculate, that the thicker cell wall in
gram-positive bacteria makes for a stronger defence against the silver ions [65]. The eﬀect
can also be explained by the fact that silver ions are more reactive toward components of
the gram-negative outer cell membrane and thinner cell wall compared to the thicker cell
wall of the gram-positive B. subtilis. Another explanation could be, that since B. subtilis
bacteria are much larger than E. coli, it requires a higher concentration of silver ions to
inhibit cell growth leading to lysis, and that B. subtilis might simply be more resistant
against silver ions compared to E. coli.

7.2.2

Silver Nanoparticles

The bactericidal eﬀects of both SAgNPs and TAgNPs have been examined, and the
experiments revealed no bactericidal eﬀect.
This can primarily be explained by the time of silver addition. The AgNPs were added in
the third, fourth or fifth growth hour where the cell concentration of E. coli was between
5.6 · 108 to 8 · 108 cells per mL and for B. subtilis it was between 7 · 107 to 1.2 · 108 cells
per mL [76]. The concentrations of silver in the culture broths in SAgNPs were 0.083 mM
and 0.276 mM, and in TAgNPs it was 0.024 mM. The high concentration of bacterial cells
and rather large volume of the cultures, compared to the rather low silver concentration,
is probably the main reason for no observed bactericidal eﬀect [76]. This is supported by
the current research, which uses concentrations of silver in AgNPs against E. coli shown in
Table 7.3. These concentrations are rather low. They are based on OD600 in broths, where
AgNPs are present in the cultures at the moment of inoculation with E. coli, supporting
that the times of addition used in the experiments in this project were too late. Moreover,
Sondi et al. found that even at high concentrations in broth, SAgNPs caused only a delay in
growth. They argue that, compared to solid media, the concentration of AgNPs decreases
as the particles interact with cellular components. SEM pictures indicated macroscopic
aggregations consisting of AgNPs and dead bacterial cells. Sondi et al. conclude that
AgNPs have a limited use in liquid systems due to their low colloidal stability [76]. One
could argue that, in these experiments, not only was the cell concentration too high and
the concentration of silver too low, but particles acting as bactericidal agents aggregated
together with dead cells, and would thereby be of no further use, and cells not aﬀected
would continue duplicating. Since OD600 measures total bio density, the aggregates will
contribute to an increase in OD600 in the exponential phase, and the AgNPs will appear
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to have no bactericidal eﬀect.
Reference
Shrivastava et al. [78]
Sondi et al. [76]
Raﬃ et al. [75]
Pal et al. [84]

Diameter
10 - 15 nm
10 - 16 nm
16 nm
39 nm

Concentration
0.23 mM
0.46 mM
0.56 mM
0.46 mM

Table 7.3. The smallest concentrations of SAgNPs with diﬀerent diameters having a considerable
eﬀect on bacterial growth being used against E. coli in broth, in the current research.

The experiments in this project does not conclude, that the AgNPs have no bactericidal
eﬀects. According to Sondi et al., one can argue that the cell concentrations in the
experiments are higher than what can be found in any real-life system. If the bactericidal
eﬀects of AgNPs are to be evaluated, the particles should be present when the media is
inoculated. This is the preferred method of the current research, and it is more akin to
real life situations. [6, 8, 10, 75, 76, 84]
It is suggested that the release of ions is the only, or primary, reason for bactericidal eﬀect of
nanoparticles, and that AgNPs oﬀers a slow and controlled release of silver ions compared
to reactive silver salts [58, 59]. The reactivity of silver ions toward E. coli and B. subtilis are
well demonstrated, and this eﬀect did not occur at all in the experiments with both SAgNPs
and TAgNPs. However, it is diﬃcult to determine whether any silver ions were dissolved
from the AgNPs at all. No bactericidal eﬀect of the AgNPs was observed, but since the
particle concentration was low compared to the cell concentration, the ion concentration
would be even lower and its eﬀect would not be detectable in the high cell concentration.
Furthermore, if the AgNPs should release silver ions, one could argue that the TAgNPs
would release more ions due to their higher surface-to-volume ratio and higher percentage
of the atom dence {111} facets, and would, compared to SAgNPs in same concentration,
have a higher bactericidal eﬀect. One should note, it is the concentration of silver atoms
that is mentioned throughout the project and not the concentration of AgNPs. Less atoms
make up the surface of a spherical particle than a triangular particle of the same volume.
More atoms are on the surface of the triangular particles making them more reactive. This
means that it is diﬃcult to compare the experiments on bactericidal eﬀect of TAgNPs,
SAgNPs, and silver ions toward E. coli and B. subtilis, since the number of particles in
the TAgNP solution is lesser than in the SAgNP solution, and both are significantly lower
than the number of free ions in the silver ion solution, even though the atom concentration
is the same.
Furthermore, it is evident that, for AgNPs to release silver ions, there must be a
highly oxidizing environment, see Section 4.5.1. The intracellular environment is slightly
oxidative, and the particle solutions are highly reductive due to sodium borohydride.
Peroxides can represent an oxidizing environment, but intracellularly there is a negligible
concentration of peroxides and other oxidizing agents, primarily due to specialized enzymes
that deal with the cytotoxic oxygen species. One could argue that, AgNPs potentially can
comprehensively inhibit these enzymes resulting in an increase in ROS, that afterwards
can oxidize silver ions from the AgNPs. The release of ions is further demonstrated to
depend on pH by Liu et al., where pH 7 resulted in release of small concentrations of silver
ions from AgNPs in the presence of free protons. One could argue that, when inside the
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periplasmic space, free protons are available due to the PMF, allowing AgNPs to release
silver ions during reaction with dissolved oxygen. In the experiments in this project, there
could be only a very small concentration of free silver ions, since there is no oxidative
environment either in the media or intracellularly. The pH is 7 both in the culture and
intracellularly, and there is no acidic environment providing protons to begin with. Acidic
and oxidizing environments might occur when the AgNP interact with the cell membrane,
the cell wall, and their components during accumulation, and further by gab formation,
thus entering the cell. Smaller particles might just diﬀuse over the cell membrane like
water and other small molecules. Morones et al. demonstrated that AgNPs suspended in
0.2 M sodium nitrate released silver ions at concentrations of < 1 µM. In their experiment,
there was 287 times more sodium nitrate present than silver. In this project, however,
there was an equal concentration of sodium nitrate and silver present after the synthesis of
SAgNPs, and thus the formation of ions caused by sodium nitrate will be negligible. [56]
A way of combatting the problem of too low particle concentration is to increase the
concentration by other synthesis methods. A synthesis method proposed by PastorizaSantos et al. should make it possible to increase the silver nitrate stock concentration 20
times compared to the concentration used in the experiment with TAgNPs [93]. Increasing
the concentration would not solve all problems, since the amount of particles still would be
very small compared to the number of bacterial cells, and other reports are able to observe
bactericidal eﬀects when concentrations similar to those in this project are used [84]. The
final solution should therefore be, as mentioned, to add the particles during inoculation of
bacteria.
The stabilizer used in the synthesis of the TAgNPs was trisodium citrate, which as
explained in Section 4.4, establishes a negatively charged electrostatic hindrance between
the nanoparticles. This could give problems when investigating the bactericidal eﬀect,
as bacterial cell membranes are negatively charged due to the phosphoric-acid group in
phospholipids. If the surface of either B. subtilis or E. coli is negatively charged, the
TAgNPs would be repulsed by electrostatic forces, and no direct cell damage would be
possible. With no direct cell contact, no accumulation onto cell envelope, no interaction
with enzymes and proteins, no entering the cell, and no change in the intracellular
environment releasing silver ions is possible. A solution would have been to use Tween 80
as a stabilizing agent instead, while synthesizing TAgNPs.
Even though AgNPs are proven to have great antimicrobial eﬀects toward a wide range of
microorganisms [9, 10], one must especially consider nanotoxicity when applying AgNPs
in infectious treatments and other bacterial growth controls. More profound studies in
the field of nanotoxicity is needed before one should apply AgNPs at higher industrial
levels to prevent unexpected societal health problems, primarily due to discharge into
the valuable aqueous ecosystems. Furthermore, it is suggested that silver nanoparticles
cannot discriminate between diﬀerent strains of bacteria and can hence lead to cell
death in microbes beneficial to the environment [9]. The central nervous system is
especially vulnerable to direct exposure of AgNPs resulting in primarily oxidative stress
and inflammation, and a potential development of Alzheimers and Parkinsons. [94]
Moreover, AgNPs are popular in bandages to prevent bacterial inflammation. However, it
is not E. coli and B. subtilis one will primarily find in skin infections, but other bacteria
such as S. aureus.
S. aureus is almost always responsible for infections of the skin and wounds [2], and
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so if AgNPs are to be used in bandages and the like, there is need for study of this
bacterium. It is a gram-positive bacterium, which means it has a cell envelope similar to
that of B. subtilis. Extensive research has gone into exploring what bactericidal eﬀect,
AgNPs have on S. aureus, and many studies have had somewhat successful experiments
[78, 95, 96, 97, 98]. According to Shrivastava et al., it is evident that AgNPs is not as
successful against S. aureus as it is the case with E. coli. Copper has also been investigated
as an eﬃcient bactericidal agent against S. aureus, but Ruparelia et al. found that silver
was approximately 10 - 15 % more eﬀective against S. aureus than copper [97]. Li et al.
found that a concentration of 0.19 mM AgNPs had a considerable bactericidal eﬀect on S.
aureus in broths. [98]
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7.3

Other Experimental Considerations

In this project, OD600 was used for measuring the bactericidal eﬀects of AgNPs. It is a
very useful method used by many, and if the AgNPs in this project were added at the time
of inoculation, results like Raﬃ et al. as seen in Figure 7.3 could be obtained [75]. Their
results clearly shows the bactericidal eﬀect AgNPs can have on E. coli in broth.

Figure 7.3. OD600 measurements showing minimal growth when E. coli is exposed to AgNPs
[75].

A method more suitable for a quantitative comparison between diﬀerent kinds of AgNPs
could be measuring the minimum inhibitory concentration (MIC) and the minimal lethal
concentration (MLC) [76, 99]. The MIC is the lowest concentration that will inhibit the
visible growth of a microorganism during overnight incubation on agar plates, and MLC is
the minimum concentration that will kill 99 % of the bacteria during overnight incubation
on agar plates. When measuring the MIC and MLC of AgNPs, agar plates with diﬀerent
concentrations of particles and a constant number of colony-forming units (CFU) of a
bacteria is incubated over night in 37 °C. The formed colonies are counted, and either the
MLC or MIC is evaluated. Figure 7.4 provides an experiment done by Raﬃ et al.. [75]

Figure 7.4. A measurement of the number of CFU of E. coli on agar plates after overnight
incubation with diﬀerent concentrations of AgNPs [75].

One way to do a MLC measurement is to incubate an agar plate overnight, and then place
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a small volume of nanoparticles in the middle of the plate. The plate is then incubated
overnight once more, and the bactericidal eﬀect of the particles should be visible. The
eﬀect is seen as an inhibition zone containing no or very few CFU. The inhibition zone
varies in size as a function of both volume and concentration of the added particles.
Methods measuring MLC and MIC has a distinct advantage over methods relying on
OD600 , since the results are more easily quantifiable and it is easier to compare diﬀerent
kinds of nanoparticles. Furthermore, methods observing MIC and MLC escapes some
of the disadvantages of OD measurements such as dead bacterial cells being counted as
metabolically active ones. OD600 is a very popular method, which makes it possible
to observe the growth of the bacteria easily, and a usage of both methods must be
recommended for a full analysis.
As described in Subsection 4.5.4 the shape of the nanoparticles is widely accepted to greatly
influence the antimicrobial eﬀect of silver nanoparticles. A larger surface-to-volume ratio
results in a greater bactericidal eﬀect and so, another shape could have been tried in this
project. One shape in particular, the tetrahedron, has the largest surface-to-volume ratio
and methods already exist to synthesize these, like the one used by Wiley et al. [100].
Single-crystal cubes and tetrahedrons of silver nanoparticles with truncated corners are
synthesized by reducing silver nitrate with ethylene glycol while heating it to 148 °C, and
using poly(vinyl purrolidone) as a stabilizing agent. By varying the synthesis time, Wiley
et al. was able to make silver nanoparticles in the range of 20 to 80 nm [100].
Diﬀerent metals and materials will have diﬀerent bactericidal properties. Especially
interesting, apart from silver, is copper, zinc, titanuim, magnesium and gold. According
to Rai et al. silver is proven to be the most eﬀective bactericidal agent against
microorganisms, but copper has also been investigated [7, 97, 101]. A distinction, when
investigating bactericidal eﬀects, must be made between the gram-positive bacteria and
the gram-negative. According to Ruparelia et al., copper nanoparticles is found to be more
eﬀective when treating B. subtilis than AgNPs. This can be seen in Figure 7.5. [97]

Figure 7.5. OD600 measurements showing that copper nanoparticles is more eﬀective in impairing
growth of B. subtilis than AgNPs [97].

This is speculated to be because of the large number of amines and carboxylic groups in
the cell wall of the gram-positive bacteria, and the high aﬃnity towards reactions with
them in copper nanoparticles [97, 101]. A reason behind the need for other antimicrobial
agents besides AgNPs is the risk for a development of drug resistance in some bacterial
strains [8].
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8. Conclusion
The objective of this project was to determine the bactericidal eﬀect of SAgNPs, TAgNPs,
and silver ions, and to see if the cell envelope diﬀerence between gram-positive (B. subtilis)
and gram-negative (E. coli) bacteria makes any diﬀerence in the bactericidal eﬀect. This
was done by cultivating B. subtilis and E. coli in YP broth and LB broth respectively,
then adding either silver ions, SAgNPs, or TAgNPs to the cultures at a specific OD600
value. To ensure that it was indeed SAgNPs and TAgNPs, that was added to the cultures,
the AgNPs were characterized through absorption spectroscopy and AFM measurements,
although the AFM measurement did not succeed with TAgNPs, most likely because of the
stabilizer used in the synthesis. The SAgNPs were found to be between 8 and 12 nm in
diameter. A standard growth curve for both E. coli and B. subtilis was made to determine
when the antimicrobial agents should be added. It was decided to add the antimicrobial
agents between OD600 values of 0.7 and 1.1. Five experiments were conducted for each
bacteria. For E. coli; SAgNPs at 0.083 mM and 0.274 mM, TAgNPs at 0.024 mM, and
silver ions at 0.101 mM and 0.295 mM. For B. subtilis; SAgNPs at 0.083 mM and 0.276
mM, TAgNPs at 0.024 mM, and silver ions at 0.103 mM and 0.298 mM. All concentrations
are of silver in the culture broths. All experiments with silver ions showed a bactericidal
eﬀect, while every experiment with TAgNPs and SAgNPs showed no bactericidal eﬀect.
This was likely because the AgNPs were added too late in the experiments. The eﬀect of
the TAgNPs were also troubled by the stabilizer, sodium citrate, as it gave the TAgNPs a
negatively charged surface, creating electrostatic repulsion between the particles and the
bacteria. This also made AFM measurements on a mica plate diﬃcult. To better determine
the bactericidal eﬀect of SAgNPs, TAgNPs and silver ions, other techniques could have
been used. One technique, is to determine the MIC and MLC on agar plates, giving a more
quantifiable bactericidal eﬀect. To further improve the bactericidal eﬀect and understand
how the surface-to-volume ratio aﬀects the bactericidal eﬀect of the AgNPs, another shape
could be used like the tetrahedron with its large surface-to-volume ratio.
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