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Abstract

B-Lactam antibiotics are among the extensively used classes of antibiotics. One important
compound of this class is amoxicillin (AMX). Besides its use in human medicine, amoxicillin
is also used in veterinary medicine for treating and preventing animal diseases as well as it is
used as growth promoter for many domestic and food animals. This practice, however, carries
many disadvantages, such as the stimulation of microbial resistance to amoxicillin, with the
possible transfer of resistant pathogens from animal and animal products to human, which may
pose a major health risk to the public. The use of amoxicillin in food-producing animals may
leave residues in foodstuffs of animal origin. Antibiotic residues in foods of animal origin may
be the cause of numerous health concerns in humans. So, the highly sensitive and selective
sensors for rapid and effective detection of amoxicillin are an extremely urgent issue concerning
homeland security, environmental protection, and humanitarian concerns. Several
electrochemical techniques have been explored for the quantitative determination of
amoxicillin via either electrode surface modification or indirect methods based on
derivatization or complexation of amoxicillin with metal ions. In terms of the complexation of
drugs with metal ions, the redox properties of a drug can give insights into its metabolic fate or
pharmaceutical activity. The medicinal applications of these metal complexes range from
anticancer to antibacterial. This concept, which allows to have a synergistic effect of
metal/ligand on the same molecular entity, has been demonstrated for its efficiency and
represents a new alternative for the control of antimicrobial resistance. In this context, the
present research work describes the study of a novel metal-amoxicillin complexes for
analytical, biological, and pharmaceutical applications using electrochemical techniques.

In this context, the work of this thesis aims to study new metal-amoxicillin complexes based on
Cu (I1), Fe(ll) and Zn(ll) for electroanalytical and antibacterial applications using
electrochemical and spectroscopic techniques.

Initially, the focus was on the indirect determination of amoxicillin via copper (II) ions. The
method is based on the complexation of B-lactam antibiotic with copper (I1) ions. This newly
developed analytical method has been applied for the determination of amoxicillin in human
blood and pharmaceutical products containing amoxicillin.

In a second step, the work was devoted to the study of the ability of transition metals, in
particular copper (1), zinc (II) and iron (Il1) ions, to inhibit the reaction of amoxicillin
oxidation. The electrochemical and spectroscopic results showed that the minimal overvoltage
(delay) of oxidation recorded is due to the complexation of amoxicillin by metal ions.

The oxidation delay, observed after amoxicillin complexation, was evaluated by testing the
antibacterial activity of the synthesized complexes (Metal-AMX) against the bacterium
Escherichia coli. The results showed that amoxicillin, in the complexed state, has a relatively
interesting antibacterial activity than that of amoxicillin in the free state. This activity depends
on the nature of the central atom of the complex. Thus, the maximum inhibitory activity,
evaluated by the antibiogram method, was obtained by the Iron-AMX complex in comparison
with the other complexes (Metal-AMX) studied. These complexes could be used for the fight
against bacterial resistance to amoxicillin and the improvement of its antibacterial activity.

Keywords: B-Lactam antibiotics; amoxicillin, transition metals; transition metals;
electrochemical techniques; antibacterial activity; Escherichia coli.



Résumé

Les B-lactamines font partie des classes d'antibiotiques les plus utilisées. L’amoxicilline (AMX)
est I’un des composés importants de cette classe. Outre son utilisation en médecine humaine,
I'amoxicilline est également utilisée en médecine vétérinaire, il est également utilisé comme
stimulateur de croissance pour de nombreux animaux domestiques et de consommation. Cette
pratique comporte toutefois de nombreux inconvénients, tels que la stimulation de la résistance
microbienne a I'AMX, avec le transfert possible d'agents pathogénes résistants de I'animal et
des produits d'origine animale a I'homme, ce qui peut constituer un risque majeur pour la santé
publique. L'utilisation d’AMX chez les animaux destinés a I'alimentation peut laisser des résidus
dans les denrées alimentaires d'origine animale. Ces résidus peuvent étre a l'origine de
nombreux problemes de santé humaine. Par conséquent, les capteurs hautement sensibles et
sélectifs permettant une détection rapide et efficace d’AMX constituent une question
extrémement urgente concernant la sécurité intérieure, la protection de I'environnement et les
préoccupations humanitaires. Plusieurs techniques électrochimiques ont été explorées pour la
détermination quantitative de I'amoxicilline, soit par modification de la surface de I'électrode,
soit par des méthodes indirectes basées sur la dérivation ou la complexation de 'AMX avec des
ions métalliques. En ce qui concerne la complexation des medicaments avec des ions
métalliques, les propriétés redox d'un médicament peuvent donner un apercu de son devenir
métabolique ou de son activité pharmaceutique. Les applications médicinales de ces complexes
métalliques vont des anticancéreux aux antibactériens. Ce concept, qui permet d'avoir un effet
synergique meétal/ligand sur la méme entité moléculaire, a été démontré pour son efficacité et
représente une nouvelle alternative pour le contréle de la résistance antimicrobienne. Dans ce
contexte, le présent travail de recherche décrit I'étude des nouveaux complexes métallo-
amoxicilline pour des applications analytiques, biologiques et pharmaceutiques en utilisant des
techniques électrochimiques.

Le travail de cette these a pour objectifs I’étude de nouveaux complexes métal-amoxicilline a
base de Cu, Fe et Zn pour des applications électroanalytiques et antibactériennes en utilisant
des techniques électrochimiques et spectroscopiques.

Dans un premier temps, I’accent a été mis sur la détermination indirecte de I'amoxicilline par
I’intermédiaire des ions de cuivre (II). La méthode s’est basée sur la complexation
d’antibiotique B-lactam par les ions de cuivre (Il). Cette méthode analytique, nouvellement
développée, a été appliquée pour la détermination de I’amoxicilline dans le sang humain et dans
des produits pharmaceutiques contenant 1’amoxicilline.

Dans un deuxiéme temps, le travail a été consacré a 1’étude de I’aptitude des métaux de
transition, en particulier les ions de cuivre (1), zinc (11) et de fer (I1I), a inhiber la réaction
d’oxydation d’amoxicilline. Les résultats électrochimiques et spectroscopiques ont montré que
la surtension minimale (retard) d’oxydation enregistrée est due & la complexation
d’amoxicilline par les ions métalliques.

Le retard d’oxydation, observé apres la complexation de I’amoxicilline, a été évaluée par des
tests de 1’activité antibactérienne des complexes synthétisés (Métal-AMX) contre la bactérie
Escherichia coli. Les résultats ont montré que 1’amoxicilline a 1’état complexé, présente une
activiteé antibactérienne relativement intéressante que celle de I’amoxicilline a 1’état libre. Cette
activité dépend de la nature de 1’atome central du complexe. Ainsi, ’activité inhibitrice
maximale, évaluée par la méthode d’antibiogramme, a été obtenue par le complexe Fer-AMX
en comparaison avec les autres complexes (Métal-AMX) étudiés. Ces complexes pourraient
étre utilisés pour la lutte contre la résistance bactérienne vis-a-vis de I’amoxicilline et
I’amélioration de son activité antibactérienne.

Mots clés : pB-Lactam antibiotiques; amoxicilline; métaux de transition; techniques
électrochimiques ; activité antibactérienne ; Escherichia coli.
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Introduction



The antibiotic penicillin has been used to cure a wide range of microbial infections since its
discovery in 1928 by Alexander Fleming [1]. Nowadays, the name “penicillin” is generically
used to refer to different molecules that have a beta lactam-based structure. The classification
of penicillins relies on chemical substitutions on the residue attached to the beta-lactam ring.
The latter confers an antibacterial activity, and the side chain determines the agent’s
antibacterial spectrum and pharmacologic properties [2—5]. In 1960s, another broad-spectrum
penicillins sometimes referred to a third generation (semisynthetic modifications of natural
penicillin) were introduced. This generation proved to be more effective against a wider group
of gram-positive and gram-negative bacteria [6], where amoxicillin (AMX) is the most
frequently prescribed drug in this category against a wide range of infections such as ear, nose,
throat, skin and lower respiratory tract caused by susceptible microorganisms [7-9]. It may be
administered by injection, orally in food and water, topically, and by intramammary or
intrauterine infusions [10], usually chosen because it has higher absorption ability, following
oral administration, than other B-lactam antibiotics [11]. Besides, its use in human medicine,
amoxicillin is also used in veterinary medicine for treating and preventing animal diseases
[12—13]. In addition, subtherapeutic concentrations of antimicrobial are commonly added to
animal feed and/or drinking water sources as growth promoters and have been a regular part of
swine (Sus scrofa) production since the early 1950s [14]. However, the use of large quantities
of antibiotic during an animal’s growth cycle leaves a certain amount of compound residues.
Also, when used in this manner, antibiotic can select for resistant bacteria in the gastrointestinal
tract of production animals, providing a potential reservoir for dissemination of drug resistant
bacteria into other animals, humans, and the environment [15]. Bacteria have been shown to
readily exchange genetic information in nature, permitting the transfer of different resistance
mechanisms already present in the environment from one bacterium to another. Transfer of
resistance genes from fecal organisms to indigenous soil and water bacteria may occur, and
because native populations are generally better adapted for survival in aquatic or terrestrial
ecosystems, persistence of resistance traits may be likely in natural environments once they are
acquired. Antibiotic resistance has received considerable attention due to the problem of
emergence and rapid expansion of antibiotic resistant pathogenic bacteria [16]. Therefore,
quantitative measurements of antibiotic in different types of matrices and the development of
new strategies to combat bacterial resistance are needed.

Several works have explored the quantitative determination of amoxicillin in different types of
matrices such as drug substances, formulation products, biological fluids, environmental water

samples and food animal products, using voltammetric methods that exhibit low cost per



analysis, possibility of multi-analyte detection, easy miniaturization, and high sensitivity when
compared to other methods of determination, such as, e.g., chromatographic and fluorescence
methods. Electrochemical techniques have been an active research topic due to their great
practical potential, merits of high selectivity and sensitivity, less time consumption, simple pre-
treatment procedure and low cost, even received remarkable attention as for amoxicillin
detection [17-23]. Some reports indicated that it is possible to perform an electrochemical
determination of AMX by electrode surface modification and indirect methods based on AMX
derivatization [24] or complexation with metal ions [25-26].

In terms of the complexation of drugs with metal ions, the Redox properties of a drug can give
insights into its metabolic fate or pharmaceutical activity [27-28]. In addition, intrinsic nature
of metal centers, characteristic coordination modes, accessible redox states and tuneable
thermodynamic and kinetic properties allow metal complexes to offer potential advantages over
organic agents alone [29]. Metal complexes are well known to play important roles in various
biological processes [30,31]. The medicinal applications of these metal complexes range from
anticancer to antimalaria over to neurodegenerative diseases. Strangely, antibacterial
applications are remarkably sparse in this list and the number of literature reports on metal-
based antimicrobials is dwarfed by the much more frequent publications on metal-based
anticancer compounds. Nevertheless, the systematic evaluation of the antimicrobial properties
of metal complexes has increased in pace over the last decade, with several reports highlighting
the activity and potential modes of action of metal-based antibiotics [31]. In this context, the
development, and the characterization of new metal-based antibiotics with the possibility of
associating a metal with organic antibiotic molecules. This concept, which allows to have a
synergistic effect of metal/ligand on the same molecular entity, has been demonstrated for its
efficiency and represents a new alternative for the control of antimicrobial resistance.

The aim of this thesis is to study a novel metal-based amoxicillin for electroanalytical,
biological and pharmaceutical applications using electrochemical techniques. The
electrochemical and spectroscopic behaviour of amoxicillin was visualized in the presence of
three transition metal ions namely Fe, Cu and Zn. No doubt, interest in iron, copper and zinc
(so called late first row transition elements) was borne out of their biological relevance as they
are associated with various biomolecules related to essential physiological activities. Moreover,
from a biological point of view, some metal ions, such as copper, function as a key cofactor in
a diverse array of biological redox reactions. These ions may affect amoxicillin via the

formation of coordination bonds and/or redox reactions. Herein, we analyzed the interactions



of amoxicillin with metal ions and the formation of Metal-AMX complexes using UV-Visible
spectrophotometry, infrared spectroscopy and electrochemical methods.

The interaction of amoxicillin with copper ions was exploited for the indirect analysis of
amoxicillin on graphite electrode, based on the fact that the chronoamperometric current
intensity of the Cu (I1)/Cu(l) redox system were proportional to the AMX concentrations. The
method has been applied to the AMX determination in blood and pharmaceuticals.

For biological application, the organometallic complexes synthesized, were screened for them
in-vitro antibacterial activity against Escherichia coli with a view of finding alternative to
bacteria resistance to antibiotic.

This thesis is presented in five chapters; the first chapter presents the general antibiotic
mechanisms of both action and resistance, special attention is paid for B-lactam antibiotics, and
focuses on the different strategies that are used to fight against their resistance. Then, the focus
is on the development and the use of recent electrochemical sensors for -lactam antibiotics
analysis in biological media.

The second chapter aims to present the principles of the different techniques which were used
to carry out the present work.

The third chapter is devoted to the chronoamperometric determination of amoxicillin in the
presence of copper ions Cu (1) at carbon paste electrode (CPE). This study is followed by an
application on the analysis of the AMX in human blood and pharmaceutical tablets.

In the fourth chapter, our approach is the electrochemical study of the reaction of amoxicillin
with transition metals such as Cu(lIl), Zn(Il) and Fe(l11) at graphite electrode. The formation of
Metal-AMX complexes was examined by square wave voltammetry, UV-visible and infrared
spectroscopy.

The fifth chapter presents our work relating to the synthesis and characterization of new
antimicrobial complexes. Also, in order to evaluate the synergistic effect of these complexes,
we studied the antibacterial activity by determining the minimum inhibitory concentration

against bacterial strains Escherichia. coli.
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Chapter I

Literature Review




I. Bacterial infections/bacterial pathogens

I.1. Bacteria

Bacteria are self-sufficient packets of life, the smallest independently living creatures on Earth.
Most bacteria are between 0.5 and 1.5 um in diameter and 1 to 2 um long, bacterial volumes
ranging, thus, from 0.02 to 400 um [1]. In a microscope, bacteria exhibit several different
shapes: spheres (coccus), rods (bacillus), spirals (spirillum), corkscrews (spirochaete), and
boomerangs (vibrio) [2-3]. Bacteria can be classified into two major groups according to
differential Gram staining (Fig. 1). The staining effect depends on the components of the cell
walls. Gram-positive bacteria consist of a cytoplasmic membrane surrounded by a cell wall. In
contrast, Gram-negative bacteria are composed of a thin cell wall surrounded by a second lipid
membrane called the outer membrane. Gram-negative cells contain very little peptidoglycan
and are normally less sensitive to penicillin than Gram-positive organisms that have a
peptidoglycan-rich cell wall with multiple layers of meshwork. However, Gram-negative
bacteria acquire supplemental protection through the presence of an outer membrane known as
the lipopolysaccharide layer, which consists of lipids, proteins, and polysaccharides instead of
standard phospholipid molecules. The outer membrane contains specialized proteins called

porins.

Gram-positive Gram-negative

lipoteichoic acid teichoic acid lipopolysaccharides

outer membrane
t layer (}(:)(’ )Q(. i‘() )(’
peptidoglycan m

— periplasmic space

R T

membrane protelns

Figure 1: Schematic diagram showing cell wall structures of Gram-positive and Gram-negative
bacteria.



1.2. Bacterial infections /bacterial pathogens

There are numerous strains of bacteria that are harmless, and some are even beneficial, for
example those found in the human gastrointestinal tract to aid digestion and produce vitamins.
Less than 1% of all types of bacteria cause disease in humans. They cause disease by secreting
or excreting toxins, by producing internal toxins that are released when the bacterium breaks
down (such as typhoid), or by causing sensitivity to antigenic properties (tuberculosis). The
severity of the infection and where it occurs varies according to the type of bacteria a person
has contracted.

As noted above, a minority of bacterial species can cause disease in humans. Bacteria that cause
disease can only replicate within the cells of the human body and are called obligate pathogens.
Others replicate in an environmental reservoir such as water or soil and only cause disease if
they encounter a susceptible host; these are called facultative pathogens.

Many bacteria are normally benign but have a latent ability to cause disease in an injured or
immunocompromised host; these are called opportunistic pathogens. All human organs are
susceptible to bacterial infection. Each species of bacteria prefers infecting certain organ and
not anothers.

For example, Neisseria meningitidis normally infects the meninges of the central nervous
system, causing meningitis, and can even infect the lungs, causing pneumonia.
Staphylococcus aureus, which people usually carry on their skin or mucous membranes, often
causes skin and soft tissue infections, but it also spreads easily throughout the body via the
bloodstream and can cause infection of the lungs, abdomen, heart valves and almost any other
site [4-8].

1.3. Treatment

Often, bacterial infections resolve quickly, even without treatment. However, many bacterial
infections need to be treated with prescription antibiotics. Untreated bacterial infections can
spread or linger, causing major health problems.

Bacterial infections are most often treated with antibiotics, antibiotic selection is based on the
type of bacteria involved. Most antibiotics work against more than one type of bacteria, not
against all of them.

In Table 1, [9-33] we present the most common bacterial infections and the commonly used

antimicrobial therapy.



Table 1: The most common bacterial infections and the commonly used antimicrobial

therapy.
Bacterial species Infections/ Diseases ~ Symptoms Antibiotic Ref
treatment
Borrelia Lyme disease Fever, malaise, Doxycycline [9]
burgdorferi headache, stiff Amoxicillin
neck, myalgia, or Cephalosporin
arthralgia
Chlamydia Sexually transmitted ~ Men : dysuria Rifampin, [10]
trachomatis infections ) Tetracyclines
(lymphogranuloma urethral discharge _
venereum, cervicitis, Women : vaginal Macrolides
iti discharge or _
urethritis) postcoital bleeding ~ Fluoroguinolones
(ofloxacin).
Clostridium Colitis Diarrhea, intestinal ~ Metronidazole oral [11]
difficile disorders Vancomycin
Escherichia coli ~ Urinary tract Diarrhea Doxycycline [12]
infections: Trimethoprim-
hemorrhagic colitis, sulfamethoxazole
hemolytic uremic, Erythromycin
syndrome, Norfloxacin
bloodstream prostate Ciprofloxacin
Ofloxacin
Azithromycin
Rifamycin.
Helicobacter Gastric ulcers Anemia, Amoxicillin [13]
pylori gastrointestinal Clarithromycin
bleeding, or weight  Metronidazole
loss Tetracycline
Bismuth
Legionella Lung infection Eadache, myalgia,  Azithromycin [14]
pneumophila asthenia, and Quinolones
anorexia.
Listeria Listeriosis Septicaemia, Trimethoprim- [15]
monocytogenes meningitis or sulphamethoxazole
encephalitis Ampicillin
Erythromycin
Meropenem
Penicillin
Mycobacterium  Tuberculosis Weight loss Rifampin [16-17]
tuberculosis fever Isoniazid
jaundice Pyrazinamide
Neisseria Genital tract infection  Urulent urethral Flumequine [18]
gonorrhoeae cervical discharge Sulfathiazole
discomfort Penicillin
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Neisseria Meningitis Fever, headache cephalosporins [19-20]
meningitidis .
neck stiffness,
abdominal pain,
nausea and
vomiting
Pseudomonas Respiratory tract - Colistin and [21-22]
aeruginosa infections, urinary polymyxin B
tract infections, skin Multidrug therapy
and soft tissue due to resistance
infections
bacterial keratitis,
‘swimmers ear’
infections
Staphylococcus  Toxic shock Ever, rash Vancomycin + [23-24]
aureus syndrome formation, and Clindamycin
hypotension
Campylobacter  Diarrhea Diarrhea Unnecessary in [25]
spp. most cases
(macrolides,
quinolones)
Streptococcus Endocarditis Fever, abdominal Penicillin, [26]
bovis group pain, jaundice Ceftriaxone and
Vancomycin
Clindamycin and
Levofloxacin
Capnocytophaga  Sepsis Fever with B-Lactam—3- [27]
canimorsus leukocytosis) lactamase
combinations
Cephalosporin
Carbapenem
Chlamydia Pneumonia, No set of symptoms Macrolides [28]
pneumoniae bronchitis, sinusitis,  or signs is unique to  Doxycycline
and pharyngitis pulmonary infec- Tetracycline
tions with C. Erythromycin
pneumoniae
Rhodococcus Pneumonia in dyspnea, cough Multidrug therapy  [29]
equi immunosuppressed (which may be due to resistance
nonproductive),
pleuritic chest pain,
and fever.
Ehrlichia Human ehrlichiosis Fever, Doxycycline [30]
chaffeensis chills,
headache,
malaise, myalgia,
and nausea
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Non-diphtheria ~ Endocarditis in symptoms of B-Lactam + [31-32]
Corynebacterium immunosuppressed, respiratory Glycopeptides; if
spp patients with infections. resistant,
underlying valve Vancomycin
disease
or prosthetic valve;
other invasive
infections
Bartonella Cat-scratch disease, Fever, Trimethoprim- [33]
henselae bacillary vertebral sulfamethoxazole
angiomatosis osteomyelitis Rifampin

Erythromycin
Clarithromycin
Azithromycin
Doxycycline

I1. Antibiotics

I1.1. The action mechanisms of antibiotics

The mechanism of action describes the biochemical process specifically at the molecular level.

The modes of action of different antibiotics differ, due to the nature of their structure and their

degree of affinity for certain target sites within bacterial cells. The most common targets of

antibiotics are shown in Fig. 2.

Mode of Action of Antibiotics

Protein synthesis inhibitors

9
308 subunit 508 subunit
Aminoglycosides ~ Macrolides
Cell membrane synthesis disruptors Tetracyclines Lincosamides
e - Chloramphenicol
Polymyxins ; Oxazolidinones
(P;olym-yxm B Other metabolic processes Inhibitors
olistin
Lipopeptide | Folic acid synthesis
Daptomycin \ Sulfonamides
Sulfones
 Cell wall synthesis inhibitors Pyé;”iﬁfnﬂe“’gﬁmme synthesis
p-lactams Azathioprine
Penicillins DNA and RNA synthesis inhibitors
Cephalosporins hd
Monobactams DNA synthe