N
N

N

HAL

open science

Detection of molecular changes induced by different
classes of antibiotics against Escherichia coli and Vibrio

parahaemolyticus using Raman and Infra-red

spectroscopies

Ngoc Thanh Xuan Nguyen

» To cite this version:

Ngoc Thanh Xuan Nguyen. Detection of molecular changes induced by different classes of antibi-
otics against Escherichia coli and Vibrio parahaemolyticus using Raman and Infra-red spectroscopies.

Bacteriology. Le Mans Université, 2017. English. NNT: 2017LEMA1025 . tel-01661578

HAL Id: tel-01661578
https://theses.hal.science/tel-01661578
Submitted on 12 Dec 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-01661578
https://hal.archives-ouvertes.fr

Le Mans
Université
LOIRE

These de Doctorat

Ngoc Thanh Xuan NGUYEN

Memoire présenté en vue de l'obtention du
grade de Docteur de Le Mans Université
sous le sceau de I'Université Bretagne Loire
Ecole doctorale : 3SMPL

Discipline : Physique

Spécialité : Environnement et Biologie

Unité de recherche : IMMM

Soutenue le 24 octobre 2017

Theése N°: 2017LEMA1025
Detection of molecular changes induced by different classes of antibiotics
against Escherichia coli and Vibrio parahaemolyticus

using Raman and Infra-red spectroscopies

JURY
Rapporteurs : Michel FEDERIGHI, Professeur, ALIM-SCAN, Oniris,Nantes
Genesh SOCKALINGUM, Professeur, Université de Reims Champagne Ardenne
Examinatrice Francoise LEROI, Chercheur - HDR, IFREMER Nantes
Directeur de These : Philippe DANIEL, Professeur, Université du Mans
Co-directeurs de These : Samira SARTER, Docteur -HDR, CIRAD Montpellier

Ngoc Hai NGUYEN, Professeur, Université de Nong Lam — Ho Chi Minh ville






UNIVERSITE
BRETAGNE
LOIRE

These de Doctorat

Le Mans
Université

Ngoc Thanh Xuan NGUYEN

Detection of molecular changes induced by different classes of antibiotics

against Escherichia coli and Vibrio parahaemolyticus

using Raman and Infra-red spectroscopies

Résumé

Ce travail avait pour objectif principal 1’étude par
spectroscopie vibrationnelle Raman et IR, couplée a
I’analyse statistique de type ACP, la détection des
changements moléculaires induits par différentes

classes d’antibiotiques (ampicilline, céfotaxime,

tétracycline et ciprofloxacine) vis-a-vis de deux
bactéries modeles (E. coli et V. parahaemolyticus).
Dans le cas d’E. coli, ’ampicilline et le céfotaxime ont
provoqué une baisse des bandes protéiques en Raman
et IR, une augmentation des carbohydrates en IR.
L’addition de la tétracycline a entrainé une
augmentation des acides nucléiques, une forte baisse
de la phénylalanine en Raman, une diminution des
bandes protéiques et une augmentation de I’ADN en
Raman et IR. Concernant la ciprofloxacine, une
augmentation des acides nucléiques en Raman, une
augmentation des bandes protéiques et de I’ADN en IR

ont été observées. Chez V. parahaemolyticus, le

Abstract

The present study aimed to explore Raman and IR
in combination with PCA to detect molecular
changes induced by different classes of antibiotics
(ampicillin,  cefotaxime,  tetracycline  and
ciprofloxacin) against two bacterial models (E.
coli and V. parahaemolyticus) In E. coli,
ampicillin and cefotaxime treatments led to a
decrease of protein bands in both Raman and IR,
an increase of carbohydrates in IR. Tetracycline
addition caused an increase of nucleic acids, a
sharp decrease of phenylalanine in Raman, a
decrease of protein bands and an increase of DNA
in both Raman and IR. For ciprofloxacin, an
increase of nuleic acids in Raman, an increase of
protein bands and DNA in IR were observed. In V.
parahaemolyticus, cefotaxime resulted in a
decrease of protein bands in both Raman and IR,

an increase of polysaccharides in IR. Tetracycline



céfotaxime a provoqué une baisse des protéines en
Raman et Infra-rouge, une augmentation des
polysaccharides en Infra-rouge. L’addition de la
tétracycline a entralné une baisse de la
phénylalanine en Raman, une baisse des protéines
en Raman et Infra-rouge, une augmentation des
polysaccharides en Infra-rouge. Concernant la
ciprofloxacine, une augmentation des
polysaccharides et une diminution des bandes
protéiques en Raman et IR ont été détectées. Une
nette discrimination entre les échantillons traités
aux antibiotiques et le témoin a été enregistrée
chez E. coli et V. parahaemolyticus. Pour cette
derniere, le profil de résistance a I’ampicilline a
aussi été observé. Ce travail jette les bases d’une
d’antibio-

compréhension des mécanismes

résistance dans les systemes bactériens.

Mots-clés: Raman, Infra-rouge, Escherichia coli,
Vibrio parahaemolyticus, antibiotiques, antibio-

résistance.

increase of polysaccharides and a decrease of
proteins in both Raman and Infra-red were
noticed. Clear discrimination of antibiotic-treated
samples compared to the control was recorded for
the three antibiotic classes in both E. coli and V.
parahaemolyticus. For the latter, resistance pattern
has also been observed for ampicillin. This work
lays the foundations for an understanding of the
resistance in the

mechanisms of antibiotic

bacterial systems.

Keywords: Raman ; Infra-red ; Escherichia coli,

Vibrio parahaemolyticus; antibiotics; antibio-

resistance.
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Detection of molecular changes induced by different classes of antibiotics
against Escherichia coli and Vibrio parahaemolyticus

using Raman and Infra-red spectroscopies

Abstract

Raman and Infra-red spectroscopies are two complementary techniques that provide the
biochemical composition of the cell, allowing rapid and accurate identification of micro-organisms.
The present study aimed to explore these innovative methods to investigate the mechanisms of
action of antibiotics against two bacterial models (Escherichia coli and Vibrio parahaemolyticus).
Raman and IR spectroscopies were used in combination with principal components analysis to
detect molecular changes induced by different classes of antibiotics (ampicillin, cefotaxime — cell
wall inhibitors, tetracycline — protein synthesis inhibitor and ciprofloxacin — DNA replication
inhibitor) against Escherichia coli and Vibrio parahaemolyticus. In Escherichia coli, ampicillin and
cefotaxime treatments led to a decrease of protein bands in both Raman and Infra-red, an increase of
carbohydrates in Infra-red. Tetracycline addition caused an increase of nucleic acids, a sharp
decrease of phenylalanine in Raman, a decrease of protein bands and an increase of DNA in both
Raman and Infra-red. For ciprofloxacin, an increase of nuleic acids in Raman, an increase of protein
bands and DNA in Infra-red were observed. In Vibrio parahaemolyticus, cefotaxime resulted in a
decrease of protein bands in both Raman and Infra-red, an increase of polysaccharides in Infra-red.
Tetracycline treatment caused a decrease of phenylalanine in Raman, a decrease of proteins in both
Raman and Infra-red, an increase of polysaccharides in Infra-red. For ciprofloxacin, an increase of
polysaccharides and a decrease of proteins in both Raman and Infra-red were noticed. Clear
discrimination of antibiotic-treated samples compared to the control was recorded for the three
antibiotic classes in both Escherichia coli and Vibrio parahaemolyticus. For the latter, resistance

pattern has also been observed for ampicillin.

Keywords: Raman; Infra-red, Escherichia coli, Vibrio parahaemolyticus, antibiotics, antibio-

resistance.
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Détection des changements moléculaires induits par différentes classes d’antibiotiques
chez Escherichia coli et Vibrio parahaemolyticus

en utilisant les spectroscopies Raman et Infra-rouge

Résumé

Les spectroscopies Raman and Infra-rouge sont deux techniques complémentaires qui
fournissent la composition biochimique de la cellule, permettant I’identification rapide et précise des
micro-organismes. Cette étude a exploré ces techniques innovantes pour comprendre les modes
d’action des antibiotiques vis-a-vis de deux bactéries modeles (Escherichia coli et Vibrio
parahaemolyticus). Les spectroscopies Raman et Infra-rouge ont été utilisées en combinaison avec
I’analyse des composantes principales en vue de détecter les changements moléculaires induits par
différentes classes d’antibiotiques (ampicilline, céfotaxime - inhibiteurs de la paroi cellulaire,
tétracycline - inhibiteur de la synthese protéique et ciprofloxacine — inhibiteur de la réplication
d’ADN). Dans le cas d’Escherichia coli, I’ampicilline et le céfotaxime ont provoqué une baisse des
bandes protéiques en Raman et Infra-rouge et une augmentation des carbohydrates en Infra-rouge.
L’addition de la tétracycline a entrainé une augmentation des acides nucléiques, une forte baisse de
la phénylalanine en Raman, une diminution des bandes protéiques et une augmentation de I’ADN en
Raman et Infra-rouge. Concernant la ciprofloxacine, une augmentation des acides nucléiques en
Raman, une augmentation des bandes protéiques et de I’ADN en Infra-rouge ont été observées.
Chez Vibrio parahaemolyticus, le céfotaxime a provoqué une baisse des protéines en Raman et
Infra-rouge, une augmentation des polysaccharides en Infra-rouge. L’addition de la tétracycline a
entrainé une baisse de la phénylalanine en Raman, une baisse des protéines en Raman et Infra-rouge,
une augmentation des polysaccharides en Infra-rouge. Concernant la ciprofloxacine, une
augmentation des polysaccharides et une diminution des bandes protéiques en Raman et Infra-rouge
ont été détectées. Une nette discrimination entre les échantillons traités aux antibiotiques et le
témoin a été enregistrée chez Escherichia coli et Vibrio parahaemolyticus. Pour cette derniere, le

profil de résistance a I’ampicilline a aussi été observé.

Mots-clés: Raman, Infra-rouge, Escherichia coli, Vibrio parahaemolyticus, antibiotiques, antibio-

résistance.
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INTRODUCTION



Antibiotic resistance is becoming a major threat to human and animal health. In particular,
multidrug resistance in bacteria, such as FEscherichia coli against cephalosporin and
fluoroquinolones,  Klebsiella  pneumoniae against cephalosporin and carbapenems,
Staphylococcus aureus against methicillin, aminoglycosides, macrolides, tetracycline,
chloramphenicol and lincosamides, has emerged as a threat to public health all over the world
[1,2]. Therefore, it is of great interest to understand the mechanisms of action of antibiotics on a
molecular level to develop innovative methods for rapid detection of resistant bacterial strains.
Indeed, to gain a better insight into the metabolism of the bacteria and to comprehensively
understand about the action of antibiotics, especially non-destructive, highly sensitive
characterization methods are urgently needed. During the last years, vibrational spectroscopic
methods have been proven to have a great potential for the study of biological problems.
Vibrational spectroscopy that is based on investigating the molecular vibration of the chemical
bonds in a sample is the common term used to describe two techniques: Raman and IR. In Raman
spectroscopy, the vibrational transitions are probed via an inelastic scattering process. Otherwise,
the vibrational transitions are directly excited in IR spectroscopy [3]. In the recent years, Raman
scattering and IR spectroscopies have been rapidly gaining ground in innovative research. The
techniques offer significant benefits as non-invasive, non-destructive, reagent free and rapid
diagnostic tools for single cell analysis. These approaches provide “whole organism
fingerprinting” through an examination of spectral features corresponding to a wide range of
important functional groups that together can give rich information about the complex chemical
composition of the cell and the cell components also to identify and differentiate bacteria at a
species level or strain level [4,5,6,7,8,9,10,11]. Raman spectroscopy offers some major
advantages over IR spectroscopy for investigating biological specimens since interference of
water spectrum is less problematic. Additionally, more spectral features are detectable in a
Raman spectrum than in an IR spectrum over the same wavenumber range [12,13]. However,
using a combination of both Raman and IR spectroscopies is powerful since the techniques are
complementary. Moreover, it is important to apply advanced data processing (baseline,
normalization correction) and statistical analysis to the raw Raman and IR spectra so that minor

differences in the spectral features can be distinguished.



Objectives of the thesis

The important objectives of the thesis were to explore Raman (400-1800 cm™) and IR
(400-4000 cm™) spectroscopies to investigate metabolic changes at different growth time and to
detect molecular modifications induced by different classes of antibiotics (B-lactams: Amp, Ctx —
cell wall synthesis inhibitors; tetracyclines: Tet — protein synthesis inhibitor and
fluoroquinolones: Cip — DNA replication inhibitor) against Escherichia coli and Vibrio
parahaemolyticus — two common bacterial models in food security. Therefore, to achieve these

purposes the study focused on two main parts:

v Detection of metabolic changes occurring during the growth of Escherichia coli (3, 6, 8
and 24 h of incubation) and Vibrio parahaemolyticus (8, 10 and 24 h of incubation) using
Raman and IR spectroscopies.

v" Detection of molecular changes induced by different classes of antibiotics (Amp, Ctx, Tet
and Cip) against Escherichia coli and Vibrio parahaemolyticus using Raman and IR

spectroscopies

The observed subtle spectral changes were interpreted by means of chemometric analysis
(Principal Components Analysis). The spectral region of interest from 400-1800 cm™ for Raman

and 900-2000 cm™ for IR were analyzed by Principal Components Analysis.



CHAPTER I: BIBLIOGRAPHY



Part I.1: Vibrational spectroscopy

Vibrational spectroscopy is the common term used to describe collective movements of
atoms or groupments atoms which are generally observed two analytical techniques - Raman and
IR spectroscopies. These two techniques are non-destructive, non-invasive tools that provide
information about the molecular composition, structure and interactions within a sample. Raman
and IR spectroscopies measure vibrational energy levels which are associated with the chemical
bonds in the sample. The sample spectrum is unique, like a fingerprint, thus vibrational
spectroscopy is routinely used for identification, characterization, structure elucidation, reaction

monitoring, quality control and quality assurance.
Principle of vibrational spectroscopy:

When light interacts with matter, the photons which make up the light may be absorbed
(IR spectroscopy) or scattered (Raman spectroscopy) or may not interact with the material and

may pass straight through it (Figure 1).

Reflection
Transmission

Absorption

\/

Scattering
Figure 1: Different fundamental light processes during material interaction

(http://www.renishaw.com/en/a-basic-overview-of-raman-spectroscopy--25805)

The vibrational modes can be divided into valence vibrations (stretching vibrations) and
different types of deformation vibrations (scissoring, wagging, rocking, twisting, torsion and
bending vibrations) (Figure 2). The stretching vibrations change the distance along the bond
between the involved atoms and can be either symmetric or anti-symmetric. The different
deformation vibrations change the bond angle. The energy requirement for the stretching

vibrations is greater than for the deformation vibrations [14,15].
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Figure 2: Different vibrational modes in a polyatomic molecule [16]

I.1.1 Raman spectroscopy
I.1.1.1 History

The phenomenon of inelastic scattering of light was discovered in 1928 by Raman C. V.
and Krishnan K. F.. In 1930, Raman was awarded the Nobel prize in physics for his great
discovery [12,17,18,19,20,21]. Since the phenomenon has been referred to as Raman
spectroscopy. By the end of the 1930s, Raman spectroscopy had become one of the principle
method of non-destructive chemical analysis. Although the development of lasers in the 1960s,
Raman spectroscopy still required skilled operators to collect spectra and the process was quite

labor intensive [21,14].

1.1.1.2 Basic theory

The technique is based on inelastic light scattering by a molecule or crystal. The scattered
light consists of two types: one, called Rayleigh scattering, is strong and has the same energy and
frequency as the incident photons (vo) and the other, called Raman scattering, is very weak
(approximately 1 out of 107 photons) and has frequencies v + vm, Where v is a vibrational
frequency of a molecule. The vo- vmand vo+ vm lines are called the Stokes and anti-Stokes lines,
respectively [19,22]. Thus, in Raman spectroscopy, we measure the vibrational frequency (vm) as

a shift from the incident beam frequency (vo) (Figure 3 and 4)
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(1) Laser light excites the sample

(2) This light is scattered in all directions

(3) Some of this scattered light is directed to the detector, which records the Raman spectrum

(4) This spectrum shows light at the original laser (or Rayleigh) frequency and the Raman spectral
features unique to the sample

Figure 3: Principle of Raman spectroscopy

Raman
Vo
——» Sample
(laser) l
vo* vm (Raman scattering)
vo (Rayleigh scattering)
IR
Io (v) L(v)
— 3 Sample ——»

Figure 4: Differences in mechanism of Raman and IR

In Raman spectroscopy, a sample is irradiated with a strong monochromatic laser light whose
frequency may vary from the visible to the near IR region. Raman spectroscopy experiences
much smaller cross section compared to IR absorption spectroscopy. As a result, Raman
scattering intensity is much weaker than that IR absorption intensity. Therefore, a powerful light
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source is essential. Generally this radiation frequency is much higher than the vibrational

frequencies but is lower than the electronic frequencies.

v Ultra-violet: 244 nm, 257 nm, 325 nm, 364 nm
v" Visible: 457 nm, 473 nm, 488 nm, 514 nm, 532 nm, 633 nm, 660 nm
v" Near infra-red: 785 nm, 830 nm, 980 nm, 1064 nm

For instance, three laser wavelengths investigated by confocal Raman XploRA ONE™(Jobin
Yvon, Horiba) spectrometer: visible (532 nm — green, 633 nm — red), near-infra red (785 nm).

Laser wavelengths can be chosen according to sample characteristic. For example:

v" Blue or green lasers can be good for inorganic materials, resonance Raman experiments
and surface enhanced Raman scattering.

v Red or near infra-red (660 — 830 nm) are good for fluorescence suppression.

v’ Ultra-violet lasers for resonance Raman on bio-molecules, such as proteins, DNA, RNA

and fluorescence suppression.

Since Raman scattering is weak, the laser beam must be properly focused onto the sample and
the scatter radiation collected efficiently. Spectra obtained from Raman spectroscopy are
composed of three main components: the Raman signals, the background signal and noise. The
background signal and noise are usually reduced in the recorded spectra using preprocessing
techniques such as polynomial fitting, wavelet transform or the rolling ball technique before

analysis [23].

1.1.1.3 Structure of Raman spectrometers

These systems consist of [14]:

- Laser excitation source (UV, visible or near-IR).

- Lenses (both to focus the light onto the sample and to collect the scattered light).

- Filters (to purify the reflected and scattered light so that only the Raman light is collected).
- A means of splitting the light into its constituents colors (normally a diffraction grating).

- A very sensitive detector (to detect the weak light).

- A device such as a computer to control the whole system, display the spectrum and enable this

information to be analyzed.



I.1.1.4 Other Raman techniques

Confocal Raman microspectroscopy

The confocal Raman microscope was invented in 1990 and has been investigated for
recording Raman spectra for a single human cell [24]. It is advantageous to couple the strength
and the flexibility of Raman spectroscopy with a confocal microscope that allows analysis of
very small samples. The goal of microscopy is to analyze the smallest samples possible and to
distinguish the substance of interest from its surroundings. Raman microspectroscopy often takes
advantage of a confocal setup to increase the spectral resolution, where two apertures (behind the
light source and in front of the spectrometer) reduce stray light and eliminate out-of focus

information and only information from the focal plane reaches the detector [20].

FT-Raman spectroscopy

One important advantage of FT-Raman lies in the near lack of sample fluorescence. An
FT-Raman instrument typically employs a 1 pm excitation laser, an interferometer and a high-
sensitivity near-infrared detector. By using the longer wavelength excitation laser, there is less
energy supplied, so the virtual state is lower and less likely to overlap an upper electronic state.

This greatly reduces fluorescence interferences [14].

Surface-enhanced Raman scattering

Surface-enhanced Raman scattering is a variation of Raman spectroscopy. The SERS
effect is achieved when an analyte is absorbed onto or in close proximity to a prepared metal
surface. The Raman excitation laser produces surface plasmons (coherent electron oscillations)
on the surface of the metal. These surface plasmons interact with the analyte to greatly enhance
the Raman emission up to 10" — 10" times. To obtain the most effective enhancement, there
must be resonance between the metal and the laser, making the correct pairing of substrate and
laser of critical importance. If the laser and metal are not properly matched, the signal will be
weak, noisy and not produce any enhancement at all [25,26]. The most commonly used metals
for SERS are silver and gold, although research involving a wide variety of metals is ongoing
[27,28]. Other metals that have been shown to be useful include copper, platinum and palladium
[13,29,30]. An important component for a good SERS enhancement is roughness of the metal
surface. If the surface is too smooth or flat, there will not be effective surface plasmons

generation. Surface roughness features are usually much smaller than the wavelength of the laser.



For example, particle sizes are commonly in the range of 20 to 100 nm for laser wavelengths in
the range of 532 to 780 nm. Many researchers create their own SERS substrates, but
commercially available kits offer a more routine approach. The other mechanism involved in
signal enhancement is chemical effect. This mechanism contributes a 10> enhancement and is a

result of molecular charge-transfer interactions between the nanoparticles and the analyte.

The main drawback of SERS is the rather poor quantitative reproducibility, since the
SERS signal is exceedingly sensitive to the nature and shape of the metal surface roughness and a
number of factors involving the adsorption process, such as the orientation at the mental surface
and the extent of adsorption. In addition, it is possible that an impurity within a sample formed by
surface photochemistry is preferentially enhanced. SERS shows great promise in a wide variety
of fields including polymer and materials science, biochemistry and biosensing, catalysis,

electrochemistry, food safety, threat detection and medical diagnostics [31].
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Figure 5: Surface-enhanced Raman scattering. The proximity to a metallic surface or
nanostructure resulting in plasmon resonance (right) leads to a much stronger Raman

signal than the molecule alone (left) [4]

Resonance Raman spectroscopy

In resonance Raman the excitation wavelength is carefully chosen to overlap with (or be
very close to) an electronic transition —an area of UV-visible absorption. Such overlap can result
in scattering intensities which are increased by factors of 10> — 10° and thus detection limits and
measurement times can be significantly decreased. Practically, resonance Raman can be explored
on any Raman system and the actual measurement is made the standard way. The obvious
requirement is to have suitable laser excitation in order to meet resonance conditions. Using the

resonance Raman effect can selectively enhance vibrations of a particular chromophoric in the
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molecule, such as aromatic amino acids, nucleic acids and lipids. For instance, at 231 nm spectral
bands of aromatic amino acids are enhanced, at 251 nm spectral features of nucleic acids are most
prominent in the spectrum. Besides, fluorescence occurs in biological molecules when the
excitation wavelength is longer than 290 nm. This drawback can be avoided in case of resonance
Raman spectroscopy. This is particularly advantageous in biological studies. However, a major
disadvantage with using these excitation wavelengths in the UV range is the “burning” or other
photochemical effects and thus leading to biochemical change of biological samples

[17,19,32,33,34].

I.1.2 IR spectroscopy
I.1.2.1 History

The use of IR method began in the 1950s by Wilbur Kaye. He had designed a tool that
tested the near-infrared spectrum and found the theory to describe the results. Karl Norris
initiated using IR spectroscopy in the analytical field in the 1960s and as a result IR spectroscopy

became an accepted technique [15,35].

1.1.2.2 Basic theory

IR spectroscopy is used to investigate the vibrational properties of a sample. The IR
region (10 — 14000 cm™) is divided into three regions: the near-, mid- and the far-IR. The mid-IR
(400 — 4000 cm™) is the most commonly employed region for analysis as molecular vibrations
give rise to absorption bands generally located in the mid-IR range (between 400 and 4000 cm!)
where they are the most intense. The far- and near-IR ranges are not usually used as only
overtones (secondary vibrations) and combination vibrations are registered in those regions,
being difficult to study and interpret from an analytical viewpoint [15,36]. Mid-IR spectroscopy
is based on studying the interaction of IR radiation with samples. When IR radiation pass through
a sample, specific wavelengths are absorbed, causing the chemical bonds in the material to
undergo vibrations. Functional groups presented in a molecule tend to absorb IR radiation in the
same wavenumber range regardless of other structures in the molecule. Thus there is a correlation

between IR band positions and chemical structures in the molecule [36,37].

Attenuated Total Reflectance is a useful technique to obtain the IR spectrum of the
surface of a material, which is too thick or too strongly absorbing to be analyzed by standard
transmission methods. Samples can be powders, pastes, fibers, paper, foams, textiles or soils.
Additionally, the ATR accessory shortened the time needed for sample preparation, increased

11



durability of IR instruments and reduced the analysis cost [13,15]. The sample is placed in
contact with an internal reflection element, a material with a high refractive index, like ZnSe, Ge,
Si or diamond. The light is totally reflected, several times and the sample interacts with the
evanescent wave resulting in the absorption of radiation at each point of reflection. The intensity
of the evanescent wave decays exponentially with the distance from the surface of the internal
reflection element. Light longer wavelength penetrates deeper into the sample, which results in
stronger bands. The angle of incidence is usually chosen to be between 45 and 60° (a smaller

angle results in deeper penetration than a higher angle) (Figure 6)

Sample in contact
with evanescent wave

Infrared To

beam ATR crystal Baaakos

Figure 6: ATR and interaction of IR light with a sample numerous times

before exiting the cell

1.1.2.3 Structure of IR spectrometers

An IR spectrometer is composed of four major components [15]:
- IR source

- Detector

- Beam splitter

- Generally ATR accessory

1.1.2.4 FT-IR spectroscopy
Along with conventional IR spectroscopy, FT-IR spectroscopy is a powerful tool
extensively used to identify and discriminate bacteria. FT-IR spectroscopy exploits the

interferometer, which gives simultaneous chemical information across a broad absorbance range
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in the form of an interferogram. This is converted to the familiar absorbance spectrum through a

mathematical process called the Fourier transform [15,18].

I.1.2.5 Selection rules for Raman and IR

The differences in mechanism of Raman and IR are presented in Figure 4 and their
selection rules are distinctively different as well. IR bands arise from an interaction between light
and the oscillating dipole moment of a vibrating molecule [15,38]. While Raman bands arise
from an oscillating induced dipole caused by light waves interacting with the polarizability
ellipsoid of a vibrating molecule [12,39]. Polarizability is related to the ability of electronic
clouds surrounding the molecule to interact with an electric field. When a molecule is placed in
an electric field (?L it suffers distortion since the positively charged nuclei are attracted toward
the negative pole and electrons toward the positive pole. This charge separation produces an
induced dipole moment (?) and results in scattering reactions.

i
P=oE

The proportionality constant o is the polarizability of the molecule. The polarizability
measures the ease with which the electron cloud around a molecule can be distorted. Figure 7

shows changes in polarizability during vibration of CO2 molecule.

In order to obtain IR-active absorption, a molecular vibration must cause a change in the
dipole moment of the molecule. It can be shown that the intensity of an IR absorption band is
proportional to the square of the change in dipole moment caused by the molecular vibration

giving rise to the absorption band.

To determine whether the vibration is active in the Raman and IR spectra, the selection
rules must be applied to each normal vibration. For example, the dipole moment of the H>O
molecule is changed during each normal vibration (Figure 8). Thus, all these vibrations are IR-

active [14].
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Figure 7: Changes in polarizability during vibration of CO2 molecule
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Figure 8: Changes in dipole moment for H2O molecule during each normal vibration

[14,16]

Raman and mid-IR spectroscopy are complementary techniques and usually both are
required to completely measure the vibrational modes of a molecule. In general, Raman
spectroscopy is best at symmetric vibrations of non-polar groups while IR spectroscopy is best at

the asymmetric vibrations of polar groups.

1.1.2.6 Major advantages and disadvantages of Raman and IR
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Although Raman and IR spectroscopies are similar in that both techniques provide

information on vibrational frequencies, there are many advantages and disadvantages to each

method (Table 1)

Table 1: Major advantages and disadvantages of Raman and IR spectroscopies

[14,15,17,28,38]

Raman spectroscopy

\ IR spectroscopy

Advantages

- Sample preparation is not very elaborate, it can
be in any state (solid, liquid, gaseous, hydrated
films, crystalline or polycrystalline state).

- Small amount of sample is required.

- Since water and CO, are very weak Raman
scatterers. Water can be used as a solvent.

- The standard spectral range reaches well below
400 cm’!', making the technique ideal for both
organic and inorganic samples.

- Raman spectroscopy can be used to measure
bands of symmetric linkages which are weak in an

IR spectrum.

- The cost for equipment is comparatively
inexpensive.

- Existence of spectra libraries.

Disadvantages

- The cost of required instrumentation is very high,
which has been the main obstacle to the
widespread adoption of Raman spectroscopy for
routine analysis.

- A major problem for Raman measurements lies
in the high levels of fluorescence (intrinsic or
caused by impurities), overlaying the Raman
bands of sample (especially for biological
samples).

- A laser source is needed to observe weak Raman
scattering. This may cause local heating and

decomposition for sample.

- Sample preparation can be elaborate

- IR spectroscopy suffers from the strong

absorption of water. Thus, water cannot be used as

a solvent.
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I.1.3 Applications of Raman and IR spectroscopies

Both Raman and IR spectroscopies have been extensively applied in various research
areas, such as in microbiology (detection and discrimination of bacteria, detection of microbial
cell injury, determination of mechanisms of action of antibiotics, assessment of antibiotic
susceptibility, virus identification...), in food analysis (identification of water- and foodborne
pathogens, studying properties of bacterial biofilms on contact surfaces), in pharmaceutical
analysis...
1.1.3.1 Applications of Raman and IR spectroscopies to micro-organisms

Vibrational spectroscopy provides a wide range of biochemical constituents of bacteria
in a single spectrum, most importantly characteristics of the cell membrane. Each bacterial
species has a complex cell wall composition which gives a unique Raman and IR fingerprint
due to the vibrational modes of molecular bonds or functional groups present in its proteins,
lipids, carbohydrates, nucleic acids and polysaccharides. Therefore, Raman and IR spectra of

the bacterial cell are usually complex (Figure 9 and 10).
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Figure 9: Typical Raman spectrum of E. coli in the range of 400 - 4000 cm!
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In general, an IR absorption spectrum of bacteria is divided into five major windows
[15,19,36,40,41]:
v Window 1 (~ 3000 — 2800 cm™): commonly dominated by C-H stretching of fatty acid
compounds and therefore lipid content.
v Window 2 (~ 1700 — 1500 cm™): dominated by proteins
v" Window 3 (~ 1450 — 1200 cm™): is the mixed region dominated by the carboxylic
groups of proteins, free amino acids and polysaccharides (1450 — 1400 cm™),
RNA/DNA and phospholipids (1250 — 1200 cm™).
v Window 4 (~1200 — 900 cm™): dominated by polysaccharides
v" Window 5 (< 900 cm™): is referred to as the fingerprint region containing bands that

cannot be assigned to specific functional groups
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Figure 10: Typical IR spectrum of E. coli in the range of 400 - 4000 cm!
Analysis of structural components of bacteria

Raman and IR spectra of intact bacterial cells cannot provide complete information of
specific cellular components due to overlapping spectral bands. Moreover, the spectra of
bacteria may also change depending on the culture medium and culture conditions. Raman
spectroscopy has gained a wider acceptance as a mature analytical tool for the non-invasive,
rapid characterization and identification of micro-organisms. This technique provides several

advantages such as a low cost, high speed of analysis, broad information content on the
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chemical composition, the structure and the interaction of biomolecules within the micro-
organisms [42]. Each peak in Raman spectrum corresponds to a well-defined molecular
vibration and consequently, a Raman spectrum is highly specific for that particular molecule.
Raman spectra at the range of 500-2000 cm™ contain rich biological information on nucleic
acids, proteins, polysaccharides, carbohydrates and lipids [20]. A bacterial cell is composed of a
multitude of complex biomolecules and therefore its Raman spectrum is very complex.
However, based on the known Raman spectra of purified compounds, it is possible to assign
peaks of the bacterial spectrum to particular cellular constituents.

Based on the different structure of cell wall, Raman spectroscopy was used to
differentiate Gram-positive and Gram-negative plant-associated bacteria and offers the science
of plant bacteriology a tool to further understand the mechanisms involved in host-pathogen
interactions [43] or to analyze bio-membrane structure [44]. Furthermore, Raman spectroscopy
has been used for investigation of the structure of supercoiled DNA in E. coli pUC19 [45]. In
addition, surface functional group chemistry (hydroxyl, carboxyl, phosphoryl and amide groups)
of Gram-positive and Gram-negative bacterial cells was examined using IR spectroscopy [46] or
some particular cell components (polypeptide capsules) and formation of endospores can be
detected using FT-IR spectroscopy [47]. As pointed out by Naumann et al. [48], IR
spectroscopy was used as a tool for probing bacterial peptidoglycan. This technique was also
employed to study structure and dynamics of membrane proteins [49].

Determination of molecular changes during bacterial growth

In general, bacterial growth curve is composed of four major phases: lag, log
(exponential), stationary and death phases. Studying the changes in biochemical composition
during bacterial growth could improve the understanding of microbial physiology as well as the
behavior of bacterial strains in various batch culture systems. In this context, Raman
spectroscopy was applied to E. coli and Bacillus subtilis. The augmentation of protein mass
during the bacterial growth (lag, exponential and stationary phases) was detected. The protein
peaks showed an increasing trend during the exponential phase and a decreasing trend in the
stationary phase [50]. In addition to these changes, changes in nucleic acid and polysaccharide
moieties were recorded between different growth phases of E. coli and Listeria innocua using
FT-IR spectroscopy [51], of E. coli and Staphylococcus epidermidis using Raman spectroscopy
[52]. The similar findings were confirmed by Neugebauer in Staphylococcus epidermidis using

Raman and IR spectroscopies [17].
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Identification and classification of micro-organisms

Vibrational spectroscopic techniques are suitable for the identification of micro-
organisms due to the fact that the spectra reveal intrinsic chemical information of the cell.
Different micro-organisms will differ in their molecular patterns and this will be reflected in
their vibrational spectra. Raman spectroscopy has been used to classify different bacterial
species at the colony [19,33,53,54,55,56,57,58] or at the single cell levels [59,60,61,62,63,64].
Raman spectroscopy has also been employed to classify three species of Gram-negative bacteria
most commonly responsible for urinary tract infection (E. coli, Klebsiella pneumonia, Proteus
spp.) and to distinguish bacteria treated and not treated with ciprofloxacin after 2h of incubation
[65]. Furthermore, IR spectroscopy coupled with chemometric analysis (PCA and classification
method) has been used to identify and discriminate both vegetative and sporulated states of
Bacillus due to peaks from the trihydrate salt of calcium dipicolinate found in the sporulated
state spectra [66]. FT-IR spectroscopy has been applied for sub-typing 30 strains of E. coli
O157:H7 [67], for differentiation of live and dead E. coli O157:H7 as well as cells subjected to
various inactivation treatments, including heat, salt, UV, antibiotics and alcohol [68]. Maquelin
et al. have used Raman and FT-IR spectroscopies for rapid identification of bacterial
(Staphylococcus aureus, E. coli, Ecoli faecalis, Pseudomonas aeruginosa) and fungal pathogens
(Candida species) recovered from blood cultures [69]. However, in some cases the application
of vibrational spectroscopy could not give positive results. Another study demonstrated that FT-
IR technique was less effective to characterize and differentiate four Pseudomonas spp. that
widely spread in surface water and soil [70].
Effects of antibiotics against bacteria

Because the difference between sensitive and resistant strains will be reflected in
different molecular patterns of the cell, Raman and IR spectroscopies are promising for
detection of molecular changes induced by different classes of antibiotics in bacteria,
discrimination of sensitive and resistant bacterial strains towards antibiotics and thus allowing
the comprehensive understanding of the mechanisms of antimicrobial resistance. Zeroual et al.
[71] noticed FT-IR spectral changes in protein and nucleic acid bands in E. coli cells exposed to
different concentrations of penicillin and nalidixic acid. In another research, profiles of E. coli
phenotypes resulting from treatment with 15 different antibiotics from four classes were
characterized using Raman spectroscopy [72]. Similarly, Neugebauer er al. [17,73] used IR

absorption, micro-Raman and UV-resonance Raman spectroscopies to detect molecular changes
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induced by different concentrations of moxifloxacin and ciprofloxacin in Staphylococcus
epidermidis and Bacillus pumilus. Raman spectroscopy combined with laser tweezers was used
to detect the cellular response of E. coli cells exposed to penicillin G-streptomycin and cefazolin
[74]. In addition, ATR-FTIR was successfully used to discriminate isogenic strains of
Pseudomonas aeruginosa with varying degrees of resistance to imipenem [75] and to identify
antibiotic-resistant  Staphylococci and epidemiological typing of methicillin-resistant
Staphylococcus aureus [76]. Raman spectroscopy was employed to characterize antimicrobial
reactions of tazobactam, sulbactam, clavulanic acid in solution, crystals and bacterial cells [77]
and to detect physiology changes in plasmid-bearing E.coli with and without ampicillin
treatment [78]. Moreover, Bouhedja et al. showed that IR spectroscopy has clearly
discriminated the transconjugants B-lactams-resistance phenotype from E. coli K12 susceptible
strain [79]. In this work, the low antibiotic concentration served not to kill the bacteria but rather
to stimulate the expression of resistance genes. Additionally, uropathogenic E. coli strains were
classified in terms of susceptibility or resistance to cephalothin on the basis of their IR spectra
combined with artificial neural networks [80]. In another study, FT-IR spectroscopy has been
used to investigate the effect of B-lactam antibiotic (oxacillin) in susceptible and resistant
Staphylococcus aureus strains [81]. Sensitive and resistant strains of Enterococcus faecalis and
Enterococcus faecium to vancomycin can be detected within 3h30 by using Raman
spectroscopy [82].
Identification of biofilms

Biofilms are communities of microbial cells, which are embedded in a matrix mainly
formed from water and extracellular polymeric substances such as polysaccharides, nucleic
acids, lipids and proteins. Biofilms constitute a protected mode of growth that allows survival in
hostile environment to most micro-organisms in natural ecosystems [83,84,85,86]. In addition,
the biofilm formation provide advantages to bacteria, such as preventing the access of
antibiotics to the bacterial cells within the biofilm [87,88], increasing resistance of bacteria to
antibiotics [83,89,90]. Consequently, detection methods and characterization of the chemical
composition of the biofilm are important. Raman spectroscopy has been used either for the
identification of the biofilm formation in Staphylococcus epidermidis and in the determination
of pathogenic strains [85] or for the differentiation of planktonic cells and biofilms in Legionella
spp., Pseudomonas aeruginosa, Klebsiella pneumonia and E. coli [91]. In another study,

confocal Raman microspectroscopy has been empoyed for studying the chemical
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heterogeneities of bioflims in Pseudomonas aeruginosa [92]. In order to detect quickly and to
forecast degradation of the microbial quality of drinking water, FT-IR was chosen to assess the
responses of Pseudomonas fluorescens biofilms to variations in the dissolved organic carbon
level [93]. Moreover, SERS was investigated to evaluate the chemical variations in the matrix of
biofilm at different growth phases of E. coli, Pseudomonas putida, Bacillus subtilis [84].

1.1.3.2 Applications of Raman and IR spectroscopies in food analysis

Further trends in food analysis will involve combining vibrational spectroscopy with
microscopy, mass spectroscopy or DNA-based methods to comprehensively investigate
bacterial stresses. In addition, improved chemometric methods along with reduction in the cost
of spectroscopic instrumentation may result in the development of reliable and real-time
analytical systems. Foods are complex mixtures with the main components being water,
proteins, fats and carbohydrates. Vibrational spectroscopy has been successfully applied as
rapid analysis methods to evaluate the quality of agricultural products, such as determining the
quality of cereals, cereals products and oils [16]. The important analytical Raman and mid-IR
bands associated with the major components of foods are summarized in Table 2 and 3.

The detection of bacteria responsible for food contamination is a key step in the food
industry. However, the current identification processes are laborious and time-consuming. For
example, the detection of Salmonella in food samples is composed of several steps, including
pre-enrichment, enrichment, selective isolation and biochemical tests. To simplify the procedure
of analysis, Raman spectroscopy was employed to detect the presence of pathogenic bacteria in
food samples. The results indicated that spectra of Salmonella enterica Typhimurium, E. coli,
Pseudomonas aeruginosa were not correctly classified, proposing other methods for Raman
sample preparation to discriminate pathogenic bacteria in food [94]. Likewise, FT-IR
spectroscopy was used for detection and identification of E. coli O157:H7 and Alicyclobacillus
strains in apple juice [95,96]. Additionally, Raman and FT-IR spectroscopies were also used to
predict and monitor the microbial spoilage of meat. The results demonstrated that these two
techniques can be applied reliably and accurately for the assessment of meat spoilage through
the measurement of biochemical changes occurring in meat substrate [97,98,99]. Raman
microspectroscopy in conjunction with chemometric analysis was applied to detect food-borne
pathogens, including E. coli, Listeria monocytogenes, Salmonella spp., Staphylococcus
aureus... from spiked meat and poultry products [10]. Another study was carried out for

identification of pathogenic bacteria in drinking water (Staphylococcus aureus, Bacillus

21



anthracis, Bacillus cereus, Salmonella Typhimurium, Shigella sonnei, E. coli, Vibrio vulnificus,
V. parahaemolyticus...) by IR spectroscopy using cellular fatty acid methyl esters [100].
Besides, Raman is also a promising and easy method for identification of water-borne bacteria.
The technique has been used to discriminate Legionella strains, E. coli and coliform strains

[6,101] and to detect and quantify filtered waterborne bacteria [102,103].

Table 2: Raman bands of major food components [16]

Frequency (cm™) Assignment
Water

3200 - 3600 O-H stretching
Proteins

510

525 ] S-S stretching

545

630 - 670 C-S stretching

700 — 745 ]

1235 - 1245 Amide 111

1600 - 1700 Amide I

2550 - 2580 S-H stretching

2800 - 3000 C-H stretching
Fats

1441 CH; bending

1457 CH; — CH: bending

1656 C=C stretching

2855 - 2960 C-H stretching
Carbohydrates

836 C-C stretching

1064 C-O stretching

2912 C-H stretching

2944 ]

3451 O-H stretching
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Table 3: Mid-IR bands of major food components [16]

Frequency (cm™) Assignment
Water
3200 - 3600 O-H stretching
1650 H-O-H bending
Proteins
1600 - 1690 Amide I
1565 — 1520 Amide II
1300 — 1230 Amide 111
Fats
3000 - 2800 C-H stretching
1745 - 1725 C=0 stretching
967 C=C-H bending
Carbohydrates
3000 — 2800 C-H stretching
1400 - 800 Coupled stretching and bending

Bacterial viability determination is one of the major concerns in food industry because
some species enter into viable but non-culturable states in response to harmful factors in
environment and thus are considered non-viable under traditional culture-based techniques,
although they may still be metabolically active and may be able to reproduce during food
storage and distribution, causing a significant health threat. In this context, Raman and IR
spectroscopies were employed as rapid, non-culturable-based techniques to determine bacterial
viability [104]. FT-IR methods have been used to study sonication-injured Listeria
monocytogenes [105], heat-injured Salmonella Typhimurium and Listeria monocytogenes [106],
chlorine-induced Pseudomonas aeruginosa and E. coli in water [51], radical-induced damage
Micrococcus luteus [107], heat, starvation and sodium hypochlorite treatment in Staphylococcus
epidermidis and E. coli [104], heat-killed E. coli O157:H7 in ground beef. The major
differences between the spectra of live and dead cells were observed in the amide and nucleic
acid regions due to heat-induced denaturation of these molecules [37,104].
1.1.3.3 Applications in pharmaceutical analysis

Raman and IR spectroscopies have been extensively applied in both qualitative and
quantitative pharmaceutical analysis. These techniques are important for the evaluation of the
raw materials used in production, the active ingredients and the excipients. However, spectral

analysis of pharmaceuticals using Raman spectroscopy offers some additional benefits over IR
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spectroscopy due to the fact that Raman is a scattering technique, there is no need for a
reference light path (as needed for IR), thus it is amenable to fiber optics and allows for remote
sampling. Moreover, higher lateral spatial and depth resolution is achievable by confocal Raman
spectroscopy than by IR microspectroscopy. In pharmaceutical product design, it is important to
understand the pharmacokinetic profile (absorption, distribution, metabolism, excretion) of the
candidate drugs during early development [108]. Raman spectroscopy has been used in this
research area [109,110]. In addition, the scattering method can be applied for microstructural
characterization of drug delivery systems, analysis of pharmaceutical formulations [18],
evaluation of drug uptake and reactions inside bacterial cell [111] as well as to understand drug
— excipient interactions in the formulation [112,113,114]. Raman and IR spectroscopies can be
also used for quantification of drug in semisolid formulations and tablets [115], visualization of
drug distribution in formulations [116,117], quality control of finished pharmaceutical products

[108].

1.1.4 Data processing

Before performance of chemometric analysis, Raman and IR spectra were preprocessed,
such as baseline and normalization. Baseline correction allows to achieve flatter baselines and
average the baseline to zero. Normalization correction allows to minimize differences due to
sample amount [36,118]. The most common techniques are normalization using the highest
peak (min-max) and vector normalization. In the first case, all the spectra are modified so that
they have the same minimum and maximum values. In vector normalization, the samples are
considered to be multidimensional vectors and are modified so that their magnitudes are equal

[65].
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Figure 11: Comparison before(upper spectrum) and after (lower spectrum)
baseline, normalization processing of Raman spectrum of E. coli

recorded 8h of incubation

I.1.5 Chemometric analysis

Although Raman and IR spectroscopies are powerful techniques for analyzing various
features, a significant amount of processing is required to extract useful information from raw
spectra. Chemometric methods serve this purpose and can be used to analyze the huge spectral
distribution, discriminate and classify spectra of different samples that show subtle changes.
Chemometrics (also called multivariate statistical methods) are defined as the application of the
mathematical and statistical methods to physics, chemistry or biology. The tool helps
researchers to understand and manage the enormous amount of data effectively. The most
frequently used chemometric methods in research are principal components analysis,
discriminant analysis, principal component regression, multiple linear regression, cluster
analysis and partial least squares regression [12]. Some software packages can be used for data
analysis, such as Matlab, Unscrambler, OPUS...
Principal Components Analysis

Principal Components Analysis uses a linear transformation to represent the original
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date into a new coordinate space. PCA reduce the multidimensionality of the data set into its
most dominant components while maintaining the relevant variation between the data points.
The largest variance will be positioned as the first coordinate (PC1), the second largest variance,
orthogonal to the first one, will be the second coordinate (PC2) and so on [65]. Score plots can
be used to interpret the similarities and differences of samples [36]. From the loadings of the

principal components, the spectral peaks having the highest variance can be identified [17].
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Part 1.2: Bacterial species

1.2.1 Escherichia coli
Since its identification in 1885, E. coli has become one of the most comprehensively

studied bacterial species. E. coli strains are easy to grow and manipulate in the laboratory.

1.2.1.1 Morphology and culture conditions

E. coli is a Gram-negative, rod-shaped, aerobe and facultative anaerobe bacterium that is
commonly found in the gut of humans and warm-blooded animals. The optimal temperature for
growth is 37°C [119]. Capsules and fimbriae are found in some strains. The major surface
antigens of E. coli are the cell wall lipopolysaccharides (O antigens) and the capsular

polysaccharides (K antigens) [120].

1.2.1.2 Virulence strains

Most strains of E. coli are harmless. However, some strains have evolved pathogenic
mechanisms to cause disease in humans and animals, such as urinary tract infections (caused by
uropathogenic E. coli/UPEC), meningitis (caused by neonatal meningitis E. coli/NMEC), enteric
infections (caused by enteropathogenic E. coli/EPEC, enterohamerrhagic E. coli/EHEC,
enteroinvasive E. coli/EIEC, enteroaggregative E. coli/lEAEC, enterotoxigenic E. coli/ ETEC and
diffusely adherent E. coli/ DAEC). It is transmitted to humans primarily through consumption of
contaminated food, drinking water contaminated with animal or human waste or through direct

person-to-person spread from poor hygiene [121].

(http://www.slate.fr/story/39015/e-coli-escherichlia-coli-origine)
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1.2.1.3 Resistance to antibiotics in E. coli

Antibiotic resistance of E. coli is of particular concern because it is the most common
Gram-negative pathogen in humans. On the other hand, commensal E. coli that are defined as
bacteria isolated from healthy animals without known virulence (toxic, adhesive, invasive) are
considered as potential reservoirs of resistance determinants. Multidrug resistance to ampicillin,
tetracycline, nalidixic acid, ciprofloxacin...have been reported on commensal E. coli isolated
from animals. Consequently, the prevalence of antimicrobial resistance in commensal E. coli
should be monitored regularly [122,123]. Out of 96 isolates from commercial and cooked foods
in Korea, 17 isolates were resistant to one or more antimicrobial agents tested. High rates of
resistance to the following drugs were observed: tetracycline (15.6%), streptomycin (12.5%),
ampicillin (10.4%), nalidixic acid (9.4%) and ticarcillin (9.4%) [124]. According to Van et al.
[125], 84% of 99 isolates from foods commonly sold in the market place in Vietnam were
resistant to one or more antibiotics. The rates of multi-resistance were up to 89.5% in chicken,
95% in chicken faeces and 75% in pork isolates. The isolates displayed resistance to tetracycline
(77.8%), sulfafurazole (60.6%), ampicillin (50.5%), amoxicillin (50.5%), trimethoprim (51.5%),
chloramphenicol (43.4%), streptomycin (39.4%), nalidixic acid (34.3%), gentamicin (24.2%) and

fluoroquinolones (ciprofloxacin 16.2%, norfloxacin 17.2% and enrofloxacin 21.2%).

1.2.2 Vibrio parahaemolyticus
1.2.2.1 Morphology and culture conditions

V. parahaemolyticus is a Gram-negative, halophilic bacterium, facultatively anaerobic
motile curved rods with a single polar flagellum. The bacterium is widespread in the coastal and
estuarine environments [126,127,128,129,130]. NaCl concentrations for the optimum growth
range from 2 to 4% and poor growth is exhibited in media below 0.5% NaCl. The bacterium is
inactivated rapidly in distilled water and growth is inhibited at 10% NaCl. The organism grows at
a temperature range between 10 and 44°C, with optimum temperature of 35 - 37°C [131]. The

optimum pH range for growth is 7.8 to 8.6, although it can grow in the pH range of 4.8 to 11.

V. parahaemolyticus was first identified as a food-borne pathogen in Japan in the 1950s
[132]. Nowadays, V. parahaemolyticus is the leading cause of seafood-associated bacterial
gastroenteritis in Asia and the United States. The bacterium causes gastroenteritis characterized

by watery diarrhea and abdominal cramps. Other symptoms include nausea, vomiting, headache,
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fever and chills. The incubation period is usually between 12 and 24 hours and the disease is

normally resolved in 3 days [133,134,135,136,137,138] .

Figure 13: Morphology of V. parahaemolyticus cells

(https://www.cdc.gov/media/subtopic/library/diseases.htm)

V. parahaemolyticus occurs in a variety of fish and shellfish, including clams, shrimp,
lobster, crayfish, scallops and crabs as well as oysters [126,132,139]. In temperate regions, V.
parahaemolyticus is often detected in warmer months and the organism has been reported to
survive in the sediment during winter. However, in tropical regions, V. parahaemolyticus can be
detected throughout the year [140]. While salinity and temperature are important factors
influencing the prevalence and levels of V. parahaemolyticus in temperate waters [141,142],

salinity appears to be the main factor in tropical regions [140].

1.2.2.2 Virulence factors

The pathogenicity of V. parahaemolyticus is related to the presence of virulence factors,
such as adhesins, thermostable direct hemolysin (TDH), thermostable direct hemolysin related to
hemolysin (TRH) genes and two type 3 secretion systems, T3SS1 and T3SS2
[127,129,134,137,143,144,145,146,147]. In Asia, V. parahaemolyticus is a common cause of
foodborne disease. In general, outbreaks are more prevalent in the summer with a peak in August.
From 1996 to 1998 there were 496 outbreaks and 24,373 cases of V. parahaemolyticus reported,
while 25,211 cases were reported from 1999 to 2005. During 1997 and 1998 there were more
than 700 cases of illness due to V. parahaemolyticus in the United States. The majority of which
were associated with the consumption of raw oysters [132]. More recently, an outbreak of V.

parahaemolyticus involving 177 cases in 2006 was linked to contaminated oysters harvested in
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Washington and British Columbia. V. parahaemolyticus infections are rarely reported in

European countries. Sporadic outbreaks have been reported in Spain and France [126,129,130].

1.2.2.3 Resistance to antibiotics in V. parahaemolyticus

Antibiotic resistant bacteria have emerged due to the excessive use of antimicrobials in
human, agriculture and aquaculture [148,149,150,151]. Letchumanan et al. [152] have reported a
high frequency of antibiotic resistance of V. parahaemolyticus isolated from shrimp toward
ampicillin, aminoglycosides and the third generation cephalosporins. Han et al. [153]
investigated the antimicrobial susceptibility of 168 V. parahaemolyticus isolates from raw oysters
in Louisiana gulf and indicated that various antibiotics (tetracycline, cefotaxime, ceftazidime and
fluoroquinlones) remained highly effective, except for ampicillin (MIC > 16 pg/ml). Recently,
virulent V. parahaemolyticus strain which showed high antibiotic resistance has caused an
emerging disease to shrimp, known as early mortality syndrome (EMS), leading to significant
losses up to 100% mortality in intensive ponds in leading Asian countries such as Vietnam,

Malaysia, China and Thailand [154].

1.2.3 Biofilm in bacteria

Bacteria exist in two principal forms, as planktonic cells or biofilms [90]. Biofilms were
observed as early as 1674 when Antonie van Leuwenhoek used his microscope to describe
aggregates of “animalcules” that he scraped from human tooth surfaces. Biofilms are
communities of micro-organisms immobilized at a substratum and frequently embedded in a
matrix of extracellular polymeric substances (EPSs) produced by the individual cells
[155,156,157]. EPSs are responsible for binding micro-organisms to a surface (adhesion) and
cell-to-cell (cohesion). The general composition of EPSs consists of polysaccharides, proteins,
nucleic acids, lipids and phospholipids [85,86,90,158,159]. According to Tsuneda et al. [158],
proteins and polysaccharides account for 75% — 89% of the biofilm EPSs composition. There are
a lot of bacterial species forming biofilm, from several genera such as Pseudomonas, Vibrio,

Escherichia, Salmonella, Listeria, Streptococcus, Staphylococcus and Mycobacteria [160].

1.2.3.1 Biofilm formation and influence factors

Bacterial adhesion — an accumulated biomass of micro-organisms on a solid surface - is
the initial step in colonization and biofilm formation. The properties of a surface may have a
significant effect on the rate and extent of attachment of micro-organisms. In general, the rougher
and more hydrophobic materials will develop biofilms more rapidly. In addition, the
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characteristics of the cell surface are also important. For example, the presence of flagella, pili,
fimbriae or glycocalyx may influence the rate of microbial attachment
[133,155,161,162,163,164]. The attachment of cell to the surface after this step is considered to
be reversible, because micro-organisms can be removed by rinsing. Then micro-organisms
produce EPSs to firmly bind cells to a surface and cell-to-cell, allowing change from reversible to
irreversible attachment. After the irreversible attachment to surfaces, the cells will begin division,
form micro-colonies and intensively produce EPSs, which help strengthen the bond between the
bacteria and the substratum and stabilize the colony from environmental stress. The next step is
the biofilm maturation. In order to reach structural maturity, periods of 10 days or more are
required. Dispersion is the last step in the biofilm formation and it allows the cell to revert into
their planktonic form [90,164]. In a mature biofilm, EPSs matrix accounts for 75 — 95% and
bacterial cells 5 — 25% [90]. The formation and development of biofilms are affected by many
factors, including the specific bacterial strain, material surface properties and environmental
parameters such as pH, nutrient levels and temperature [162,164]. Optimum pH for EPSs
production depends on the individual species but it is around pH 7 for the most bacteria. The
effect of temperature is associated with an increase in nutrient intake, resulting in a rapid
formation of biofilm [155]. For instance, strong biofilm formation was observed at 37°C, while

4°C has led to weak biofilm formation of V. parahaemolyticus [165] .
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Figure 14: Schematic representation of biofilm-formation steps

(1) initial attachment, (2) irreversible attachment, (3) micro-colony development,

(4) biofilm formation and (5) dispersal [166]
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1.2.3.2 Role of biofilms for bacteria

Biofilms constitute a protected mode of growth of micro-organisms that allows their
survival in unfavorable conditions [167,168]. In fact, the biofilm formation has many advantages
for bacteria like protection of biomass from starvation, desiccation, antibiotics, disinfectants and
other damaging agents [155,166,167]. Biofilm-associated organisms grow more slowly than

planktonic organisms, probably because the cells are limited by nutrient and/or oxygen depletion

[161].

In food industries, biofilm formation causes serious problems, such as impeding the flow
of heat across a surface, increases in fluid frictional resistance of surfaces, leading to energy and
production losses [155]. Sanitizers such as ozone, chlorine and organic acid were reported to be

ineffective against microbial biofilm [164].

Inside the host, the matrix protects biofilm-growing bacteria from exposure to immune
defenses and antibiotic treatments. Sessile bacteria cells release antigens and stimulate the
production of antibodies, but the antibodies are not effective in killing bacteria within biofilms. In
addition, biofilms act as barriers to limit the access of antimicrobial agents to the cells embedded
in it [87]. Antibiotics are able to penetrate a thick mixture of EPSs to reach their biological
targets. However, the antibiotic concentration after diffusion is not high enough for antibacterial
activity, which results in an apparent increase in resistance. In this regard, the mutation frequency
in biofilm-growing bacteria is significantly higher than in planktonic bacterial cells. Additionally,
biofilms increase the opportunity for gene transfer between bacteria and may be significant for
the transfer of resistance genes to susceptible bacteria [169]. According to the study conducted by
Paraje [90], more than 60% of all microbial infections are caused by biofilms. Desai et al. [89]
have reported that bacteria grown in biofilms were about 15 times more resistant than equivalent
planktonic-grown bacteria. Furthermore, cells in biofilms may also exhibit increased resistance to
UV light [170]. As a result, biofilm-growing bacteria easily become multidrug resistant against -
lactam antibiotics, aminoglycosides and fluoroquinolones [88,90,161,167,169,171]. Qi et al. [83]
have demonstrated that the Acinetobacter baumannii isolates within biofilms exhibited 64 — 2048
fold greater resistance for cefotaxime, 32 — 512 fold for imipenem, 16 — 512 fold for
ciprofloxacin than those under planktonic growth conditions and the increase of antibiotic
resistance has been associated with the quantity of biofilm produced. Jung et al. [172] have used

Raman spectroscopy to identify spectral differences in Pseudomonas aeruginosa biofilms
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following treatment with three antibiotic agents (ceftazidime, patulin, epigallocatechin gallate).
Outbreaks of pathogens associated with biofilms have been related to the presence of Listeria
monocytogenes, Yersinia enterocolitica, Campylobacter jejuni, Salmonella spp., Staphylococcus
spp. and E. coli O157:H7 [159]. In conclusion, bacteria within biofilms tend to be more resistant

to antimicrobial agents than planktonic cells [169].

Virulence and pathogenicity of micro-organisms are often enhanced when growing as a
biofilm and thus methods to control or eradicate biofilm formation are urgently required such as
combination of broad spectrum microbial agents with modification of surface properties, using

bacteriophage.... [163,169].
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Part 1.3: Antibiotics

Antibiotics are antimicrobial agents produced by micro-organisms (Penicillium notatum,
Cephalosporium sp.). Natural antibiotics can be artificially modified to enhance their efficacy.
Antibiotics are widely used for the treatment of infections caused by bacteria in both animal and
human medicine. Antibiotics can be natural, semi-synthetic or synthetic products. Antibacterial
agents can be classified as bactericidal (killing bacteria with an efficiency of > 99.9%) or
bacteriostatic (inhibiting growth of bacteria but not killing them). In some cases, there can be
overlaps between the two categories, for example some antibiotics may start out as bacteriostatic
but as the concentration is increased, they could become bactericidal [173,174]. Antibiotics can

be also classified by modes of action (Table 4).

Table 4: Classification of antibiotics depending on their mechanisms of action [41]

Mechanism of action Group Examples

Inhibitors of bacterial cell wall B-lactams Penicillins, cephalosporins,

synthesis vancomycin, cycloserine,
bacitracin

Inhibitors of bacterial protein
synthesis:

-Bacteriostatic: Affect function of | Macrolides Erythromycin, azithromycin
30S and 50S ribosomal subunits
causing a reversible inhibition of Tetracyclines Tetracycline, doxycycline

protein synthesis

- Bactericidal: Binding to 30S Aminoglycosides Gentamycin, tobramycin,
ribosomal subunit, altering protein streptomycin
synthesis, leading to bacterial cell

death

Inhibitors of nucleic acid synthesis:
- Directly via inhibition of Quinolones Nalidixic acid, ciprofloxacin

topoisomerases (quinolones) or
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inhibition of polymerases Rifamycins Rifampin, rifabutin
(rifamycins)
-Indirectly via inhibition of Sulfonamides Sulfamethoxazole
dihydropteroate synthetase
(sulfonamides) or inhibition of Diaminopyrimidines | Trimethoprim
dihydrofolate reductase

(diaminopyrimidines)

Agents affecting membrane Polymyxins Polymyxin B, colistin

function

1.3.1 Beta-lactam antibiotics: penicillins and cephalosporins
1.3.1.1 History and structure

Since the discovery of penicillin in 1928 by Alexander Fleming, B-lactam antibiotics,
which contain a B-lactam nucleus in their molecular structure, are the first choice in treating
bacterial infections. The original B-lactams were effective only against Gram-positive bacteria,
but after many years of development derivatives have been produced against Gram-negative
pathogens (ampicillin, carbenicillin, cefotaxime). The B-lactams account for over one-half of all
of the antibiotics produced and used worldwide (52%) including cephalosporins (30%),
penicillins (7%) and other B-lactams (15%). Improving upon the effectiveness of this class of
antibiotics has been an ongoing challenge because of the emergence of multidrug-resistant strains
of bacteria. Over the years, countless penicillin derivatives have been produced and tested, a
variety of new B-lactam ring systems have been introduced. These systems are composed of the
penams (penicillin, ampicillin), cephalosporins (cephems, cefotaxime), carbapenems, oxapenams

as well as monocyclic, spirocyclic and multicyclic ring systems (Figure 15) [175].
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Figure 15: Chemical structures of -lactam antibiotics [175]

1.3.1.2 Applications of ampicillin and cefotaxime

Amp was first described in 1962 and is effective against a wide variety of Gram-positive
and Gram-negative organisms. The amino group of Amp allows it to penetrate the outer
membrane of Gram-negative bacteria. Amp is commonly used to treat respiratory tract infections,
bacterial meningitis, urinary tract infections, gastrointestinal infections caused by Gram-positive
and Gram-negative bacteria (Streptococcus pneumonia, Staphylococcus aureus, E. coli, Listeria

monocytogenes, Salmonella spp., Shigela spp. ...) [173].

The cephalosporins, produced by the fungus Cephalosporium sp., are a clinically
important group of B-lactams. Ctx, 3™ generation of cephalosporins, has an aminothiazolyl side
chain and possesses an iminomethoxy group on the acyl side chain. Owing to the modification of
its chemical structure, Ctx possesses a high affinity for PBPs compared to the first and second
generations and is protected from B-lactamase activity. In vitro, this antibiotic shows a potency of
antibacterial activity against Gram-negative bacteria and is routinely used for treatment of enteric

infections and respiratory tract infections [176]. In addition, Ctx can be used to treat acute urinary
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tract infections caused by E. coli, Proteus mirabilis, Enterobacter spp., Klebsiella spp. and

Staphylococcus epidermidis [177].

1.3.1.3 Mechanism of action

Beta-lactam antibiotics are bactericidal and inhibit the synthesis of the peptidoglycan
layer of the bacterial cell wall. Structure of cell wall of Gram-positive and Gram-negative
bacteria is shown in Figure 16. In Gram-positive bacteria, the cell wall consists of a thick layer of
peptidoglycan (about 90%) and cytoplasmic membrane. In Gram-negative, the cell wall is
composed of outer membrane, peptidoglycan (only about 10%), cytoplasmic membrane. In E.
coli, up to 80% of the peptidoglycan consists of a monolayer with the rest being triple layered
[178]. Nonetheless, peptidoglycan layer is extremely important for the preservation of cell shape
and rigidity in Gram-negative organisms. Peptidoglycan is a polysaccharide composed of a basic
repeating unit of an alternating disaccharide — N-acetyl glucosamine (G) and N-acetyl muramic
acid (M). The alternating sugars are connected by glycosidic bonds in the X direction and
peptides bonds in the Y direction (Figure 16) [179,180,181,182]. Inhibition of peptidoglycan
synthesis in growing cells results in cell lysis. Therefore, peptidoglycan synthesis is an important
antibiotic target [182] and there is a continuing interest in the development of new antibacterial
drugs that target this pathway. An important step of the peptidoglycan synthesis in bacterial cell
wall is transpeptidation, a reaction that results in the cross-linking of two glycan-linked peptide
chain [183,184,185,186,187,188,189]. The enzymes involved in this step are transpeptidases that
are able to bind to penicillin or other B-lactams. Thus, these transpeptidases are called penicillin-
binding proteins (PBPs). There are a large number of PBPs, usually several in each organism and
they are found as both membrane-bound and cytoplasmic proteins. This family of enzymes
includes the low-molecular-weight PBPs, high-molecular-weight PBPs and peptidoglycan
hydrolases (PGH) [190,191]. The interaction of B-lactams in Gram-negative bacteria consists of
diffusing through the porin channels in the outer wall, resisting inactivation of B-lactamases and
then binding to the PBPs. As a result of that binding, the transpeptidation in the peptidoglycan
synthesis is inhibited but the cell wall synthesis continues. Consequently, a newly synthesized
bacterial cell wall is no longer cross-linked and cannot maintain its strength. In addition, the
antibiotic-PBP complex stimulates the release of autolysins — the enzymes that can digest the
existing cell wall [192]. Because the cell wall and its synthesis mechanisms only exist in bacteria,

the B-lactam antibiotics are highly selective and are not toxic to host cells.
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Figure 16: Cell wall structure of Gram-positive, Gram-negative bacteria

and chemical bonds in peptidoglycan layer [173]

1.3.1.4 Mechanisms of resistance to p-lactams

Resistance is the term referred to as the insensitivity of a micro-organism to an
antimicrobial drug when compared with other isolates of the same species. Micro-organisms have
developed a multitude of mechanisms to overcome the effectiveness of antibiotics such as
inactivation of antibiotics by enzymes, altered drug target, increased drug efflux, altered
membrane permeability and thereby surviving exposure to the antimicrobial agents

[193,194,195]. Different mechanisms of resistance to antibiotics are showed in Figure 17.
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Figure 17: Mechanisms of resistance to antibiotics in bacteria [1]

Resistance to B-lactams is on the rise among clinical isolates of Gram-negative bacteria
[196]. To inactivate the bactericidal effects of B-lactam antibiotics, Gram-negative bacteria have
evolved multiple strategies such as production of B-lactamase enzymes, production of altered
PBPs with reduced affinity to B-lactam antibiotics, prevention of access of B-lactam antibiotics
to the target by way of altered permeability or forced efflux pumps (Figure 18). Among these
mechanisms, the production of B-lactamases, the enzymes that catalyze the hydrolysis of the -
lactam ring, is the most efficient strategy [180,197]. Beta-lactamases were first identified in
Staphylococcus aureus strains in the late 1940s and more than 470 B-lactamases are known to
date. According to the Ambler classification based on the primary sequence similarity and
catalytic mechanism, there are four different classes of B-lactamases: class A, B, C and D. Class
A includes narrow-spectrum P-lactamases, extended-spectrum p-lactamases (ESBLs) and serine
carbapenemases. Class B enzymes are metallo-pB-lactamases. Class C enzymes are
cephalosporinases and produced by Gram-negative bacteria. The overuse of third-generation
cephalosporins has been associated with the selection and promotion of these B-lactamases.
Finally, class D enzymes are oxacillinases [198,199,200]. All Gram-negative bacteria contain [3-
lactamases in the periplasmic space. Therefore, the rate at which the antibiotics can pass through
the porin channels of the outer membrane into the cytoplasmic space is an important factor for its
activity against bacteria. For instance, a B-lactam compound that diffuses through the outer

membrane into the periplasm and binds to the PBPs in concentrations that can inhibit
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peptidoglycan synthesis will lead to the bacterial cell death. Conversely, if the B-lactam drugs

pass slowly and are either trapped or inactivated by B-lactamases, the cell will survive [188,201].

Figure 18: Three primary mechanisms of resistance to -lactams [202]

1.3.2 Tetracyclines
1.3.2.1 History and structure

Tetracyclines that were discovered in the late 1940s are a family of broad spectrum
antibiotics, exhibiting activity against a wide range of Gram-positive and Gram-negative bacteria,
atypical organisms such as chlamydiae, mycoplasmas, rickettsiae and protozoan parasites [203].
The original tetracyclines were produced by several species of Streptomyces genus, but the newer
derivatives are semi-synthetic. The basic structure of the tetracyclines consists of a naphthacene
ring system. Substitution in the naphthacene ring leads to formation of new tetracycline analogs

(Figure 19) [173].
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Figure 19: Structure of tetracycline and its semi-synthetic analogs [173]

1.3.2.2 Applications of tetracyclines

These drugs are mainly used to treat respiratory infections, bowel and genital infections in
humans. In veterinary medicine, the tetracyclines are used for the treatment of infections in
poultry, cattle, sheep, swine and domestic pets. Tetracyclines are used in aquaculture to control
infections in salmon, catfish and lobsters farming. In the United States, the drugs are added in
animal feed at low concentrations as growth promoters to improve growth and feed efficiency. In
addition, tetracyclines have a wide range of non-antibacterial effects including anti-inflammation,
immuno-suppression, inhibition of lipase and collagenase, enhancement of gingival fibroblast

cell attachment and wound healing [173,204,205].

1.3.2.3 Mechanism of action

Tet inhibits bacterial protein synthesis by binding to the ribosomal complex, preventing
the attachment of aminoacyl-tRNA to the A site of the 30S ribosomal subunit. The mode of
action of Tet is presented in Figure 20. Association of tetracyclines with the ribosome is
reversible, providing an explanation of their bacteriostatic effects. Therefore, to interact with their
biological targets these molecules need to pass through one in Gram-positive bacteria or more
membrane systems in Gram-negative bacteria under lipophilic form by an electroneutral
mechanism. These drugs traverse the outer membrane of Gram-negative bacteria through the

OmpF and OmpC porin channels and accumulate in the periplasmic space [173,203,204,206].
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Figure 20: Mechanism of action of tetracyclines

1.3.2.4 Mechanisms of resistance to tetracyclines:
Three different bacterial strategies of resistance to tetracyclines have been identified

[205,207]:

1- Protection of the ribosome as the antibiotic target by cytoplasmic proteins (Tet M, O-

Q, S, OtrA). The ribosomal protection mechanism was firstly discovered in Streptococci.

2- Reduction of the intracellular concentration of Tet in the cytoplasm which can be
achieved by two means: lowering the permeability of the cell envelope or pumping Tet out of the
cytoplasm (efflux pumps). Efflux genes are found in both Gram-positive and Gram-negative
bacteria. Both mechanisms reduce the intracellular drug concentration and thus protect the

ribosome in the cell.

3- Production of tetracycline-inactivating enzymes. The tetracycline resistance gene (fet
(X)) was first identified in E.coli. The gene product is a 44-kDa cytoplasmic protein that can

chemically modify Tet and thus inactivate it.

1.3.3 Fluoroquinolones: ciprofloxacin
1.3.3.1 History and structure

Since the discovery of nalidixic acid for the treatment of Gram-negative urinary tract
infections in 1962, several new groups of quinolones were introduced in order to increase the
potency of these antibiotics, targeting broader class of pathogens, better pharmacodynamics and

pharmacokinetics. Nowadays they are potent antibiotics against Gram-positive and Gram-
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negative bacteria. Fluoroquinolones made up 24% of the antibiotics produced and used
worldwide [173]. The common structural element of the fluoroquinolones is the central quinolone
unit (Figure 21). The non-fluorinated compounds are grouped into the first generation and the
fluorinated compounds are grouped into the latter generations. First generation quinolone
antibiotics (nalidixic acid, cinoxacin, pipemidic acid) are typically active against Gram-negative

bacteria.

Ciprofloxacin, a second generation of quinolone (fluorinated derivative of nalidixic acid),
having a broad-spectrum activity, is more soluble than the parent compound, allowing it to reach
therapeutic levels in blood, tissues and to enhance antibacterial activity mainly against Gram-

negative pathogens and pneumococci [208].
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Figure 21: Selected examples representing each of the four fluoroquinolone generations

[174]
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1.3.3.2 Applications of fluoroquinolones

The first generation quinolone antibiotics (nalidixic acid, cinoxacin, pipemidic acid) have
been used for treatment of uncomplicated urinary tract infections. The second generation
fluoroquinolones (ciprofloxacin, norfloxacin, ofloxacin) have been prescribed for treatment of
urinary tract infections, pyelonephritis, sexually transmitted diseases, prostatitis, localized skin
and soft tissue infections. The third generation fluoroquinolones (grepafloxacin, temafloxacin,
levofloxacin) are used against respiratory infections. The four generation fluoroquinolones are
employed to treat similar conditions as third generation drugs but also have activity against the
pelvis, abdomen and nosocomial pneumonia. The fluoroquinolones have been widely used in the

beef, poultry industries for prevention and treatment of respiratory diseases in animals [174].

1.3.3.3 Mechanisms of action

The general mechanism of action employed by the fluoroquinolone antibiotics is
inhibition of type II topoisomerase DNA gyrase or topoisomerase V. These enzymes are
responsible for the relaxing of supercoiled DNA and inducing supercoiling after replication. In
Gram-positive bacteria topoisomerase IV is the biological target of fluoroquinolones. In Gram-
negative bacteria fluoroquinolones act by inhibiting bacterial DNA gyrase, preventing the
supercoiling of DNA, blocking DNA synthesis and ultimately resulting in bacterial cell death
(Figure 22) [174,209,210,211,212,213].
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Figure 22: Mechanism of action of quinolones
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1.3.3.4 Mechanisms of resistance to fluoroquinolones

Two main mechanisms of resistance to fluoroquinolones have been identified: alterations
of the biological target of the drugs (DNA gyrase in Gram-negative bacteria and topoisomerase
IV in Gram-positve bacteria) and expression of efflux pumps. Alterations in DNA gyrase occur
most commonly in fluoroquinolone-resistant Gram-negative bacteria. The second mechanism of
resistance is the expression of efflux pumps that can actively pump antibacterial agents out of the

cell at a rate equal to or greater than its uptake [211].
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CHAPTER II: MATERIAL AND METHODS
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I1.1 Spectroscopic instrumentation

I1.1.1 Raman spectroscopy
Raman spectra were obtained in the range from 400 cm™ to 1800 cm™ with an excitation

wavelength of 638 nm from a HeNe-laser, using a confocal Raman XploRA ONE™

spectrometer
(Jobin Yvon, Horiba) with approximately 4 cm™! resolution. The laser light was focussed on the
sample by means of a 100 x microscope objective. The nominal power of the laser was 5 mW
which allows avoiding damage to the bacterial cells. Each day before starting the experiments the
system was calibrated and monitored by using a silicon sample wafer having a spectral band at
520.2 cm™'. The accumulation time for each acquisition was 40 seconds and 3 accumulations

were collected for a single measurement.

I1.1.2 IR absorption spectroscopy

IR absorption spectra were recorded in the range 400 — 4000 cm™! using Bruker Vertex
70v spectrometer with 4 cm™! resolution. The accumulation time for each acquisition was about 9
seconds and 20 accumulations were collected for a single measurement. The IR absorption
spectra were measured in ATR mode (Attenuated Total Reflectance). From a general description
the ATR accessory consists of a highly refractive element (in our case diamond crystal) which
contacts the sample and allows the IR beam to reflect, leaving the evanescent wave to penetrate
into the sample [38]. The ATR accessory was purchased from Bruker company (Platinum ATR
diamond F. vaccum — type A225/Q). This tool works in single reflection mode and samples are
fixed using one-finger clamp mechanism. The bacterial cells were filtered by the anodisc
membrane. Afterward, this filter was placed between IR source and in contact with diamond

crystal.
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Figure 23: Confocal Raman (Horiba) and IR (Bruker) spectrometers used in the study
I1.2 Growth conditions of bacteria

I1.2.1 Bacterial strains
In this study the following bacterial strains have been investigated by confocal Raman and

IR absorption spectroscopies:

Escherichia coli TOP10 (provided by CBAC research group GEPEA —
University of Nantes - La Roche/Yon, France)

Vibrio parahaemolyticus CIP 73.30 (purchased at Institute of Pasteur Paris, France)

I1.2.2 Growth conditions of E. coli

E. coli was grown overnight on NA plate at 37°C. Isolated colonies were transferred to 5
ml of sterile saline water in order to obtain a bacterial suspension with an ODggo close to 0.1 (~
108 CFU/ml). This suspension was then transferred into MHB (1% in volume) and incubated at
37°C with orbital shaking at 200 rpm. This protocol was used to prepare E. coli initial culture for
all experiments performed below. MHB, which consists of basic nutrients and no additives that
could significantly influence the spectral pattern, is proven to be the best medium for Raman
spectroscopy and bacterial culture with antibiotics [214,215]. Consequently, this medium has
been used in several studies. The different growth phases (lag, exponential and stationary phases)

of E. coli were determined by measuring the ODgoo value.

I1.2.3 Growth conditions of V. parahaemolyticus
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V. parahaemolyticus was grown overnight on Zobell agar at 38°C. Isolated colonies were
transferred to 5 ml of sterile saline water in order to obtain a bacterial suspension with an ODgoo
close to 0.2 (~ 103 CFU/ml). This suspension was transferred into MHB (1% in volume) and
incubated at 38°C without shaking. This protocol was used to prepare V. parahaemolyticus initial
culture for all experiments performed below. The different growth phases (lag, exponential and

stationary phases) of V. parahaemolyticus were determined by measuring the ODgoo value.
I1.3 Antibacterial activities of antibiotics against bacteria

I1.3.1 Antibacterial activities of antibiotics against E. coli

The MIC and MBC values of Amp, Ctx, Tet and Cip against E. coli were determined by
tube dilution technique. The MIC is defined as the lowest concentration of an antibiotic that
inhibits the visible growth of a micro-organism after overnight incubation and the MBC as the
lowest concentration that will prevent the growth of a micro-organism after subculture onto
antibiotic-free agar. In order to determine MIC and MBC values, E. coli culture was prepared as
mentioned in 11.2.2. When the ODgoo value reached a range between 1.5 and 2.0 (~ 107 - 108
CFU/ml), the bacterial culture was transferred into MHB (1% in volume) in order to obtain a
bacterial suspension containing 10°— 10® CFU/ml. All tested antibiotics (Amp, Ctx, Tet and Cip)
were purchased as dehydated powder from Sigma Aldrich (France). The antibiotic was dissolved
and diluted in series in sterile water in order to obtain the required concentrations and were
stocked at 4°C until use. Then 0.2 ml of each antibiotic solution were mixed with 1.8 ml of the
bacterial culture being in the exponential phase and yielding approximately 10° — 10° CFU/ml and
then incubated at 37°C for 24 h. The positive (0.2 ml of sterile water and 1.8 ml of the bacterial
culture) and negative (0.2 ml of sterile water and 1.8 ml of sterile MHB) controls were prepared
in similar conditions. Each tube was checked for visible growth (turbidity). The MIC was noted
as the lowest concentration that completely inhibited the bacterial growth. All concentrations not
showing visible growth were subcultured onto NA plates (0.1 ml per plate), incubated at 37°C for
24 h. The MBC was determined as the lowest concentration of antibiotic at which no cell growth

occurred on the agar plates.
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Figure 24: Determination of MIC value of Amp against E. coli

I1.3.2 Antibacterial activities of antibiotics against V. parahaemolyticus

Because V. parahaemolyticus is resistant to Amp and can grow at concentration up to 50
pg/ml. A different experiment was designed for this antibiotic to test whether Raman and IR
spectroscopies can be applied to differentiate Amp-resistant V. parahaemolyticus without
(Control) and in the presence of Amp. The MIC and MBC values of Ctx, Tet and Cip against V.
parahaemolyticus were determined according to the procedure described for E. coli with a few
differences in culture medium and culture conditions. V. parahaemolyticus culture was prepared
as previously described in I1.2.3. When the ODsoo value reached a range between 1.0 and 1.2 (~
107 — 108 CFU/ml), the bacterial culture was transferred into MHB (1% in volume) in order to
obtain 10° — 10° CFU/ml. The positive and negative controls were prepared as described for E.
coli. All concentrations not showing visible growth were subcultured onto Zobell plates (0.1 ml

per plate), incubated at 38°C for 24 h to determine MBC value.
I1.4 Raman and IR spectroscopy investigations

I1.4.1 Bacterial growth monitoring

In order to explore metabolic changes occurring during bacterial growth of E. coli, the
bacterial culture was prepared as describeb above. Raman and IR spectra were recorded at
various growth time points, mainly during the exponential phase (3, 6, 8 h of incubation) and
stationary phase (24 h of incubation). During the lag phase the bacterial cells prepare their
metabolism for the upcoming growth phase and no net-increase of the biomass is observed.
Therefore, no spectra were recorded in this phase since the bacterial concentration was too low to

harvest a sufficient amount of cells. The bacterial cells were harvested after centrifugation at
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8,000 rpm for 5 min at room temperature. In order to completely remove components of the
culture medium, the cells were washed three times with sterile deionized water. The precipitate
was then suspended in sterile deionized water for Raman and IR analysis. Deionized water is a
suitable option for Raman analysis because it evaporates, leaving clean bacterial cells on the glass

slide without residue [52].

For Raman spectroscopy, the precipitate was suspended in 100 ul of sterile deionized
water and dropped onto a glass microscope slide (10 droplets/sample) and then air-dried for 5 —
10 min at room temperature (~ 20°C) with air humidity of 70% to form a homogeneous film. The
experiments were performed in triplicate and twenty to twenty-five measurements were recorded

for each sample.

For IR spectroscopy, 3 ml of sterile deionized water were added to the precipitate. The
bacterial suspension was then filtered through an aluminum oxide membrane filter (0.2 pm pore
size, 25 mm diameter, Anodisc, Whatman) using a Whatman vacuum glass membrane filter
holder to collect bacterial cells. The anodisc membrane filter does not contribute to spectral
features between the wavenumber of 400 to 4000 cm™! and provides a smooth, flat surface onto
which the bacterial film can form. The experiments were performed in triplicate and fifty

measurements were obtained for each sample.

In case of V. parahaemolyticus, the culture was prepared as described in I11.2.3. Raman
and IR spectra were recorded at various growth time points (8, 10 and 24 h of incubation). In
order to collect Raman spectra of V. parahaemolyticus, CaF. slide was used like a substrate. In
fact, CaF> was found to be an ideal substrate for the Raman spectroscopy because it gives no
background signal, has a single Raman band at 322 cm™! and therefore does not interfere with the

bacterial Raman bands [216].

I1.4.2 Effects of antibiotics against bacteria
I1.4.2.1 Effects of antibiotics against E. coli

The experiments were performed by adding the different classes of antibiotics to the
culture during the exponential phase. Indeed, the largest effects on the growth of the bacterial
culture were observed during this phase, as the cells were found to be the most susceptible to

changes in their environment.
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In order to detect molecular changes induced by antibiotics, E. coli culture was prepared
as described in 11.2.2. Amp, Ctx and Tet were added to the culture at an ODggo value comprised
between 1.5 and 2.0 (5h30 — 6h of incubation) (~ 107 = 10® CFU/ml) achieving a final
concentration of 40 pug/ml, 1.6 ug/ml and 40 pg/ml, respectively (8MIC). In case of Cip, this
antibiotic was added at the final concentration of 0.8 pg/ml (8MIC) when the ODgoo value of the
bacterial culture ranged from 0.5 to 0.8 (4h — 4h30 of incubation) (~ 10° CFU/ml). At the end of
each treatment, samples were prepared as describeb above for Raman and IR spectroscopy. The
control (antibiotic-free culture) was prepared in similar conditions for comparison. The
experiments were performed in triplicate. The experimental protocol is presented in Figure 25.
The cell inactivation after antibiotic treatments was calculated as the formula below using the
standard plate counts (CFU/ml) at the end of the exposure time for the control and the treated
samples (2 h after Amp, Ctx, Tet additions and 1h30 after Cip addition), expressed as percentage

(%) of bacterial count reduction as the formula below and performed in triplicate.
(1 = N1/N¢) x 100
where N is the bacterial count for treated sample (CFU/ml)
Nc is the bacterial count of the control (CFU/ml)

11.4.2.2 Effects of antibiotics against V. parahaemolyticus

Regarding the experiment designed for Amp, firstly V. parahaemolyticus culture was
prepared as described in I1.2.3. When the ODe¢oo value ranged from 1.0 — 1.2 (after 6h — 6h30 of
incubation) (~ 107 — 108 CFU/ml), the bacterial suspension was transferred into MHB (1% in
volume) (~ 10° — 10° CFU/ml). Amp was added at 20 ug/ml and incubated at 38°C for 15 h — 18
h without shaking. Although the bacterial strain can grow in the presence of Amp up to 50 pg/ml,
the bacterial concentration was too low to harvest a sufficient amount of cells for Raman and IR
spectroscopies. The concentration of 20 pg/ml was chosen because it was high enough for
bacterial growth and collection of cells after 15 h — 18 h of incubation. The control contained the
bacterial culture with no antibiotic was prepared under the similar conditions. The experiment

was performed in duplicate. The experimental protocol is shown in Figure 25.

In order to explore the effects of antibiotics against V. parahaemolyticus, firstly the
bacterial culture was prepared as previously described. Then, Ctx and Tet were added to the
culture at an ODgoo value comprised between 1.0 and 1.2 (6h — 6h30 of incubation) (~ 107 — 108
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CFU/ml) at the final concentration of 0.72 pg/ml (12MIC), 0.8 pg/ml (8MIC) respectively. In
case of Cip, this antibiotic was added at the final concentration of 0.9 ug/ml (18MIC) when the
ODe¢oo value of the bacterial culture ranged from 0.6 to 0.8 (5h30 — 6h of incubation) (~ 10°
CFU/ml). At the end of each treatment, samples were prepared as described above for Raman and
IR spectroscopy. The control (antibiotic-free culture) was prepared in similar conditions. The
experiment was performed in triplicate. The detailed protocol is shown in Figure 26. The cell
inactivation after antibiotics treatments was calculated using the standard plate count (CFU/ml) at
the end of the exposure time for the control and treated samples (2 h after antibiotic addition),
expressed as percentage (%/) of bacterial count reduction as the formula previously mentionned

above and performed in triplicate.

Amp 40 pg/ml
Ctx 1.6 ug/ml
Tet 40 pg/ml
Raman, IR
5h30 - 6h l oh l
- ——t—
E
1
Ty OD=15-2.0
Cip 0.8 ng/ml Raman, IR
4h—-4h30 l 1130 1
-A-
¥ ‘*_‘
I
Tg OD=05-08

Figure 25: Experimental protocol for detection of molecular changes

induced by different classes of antibiotics (Amp, Ctx, Tet and Cip) against E. coli
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Amp 20 pg/ml Eaman, IR

6h — 6h30 I 15-18h ]
|( A .
To Ti
0OD=10-12
Transfer to MHB
(1% viv)

Figure 26: Experimental protocol for differentiation Amp-resistant V. parahaemolyticus

culture (Control) and culture with Amp at 20 pg/ml

Ctx 0.72 ng/ml

Tet 0.8 pg/ml Raman. IR
6h — 6h30 l Zh l
To OD=10-12
Cip 0.9 pg/ml Faman, IR

5113‘[1: 6h l h l
= *_.

To OD=06-08

Figure 27: Experimental protocol for detection of molecular changes
induced by different classes of antibiotics (Ctx, Tet and Cip)

against V. parahaemolyticus
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I1.5 Data analysis

Spectral processing included baseline removal and normalization using Labspec 6 for
Raman spectra and Opus for IR spectra. For Raman spectra, the polynominal baseline correction
and the vector normalization were applied. For IR spectra, the elastic baseline correction and the
vector normalization were performed. Raman and IR spectral graphs were done by Origin 8.5.1
software. Statistic calculations using PCA method were managed with the help of The
Unscrambler 10.2 software (CAMO). The mean-centered data were analyzed by calculating the
PCs, creating score plots for the first and second PCs. With PCA, it is possible to identify
patterns in the dataset and to highlight similarities and differences according to similarities and
differences in the samples and group together the variables that are highly correlated. Through
linear transformation of the data to a new coordinate system, the largest variance will be
positioned as the first coordinate (PC1), the second largest variance, orthogonal to the first one,
will be the second coordinate (PC2) and so on. Each principal component has a weight score,
which is the intensity of each principal component to recover the original data. From the loadings
of the principal component analysis the wavenumbers having the highest variance can be
identified. The spectral region of interest from 400 to 1800 cm™ for Raman and 900 to 2000 cm'!
for IR were analyzed by PCA.
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CHAPTER III: RESULTS AND DISCUSSION
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Part II1.1 Vibrational spectroscopic study of bacterial growth

II1.1.1 Growth curve of bacteria

The growth curve of bacteria is mainly composed of four major phases [173,217]:

v Lag phase: during this phase, there is no increase in cell number. Bacterial cells increase
in size to prepare for reproduction, synthesis of DNA and various inducible enzymes
required for cell division.

v Log phase (exponential phase): in this phase, the bacteria become extremely active and
begin the process of dividing. This phase starts with a rapid increase in bacterial biomass
as a function of time. The bacterial cells in the exponential phase are the most susceptible
to changes in their environment.

v’ Stationary phase: the stationary phase occurs at the end of cell division. After that the
density of bacteria population has become too high and the biological mass does not
increase anymore. Thus, the growth rate is exactly equal to the death rate. A bacterial
population may enter the stationary phase when the essential nutrients required for
bacterial growth are exhausted and metabolic inhibitory byproducts accumulate. The cells
start to dye and the lysis of the biomass occurs.

v Death phase: the number of viable bacterial cells begins to decline. No further divisions
occur in this phase. The bacterial cells are broken down due to the additional

accumulation of inhibitory byproducts, depletion of cellular energy and pH changes.

I11.1.2 Escherichia coli
I11.1.2.1 Raman spectrum of E. coli

Raman and IR spectra provide the overall vibrational and chemical information of the
bacteria. Due to the different selection rules, Raman and IR spectra often give complementary
information. Raman and IR absorption spectra of E. coli are presented in Figure 28. The

important spectral bands related to the major constituents of biological samples are summarized

in Table 5.
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Figure 28: Raman and IR absorption spectra of E. coli recorded 8h of incubation

The most prominent feature in the Raman spectrum (lower spectrum in Figure 28) is the
strong band around 2930 cm™ which is a superposition from the symmetric and antisymmetric C-
H stretching vibrations of the CH> and CH3 groups from lipids, proteins and carbohydrates
[17,32,218]. Another prominent band is around 1450 cm™ which is attributed to the deformation
of the C-H bond. The amide bands can be found around 1660 cm™ (the amide I) and 1230 cm™!
(the amide III). The amino acid contribution can be observed at 995 cm™ assigned to the aromatic
ring of phenylalanine. The bands around 775 cm’!, 1570 cm™ are assigned to the nucleic acids,
especially to contributions from cytosine and uracil, guanine and adenine, respectively

[17,32,219].
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Table 5: Assignment of some bands frequently found in FT-IR and Raman spectra in biological samples [32]

FT-IR Raman
Frequency (cm™) Assignment Frequency (cm™) Assignment
3500 O-H str of hydroxyl groups 3059 (C=C-H)@romatic) Str
3200 N-H str (amide A) of proteins 2975 CH3 str
2955 C-H str (asym) of —CH3 in fatty acids 2935 CHj3 and CH; str
2930 C-H str (asym) of > CH» 2870-2890 CHo str
2918 C-H str (asym) of > CH> in fatty acids 1735 >C=0 ester str
2898 C-H str of C-H in methane groups 1650-1680 amide [
2870 C-H str (sym) of —CH3 1614 tyrosine
2850 C-H str (sym) of > CH: in fatty acids 1606 phenylalanine
1740 >C=0 str of esters 1575 guanine, adenine (ring stretching)
1715 >C=0 str of carbonic acid 1440-1460 C-H; def
1680-1715 >C=0 in nucleic acids 1295 CH, def
1695, 1685, 1675 amide I band components resulting from | 1230-1295 amide III
antiparallel pleated sheets and [-turns of | 1129 C-N and C-C str
proteins 1102 >POy str (sym)
1655 amide I of a-helical structures 1098 CC skeletal and COC str from glycosidic link
1637 amide I of B-pleated sheet structures
1550-1520 amide II 1085 C-O str
1515 “tyrosine” band 1061 C-N and C-C str
1468 C-H def of > CH» 1004 Phenylalanine
1400 C=0 str (sym) of COO 897 COC str
1310-1240 amide III band components of proteins 858 CC str, COC 1,4 glycosidic link
1250-1220 P=0 str (asym) of > PO, phosphodiesters 852 “buried” tyrosine
1200-900 C-O, C-C str, C-O-H, C-O-C def of| 829 “exposed” tyrosine
carbohydrates
1090-1085 P=0 str (sym) of > POy’ 785 cytosine, uracil (ring, str)
720 C-H rocking of >CH, 720 adenine
900-600 “fingerprint region” 665 guanine
640 tyrosine (skeletal)
620 phenylalanine (skeletal)
540 COC glycosidic ring def
520-540 S-S str

str: stretching, def: deformation, sym: symmetric, asym: antisymmetric
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I11.1.2.2 IR absorption spectrum of E.coli

Due to the different selection rules the vibrational pattern of the IR absorption spectrum is
quite different from the one of the Raman spectrum as can be seen in Figure 28. In the IR
absorption spectrum of E.coli (upper spectrum in Figure 28), a strong band resulting from N-H
stretching vibrations is noticed around 3279 cm™!. Two spectral peaks around 2955 cm™! and 2922

cm’!

are due to the asymmetric C-H stretching vibration of methyl- and methylene groups. In
almost bacterial samples the most prominent features in the IR absorption spectrum are the amide
I band at 1640 cm’!, the amide II band at 1535 cm™'. Another protein contribution with less
intensity is the amide IIT at 1230 cm™ [38]. The weak band at 1459 cm™ results from the CH,
deformation vibration. The band at 1080 cm™ can be assigned to the symmetric PO stretching
vibration of PO5™ as it is found in nucleic acids. The spectral region below 900 cm™ contains very

poor resolved features, therefore an assignment is difficult to achieve.

II1.1.2.3 Characterization of E. coli growth curve

In order to assess metabolic changes occurring during the bacterial growth, Raman and IR
absorption spectra were recorded at different growth time points, mainly during the exponential
and stationary phases. Figure 29 presents the growth curve of E. coli in MHB at 37°C, shaking at
200 rpm. During the lag phase (0 — 2 h of incubation) no spectra were measured since the
bacterial concentration was too low to harvest a sufficient amount of cells. During the
exponential phase (3, 6 and 8 h of incubation) and the stationary phase (24 h of incubation),

bacterial cells were harvested for Raman and IR absorption spectroscopies.
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Figure 29: Growth curve of E.coli in MHB at 37°C, shaking at 200 rpm (n = 3 + SD)
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Figure 30 shows the average Raman and IR spectra of E. coli at different growth time points
(3, 6, 8 and 24 h of incubation). Metabolic changes within bacteria according to the growth time
were reflected in changes in intensity of some spectral bands. According to the loading plot of the
first PC accounting for 63% of the total variance for Raman and 66% for IR spectra (results not
shown) the Raman spectral bands around 775 cm! (uracil and cytosine), 1571 cm™ (guanine and
adenine), 995 cm™! (phenylalanine), 1087 cm™ (DNA), 1445 cm™ (lipid) and 1660 cm™ (protein)
were identified to have the major contributions to the spectral variances during bacterial growth.
Minor contributions resulted from the vibrational bands at 1230 cm™', 1533 cm™ and 1636 cm™
(the amide III, amide II and amide I bands of protein), 1080 cm™ (phosphor-esters in DNA/RNA
backbone) in IR spectra [26,32,59,220,221,222,223].

Raman spectroscopy provides the chemical information of a variety of constituents within
bacterial cells: DNA/RNA, carbohydrates, proteins, lipids. During the exponential phase (3, 6 and
8h of incubation) an increase in lipids, nucleic acids (DNA, RNA), proteins are necessary for the
cell division and replication [50,173]. IR spectroscopy provides the overall chemical composition
of the bacteria, with special focus on the protein components (especially due to intense peptide
bond variations). It was found that during the exponential phase, the protein content of the
bacterial cells increased due to an enhanced synthesis of ribosomes for the translation and later
due to an augmented synthesis of enzymes and other functional proteins. These findings are in
agreement with other studies [17,50,52,217,224]. Clear discrimination of the different growth
time points (3, 6, 8 and 24 h of incubation) by analyzing the score plot of the first and second PC

was also observed in Figure 31.
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Figure 30: Average Raman and IR absorption spectra of E. coli with double standard

deviation as grey corona at different growth time points (3, 6, 8 and 24 h of incubation)
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Figure 31: Scores plot of Raman and IR absorption spectra of E. coli

at different growth time points (3, 6, 8 and 24 h of incubation)

I11.1.3 Vibrio parahaemolyticus

II1.1.3.1 Raman spectrum of V. parahaemolyticus
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Like the Raman spectrum of E. coli, the spectral bands around 2930 cm™! (CH; and CHj3
groups from lipids, proteins and carbohydrates), 1450 cm™ (C-H bond in lipids), 1640 cm™, 1230
cm’! (the amide I and amide III of proteins), 995 cm™ (phenylalanine), 775 cm™ (cytosine,
uracil), 720 cm™! (adenine) were detected in the one of V. parahaemolyticus (lower spectrum in
Figure 32) [17,32,218,219]. In addition, three spectral bands around 930 cm™!, 840 cm™ and 1118
cm’! which are assigned to polysaccharides were observed [85,91,221,225,226].
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Figure 32: Raman and IR absorption spectra of V. parahaemolyticus

recorded 8 h of incubation

I11.1.3.2 IR absorption spectrum of V. parahaemolyticus

As mentioned above, similar and in part complementary information on the chemical
composition of the bacteria can be revealed by Raman and IR absorption spectroscopies. In the
IR absorption spectrum of V. parahaemolyticus (upper spectrum in Figure 32), the spectral bands
around 3279 cm™! (N-H stretching vibrations), 2955 cm™ (C-H stretch of methyl group), 2865 cm’
!'(C-H stretching vibration), 1640 cm™, 1540 cm™!, 1230 cm™! (the amide I, II and III of proteins),
1080 cm™ (DNA/RNA backbone) [17,217,227], 1150 cm™ and 1020 cm™ (polysaccharides)

[227] were observed.
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II1.1.3.3 Characterization of V. parahaemolyticus growth curve

Like the case of E. coli, Raman and IR absorption spectra of V. parahaemolyticus were
recorded at different growth time points: 8, 10 and 24 h of incubation. Figure 33 shows growth
curve of V. parahaemolyticus in MHB at 38°C without shaking. During the lag phase (0 — 2 h of
incubation) no spectra were measured since the bacterial concentration was too low to harvest a
sufficient amount of cells. After 8, 10 and 24 h of incubation, bacterial cells were harvested for

Raman and IR spectroscopies.
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Figure 33: Growth curve of V. parahaemolyticus in MHB at 38°C
without shaking (n =3 = SD)

Figure 34 shows the average Raman and IR spectra of V. parahaemolyticus at different
growth time points (8, 10 and 24 h of incubation). Metabolic changes within bacteria versus time
were reflected in changes in intensity of some spectral bands. According to the loading plot of the
first PC accounting for 33% of the total variance (result not shown), the Raman spectral bands
around 995 cm™! (phenylalanine), 1073 cm™ (DNA), 1446 cm™ (lipid), 1230 cm™ and 1656 cm!
(the amide IIT and amide I of proteins) were identified to have major contributions to the spectral
variances during bacterial growth [26,32,59,84,220,221,222,228]. In particular, three intense
spectral bands around 841 cm™, 925 cm’' were detected in Raman spectra of V.
parahaemolyticus. According to the study carried out by Kusic et al. [91], these peaks are
assigned to polysaccharides resulting from biofilm formation in some bacterial strains. Our

findings are in agreement with other studies [85,221,225,226]. In fact, V. parahaemolyticus can
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form a mature biofilm on food and food contact surfaces during food processing [133]. A biofilm
is an accumulation of microorganisms embedded in a matrix of polysaccharides. Biofilm
formation constitutes a protected mode of growth that allows survival of bacteria in hostile
conditions [85,155,169,229]. The temperatures in the range of 25 - 37°C result in significant
biofilm formation as well as exoprotease and Al-2 production. Indeed, a positive correlation was
reported between protease production, biofilm-forming ability and AI-2 production [168,230].
Biofilm formation is considered as a drawback for harvesting bacterial cells and for the antibiotic
penetration [87]. From this point of view, a temperature of 38°C was chosen in this study as an
optimal temperature for growth and in order to limit the biofilm formation of V.
parahaemolyticus. In the IR spectra of V. parahaemolyticus, some prominent spectral peaks
around 1656 cm™! and 1532 cm™ (the amide I and amide II of proteins) [17,26,32], 1072 cm’!
(DNA backbone) [17,217,227], 1145 cm™ and 1017 cm™ (polysaccharides) [227] were observed.
According to the loading plot of the second PC accounting for 39% of the total variance (result
not shown), the spectral bands around 1656 cm™ and 1532 cm™, 1017 cm™ were determined to
have the highest contributions to the spectral variances during the bacterial growth. The scores
plot of the first two principal components which describe together 53% for Raman and 97% for
IR of the data are shown in Figure 35. The figure indicated that the spectra recorded at 8 and 10 h

were not clearly grouped but well separated with the one at 24 h in both Raman and IR.
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Figure 34: Raman and IR absorption spectra of V. parahaemolyticus
with double standard deviation as grey corona at different growth time points

(8, 10 and 24 h of incubation)
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Part I11.2: Effects of antibiotics against Escherichia coli

Within this chapter Raman and IR absorption spectroscopies will be used to gain a deeper
insight into the mechanisms of action of antibiotics against E. coli. Different classes of antibiotics
were investigated, such as PB-lactams (Amp, Ctx — cell wall inhibitors), tetracyclines (Tet —
protein  synthesis inhibitor), fluoroquinolones (Cip — DNA replication inhibitor)
[173,204,206,207,231,232]. Spectra were recorded from the antibiotic-treated samples and the
control (antibiotic-free culture). With the help of statistical method (PCA) the spectral changes

due to the action of the drug were pointed out and assigned to biological features within the cell.

I11.2.1 Effects of ampicillin and cefotaxime

Raman spectra

The MIC and MBC values were equivalent for Amp and Ctx against E. coli and
corresponded to 5 ug/ml and 0.2 pg/ml, respectively, showing that these antibiotics are
bactericidal. Several antibiotic concentrations corresponding to 2MIC, 4MIC, 6MIC and SMIC
were tested. In order to produce significant inactivation of bacterial cells, the antibiotic
concentration used in this study corresponded to SMIC (40 pg/ml, 1.6 pg/ml for Amp and Ctx,
respectively). High percentage of inactivated cells (> 90%) were necessary to observe spectral
differences between the antibiotic-treated samples and the control [104]. The concentrations of
2MIC, 4MIC and 6MIC did not provide significant molecular modifications in E. coli cells (data
not shown). Finally, the concentration of 8MIC was chosen to perform the experiments.
Compared to the control, the inactivation of bacterial cells after the antibiotic addition was
approximately 99.99% for both Amp and Ctx. As a consequence, it is likely that the cells were
significantly injured or dead, showing important changes in their chemical composition that will

be detected in Raman and IR absorption spectra.

Figure 36 shows the average Raman spectra of E. coli control and culture with Amp
8MIC or Ctx 8MIC. On a first view all spectra look very similar. However, clear discrimination
of the antibiotic-treated samples compared to the control was recorded in both Amp and Ctx
treatments. The scores plots of the first two PCs which describe together 90% and 83% of the
explained variance for Amp, Ctx, respectively are shown in Figure 37A and 38A. According to
the loading plots of the first PC presented in Figure 37B and 38B, the most important spectral

changes were identified. A decrease in proteins (the amide III at 1230 cm™ and the amide I at
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1660 cm™!) was detected in the antibiotic-treated samples compared to the control. In addition, an

increase around 1083 cm™ assigned to DNA/RNA and a decrease at 1445 cm™ assigned to lipid

were detected as well [12,52,59,213,219,220].
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Figure 36: Average Raman spectra with double standard deviation as grey corona

of E. coli control (black line) and culture with Amp 8MIC (40 pg/ml) (red line),

or with Ctx 8MIC (1.6 pg/ml) (blue line) recorded 120 min after the antibiotic addition
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Figure 37: A) Scores plot of the first two PC of Raman spectra of E. coli control (blue

points) and culture with Amp 8MIC (40 pg/ml) (red points) recorded 120 min

after the antibiotic addition. B) Loading plot for the first PC from A
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IR absorption spectra

Figure 39 shows the average IR absorption spectra of E. coli control and culture with
Amp 8MIC or with Ctx 8MIC. The scores plots of the first two PCs which describe together 98%
and 88% of the explained variance for Amp and Ctx respectively are presented in Figure 40A,
41A. The antibiotic-treated samples were distinguished from the control (antibiotic-free culture).
The loading plot of the second PC identifies the wavenumbers that show the largest variation
associated with the action of the drugs (Figure 40B and 41B). Like in the Raman spectra, a
decrease in proteins (the amide III band — 1230 cm™', amide II — 1540 cm™! and amide I — 1640
cm!) was observed and confirmed. In addition, an increase in carbohydrates (1150 cm’!, 1017

cm) were detected for both Amp and Ctx treatments [3,36,227,233].

In conclusion, Amp and Ctx treatments caused a decrease in protein bands in both Raman and
IR absorption spectra, an increase in carbohydrates in IR spectra. The spectral perturbation seems
to be correlated with the mode of action of these drugs. Ampicillin and cefotaxime belong to f—
lactams that are inhibitors of cell wall synthesis. These drugs inhibit transpeptidation, the reaction
that results in the cross-linking of two glycan-linked peptide chain. As a result, a newly
synthesized bacterial cell wall is no longer cross-linked and cannot maintain its strength, leading
to cell death [173,234,235,236,237]. This can probably explain the decrease of the protein
content observed for both Amp and Ctx treatments. Additionally, in order to repair damages of

the cell wall induced by antibiotics, the bacteria may enhance the synthesis of precursors of
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peptidoglycan — N-acetyl glucosamine and N-acetyl muramic acid, generally amino-sugar.

Consequently, the accumulation of these precursors inside the cells has led to the increase of the

carbohydrate bands in IR spectra [71].
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Figure 39: Average IR absorption spectra with double standard deviation as grey corona

of E. coli control (black line) and culture with Amp 8MIC (40 pg/ml) (red line),

or with Ctx 8MIC (1.6 pg/ml) (blue line) recorded 120 min after the antibiotic addition
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II1.2.2 Effects of tetracycline

Raman spectra

The MIC and MBC values of Tet against E. coli were 5 ng/ml and 40 pg/ml, respectively,
indicating that Tet is a bacteriostatic antibiotic. The concentration of 8MIC (40 pg/ml) was also
chosen to detect molecular changes induced by Tet against E. coli cells. Compared to the control,
the inactivation of viable cells after Tet addition was approximately 90%. Figure 42A shows the
average Raman spectra of E. coli control and culture with Tet 8MIC (40 pug/ml). The scores plot
of the first two PCs which represents 80% of the explained variance is shown in Figure 42B.
Clear discrimination of Tet-treated sample compared to the control was recorded. Thanks to the
loading plot of the first PC in Figure 42C, the most different spectral changes were identified
including [17,32,104,220,222,224,238]:

v" An increase of nucleic bands around 775 cm™! (uracil, cytosine), 1475 cm™ and 1570 cm™!
(guanine, adenine)

v' An increase in the spectral band at 1083 cm™ which is assigned to the symmetric PO
stretching vibration of PO»™ as it is found in nucleic acids (DNA/RNA)

v' A decrease of the amide I band at 1660 cm'!

v In particular, a sharp decrease at 995 cm™' (phenylalanine) was noticed
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of E. coli control (black line) and culture with Tet 8MIC (40 pg/ml) (red line)

recorded 120 min after the antibiotic addition. B) Scores plot of the first two PCs.
C) Loading plot of the first PC from B

IR absorption spectra

The average IR absorption spectra of E. coli control and culture with Tet and the control

are presented in Figure 43A. The most prominent spectral changes were determined by the

loading plot of the first PC (Figure 43C) including [217]:

v Anincrease in the amide II band at 1540 cm™! (proteins)

v Anincrease in the spectral band at 1080 cm™ (DNA/RNA)
v A decrease in the amide III band (1230 cm™)

The scores plot of the first two PCs which accounts for 99% of the spectral variance is shown

in Figure 43B. Distinct segregation between the Tet-treated sample and the control was recorded

as well.
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Figure 43: A) Average IR absorption spectra with double standard deviation as grey
corona of E. coli without (black line) and with Tet 8MIC (40 pug/ml) (red line) recorded
120 min after the antibiotic addition. B) Scores plot of the first two PCs.

C) Loading plot of the first PC from B

Tetracyclines are broad-spectrum agents, exhibiting activity against a wide range of
Gram- positive and Gram-negative bacteria, chlamydiae, mycoplasmas, rickettsiae and protozoan
parasites. Tetracycline reversibly inhibits bacterial protein synthesis by preventing the association
of aminoacyl-tRNA with the ribosomal acceptor (A) site [204,206,207]. When Tet attaches to the
site A of ribosome, the protein synthesis is blocked which has led to a sharp increase of nucleic
acids (775, 1475 and 1570 cm™") in Raman spectra and a decrease of the amide III bands (1230
cm™) in IR absorption spectra. Besides, an increase of the amide II at 1540 cm™ in IR could result
from enhanced synthesis of transport proteins such as efflux pump that are involved in the
extrusion of antibiotics [128,239]. In addition, Tet could influence the synthesis of phenylalanine
in animals and micro-organisms [204,207,240,241,242]. Consequently, a dramatic decrease of

phenylalanine band (995 cm™') in Raman was observed after the drug treatment.

I11.2.3 Effects of ciprofloxacin

Raman spectra
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The MIC and MBC values of Cip against E. coli were equivalent and corresponded to 0.1
pg/ml, showing that this antibiotic is bactericidal. The concentration of SMIC (0.8 pg/ml) was
chosen to assess molecular changes caused by Cip treatment. Compared to the control, the
inactivation of viable cells after the Cip addition were approximately 99.99%. The average
Raman spectra of E. coli control and culture with Cip 8MIC are shown in Figure 44A. The scores
plot of the first two PCs which describes together 81% of the explained variance is presented in
Figure 44B. Clear discrimination between the Cip-treated sample and the control was recorded.
Due to the loading plot of the first PC (Figure 44C), the largest spectral changes identified in the
wavenumber regions around 775 cm™! (uracil, cytosine), 1578 cm™ (guanine, adenine) and 1087

cm’! (DNA/RNA).
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Figure 44: A) Average Raman spectra with double standard deviation as grey corona of E. coli
control (black line) and culture with Cip 8MIC (0.8 pg/ml) (red line) recorded 90 min after the
antibiotic addition. B) Scores plot of the first two PCs.

C) Loading plot of the first PC from B
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IR absorption

IR absorption spectra

Figure 45A shows the average IR absorption spectra of E. coli control and culture with
Cip S8MIC. The scores plot of the first two PCs which describes together 100% of the explained
variance is shown in Figure 45B. The Cip-treated sample and the control were grouped. Like
previously mentioned, IR absorption spectrum provides mainly the chemical composition of
proteins. In case of Cip treatment, the most important spectral changes were the amide III (1230
cm™), the amide II (1520 cm™) and the amide I (1640 cm™) bands of proteins. Additionally, the
spectral band at 1080 cm™' (DNA/RNA backbone) increased as well (Figure 45C) [26,32].
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Figure 45: A) Average IR absorption spectra with double standard deviation as grey
corona of E. coli control (black line) and culture with Cip 8MIC (0.8 pg/ml) (red line) recorded
90 min after the antibiotic addition. B) Scores plot of the first two PCs.

C) Loading plot of the first PC from B

Ciprofloxacin belongs to the second generation of quinolone analogues of nalidixic acid that
show greater potency, lower toxicity and a broader antibacterial spectrum. Cip inhibits DNA
gyrase in Gram-negative bacteria or topoisomerase IV in Gram-positive bacteria. DNA gyrase
introduces negative superhelical twists into DNA. Negatively super-twisted DNA is important for

initiation of DNA replication and allows for binding of initiation proteins. Inhibition of DNA
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gyrase results in impaired DNA replication (at lower concentrations) and cell death (at lethal
concentrations) [173,237,243,244,245,246,247,248]. As a result, a sharp increase in nucleic acid
bands was recorded after Cip treatment. Furthermore, the spectral bands of proteins increased as
well. This finding indicates that interactions of Cip with its cell targets and the subsequent

reactions mainly involve changes of the DNA but also proteins [17,211,244,249].

I11.2.4 Conclusion

Raman and IR absorption spectra were recorded to detect molecular modifications
induced by different classes of antibiotics, such as Amp, Ctx — cell wall synthesis inhibitors, Tet
— protein synthesis inhibitor and Cip — DNA replication inhibitor. The MIC, MBC values of the
antibiotics against E. coli were determined by tube dilution method and counting viable cells on
agar plate. The MIC and MBC were equivalent for Amp, Ctx, Cip and corresponded to 5 pg/ml,
0.2 pg/ml and 0.1 pg/ml, respectively, showing that these antibiotics are bactericidal. In case of
Tet, the MIC, MBC were 5 pg/ml and 40 pg/ml, respectively, indicating that the antibiotic is
bacteriostatic. In order to produce significant inactivation of cells, the concentration of 8MIC was
chosen to carry out all experiments. Raman and IR absorption spectra were measured 120 min
after Amp, Ctx, Tet additions and 90 min after Cip addition. With the help of principal
component analysis, it was possible to discriminate between the antibiotic-treated samples and
the control (antibiotic-free culture) and identify the most important spectral changes in the
variance of samples. For Amp and Ctx treatments, a decrease of protein bands in both Raman and
IR absorption spectra, an increase of carbohydrates in IR absorption spectra were noticed. Tet
addition led to an increase of nucleic acids and a sharp decrease of phenylalanine in Raman
spectra. In IR absorption spectra, a decrease of the amide III of proteins and an increase in the
amide II were obtained. In case of Cip, an increase of nucleic acids in Raman spectra and an
increase of proteins in IR spectra were detected. Molecular changes in Raman and IR absorption
spectra resulted mainly from the mechanisms of action of antibiotics. Clear discrimination of the

antibiotic-treated sample and the control was well obtained for the three classes.

This chapter demonstrates that Raman and IR absorption spectroscopies in conjunction
with statistical analysis (PCA) can be applied to detect molecular changes caused by different
classes of antibiotics against E. coli. Raman spectroscopy allows to detect changes in nucleic
acids, proteins, amino acid. IR absorption spectroscopy mainly reveals changes in proteins,

carbohydrates. Consequently, combination of these two techniques is indispensable to obtain the
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overall modifications related to the cell biochemical composition. The findings of this chapter
demonstrates that using Raman and IR spectroscopies to detect molecular modifications induced
by differents classes of anitibiotics is feasible. This study could be the basis for future
investigations for understanding the mechanisms involved in bacterial resistance to antibiotics

using resistant strains.
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Part I11.3 Effects of antibiotics against Vibrio parahaemolyticus

In this chapter Raman and IR absorption spectroscopies will be explored to understand the
mechanisms of action of antibiotics against V. parahaemolyticus. Like the case of E. coli in Part
III.2, different classes of antibiotics as [-lactams (Amp, Ctx), tetracyclines (Tet) and
fluoroquinolones (Cip) were tested to investigate molecular changes that they induce in the cell
by Raman and IR absorption spectroscopies. In conjunction with statistical method (PCA) the
spectral changes due to the action of the drug were pointed out and assigned to biological features

within the cell.

I11.3.1 Effects of ampicillin

Raman spectra

V. parahaemolyticus strain used in the study is resistant to Amp up to 50 pg/ml. A
number of studies reported that most V. parahaemolyticus isolates were resistant to Amp
[152,153,250,251]. The mechanism of resistance toward Amp is due to B-lactamase activity
(penicillinases) that catalyzes the hydrolysis of the B-lactam ring [171,251,252]. On the other
hand, Ctx (third generation cephalosporine) possesses a strong affinity with penicillin binding
proteins (PBPs) compared to the first and second generation, protecting this drug from B-
lactamase activity [253]. Consequently, V. parahaemolyticus strain used in this work is resistant

to Amp and sensitive to Ctx.

The average Raman spectra of V. parahaemolyticus control and culture with Amp at 20
pg/ml are shown in Figure 46A. Clear segregation of Amp-treated sample compared to the Amp-
free culture is observed (Figure 46B). According to the loading plot of the second PC shown in
Figure 46C, an increase of protein (1230 cm™, 1650 cm™), nucleic acids (775 and 1570 cm™) and

lipid (1450 cm™) bands were detected in Raman spectra.
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Figure 46: A) Average Raman spectra with double standard deviation as grey corona of
V. parahaemolyticus control (black line) and culture with Amp at 20 pug/ml (red line)
recorded 17h after the antibiotic addition. B) Scores plot of the first two PCs.

C) Loading plot of the second PC from B

IR absorption spectra

Figure 47A shows the average IR absorption spectra of V. parahaemolyticus control and
culture with Amp at 20 ug/ml. The scores plot of the first two PCs which describes together 99%
of the explained variance is presented in Figure 47B. Clear segregation of the Amp-treated
sample compared to the Amp-free culture (control) was recorded. The loading plot of the first PC
identified an increase in proteins (the amide I at 1640 cm’!, the amide II at 1540 cm™!) and a
decrease in polysaccharides (1150 cm™, 1017 cm™) as the most important spectral changes in IR

absorption spectra (Figure 47C).

Among four known ways of resistance to f-lactam antibiotics, such as production of -
lactamase enzymes, production of altered penicillin binding proteins, alteration of porin channels,
initiation of efflux exporter proteins, the production of B-lactamases is considered as the most

efficient strategy [199,254,255,256]. In this regards, V. parahaemolyticus strain used in the study
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may produce B-lactamase enzymes to inactivate antibacterial activity of Amp and thus the protein

content in both Raman and IR spectra increased markedly.
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Figure 47: A) Average IR absorption spectra with double standard deviation as grey
corona of V. parahaemolyticus control (black line) and culture with Amp at 20 pg/ml
(red line) recorded 17 h after the antibiotic addition. B) Scores plot of the first two PCs.
C) Loading plot of the first PC from B

111.3.2 Effects of cefotaxime

Raman spectra

The MIC and MBC values of Ctx against V. parahaemolyticus were equivalent and
corresponded to 0.06 pg/ml. In order to produce significant inactivation of bacterial cells, several
antibiotic concentrations were tested and finally the concentration of 12MIC (0.72 ug/ml) was

selected to perform experiments. Compared to the control, the inactivation of viable cells after

Ctx treatment was approximately 98%.

The average Raman spectra of V. parahaemolyticus control and culture with Ctx 12MIC
(0.72 ug/ml) are presented in Figure 48A. Ctx-treated sample and the control were significantly
discriminated as shown in Figure 48B. The loading plot of the second PC (Figure 48C)
determined the largest spectral changes caused the differences between the antibiotic-treated
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sample and the control. The Raman spectra of Ctx-treated cells shows a decreased production of
proteins (1230 cm!, 1650 cm™), lipid (1440 cm™) and an increase in polysaccharide (922 cm™)

compared to the control
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Figure 48: A) Average Raman spectra with double standard deviation as grey corona of

V. parahaemolyticus control (black line) and culture with Ctx 12MIC (0.72 pg/ml) (red

line) recorded 120 min after the antibiotic addition. B) Scores plot of the first two PCs.
C) Loading plot of the second PC from B

IR absorption spectra

The average IR absorption spectra of V. parahaemolyticus control and culture with Ctx
12MIC (0.72 pg/ml) are presented in Figure 49A. Figure 49B presents the scores plot of the first
two PCs that represents 99 % of the explained variance. Clear discrimination of Ctx-treated
sample compared to the control was observed. The most important spectral changes were
determined by the loading plot of the second PC (Figure 49C). A decrease in protein bands (1230
cm™, 1540 cm™ and 1640 cm™) and an increase in polysaccharide content (1150 cm™ and 1017
cm™) were detected. The spectral perturbation seems to be correlated with the mode of action of

the antibiotic. Cefotaxime (third generation cephalosporine) belongs to B — lactam groups that are
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inhibitors of the cell wall synthesis. The drug inhibits transpeptidation - the reaction that results
in the cross-linking of two glycan-linked peptide chain. Consequently, a newly synthesized
bacterial cell wall is no longer cross-linked and cannot maintain its strength, leading to the cell
death [234,235,252]. This can probably explain the decrease of the protein content detected in

both Raman and IR absorption spectra.
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Figure 49: A) Average IR absorption spectra with double standard deviation as grey

corona of V. parahaemolyticus control (black line) and culture with Ctx 12MIC (0.72

pg/ml)(red line) recorded 120 min after the antibiotic addition. B) Scores plot of the
first two PCs. C) Loading plot of the second PC from B

Despite the fact that the experiments for detection of molecular changes caused by Ctx
and Amp additions were differently designed, comparison of Raman and IR absorption spectra
will be performed to test whether it is possible to discriminate between Ctx-sensitive and Amp-
resistant samples. The average Raman spectra of V. parahaemolyticus population grown in the
presence of Amp at 20 ug/ml recorded 17 h after the antibiotic addition and with Ctx 12MIC
(0.72 pg/ml) recorded 120 min after the drug addition are shown in Figure S0A. According to the
loading plot of the first PC in Figure 50C, the spectral changes in polysaccharides at 830, 930 cm’

! were observed.
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Figure 50: A) Average Raman spectra with double standard deviation as grey corona of
V. parahaemolyticus culture with Amp (20 ug/ml) (black line) recorded 17 h after the
antibiotic addition and with Ctx 12MIC (0.72 pg/ml) (red line) recorded 120 min after
the antibiotic addition. B) Scores plot of the first two PCs.
C) Loading plot of the first PC from B

Figure 51A presents the average IR absorption spectra of V. parahaemolyticus population
grown in the presence of Amp at 20 ug/ml recorded 17 h after the antibiotic addition and with
Ctx 12MIC (0.72 pg/ml) recorded 120 min after the drug addition. According to the loading plot
of the first two PCs in Figure 51C, an increase in proteins was detected (the amide I band at 1640
cm’!, the amide II at 1540 cm™ and the amide III band at 1230 cm™) in Amp-treated samples
compared to Ctx-treated. Additionally, an increase in polysaccharide content (1150 cm™, 1017
cm™) was recorded as well. Distinct segregation of Ctx-treated and Amp-treated samples was

noticed in both Raman and IR absorption spectra (Figure 50B and 51B).
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Figure 51: A) Average IR absorption spectra with double standard deviation as grey
corona of V. parahaemolyticus with Amp (20 png/ml) (black line) recorded 17 h after the
antibiotic addition and with Ctx 12MIC (0.72 pg/ml) (red line) recorded 120 min after
the antibiotic addition. B) Scores plot of the first two PCs.

C) Loading plot of the first and second PCs from B

I11.3.3 Effects of tetracycline

Raman spectra
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The MIC and MBC values of Tet against V. parahaemolyticus were 0.1 pg/ml and 0.2

pg/ml, respectively. In order to produce significant inactivation of bacterial cells, the

concentration of 8MIC (0.8 pug/ml) was chosen to carry out experiments for Tet treatment.

Compared to the control, the inactivation of viable cells after Tet addition was approximately

99%

The average Raman spectra of V. parahaemolyticus control and culture with Tet 8MIC are

presented in Figure 52A. The scores plot of the first two PCs which describes together 61% of the

explained variance is shown in Figure 52B. The loading plot of the first PC (Figure 52C)

indicated the most prominent spectral differences including:
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Figure 52: A) Average Raman spectra of V. parahaemolyticus control (black line) and

culture with Tet SMIC (0.8 pug/ml) (red line) recorded 120 min after the antibiotic

addition. B) Scores plot of the first two PCs. C) Loading plot of the first PC from B
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IR absorption spectra

The average IR absorption spectra of V. parahaemolyticus control and culture with Tet
8MIC are shown in Figure 53A. The scores plot of the first two PCs which accounts for 99% of
the spectral variance is presented in Figure 53B. According to the loading plot of the first PC
(Figure 53C), a decrease of the spectral bands at 1650 cm™!, 1540 cm™ and 1230 cm™ (the amide
I, the amide II and the amide III of proteins) was detected. In addition, an increase around 1150
cm™ and 1017 cm™ (polysaccharides) was noticed. The Tet-treated sample and the control were

grouped in both Raman and IR absorption spectra (Figure 52B and 53B).

The Raman and IR spectral changes may be explained by the mechanisms of action of Tet
towards V. parahaemolyticus. Tetracyclines are broad-spectrum agents, exhibiting activity
against a wide range of Gram-positive and Gram-negative bacteria, chlamydiae, mycoplasma,
rickettsiae and protozoan parasites. Tetracycline reversibly inhibits bacterial protein synthesis by
preventing the association of aminoacyl-tRNA with the ribosomal acceptor (A) site
[204,206,207]. When Tet attaches to the site A of ribosome, the protein synthesis is blocked,
which leads to a noticeable decrease of the protein content in both Raman and IR absorption
spectra. Besides, Tet could influence the synthesis of phenylalanine in animals and micro-
organisms [240,241,242]. Consequently, an observable decrease of phenylalanine band (995 cm”

1) was detected after the drug treatment in Raman spectra.
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Figure 53: A) Average IR absorption spectra of V. parahaemolyticus control (black line) and
culture with Tet 8MIC (0.8 pg/ml) (red line) recorded 120 min after the antibiotic addition.
B) Scores plot of the first two PCs. C) Loading plot of the first PC from B

I11.3.4 Effects of ciprofloxacin

Raman spectra

The MIC and MBC values of Cip against V. parahaemolyticus were equivalent and
corresponded to 0.05 ug/ml. Experiments for the detection of molecular changes induced by Cip
were performed with the concentration of 18MIC (0.9 pug/ml). Compared to the control, the

inactivation of viable cells after Cip addition was approximately 99%.

The average Raman spectra of V. parahaemolyticus control and culture with Cip 18MIC
(0.9 pg/ml) is shown in Figure 54A. According to the loading plot of the second PC in Figure
54C, the spectral changes occurred in the wavenumber regions around 840 cm™ and 923 cm™'. In
addition, the wavenumbers around 1230 cm™ and 1660 cm™ (proteins), 1440 cm™ (lipids), 1570

cm’! (guanine, adenine) also contributed with markedly weight to the variance of Raman spectra.
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culture with Cip 18MIC (0.9 pg/ml) (red line) recorded 120 min after the antibiotic
addition. B) Scores plot of the first two PCs. C) Loading plot of the second PC from B

IR spectra

Figure 55A presents the average IR absorption spectra of V. parahaemolyticus control and
culture with Cip 18MIC (0.9 pg/ml). The scores plot of the first two PCs which describes
together 98% of the spectral variance is shown in Figure 55B. The most important changes were
observed around 1230 cm™!, 1540 cm™ and 1640 cm™ for proteins; 1150 cm™ and 1017 cm! for
polysaccharides (Figure 55C). V. parahaemolyticus control and Cip-treated sample were

significantly discriminated in both Raman and IR absorption spectra (Figure 54B and 55B).

The spectral changes in Cip-treated sample compared to the control can be explained by
the mode of action of Cip against V. parahaemolyticus. Ciprofloxacin (fluoroquinolone) belongs
to the second generation of quinolone analogues of nalidixic acid that shows greater potency,
lower toxicity and a broader antibacterial spectrum. In Gram-negative bacteria, Cip interferes
with bacterial DNA gyrase and inhibits the DNA replication. Therefore, the process of synthesis

of RNA from DNA (transcription) and initiation of translation (protein synthesis) are inhibited as
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well [173,237,244,245,246,247,249]. As a result, it was found in both Raman and IR spectra that

the protein content of V. parahaemolyticus treated with Cip decreased in comparison with the

control.
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After the antibiotic addition (Amp, Ctx, Tet and Cip), it was found that the
spectral bands around 840 cm™! and 923 cm™! for Raman spectra, 1150 cm™ and 1017 cm-
I for IR spectra which are assigned to polysaccharides increased noticeably. These
modifications may resulted from the biofilm formation in V. parahaemolyticus. The
antibiotic treatment is considered as a stressful factor for the bacterial growth.
Therefore, V. parahaemolyticus may enhance biofilm formation in order to limit
penetration of antibiotics inside the bacterial cells and thus the micro-organism can

survive in harsh conditions [87,156,169,230].

I11.3.5 Conclusion
Raman and IR absorption spectra were measured to detect molecular changes induced by
different classes of antibiotics,such as Amp, Ctx — cell wall inhibitors, Tet — protein synthesis

inhibitor and Cip — DNA replication inhibitor. The MIC and MBC values of the antibiotics
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against V. parahaemolyticus were determined by tube dilution method and counting viable cells
on agar plate. V. parahaemolyticus strain used in the study is resistant to Amp up to 50 pg/ml.
The MIC and MBC were equivalent for Ctx, Cip and corresponded to 0.06 pg/ml and 0.05 pg/ml,
respectively, showing that these antibiotics are bactericidal. Concerning Tet, the MIC and MBC
corresponded to 0.1 ug/ml and 0.2 pg/ml, respectively, indicating that the drug is bacteriostatic.
A different experiment was designed for only Amp to test whether Raman and IR spectroscopies
can be used to differentiate Amp-resistant V. parahaemolyticus without (Control) and in the
presence of Amp up to 20 pg/ml. Raman and IR absorption spectra were recorded after 17 h of
incubation. In order to cause significant inactivation of cells, the antibiotic concentrations of
12MIC (0.72 pg/ml) for Ctx, 8MIC (0.8 pug/ml) for Tet and 18MIC (0.9 pg/ml) for Cip were
chosen to perform all experiments. Raman and IR absorption spectra were recorded 120 min after
the antibiotic addition. With the help of Principal Components Analysis (PCA), it was possible to
discriminate between the antibiotic-treated samples and the control (antibiotic-free culture) and
identify the most important spectral changes in the variance of samples. Compared to the control
(antibiotic-free culture), Raman and IR absorption of V.parahaemolyticus in the presence of
Amp at 20 pg/ml indicated an increase in proteins and lipids, a decrease in polysaccharides. For
Ctx treatment, a decrease in protein bands in both Raman and IR absorption spectra, an increase
in polysaccharides in IR absorption spectra were detected. Compared to Ctx-treated sample, the
addition of Amp in the culture resulted in an increase of protein bands and polysaccharides in IR
spectra. Tet treatment caused a decrease in protein bands in both Raman and IR spectra, a
dramatic decrease in phenylalanine in Raman and an increase in polysaccharides in IR. Cip
addition led to a decrease in protein bands, an increase in polysaccharides in both Raman and IR
spectra, a decrease in nucleic acids and lipids in Raman. Molecular changes in Raman and IR
absorption spectra were mainly explained by the mechanisms of action of antibiotics against V.

parahaemolyticus.

This chapter indicates that Raman and IR spectroscopies combined with principal
component analysis can be used to detect molecular changes caused by different classes of
antibiotics against V. parahaemolyticus. Both Raman and IR showed spectral changes in proteins
and polysaccharides. In addition, changes in phenylalanine, lipids and nucleic acids were
observed in Raman spectra. Moreover, Amp — resistant mechanism can be determined due to an
increase of protein content in both Raman and IR spectroscopies. Therefore, it was clearly shown
that both Raman and IR spectroscopies can contribute efficiently to the understanding of the
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mechanisms of action of antibiotics against V. parahaemolyticus or those involved in its
resistance as was shown in our study for Amp. This work pave the way for future investigations
to differentiate resistant and sensitive strains and to further understand the mechanisms involved

in bacterial resistance to antibiotics by applying Raman and IR spectroscopies.
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CHAPTER IV: SUMMARY AND OUTLOOK
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IV.1 Summary

This work has shown how vibrational spectroscopic techniques (Raman and IR) detect
metabolic changes occurring during the bacterial growth and molecular modifications induced by
different classes of antibiotics against two bacterial models, E. coli and V. parahaemolyticus.
Raman spectroscopy provides the overall biochemical composition of the bacteria, like
phenylalanine, nucleic acids, proteins, lipids, carbohydrates. Likewise, IR absorption
spectroscopy also reveals the biochemical composition of the bacteria, with special focus on the
protein components (especially due to intense peptide bond variations). Raman and IR spectra
will be coupled to Principal Components Analysis to determine the important spectral changes in
the variance, allowing comprehensive interpretation of the results. It was found that during the
bacterial growth the protein content increased in both Raman and IR spectra due to an enhanced
synthesis of ribosomes for the translation and later due to an augmented synthesis of enzymes and
other functional proteins. In addition, changes in phenylalanine, lipids and carbohydrates were
also noticed. These metabolic changes allowed a classification of the bacterial spectra according
to the different growth time points (3, 6, 8, 24 h of incubation in E. coli and 8, 10, 24 h of

incubation in V. parahaemolyticus).

In order to detect molecular modifications induced by antibiotics using Raman and IR
spectroscopies, three classes of drugs were used in the study, such as -lactams (Amp, Ctx — cell
wall inhibitors), tetracyclines (Tet — protein synthesis inhibitor) and fluoroquinolones (Cip —
DNA replication inhibitor). The MIC and MBC values of Amp, Ctx, Cip against E. coli were
equivalent and corresponded to 5 pg/ml, 0.2 pg/ml and 0.1 pug/ml, respectively, showing that
these antibiotics are bactericidal. The MIC and MBC values of Tet against E. coli were 5 pg/ml
and 40 pg/ml, respectively, indicating that the antibiotic is bacteriostatic. The antibiotic
concentration of 8 MIC (40 pg/ml for Amp, 1.6 pg/ml for Ctx, 40 pg/ml for Tet and 0.8 pg/ml
for Cip) was chosen to perform the experiments. Compared to the control (antibiotic-free
culture), the inactivation of viable cells after the antibiotic addition was approximately 99.99%
for Amp, Ctx and Cip (bactericidal drugs); 90% for Tet (bacteriostatic drug). Raman and IR
absorption spectra were recorded 120 min after Amp, Ctx, Tet addition and 90 min after Cip
addition. Amp and Ctx additions led to a decrease of protein bands in both Raman and IR
absorption spectra, an increase of carbohydrates in IR absorption spectra. After Tet treatment, an
increase of nucleic acids and a dramatic decrease of phenylalanine in Raman, a decrease of the
amide I and the amide II of proteins, an increase of the amide III in IR were detected. In case of
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Cip, an increase of nucleic acids in Raman spectra, an increase of proteins in IR spectra were
noticed. Molecular changes in Raman and IR spectra were mainly explained by the mechanisms
of action of antibiotics and allowed a classification between the antibiotic-treated samples and the

control for the three classes.

V. parahaemolyticus strain used in the study is resistant to Amp up to 50 pg/ml. The
concentration of 20 pg/ml was used to differentiate Amp-resistant cells without and in the
presence of Amp. The MIC and MBC values of Ctx, Cip against V. parahaemolyticus were
equivalent and corresponded to 0.06 pg/ml and 0.05 pg/ml, respectively. The MIC and MBC
values of Tet against V. parahaemolyticus were 0.1 pg/ml and 0.2 pg/ml, respectively. The
antibiotic concentrations of 12MIC for Ctx (0.72 pg/ml), 8MIC for Tet (0.8 ug/ml) and 18MIC
for Cip (0.9 pg/ml) were chosen to carry out the experiments. Compared to the control, the
inactivation of viable cells after the antibiotic treatment was approximately 98% for Ctx, 99% for
both Tet and Cip. Compared with the control (Amp-free culture) the presence of Amp at 20
pg/ml caused an increase of protein bands in both Raman and IR, an increase of lipids in Raman,
a decrease of polysaccharides in IR. Clear segregation between the Amp-added sample and the
Amp-free culture was observed. The mechanisms involved in antibiotic resistance can be used to
explain the findings. For cefotaxime, a decrease of protein bands in both Raman and IR, an
increase of polysaccharides in IR were detected. Tetracycline addition led to a decrease of
phenylalanine in Raman, a decrease of protein in both Raman and IR and an increase of
polysaccharides in IR. Cip treatment resulted in an increase of polysaccharides and a decrease of
proteins in both Raman and IR. Clear discrimination of antibiotic-treated samples compared to
the control was recorded for the three classes. Like E. coli, molecular modifications in Raman
and IR spectra can be interpreted by the mechanisms of action of antibiotics against V.
parahaemolyticus. In particuliar, an increase of polysaccharides detected in the three classes of
antibiotics can be interpreted by the enhanced biofilm formation against harmful factors in
environment (antibiotics in this case), allowing the survival of the bacterium in unfavorable life

conditions.

In brief, the experiments performed in this work demonstrated how Raman and IR
spectroscopies can be used in combination with Principal Components Analysis to detect
metabolic changes during the bacterial growth and molecular modifications induced by different

classes of antibiotics against E. coli and V. parahaemolyticus. The results encourage the
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continuation of the research in this field and further investigations will be presented in the next

paragraph.

IV.2 Outlook: Further experiments

It was shown that the effects of antibiotics against E. coli and V. parahaemolyticus can be
detected via Raman and IR spectroscopies. Three different classes of antibiotics were chosen to
carry out the experiments (B-lactams: Amp, Ctx — cell wall synthesis inhibitor; tetracyclines: Tet
— protein synthesis inhibitor and fluoroquinolones: Cip — DNA replication inhibitor) in two
Gram-negative bacteria (E. coli and V. parahaemolyticus). In further investigations, other classes
of antibiotics and other bacteria (Gram-positive, spore-forming bacteria, pathogenic bacteria)
should be tested to comprehensively assess molecular changes induced by antibiotics against
bacteria. In addition, the concentration of 8MIC was chosen for Amp, Ctx, Tet and Cip in case of
E. coli. In V. parahaemolyticus, the different concentrations were applied like 12MIC for Ctx,
8MIC for Tet and 18MIC for Cip. In further experiments more different concentrations of
antibiotics, like below, around and above MIC should be incorporated to assess molecular

changes as a function of antibiotic concentrations.

In addition to two bacterial models (E. coli and V. parahaemolyticus) studied in this work,
other species can be chosen to evaluate molecular changes caused by antibiotics, such as
Staphylococcus aureus, Streptococcus pneumoniae, Salmonella spp., Pseudomonas, pathogenic

E. coli strains, spore-forming bacteria (Clostridium spp., Bacillus spp.)....

Furthermore, it was clearly indicated that the mechanisms involved in antibiotic resistance
can be determined by means of Raman and IR spectroscopies as was shown in our study for Amp
in V. parahaemolyticus. The result paves the way for future investigations to discriminate
resistant (especially multidrug resistant strains) and sensitive strains and to further understand the
mechanisms related to bacterial resistance to antibiotics. Such research could facilitate the
detection and the discrimination of bacteria isolated from reservoirs of resistance in the

environment or in the food chain.
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