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ABSTRACT

IN SITU BIOFILM FORMATION AND BACTERIAL DEATH
MONITORING USING SURFACE-ENHANCED RAMAN
SCATTERING

Surface-enhanced Raman scattering (SERS) is a powerful technique for characterization of
biological molecules and molecular structures due to the fingerprinting property, very
narrow spectral bandwidth, and easy sample preparation. In SERS, Raman scattering can
be enhanced up to 10™ times by bringing the molecule or molecular structure of interest
close to or in contact with nanostructured noble metals such as gold and silver. SERS can
be used for the characterization and identification of components of complex biochemical
systems such as bacteria and biofilm. In this thesis, characterization and identification of
biofilm components were investigated using SERS. The core AgNP- shell chitosan layer
type structure was prepared by coating the AgNPs with a layer of chitosan (c-AgNPs) and
they were used as a SERS substrate for biofilm formation and bacterial death monitoring.
Due to absorptive property of chitosan, biomaterials that were produced by bacteria can
penetrate into shell without saturating the metal surface due to the selective interaction of
biofilm components with the AgNPs. The feasibility of in situ monitoring of molecular
changes during the bacterial death was also demonstrated. It was found that SERS spectra
could provide significant information about the morphologic changes on the bacterial cell
wall and released molecular structures such as DNA/RNA bases during the decomposition
of bacteria. It was also found that the band at 678 cm™ could be used for monitoring

bacterial death.



OZET

YUZEYDE ZENGINLESTIRILMIiS RAMAN SACILMASI iLE
BiYOFiLM OLUSUMU VE BAKTERI OLUMUNUN YERINDE
IZLENMESI

Yiizeyde zenginlestirilmis Raman sacilmasi (YZRS) parmak izi 6zelligi, oldukc¢a dar
spektral band araligi ve kolay 6rnek hazirlanmasi sebebiyle biyolojik molekiillerin ve
molekiiler yapilarin karakterizasyonu i¢in gii¢lii bir tekniktir. YZRS’de, Raman sagilmasi,
ilgili molekiil ya da molekiiler yapilarin nanoyapilar halindeki altin ve glimiis gibi
soymetaller ile yakin veya temas durumuna getirilerek 10 kat zenginlestirilebilir. YZRS,
bakteri ya da biyofilm gibi kompleks biyokimyasal sistemlerin bilesenlerinin tanimlanmasi
ve karakterizasyonu i¢in kullanilabilir. Bu tezde, biyofilm bilesenlerinin tanimlanmasi ve
karakterizasyonu YZRS kullanilarak arastirildi. Cekirdek AgNP-kabuk kitosan tabaka
seklinde yapi, AgNP’larin kitosan tabaka ile kaplanmasiyla hazirlandi ve bu yapilar
biyofilm olusumu ve bakteri Oliimiiniin goézlemlenmesi i¢in YZRS substrati olarak
kullanild1.  Kitosanin absorptif ozelliginden dolayi, bakteri tarafindan {iretilen
biyomateryaller biyofilm bilesenlerinin AgNP ile segici etkilesimlerinden dolayr metal
yiizeyini doyurmadan kabuk igerisine girebilir. Ayrica bakteri 6liimii sirasindaki molekiiler
degisikliklerin yerinde izlenebilirligi gosterildi. YZRS’nin bakteri hiicre duvarindaki
morfolojik degisimler ve bakteri dekompozisyonu sirasinda salinan DNA/RNA gibi
molekiiler yapilar hakkinda énemli bilgi saglayabildigi bulunmustur. Ayrica, 678 cm™ deki

bandin bakterinin 6liimiiniin izlenmesinde kullanilabilecegi bulunmustur.
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1. INTRODUCTION

Microorganisms are too small to be seen with naked eye. After adhering onto surfaces,
extracellular polymeric substance (EPS) production occurs as a result of vital activities of
microorganisms. The biofilm formation can take place on solid surfaces or aqueous
environments under several conditions [1]. The biofilm structure contains both
microorganism and EPS that primarily consists of polysaccharides, genetic materials,
proteins, lipids and humic-like substances, which are mixtures of degraded and
transformed products of bioorganic materials [2, 3]. Not only the identification of the
components but also the monitoring of the molecular changes in a biofilm composition
may clarify the mode of interaction of microorganisms with their environment during their
growth. Therefore, a better understanding of biofilm composition and changes in

composition during the growth of microorganisms is critically important.

Most of the previous studies for biofilm characterization were based on visualization of
EPS, after a staining step, by confocal laser scanning microscopy (CLSM) [4-8] and
optical coherence tomography (OCT) [9]. Not only the complex nature of biofilm but also
difficulty in protocol development with CLSM and OCT limits their use [10-12].
Transmission electron microscopy (TEM) can also be used for biofilm characterization
[13, 14]. Although TEM studies provide detailed information about biofilms, sample
preparation may alter the integrity of a biofilm and decrease the reliability of the results.
Vibrational spectroscopic techniques such as IR and Raman spectroscopies were also used
for the characterization of biofilms. Fourier transform infrared spectroscopy (FTIR) can
provide valuable information about the biochemical composition of biofilms [15].
However, it has a limited spatial resolution and water in samples can cause a significant
problem. Raman spectroscopy has also been used for characterization of biofilms [16, 17].

Raman spectroscopy has been proven to be a powerful technique to study a variety of
biological and non-biological molecules and molecular structures [18, 19]. The major
advantages of Raman spectroscopy are easy sample preparation, limited influence from
water that is a part of biological samples, and narrow spectral bandwidths that can be used
to understand the composition of a sample. With the recent developments in

instrumentation, it can now be used to obtain chemical information from a given location



on a sample with a high spatial resolution (down to a few micrometers) [20]. Although
easy sample preparation makes its use more advantageous, inherently weak scattering is an
important drawback of the technique. The high laser powers and increased exposure times
can increase the amount of scattered light but the sample can be damaged under such
conditions. With the discovery of surface-enhanced Raman scattering (SERS), it is now
possible to enhance the Raman scattering easily up to 108 times by placing the molecule of
interest in the close vicinity of a nanostructured surface or colloidal nanoparticles of a

noble metals such as gold and silver [21-25].

SERS has been used for in situ measurements of signaling molecules in bacteria quorum
sensing and biofilm characterization [11, 12, 26, 27]. These early studies demonstrated the
power of the technique to use for biofilm formation monitoring and characterization. In all
of these reports, the colloidal AgNPs synthesized with a reducing agent such as sodium
citrate, borohydride, and hydroxylamine hydrochloride were used as substrates. As
different from the previous studies, we used citrate reduced AgNPs coated with chitosan,
which not only prevents dissolution of AgNPs but also acts as a selective barrier in very

complex biological environment.

Chitosan is a natural polymer that obtained by deacetylation of chitin. It is a linear polymer
composed of D-glucosamine units linked by f-(1—4) bonds. Chitosan intrinsically exhibits
unique properties such as biocompatibility and biodegradability. Due to these properties,
chitosan has widely used in medicine and industrial applications. In addition, since
chitosan carries —NH, groups in its structure, it carries positive charge at around
physiological conditions and interacts with highly negatively charged species such as DNA
and RNA. Therefore, the use of chitosan nanoparticles for gene and RNA delivery was
reported [28, 29]. Its use in preparation of Raman-active probes with good biocompatibility

was also reported [30, 31].

In this study, we investigated the use of SERS for the changes in the biofilm composition
in situ using AgNPs coated with a chitosan shell (c-AgNPs) as substrates. The core-shell
particles are directly spotted on the bacterial culture plate and the SERS spectra from the
spotted location were acquired. First, we assessed the reproducibility of the SERS spectra

resulted from such sampling approach. Then, the SERS spectra were acquired from the



biofilms during the growth and evaluated against the molecular changes in the biofilm.
This study differs from the previous reports with the use of c-AgNPs. The presence of
polymeric shell not only acts as a selective barrier preventing the quench of surface
plasmons but also prevents the dissolution of AgNPs. Moreover, in the second part of the
thesis, we investigated the spectral changes during the death of bacteria in the presence of
ampicillin antibiotic. The effect of different antibiotic concentrations on the morphology of
bacterial cell wall was monitored. The components released from the bacteria cells during

bacterial death were used to determine the bacterial death.



2. THEORETICAL BACKGROUND

2.1. MICROORGANISM

The word ‘microorganism’ comes from Greek word micro, which indicates the size. As a
small life form of organisms, microorganisms include the viruses, bacteria, fungi, protozoa
and algae (Figure 2.1). Although microorganisms are the earliest life forms in our world,
the recognition of them lies just a few centuries ago due to the lack of imaging
technologies. With the invention of microscopes, the existence of a very rich microbial

world has been realized [32].

Figure 2.1. Several categories of microorganisms: a. algae, b. protozoa, c. virus, d. fungi ,
and e. bacteria



Although there are some exceptions as molds and many algae, also known as multicellular
and eukaryotic, most of the microorganisms are single-celled. Prokaryotes are the most
abundant and diverse organisms on Earth. Among microorganisms, bacteria are known as
the least complex structures. Because of their diversity and metabolic activity, they can be
found everywhere in biosphere. They are in our foods, water that we drink, clothes, air,
etc. They do not contain a membrane-bound nucleus and any other organelles in their
structures. Metabolic activities take place in cytoplasm. The genetic material is found in
suspended portion of the cytoplasm that is called as nucleoid. They are divided into two
groups as bacteria and archaeobacteria. Except a few groups, prokaryotic cells are
surrounded by cell wall, which is composed of peptidoglycan. Peptidoglycan structure
made up of glycan strands linked by short peptides. Each strand consists of
acetylglugosamine (GIcNAc), N-acetylmuramic acid (MurNAc) linked by B-(1—4) bands
[33]. This layer provides support and resistance to osmotic changes. The thickness of
peptidoglycan layer changes according to gram type of bacteria. It shows a similar function
to eukaryotic cell wall, however it has different chemical composition. In bacteria,
ribosomes where all protein synthesis takes place are found in cytoplasm. Actually, their
plasma membrane is composed of lipid bilayer as eukaryotes however, sterols are rarely
found in bacteria structure [34].

2.1.1. Bacterial Growth

All microorganisms require suitable physical and chemical conditions, enough nutrition
and minimum competition for their growth. Understanding and controlling of growth
requirements of microorganisms prevent unwanted growth and help achievement of
maximum product yield. These parameters can be controlled by the manipulation of some
essential factors such as water and energy source, essential elements like C, H, O, and N,
and growth factors. Although chemical conditions are important, physical conditions have
also important role in bacterial growth. Temperature, pH, O, and osmotic pressure are the
most important environmental factors for proliferation. When all necessary conditions
were provided, microorganisms started to metabolize and grow in size and number.
Briefly, they tend to proliferate at the maximum rate. The growth of the bacteria can be
used as advantageous. Harmful activities can be prevented and useful metabolic products

can be used. Dynamics of bacterial growth can be monitored. Generally their growth



occurs in four phases; lag phase, logarithmic (log) phase, stationary phase and death phase,
as seen in Figure 2.2. The lag phase is known as adjustment period for bacteria. When
bacteria encounter the new environment, they tend to adapt rather than proliferate. During
this period, bacteria need to synthesize enzymes and proteins to retrieve the previous
environmental conditions. This phase can generally be short or absent according to

metabolic activity of bacteria.

Stationary
phase

Death
phase

Log cell number

Lag phase

A 4

Time (hours)

Figure 2.2. General growth curve for bacteria

After microorganisms adapted to environment, they begin to divide at their maximum rate.
This means that DNA synthesis occurs at maximum rate. Although protein synthesis
proceeds, synthesized DNA/protein ratio increase. During the log phase, bacteria become
more sensitive to any inhibitory or antibiotics because of their high metabolic activity. In
the stationary phase, there is no change in the population size. The bacteria that produced
become equivalent to the bacteria, which are dying. Secondary metabolites are synthesized
during stationary phase. If conditions do not change during stationary phase, bacteria begin

to lose their integrity and go death phase [34].



2.2. BIOFILM

Microorganisms produce extracellular polymeric substances (EPS) as a result of vital
metabolic activities after adhering onto surfaces. The structure that contains both
microorganism and EPS is called as biofilm. EPS matrix is composed of genetic materials,
proteins, lipids, polysaccharides and humic-like substances [1]. Extracellular
polisaccharides were synthesized by most of the bacteria either as cell wall component or
as extracellular secretions. The biofilm formation can occur under several conditions and
different media such as solid surface or aqueous environments [2]. There are several
factors that affect the formation of biofilm structure such as the composition of microbial
community, nutrient availability, surface properties etc. [35]. Formation of biofilm
structure has some advantages for microorganisms as protection from the environment and
acquisition of new genetic traits. EPS component of biofilm provide a shelter for
microorganisms. It also prevents the access of antimicrobial agents to the microorganisms.
Water channels in biofilm structure provide a permeable barrier and circulatory system for
microorganisms. Nutrients and metabolites change via the water channels and they remove
toxic metabolites from the environment [36]. Biofilm provides an ideal environment for
syntrophism among metabolically distinct microorganisms. Moreover, it constitutes an
environment for horizontal gene transfer. Therefore, it provides evolution and genetic

diversity.

2.3. RAMAN SCATTERING AND SURFACE ENHANCED RAMAN
SCATTERING

2.3.1. Theory of Raman Spectroscopy

Spectroscopy is the study of the interaction between matter and light. The light is
composed of photons, and when it interacts with matter, several processes such as
absorption, transmission and scattering can take place. During this interaction, if the
energy of photon (lp) corresponds to the energy gap between the ground state and excited
state of the molecule, photons (I) may be absorbed by the molecule and the molecule is
excited to a higher energetic state. This type of change can be measured by absorption

spectroscopy by using differences between Iy and 1 [37].



Raman scattering is known as the inelastic collision of photons with molecules. The theory
of scattering was experimentally demonstrated by Raman in 1928 [38]. Due to the
inherently weak scattering compared to fluorescence, it requires a powerful light source
and sensitive detector. If the photons scatter from molecules, these scattered photons can
be collected at an angle of the incident light. In this type of interaction, photon carries out
low energy. In this case, molecule excited to the virtual states between vibrational states
and lower excited electronic states [38, 39]. Jablonski diagram was used for the quantum
explanation of Raman scattering (Figure 2.3). Generally, the most of the scattered photons
from molecules or atoms have equal frequency with the incident light and this
phenomenon is called as Rayleigh scattering (lo=I). On the other hand, Rayleigh scattering
can change in a very small amount (1/107) as a gain or loss in vibrational energy, which

correspond to the Stokes and Anti-stokes shift, respectively.

3
Rayleigh Scattering 0
'Y ¥ Y | Virtual states
V>0000—>) =
Raman Scattering A
> | -
\}n L ; ] [:x?-)‘ \}u j: \}mnl
v 3
R Vibrational
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mol 0
Rayleigh Stokes Anti-Stokes
E=hv E=h v-AE E=h v+ AE

Figure 2.3. Rayleigh scattering-Raman scattering [40]

Stokes frequency can be defined with the equation; v0 — vm. When a photon (v0) is
absorbed by Raman-active molecule at initial vibrational state, a part of the photon’s
energy transfer to the electrons of molecule and the molecule gains frequency (vm). As a
result, the frequency of scattered light reduces. On the other hand, when a photon is

absorbed at virtual states, excessive energy is released and molecule turns back to the



initial vibrational state with higher frequency of scattered light. Equation becomes v0 + vm
[39].

When light interacts with a molecule, it acts as a propagating oscillating dipole. It distorts
the electron cloud around the nuclei and result in polarization of electrons and dipole
moment formation in the molecule. During this interaction short-lived complex between
light and electrons occur. This complex is not stable so light released as a scattering in a
short time. Therefore, it is called as virtual states. On the other hand, electron cloud relaxes
as a result of the interaction of light during Rayleigh scattering without any nuclear

movement.

When light scattered from a molecule, it changes its conformation through changing the
electron oscillation. For example, a molecule can rotate or vibrate due to different energy
states that are gained from the incident light. In an atom or molecule, these vibrations arise
from groups such as carbon chain and ring forms that linked by bonds with almost the
same energy. The overall shape of molecule is determined by the number of peaks and
energies of them. These bands are known as “‘fingerprint bands’’ and the pattern of them
can give highly important information about the chemical structure of the molecule. Thus,

Raman scattering can be used to identify a specific molecule in situ [41, 42].

Raman spectroscopy is a powerful technique to study variety of biological and non-
biological molecules and molecular structures [19, 43]. The advantages of Raman
spectroscopy can be given as easy sample preparation, limited interference from water, and
very narrow spectral bandwidths allowing multiplex detection of components in a mixture.
With the introduction of micro-Raman spectrometers it is now possible to obtain chemical
information from a few micrometer size area on the sample [20]. The major disadvantage
of the technique is the inherently weak signal. Increased laser power and exposure time can
help to improve measurement but the sample can be decomposed under the laser light in
such case. With the discovery that Raman scattering process can be enhanced by bring the
molecule or molecular structure into close proximity of a nanostructured noble metal
surface, which is called surface-enhanced Raman scattering (SERS), it is now possible to

enhance the Raman scattering easily up to 10° times [21, 25].
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SERS was firstly reported by Fleischman et al. and they have showed the effect of silver
electrode roughness on the spectra of pyridine [44]. Since the first report of the technique,
there have been several theories that were proposed to explain SERS. However, currently
theories, which are used to explain SERS, can be divided into two groups as
Electromagnetic enhancement (EM) and Charge transfer enhancement (CT) [22, 45-47]. In
electromagnetic theory, enhancement occurs as a result of surface plasmons that occur
around the nanoparticles. When the Raman scaterrer interacts with plasmonic area (intense
electromagnetic area), induced dipole moment and inelastic collision increase [48].In
charge transfer theory, enhancement occurs as a result of electrons’ movement between
metal and molecule. Briefly, higher oscillation of the electrons in metal induces the
oscillation in the molecule and result in an enhancement on spectrum. However, it is
known that, the effect of electromagnetic enhancement (10*7) is more than charge transfer
enhancement (10-10°) [47].

2.3.2. Plasmonics and Plasmonic Structures as SERS substrate

Plasmonics study interaction between metal and light [49-51]. It is related to localization
and manipulation of electromagnetic waves beyond the diffraction limit and down to
nanometer-length scale. Surface plasmons (SPs) are known as the coherent oscillation of
conductive electrons on metal surface. Surface Plasmon resonance can be divided into two
groups as propagating (PSP) and localized surface plasmons (LSP) [52, 53]. The electric
field that depends on the light (Eo) applies a force on the electrons of the metal and drives
them to oscillate. When the oscillation is in resonance with the light at a certain
wavelength, it leads to a forceful oscillation on the surface electrons. This phenomenon is
called as localized surface Plasmon resonance ‘LSPR’ (Figure 2.4). When resonant
wavelength is absorbed on the metal surface, it causes a change on the vibration of electron

cloud. This is called as Surface Plasmon Resonance ‘SPR’.
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Figure 2.4. Shematic illustration of surface plasmons that localized around the nanoparticle
[54]

The property of surface plasmons can change according to the type, shape, size,

composition and dielectric environment of nanoparticles as seen in Figure 2.5.

IZ0.0 ' 20.0

10.0 10.0
| 0. I 0.0

' 20.0

10.0
’ I 0.0

@

Figure 2.5. Simulation of surface plasmons around the nanoparticles and the change of

0

‘SP’ depends on shape of nanoparticles [55]

The application areas of these plasmonic nanostructures can be counted as optical
spectroscopy in nano dimensions [56], SERS [57], SPR [53, 58] and LSPR [59]. These
plasmonic structures can absorb or scatter the light and this absorption and scattering
features of the material can be changed. Therefore, these plasmonic structures can be used
in various fields such as biomedical imaging [60], biophysical studies [61], diagnosis [62]
and cancer treatment [63, 64]. The type of SERS substrates can vary from colloidal
particles to rationally designed nanostructures depending on the application. Especially,

metallic nanoparticles such as Au, Ag, Cu, Li and Al support surface plasmons in
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Ultraviolet/Visible (UV/Vis) and near-infrared regions. As a significantly important
plasmonic material, silver nanoparticles (AgNPs) have gained importance due to their wide
range to support light in the region of 300-1200 nm. Moreover, their extraordinary optical
and electrical properties expand their use in various fields such as electronics, bio-labeling,
catalysis and SERS. Although there are several methods to obtain AgNPs such as reduction
with organic and inorganic agents [65, 66], ultrasound, UV light and Gamma rays [67],
they can easily prepared by citrate reduction method. The synthesized AgNPs with citrate
reduction carry negative surface charge due to presence of citrate ions in the solution. The
only drawback of this technique is the uniformity of the generated AgNPs. As seen in

Figure 2.6, they have several different sizes and shapes with an average size of 60 nm.

Figure 2.6. SEM image of AgNPs obtained by citrate reduction method

2.3.3. Modification of SERS Substrates

Metal nanoparticles can be modified with various molecules and polymers. In SERS
experiments, coating of AgNPs with polymers such as pluronic and chitosan provide
higher dispersion, long-term stability and it may help to increase the enhancement further
[30, 68].

Surface plasmons are generally localized at the junctions and grooves of nanostructures.
When two nanoparticles are brought together, surface plasmons coincide and enhancement
is further improved. These areas are called as ‘hot spots’ [30]. Polymer coating provides

the formation of these hot spots resulting in maximum enhancement. Moreover, c-AgNPs
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prevent dissolution of AgNPs, and also act as a selective barrier in very complex biological

environment.

Chitosan is a biocompatible and biodegradable natural polymer derived from deacetylation
of chitin (Figure 2.7). It is used in a wide range of applications and its use to coat the
AgNPs to use in SERS has already been reported [28-31].
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Figure 2.7. Structure of Chitosan

2.3.4. Detection and Identification of Microorganisms

The identification and characterization of microorganism is vital for the understanding
their relations with environment and human health. The phenotypic tests, serological tests,
cellular fatty acid profiles, protein profiling, nucleic acid probes, genomic and traditional
methods based on eye examination and staining can be counted as methods to identify
bacteria [69,70]. Although these techniques are very useful to identify bacteria, they
require expensive instrumentation and trained personnel. In addition, they are time
consuming. Therefore, researchers have used spectroscopic techniques and the use of
spectroscopic techniques such as mass spectroscopy (MALDI, PyMS) [71-73], IR and
Raman spectroscopy have been reported [74-76]. Among these techniques mass
spectroscopy requires relatively high cost and trained personnel. IR and Raman
spectroscopy can be more suitable due to easy sample preparation steps [77-79]. However,
Raman is a promising technique because of its compatibility with water and water
including samples such as biological samples. The use of Raman spectroscopy for
biological samples such as bacteria and living cells has been demonstrated [78, 80, 81].
Insufficient signal of Raman scattering can be a drawback for biological samples due to the

use of higher laser power and accumulation. The weak signal can be enhanced on the
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surface of metal nanoparticles. With the appearance of SERS, it has started to be used for
identification and detection of biological molecules and characterization of structures such
as living cells and microorganisms [82, 83]. It provides fingerprint information due to
narrow spectral bands in addition to water compatibility. In SERS studies that have been
used for bacteria, Au and Ag nanoparticles were preferred. The feasibility of SERS for
identification and classification of microorganisms have described [84-88], after Holt and
Cotton [89] reported the use of SERS for photosynthetic bacterium. Moreover, cell wall
and components have been studied by Efrima, Bronk and Zeiri et. al.. They showed the
differences in the SERS spectra obtained from cell wall and from inside the cell. SERS for
bacteria also have studied by Sengupta et al. and Laucks et al. [86-90]. In this study,
colloidal nanoparticles were absorbed on the cell wall and different colloidal conditions
such as size, aggregation was investigated. Jarvis et al. developed a different sample
preparation and in the study, silver colloidal solution was mixed with bacteria solution and
SERS spectra were taken dried samples [87, 91].
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3. MATERIALS

3.1. CHEMICALS

Nutrient agar (NA), nutrient broth (NB), tryptic soy agar (TSA) and sodium citrate (99 per
cent) were purchased from Merck. AgNO3 (99.5 per cent) was purchased from Fluka.
Medium molecular weight chitosan and acetic acid were purchased from Sigma-Aldrich
and Riedel-de haen, respectively. PBS was purchased from Hyclone. Blank antibiotic discs
and ampicillin were purchased from Oxoid Ltd. and AppliChem, respectively. All

chemicals were used as received without further purification.
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4. METHOD

4.1. PREPARATION OF BACTERIA SAMPLES

E. coli and Staphylacoccus cohnii were obtained from our microorganism collection
(Yeditepe University, Genetics and Bioengineering Department). Both bacteria were
verified by the Microbial Identification System (MIDI). They were subcultered three times
for 24 h at 37 °C on 16 mL NA (Peptone from meat 5,0 g/L; Meat extract 3,0 g/L; Agar-
agar 12,0 g/L) and TSA (Peptone from casein 15,0 g/L; Peptone from soymeal 5,0 g/L;
NaCl 5,0 g/L; Agar-agar 15,0 g/L) before their use. E.coli and S.cohnii were inoculated
with streak plate method onto the NA and TSA media, respectively. Both bacteria were

incubated for 3-48 h after inoculation.

4.2. PREPARATION OF COLLOIDAL SILVER NANOPARTICLES

AgNPs were prepared by method known as Lee and Meisel, based on the reduction of
AgNO; with sodium citrate [92] Briefly, a 90 mg of AgNO3 was dissolved in 500 mL
distilled water and this solution was heated until boiling. A 10 mL aliquot of 1 per cent
sodium citrate was added drop wise into the boiling solution and boiling maintained until
the volume was reduced to the half of the initial volume. The prepared AgNP colloidal
suspension is referred to as 1x. The AgNP suspension was characterized with UV/Vis
spectroscopy, Dynamic Light Scattering (DLS, Zetasizer), SEM, and TEM. The maximum
absorption of AgNP colloidal suspension was determined as 450 nm with UV/Vis
Spectroscopy, which is characteristic for AgNP colloidal suspension with an average of
60-nm-diameter. The AgNP colloidal suspension was concentrated by centrifugation at
5500 rpm for 30 min and the concentration was brought to 4x by removing a portion of

supernatant.
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4.3. PREPARATION OF CHITOSAN COATED AgNPs AND BACTERIAL
SAMPLES FOR SERS MEASUREMENT

A 30 mg of chitosan was dissolved in 10 ml of 1 per cent acetic acid solution and from this
solution, 100 ul was mixed with 1 ml of AgNP colloidal suspension (4x). The mixture was
incubated for 1 h while shaking at room temperature. Prepared nanoparticles were
characterized with UV/Vis spectroscopy, Dinamic Light Scattering (DLS, Zetasizer),
scanning electron microscopy (SEM) and TEM. A 10 ul of c-AgNPs was dropped onto
biofilm-bacteria complex on the culture plates and waited for a few minutes for the c-
AgNPs to come into contact with the biofilm components. This procedure was repeated
for different incubation times and the culture plate was kept at room temperature until the
SERS measurement, which was performed immediately after placement of suspension of
c-AgNPs. Whole procedure from the placement of colloidal suspension onto the culture
plate to the end of SERS measurement was about 25 minutes. Figure 4.1 shows the

illustration of experiment for SERS.

104l Droppedarea

Figure 4.1. Preparation of bacterial samples for SERS acqusitions
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4.4. MONITORING DEATH OF E. COLI EXPOSED TO AN ANTIBIOTIC

Four different ampicillin concentrations, which were 50.0, 10.0, 2.0, and 0.2 mg/mL, were
used in the study. The bacteria were cultured for 8 h until they reach the logarithmic phase.
Then, a 5 pl of ampicillin solution was spotted onto the bacteria on the culture plate. The
c-AgNPs were dropped and SERS spectra were acquired every 2 h after 5™ h and 6™ h for
2.0-mg/mL and 0.2-mg/mL-ampicillin, respectively. Average of 10 spectra was taken for

each incubation time (Figure 4.2).

8 h incubation

After 8 h incubation

H ﬁ
- -
V V
2.0mg/mL 0.2mg/mL
Ampicillin Ampicillin

Without
ampicillin

Without
ampicillin

2 hincubation +5ERS

4 hincubation + SERS

6 hincubation + SERS

Figure 4.2. Preparation of bacterial samples in the presence of ampicillin for SERS

acqusition
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4.5. CONSTRUCTION OF GROWTH CURVE OF E.COLI

A small-scale bacteria culture was first prepared. A single colony of E.coli was suspended
in 0.5 mL PBS and it was adjusted to 0.5 McFarland standard. The bacteria suspension was
used for inoculation in a 5 mL of nutrient broth (NB). The tube was incubated at 30 °C
overnight and it was used as a seed culture. Two 250 mL conical flask containing 25 mL
sterile NB (10:1) were prepared to observe growth profile of E.coli in the presence of 2.0
and 0.2 mg/mL ampicilin for large-scale broth culture with maximum aeration. The seed
culture was diluted 1:20 in conical flasks and incubated at 30 °C. A 1.5 mL of the diluted
sample was taken for 11 h with 1 h intervals and OD was measured at 550 nm. The sterile

medium, NB, was used as blank.

4.6. ANTIBIOTIC SUSCEPTIBILITY OF E.COLI

4.6.1. Disc Diffusion

Single colony of E.coli was suspended in 2 mL of PBS. This suspension was compared
with 0,5 McFarland standard. The bacterial cells were taken with a swab and streak on the
culture plate. The antibiotic discs with the four different ampicillin concentrations; 50.0,
10.0, 2.0, and 0.2 mg/mL, were placed on the culture plate and incubated overnight at 30
°C. Zone radius of each disc was measured to assess the effect of the antibiotic.

4.6.2. Effect of Antibiotic in the Growth of E.coli

A small-scale bacteria culture was prepared as mentioned above. After 8 h, 2.0 mg/mL and
0.2 mg/mL ampicillin were respectively added into flasks that contain the same growth

media. The optical density (OD) was continued to measure at 550 nm.
4.7. RAMAN MICROSCOPY SYSTEM
The SERS experiments were carried out with an InVia Reflex model Raman Microscopy

system (Renishaw. UK). The system was automatically calibrated against a silicon wafer

band at 520 cm™. A diode laser at 830 nm and 50x objective with a laser power of 3 mW
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was used for all SERS experiments. The exposure time of laser on the sample was 10 s.
The SERS experiment was repeated at least 3 times for all selected incubation periods and
at least 5 spectra from each sampling were acquired. For the reproducibility experiment,

the 10 spectra were acquired from the same sample from varying locations.

4.8. SEM MEASUREMENT

All SEM images were obtained with a Carl Zeiss Evo 40 instrument at a potential of 10
kV.

4.9. TEM MEASUREMENT

TEM images were obtained by using JEOL-2100 HR-TEM operating at 200 kV (LaB6
filament).

4.10. ZETA SIZE (DLS and ZETA POTENTIAL ANALYSIS)

The size and zeta potential anaylsis were performed using Zetasizer NanoZS (Malvern,
UK). It is equipped with a 633 nm 4 mW He-Ne laser.
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5. RESULTS AND DISCUSSION

5.1. IN-SITU MONITORING OF BIOFILM FORMATION BY USING SERS

The synthesized and coated AgNPs were characterized with SEM, TEM, UV/Vis
Spectroscopy and dynamic light scattering (DLS). Figure 5.1 shows the a. SEM images, b.
TEM images, c. UV/Vis spectra and d. DLS spectra before and after coating the AgNPs.
As seen, the AgNPs form aggregates on the glass surface from its droplet of suspension
after the evaporation of water while chitosan coated AgNPs are quite well distributed,
which indicates dramatic change in their surface properties. The TEM images also show
that a thin layer of chitosan is formed after the coating procedure. The UV/Vis spectra and
DLS spectra show that the hydrodynamic diameter of the AgNPs increases to 80 nm from
60 nm upon coating with chitosan. This indicates that about an average of 10 nm coating is
achieved onto the AgNP surface. The adhesion of chitosan could be both through physical
adsorption and chemical bonding of free —NH, groups in the structure of chitosan to the
AgNP surface [92]. The citrate reduced AgNPs have a negative surface potential due to the
presence of negatively charged citrate ions on the surface and chitosan has a positive net
charge, therefore a degree of electrostatic interaction between chitosan and AgNPs is
expected. While the zeta potential of AgNPs is -46.0 before coating, it becomes 46.7 after

coating, which indicates the completion of the coating process of the AgNPs.
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Figure 5.1. a. SEM image, b. TEM image, c. UV/Vis spectra and d. dynamic light
scattering (DLS) spectra of AgNPs before and after coating. SEM and TEM images were
taken from AgNP and c-AgNP droplets on the glass surface after it was dried at room

temperature

Next, the possible interferences from the chitosan coat and the growth media to the SERS
spectra were investigated. Figure 5.2 shows the SERS spectra of chitosan coated AgNPs

themselves, and after their addition onto the growth media; nutrient agar (NA) and tryptic
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soy agar (TSA) without the presence of bacteria. As seen, the bands on the SERS spectrum
of chitosan coated AgNPs are very weak and different from the spectra obtained from the
one obtained on the growth media. The two very weak bands on the chitosan coated
AgNPs were observed at around 925 and 1050 cm™, which are attributed to C-C skeletal of
chitosan and citrate, respectively. It is interesting not to observe any bands originating
from C-N or N-H vibrations. When the SERS spectra obtained from both growth media are
compared, some spectral similarities are observed. The bands at around 730, 1000, 1019
and 1321 cm™, which are common for both growth media, can be assigned to glycosidic
ring of polysaccharide, phenylalanine, C-C stretch, amide 111, respectively, resulting from
the components of the growth media.
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Figure 5.2. SERS spectra of c-AgNPs, after their addition onto nutrient agar (NA) and
tryptic soy agar (TSA). Each spectrum is the average of five spectra acquired from the

sample

The biofilm formation using two model bacteria, E. coli an S. cohnii, was investigated by
monitoring the changes on the SERS spectra during the growth of bacteria. A 10-uL
volume of colloidal suspension of c-AgNPs was placed onto the bacteria on the culture
plate. First, the reproducibility of the SERS spectra obtained directly from the culture plate

was evaluated. The c-AgNPs and their aggregates were randomly distributed on the spotted
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area and it was important to realize where the laser spot was placed on the aggregates on
the culture plate. Figure 5.3 shows the reproducibility of the spectra obtained from the
biofilms of a. E. coli and b. S. cohnii . Inset shows the image of a chitosan-AgNP spotted
region under 50x objective.

Raman intensity

Raman shift fcm")

Raman intensity

1000 1200
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Figure 5.3. Reproducibility of SERS spectra of a. E. coli and b. S. cohnii. Inset images are
white-light image of c-AgNP aggregates on culture plate. Ten spectra are collected from
arbitrarily chosen locations on the colloidal droplet area

Since the AgNP aggregates scatter light in the visible region of the spectrum very
effectively, it is rather easy to locate the aggregates under the light microscope objective
[23]. The regions where the AgNP aggregates concentrated were chosen for the acquisition
of the SERS spectra. The most important point at this stage was the spectral reproducibility
obtained from such chaotically distributed AgNP aggregates. Figure 5.3 shows the
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reproducibility of the SERS spectra for both model bacteria. Although there are
fluctuations in the base line, the spectral variations are reasonably good for the purpose of
the study. The fluctuations in both base line and spectra are the results of varying number
of AgNPs and their aggregates under the laser spot as the laser is moved around on the

sample.

Finally, we monitored that the changes in the biofilm composition with increasing
incubation time using c-AgNPs as SERS probes. Figure 5.4 shows the changes on the
SERS spectra of the biofilm of E. coli with during its growth (from 3 to 48 hours). As seen,
several spectral changes are observed on the spectra as the bacteria continue to grow.
Although most of the peaks on the spectra can be attributed to more than one
biomacromolecule, the changes in the intensity or the shape of the bands can be related to
the changes in the concentration of the biomacromolecules. The bands a change observed
are marked on the spectrum with an asterisk. The band assignments are provided in Table
5.1.
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Table 5.1. Tentative band assignments on the SERS spectra acquired from biofilm using c-

AgNPs
Raman Band Assignment
(em™)
484 Carbohydrate™
650 Tyrosine™
678 ring breath modes in the DNA bases®’
730 peptidoglycan structure and/or DNAZ*%%
758 symmetric breathing of tryptophan™°
802 uracil-based ring breathing mode™®’
820 Protein™
870 single bond strecthing vibrations for
amino acids proline, valine'%?
884 Protein, including collogen I'*?
025 C-C stretch of proline ring/glucose or
lactic acid'%0*1

1000 Phenylalanine'**
1024 Carbohydrates,Glycogen'®
1111 Benzoid ring deformation”
1129 v(C-C) skeletal of acyl backbone in lipid*®
1240 RNAYHY
1300 CH, bend®01.19

1430-1440 CH, defect' ™%
1460 CH,CHj3 deformation of lipids and collogen'™
1570 DNA, DNA components or RNA*

A variation in the concentration of biomacromolecules such as carbohydrates, lipids,
proteins and DNA/RNA components is expected as a result of fundamental molecular
activities of microorganisms. Since chitosan carries -NH, groups in its structure, it is

plausible to expect that the c-AgNPs interact with mostly negatively charged species
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present in the growth media. However, the bands at 484 and 1024 cm™ are attributed to
carbohydrates [93]. An observable decrease and a slight decrease in the intensity of the
bands at 484 cm™ and 1024 cm™, respectively, at 8 and 12 h incubation periods are
observed. This can be related to the change in the concentration of carbohydrates during
the increased anabolic activity at the log-phase.

. * _3h
* ¥ o
i -q-:': g3gz $S8 E E oh
1 ¥ geems 38 33B-  I88 = —12h
- DD P 2 [== =] T
W
=+
n
£
L.
E
=
1]
E -
]
[+
400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™1)

Figure 5.4. SERS spectra of E. coli biofilm during incubation time from 3 to 48 h. Each
spectrum is the average of five spectra obtained from the same droplet area on the culture

plate

As mentioned above, since DNA/RNA components carry significantly high density of
negative charges in their structure due to the polyphosphate groups, it is expected to
observe some bands originating from such structures. Therefore, we acquired SERS
spectra from 20-base long oligonucleotides of A, T, G and C on c-AgNPs (Figure 5.5).
Note that the mode of interactions of each species in the biofilm structure will be rather
different with the c-AgNPs in such complex media compared to the interaction of each
component separately. However, the SERS spectra obtained from separate molecular
structures may help to better understand the origin of the band. The bands at 678, 730, 792,
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925, 1104, 1332, 1573 cm™ on the SERS spectra of oligonucleotides can be related to the
bands on the SERS spectra of the biofilm. The change in the intensity of the band at 678
cm™along with the band at around 1570 cm™ can be related to the concentration changes of
DNA/RNA or their components in the biofilm since these bands are observed on the
guanine spectrum (Figure 5.5).
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Figure 5.5. SERS spectra of nucleic acid bases, A, C, G and T. Each spectrum is the

average of five spectra acquired from each sample

The spectra obtained at 3 and 5 h incubation times are rather similar to each other.
However, when the time is increased to 8 h, the two bands at around 650 cm™ and 678 cm™
merges, and the intensity of this band dramatically increases. The shape and intensity do
not change significantly as the incubation time increases. When the growth phases of
microorganisms were considered, the metabolite production is different in the different
growth phases. During the lag-phase, bacteria start to biosynthesize RNA, ribosome and
proteins based on availability of water and other ingredients from their environments.
Towards the end of the lag phase, the amount of DNA increases in the biofilm. On the
other hand, when bacteria pass through the exponential phase (log-phase), the DNA
synthesis exponentially increases as a significantly high metabolic activity and growth rate
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[34]. The merging of these two bands at 8 h incubation time may be due to transition of
bacteria from lag-phase to log-phase, which is the result of the increased DNA
concentration in the biofilm. The decrease in the band intensity ratio of 678/650 cm™ at 48

h incubation time may indicate the transition from log-phase to stationary phase.

The origin of the band at 730 cm™ is not clear and it is attributed to both peptidoglycan
structure of bacterial cell wall and/or DNA [23, 88, 94]. Although this band is intensely
observed on the E. coli SERS spectrum upon using citrate reduced AgNPs [23], it is not
very intense on the spectra obtained in this study. This is possibly due to the presence of a
chitosan layer on the AgNPs, which prevents the direct contact of AgQNPs with the bacteria
surface. The intensity of the band at 730 cm™ varies from 3 h to 48 h. Its intensity
gradually decreases from 3 h to 12 h but an increase in its intensity at 48 h is observed. The
changes in this band intensity can be attributed to a few different reasons. First, as seen on
Figure 5.2, this band can originate from the culture media as interference. Since the density
of the bacterial cells on the culture plate is not enough to cover the media culture, the c-
AgNPs come to contact with the culture media. As the incubation time increases to 12 h,
there is enough number of cells on the surface preventing the contact of the c-AgNPs with
culture media. At 48 h incubation time, this band reappears; the reason for this could be the
death of bacterial cells allowing the AgNPs come into contact with the culture media or the
degraded bacterial components including genetic material. The metabolic products as a
result of the growth were generally observed at during the log phase [95, 96]. Metabolites
that produced during the log phase may be toxic for bacteria and this may result in damage

to the bacterial cell wall.

The bands at 758, 820, 884, 1000 and 1600 cm™ can also originate from the proteins or
protein containing structures such as peptidoglycans [97-99]. The intensity of the band at
758 cm™ slightly increases at increased incubation times and this increase can correlated
with the increased hydrophobicity of the tryptophan environment as water molecules
evaporate from the growth media [100]. The intensity of the bands at 925, 1050, and 1111
cm™also increases after 5 h incubation. The bands at 925, 1050, 1111 cm™ with increasing
intensities up to 48 h indicate the increase in the amount of lactic acid as a result of
metabolic activities of bacteria. The citrate ions on the surface of AgNPs or benzoid ring
deformation can also be the source of bands, 1050, 1111 cm™, respectively. With the 48 h
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incubation, the number of bands are reduced and the pattern were rather different from
those observed with shorter incubation times. This might be due to the saturation of surface
the NPs by the biofilm components. Besides, since the biofilm formation is almost
complete at 48 h, the AgNPs added onto the biofilm may not penetrate into the biofilm as it
IS in the shorter times.

The bands at around 1129, 1300 and 1460 cm™ may indicate the presence of lipid (-CH,-
vibrations) in biofilm composition [101-103]. The phospholipid composition of biofilm
altered during transition from exponential growth phase of E. coli to the stationary phase
[104]. A dramatic increase in the intensity of the band at 1129 cm™ for 8 and 12 h

incubation may be the result of the increased bacterial cell population.

Figure 5.6 shows the SERS spectra obtained during the biofilm formation of S. cohnii with
increasing incubation times from 3 h to 48 h. The rapid decrease in the intensity of 484 cm’
! band at 48 h incubation period after its increased intensity at shorter incubation times
may be a sign that indicates the beginning of the secondary metabolite production, which is
an indication of transition to the stationary phase as discussed above. The band at 678 cm™
(ring breath modes in guanine) can give information about the total DNA/RNA
concentration in biofilm structure [105,106]. This band was observed for all incubation
periods. From its intensity, it is possible to conclude that the highest DNA/RNA
concentration is observed for 8 and 12 h incubation periods. The band at 802 cm™
attributed to the ring-breathing mode of uracil, which is a components of RNA [107] and
its intensity suddenly increases when the incubation time reaches to 48 h. The intensity
increases can be considered as the increase in the concentration of RNA. The other reason
could be the change in the vibrational mode of uracil ring as a result of interaction of water
molecules with RNA, which has an important effect on the vibration of uracil ring [107].
When the band at 678 cm™ is compared to the band at 802 cm™, there is an increasing trend
in their intensity until 48 h incubation suggesting that the bacteria is still in the same
growth phase. During the exponential growth phase, DNA is synthesized more than RNA

as a result of the bacterial multiplication [34].
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Figure.5.6..SERS spectra of S. cohnii biofilm during incubation time from 3 to 48 h. Each
spectrum is the average of five spectra obtained from the same droplet area on the culture
plate

After 8 h incubation, a very intense band at around 870 cm™ emerges and disappears after
48 h incubation. The band is most probably due to single bond stretching vibrations of
amino acids proline and valine [97]. The loss of the band at 48 h incubation may also
correlate with the rapid log-phase result in the transition to the stationary phase. The band
at 963 cm ™ may be due to out-of-plane bending. The bending vibrations give information
about changes in the position of the atoms, which affects their original bond axes. The
bands at 1435 cm™ and 1460 cm™ (CH,CH; deformation of collagen) [101] were observed
until 12 h incubation and disappear after 48 h incubation. Although there is a large change
in the composition of biofilm, the band at 1435 cm™ becomes more apparent at 3 h
incubation. Finally, the band at 1600 cm™ (Amide | band of proteins) [93, 108] become
visible at 8 h incubation. The band at 1129 cm™ (v(C-C) skeletal of acyl backbone in lipid)
which was observed on the spectra of E. coli was not observed in S. cohnii. These may be

due to the structural differences between two bacteria types.
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When the SERS spectra of both types of bacteria (Gram — and Gram +) are compared, it is
clear that they generate biofilms with significantly different compositions. While the SERS
spectra obtained from the biofilm of E. coli (Gram -) are rich in spectral features indicating
the diversity of the biomacromolecules in the biofilm, the spectra obtained from the
biofilm of S. cohnii have fewer spectral features suggesting the less complex metabolic

activity.

5.2. OBSERVATION OF BACTERIAL DEATH FROM SERS SPECTRA

It is important to be able obtain in situ information during the growth of microorganisms
since some of the important molecular information during the transfer of the
microorganism from culture media (for example, washing) can be lost. In previous studies,
microorganisms were brought together with SERS substrate upon their culture for certain
time. In this part of the study, the spectral changes on the SERS spectra during the death of
bacteria in the presence of ampicillin antibiotic were investigated to relate to the
biochemical changes during the death. Therefore, the effect of different antibiotic

concentrations on the morphology of bacterial cell wall was monitored.

First, the growth profile of E. coli and the effect of antibiotic on E. coli growth were
established by measuring the optical density of broth culture media at 550 nm (ODssp). The
initial turbidity was adjusted to McFarland standard and measurements were taken in 2 h
intervals during 12 h until the ODssg reaches a plateau. The first measurement was taken
after 2 h incubation to achieve sufficient turbidity on media. The measured growth profile
of E. coli is presented in Figure 5.7. as seen, the curve is very typical for bacteria and is

composed of three different regions, the lag, the log and stationary phases, respectively.
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Figure.5.7.The growth profile for E.coli at ODssg

In this study, we have chosen to use the penicillin group beta-lactam antibiotic, ampicillin.
The act of ampicillin on Gram-positive and some Gram-negative bacteria is through the
penetration into the cell wall [113]. E. coli were exposed to four different antibiotic
concentrations in order to determine the study concentration. For this, the disc diffusion
technique, in which the diameter of the zone of formed around the disc slowly releasing
antibiotic into the culture media was used for the assessment, was employed. The
inhibition zone diameters were measured as 20 mm for 50.0 mg/mL, 10 mm for 10.0
mg/mL, 6 mm for 2.0 mg/mL and finally 1 mm for 0.2 mg/mL Ampicillin (Figure 5.7).
These results indicated that the 50.0 mg/mL ampicillin solution completely prevented the
growth of E. coli. The effect of concentration at 10.0 mg/mL ampicillin was also
significant on E.coli. The concentrations lower than 10.0 mg/mL did not have a substantial

effect on the bacterial growth.

Since the effect of concentrations at 50 and 10 mg/mL was dramatic, we chose the lower
concentrations, 2.0 mg/mL and 0.2 mg/mL, for further study. Next, the effect of ampicillin
on E. coli at these lower concentrations was investigated. The equal amounts of E.coli
were inoculated in the culture broth, and growth profiles were recorded for 11 h. However,
the antibiotic solution was added into the broth after 8 h incubation in order to provide a
sufficient growth to E.coli and observe the death in details. As seen in the Figure 5.8,

E.coli showed almost the same curve for both culture mediums until the ampicillin was
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added (8h incubation). The 8" h measurement was taken in the presence of ampicillin and
a slight separation in the growth curves was observed. In order to show the difference

between the growth profiles, we focused on the area that contains until stationary phase.

=—4—2.0 mg/mL

=8=-0.2 mg/mL

2 3 4 5 & 7 8 9 10 1

Incubation time (h)

Figure 5.8. The growth profile of E.coli in presence of 2.0 mg/mL and 0.2 mg/mL

ampicillin

Finally, the determination of growth profile and death of E.coli were investigated with
SERS. The bacteria were cultured for 8 h until they reach to the logarithmic phase. At 8 h,
a 5-pL solution of each ampicillin concentrations of 0.2 and 2.0 mg/mL was spotted
directly onto the bacteria on the culture plate. The c-AgNPs were dropped and SERS
spectra were acquired for 5 h for 2.0 mg/mL and 6 h for 0.2 mg/mL ampicillin (until
observing a significant change on the spectra) with every 120 minutes. Average 5 spectra
were taken for each incubation time. The reproducibility of the SERS spectra obtained
from the in situ measurement was also assessed. Figure 5.9 shows the reproducibility of the

spectra for both concentrations of 0.2 and 2.0 mg/mL.
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Figure 5.9. Reproducibility of SERS spectra for E. coli in the presence of a. 2.0 mg/mL

and b. 0.2 mg/mL ampicillin at the end of incubation period for both bacteria

Although the SERS spectra show some fluctuations from point to point on the c-AgNP
containing colloidal suspension spot, a quite clear and sharp peak a 678 cm™ was observed
on the spectra at 4 h after the addition of ampicillin solution. The intensity of the peak also
showed some variation from spot to spot in the area. This could be due to the difference in

the aggregation status of the AgNPs as the colloidal suspension was spotted onto the
culture media.

Finally, the spectral changes observed on the SERS spectra during the bacterial death were
evaluated at two concentrations of ampicillin, 0.2 and 2.0 mg/mL. A 5 pL of ampicillin
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solution was placed onto E.coli culture media incubated for 8 h. A 10 pL of c-AgNP
suspension was placed onto the area where includes both ampicillin and bacteria. The
SERS spectra obtained during the death of bacteria at two concentrations, a. 0.2 and b. 2.0
mg/mL are shown on Figure 5.10. With the 0.2-mg/mL-concentration exposure, the SERS
acquisition was performed at the end of the 2" hour since we could not observe any
change on the SERS spectra. Therefore, the SERS spectra acquisitions were performed at
the end of 4™ and 6™ hours. With the 2.0-mg/mL-concentration exposure, the SERS spectra
acquisitions were performed at the end of the 1%, 3™ and 5™ hours. The comparison of the
SERS spectra at both antibiotic concentration levels reveals that a significant change in the
biochemical composition of the environment of bacteria takes place as the bacteria are
exposed to antibiotic at longer times. The biochemical changes in the environment c-
AgNPs are clearly reflected by the SERS spectra. Although several new peaks appear on
the SERS spectra at the end of the 5™ and 6" hours for both cases, the emergence of a very
intense peak at 678 cm™ confirm the significant changes in the biochemical composition
on the surface of the culture plate. Since this peak was quickly emerged on the SERS
spectra at 50 and 10 mg/mL ampicillin concentrations, these two lower concentrations
were selected for further study as indicated earlier. The spectra of E. coli and NA were
included for comparison on the figures.
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Figure 5.10. SERS spectra obtained during the death of E. coli with the addition of a. 0.2
mg/mL and b. 2.0 mg/mL ampicillin at different times

The intense peak at 678 cm™ is attributed to the ring breathing modes in the DNA bases
[93]. The other peaks at 1110 and 1125 cm™ with considerably low intensity were assigned
C-C and C-N vibrations, respectively. The peak at 1460 cm™ indicates the CH.
deformations [93]. The peak at around 1600 cm™ is attributed the Amide | band of
proteins. The band at 884 cm™ originates from proteins [93]. The band at 925 cm™ is

attributed to C-C stretch of proline ring/glucose or lactic acid [100, 114, 115]. The peak at
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1008 cm™ and 1063 cm™ attribute the presence of v(CO), v(CC), 5(OCH), ring and C-C
stretch, respectively. These bands were obtained on the spectra of ampicillin. The band at
around 1110 cm™ originates from benzoid ring deformation. The band at 1125 cm™ is also
attributed to the v(C-C) skeletal of acyl backbone originating from lipids [116, 117]. The
peaks at 1008 cm™ and 1063 cm™ originate from of E.coli and ampicillin. The band at
around 1304 cm™ indicates the presence of CH, deformation, adenine and cytosine. The
band at 1435 cm™ attributes the CH, defect [93].

We attribute the changes on the SERS spectra as the incubation time increases under the
antibiotic exposure to the death of bacteria. Since the action of ampicillin is through the
penetration into the cell wall, it is well-possible that the observed changes on the spectra
are due to the biological components disrupted from the cell wall structure and eventually
leakage of the biochemical components from the inside of the bacterial cells as a result of
disintegration of bacterial cells. The intensity of the peak at 678 cm™ increases with
bacterial death. The band at 758 c¢cm-1, which is attributed to symmetric breathing of
tryptophan slightly increases during the increased incubation times. The 758 cm™ band is
known sensitive to hyrophobicity of its environment as mentioned before. Therefore, the
observed increase for both ampicillin concentrations can be due to evaporation of water
molecules from the growth media. The change in the intensity of 884 cm™ can be related to
the proceeding of the protein synthesis for 0.2-mg/mL-concentration. On the other hand,
the band at 884 cm™ dissappears at 5 h incubation for 2.0-mg/mL-concentration due to the
higher efficiency of concentration. An increase in the intensity of the peaks at 1304 cm™
and 1435 cm™, which are attributed to proteins, were also observed with increasing

incubation time.

It was reported that the peak at 678 cm™ could be originating from the guanine [93,97]. In
order to investigate this hypothesis, we have acquired SERS spectra from 20-base long
poly A, T, G and C on the c-AgNPs. As seen in Figure 5.5, an intense peak at 678 cm™ was
observed on the spectra of guanine. Therefore, the observed peak on the spectra of bacteria

can be originating from the guanine as bacteria are decomposed.
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6. CONCLUSION AND RECOMMENDATIONS

6.1. CONCLUSION

The identification of components in a biofilm composition may clarify the mode of
interaction of microorganisms with their environment during their growth. Therefore, a
better understanding of the interactions of microorganisms with their environment, biofilm
composition and changes in the composition during the growth has a critical importance in
the several fields including medicine and biotechnology. In addition, being able to monitor
the death of microorganisms in their natural environment upon their exposure to a foreign
material is critically valuable for toxicity assessment efforts. For this reason, development
of a method that allows in situ monitoring of microorganisms while they are in their
natural environment can have dramatic impact in the field. In this thesis, we demonstrated
in situ monitoring of the molecular changes during the biofilm formation using a core
AgNP-shell chitosan substrate. The coated polymer on the AgNPs prevents the excessive
accumulation of biofilm components that have higher affinity for the metallic silver
surface, which might be problematic in such complex biological environments since the
SERS spectrum is always dominated by those biological structures possessing high affinity
for silver surface. The release and the change in the concentration of species such as DNA,
RNA, protein, and carbohydrate during the growth phases of bacteria can easily be
monitored using the presented approach. Although it is very difficult to predict the exact
source of the bands on the SERS spectra of biofilms produced by two types of bacteria, the
molecular information obtained from the spectra can provide valuable insight about the
metabolic activities of microorganisms. From the spectral patterns of both types of
bacteria, once can conclude they show very different metabolic activities. We will continue
to explore the approach by extending the types of microorganisms and investigating the

source of the band on the SERS spectra.

At the second part of the thesis, we demonstrated in situ monitoring of molecular changes
during the bacterial death. The c-AgNPs were used as SERS substrate. It was found that
the SERS spectra could provide significant information about the morphologic changes on

the bacterial cell wall and media conditions during the death of bacteria. The release of
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DNA/RNA bases as a result of decomposition of bacteria and deformations on cell wall
can be easily monitored. A dramatically emerging band as the incubation time of bacteria
under the antibiotic stress was observed at 678 cm™. This band clearly arises from the
death of bacteria. We propose that this approach can also be used for the assessment of
toxicity of molecules and nanomaterials. It is interesting to note that on the SERS spectra
both type of bacteria, Gram + and —, this band emerges in a very similar fashion, which

indicates the similarity of possible death mechanism.

6.2. RECOMMENDATIONS

The prepared SERS substrate (Chitosan shell & AgNP core) can be used to detect and
identify various kinds of biological molecules and structures such as DNA, RNA, proteins

and viruses.

In future work, the study can be applied for different bacteria types and a database for
extracellular polymeric substances can be generated. The developed procedure can also be
applied to bacterial mixtures. For this purpose, the microorganisms that are cultured on the
same culture plate can be investigated and the changes in the biofilm composition can be

identified. Therefore, ‘Quarum sensing’ and ‘Quarum quenching’ can be determined.

The death of bacteria based on their antibiotic susceptibility can be studied in a wide range
of concentrations and with different antibiotics. Minimum inhibition concentration (MIC)
can conventionally be determined for a range of antibiotics and the results can be

compared with the results obtained with SERS study.

The methods can also be extended for toxicity assessment of molecules and nanomaterials.
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