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ABSTRACT

OBSERVING SUPPRESSION OF MICROBIAL GROWTH WITH
SURFACE-ENHANCED RAMAN SCATTERING

Microorganisms can be both harmful and beneficial for human depending on their nature.
If the mechanisms that make them harmful are known, their detrimental effects can be
minimized, which makes the study of microbial growth crucial. The amount of nutrients
plays an important role on the growth as well as presence of different chemicals that are
toxic to them. Observation of microbial growth in different environmental conditions is
important in terms of understanding the growth mechanisms of microorganisms. Among
many analytical and spectroscopic methods, Surface-Enhanced Raman Scattering (SERS)
is a promising technique to work with biological samples. It gives valuable information
about molecular structures based on their vibrational modes. While working with
biological samples, it has many advantages such as simple sample preparation, no

interference from water and achieving low limits of detection.

In the thesis presented below, microbial growth of bacteria and yeast cells in the presence
of a biocidal agent were investigated with SERS. Maltose-reduced silver nanoparticles (m-
AgNPs) were used as biocidal agent. Escherichia coli (E.coli) and Saccharomyces
cerevisiae (S.cerevisiae) were selected as model organisms for bacteria and yeast,
respectively. The effect of three different concentrations (5, 10, and 20 ppm) of m-AgNPs
were tested on the mentioned microorganisms. Their microbial growth was monitored by
both measuring optical density (OD) and collecting their Raman scattering under a laser
beam. The spectral changes with respect to time were analyzed and the bands related to
certain metabolites of microorganisms such as amino acids, carbohydrates, proteins and
genetic material were used to monitor the changes in the chemical composition of cell
cultures. Results of both analysis revealed that microbial growth of E.coli is suppressed
when the cells are treated with 5 and 10 ppm m-AgNPs, and is inhibited in the presence of
20 ppm m-AgNPs. The results obtained from S.cerevisiae demonstrates suppression of its

growth increses with the increasing concentration of m-AgNPs as well.
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OZET

MIiKROBIYAL BUYUMENIN BASKILANMASININ YUZEYDE
ZENGINLESTIRILMIS RAMAN SACILMASI ILE GOZLEMLENMESI

Mikroorganizmalar dogalarina bagl olarak insanlar i¢in faydali veya zararli olabilirler.
Zararli olmalara neden olan mekanizmalar1 bilmek, bu etkileri en az diizeye indirmeyi
saglayabilir. Mikroorganizmalarin g¢evresinde bulunan besin maddelerinin mikar1 kadar
etraflarinda bulunabilecek zehirli kimyasallarin da biiytimeleri {izerinde Onemli etkisi
vardir. Mikrobiyal biliylimenin farkli ¢evresel kosullarda incelenmesi, mikroorganizmalarin
bliyime mekanizmalarinin anlasilmast acgisindan Onemlidir. Bir ¢ok analitik ve
spektroskopik metod arasindan yiizeyde zenginlestirilmis Raman sagilmast (YZRS)
biyolojik 6rneklerle calismak i¢in umut vaat eden bir tekniktir. YZRS molekiillerin titresim
modlarma bagli olarak molekiil yapilari ile ilgili 6nemli bilgiler saglar. YZRS i¢in 6rnek
hazirlamanin kolay olmasi, aliman spektrumun sudan etkilenmemesi ve az miktarda
ornegin yeterli olmasi, YZRS nin biyolojik drneklerin analizinde kullanilmasini avantajl

hale getirir.

Bu tezde, bir biyosidal ajanin bakteri ve maya hiicrelerinin biiylimesine etkisi YZRS ile
incelenmistir. Biyosidal ajan olarak, maltozla-indirgenmis giimiis nanoparcaciklar
kullanilmistir. Bakteri hiicresine model olarak Escherichia coli (E.coli), maya hiicresine
model olarak ise Saccharomyces cerevisiae (S.cerevisiae) se¢ilmistir. Giimiis
nanoparg¢aciklarin ~ bahsedilen = mikroorganizmalar  iizerindeki etkisi li¢  farkh
konsantrasyonda (5, 10, ve 20 ppm) incelenmistir. Mikrobiyal biiyiimeleri hem optik
yogunluklar1 Olgiilerek hem de lazer 111 altindaki Raman sagilmalari toplanarak
izlenmistir. Zamana bagli olarak gozlenen spektral degisiklikler analiz edilmis ve amino
asitler, karbonhidratlar, proteinler ve genetik materyalden gelen pikler kullanilarak hiicre
kiiltiriindeki kimyasal maddelerin igerigindeki degisimler izlenmistir. Yapilan iki analizin
is1ginda, 5 ve 10 ppm glimiis nanopargagikla inkiibasyonun E.coli’nin biiylimesini
baskiladigi, 20 ppm konsantrasyonda ise biiyiimenin hi¢ gozlemlenmedigi anlasilmistir.
S.cerevisiae’ den alinan sonuglarda ise biiyiimenin baskilanmasimin artan giimis

nanoparg¢agik konsantrasyonu ile dogru orantili olarak arttig1 gézlemlenmistir.
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1. INTRODUCTION

1.1. AIM OF THE STUDY

Aim of this study is to monitor the effect of maltose-reduced AgNPs (m-AgNPs) on
microbial growth of different microorganisms such as bacteria and yeast by using Surface-

Enhanced Raman Spectroscopy (SERS).

For this purpose, Escherichia coli (E.coli) cells were selected as model bacteria and
Saccharomyces cerevisiae (S.cerevisiae) cells were selected as model yeast cells.
Lysogeny Broth (LB) medium for E.coli and Sabouraud Dextrose Broth (SDB) for
S.cerevisiae were used as growth media. In order to investigate how different
concentrations of m-AgNPs affect the microbial growth of different microorganisms, LB
and SDB media were mixed with different amounts of m-AgNPs. The cells were incubated
with their media which contain different amounts of m-AgNPs. Samples were taken for
SERS analysis at the end of certain incubation times. The spectra obtained from the
samples were analysed and the changes in the metabolite profiles due to the presence of m-
AgNPs in the media through the changes in spectral pattern band intensities were
examined by comparing their spectra with the spectrum of control group, which does not
contain any m-AgNPs.

1.2. MICROORGANISMS

Microorganism is a general name given to several different types of living organisms of
microscopic size. These micron-size creatures are both beneficial and detrimental for
humanity at the same time. As an example for the benefits of microorganisms, it can be
said that the cycles of many elements such as carbon, nitrogen and phosphorus cannot be

fulfilled without them. On the other hand, they are the main cause of many deadly diseases.

Microorganisms are mostly unicellular organisms which are capable of performing
essential processes of life such as growth, metabolism and reproduction. They can be
divided into two groups based on the differences in cellular organization and biochemistry.



Archaea, being the first domain of life, belong to prokaryotes along with one of the well-
known microorganisms, bacteria. Other unicellular organisms such as fungi, protozoa and
slime moulds form the group of eukaryotes [1]. The main difference between prokaryotic
and eukaryotic cells is the latter have membrane-enclosed organelles. Prokaryotic cells do
not have separate organelles; they consist of a cell wall, cell membrane, cytoplasm,
nucleoid, ribosome and plasmid. As they do not have separate compartments like
eukaryotic cells, all metabolic activity and protein synthesis take place in cytoplasm. Also
they do not have a separated nucleus for their genetic material; their DNA is condensed in
nucleoid. However, eukaryotic cells have more complex cellular structure than
prokaryotes. They have membrane-bound organelles in their cytoplasm, and these
organelles carry out different tasks for the survival of the cell. Unlike prokaryotes,
eukaryotes have their DNA in nucleus, separated from cytoplasm by a double-membrane

structure [2].
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Figure 1.1. Representation of a) eukaryotic and b) prokaryotic cells with their cell

components [3]



Bacteria comprise vast amount of prokaryotes, and they can be found everywhere in
biosphere. They have the least complex cellular structure among microorganisms. They are
very diverse and can be classified based on their differences in cell components, cell
structure, or cellular metabolism. One of the famous classification methods is named as
Gram-staining after the Danish bacteriologist Hans Christian Gram who developed the
technique. This technique depends on the structural differences of bacterial cell wall. For
most of the bacteria, cell wall is made of peptidoglycan layer which is a polymer consisting
of sugars and amino acids. Depending on the thickness of peptidoglycan layer, cell wall
can be stained purple by crystal violet or counter-stained pink by safranin. If bacterial cell
wall is composed of a thick peptidoglycan layer, crystal violet become trapped within this
structure and stained purple. This group of bacteria are called as Gram-positive bacteria. If
bacterial cell wall is composed of a thinner peptidoglycan layer, it loses its purple colour
after washing and can be stained pink by a counter-stain. In this case bacteria are called as

Gram-negative as they are not stained with Gram stain [4,5].
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Figure 1.2. Schematic illustration of Gram-negative and Gram-positive bacteria [4]

Eukaryotic microorganisms such as fungi and parasites can be either unicellular or
multicellular and have a much more complex cellular structure compared to bacteria. They
have membrane-bound organelles that are responsible of specific functions of the cell.
Some examples of organelles can be given as; mitochondria which is responsible for
energy generation, endoplasmic reticulum produces and transports proteins and golgi body
which delivers molecules throughout the cell and responsible for exocytosis and secretion
[6]. Among eukaryotic microorganisms, kingdom of fungus includes yeasts and molds.
Yeasts are unicellular fungi whereas molds grow in the form of multicellular filaments.
They are both heterotrophs and responsible for decomposing in ecological systems. They

have a cell wall which is composed of carbohydrates such as B(1,3) glucan and B(1,6)



glucan, mannoprotein and chitin. Although there are many yeasts related with infection and
diseases such as Candida albicans [7], many forms of yeasts are used in fermentation
processes in industry such as alcohol production, making bread and probiotics. Also, they
can be used in bioremediation and they are very useful as model organisms in scientific

researches [8].
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Figure 1.3. Schematic illustration of yeast cell wall [9]

1.2.1. Microbial Growth

Growth of microorganisms can be achieved when the parameters that affect the growth are
optimized. Physical and chemical conditions are the most important parameters in
microbial growth. Chemical conditions include the presence of water and energy source in
the medium. In order to grow and increase the number of cells, microorganisms require
some essential elements such as C, H, O, and N, and growth factors in the medium.
Moreover, physical conditions such as temperature, osmotic pressure, and pH also have an
important role in microbial growth. If all the conditions are optimized, microorganisms
start their metabolic activity and as a result grow in size and number. When even a single
microorganism encounters a new environment, following four phases of microbial growth
take place. The first phase is named as lag phase and during this phase microorganisms try
to adapt their new environment and synthesize necessary enzymes and proteins for their
proliferation. After this adaptation step, the rate of DNA synthesis increases and as a result,
cells begin to divide at their maximum rate. This second step is log phase, and the increase
in number of cells can be observed in this phase clearly. Furthermore, due to increased
metabolic activity, microorganisms become more sensitive to external factors such as

antibiotics. When they reach a certain population size, they enter the third phase which is



stationary phase. This phase results from mostly depletion of a nutrient, and/or formation
of inhibitory products. Also, synthesis of secondary metabolites occurs in this phase. If the
conditions remain the same, rate of death becomes higher than rate of proliferation because
of decreasing nutrient and microorganisms go their last phase which is named as death
phase. Duration of growth phases may vary from species to species [10].

1.2.2. Escherichia Coli

Escherichia coli is a member of the family Enterobacteriaceae. It is a rod-shaped bacterium
with 2.0 um length and 0.25-1.0 um diameter. The peptidoglycan layer of its cell wall is
thin and stains pink with counterstain safranin which indicates that E.coli is a Gram-
negative bacterium. Some strains of E.coli are considered as pathogenic while some of
them are normal inhabitant of the gut of many animals. It is a well-studied model organism
for Gram-negative bacteria due to its ability of reproduction at high rates and its adaptation
to laboratory environment [11]. E.coli can grow in any medium that contains glucose,
sodium chloride, magnesium sulphate, ammonium phosphate monobasic, potassium
phosphate dibasic, and water. The optimum temperature for growth of E.coli is 37 °C.
Cellular respiration of E.coli cells can be either aerobic (if O, is present) or anaerobic (if

O, is absent). This trait increases the chances of survival of bacteria [12].

As a model organism, E.coli has been used in many different scientific areas such as
genome-sequencing [13], metabolomics [14], and antimicrobial agent tests [15,16]. The
last topic is extremely important in terms of understand the mechanism of toxicity of
chemicals and agents towards pathogenic or non-pathogenic bacteria. Nano science and
nanotechnology has recently become one of the most popular research areas. As a result,
the variety of nanoparticles as well as their synthesis methods increases day by day.
Toxicity of all these nanoparticles has been testing on different types of cells. E.coli is
widely used in these toxicity tests. As an example, in the study of McQuillan et al.
dissolution-based toxicity mechanism of silver nanoparticles to E.coli was investigated
[17]. Similar studies including antibacterial activity of zinc oxide (ZnO) nanoparticles
against E.coli [18], toxic effect of iron oxide nanoparticles on E.coli [19], and microbial

toxicity of different metal oxide nanoparticles ( CuO, NiO, ZnO and Sb,0O3) on three



different microorganism (Escherichia coli, Bacillus subtilis and Streptococcus aureus)

were done [20].

1.2.3. Saccharomyces Cerevisiae

Although there are many species of yeast, Saccharomyces cerevisiae is the microorganism
that comes to mind in everyday language. S.cerevisiae has been widely used in daily
fermentation processes such as making bread, wine and beer since the ancient times,
making it one of the first domesticated organisms. In addition to its benefits to daily human
life throughout history, it is one of the most suitable model organisms for eukaryotic
systems. Due to its many advantages, studies have focused on this microorganism starting
from the beginning of twentieth century. S.cerevisiae has been very useful for investigation
of metabolic pathways, characterization of enzymes, and understanding signal transduction
mechanisms [21]. Life cycle of S.cerevisiae alternates between asexual and sexual
reproductive cycles. R. K. Mortimer and colleagues developed both meiotic and mitotic
approaches and completed the genomic sequence of S.cerevisiae over the years [22].

As an eukaryotic cell, S.cerevisiae possesses all membrane-bound organelles (except
chloroplasts) and a nucleus. Cell wall of yeast differs from bacterial cell wall and is
composed of mannoproteins (highly glycosylated glycoproteins), p-glucans and chitin.
Even if they have ability to follow two modes of reproduction, they reproduce by budding
at normal conditions. When cells grow to a certain size, they form a bud on the cell wall
and start DNA synthesis at the same time [21]. S.cerevisiae cells can produce ATP through
either respiration and/or fermentation during growth. The availability of fermentable
carbon sources such as glucose in the medium has a huge impact on the determination of
which metabolic pathway will be chosen for ATP synthesis. Acetate, succinate, glycerol
and ethanol are the byproducts of yeast fermentation and can be only used as carbon
sources in mitochondrial respiration. Also, Olivares-Marin et al. compared the growth
curves of cultures with different glucose concentrations. They concluded that when ATP is
synthesized mainly through fermentation rather than oxidative phosphorylation, the culture
reaches the log phase in a shorter time and high growth rates can be obtained during this
phase [23]. The growth, metabolism and fermentation process of S.cerevisiae has been

investigated and engineered in many ways especially in biotechnology field [24-27]. It is



also mainly used as an eukaryotic model organism in order to assess biocidal effect of

nanoparticles [28-30].

1.3. SILVER NANOPARTICLES

Nanomaterials and nanotechnology have recently been used in many applications due to
their novel electrical, catalytic, magnetic, photonic, and thermal properties compared to
their macroscaled counterparts. Owing to these properties, many studies investigating their
antimicrobial properties [31-33], their usage in drug delivery applications [34,35], and
their contribution as substrates to spectroscopic techniques such as Surface-Enhanced
Raman Spectroscopy (SERS) have been done [36,37]. Among nanoparticles, silver
nanoparticles (AgNPs) draw attention due to their use in different research areas.
Depending on their synthesis method, they exhibit different properties. One of the most
popular properties of AgNPs is its biocidal effect against microorganisms. As a result of its
antimicrobial effect, AgNPs are widely used in pharmaceutical and food industry, and also
in water treatment [32]. When microorganisms are exposed to AgNPs, they can penetrate
into the cells due to their small sizes. The release of Ag® ions from AgNPs results in direct
contact of Ag” ions with phosphorus- or sulphur- containing biomolecules such as DNA,
RNA, and proteins. Also formation of reactive oxygen species (ROS) by AgNPs damages
the membrane of microorganisms [31]. The advantage of AgNPs over ionic silver is that
the size and shape of AgNPs can be controlled meaning that their antimicrobial activity can

be enhanced during synthesis of AgNPs [32].

There are many ways of synthesizing AgNPs such as using a ceramic heater that has a
local heating area [38], using electrical spark [39], using microorganisms to reduce silver
salts [40], but the most common way is reduction of silver ions by reducing chemicals. In
this case many reducing chemicals such as sodium borohydride, hydrazine hydrate, sodium
citrate, ascorbic acid [32] as well as some reducing sugars such as glucose, galactose,
maltose, and lactose can be used. Different reducing agents and stabilizers have an effect
on the size, size distribution, and morphology of nanoparticles [41].



1.3.1. Maltose-reduced AgNPs

Using a disaccharide as a reducing agent in the synthesis of AgNPs has some advantages
over other reducing agents. As an example, Culha et al. synthesized AgNPs by using only
maltose monohydrate and tested its antimicrobial activity against a broad-spectrum of
bacteria. As there is no need of any hazardous stabilizer such as polyvinylpyrrolidone
(PVP) during synthesis, it can be said that this is a green-chemistry approach. A narrow
size distribution can be also achieved by using maltose in the synthesis. Furthermore,
biocidal activity of AgNPs is affected by both size and dissolution rate of nanoparticles. If
a weak reducing agent is used for synthesis, the release of Ag® ion from AgNPs will be
faster. Carbohydrates are weak reducing agents when compared with citrate or
borohydrate. As a result, using a carbohydrate as reducing agent increases the release rate
of Ag® ions thus increases antimicrobial activity of nanoparticle [42]. In another study,
synthesis was done by using four different reducing sugars (glucose, galactose, maltose
and lactose) and the antimicrobial activities of obtained AgNPs were tested. It was
concluded that among all AgNPs, those synthesized by reducing with maltose showed the
highest antimicrobial activity. Investigation of nanoparticles with greater biocidal effects
on pathogenic microorganisms becomes more important, as the resistance of
microorganisms to antibiotics increases due to their overuse [41]. It should also be noted
that not every AgNPs synthesis method produce AgNPs with biocidal properties. For
example, citrate reduced AgNPs (c-AgNPs) do not show almost any biocidal effect.
Biocidal effect of c-AgNPs was tested against Escherichia coli and Baccillus megaterium
by Kahraman et al. They checked the viability of bacterial cells after 30 minutes
incubation with AgNPs colloidal suspension by re-culturing the bacteria on agar plates.
Their results demonstrated that c-AgNPs have almost no toxic effect on microorganisms
[43].



1.4. RAMAN SCATTERING AND SURFACE ENHANCED RAMAN
SCATTERING

1.4.1. Theory of Raman Spectroscopy

In general, spectroscopy deals with interaction of electromagnetic radiation with matter.
The aim of using different spectroscopy techniques is to obtain information about a
compound’s structure, composition, and properties. By using absorption and/or scattering
phenomena, electronic structures and/or vibrational behaviour of a compound can be
obtained. According to the frequency of absorbed radiation, energy levels of the compound
can be determined. Also a quantitative data can be obtained from the intensity of
absorption. Among many spectroscopic methods, vibrational spectroscopy is widely used

in order to characterize compounds based on their molecular vibrations.
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Figure 1.4. Electromagnetic spectrum and related energy units [44]

The vibrational displacements of molecules depend on the number of atoms in the
compound as well as their linearity and symmetry. Total number of displacements of a
molecule can be found by multiplying number of atoms by three. Translational, rotational,
and vibrational motions contribute to these displacements. There are three translational
motions for both linear and non-linear molecules. On the other hand, the number of
rotational motions differs according to linearity of molecules. There are three rotational
motions for non-linear molecules whereas for linear molecules this number decreases by

one because there is no rotation around the axis. When translational and rotational motions
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are subtracted from total number of displacements, number of vibrational motions can be
found. Briefly, for a non-linear molecule it can be calculated as 3N-6 and for a linear
molecule it can be calculated as 3N-5 where N is the number of atoms in the molecule.
These vibrations are named as normal modes and can be either Infrared (IR) active or
Raman active independently, but cannot be both according to the exclusion rule. If electric
dipole moment of a molecule changes due to a normal mode, it can absorb infrared
radiation and can contribute to IR spectrum which makes that particular normal mode IR
active. Raman activity of normal modes is similar to IR activity but in this case

polarizability changes due to distortion of a molecule [45].

Raman scattering was first observed by C.V. Raman and his colleague K.S. Krishnan in
1928 [46]. After that, identification of molecules has been done by measuring frequency
and intensity of scattered radiations, and this technique named after its inventor, C.V.
Raman. After an incident light in visible region of electromagnetic spectrum interacts with
electron cloud of molecules, it polarizes the electron cloud and cause an excitation of
electrons to a virtual state. But electrons in this state are not stable so electron cloud

relaxes and photons scatter in all directions.

There are two possible types of scattering; radiation can be scattered elastically or
inelastically. Rayleigh scattering occurs when the frequency of scattered radiation is equal
to the frequency of incident radiation which results in an elastic scattering. Most of the
scattered radiation occurs as this kind of scattering. But due to vibrations of molecules a
shift in the frequency of scattered radiation can also be observed. This inelastic scattering
of radiation is called as Raman Effect and can be collected to construct Raman spectrum.
The frequency of scattered radiation can be either higher or lower than the frequency of
incident radiation. If the frequency of scattered radiation is lower than the frequency of
incident radiation, Stokes lines occur in the spectrum. This happens as a result of energy
transfer from photon to the electrons of molecule. Molecule gains frequency thus scattered
photon has lower frequency, energy, and wavenumber but it has higher wavelength.
Another scenario may take place if the molecule is already at vibrational states when it
absorbs a photon. In this case, molecule turns back to the ground state by transferring its
excessive energy to the incident photon. This causes frequency and energy increase in the
scattered radiation and can be visualized as anti-Stokes shift in the Raman spectrum
[47,48].
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The information gathered from Raman spectrum is very useful in terms of understanding
molecular structures of materials. The shifts in wavelength are affected by force constants
or bond distances of atoms. The frequency of vibration is determined by the inter-atomic
force constant and vibrational intensities are related with polarizability of the electron
cloud. Overall characteristic properties of vibrations result in bands at different
wavenumbers on Raman spectrum, that are known as characteristic “fingerprint bands” of

a molecule, making detection and identification of molecules easier [47].
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Figure 1.5. Schematic diagram of Rayleigh, Stokes and anti-Stokes scattering

1.4.2. Surface Enhanced Raman Spectroscopy

Raman spectroscopy has many advantages over the other spectroscopic methods. These
advantages arise from ease of sample preparation, being non-destructive and having no
interference with water and glass as they have very weak Raman spectra. On the other
hand, the signals resulted from scattered photons have inherently weak nature. Applying
high laser power and collection of scattering radiation for a long time can increase the
intensity however it may cause decomposition of the sample at the same time. In order to
increase the Raman intensity of vibrations, molecules can be brought into close vicinity of

a nanostructured noble metal surface such as gold and silver nanoparticles [49].
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When electromagnetic waves travel along conductor metal-dielectric interference, they
couple with oscillating electron plasma of metal and this coupling generates surface
plasmon polaritions (SPP). Only noble metals such as gold, silver, and copper support the
formation of the plasmons. If the surface of noble metal is flat, the excited surface
plasmons are called as surface plasmon resonance (SPR). If they are generated on
nanostructured noble metal, they are called localized surface plasmons (LSPRs). LSPRs
can enhance the intensity of Raman signals as high as 10® by forming intense
electromagnetic area around scattered light. Another mechanism of enhancement can be a
charge transfer between molecule and metal surface however it is thought that this
mechanism is not as effective as electromagnetic effect. Phenomenon of LSPR was first
applied to Raman spectrum of pyridine in 1974 by Fleischman et al. After that the strong
relationship between electromagnetic enhancement and surface plasmons (SPs) was

understood and this led many improvements in Raman spectroscopy [50].

Electric Field
Electron Cloud

Time

Figure 1.6. Schematic of localized surface plasmon resonance (LSPR) [51]

Gold nanoparticles (AuNPs) and AgNPs have been widely used as SERS substrates in
sensing and imaging applications. The size, shape and aggregation tendency of
nanoparticles as well as different reducing agents used in the synthesis have important
effects on the performance of SERS. Researches have focused on optimizing these
parameters. In a study, SERS activity of silver colloids prepared by reducing with different
chemicals was tested. The best Raman enhancement was achieved with citrate-reduced
AgNPs [52]. Therefore, c-AgNPs are one of the most used SERS substrates as their
synthesis method is easy to conduct and the produced AgNPs have high SERS activity
[53].
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1.4.3. Application of SERS in Biological Samples

Using SERS in detection, identification, and monitoring of biological samples has become
more popular owing to many advantages of the technique. Being insensitive to water
molecules makes SERS an important tool in biological studies. Furthermore, signal
enhancement with the help of LSPRs makes it possible to use low laser power and prevent
destruction of biological samples. Finally, from sample preparation to obtaining and
analysing the spectrum, SERS is a rapid method in comparison with other methods of

analysis such as IR spectroscopy, mass spectroscopy, etc.

SERS can be applied in a wide range of applications such as imaging the cell wall of
microorganisms [54,55], identification [56] and discrimination of different organisms [57],
monitoring biofilm formation [58-61], profiling metabolites [62], detection of other
biological macromolecules such as proteins [63], genetic material (DNA and RNA) [64],
and detection of illicit drugs in forensic samples [48]. Another advantage of using SERS in
detection and identification of microorganisms is low limit of detection (LOD) values. As
an example, Ag@TiO, nanofibrous felts constructed by Yang et al. served as a SERS
substrate with limit of detection as low as 10 mol/L [65]. Thus, it can be used in detection
and monitoring of diseases [66-68], or can be coupled with other techniques in order to

construct point-of—care biosensors (POC) [69,70].

Raman scattering is correlated with polarizability of electron clouds around nuclei,
therefore double bonds with n-electron clouds are strong Raman scatters as they are easily
distorted in an external electric field. Also they are prone to cause induced dipole moments
by changing the distribution of electron density due to their bending or stretching
vibrations [47]. The Raman intensity of polar organic bonds, such as C-O, N-O, and O-H,
are weak whereas intensity of neutral bonds, such as C-C, C-H, and C=C, are strong [71].
This makes SERS a more advantageous analytical tool for studying biological samples, as
cells, metabolites, and biological macromolecules are generally contain the bonds
mentioned above. In a study, real-time changes during the cell cycle of a single yeast cell
was monitored by analysing Raman peaks coming from m-RNA, proteins, and lipids [72].
In another study, in situ quantification of fermentation process was done by obtaining
Raman spectra of fermentation components, such as, ethanol, glucose, glycerol, and lactic
acid [73].
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2. MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. Chemicals

Tri-sodium citrate and maltose monohydtrate were purchased from Merck (Merck KGaA,
Darmstadt, Germany). Silver nitrate (AgNO3) (99.5 percent) and sodium chloride were
purchased from Sigma-Aldrich. Sabouraud dextrose broth (SDB) and peptone from casein,
pancreatic digest were obtained from Fluka. Yeast extract was purchased from BioLife. All

chemicals were used as received without further purification.

2.1.2. Microorganisms

The microorganisms Escherichia coli ATCC 10536 and Saccharomyces cerevisiae ATCC
9763 were obtained from our microorganism collection (Yeditepe University, Genetics and

Bioengineering Department).

2.2. EXPERIMENTAL DESIGN

As mentioned above, the growth of microorganisms is highly affected by their
environment. Maltose-reduced AgNPs are known to decrease the viability of
microorganisms through several mechanisms. This study investigates how the growth and
metabolite profile of microorganisms is affected if m-AgNPs are present in their culture
media. In order to make a comparison between prokaryotic and eukaryotic cells, two
different microorganisms, E.coli as a bacteria and S.crevisiae as a yeast cell, were selected.
In microbiology, UV/VIS spectrometry is widely used in order to measure the turbidity of
medium. Turbidity or optical density (OD) of medium increases in accordance with
increasing number of cells and can be used in order to observe microbial growth. Another
spectroscopic method, surface-enhanced Raman spectroscopy, was used in order to
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monitor the changes in the chemical components of the media, resulted from the metabolic

activity of the cells, both in the presence and in the absence of m-AgNPs.

Control group
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Figure 2.1. Schematic illustration of experimental design

Briefly, E.coli and S.cerevisiae cells were subcultured in their liquid media LB and SDB,
respectively. Turbidity of subcultured cells was measured and necessary dilutions were
done in order to obtain the same number of cells in the media at the beginning of the
inoculation. Cells with their respective media were prepared in four different falcon tubes.
Then, freshly prepared m-AgNPs were added into the media in order to obtain final
concentrations of 5, 10, and 20 parts per million (ppm). They were incubated with m-
AgNPs and samples were taken after certain incubation times (2, 6, 12, 24, and 48 hours of
incubation) in order to measure optical density of media. Also, 5 uL of samples were

mixed with c-AgNPs and was dropped on CaF, for SERS measurements.

In these set of experiments, the turbidity and SERS results of cell cultures that do not
contain m-AgNPs were used as control experiment for both microorganisms. As the effect
of m-AgNPs on growth was investigated, the results of control group was compared with

the results of cell cultures that are prepared by mixing with 5, 10, and 20 ppm m-AgNPs.
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2.3. METHODS

2.3.1. Synthesis of Citrate-Reduced Silver Nanoparticles

Citrate-reduced AgNPs were synthesized by well-known Lee and Meisel method [74].
Briefly, 90 mg of AgNO; was dissolved in 500 mL ddH,O and the solution was heated
under stirring until boiling. After the solution started boiling, 10 mL (1 percent) of filtered
tri-sodium citrate solution was added drop wise into the solution. When the volume
reduces to 250 mL due to boiling, the flask was taken from boiling and left to cool down to
room temperature. The initial concentration of the prepared AgNPs colloidal suspension is
referred as 1X. The 1X suspension was concentrated 4-times by centrifuging at 5500 rpm
for 30 min, removing % of the supernatant and resuspending, and named as 4X, which was
used for the SERS measurements. The characterization of c-AgNPs was done by using
UV/VIS spectroscopy and Dynamic Light Scattering (DLS). Furthermore, SERS spectra of
c-AgNPs were obtained in order to check whether there is any interference coming from c-

AgNPs on the spectra or not.

2.3.2. Synthesis of Maltose-Reduced Silver Nanoparticles

Maltose-reduced AgNPs were synthesized by a previously reported method [42]. 50 grams
of maltose was dissolved in 100 mL of ddH,0 and was heated to boil. Meanwhile, AgNO;
solution was prepared by dissolving 0.475 grams of AgNO3 in 2 mL of ddH,0. When the
maltose solution started to boil, prepared AgNO;3 solution was added into the maltose
solution drop wise. After AgNO3 solution was added, the solution was boiled for 2 more
minutes then put directly into ice bath to decrease the temperature which terminates the

reaction.

2.3.3. Construction of Growth Curves of Microorganisms

E.coli and S.cerevisiae were sub-cultured at 37 °C for 16 hours in LB (Yeast extract 5 g/L;
Peptone from pancreatic digestion 10 g/L; NaCl 10 g/L) and SDB, respectively. In order to

construct the growth curve of E.coli and S.cervisiae, their optical density (OD) was
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measured at 600 nm. Then, fresh cultures for both cells were prepared with 0.02 initial
ODs and their ODs were measured from 2 to 55 hours. Similarly, in order to observe
growth profile in the presence of m-AgNPs, E.coli and S.cervisiae were sub-cultered at 37
°C for 16 hours, then the initial ODs were adjusted equal for liquid media containing 5, 10,
and 20 ppm m-AgNPs and for control group without m-AgNPs. E.coli and S.cerevisiae
cells were incubated at 37 °C and ODyg of cells were measured at the end of 2, 6, 12, 24,
and 48 hours of incubation. Logarithm of measured OD values were plotted against time in

order to obtain growth profiles in the presence of m-AgNPs.

2.3.4. Preparation of Microorganism Samples for SERS Measurements

Prior to the experiment E.coli and S.cerevisiae were sub-cultured at 37 °C for 16 hours in
LB and SDB, respectively. Fresh cell cultures, which contains 5, 10, 20 ppm m-AgNPs,
were prepared by using the necessary amount of cells from primary culture. They were
incubated at 37 °C until 48" hour and 5 uL of samples were collected at 2nd gt 12t gt
and 48™ hours. These samples were mixed with previously synthesized 4x c-AgNPs by
mixing 5 pL of sample with 5 pL of c-AgNPs, and dropped on CaF, slide. Right after the

drops were dried their SERS spectra were obtained.

2.3.5. Characterization of AgNPs

2.3.5.1. Ultraviolet-Visible Spectroscopy Analysis

A Perkin Elmer Lambda 25 Ultraviolet-Visible (UV-Vis) spectrometer was used in the
characterization of c-AgNPs colloidal suspension and m-AgNPs. In order to construct the
growth curves of microorganisms, the optical density (turbidity) measurements were

performed at 600 nm wavelength with UV-VIS spectrometer.
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2.3.5.2. Dynamic Light Scattering Analysis

The size of both c-AgNPs and m-AgNPs were performed using Malvern Zetasizer Nano
ZS which is equipped with a 633 nm 4 mW He-Ne laser. Standard disposable polystyrene

cuvettes were used for size measurements.

2.3.6. SERS Measurements

The SERS spectra were recorded using a Renishaw InVia Reflex Raman Microscopy
system (Renishaw Plc., New Mills, Wotton-under-Edge, UK) equipped with a 830 nm
diode laser and with a high speed encoded stage (Streamline™), a Leica DM2500 upright
microscope. A 20x short distance objective with 2.5 pm spot size was used and 3 mW laser
power was exposed to the samples for 10 seconds of exposure time. The system was
automatically calibrated against a silicon wafer band at 520 cm™. From one spot, total of
36 spectra were obtained and for one sample, SERS spectra were collected from three
different spots. So total of 108 spectra were collected from one sample. Samples were
collected at designated incubation times. Also, SERS spectra of LB and SDB media were

obtained in order to monitor how the concentrations of chemicals change with time.



19

3. RESULTS AND DISCUSSION

3.1. CHARACTERIZATION OF SILVER NANOPARTICLES

3.1.1. Characterization of c-AgNPs

The synthesized c-AgNPs were characterized with UV/VIS spectroscopy (Figure 3.1a) and
Dynamic Light Scattering (Figure 3.1b). The maximum surface plasmon absorption of c-
AgNPs was observed at 420 nm. According to DLS result, the size of c-AgNPs was
obtained around 100 nm. These results are in accordance with the previous studies [75].
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Figure 3.1. The results of c-AgNPs characterization a) UV/VIS spectrum of c-AgNPs and
b) Dynamic Light Scattering (DLS) spectrum of c-AgNPs

3.1.2. Characterization of m-AgNPs

AgNPs, which were reduced by maltose, were characterized with UV/VIS spectroscopy
(Figure 3.2a) and Dynamic Light Scattering (Figure 3.2b). The typical surface plasmon
resonance absorption band at 420 nm can be seen on the UV/VIS spectrum of m-AgNPs.
According to DLS result, the size of m-AgNPs was obtained around 20 nm with narrow

size distribution. These results are in accordance with the previous studies [42].
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Figure 3.2. The results of m-AgNPs characterization a) UV/VIS spectrum of m-AgNPs and
b) Dynamic Light Scattering (DLS) spectrum of m-AgNPs

3.2. GROWTH CURVES OF MICROORGANISMS

Optical density (OD) or turbidity is widely used in order to observe growth profile and
growth rate of microorganisms. It is a very simple and rapid method to measure the
proliferation of cells with the help of a UV/VIS spectrometer. Basically, cell density is
measured with respect to a blank solution (in this case liquid media) by illuminating a light
beam through sample and measuring the amount of absorbed photons. OD of cells
increases with the increasing number of the cells. Plotting OD with respect to time gives

the growth curve of microorganisms.

In this study, the growth profiles of both E.coli and S.cerevisiae were constructed prior to
incubation with m-AgNPs. The ODs of both microorganisms were measured repeatedly
from 0 to 55 hour. Then log number of OD versus time graph was plotted. In Figure 3.3 it
can be seen that the obtained graphs are similar to typical growth curve graphs of bacteria

and yeast cells.

After that, the growth of both cells was monitored in the presence of m-AgNPs. The effect
of different concentrations of m-AgNPs on E.coli and S.cerevisiae cells was investigated.
In a previous study, minimum inhibition concentrations (MIC) of m-AgNPs against
different types of bacteria were demonstrated and the results were found between 1.69 and
13.5 ppm [41]. In our study, similar concentration values were used. Both cells were

incubated with 5, 10, and 20 ppm m-AgNPs and a control group that does not contain any
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m-AgNPs was prepared. At the beginning of incubation, OD values of cultures were

arranged to be equal. ODs were measured and semi logarithmic graph of OD against time

was plotted.
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Figure 3.3. The growth profile of E.coli and S.cervisiae at ODgq

According to OD results, the growth of E.coli and S.cerevisiae is highly affected by the
presence of m-AgNPs. In Figure 3.4, it can be seen that 5 ppm m-AgNPs caused a
fluctuation in the growth of E.coli but the cells managed to proliferate especially after 24
hours of incubation. 10 ppm m-AgNPs concentration inhibits bacterial growth mostly but
the initial OD value remain constant during 48 hours of incubation meaning that the cells
could not proliferate but at least remained alive. When it comes to 20 ppm m-AgNPs
concentration, it can be clearly seen that, m-AgNPs have a strong biocidal effect on E.coli
at this concentration. Number of cells started to decrease right after their incubation with
m-AgNPs at this concentration value.

In Figure 3.5 the effect of m-AgNPs on S.cerevisiae, Baker’s yeast cell, is given.
According to the graphs, a decrease in the cell density until 12 hour can be observed. After
that the culture moves to log phase and the number of cells started to increase. However it
can be said that the microbial growth was suppressed with respect to control group which
has higher OD values. Still, S.cerevisiae cells could grow to a certain value unlike E.coli
cells. The number of cells at the end of 48 hours of incubation was equal for 5 and 10 ppm
m-AgNPs. This number decreases for 20 ppm concentration. The overall results of growth

curves indicate that although m-AgNPs have more severe effects on E.coli than
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S.cerevisiae, they suppressed the growth of both microorganisms at 20 ppm of m-AgNPs

concentration. As OD data do not represent any information about the changes in the

environment, detailed research was conducted with SERS in order to monitor these

changes in the media due to the biocidal activity of m-AgNPs.
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Figure 3.4. The growth curve of E.coli in the presence of 5, 10, and 20 ppm m-AgNPs
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3.3. BACKGROUND SERS SPECTRA OF CITRATE REDUCED SILVER
NANOPARTICLES

In order to detect any possible interference from the background, the SERS spectrum of c-
AgNPs were obtained. Characteristic stretching peak of citrate can be seen at 1054 cm™ on
the SERS spectrum in Figure 3.6. This result shows that there is almost no interference

coming from c-AgNPs.
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Figure 3.6. The SERS spectra of c-AgNPs

3.4. OBSERVATION OF MICROBIAL GROWTH FROM SERS SPECTRA

The growth profiles of E.coli and S.cerevisiae were investigated by monitoring the changes
on SERS spectra due to changing cell number and environment. In order to detect the
chemical changes resulted from metabolic activity, samples were taken from cell cultures
of E.coli and S.cerevisiae at certain incubation times, and mixed with c-AgNPs without
applying a washing step. Also, in order to distinguish the differences resulted from
metabolic activity, the SERS spectra of media (LB for E.coli and SDB for S.cerevisiae)
were obtained. The spectra were plotted as Raman intensity versus wavenumber. The
increase or decrease in the constituents of environment, which are mostly biological
macromolecules and organic compounds, results in changes in the peak intensity or causes

a shift in the wavenumber.
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Figure 3.7. Raman shift ranges for organic molecules [71]

Table 3.1. List of tentative peak assignments for SERS spectra

Peak (cm™) Assignment
493 Polysaccharides [58]
506-528 S-S bond stretching [76]
560 C-S-S-C [77]
570-583 Carbohydrates [58]
613-620 COO- bending [77]
640-650,835-850 C-S stretching and C-C twisting of proteins (Tyrosine) [58,78]
710-730 Adenine from flavin (FAD) [77]
750-795 DNA/RNA fragments [78,79]
865.870 -C-C stretching and C-O-C 1,4-glycosidic link from carbohydrates
[78,80]
900-914 C-COO- stretching from carbohydrates [81]
950-955 Possibly a-helices and/or carbohydrates [82]
965-966 C-N stretching [77]
1000 C-C aromatic ring stretching (Phenylalanine) [58]
1025-1031 Tryptophan [83]
1040-1085 C-0 and C-C stretching of carbohydrates [78]
1080,1087 PO, in nucleic acids [56]
1115-1120 Benzoid ring deformation [84]
1161 N-H of protein [58]
1166-1182 C-H bending of tyrosine [56]
1200-1203,
12251287 Amide 111 [58,77,85]
1318-1320 C-H bending from proteins [77]
1337-1408 COO- stretching of carbohydrate [86]
1435-1437 CH, defect [87,88]

1450-1462 CH,CHj; deformation of lipids and collagen [89]

24
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3.4.1. Monitoring Growth of E.coli by using SERS

First of all, the SERS spectra of LB were obtained as background spactra in order to
monitor the changes in E.coli cell culture with respect to time. LB without m-AgNPs and
LB containing three different concentrations of m-AgNPs were mixed with c-AgNPs,
dropped on CaF; slide and was left to dry. Three different areas on the drop were mapped
during SERS measurements. According to Figure 3.8, there are many peaks coming from
the ingredients of LB medium; peaks attributed to peptides [950 cm™ (possible a-helices
from proteins), amide 111 band at 1232 cm™, 1318 cm™ (C-H bending from proteins), and
1437 cm™ (CH, defect)], amino acids [S-S bond stretching at 522 cm™, 644 cm™ and 840
cm™ (peaks attributed to tyrosine), phenylalanine at 1000 cm™, and tryptophan at 1025 cm”
] and carbohydrates [COO- bend at 614 cm™, 870 cm™ (-C-C stretching, C-O-C 1,4-
glycosidic link) and 1040 cm™ (C-O and C-C stretching)] can be seen on the spectra of LB
medium. In Figure 3.8, it can be seen that the concentration of m-AgNPs in LB does not
have an effect on the SERS spectra, as exactly the same peaks were obtained for all
concentrations. The strongest peak seen in LB spectra is at 727 cm™ and attributed to

adenine from flavins, which is found in vitamin B2 [77].
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Figure 3.8. The SERS spectra of LB with different concentrations of m-AgNPs
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The SERS spectra of cellular culture after 2 hours of incubation with LB medium that
contain different amounts of m-AgNPs is given in Figure 3.9. Significant increase in the
bands related to carbohydrates indicates synthesis of carbohydrates as a result of metabolic
activity which is observed only for control group and E.coli incubated with 5 ppm m-
AgNPs. In the spectrum of control group and 5 ppm m-AgNPs treated E.coli, the bands
645 cm™ and 840 cm™ (attributed to tyrosine) are increased. The concentration of tyrosine
may increase due to hydrolysis of peptides in order to use them as building blocks during
growth. In these two spectra, a decrease in the peak coming from C-H bending of proteins
(1320 cm™) when compared with the spectra of LB medium, supports that protein content
of the medium is used in microbial activity. In accordance with this, peak at 950 cm™ band,
which indicates a-helices coming from proteins, slightly decreased in the spectrum of the
control group. According to the spectra of E.coli incubated with 10 and 20 ppm m-AgNPs,

microbial growth is precluded at these concentrations as their spectra remained similar to

LB medium after two hours of incubation.
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Figure 3.9. The SERS spectra of E.coli after 2 hours of incubation with different

concentrations of m-AgNPs

When the spectra after 6 hours of incubation is investigated in Figure 3.10, it can be seen
that carbohydrate content of E.coli treated with 10 ppm m-AgNPs has slightly increased
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and the peak intensities are closer to control group of E.coli and E.coli/5 ppm m-AgNPs
mixture at 2" hour. Also an increase at tyrosine peak (644 cm™) can be seen. It can be said
that E.coli cells were able to start their metabolic activity in 10 ppm m-AgNPs containing
medium after 6 hours of incubation. Due to hydrolysis of peptides in the media, peak at
950 cm’l which is attributed to a-helixes disappeared and also C-H bending peak of
peptides at 1320 cm™ decreased. Amide 111 band near 1258 cm™ and an increase in S-S
stretching band near 525 cm™ can be seen in the spectra of the control and E.coli/5 ppm m-
AgNPs group. The shift in amide 111 band (from 1230 cm™ to 1258 cm™) may result from
formation of disulfide bridges in the proteins or enzymes that are synthesized by the cells.

=
5
[

5-5
stretch

Tagg Phenylatunin,

‘i
Ul 86y C-0
- g{i? C-C 00 stretch

o By U-lielices

P e —>

W lagy  Lipids

6ty COO0-beng

z )

=

2 g

2 > s 20ppm

-

H HEEE 10ppm

£

& —Cppm
e 32N

400 600 800 1000 1200 1400

Raman Shift (cm™)

Figure 3.10. The SERS spectra of E.coli after 6 hours of incubation with different

concentrations of m-AgNPs

In Figure 3.11 the SERS results of 12 hours of incubation can be seen. According to the
SERS spectra, carbohydrate peaks in the spectrum of E.coli incubated with 10 ppm m-
AgNPs reached their maximum and peaks in the spectra of control group and E.coli/5 ppm
m-AgNPs remained almost same or decreased slightly. The latter can be the result of
reaching the stationary phase in the cultures of control group and E.coli/5 ppm m-AgNPs
[90]. Also Amide 11 bands and a dramatic increase in S-S stretching band can be observed
in the spectrum of E.coli/10 ppm m-AgNPs after 12 hours of incubation. The formation of

C-N stretching peak at 966 cm™ may attributed to protein containing structures such as
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peptidoglycans, which are one of the main components of bacterial cell envelope [91]. This
peak can be seen on all spectra except E.coli cells treated with 20 ppm m-AgNPs. It can be

related with increasing number of cells. A small increase at 1118 cm™ originates from

benzoid ring deformation.
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Figure 3.11. The SERS spectra of E.coli after 12 hours of incubation with different
concentrations of m-AgNPs

In Figure 3.12 it can be seen that, intensities of peaks related with carbohydrates slightly
decreased in the spectra of E.coli/5 ppm m-AgNPs and E.coli/10 ppm m-AgNPs at the 24"
hour of incubation, meaning that metabolic activity decreased due to saturation of cells in
the medium. In the spectrum of control group, it can be seen that the peaks attributed to
carbohydrates and proteins increased when compared with the spectrum at 12" hour in
Figure 3.11. This may be the result of disintegration of cells and releasing of their

metabolites to the medium.

According to the SERS spectra of E.coli/5 ppm m-AgNPs and E.coli/10 ppm m-AgNPs
after 48 hours of incubation in Figure 3.13, it can be said that their carbohydrate and
protein peaks increased again as a result of cell disintegration. For control group, most of
the peaks has decreased or diminished. No change in the spectrum of E.coli/20 ppm m-

AgNPs with respect to the spectra of its medium is observed during 48 hours of incubation.
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Figure 3.12. The SERS spectra of E.coli after 24 hours of incubation with different
concentrations of m-AgNPs
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Figure 3.13. The SERS spectra of E.coli after 48 hours of incubation with different
concentrations of m-AgNPs

According to all the SERS spectra obtained during 48 hours of incubation, it can be clearly
stated that microbial growth of E.coli is suppressed in the presence of m-AgNPs. However,
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the concentration of m-AgNPs has an important effect on this phenomenon. The
concentration of 20 ppm m-AgNPs was enough to prevent the growth of E.coli. But the
same statement cannot be done for 5 and 10 ppm m-AgNPs. Metabolic activity is observed
at these concentrations with a decreasing rate. It can be said that the proliferation of cells,
which are incubated with 10 ppm m-AgNPs, started at the 6™ hour by checking the peak

intensities related with metabolites.

3.4.2. Monitoring Growth of S.cerevisiae by using SERS

On the purpose of the observation of effect of m-AgNPs on S.cerevisiae (yeast) cells, the
SERS spectra of SDB (with three different concentrations of m-AgNPs and without m-
AgNPs) were obtained as background spectra. 5 uL of samples were mixed with 5 uL of c-
AgNPs and 5 pL of this mixture was dropped on CaF; slide. As soon as the drop dried, the

SERS spectra were obtained from three different areas on the drop by mapping method.

Sabouraud Dextrose Broth (SDB) was used for cultivation of Saccharomyces cerevisiae,
Baker’s yeast. SDB consists of peptones and dextrose. The effect of m-AgNPs on
S.cerevisiae cells were investigated by mixing the cells with SDB containing three
different concentrations (5, 10 and 20 ppm) of m-AgNPs and SDB without any m-AgNPs
was used as a control group. The SERS spectra of SDB media are given in Figure 3.14.
The spectra show that the presence of m-AgNPs has no effect on SDB spectrum. The peaks
related with carbohydrates (614 cm™ and 900 cm™), peptides (510 cm™, 522 cm™, 950 cm’
! 1232 cm™, and 1318 cm™), and amino acids ( 640 cm™, 835 cm™, and 1031 cm™) in SDB
can be seen on the spectra. Also peaks attributed to adenine (727 cm™) and lipid (1450 cm”

1 is shown. Lastly, benzoid ring deformation can be observed at 1116 cm™.
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Figure 3.14. The SERS spectra of SDB with different concentrations of m-AgNPs

The SERS spectra after 2 hours of incubation can be seen in Figure 3.15. After 2 hour of
cultivation, the peaks remain mostly similar to the spectra of corresponding medium. This
is an expected result as the growth rate of yeasts are lower than most of the bacteria. Only
the peaks related to tyrosine (648 cm™ and 845 cm™), C-C stretching (1040 cm™) and
amide 111 band (1232 cm™) increased slightly. This indicates the hydrolysis of peptides in
the media and formation of enzymes for the growth. These spectra show the lag phase of
cell culture in which cells are adapted to environment and prepared for growth [92]. Also a
small peak of COO- stretching attributed to carbohydrates at 1360 cm™ can be seen after 2
hours of cultivation. There is no significant difference for different concentrations of m-

AgNPs at this incubation time.
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Figure 3.15. The SERS spectra of S.cerevisiae after 2 hours of incubation with different
concentrations of m-AgNPs

In Figure 3.16., it can be seen that after 6 hours of incubation, many spectral changes occur
in the spectra of samples containing 5 and 10 ppm m-AgNPs and also in the spectrum of
control group. Peaks attributed to carbohydrates (493 cm™, 583 cm™, 908 cm™, 1045 cm™
and 13407405 cm™ bands) increased. This can be result of metabolic activity (for example,
synthesis of polysaccharides from its monomers) of the yeast cells. The intensity of peaks
related to disulfide bonds (at 515 cm™ and 528 cm™ indicating S-S stretching and at 560
cm™ indicating C-S-S-C bonds) increased. Also peaks related to amino acids (tyrosine at
650 cm™ and 848 cm™, phenylalanine at 1000 cm™) increased due to hydrolysis of peptides
in the media. The peak indicating a-helices increased slightly, furthermore two peaks
related to amide 11l bonds increased tremendously. The increases in protein peaks may
result from synthesis of the proteins that are used in the formation of new S.cerevisiae cells
[72]. Also the strong peak coming from media at 730 cm™ disappeared after 6 hours of
incubation for these three spectra, meaning that FAD molecules are internalized into the
cells to be used in mitochondria for cellular respiration. When the spectrum of S.cerevisiae
incubated with 20 ppm m-AgNPs is examined; it can be clearly seen that the same
metabolic activities and growth was not observed at this concentration, as the spectrum

mostly resembles to the spectrum of its medium.



33

“Uoo

Stregey,
. ;
£ E £
=5 AmideIll 21340 1373
§E
-

iy
(C-H)

end
ds-ﬂ

—
L31g Prote in
=
B
=
L
t’,’!

e 20ppM

Fis=>
Sy —>
C.5 S
Doy gy
5260 COO- ey’

10ppm

N\ 995 Polysaccharige,

— DO

—Dppm

Raman Intensity
1

T T L
1000 1200 1400
Raman Shift (crml)

- T
400 600 800

Figure 3.16. The SERS spectra of S.cerevisiae after 6 hours of incubation with different
concentrations of m-AgNPs

When it comes to 12 hours of incubation, it can be seen that intensities of peaks (for
spectra of control, 5 and 10 ppm m-AgNPs) mostly decreased and some of the peaks
related with carbohydrates disappeared (493 cm™ and 583 cm™) according to the SERS
spectra in Figure 3.17. The peaks indicating a-helices at 955 cm™, proteins 1318 cm™ and
amide 111 bond at 1235 cm™ also decreased at 12" hour of cultivation when compared with
their SERS spectra at 6 hours of cultivation in Figure 3.16. Peaks related to amino acids
(tyrosine and phenylalanine) decreased as they are used as building blocks in metabolic
processes. All of these decreases may be observed due to formation of new S.cerevisiae
cells. Also the intense increase in C-C stretching peak at 1047 cm™ may be coming from
chitin structure in the cell wall of yeast [54]. As the number of cells started to increase at
12" hour, an increase is observed in this peak. Also for the spectrum of the control group, a
peak at 870 cm™ attributed to C-O-C™, 4 glycosidic link from carbohydrates can be
observed. Intensity of these peaks increased due to the increasing number of cells in the

medium.



34

S-5
stretch
o T
5

ring
Oy

defy
Trrosine (C-ppy

o 20
g,

Bep,..

T — 0P

\ £
f55—>F
B

”.‘_q-

10ppm

— M

Raman Intensity

400 500 800 1000 1200 1400
Raman Shift [cm)

Figure 3.17. The SERS spectra of S.cerevisiae after 12 hours of incubation with different
concentrations of m-AgNPs

According to Figure 3.18, after 24 hours of incubation, peaks coming from both medium
and cells can be seen on the spectra. In the spectra of S.cerevisiae/5ppm m-AgNPs and
S.cerevisiae/10 ppm m-AgNPs, the concentration of metabolites such as amino acids,
peptides, nucleic acids and carbohydrates in the medium increased due to metabolic
activity. This can be understood both from the increase in the intensities of related peaks;
for amino acids (645 cm™, 850 cm™, 1170 cm™ and 1000 cm™), for peptides (1200 cm™,
1240 cm™ and 1318 cm™), for carbohydrates (575 cm™ and three peaks in 1327*-1405 cm®
Yinterval) and from the formation of new bands such as 750 cm™, 795 cm™ and 1087 cm™,
which are attributed to nucleic acids. If the spectrum of control group is investigated,
decreases in intensity was observed for some peaks such as amide 11l peak at 1240 cm™
and this indicates the end of exponential phase. Small shifts in wavenumber of some peaks

result from the change in the chemical content of the environment.
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Figure 3.18. The SERS spectra of S.cerevisiae after 24 hours of incubation with different
concentrations of m-AgNPs

The SERS spectra for S.cerevisiae cells that were incubated with different concentrations
of m-AgNPs for 48 hours are given in Figure 3.19. When the peaks of culture are
investigated after 48 hours of incubation, the intensities of peaks decreased generally,
except 1045 cm™ which is probably related with the cell wall structure. The concentration
of amino acids in the media decreased compared with 24 hours of incubation but there are
still significant amounts of tyrosine and phenylalanine. There is an increase in the intensity
of peak at 720 cm™ which can be related to adenine from flavins. The reason for this

increase may be the releasing of FAD molecules due to apoptosis or necrosis of the cells

[92].
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Figure 3.19. The SERS spectra of S.cerevisiae after 48 hours of incubation with different

concentrations of m-AgNPs

As a result, microbial growth of S.cerevisiae did not observed in medium containing 20
ppm m-AgNPs as there is no spectral changes during 48 hours of incubation. On the other
hand, concentrations below 20 ppm did not inhibit the growth and metabolic activity of
S.cerevisae totally, and the SERS spectra similar to the spectrum of control group were
obtained. However, the intensities of obtained peaks from S.cerevisiae/5ppm m-AgNPs
and S.cerevisiae/10 ppm m-AgNPs were lower than the peak intensities of control group.
This can be seen clearly at the spectra of 12 hours of incubation in Figure 3.17. This result
reveals that S.cerevisiae cells can grow in size and number in the presence of m-AgNPs at
low concentrations such as 5 and 10 ppm but their metabolic activity and number of cells

at the end of 48-hour incubation will be lower than control group.
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4. CONCLUSIONS

The biocidal effect of AgNPs is a well-known phenomenon. This effect is highly
dependent upon the synthesis method and the reducing agents used in synthesis. Smaller
size and high dissolution rates of AgNPs increase the effectiveness of nanoparticles as a
biocidal agent. When weak reducing agents such as carbohydrates are used in the synthesis
of AgNPs, Ag” ions can be released to the medium easily. Although the exact mechanisms
are not fully understood, Ag® and Ag* ions both have contribution to biocidal effect of
AgNPs. Ag® may interfere with cell wall, nucleic acids or it may inhibit proteins synthesis
and metabolic pathways. In the case of Ag” ions, it is believed that they directly affect the
replication ability of DNA and inactivate cellular proteins [32]. In this study, AgNPs were
reduced by a disaccharide, maltose, and their effect on microbial growth was observed by
OD and SERS measurements. Monitoring the media during incubation with m-AgNPs by
using SERS, enables to observe chemical changes in the culture media. Bands attributed to
vibrations make it possible to detect specific molecules by using the fingerprints of the

molecules to be detected.

In this thesis, model microorganisms were selected from two different cell types E.coli was
used as model organism for bacteria and S.cerevisiae was used as model organism for
yeast. Three different concentrations of m-AgNPs were tested on each microorganism. The
results revealed that when both cells are incubated with 20 ppm m-AgNPs, the
proliferation and growth of both microorganisms were inhibited. The other two
concentrations of m-AgNPs that are tested were 5 ppm and 10 ppm. According to the
changes in the spectral pattern with respect to time, it can be said that formation of certain
metabolites were delayed at these concentrations when compared with the spectra of the
control group. In the spectra of E.coli, it was shown that the intensities of Raman bands
attributed to tyrosine, and carbohydrates increased with increasing metabolic activity
whereas bands related to proteins (C-H and a-helices) decreased first as the peptones were
metabolized then increased due to formation of proteins. The shift in amide 11l bands, the
increase in S-S stretching vibration band and formation of C-N peak after 12 hours of
incubation are also related with protein synthesis of E.coli. The similar spectral changes in
these bands were observed for E.coli incubated with 5 ppm and 10 ppm AgNPs and also

for the control group. However, spectral changes observed for the control group and E.coli
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incubated with 5 ppm m-AgNPs can be seen on the spectra of E.coli incubated with 10
ppm m-AgNPs at later incubation times. In the case of S.cerevisiae, incubation with 5 and
10 ppm m-AgNPs caused decreases in the concentration of metabolites. This is understood
by comparing the spectral changes of cell cultures containing these concentrations with the
control cell culture. The spectral changes of S.cerevisiae were almost the same for the
control group, and 5 ppm and 10 ppm m-AgNPs treated cells until 12" hour. Then
decreases in the Raman bands related to tyrosine, carbohydrates were observed for cells
incubated with 5 and 10 ppm m-AgNPs at the spectra of 12 hours of incubation. This could
be result of interaction of m-AgNPs or dissolved Ag+ with DNA/RNA which inhibits the
replication process and causes the number of cells in the media remained lower than
control group. The intensity of tyrosine, carbohydrates, and amide 1l bands increased in
the spectra of S.cerevisiae incubated with 5 and 10 ppm m-AgNPs after 24 hours of
incubation, indicating that the growth of cells has taken much more time with respect to the

growth at the normal conditions.

In addition to SERS measurements, OD results also show similar patterns which support
the SERS results. Depending on the different concentrations of m-AgNPs present in the
media, the growth of microorganisms is either suppressed or inhibited. OD results show
that the growth is highly affected by the presence of m-AgNPs. The growth of E.coli
observed in the presence of 5 ppm AgNPs, but the number of cells was lower than control
group. When they are incubated with 10 ppm m-AgNPs, the number of cells did not
increase much but metabolic activity continued. Lastly, for 20 ppm m-AgNPs OD values
decreased with respect to initial value because of biocidal effect of m-AgNPs. When the
OD results of S.cerevisiae were investigated, it can be said that number of cells of
S.cerevisiae almost did not increase when the concentration is 20 ppm. The similar results
were obtained from the OD graphs of S.cerevisiae incubated with 5 ppm and 10 ppm m-

AgNPs. Exponential phase of the cells at these concentrations started later than control

group.

In conclusion, according to OD and SERS measurements, it can be stated that metabolic
activity of both microorganisms are suppressed at lower concentrations of m-AgNPs (5 and
10 ppm m-AgNPs), while metabolic activity and growth is inhibited totally in the presence
of 20 ppm m-AgNPs.
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5. FUTURE PERSPECTIVES

Biocidal activity of m-AgNPs against model bacteria (E.coli) and model yeast
(S.cerevisiae) cells was demonstrated in this study. The antimicrobial effect has increased
with the increasing concentration of m-AgNPs and metabolic activity was monitored by
using SERS.

As S.cerevisae is widely used in fermentation processes such as making bread, wine, and
beer; the fermentation process and possible bacterial contaminations can be monitored by
SERS. This method can be applied to industrial microbiological processes. The advantages
of SERS can play an important role in the early and fast detection of contamination. The
samples can be directly taken from fermentation media and mixed with c-AgNPs. Then the

SERS spectra can be obtained rapidly.

The contamination can be prevented with m-AgNPs as they show more severe biocidal
effect on bacteria than yeast at 20 ppm concentration. Another study can be the
modification of the surface of m-AgNPs in order to increase the cellular uptake of m-
AgNPs by bacterial cells. This can enhance the biocidal effect towards bacteria and may
increase the chances of eliminating bacterial contamination by using low concentrations of

m-AgNPs as antibacterial agent.
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