
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNIVERSITE SULTAN MOULAY SLIMANE 

Faculté des Sciences et Techniques 

Béni-Mellal  

 
 

Centre d’Études Doctorales : Sciences et Techniques 
Formation Doctorale : Ressources Naturelles, Environnement et Santé (RNES) 

 
 

 
THÈSE  

Présentée par 

Asmaa HRIOUA 

Pour l’obtention du grade de 

DOCTEUR 
Discipline : Chimie Physique 

Spécialité : Electrochimie Analytique 

 
 
 
 

Complexation de l’amoxicilline par les métaux de transition : 

Analyse électrochimique et activité antibactérienne 

 
Soutenue le Samedi 24 Septembre 2022 à 10h devant la commission d’examen : 

 
 

M. Bakasse Faculté des Sciences, El jadida Présidente 

S. Touhtouh Ecole Nationale des Sciences Appliquées,  

El jadida 

Rapporteur 

B. Bencharki Faculté des Sciences et Techniques, Settat Rapporteur 

S. El Houssame Faculté Polydisciplinaire, Khouribga  Rapporteur 

A. Ouasri  Centre Régional des Métiers de L’éducation      

et de la Formation, Rabat 

Examinateur 

S. Lahrich Faculté Polydisciplinaire, Khouribga Examinateur 

A. Farahi Faculté Polydisciplinaire, Khouribga Examinateur 

S. Saqrane Faculté Polydisciplinaire, Khouribga  Co-directrice de thèse 

M. A. El Mhammedi    Faculté Polydisciplinaire, Khouribga Directeur de thèse 

 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SULTAN MOULAY SLIMANE UNIVERSITY 

Faculty of Science and Techniques 

Beni-Mellal  

 
 

Center for Doctoral Studies: Sciences and Techniques  
Doctoral Training: Natural Resources, Environment and Health (NREH) 

 
 

  
THESIS  

Presented by  

Asmaa HRIOUA 

To obtain the degree of  

DOCTOR  
Discipline: Physical Chemistry  

Speciality: Analytical Electrochemistry 

 
 
 
 

 

Complexation of amoxicillin by transition metals: 

Electrochemical analysis and antibacterial activity 

 
Defended on Saturday, September 24, 2022, at 10:00 a.m. in front of the examining committee: 

 

M. Bakasse Faculty of Sciences, El jadida President 

S. Touhtouh National School of Applied Sciences,  

El jadida 

Reviewer 

B. Bencharki Faculty of Science and Technology, Settat Reviewer 

S. El Houssame Polydisciplinary Faculty, Khouribga Reviewer 

A. Ouasri  Center Régional des Métiers de L'éducation              

et de la Formation, Rabat 

Examiner 

S. Lahrich Polydisciplinary Faculty, Khouribga Examiner 

A. Farahi Polydisciplinary Faculty, Khouribga Examiner 

S. Saqrane Polydisciplinary Faculty, Khouribga Co-supervisor 

M. A. El Mhammedi Polydisciplinary Faculty, Khouribga Supervisor 

 
 
 
 



Acknowledgements 

The present work was carried out in the laboratory of chemistry and mathematical modeling at 

the polydisciplinary faculty of Khouribga, under the direction of Professor Moulay 

Abderrahim EL MHAMMEDI. 

First and foremost, I would like to pay sincere gratitude to my thesis director Moulay 

Abderrahim EL MHAMMEDI for accepting me in his group, continuous support, patience, 

vast knowledge and guidance during my PhD thesis. I can now tell him what a joy it was to 

prepare a thesis under his direction. His availability throughout these years of research, his 

judicious criticisms, his untiring attention, his human qualities, his moral support and his 

enthusiasm as a researcher have created an atmosphere conducive to work. The freedom he 

gave me and the responsibilities he entrusted to me contributed a lot to the formation of my 

personality and to my autonomy of work. 

Special thanks to co-director of my thesis, Sanaa SAQRANE for having faith in me during the 

realization of the biological part of my thesis. I am also grateful to her, not only for her human 

and warm qualities, but also for her rigor and her analytical mind which allowed me to acquire 

skills in several other fields of science. 

My thanks also go to professors Abdelfattah FARAHI and Sara LAHRICH, for having 

followed this work from beginning to end and also for the scientific qualities that they are able 

to transmit to me during my initiation to research. I would also like to thank them for their 

availability and for all the attention they have given to this work. 

I express all my gratitude to Doctor Mohammed CHERFAOUI to have welcomed me in his 

laboratory of medical analysis and to all the staff of his laboratory and especially Aziza 

FALAAH for her help, her patience, and her kindness. 

Would also like to thank members of jury for the thesis defence Professors: M. Bakasse, S. 

Touhtouh, B. Bencharki, S. El Houssame, A. Ouasri, S. Lahrich and A. Farahi for taking 

time out of their busy schedules to evaluate this research work. Their suggestions and critical 

opinions will help to improve quality of this work. 

I would also like to extend my gratitude to all members of the LCMM research group (past and 

present), without whom this experience would not have been as enjoyable, and I would not have 

developed such strong and lasting relationships. I would like to thank those particularly whom 



I have had the pleasure of supervising during my studies, especially Noureddine 

AJERMOUN, Sara AGHRISS, Hasna HAMMANI, Fath-ellah LAGHRIB and 

Abdlouahed LOUDIKI. 

Obviously, I did not do this work alone; the research is indeed the result of teamwork. I would 

therefore like to thank most sincerely all the people who made it possible for me to carry out 

this work.  

My apologies to all those that I would have forgotten 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DEDICATION 

To the person who is the source of success in my life, with her prayers, 

encouragement and tenderness, my dearest mother Safia BRAKSA. 

 

To the one who was always close to me, who brought me up, taught me 

perseverance and have been endlessly supportive since, my dear father 

Abderrahim HRIOUA. 

 

To my brother Adnane, my sisters Niserine and Assia, and their little 

families. 

 

To my colleagues. 

 

To my honorable professors. 

 

To all those who are dear to me 

 

I dedicate this work 

Asmaa HRIOUA 
 

 

 



Abstract 
 

 

β-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 (II), Fe(III) and Zn(II) 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 β-lactam antibiotic with copper (II) 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 (II), zinc (II) and iron (III) 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: β-Lactam antibiotics; amoxicillin, transition metals; transition metals; 

electrochemical techniques; antibacterial activity; Escherichia coli. 

 

 

 

 



Résumé 

Les β-lactamines font partie des classes d'antibiotiques les plus utilisées. L’amoxicilline (AMX) 

est l’un des composés importants de cette classe. Outre son utilisation en médecine humaine, 

l'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 à l'AMX, avec le transfert possible d'agents pathogènes résistants de l'animal et 

des produits d'origine animale à l'homme, ce qui peut constituer un risque majeur pour la santé 

publique. L'utilisation d'AMX chez les animaux destinés à l'alimentation peut laisser des résidus 

dans les denrées alimentaires d'origine animale. Ces résidus peuvent être à l'origine de 

nombreux problèmes de santé humaine. Par conséquent, les capteurs hautement sensibles et 

sélectifs permettant une détection rapide et efficace d’AMX constituent une question 

extrêmement urgente concernant la sécurité intérieure, la protection de l'environnement et les 

préoccupations humanitaires. Plusieurs techniques électrochimiques ont été explorées pour la 

détermination quantitative de l'amoxicilline, soit par modification de la surface de l'électrode, 

soit par des méthodes indirectes basées sur la dérivation ou la complexation de l'AMX avec des 

ions métalliques.  En ce qui concerne la complexation des médicaments avec des ions 

métalliques, les propriétés redox d'un médicament peuvent donner un aperçu 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 métal/ligand sur la même entité moléculaire, a été démontré pour son efficacité et 

représente une nouvelle alternative pour le contrôle de la résistance antimicrobienne. Dans ce 

contexte, le présent travail de recherche décrit l'étude des nouveaux complexes métallo-

amoxicilline pour des applications analytiques, biologiques et pharmaceutiques en utilisant des 

techniques électrochimiques. 

Le travail de cette thèse a pour objectifs l’étude de nouveaux complexes métal-amoxicilline à 

base de Cu, Fe et Zn pour des applications électroanalytiques et antibactériennes en utilisant 

des techniques électrochimiques et spectroscopiques. 

Dans un premier temps, l’accent a été mis sur la détermination indirecte de l'amoxicilline par 

l’intermédiaire des ions de cuivre (II). La méthode s’est basée sur la complexation 

d’antibiotique β-lactam par les ions de cuivre (II). Cette méthode analytique, nouvellement 

développée, a été appliquée pour la détermination de l’amoxicilline dans le sang humain et dans 

des produits pharmaceutiques contenant l’amoxicilline. 

Dans un deuxième temps, le travail a été consacré à l’étude de l’aptitude des métaux de 

transition, en particulier les ions de cuivre (II), zinc (II) et de fer (III), à inhiber la réaction 

d’oxydation d’amoxicilline. Les résultats électrochimiques et spectroscopiques ont montré que 

la surtension minimale (retard) d’oxydation enregistrée est due à la complexation 

d’amoxicilline par les ions métalliques. 

Le retard d’oxydation, observé après la complexation de l’amoxicilline, a été évaluée par des 

tests de l’activité antibactérienne des complexes synthétisés (Métal-AMX) contre la bactérie 

Escherichia coli. Les résultats ont montré que l’amoxicilline à l’état complexé, présente une 

activité antibactérienne relativement intéressante que celle de l’amoxicilline à l’état libre. Cette 

activité dépend de la nature de l’atome central du complexe. Ainsi, l’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 

être utilisés pour la lutte contre la résistance bactérienne vis-à-vis de l’amoxicilline et 

l’amélioration de son activité antibactérienne. 

 

Mots clés : β-Lactam antibiotiques ; amoxicilline ; métaux de transition ; techniques 

électrochimiques ; activité antibactérienne ; Escherichia coli. 
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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 β-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 
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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 
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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 (II)/Cu(I) 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 β-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 β-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 (II) 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(II), Zn(II) and Fe(III) 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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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 μm in diameter and 1 to 2 μm long, bacterial volumes 

ranging, thus, from 0.02 to 400 μm [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. 

 

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

bacteria. 
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I.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]. 

 

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

therapy. 

Bacterial species Infections/ Diseases Symptoms Antibiotic 

treatment 

Ref 

Borrelia 

burgdorferi 

Lyme disease Fever, malaise, 

headache, stiff 

neck, myalgia, or 

arthralgia 

Doxycycline 

Amoxicillin 

Cephalosporin 

[9]  

Chlamydia 

trachomatis 

 

Sexually transmitted 

infections 

(lymphogranuloma 

venereum, cervicitis, 

urethritis) 

Men : dysuria 

urethral discharge 

women :  vaginal 

discharge or 

postcoital bleeding 

Rifampin, 

Tetracyclines 

Macrolides 

Fluoroquinolones 

(ofloxacin). 

[10] 

Clostridium 

difficile 

Colitis Diarrhea, intestinal 

disorders 

Metronidazole oral 

Vancomycin 

[11] 

Escherichia coli Urinary tract 

infections:  

hemorrhagic colitis, 

hemolytic uremic, 

syndrome, 

bloodstream prostate 

Diarrhea Doxycycline 

Trimethoprim-

sulfamethoxazole 

Erythromycin 

Norfloxacin 

Ciprofloxacin 

Ofloxacin 

Azithromycin  

Rifamycin. 

[12] 

Helicobacter 

pylori 

Gastric ulcers Anemia, 

gastrointestinal 

bleeding, or weight 

loss 

Amoxicillin 

Clarithromycin 

Metronidazole 

Tetracycline 

Bismuth 

[13] 

Legionella 

pneumophila 

Lung infection Eadache, myalgia, 

asthenia, and 

anorexia. 

Azithromycin 

Quinolones 

[14] 

Listeria 

monocytogenes 

Listeriosis Septicaemia, 

meningitis or 

encephalitis 

Trimethoprim-

sulphamethoxazole 

Ampicillin 

Erythromycin 

Meropenem 

Penicillin 

[15] 

Mycobacterium 

tuberculosis 

Tuberculosis Weight loss  

fever  

jaundice 

Rifampin  

Isoniazid  

Pyrazinamide 

[16-17] 

Neisseria 

gonorrhoeae 

Genital tract infection Urulent urethral 

cervical discharge 

discomfort 

Flumequine 

Sulfathiazole 

Penicillin 

[18]  

https://www.sciencedirect.com/topics/medicine-and-dentistry/lymphogranuloma-venereum
https://www.sciencedirect.com/topics/medicine-and-dentistry/lymphogranuloma-venereum
https://www.sciencedirect.com/topics/medicine-and-dentistry/uterine-cervicitis
https://www.sciencedirect.com/topics/medicine-and-dentistry/strangury
https://www.sciencedirect.com/topics/medicine-and-dentistry/urethral-discharge
https://www.sciencedirect.com/topics/medicine-and-dentistry/vaginal-discharge
https://www.sciencedirect.com/topics/medicine-and-dentistry/vaginal-discharge
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Neisseria 

meningitidis 

Meningitis Fever, headache 

neck stiffness, 

abdominal pain, 

nausea and 

vomiting 

cephalosporins [19-20] 

Pseudomonas 

aeruginosa 

Respiratory tract 

infections, urinary 

tract infections, skin 

and soft tissue 

infections 

bacterial keratitis, 

‘swimmers ear’ 

infections 

- Colistin and 

polymyxin B 

 Multidrug therapy 

due to resistance 

[21-22] 

Staphylococcus 

aureus  

Toxic shock 

syndrome 

Ever, rash 

formation, and 

hypotension 

Vancomycin + 

Clindamycin  

[23-24] 

Campylobacter 

spp. 

Diarrhea Diarrhea Unnecessary in 

most cases 

(macrolides, 

quinolones) 

[25] 

Streptococcus 

bovis group 

Endocarditis Fever, abdominal 

pain, jaundice 

Penicillin, 

Ceftriaxone and 

Vancomycin 

Clindamycin and 

Levofloxacin 

[26]  

Capnocytophaga 

canimorsus 

Sepsis Fever with 

leukocytosis) 

β-Lactam–β-

lactamase 

combinations 

Cephalosporin 

Carbapenem 

[27]  

Chlamydia 

pneumoniae 

Pneumonia, 

bronchitis, sinusitis, 

and pharyngitis 

No set of symptoms 

or signs is unique to 

pulmonary infec-

tions with C. 

pneumoniae 

Macrolides 

Doxycycline 

Tetracycline 

Erythromycin 

[28] 

Rhodococcus 

equi 

Pneumonia in 

immunosuppressed 

dyspnea, cough 

(which may be 

nonproductive), 

pleuritic chest pain, 

and fever. 

Multidrug therapy 

due to resistance 

[29] 

Ehrlichia 

chaffeensis 

Human ehrlichiosis Fever,  

chills,  

headache,  

malaise, myalgia, 

and nausea 

Doxycycline [30] 
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Non-diphtheria 

Corynebacterium 

spp 

Endocarditis in 

immunosuppressed, 

patients with 

underlying valve 

disease 

or prosthetic valve; 

other invasive 

infections 

symptoms of 

respiratory 

infections. 

β-Lactam + 

Glycopeptides; if 

resistant, 

Vancomycin 

[31-32]  

Bartonella 

henselae 

Cat-scratch disease, 

bacillary 

angiomatosis 

Fever,  

vertebral 

osteomyelitis 

 

Trimethoprim-

sulfamethoxazole 

Rifampin 

Erythromycin 

Clarithromycin 

Azithromycin 

Doxycycline 

[33] 

 

II. Antibiotics 

II.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.  

Figure 2: Mechanism of action of antibiotics. 
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The mechanisms of action of antibiotics are as follows:  

• Inhibition of cell wall biosynthesis 

• Breakdown of the cell membrane structure or function 

• Inhibition of protein synthesis 

• Inhibition of the structure and function of nucleic acids 

• Inhibition of other metabolic processes 

 

II.1.1. Inhibition of cell wall biosynthesis 

Cell walls of microorganisms are constructed by peptidoglycan. The peptidoglycan is a polymer 

that provides tensile strength and maintains intracellular osmotic pressure. This polymer is 

composed of monomers that synthesized in the cytoplasm from amino acid and sugar building 

blocks and then transported across the cytoplasmic membrane. A peptidoglycan monomer 

consists of two joined amino sugars, N-acetylglucosamine (NAG) and N-acetylmuramic acid 

(NAM), with a pentapeptide (L-Ala-D-Glu-L-Lys-Ala-D-Ala) coming off of the NAM. The 

monomers are first associated with each other by transglycosidation reactions catalyzed by 

transglycosylase enzymes that join these monomers together to form chains. Then, 

transpeptidation reactions cross-link the peptidoglycan by establishing a covalent bond between 

two neighboring peptide chains. This reaction is catalyzed by a transpeptidase, the PBP 

(penicillin binding protein) which recognizes the D-Ala-D-Ala motif of the glycan chain. Some 

antibiotics can inhibit peptidoglycan synthesis by inhibiting these two enzymes 

(transglycosylase and transpeptidase) [34-35].  

 

II.1.2. Inhibition of cell membrane structure or function 

The cell membrane, also called the plasma membrane, is a membrane that surrounds each living 

cell and separates the cell from the surrounding environment. The cell membrane wraps the 

components of the cell, usually large water-soluble high-charge molecules, such as proteins, 

nucleic acids, carbohydrates and substances involved in cell metabolism. Outside the cell, in 

the surrounding water-based environment, there are ions, acids and alkalis that are toxic to the 

cell, as well as nutrients that the cell must absorb to survive and grow. The cell membrane, 

therefore, has two functions: first, to be a barrier keeping the constituents of the cell in and 

unwanted substances out and, Second, it is a gate that can transport essential nutrients into the 

cell and the movement of waste products out of the cell. The plasma membrane is composed of 
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phospholipids and proteins that provide a barrier between the external environment and the cell, 

regulate the transportation of molecules across the membrane, and communicate with other 

cells via protein receptors. There are several types of antimicrobial drugs that function by 

disrupting or injuring the plasma membrane, either by acting as detergents that disrupt lipids or 

by forming a pore in the membrane that will allow cell Plasma membranes of bacteria are 

constructed by fatty acids that can be synthesized in cell or taken from environment as building 

blocks [36].  

 

II.1.3. Inhibition of protein synthesis 

Bacteria, as mammalian cells, need protein synthesis for self-replication and maintenance. 

DNA acts as an "instruction manual," containing all of the information needed for protein 

synthesis. The first step in this process is transcription, which involves RNA polymerase 

catalyzing the synthesis of a single-stranded ribonucleic acid (RNA) from a DNA template. 

Translation is the function of newly synthesized RNA. RNA has three roles in the translation 

process: (1) it informs ribosomes which proteins to synthesize as messenger RNA (mRNA); (2) 

it transfers unique amino acids called for by mRNA codons from the cytoplasm to ribosomes 

as transfer RNA (tRNA); and (3) it ensures that the amino acid carried by the charged tRNA is 

the one called for by the corresponding mRNA codon as ribosomal RNA (rRNA) [37]. Protein 

biosynthesis is catalyzed by ribosomes and cytoplasmic factors. The bacterial 70S ribosome is 

formed by two ribonucleoprotein subunits, the 30S and 50S subunits. Antimicrobials target the 

30S or 50S subunit of the bacterial ribosome to inhibit protein biosynthesis.  

 

II.1.4. Inhibition of the structure and function of nucleic acids 

Antimicrobial drugs can inhibit nucleic acid synthesis through the inhibition of replication, 

transcription, and folate synthesis of microorganisms. 

DNA replication is the biological process that occurs in all living organisms that copies their 

DNA and is the basis of biological inheritance. DNA replication, like all biological 

polymerization processes, occurs in three coordinated, enzyme-catalyzed steps: initiation, 

elongation, and termination. Each of the steps in the DNA replication process can be targeted 

by antimicrobial drugs. For example, quinolones including nalidixic acid and ciprofloxacin, 

inhibit DNA gyrase by binding to the gyrA subunit, thereby preventing the formation of the 

replication fork. By binding to the gyrB subunit, novobiocin and coumermycin prevent the 

formation of replication forks by inhibiting DNA gyrase. 
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Transcription is the process by which messenger RNA transcripts of genetic material are 

produced and then translated into proteins. The transcription process consists of the following 

steps: initiation, elongation, and termination. Antimicrobial drugs have been created to target 

each of these steps. For example, Rifampin, that is a derivative of rifamycine family of 

antibiotics, binds to DNA-dependent RNA polymerase, hence blocking the initiation of RNA 

transcription [38]. 

 

II.1.5. Inhibition of other metabolic processes 

Antibiotic that prevents metabolite synthesis is a chemical that inhibits the use of a metabolite, 

a chemical that is part of normal metabolism. Such Antibiotics are often similar in structure to 

the metabolite that they interfere with, such as antifolates that alter the function of folic acid, 

resulting in disruption of DNA and RNA production. For example, methotrexate is an analogue 

of folic acid. Because of its structural similarity to folic acid, methotrexate binds and inhibits 

the enzyme dihydrofolate reductase, thereby preventing the formation of tetrahydrofolate. Since 

tetrahydrofolate is essential for the synthesis of purines and pyrimidines, its deficiency can lead 

to inhibition of DNA, RNA and protein production. 

 

II.2. Antibiotics resistance 

II.2.1. Resistance Intrinsic, Acquired, and Adaptive 

Antibiotic resistance is the ability of a microorganism to withstand the effects of an antibiotic. 

Antibiotic resistance in bacteria can be intrinsic, acquired, or adaptive [39-40].  

Intrinsic or natural resistance occurs when all strains of a given bacterial species are resistant 

to a given antibiotic. In fact, these bacteria are insensitive to the mode of action of the antibiotic; 

It is its genetic heritage. Resistance is inscribed in the genetics of these bacteria, and resistance 

genes are found on their chromosomes [41-42]. Some bacteria are naturally resistant to many 

antibiotics, an example of this type of resistance is the biocide triclosan, which has widespread 

performance against gram-positive bacteria and many gram-negative bacteria, but it is 

incapable of inhibiting the growth of members of the gram-negative genus Pseudomonas. This 

is because there is no susceptible target for triclosan in this bacterium [43]. 

Acquired resistance occurs when a particular microorganism obtains the ability to resist the 

activity of an antimicrobial agent to which it was previously susceptible. Acquired resistance is 

therefore characterized by the sudden appearance of resistance to one or more antibiotics in 

certain bacteria that were previously sensitive [44-45]. Acquired resistance results from 
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mechanisms that are linked to the DNA of the bacteria and are therefore characterized by 

mutations or transfers of resistant genes from a resistant bacterium to a susceptible bacterium, 

via a plasmid. Aminoglycosides, β-Lactam, Chloramphenicol, Glycopeptide, Macrolide–

Lincosamide–Streptogramin B, Quinolone, Streptothricin, Sulfonamide, Tetracycline, and 

Trimethoprim can develop resistance to these forms [46]. 

Adaptive resistance is defined as resistance to one or more antibiotics induced by a specific 

environmental signal. Bacteria can rapidly modify their transcription in response to changes in 

the environment to increase their chances of survival [47-48]. Some of these changes give the 

bacteria a greater ability to resist the challenges posed by antimicrobial drugs. There are many 

indications of the environment that can show the acquisition of temporary resistance by a given 

antimicrobial compound, including ion densities, temperature, and, very importantly, exposure 

to non-lethal doses of antibiotics [49]. 

 

II.2.2. Mechanisms of resistance 

Resistance to antibiotics is typically the result of enzymatic inactivation, modification, or 

replacement of the drug target, and reduced antibiotic accumulation due to either decreased 

permeability and/or increased efflux. Fig. 3 shows an illustration of these different resistance 

mechanisms in Gram-negative bacteria.  

Figure 3: Mechanism of resistance of antibiotics. 
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II.2.2.1. Modification or replacement of the drug target 

A common strategy for bacteria to develop antimicrobial resistance is to avoid the effects of 

antibiotics by interfering with their target sites. To achieve this goal, bacteria have evolved 

different strategies, including protecting the target (preventing the antibiotic from reaching its 

binding site) and modifying the target site, thereby reducing the affinity for the antibiotic 

molecule.  

Antibiotics exert their antibacterial effect through specific binding to their target. To prevent 

this binding, bacteria can communicate and share genetic information with each other, resulting 

in the spread of resistance genes in bacterial populations. These resistance genes can lead to 

chemical modification of antibiotics or their targets, inhibiting their mechanism of action and 

providing protection. Tetracycline, fluoroquinolones and fusidic acid can affect by this 

mechanism [55-56].  

 

II.2.2.2. Decreased permeability 

Many antibiotics have bacterial targets that are intracellular or, in the case of gram-negative 

bacteria, located in the cytoplasmic membrane. Therefore, the compound must penetrate                 

the outer and/or cytoplasmic membrane to exert its antimicrobial effect. There are essentially 

two pathways that allow penetration through the outer membrane, either according to a lipid-

mediated pathway for antibiotics with hydrophobic molecules or via porins which allow the 

general diffusion of hydrophilic antibiotics.  

Drug resistance therefore involves changes in specific lipid and protein compositions of the 

outer membrane [57]. for instance, E. coli and S. typhimurium contain enzymes that can modify 

lipid A. Changes to the acylation pattern of lipid A can provide resistance to some cationic 

antimicrobial peptides due to charge neutralization [58]. 

 

II.2.2.3. Efflux pumps 

Efflux pumps or the production of complex bacterial systems on the cytoplasmic membrane to 

pump toxic compounds out of the cell can also lead to antimicrobial resistance by the transport 

of antimicrobial agents outside bacterial cells [59].  

Resistance results from the reduction of antimicrobial concentration in the cytoplasm of the 

bacteria, efflux is effective at reducing the intracellular concentration of the antibiotic to far 

below the minimum inhibitory concentration for that antibiotic, even though the external 
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concentration might be quite high, which prevents and limits the access of the antibiotic to its 

target [60].  

 

II.2.3. The β-lactams antibiotics 

II.2.3.1. Structure 

β-lactam antibiotics are the largest and most used group of antimicrobial agents in world-wide. 

The group is distinguished by a chemical structure known as the β-lactam ring (Fig. 4). Overall, 

side chain modifications within groups alter the pharmacokinetic and antibacterial properties 

of different β-lactam antibiotics. Although there are several classification schemes for 

antibiotics based on bacterial spectrum (broad versus narrow) or type of activity (bactericidal 

vs. bacteriostatic), the most useful is based on chemical structure [61]. 

 

 

 

Figure 4: The structure of the β-lactam ring. 

Based on their chemical structure they can be divided in four different groups, depending on 

the ring structure fused to the beta-lactam ring, but are often divided in the following groups: 

penicillins, cephalosporins, carbapenems and monobactam [62]. β-Lactam antibiotics are 

indicated for the prophylaxis and treatment of bacterial infections caused by susceptible 

organisms. β-Lactams can range from very narrow spectrum to very broad spectrum depending 

on the subgroups.  

 

II.2.3.2. Mechanism of action 

The ß-lactams include penicillins, ciclosporins, monobactams, and carbapenems, which are 

structural analogs of acyl-D-alanyl-D-alanine group in the peptidoglycan structure (Fig. 5), 

react with Penicillin binding proteins (PBPs) having high affinity to β-lactams by binding to 

PBPs as a substrate during transpeptidation reaction.  

Transpeptidation reaction is blocked by these antibiotics inactivating transpeptidase domain of 

PBPs and prevent the assembly of the peptidoglycan layer in both Gram-positive and Gram 

negative bacteria [63].  The β-lactams acts as pseudo substrates of the PBP's and the β-lactam 

ring acylates their active site serine and forms a stable covalent acyl-enzyme complex (Fig. 6).  
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II.2.3.3. Mechanism of resistance 

Resistance to β-lactam drugs occurs through three general mechanisms: (i) target modification. 

of the PBPs resulting in a lack of β-lactam binding, (ii) regulation of β-lactam entry and efflux, 

and (iii) enzymatic degradation by β- lactamases [64-65].  

 

Figure 5: Core structures of major classes of β-lactam compounds and the structure of acyl-D-alanyl-

D-alanine group. 

 

 

Figure 6: Interaction between the β-lactam antibiotics and the active site serine of the PBP, resulting 

in a stable acyl-enzyme complex. 

 

II.2.3.3.1. Target modification  

A common mechanism by which Gram-positive bacteria evade the onslaught of β-lactams is 

through the acquisition of modified PBP targets with reduced susceptibility. Modified PBPs 

typically arise via resistance mutations that occur in the presence of β-lactam induced selective 

pressure, or by acquisition of resistant PBPs by horizontal gene transfer. The modified PBP 
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must have reduced susceptibility to β-lactams, yet still retain cellular function [66]. Today, 

some of the most prominent nosocomial multi-drug resistant Gram-positive bacterial infections 

owe their resistance to modified low-affinity PBPs [67-68]. 

 

II.2.3.3.2. Regulation of β-lactam entry and efflux 

β-Lactams are among the few antibacterial that are effective against both Gram-positive and 

Gram-negative bacteria, facilitated by the accessibility of the PBP targets that reside on the 

outer leaflet of the cytoplasmic membrane. Nevertheless, some Gram-negatives such as 

Pseudomonas aeruginosa have developed sophisticated mechanisms for restricting access of 

the β-lactams to their target PBPs. 

The two most common mechanisms that regulate this phenomenon at the Gram-negative outer 

membrane are the restricted entry of drugs via the alteration or loss of porins and their active 

expulsion via multi-drug efflux pumps [69-70]. 

 

II.2.3.3.3. Enzymatic degradation 

β-Lactamases are the best example of antibiotic resistance mediated by the destruction of the 

antibiotic molecule, these enzymes destroy the amide bond of the β-lactam ring essentially 

rendering the antimicrobial ineffective [71]. The β-lactamases inactivate β-lactam drugs by 

hydrolyzing a specific site in the β-lactam ring structure, causing the ring to open (Fig. 7).  

 

Figure 7: The hydrolysis of the β-lactam ring by β-lactamases. 

The open-ring drugs are not able to bind to their target PBP proteins, there are 4 groups (A, B, 

C, D) of beta-lactamase enzymes [53]. Beta-lactamases A, C, and D that deferent from B-class 

that function cool ester enzymes mediated, while the latest was need zinc ion as metalloenzyme 

[72]. The class A, C and D beta-lactamases share structural similarities with the target of beta-

lactam antibiotics, the DD-peptidases, and therefore are thought to have emerged from the same 

ancestral enzyme [73].  
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The Beta-lactamases Class A occur in both Gram-positive and Gram-negative bacteria and 

mostly mediated by plasmid or transposon. Capable usually of being inducible [74]. These 

enzymes may exist on the bacterial chromosomes congenitally, or they may be obtained through 

plasmids. Many members of Gram-negative bacteria of the Enterobacteriaceae family have 

chromosomal β-lactamase genes. Other Gram-negative bacteria with these characteristics 

include Aeromonas, Acinetobacter and Pseudomonas. The β-lactamase gene carrying the 

plasmid is most commonly found in Enterobacteriaceae, but may also be present in certain 

Gram-positive bacteria, such as Staphylococcus aureus, Enterococcus faecalis, and 

Enterococcus faecium [75-76]. 

The Beta-lactamases Class B or Metallo-beta-lactamases, based on functional characteristics, 

are classified as group 3 enzymes because they hydrolyze penicillins, cephalosporins and 

carbapenems, but are resistant to almost all conventional beta-lactam inhibitors. In addition, 

metallo-beta-lactamases do not hydrolyze aztreonam, a monobactam, at significant rates. These 

enzymes also require divalent cation(s), primarily zinc, for activity and are thus inhibited by 

metal chelators such as EDTA and EGTA [77]. More recently (2008), a new carbapenemase 

was identified in a K. pneumoniae isolate recovered from a Swedish patient who had been 

previously admitted to a hospital in New Delhi, India. The enzyme was designated NDM-1, in 

reference to its origin (New Delhi Metallo β-lactamase) [78]. 

The Beta-lactamases Class C often known as Inducibleo Beta-Lactamaseso (IBL), are defined 

as group 1 beta-lactamases. Generally seen in Gram-negative bacteria and 

chromosomelocalized (Group I, AmpC, etc.). they found in Enterobacterocloacae, 

Citrobacterofreundii, Serratiaomarce scens, and P. aeruginosa [77,79-80]. Although class C 

enzymes were originally referred to as cephalosporinases, they confer resistance to a variety of 

beta-lactam antibiotics such as ampicillin, cephamycins, third generation cephalosporins and 

now, combined with an outer membrane protein deficiency, confer resistance to carbapenems 

[81]. This resistance mechanism is not inhibited by clavulanic acid and has an inducible 

characteristic so produced in high levels the presence of beta-lactam antibiotics [82]. 

The Class D β-lactamases include OXA enzymes. The name OXA comes from the ability of 

these enzymes to effectively hydrolyze oxacillin. These enzymes are induced by β-lactamase 

antibiotics and are produced in Gram-positive cocci (such as Staphylococcus aureus). In 

addition to oxacillin, OXA variants can also hydrolyze amoxicillin, which poses a problem for 

the treatment of infectious diseases. Another clinical problem caused by class D β-lactamases 

is the lack of inhibitors of these enzymes [83]. 



22 

II.2.3.4. Novel Strategies to fight Antimicrobial Resistance of β-lactam antibiotic 

II.2.3.4.1. The revival of old antibiotics:  

The reintroduction of previously used antibiotics that are active against multidrug-resistant 

(MDR) bacteria represents a new alternative to control antimicrobial resistance [84]. Since old 

antibiotics rarely undergo contemporary drug development procedures or are compared with 

commonly used antibiotics, they are less considered in practice guidelines. Therefore, its safety 

and effectiveness must be reassessed to optimize treatment [85]. Temocillin: The β-lactam 

antibiotic introduced in the UK in the 1980s, temocillin was quickly abandoned because its lack 

of activity against Gram-positive organisms, is also characterized by its resistance to most beta-

lactamases and some carbapenemases. Currently, temocillin can be used as a microbiologically 

directed therapy, particularly for urinary-tract infections (UTIs) caused by confirmed ESBL 

(Extended-spectrum beta-lactamases) producers [86]. 

 

II.2.3.4.2. Discovery and development of novel antibiotics 

As of December 2018, there are 45 new candidate antibiotics in clinical trials in the US market 

[87]. Among them, 28 belong to the known natural products (NP) classes, while 17 are 

synthetic, including 12 classes, of which 7 are new. The NP category includes 13 based on β-

lactams. Five of them are variant β-lactams, two are hybrids (in combination with glycopeptides 

and siderophores), and seven are combinations with β-lactamase inhibitors. There are five new 

tetracyclines, one aminoglycoside, one destamycin, one fusitine, one macrolide, one 

pleuromutilin and two polymyxins. There are two new synthetic categories in phase III clinical 

trials: ridinilazole, which specifically blocks cell division in Clostridium difficile through an 

undisclosed mechanism; and murepavedin, which has a new mechanism of action that can 

inhibit LptD prevents the transport of lipopolysaccharides to the outer membrane [88-89]. 

 

II.2.3.4.3. Combinations of antibiotics and nonantibiotic drugs 

Combinations of antibiotics and of antibiotics with non- antibiotic activity- enhancing 

compounds offer a productive strategy to address the widespread emergence of antibiotic- 

resistant strains. Currently, the combination of individual antibiotics is intended to achieve 

several goals: 1), increase the antimicrobial spectrum; 2), achieve synergistic effects and thus 

improve efficacy; 3), suppress the emergence of resistance; and 4), to minimize toxicity [90].  

For example, the β- lactam-β- lactamase inhibitor pairs are the best examples of syncretic 

combinations in current clinical use. Several β-lactamase inhibitors have been synthesized and 
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used in combination with sensitive antibiotics such as clavulanic acid, Sulbactam, Tazobactam, 

Avibactam and Relebactam [91]. Clavulanic acid is a β-lactam compound with weak 

antibacterial activity but potent inhibition of serine-β-lactamases, in its first clinical use, it was 

associated with amoxicillin, this β-lactam-β-lactamase inhibitor combination is called 

augmentin. augmentin was a clinical and financial success, followed by the discovery of 

penicillin sulfones inhibitors of serine-β-lactamase tazobactam and sulbactam [92-93].  

 

II.2.3.4.4. Metal complex-based antibiotic compounds 

The medical applications of metal complexes range from anti-cancer to anti-malaria over to 

neurodegenerative diseases. Strangely, the antibacterial applications on this list are very rare, 

and the number of literature reports on metal-based antimicrobial agents pales in comparison 

to the more frequent publications on metal-based anticancer compounds. However, in the last 

decade, systematic evaluations of the antibacterial properties of metal complexes have 

increased, and some reports have emphasized their activity and potential mode of action of 

metal antibiotics [94]. Recently, gold has been shown to be effective against a range of drug-

resistant Gram-positive species including Staphylococcus aureus, methicillin-resistant S. 

aureus, Enterococcus faecium and faecalis, as well as against M. tuberculosis [95]. Gold-

containing auranofin is an approved drug for the treatment of rheumatoid arthritis and is 

currently being investigated for its anticancer and antimicrobial properties [96-97]. Another 

metal known for its beneficial medicinal properties for a long time is bismuth. Bismuth and its 

complexes have reportedly been used in the treatment of syphilis, colitis wound infection, and 

quaternary malaria. However, its most common use to date is for gastrointestinal disorders [98]. 

Encouraged by these successes, the field has expanded to many other elements in recent 

decades, with complexes of iron, palladium, silver, and copper entering clinical trials [99-102]. 

 

II.2.3.4.5. Nanomaterial-based therapeutics for antibiotic 

Nanomaterials provide access to antimicrobial modalities that are novel to bacteria and 

therefore not part of their natural defensive arsenal. The physicochemical properties of 

nanomaterials, such as size, shape, and surface chemistry, influence their therapeutic activity 

and provide unique capabilities to target bacteria, particularly through multivalent interactions 

with bacterial cells including Van der Waals forces, receptor-ligand interactions, hydrophobic 

interactions, and electrostatic attractions [103-104]. For example, ampicillin chelates with 

AgNPs to form an AgNP-ampicillin complex. Ampicillin molecules target the bacterial 
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membrane, allowing better penetration of the AgNPs, which in turn bind to DNA, leading to 

cell death [105]. 

 

III. Electrochemical detection of β-lactam antibiotic: Amoxicillin  

III.1. Voltammetric behaviour of amoxicillin at unmodified electrodes 

The electrochemical behaviour of amoxicillin (AMX) has been studied using unmodified 

electrodes such as glassy carbon, carbon graphite, carbon felt, carbon nanotubes-based carbon 

Toray, stainless steel, gold, ruthenium, PbO2, boron-doped diamond electrode, platinum and 

screen-printed electrodes [106−116].  

 

Table 2: Cyclic voltammetric performances of several unmodified electrodes towards AMX 

Electrode [a] Medium [b] Anodic peak potential (V) Ref. 

CPE Acetate buffer  0.5  [114] 

 PBS  0.7  [118] 

CNP PBS  0.58, 0.78  [115] 

GCE Na2SO4  0.6  [112] 

 Acetate buffer  0.7  [116] 

CGE Na2SO4  0.68  [112] 

CTE NaCl  Between 0.5 and 1  [111] 

CFE Na2SO4  0.65  [112] 

SPE PBS  0.25  [107] 

SPCE H3PO4  0.6 [108] 

[a] CPE-carbon paste eletrode, CNP-carbon nanotube paste, GCE- glassy carbon electrode, CGE- carbon-graphite 

electrode , CTE- carbon toray electrode, CFE- carbon felt electrode, SPE- screen-printed electrode, SPCE- screen-

printed carbon electrode. [b] PBS-phosphate buffer solution.  

 

In most of these studies amoxicillin did not present any voltammetric signal of the unmodified 

electrodes [109−112], but only some of them (glassy carbon (GC), carbon paste (CP), carbon 

nanotube paste (CNP), carbon-graphite (CG), carbon Toray (CT), carbon felt (CF) and screen-

printed (SP) electrodes) were able to display it, often with a not well-defined peak, which 

reflects their low sensitivity [107,108,112−116], therefore, they were not good enough for 

analytical purpose. In this context, cyclic voltammetric measurements (CV) were used to study 

the electrooxidation of amoxicillin at unmodified electrodes (table 2). The electrochemical 
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response showed an oxidation peak, which is due to the oxidation reaction of the phenolic (∅-

OH) substituent to respective carbonyl group (∅=O) on the side chain of the molecule [117]. 

 

III.2. Chemically modified electrodes for AMX detection 

CMEs have attracted considerable interest for the analysis of AMX using electroanalytical 

techniques, due to their high sensitivity, simplicity and relatively low cost related to the 

modifier characteristics. The CME is defined as an electrode made of a conductive or 

semiconductive material, which is coated with a monomolecular, multimolecular, ionic or 

polymeric film of a chemical modifier devoted for a particular application, in order to overcome 

the limitations of the unmodified electrodes. The general types of CMEs have been classified 

according to the chemical modifier or the modification method, as covalent bonding, 

irreversible adsorption, self-assembled layers, electropolymerization, chemisorption, polymer 

film coating and many others [119−120]. In this review, we have broadly classified them as 

carbon based modified electrodes (carbon paste, graphene, carbon nanotubes and carbon black), 

nanoparticles, polymers materials and biosensors. 

 

III.2.1. Carbon based modified electrodes 

Carbon is one of the most “multipurpose” elements due to its capability to form multiple stable 

covalent bonds with different atoms, by dint of its electronic configuration (1s2 2s2 2p2) and 

hybridization. It is naturally present in different pure forms (graphite, diamond, ...), the family 

of carbon-based materials now includes graphite, glassy carbon, diamond, graphene, 

nanofibers, fullerenes (C60) and nanotubes [121−122], which have been applied widely in the 

fabrication of new sensors and biosensors, owing to their interesting advantages including a 

chemically inert nature, low cost and good conductivity. In addition, carbon-based electrodes 

also have the benefit of a large potential window, low background signal, low electrical 

resistance, good conductivity and suitability for modification with various modifiers with high 

compatibility [123]. 

 

III.2.1.1. Carbon paste electrode  

The first known application of carbon-based electrodes was the carbon paste electrode (CPE) 

in 1958 by the Professor Ralph Norman Adams [124]. The CPE has all the carbon’s advantages 

included (cost, conductivity…). It is prepared generally by thoroughly mixing graphite powder 

with a binder such as paraffin oil, mineral oil or ionic liquids (Carbon ionic liquid electrode 

(CILE)) [125]. Therefore, carbon paste electrode has attracted much attention as being easily 
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modifiable. CPE may be advantageously modified to improve its selectivity and sensitivity to 

match or even surpass other solid electrodes [126]. The modifiers were employed in order to 

increase the number of electroactive sites and/or to facilitate the extraction and accumulation 

of analyte at electrode, mainly used for two purposes: electroanalysis or electrocatalysis. In 

both cases, the analytical performance of the electrode is considerably improved by obtaining 

a lower detection limit of the analyte [127−129]. For these reasons, modified carbon paste 

electrodes have found wide application in the amoxicillin determination [130−132]. CPEs 

modified with [N,N-ethylenebis(salicylideneaminato)] oxovanadium (IV) complex were used 

for the voltammetric determination of AMX in 0.1 mol L−1 H2SO4 medium. In this case, two 

concentration ranges were considered: 1.0×10−6–1.0×10−5 and 1.0×10−5– 2.0×10−4 mol L−1, and 

the detection limit was calculated to be of 8.12×10−7 mol L−1. The modified electrode was 

applied successfully in the determination of AMX in pharmaceutical formulations [131]. 

Ionic liquid of N-octylpyridinium hexafluorophosphate was also employed as binder, instead 

of paraffin oil which is widely used in the conventional carbon paste electrode, to construct 

carbon ionic liquid electrode (CILE), then was tested for the detection of amoxicillin in 

phosphate buffer solution. The carbon ionic liquid electrode (CILE) showed good selectivity as 

well as high sensitivity toward AMX in pharmaceuticals and urine samples [132]. However, 

their toxicity due to possible release into soil or watercourses, CILE could become persistent 

pollutants and pose environmental hazards [133] and their high cost, sensitivity to the moisture 

and reactivity under certain conditions restrict utilizing of ionic liquids in electrochemical 

sensing [134-135].  

 

III.2.1.2. Carbon-based nanomaterials 

Several carbon-based nanomaterials as graphene, carbon nanotubes and carbon black have 

recently gained increasing attention due to their unique properties and wide application range 

in some of the major industries such as for drug delivery, energy storage and sensing devices. 

Graphene is considered as elite of carbon based two-dimensional (2-D) materials, composed of 

single thin layers with sp2 hybrid orbitals of carbon atoms bound together in a hexagonal 

configuration which promoted it to be an ideal material in the field of electrochemistry [134], 

it was used as a modifier for electrode surfaces and tested to obtain sensors with improved 

properties.  

One relevant example is the deposition of three-dimensional graphene (3D-GE) combined with 

polyglutamic acid (PGA) on a glassy carbon electrode (GC), a process that generated a sensor 

(PGA/3D-GE/GCE) for fast and accurate voltammetric determination of amoxicillin by SWV 
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between 2.0×10−6 and 6.0×10−5 mol L−1 with a detection limit of 0.118×10−6 mol L−1. The 

proposed method was as well applied to detect the concentration of the AMX in human urine 

samples [135]. Iijima et al. [136] were the first to introduce carbon nanotubes (CNTs) that 

belongs to the family of carbon-based nanomaterial, produced by rolling up a single layer of 

graphite or graphene along a certain direction into a closed cylinder. The CNTs are classified 

into two types based on wall's number to give single-walled carbon nanotubes (SWCNTs) or 

multi-walled carbon nanotubes (MWNTs) [137]. 

CNTs have usually been electrochemically tested for AMX analysis, for their great potential, 

closely associated to their chemical stability, low background current, higher active surface 

area, considerate electrical conductivity. According to the work of Rezaei et Al., the use of 

multiwalled carbon nanotubes (MWCNTs) for electrode modification has enhanced the 

determination of AMX in pharmaceuticals and human urine samples, after being purified by 

metal oxides elimination within the nanotubes. The adsorptive stripping cyclic voltammetry 

(AdSV) method was utilized in two linear dynamic ranges of 0.6 – 8.0 and 10.0 – 80.0 μM, to 

give a detection limit of 0.2 μM [110]. Carbon paste electrode (CPE) was used to obtain 

(SWCNT/CPE) electrode modified with MWCNTs and ferrocene dicarboxylic acid and 

employed for the determination of amoxicillin in real samples with a detection limit of 8.7 nmol 

L-1 [115]. 

Among the recently investigated carbonaceous nanostructured materials carbon black (CB), 

because it is one of the most inexpensive materials with many attractive electrochemical 

properties. In the work of Patrícia et al., a simple and low-cost electroanalytical sensor for the 

simultaneous determination of amoxicillin (AMX) and an anti-inflammatory drug (nimesulide–

NIM) was developed, based on glassy carbon (GC) substrate modified with carbon black (CB) 

immobilized within a dihexadecylphosphate (DHP) film electrode. The modified electrode was 

able to determine AMX and NIM using square-wave voltammetry. The obtained detection 

limits for AMX and NIM were 0.12 μmol L−1 and 0.016 μmol L−1 respectively. Moreover, the 

suggested sensor was successfully applied for the determination of AMX and NIM in biological 

urine and environmental samples [138]. 

 

III.2.2. Nanoparticles (NPs) based modified electrodes 

Nanoparticles, as a subset of nanomaterials, are currently defined as single particles with a 

diameter less than 100 nm. Nanoparticles (NPs) have better optical, magnetic, electronic and 

chemical properties, which differ greatly from those of the bulk material. The properties of 

nanoparticles depend considerably on the nature of the material from where they are 
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synthesized, they are prepared generally by chemical reduction of metal salts precursors in the 

presence of a stabilizer to synthesis metallic or metal oxides NPs, which affect their charge, 

solubility and stability [139].  

With regards to electroanalysis, the use of nanoparticle-modified electrodes has received 

increasing attention due to their electrocatalytical properties using metal NPs. The main 

advantages obtained from nanoparticles in modified electrodes are the facilitation of electron 

kinetics through the provision of a high surface area, enhanced mass transport, higher signal-

to-noise ratio, better control of nanoparticle sizeand distributionand controllable 

functionalization with a variety of ligands such as small molecules, surfactants, dendrimers, 

polymers, and biomolecules [140]. In the literature, most of the studies related to the 

electrochemical detection of amoxicillin, are based metallic nanoparticles which have been 

used with CNTs and graphene to get different geometries and stacking configurations, resulting 

in a novel nanohybrids that could potentially present new physico-chemical properties, due to 

the interaction between CNT/NP and graphene/NP. 

Thus, the modification of GCE with FeCr2O4 nanoparticles decorated multiwall carbon 

nanotubes (MWCNTs) led to a sensor that was used for electrocatalytic amoxicillin 

determination. The sensor showed good sensitivity, selectivity, and stability for the 

determination of AMX in real samples [113].  

Noble metal nanoparticles have been widely used to modify the sensing interface in 

electrochemical sensors because of their significant biocompatibility and catalytic properties 

(stability and excellent conductivity).  

Among them, AuNPs are the most widely used [141], They are used with carbon-based 

nanomaterials in electrochemical sensors and has been extensively studied for the detection of 

amoxicillin [107,142]. The construction of the nanocomposite CNT/AuNP nanocomposites are 

primarily formed by decorating CNT with AuNP, for example, SWCNTs decorated with AuNP 

were used for the investigation of a novel electrochemical amoxicillin sensor, exhibiting an 

excellent electro-transfer capacity due to the high surface area of the MWCNTs and a good 

sensitivity after decoration of MWCNTs with AuNPs [107]. 

There are some other examples of modified electrodes, where the integration of metal 

nanoparticles with graphene material is used for the development of hybrid nanostructures for 

electrochemical amoxicillin sensors. The nanocomposite material of reduced graphene oxide 

(rGO) and Ruthenium (Ru) nanoparticles (rGO/RuNP) modified glassy carbon electrode (GCE) 

was used for simultaneous electroanalysis of amoxicillin (AMX) and ethinylestradiol (EE2), 

this sensor combined the high conductivity of rGO with the capacity of ruthenium oxide 
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nanoparticles (RuO2) on the electrode surface to separate the potential anodic current peaks of 

each drug and quantify each separately in clinical and food samples [143]. 

Metal nanoparticles are also used in combination with some other nanoparticles and other 

materials for electrode surface modification, since bimetallic nanoparticles are well known for 

their greater electrochemical activity compared to monometallic nanoparticles. Benefiting from 

this property, Kumar et al. designed an amoxicillin (AMX) and lomefloxacin (LMF) sensor 

based on the immobilization of rGO modified with electrochemically deposited AuNP-PdNP. 

The sensor (AuNP-PdNP-ErGO) displayed high selectivity and sensitivity for the determination 

of AMX and LMF in the complex matrix such as urine and in synthetic solutions containing 

excess of interfering organic substances [144].  Some recent studies that examined the use of 

carbon and nanoparticles (NPs) based electrode for amoxicillin detections are summarized in 

Table 3 [107, 110, 113, 115, 130-132, 135, 138, 142-148]. 

By comparing the data given in Table 3 regarding the simplicity of electrode fabrication method, 

cost of the material used in fabrication, stability and sensitivity, it is easy to suggest that the 

electrochemical sensor based on mesoporous carbon (MC and MC−) has better results for 

amoxicillin determination, it is mainly attributed to its high adsorption ability to amoxicillin during 

preconcentration step.  Its welllayered structure, high surface area, and the negatively charged 

hydrophilic-layered silicate facilitate reaching of polar amoxicillin species to the electrode surface, 

hence it makes its oxidation easier [147]. Moreover reduced graphene oxide (RGO) decorated with 

Ruthenium (Ru) nanoparticles (RGO/RuNP) modified glassy carbon electrode is another example 

of sensitive electrode. The electrode showed good 

separation anodic peak currents of AMX in presence of Ethinylestradiol (EE2) due to a synergistic 

process involving nanoparticles of ruthenium oxide and the reduced graphene. But using tow 

interfering compounds (ascorbic acid and uric acid ) for studying the selectivity of this method is a 

disadvantage of this modification [143].  

Similarly, as can be seen in Table 3, composite nanomaterials constituted of carbon materials in 

combination with MNPs are of particular interest due to their enhanced of electrocatalytic activities 

for AMX detection [144]. However, the longer times needed to prepare these nanocomposites may 

be a major disadvantage of the modification process. In addition, metallic impurities in carbon-

based nanomaterials especially CNTs leading to the unpredictable electrochemical behavior 

(erroneous electrical signal) of such materials as well as toxicity.  
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Table 3: Summary of carbon and nanoparticles (NPs) based nanomaterials for amoxicillin detection. 

 

III.2.3. Polymers based modified electrodes 

Polymers are macromolecules consisting of a long-chain back bone of smaller repeating units 

(monomers) and side groups. Electrode modification by polymers has been proved to be one of 

the most effective methods, as the electrode properties can be largely modified by a variety of 

Sensor [a] Technique  Medium [b] Linear 
range  

[µM] 

LOD 

[µM] 

Real samples/ 

Recovery (%) 

Ref. 

Cu(II)-NCL/CPE SWV NaCl 0.04–100 0.02 Urine 

Tablet 

Capsule 

[130] 

[VO(Salen)]/ CPE LSV 

DPV  
SWV 

KCl 28.5–82.6 

18.3–35.5 
18.9–91.9 

24.8 

16.6 
8.49 

Tablets 

95.8-105.3% 

[131] 

CILE CV PBS  5.0–400 
15–120 

0. 8 

6.0 

Capsules 

Urines 

[132] 

PGA/3D-GE/GCE SWV PBS 2 .0– 60 0.118  Urine/98.4-101.85 [135] 

MWCNTs/ GCE AdSV universal 

buffer  

0.6 – 8.0 

10.0– 80.0  

0.2 Capsules/97.21-
101.45 

Urine/101.5-104.9 

[110] 

FDCCNTPE SWV PBS  0.03–0.35  
0.50–32.70  

0.0087 Tablets- Capsules 

Urine 

[115] 

CB/DPH/GCE SWV PBS 2–18.8  0.12  Urine/91-106 

Lake water/92-106 

Tap water/98-107 

[138] 

FeCr2O4/MWCNTs 
/GCE 

DPV PBS  0.1–10.0 

10.0–70.0 
0.05 
 

Capsules/96.9-98.6 
Urine/100.9-102.7 

Plasma/10.4-101.4 

[113] 
 

AuNPs/MWCNTs/SP
E 

CV PBS 0.2–10  
10–30  

0.015 Bovine milk/91.5-
95.5 

[107] 

TiO2/CMK-3/AuNPs/ 

Nafion/GE 

CV PBS 0.5 –2.5 

2.5 –133.0  
0.3  Mineral water 

Environmental water-

Capsule 

[142] 

rGO/RuNPs/GCE DPV PBS 5.50– 1.20 0.0016

3 

Urine/96.0-101.1 [143] 

AuNPs/PdNPs/ErG
O/GCE 

SWV PBS 30–350  9 Urine/98.80-101.1 [144] 

ZnO NRs/gold/glass 

electrode 

CV PBS 5.0–2.5  1.9  Capsule/107.5 [145] 

DMBQ/ZnO/CNTs/C

PE 

SWV PBS 1.0–950 5  Tablet-Urine [146] 

MC/CPE LS 

SW-

AdASV 

HCl 0.02-5 

0.005-1 

0.006 

0.0015 

Tablets/99.7-99.6 

Serum/98.78-98.24 

[147] 

QDs-P6LC-
PEDOT:PSS/ GCE 

SWV PBS 0.90–69 0.05 Synthetic urine 

Milk 

Tablet 

[148] 
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functional groups in polymers. As polymers are numerous and have different behaviours, 

whether natural or synthetic, they can be classified in different ways. The polymers are classed 

according to those used for the modification of electrodes such as electroactive, polyelectrolyte, 

coordination, and biopolymers. 

Electroactive polymers (EAPs) are semiconducting polymers that can be doped and converted 

into an electrically conductive form using oxidation or reduction reactions, because EAPs are 

rich with groups that could be either oxidized or reduced. Polyelectrolytes are polymers whose 

repeating units bear an electrolyte group such as polycations and polyanions. The 

polyelectrolytes can be dissociated in aqueous solutions, as a result they can attract charges 

towards the surface of the solution through an ion exchange process. A coordination polymer 

is composed of metal ions linked by organic ligands. Biopolymers are polymers produced from 

natural sources either chemically synthesized from a biological material or entirely 

biosynthesized by living organisms, enzymes, DNA, antibodies and aptamers, they are 

biological polymers that are employed in typical biosensors [149].  

Conductive polymers based modified electrodes have been extensively used for 

electrochemical analysis of amoxicillin [109, 114, 150−153] due to their inherent charge 

transport properties, electrocatalytic potential, high reproducibility and stability, where the 

conductive polymers synthesized by electropolymerization maybe used as redox mediators 

[154].  

For example, Ojani et al. used nickel–curcumin complex modified carbon paste electrode as 

voltammetric sensor for amoxicillin detection. In these electropolymerized film of Ni–curcumin 

on the carbon paste electrode, nickel oxyhydroxide species act as redox mediator centre for 

electrooxidation processes of AMX. This electrocatalytic oxidation exhibited a good linear 

response for amoxicillin concentration in the linear range of 8.0×10−6–1.0×10−4 mol L−1 of 

amoxicillin, the detection limit was of 5.0×10−6 mol L-1. Moreover, the suggested sensor was 

successfully applied for the amoxicillin determination in pharmaceutical preparations and 

biological media [109]. 

In another work, Cu/Poly (o-Toluidine) (Sodium Dodecyl Sulfate) modified carbon paste 

electrode was tested for the electrocatalytic oxidation of Amoxicillin. The metal–polymer 

modified carbon paste electrode have been prepared by electropolymerization and act as a redox 

mediator. Cyclic voltammetry and chronoamperometry have been used for the determination 

of amoxicillin under the selected conditions. The calibration curves were obtained in the range 

of 80–200 and 5–150 μM respectively. Moreover, detection limits were also estimated to be 60 
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and 3 μM. The proposed method was well applied to determine AMX in pharmaceutical 

preparations [151]. 

CPEs modified with charged polymer or polyelectrolyte such as poly-N-vinyl imidazole [155] 

and poly-4-vinyl pyridine [56] were also used for the voltammetric determination of AMX in 

pharmaceutical formulations. 

Recently, biopolymers have attracted considerable attention in the electrocatalysis area, 

because of their beneficial functional properties while being biodegradable and 

environmentally friendly nature. In this context, polyglutamic acid (PGA)/glutaraldehyde film 

was used as a modifier of glassy carbon electrode to investigate the interaction of the anionic 

polymer (PGA) with amoxicillin (AMX) as a mimicking model of complex molecules. An 

interesting, proposed method was based on AMX cathodic pre-concentration, prior to its 

indirect determination by square wave voltammetry at +0.23V. The LOD obtained was 0.92 

µmol L−1. The prepared sensor was applied to the assay AMX in human urine without any 

separation step [116]. 

Molecularly imprinted polymers (MIPs) have been used to modify electrodes due to their high 

affinity, selectivity, stability, low cost and easy preparation, based on the formation of 

molecular recognition sites in a polymer designed for a target template. MIP synthesis involves 

the complexation of a template molecule with functional monomers in solution, after 

polymerization, the molecular models are removed by a thorough washing step, finally the 

polymer mtrix contains complementary cavities for rebinding the template molecules [157]. 

Since amoxicillin has a variety of functional groups capable to interact with functional 

monomers with non-covalent bonds, it tends to create recognition cavities that are 

complementary to the template molecules in the resulting imprinted polymer following 

template extraction. 

Molecularly imprinted polymers (MIPs) proved to be a powerful tool for the selective 

amoxicillin determination [158−160]. Recently, several electroactive materials supported MIP 

were suggested for electrode surface modification to enhance amoxicillin detection, like in the 

case of the magnetic carbon paste electrode (CPE), where MIP was assembled by a permanent 

magnet to form a highly sensitive film at CPE surface, then AMX was detected in the linear 

range from 1.0×10−9−1.1 ×10−7 mol L-1 with a detection limit of 2.6 ×10−10 mol L-1 [158], in 

another case, the surface of the multiwalled carbon nanotubes (MWCNTs) was grafted with 

ionic liquid (IL, i.e. 3-propyl-1-vinylimidazolium bromide) by ionic exchange strategy, the 

formed MWCNTs-IL monomer was further used to synthesize the multiwalled carbon 

nanotubes-molecularly imprinted polymer (MWCNTs-MIP), then coated on the above glassy 
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carbon electrode after being modified with SWCNTs and dendritic Pt-Pd bimetallic NPs 

prepared, in the AMX ranges of 1.0×10−9 − 1.0×10−6 and 1.0×10−6− 6.0×10−6 mol L-1, a 

detection limit of 8.9×10−10 mol L−1 was obtained. The applicability of MWCNTs-MIP sensor 

was additionally tested in real samples [159].  

H. Essousi et al. have used reduced graphene oxide (RGO) modified glassy carbon electrode 

(GCE) as supporting materials for surface imprinting, by electropolymerising pyrrole at GCE 

surface which containing rGO in the presence of AMX (template molecule), then, the extraction 

of the template from the surface of GCE/rGO/PPy/AMX has been carried out by overoxidation 

of polypyrrole. The obtained electrode was modified with gold nanoparticles (AuNPs) in order 

to increase the conductivity. Under the optimized conditions, the limit of detection was of 

1.22×10−6 mol L−1, and the application of this sensor (MIP- GCE/RGO/ OPPy/AuNPs) was 

extended for AMX detection to milk and human serum [160]. The preparation process of MIP 

modified GCE/RGO was shown in Fig. 8. 

Figure 8: The preparing process of MIP-GCE/RGO electrode for AMX analysis. 

III.2.4. Electrochemical biosensor 

The biosensors are considered as analytical tools with an active biological element combining 

a bioreceptor or a biorecognition element that is specific to a target analyte with a physical 

transducer, which converts the recognition event into a measurable signal. Based on typical 

recognition elements two types can be defined: enzyme-based biosensors and affinity 

biosensors. The biological recognition compound for the first type is an enzyme, cell or tissue, 

while for the second type it is a DNA sequence, antibody or membrane receptor [161]. An 
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electrochemical biosensor is a biosensor with an electrochemical transducer that transforms 

biochemical information such as analyte concentrations into analytically useful data. The most 

common recognition elements used in electrochemical biosensors are enzymes, which are 

widely studied for detecting amoxicillin. In a recent work [162], the enzyme horseradish 

peroxidase (HRP) modified titanium (TiO2) based screen-printed electrode (SPE) electrode was 

used to generate highly reactive intermediate (1O2) from air under visible light illumination and 

to oxidize the analytes to electrochemically detectable products, using amperometric 

measurements, the photocurrent for amoxicillin as a function of its concentration reveals that 

the detection limit was 2.20×10−8 mol L−1 [162]. Fig. 9 illustrates the interaction between 

amoxicillin and enzyme-based screen-printed electrode. 

 

 

 

 

 

 

 

 

Figure 9: Schematic illustrating generation of singlet-oxygen for amoxicillin oxidation at enzyme -

based screen-printed electrode. 

In a similar example, an amperometric immunosensor was developed for the analysis of pool 

of β-lactam antibiotics such as AMX and penicillin G in samples of two different river waters. 

The LOD was of the order of 10−10 mol L–1.  The immunosensor developed demonstrated low 

selectivity toward all β -lactam antibiotics, higher selectivity toward other classes of non-β-

lactam antibiotics and good recovery in artificially prepared samples [163]. Recently, aptamer-

based biosensors have been developed for amoxicillin detection [164]. Aptamers are single-

stranded DNA or RNA oligonucleotides, that can selectively bind to a specific target, including 

proteins, peptides, carbohydrates, small molecules, toxins, and even live cells molecules with 

high affinity, selectivity and sensitivity [161]. Jialing Song et al. [165] used glassy carbon 

electrode (GCE) modified with graphite phase carbon nitride (g-C3N4), TiO2, and AuNPs as 
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composite materials for the fabrication of aptasensor. This aptasensor TiO2-g-C3N4/GCEwas 

coated with amoxicillin aptamer solution and bovine serum albumin (BSA). The prepared 

BSA/Apt/TiO2-g-C3N4@AuNPs/GCE electrode was used for the amoxicillin detection in the 

lineair range of 0.5×10–9–3.0×10–9 mol L–1 and reached the ultra-very low detection limits 

(2.0×10–10 mol L–1). This sensor was able to detect amoxicillin in wastewater [165].  A detailed 

comparison between the different polymers modified electrodes and biosensors in terms of 

analytical figures of merit is reported in Table 4 [109, 114, 116, 150-153, 155-156, 158- 160, 

162-163,167]. 

 

III.3. Indirect electrochemical detection of AMX (derivatization or complexation) 

One of the main reasons for using the indirect method is obtained lower limit detection without 

any chemical modification of working electrode. Mei-Hsin Chiu et al. have developed an 

analyte derivatization approach based on the reduction of the oxidized product of amoxicillin 

after its reaction with MnO2, which can then be easily determined by amperometric method. 

The proposed amperometric method exhibited an excellent analytical performance for AMX 

detection with an LOD of 1.7×10−8 mol L−1. This process was used for the specific 

determination of AMX in pond water, river water, and artificial water [107]. In another work 

[117], a simple electrochemical method was developed for indirect AMX determination on 

carbon paste electrode using copper ions Cu (II) as coordinatively bounded to AMX. 

Chronoamperometric current of copper ion was influenced by the addition of AMX. The result 

showed that the currents intensity of the Cu (II)/Cu(I) redox system were proportional to the 

AMX concentrations, where the LOD obtained is 8.84×10−8 mol L−1. The method has been 

successfully applied to the AMX determination in blood and pharmaceuticals. 

AMX was also detected indirectly by using anodic peak current of Cu after the complexation 

between the Cu(II) and carboxyl group of AMX [166]. The adsorption of AMX onto gold 

nanoparticle (GNP)-modified indium tin oxide (ITO) electrode (ITO/GNP) has been performed 

to prepare ITO/GNP/AMX electrode, which was further modified with Cu(II) by simple 

dropping of Cu(II) solution. The result showed the amount of Cu (II) at the electrode surface 

depends on the amount of AMX and the anodic peak of reduced Cu(0) at 

ITO/GNP/AMX/Cu(II) electrode increased linearly as the concentration of AMX increased. A 

square wave voltammetric (SWV) method was used, the calibration plot was constructed in the 

concentration range from 1.0×10-8 to 1.0×10-6 mol L-1. The detection limit was found to be 

5×10-10 mol L−1 [166]. Polymer-modified electrode was developed for indirect detection of β-

lactam antibiotics such as amoxicillin, cefaclor, and ampicillin present in formulated and blood 
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plasma samples. in this case, the Antibiotics were essentially converted to their electroactive 

oxazolone analogues after acid treatment (0.1 mol L-1 HCl, 85C, 2 h). Then, the Antibiotics in 

the form of their respective oxazolones were indirectly analyzed by oxazolone entrapment in 

poly (Nchloranil N,N,N’,N’-tetramethylethylene diammonium dichloride) film at  hanging 

mercury drop electrode surface. The detection limit of antibiotics-derived oxazolone was of the 

order of 1.0×10−9 mol L−1 [153].  
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Table 4: Comparison of analytical figure of merits for electrochemical detection of AMX using polymers modified electrodes and biosensors. 

Sensor [a] Technique [b] Medium [c] Linear range   

[µM] 

LOD 

[µM] 

Real samples Recovery (%) Ref. 

PVI/CPE CV H2SO4 1.0–10  

10–200  

0.812  Tablets 

Capsules 

Oral suspension 

98.15 

101.41 

101.41 

[155] 

Poly-4-vinylpyridine CV H2SO4 - 8 Pharmaceuticals - [156] 

Ni/CR/CPE CA NaOH 8–100 5 Urine 

Capsules 

105.1 

98-103 

[109] 

Polyaniline film/CPE SWAdSV 

DPAdSV 

Acetate 

buffer 

0.5-250 

7-150 

3.5× 10-4 Tablet 

Serum 

Plasma 

99.58-102.1 

98.62-99.62 

98.28-99.50 

[114] 

poly(acridine orange)/GCE DPV 

SWV 

B-R 0.4-20 
0.8–80 

1.87 × 10-3 

1.55 × 10-2 
Tablet 

Serum 

156-130 

99.83-99.81 

[150] 

POT(SDS)/CPE CV 

CA 

H2SO4 80–200  

5–150 

60  

3 
Tablets 102-104 [151] 

 
Copolymer/CPE DPV H2SO4 20–400 1 - - [152] 

PCED(Cl)2-HMDE Polarography KH2PO4-
NaOH  

- 2.12×10-3 Tablets 

Suspension 

98.6 ± 100.8 

97.8 ± 99.5 

[153] 

PGA/GLU/GCE SWV Acetate 
buffer 

2.0–25.0  0.92 Urine 106.7 [116] 

MMIP/CPE DPV B-R 1.0×10-3–0.11  0.26 × 10-3 Capsule 98.8-103.2 [158] 

MWCNTs@MIP DPV PBS 1.0×10–3–1.0  

1.0–6.0 

8.9×10-4 Milk 

Honey 

90-96 

88.95 

[159] 

MIP-GCE/RGO/OPPy 

/AuNPs 

CV PBS 1.0×10- 2–1.0×103 1.22 Milk 

Serum 

80.4-99.2 

90.5-99.7 

[160] 

TiO2-HRP/SPE CA KCl+ 0.25–15 2.20×10-2 - - [162] 
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KH2PO4 2.0×10- 2–5.0×10-2 

Amperometric 

immunosensor 

Amperometry PBS 5×10−4– 50 ≈10−10 Rivers  - [163] 

Penicillinase/flat-bottomed 
pH electrode  

Potentiometry  
(pH/mV) 

PBS 10-30 1 - - [167] 

BSA/Apt/TiO2-g-

C3N4@Au NPs/GCE 

EIS PBS 0.5×10-3–3×10-3 2×10-4 wastewater 91.6-107.4 [165] 
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I. Electrochemical techniques 

Electroanalytical techniques are concerned with the interplay between electricity and chemistry, 

namely the measurement of electrical quantities such as current, potential or charge and their 

relationship to chemical parameters such as concentration, kinetics, reaction mechanisms, 

chemical status and other behavior of a species in solution. Similar information can be obtained 

concerning the electrode surface [1]. 

In most electrochemical techniques, there are three electrodes – the working electrode, the 

reference electrode and the counter (or auxiliary) electrode. The three electrodes are connected 

to a potentiostat, an instrument which controls the potential of the working electrode and 

measures the resulting current. In one typical electrochemical experiment, a potential is applied 

to the working electrode and the resulting current measured then plotted versus time. In another, 

the potential is varied, and the resulting current is plotted versus the applied potential. The 

different combinations of parameters and working electrode types make for a long list of 

techniques, including cyclic voltammetry, chronoamperometry, pulsed techniques, 

electrochemical impedance spectroscopy and others. 

 

I.1. Cyclic Voltammetry 

Cyclic Voltammetry (CV) is an electrochemical technique used to study the electrochemical 

properties related to electroactive surfaces. CV is a very versatile electrochemical method that 

enables understanding of the mechanisms of redox reactions, reversibility of a reaction, and 

electron transfer kinetics of an electroactive species in solution [2,3]. CV provides rapid 

information on thermodynamic redox processes, on the kinetics of heterogeneous electron-

transfer reactions, and on coupled chemical reactions or adsorption processes. It is the foremost 

electrochemical experiment performed to characterize electrode material for every type of 

application [3].  

The current is measured as a function of the linear potential applied. As species react at different 

potentials and with different intensity, the CV enables multiple detections in one measurement 

(qualitative), and estimation of their concentration in solution (quantitative). The current 

resulting from the potential application is due to the occurrence of redox reactions in the 

solution (Faradic current) and to the double layer charging (capacitive current) [4]. The current 

response is plotted as a function of voltage rather than time, unlike potential step measurements. 

In the case of a reversible reaction, the species is consecutively oxidised and reduced (or vice 

versa). The voltage is scanned using a triangular waveform shown in Fig. 1: In this case the 



54 

voltage is swept between two values (see above) at a fixed rate, starting from E1; when the 

voltage reaches E2 the scan is reversed and swept back to E1. The time taken to sweep the 

potential range is the voltage scan rate (ν), calculated from the slope of V = f(t). 

 

 

Figure 1:  Potential applied to the cell versus time. 

With the change of potential, the current passed through the electrode changes due to oxidation 

or reduction processes, therefore normally a cyclic voltammogram is a plot of current against 

potential [4]. An example of a cyclic voltammetry at macroelectrode is shown in Fig. 2. 

 

Figure 2: Cyclic voltammogram of a reversible reaction using a macroelectrode. 

The measured parameters in cyclic voltammetry are anodic and cathodic peak potential (Epa 

and Epc), anodic and cathodic peak current (Ipa and Ipc) and the half peak potentials (Ep/2) at 

which the cathodic and anodic currents reach half of their peak value. According to International 
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Union of Pure and Applied Chemistry (IUPAC) convention, the anodic current is positive and 

the cathodic current is negative [5]. 

 

I.1.1. Reversibility 

Based on the different electrode kinetics, the electrochemical reactions can be described as 

reversible, quasi-reversible and irreversible. An electrochemically reversible process occurs 

when the rate of electrode reaction is faster than that of the mass transport. Conversely, if the 

rate of electrochemical reaction is slower than the rate of mass transport, then the reactant is 

electrochemically irreversible. Normally with D=10-5 cm2 s-1 and at 298 K, the reversibility can 

be described by a heterogeneous rate constant, k0. Matsuda and Ayabe [6] suggested that, for a 

reversible case, k0>0.3v1/2 cm s-1, for a quasi-reversible case, k0 in range of less than 0.3v1/2 cm 

s-1 and greater than 2×10-5v1/2 cm s-1, and for a totally irreversible case, k0<2×10-5 v1/2 cm s-1, 

where v is the scan rate, respectively.  

If consider a simple one electron transfer process (with n = 1), the process can be described as 

Er, where the E stands for electron transfer and the subscript, r, stands for reversible process. 

For a reversible limit case, the sweep peak current can be given by the Randles-Sevčik equation 

[7,8]: 

 

 

For a reversible CV, the rate of electron transfer is controlled by diffusion. The separation of 

cathodic and anodic peak potentials is around 56/n mV. In real cases, the separation in range 

60-70 mV can be considered as reversible. The peak potential in reversible process is 

independent of scan rate. The ratio of cathodic to anodic currents is unity at all different scan 

rates. As shown in Eq. 1, the peak current is proportional to the square root of the scan rate, 

therefore graph of log ip vs. log v is normally plotted to distinguish between a diffusion-

controlled process and an adsorbed process. In practical cases, the slope equals to 0.5 indicates 

the process is under diffusion controlled; a slope of unity indicates the electroactive material is 

adsorbed on the electrode. For an irreversible case, Eirr, the Randles-Sevčik equation is 

modified to be: 

 

As it can be seen from Eq. 2, the peak current is still proportional to the square root of scan rate 

due to the diffusion-controlled process. An extra term, the symmetry coefficient of the electron 

Eq. 1 ip=0.4463nFA √ [
nF

RT
]c√𝐷√𝑣 

Eq. 2 

 

ip=0.496nFA √ [
αnF

RT
]c√𝐷√𝑣 
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transfer process, is introduced in the Randles-Sevčik equation for irreversible case. For a single 

electron irreversible electrochemical process, the separation of peak potential varies with the 

change of scan rate at 298 K is given by: 

 

where ΔEp is the potential difference between oxidative and reductive peaks. It is also known 

as approximately 30 mV shift per decade change in scan rate. 

 

Figure 3: Plot of peak current against square root of scan rates corresponding to reversibility. 

A quasi-reversible process sits in between reversible limit and irreversible limit. In practice, 

quasi-reversible processes appear reversible at slow scan rate and an irreversible behaviour at 

high scan rate as the limits which are described by Matsuda and Ayabe [6] . Normally a plot of 

peak potential versus log10 v is used to find the reversible limit. The peak potential initially 

independent on increasing scan rate and the peak potential starts to shift in high scan rates, 

therefore reversible limit equations can be applied in the reversible regime and irreversible limit 

equations can be applied in the irreversible regime. In addition, the transit between reversible 

to quasi-reversible and on to irreversible process can be described by plotting peak current 

against square root of scan rates (Fig. 3). 

 

I.2. Square Wave Voltammetry 

Square wave voltammetry (SWV), developed by Barker and Jenkins [9], is a powerful 

electrochemical technique that has been extensively used in electro-kinetic measurements, 

analytical application and mechanistic study of electrode processes [10]. It unifies the merits of 

several pulse voltammetric methods, including the background suppression and sensitivity of 

Eq. 3 ΔEp=
59.4

α
 + constant 
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differential pulse voltammetry (DPV), the diagnostic value of normal pulse voltammetry 

(NPV), and the direct interrogation of products of reverse pulse voltammetry (RPV). It also 

incorporates the advantages of cyclic voltammetry (insight into the electrode mechanism) and 

impedance techniques (kinetic information of fast electrode processes) [11]. The ability to 

achieve a wider time scale than other pulse voltammetric methods also adds its popularity. 

Currently SWV is regarded as one of the most advanced voltammetric techniques.  

 

Figure 4: A schematic diagram of the principle square wave voltammetry. 

A schematic diagram is shown in Fig. 4 for a potential-time change for a SWV. As shown in 

Fig. 4, the potential changes in a square wave form as increase experimental time. The initial 

potential starts at E0, then the potential goes up to E0+Esw, which Esw is amplitude, and it is 

held for Δt/2 (pulse duration) seconds and the potential then goes down to E0+(-Esw). Δt is 

known as period, and the frequency can be illustrated to be f = Δt-1. ΔE represents the potential 

increment of the staircase waveform. The currents are measured at the end of each pulse (both 

if and ib). In practice, the net current, which subtracts ib from if is normally shown in the 

software. the net current is usually shown as final view of a SW voltammogram. The charging 

current in this case can be negligible as the currents are measured after each pulse. Note that 

the backward current is positive and without a peak is due to small value of ESW.      
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I.3. Chronoamperometry   

Chronoamperometry belongs to the potential pulse techniques and can be employed to measure 

the current which arises after the capacitive current. Contrary to cyclic voltammetry where the 

potential is applied linearly, in chronoamperometry the potential is applied in steps (Fig. 5), 

from a value where the analyte is not oxidised or reduced, E1, to a value where it is (E2). In this 

step technique, the current is diffusion-controlled and plotted as a function of time (Fig. 5). 

 

Figure 5: Chronoamperometry voltammogram. 

 

The step time τ is the time for which the potential is maintained at the same value. It should be 

neither too short nor too long so that the current remains controlled by diffusion. If the step time 

is too short, the current measured includes the charging current. As the charging current 

decreases exponentially in time, it is negligible after a few milliseconds. At long times (of the 

order of 100 s), convection develops in the solution (from density gradients arising from the 

electrolysis products) causing positive deviations from the theoretical current [12]. When mass 

transport is only happening by diffusion, the current-time curve reflects the change in the 

concentration gradient at the electrode surface. This involves a gradual expansion of the 

diffusion layer associated with the diminution of the analyte, and hence decreased slope of the 

concentration profile as time progresses. The environment is maintained still to observe no 

effects other than diffusion [13]. The Cottrell equation (Eq. 4) describes the current decays with 

time, at a planar electrode. Typically, the current measured is then plotted versus t -1/2 to get 

back to the concentration, the diffusion coefficient, the number of electrons transferred or the 

surface area [14]. 

                                                                                    

Where n is the number of electrons involved in the reaction, F is the Faraday constant (C.mol-

1), A is the surface area (dm2), C is the analyte concentration (mol/dm3), D is the diffusion 

coefficient (dm2.s-1) and t is the time (s). 

Eq. 4 ip(t)=
nFAC√𝐷

√𝜋𝑡
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II. Spectroscopic techniques 

II.1. UV-Visible spectroscopy 

Ultraviolet (UV) absorption spectroscopy is perhaps the simplest and most employed 

instrumental technique for studying both the stability of ligand and their interactions with metal 

ions. The study of drug–metal interactions could be carried out by UV–Visible absorption 

spectroscopy by monitoring the changes in the absorption properties of the drug or the metal 

ions [15]. Usually, molecules used as ligands show an absorption band that can be clearly 

distinguished in the visible region.  

 

II.1.1. Principle  

A molecule or ion will exhibit absorption in the visible or ultraviolet region when radiation 

causes an electronic transition within its structure. Thus, the absorption of light by a sample in 

the ultraviolet or visible region is accompanied by a change in the electronic state of the 

molecules in the sample. The energy supplied by the light will promote electrons from their 

ground state orbital to higher energy, excited state orbital or anti-bonding orbital (Fig. 6).   

 

Figure 6: Electron Transition graphically represented. 

Potentially, three types of ground state orbitals may be involved: 

1. σ (Bonding) molecular 

2. π (Bonding) molecular orbital 

3. n (non-Bonding) atomic orbital. 

In addition, two types of anti-bonding orbitals may be involved in the transition: 
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i) σ* (sigma star) orbital. 

ii) π* (pi star) orbital. 

There is no such thing as an n* anti-bonding orbital as the n electrons do not form bonds). 

Thus, the following electronic transitions can occur by the absorption of ultraviolet and visible 

light: 

• σ to σ* 

•  n to σ* 

• n to π* 

• π to π* 

Both σ to σ* and n to σ* transitions require a great deal of energy and therefore occur in the far 

ultraviolet region or weakly in the region 180-240nm. Consequently, saturated groups do not 

exhibit strong absorption in the ordinary ultraviolet region. Transitions from then to π* and π 

to π* type occur in molecules with unsaturated centers, they require less energy and occur at 

longer wavelengths than transitions to σ* anti-bonding orbital. It will be seen presently that the 

wavelength of maximum absorption and the intensity of absorption are determined by 

molecular structure. Transitions to π* anti-bonding orbital which occurs in the ultraviolet region 

for a particular molecule may well take place in the visible region if the molecular structure is 

modified. Many inorganic compounds in solution also show absorption in the visible region. 

These include salts of elements with incomplete inner electron shells (mainly transition metals) 

whose ions are complexed by hydration. Such absorptions arise from a charge transfer process, 

where electrons are moved from one part of the system to another by the energy provided by 

the visible light [16]. The level of absorption intensity is identified by absorbance values at 

given energy and this value depends on the energy of excited light and concentration of 

chemical species in the solution for non-solid samples. The absorbance follows the Beer-

Lambert's law [17]: 

A=ɛ c l  

Where:  A is  the measured absorbance, ε is  the proportionality constant called absorptivity , l 

is the path length of the cell, c is the concentration of the analyte. 

The optical absorption of chemicals species could be obtained experimentally by measuring the 

intensity of incident light and transmitted light. In this way it defined the transmittance (T) as: 

T=
It 

Ii
        

Eq. 5 

Eq. 6 
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Where: Ii is the intensity of incident light at a given wavelength (λ), It is the transmitted light 

intensity and T is the transmittance. 

The logarithm of this "rate" corresponds to the energy absorbed at a particular wavelength and 

can be calculated by (Eq. 7) [17]: 

A=log10 (
It 

Ii
)=- log10(T)         

Where: A is the absorbance and T is the transmittance. 

 

II.1.2. Instrumentation 

The UV-Visible absorption spectrometer is an instrument used to perform measurements of 

absorbance, transmittance and reflectance. The operation is based on the extent of absorption 

of light when a beam of a light source is separated into individual wavelengths by a prism or 

diffraction grating. This monochromatic light is divided into two beams of equal intensity by a 

beam-splitter. On one side, the light is sent through a reference cuvette (white) and, on the other 

hand, through the sample under analysis. In this case, the UV-Visible spectrometer is called a 

double beam (Figure 7). 

Figure 7: Schematic representation of the dual-beam UV-VIS spectrometer. 

Both light rays are directed to detectors that compare their intensities as the ratio (rate) of light 

intensity through the sample and the reference medium. Over a short period of time, the UV-

Visible absorption spectrometer automatically submits the sample to the incidence of light at 

wavelengths from the UV region (200 nm) to the visible region (800 nm) [18]. 

II.2. Fourier transform infrared spectroscopy—FTIR 

Fourier spectroscopy” is a general term that describes the analysis of any varying signal into its 

constituent frequency components. The mathematical methods named after J.B.J. Fourier are 

Eq. 7 
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extremely powerful in spectroscopy [19]. Fourier transforms can be applied to a variety of 

spectroscopies including infrared spectroscopy known as Fourier transform infrared (FT-IR), 

nuclear magnetic resonance (NMR), and electron spin resonance (ESR) spectroscopy. FT-IR 

spectroscopy includes the absorption, reflection, emission, or photoacoustic spectrum obtained 

by Fourier transform of an optical interferogram. The power of the method derives from the 

simultaneous analysis of many frequency components in a single operation. A variety of 

spectroscopic techniques have been used to study various samples, but FT-IR spectrometers are 

growing in popularity since they offer speed, accuracy and sensitivity previously impossible to 

achieve with wavelength dispersive spectrometers [19].  

In IR spectroscopy, IR radiation is passed through a sample. Some of the IR radiation is 

absorbed by the sample and some of it is passed through (transmitted). The resulting spectrum 

represents the molecular absorption and transmission, creating a molecular fingerprint of the 

sample. As two fingerprints never match, similarly no two unique molecular structures produce 

the same IR spectrum [20]. Therefore, IR spectroscopy can result in a positive identification 

(qualitative analysis) of every kind of material. In addition, the size of a peak in the spectrum 

is a direct indication of the amount of material present. With modern software algorithms, IR 

is an excellent tool for quantitative analysis and is among the top three analytical techniques in 

Web of Science (WoS) with 50 000 articles per year [20,21]. The peaks in the IR spectrum of 

a sample represent the excitation of vibrational modes of the molecules in the sample and thus 

are associated with the various chemical bonds and functional groups present in the molecules.  

 

II.2.1. Principle 

The IR region is commonly divided into three smaller areas: near-IR (400-10 cm-1), mid-IR 

(4000)-400 cm-1), and far-IR (14,000-4000 cm-1) [22]. IR electromagnetic radiation is 

insufficient to excite electrons, unlike UV-vis excitation or x-rays [23], but intensifies the 

molecular and rotational vibrations. The far IR region of the spectrum (lower energy toward 

400 000 nm) quantifies changes induced by rotational vibrations, while the near IR region 

includes both vibrational-rotational vibrations (toward 700 nm). The absorption frequency 

varies with vibrational modes, while the intensity depends on how effectively molecules absorb 

energy, which depends in turn on the change in the dipole moment. Compounds with a dipole 

moment selectively absorb infrared (IR) radiation according to their characteristic functional 

groups—hydroxyl, nitirle, amide, for example (Fig. 8). As the compounds absorb energy the 

molecule vibrates more–stretching and bending–depending on its geometry. The vibrational 

modes correspond to distinct energies, and molecules absorb IR radiation only at certain 
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wavelengths and frequencies. Chemical bonds vibrate at characteristic frequencies, and when 

exposed to IR radiation, they absorb the radiation at frequencies that match their vibration 

modes. Measuring the radiation absorption frequency produces a spectrum that can be used to 

identify functional groups and compounds. An IR spectrogram plots the absorbance vs the 

wavelengths varying from (700 to 400 000 nm and wave numbers from 14 000 to 25 cm-1). 

Symmetrical molecules like diatomic gases—N2, H2, and O2—have no dipole moment and 

consequently have no characteristic IR spectrum fingerprint [24]. 

 

Figure 8: Range of IR spectroscopic stretching bands. 

IR photons have enough energy to cause groups of atoms to vibrate with respect to the bonds 

that connect them. Like electronic transitions, the vibrational transitions correspond to distinct 

energies, and molecules absorb IR radiation only at certain wavelengths and frequencies. 

Chemical bonds vibrate at characteristic frequencies, and when exposed to IR radiation, they 

absorb the radiation at frequencies that match their vibration modes. Measuring the radiation 

absorption frequency produces a spectrum that can be used to identify functional groups and 

compounds [22]. 

 

II.2.2. Instrumentation 

There are three basic spectrometer components in an FT: a radiation source, an interferometer, 

and a detector. The interferometer divides radiant beams, generates an optical path difference 

between the beams, and generates interference signals measured as a function of the optical 

path difference by the detector. As its name implies, the interferometer produces interference 

signals, which contain IR spectral information generated after passing through the sample. The 

most preferred interferometer is a Michelson interferometer, consisting of three active 

components: a moving mirror, a fixed mirror, and a beam splitter. The two mirrors are 
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perpendicular to each other. The beam splitter is a semi reflecting device and is often made by 

depositing a thin film of germanium onto a flat potassium bromide (KBr) substrate. Radiation 

from the broadband IR source is collimated and directed into the interferometer and impinges 

on the beam splitter producing two beams of roughly the same intensity. One beam strikes the 

fixed mirror and returns to the beam splitter. The other beam goes to the moving mirror. The 

motion of the moving mirror makes the total pathlength variable versus that taken by the fixed 

mirror beam. When these two beams meet up again at the beams splitter, they recombine, and 

the difference in their path lengths create constructive and destructive interference, an 

interferogram. The recombined beam passes through the sample. The sample absorbs all the 

wavelengths characteristic of its spectrum and then subtracts specific wavelengths from the 

interferogram. The detector now reports variation in energy-versus-time for all wavelengths 

simultaneously. A laser beam is superimposed to provide a reference for the operation of the 

instrument. Fourier transform function convert the intensity-versus-time spectrum into an 

intensity-versus-frequency spectrum [25] (Fig. 9). 

 

 

Figure 9: Schematic diagram of a Fourier transform infrared instrument. 
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Chapter III  
Chronoamperometric Detection of Amoxicillin                                                                                                                               
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I. Introduction 

Amoxicillin (AMX) is a semi-synthetic β-lactam antimicrobial agent used in the treatment and 

prevention of bacterial infections in animals and humans [1]. It not only possesses antimicrobial 

activity against most gram-positive and gram-negative bacteria, but it also presents higher 

absorption rate, following oral administration, than other β-lactam antibiotics. The World 

Health Organization (WHO) has categorized it as a critically important antimicrobial agent in 

human medicine [2]. However, AMX can cause harmful effects to humans, like central nervous 

system (CNS) disorders, spermatogenesis and many more [3]. Thus, it is necessary to develop 

a sensitive method for the determination of AMX.  

Many analytical techniques have been reported for the determination of AMX such as 

spectrometry [4-7], chromatography [8-9] and chemiluminescence [10]. Furthermore, most of 

the mentioned methods are expensive, needing complex pretreatments, consuming large 

samples volumes and time. Therefore, electrochemical methods with their high sensitivity, fast 

response, easy operation and cost-effective, have been widely used for the determination of 

AMX, such as cyclic voltammetry [11], square wave voltammetry [12], differential pulse 

anodic stripping voltammetry [13] and linear sweep voltammetry [12].   

Some of the previous studies reported that the detection of AMX has been based on metal ion-

catalyzed hydrolysis of the antibiotic [5,7], where the antibiotic–metal complex is considered 

as intermediate in the hydrolytic reaction [12]. Among the metal ions, copper (II) is an essential 

transition metal ion for the human diet and biochemical processes, participating in various 

physiological reactions of living organisms [14-15]. In the human body amoxicillin can interact 

with copper (II) ions which are present as free ions or coordinatively bounded to bioligands, 

these reactions can influence processes of the biosynthesis of antibiotics, so the knowledge of 

this interaction is of great importance [16-18].  

The copper (II) ion catalyzed hydrolysis of AMX has been widely investigated [5-6]. This 

metal-catalyzed hydrolysis seems to have a complex chemistry, involving the catalyzed effect 

of the metal ion as well as complex formation. So far, various analytical methods including 

spectrophotometry [5,19], fluorimetric [20], pH-potentiometry [21] and electrospray ionization 

mass spectrometry (ESI-MS) [22], have been used for studied the interaction of AMX with 

copper (II) ions, only in one study this interaction was studied by electrochemical method [4]. 

To our best knowledge, this study is among the first to investigate copper-amoxicillin complex 

ions by square wave voltammetry (SWV) and chronoamperometry. Moreover, there were no 

reports on the detection of amoxicillin by chronoamperometry. Therefore, we have undertaken 
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chronoamperometric measurements for the determination of (AMX) in the presence of copper 

(II) ions at carbon paste electrode. The complexation reaction of the Cu(II) by AMX was 

characterized by UV-visible spectroscopy, Infrared spectroscopy (IR) and square wave 

voltammetry (SWV). The influence of different organic compounds on the AMX determination 

and the effect of coexisting of other metal ions in electrolytic solution were studied. The method 

is successfully applied for the determination of AMX in blood samples and pharmaceutical 

tablets. 

II. Experimental 

II.1. Reagent 

Amoxicillin (98% purity) was obtained from Sigma–Aldrich Laboratories. Copper (II) sulfate, 

nitrate of iron (II), nickel (II), cobalt (II), zinc (II), aluminum (III) and lead (II) were obtained 

from Scharlau, Janssen Chimica, Merck and Sigma-Aldrich and were used as received. 

Phosphate buffer solution (pH =7) used as supporting electrolyte was prepared by mixing 

appropriate amounts of potassium hydrogen phosphate and potassium dihydrogen phosphate 

(Sigma–Aldrich). Tablets containing amoxicillin labeled 1g was obtained from a commercial 

source. Blood samples were obtained from healthy volunteers. 

II.2. Apparatus 

All electrochemical experiments were investigated using a VOLTALAB PGZ 100 potentiostat 

controlled by voltamaster 4 data acquisition software. An electrochemical cell involving three 

electrode using a carbon paste electrode (CPE) as working electrode, platinum wire as counter 

electrode and Ag/AgCl in saturated KCl as the reference electrode. Spectrophotometric 

measurements were made on a UV/Vis spectrophotometer (Shimadzu spectrophotometer, 

model biochrom). Infrared (IR) spectra were taken in a PerkinElmer Fourier transform FT-IR 

spectrometer (FTIR-2000). The values of pH were adjusted using the pH-meter (Radiometer, 

SENSIONTM, PH31, Spain). 

II.3. Procedure 

II.3.1. Electrochemical Studies 

Chronoamperometric analysis of AMX was performed using CPE. The working electrode was 

placed in an electrochemical cell containing 30 mL of 0.1 M phosphate buffer solution (pH 7) 

and 0.1 mM copper (II). The working electrode operated at -150 mV vs Ag/AgCl under a slow 

constant stirring of 100 rpm. When a stable baseline current was acquired, a volume of 0.5 mL 



70 
 

of different known concentrations of AMX was added and the response was recorded. Square-

wave voltammograms were recorded between 0.0 and +1.0 V vs. Ag/AgCl. All measurements 

were obtained at room temperature. 

II.3.2. Spectrophotometric measurements 

The reaction of the Cu(II) ions with AMX was studied spectrophotometrically under various 

experimental conditions. The effect of different Cu(II) concentrations on the absorption spectra 

of AMX was studied after a reaction time of 5 min (randomly selected) at room temperature. 

Thereafter, the reaction time was investigated, within the range from 2 min to 90 min. The 

absorbance measurement was carried out at a wave number (λ) ranging between 400 and 900 

nm. 

II.3.3. Preparation of solid complex 

The solid AMX–Cu complex was prepared by adding 25 mL of a 0.01 M metal solution to 25 

mL of a 0.01 M AMX dissolved in a phosphate buffer solution (pH=7) with continuous stirring 

at room temperature for 48h. The product was filtered through a filter paper, and it was dried 

by keeping it at room temperature. An aliquot of the solid complex (1%) was thoroughly mixed 

with KBr (99%) and pressed to prepare the pellet for IR measurement. 

II.3.4. Sample preparation 

Amoxicillin medicaments were purchased from local pharmacy. Each tablet contains 1g of 

AMX. They were powdered in a mortar and a portion of the powder equivalent to the average 

weight of one tablet was dissolved in PBS (pH 7). Then, the prepared samples of amoxicillin 

were analyzed using the developed electrochemical method. The human blood obtained from 

healthy volunteers was centrifuged at 4000 rpm for 30 min to separate serum and plasma. The 

amperometric measurement is implemented in 30 mL of serum containing 0.1 M PBS and 0.1 

mM Cu(II) with the injection of serum spiked with 1.0×10−4 M, 5.0×10−5 M and 1.0×10−5 M of 

AMX. 

III. Results and discussions 

III.1. Electrochemical behavior of AMX/Cu 

The electrochemical behavior of AMX/Cu at carbon paste electrode (CPE) was investigated 

using cyclic voltammetry (CV) and square-wave voltammetry (SWV). Cyclic voltammograms 

for the electro-oxidation of 1 mM AMX in PBS at pH 7.0, as shown in Fig.1 A, present an 
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oxidation wave at 0.85 V. which is attributed to the oxidation of OH group of the phenolic sites 

of the AMX (ϕ–OH) [23]. The mechanism proposed for the electrochemical oxidation of AMX 

is (Scheme 1): 

 

Scheme 1: Proposed mechanism for the electrochemical oxidation of AMX.  

The presence of 0.1mM Cu(II) reveals a considerable influence on the electrode response. It 

observed that the anode current of AMX in the presence of Cu(II) is significantly lower than 

that where copper does not exist in the solution, which could be due to the formation of an 

electro-inactive compound as result of the reaction between AMX and Cu(II).  

 

 

Figure 1: (A) Cyclic voltammograms of 1.0×10-3 M AMX, 1.0×10-3 M AMX + Cu(II) in PBS pH=7 at 

CPE and (B) Square-wave voltammograms of 1.0×10-4 M AMX, 1.0×10-4 M AMX + Cu(II), and PBS 

pH=7 (blank) at CPE.  

 

The electro-oxidation square-wave voltammograms of 0.1 mM AMX in both absence and 

presence of 0.1 mM of Cu(II) in PBS (pH=7) are compared in the fig. 1B, as can be seen, the 

anodic peak potential of amoxicillin oxidation on carbon paste electrode is about  0.7 V.  The 

presence of Cu(II) had a tremendous influence on the electrode response, it is apparent that the 
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anodic current of AMX in the presence of Cu(II) is significantly less than that of a solution 

without it. This decrease is directly related to both to the decrease in the concentration of AMX 

and the formation of new formed product, which cannot be oxidized at the working electrode. 

 

 

Figure 2: (A) Cyclic voltammogramms of 1.0×10-3 M AMX in PBS (pH=7) for various scan rates (0.05 

– 0.2 Vs-1); (B) Variation in peak current of AMX with root of scan rate; (C) Tafel plot for 1.0×10-3 M 

AMX in PBS (pH=7) at scan rate 20 mV s−1. 

 

Fig. 2A shows the cyclic voltamograms of AMX recorded at different scan rates in the range 

from 0.05 V to 0.2 V. The effect of peak current of 1.0×10−3 M AMX vs. square root of scan 

rate was recorded (Fig. 2B). A good linear relationship was obtained, showing that the oxidation 

reaction of AMX is controlled by diffusion process, which confirms the Randles–Sevcik law. 

Furthermore, to calculate the electronic transfer coefficient and number of electrons transferred 

in the rate determining step, a plot between peak potential and log I of AMX oxidation was 

registered (Fig. 2C). From the slope of this plot, a value of 0.44 for αnα was obtained according 

to the following equation (Eq. 1):  

                                                              b = 2.303RT/αnαF                                                        Eq. 1         
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With b: the slope of Tafel plot (V); α the transfer coefficient and nα the number of electrons 

transferred in the rate determining step [24].  

Indeed, the electron transfer coefficient was found to be α= 0.4 by assuming n = 1. 

 

III.2. Spectroscopic characterization of AMX/ Cu(II) complex 

The reaction of Cu(II) ions with AMX was studied spectrophotometrically with UV-Visible. 

The UV-visible spectra of 1.0×10-4 M AMX in phosphate buffer solution (pH=7) shows a strong 

absorption band at 229 nm corresponding to the β-lactam bond [25] and a second band of low 

intensity at 272 nm relating to aromatic rings as it is illustrated in Fig. 3A. However, in presence 

of Cu2+ ions, a new absorption band appeared clearly at 324 nm when the mole ratio amoxicillin: 

Cu(II) ion was equal to 1:1 or 1:2 and the band at 229 nm which originated from the β-lactam 

bond was significantly deformed due to the complex formed with Cu(II) demonstrating the 

involvement of the C=O of the lactam ring in the chelation process. The effect of the reaction 

time was investigated in the range from 2 min to 120 min. As can be seen in Fig. 3B, the band 

centered at 324 nm appears at the beginning of reaction, but no other changes have been 

recorded after longer duration.co 

 

Figure 3: (A) Effect of concentration of Cu (II) on the UV-visible spectra of 1.0×10-4 M AMX in 

phosphate buffer solution (pH=7) at contact time of 5 min. (B) Absorption spectra of 1.0×10-4 M AMX 

with 1.0×10-4 M Cu (II) in phosphate buffer as a function of react. 

IR spectra of AMX and Cu(II)-AMX were recorded in a spectral domain between 4000 and 400 

cm-1 (Fig. 4). Tablets for IR were prepared by mixing 1 % of the solid complex and 99 % of 

KBr.  
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For the free AMX ligand, the band at 3157 cm-1, is due to ν(NH) vibration of the amino group, 

the other band at 3057 cm−1 may be due to the vibration of the imino group. Ligand band at 

3485 cm-1 was assigned to ν(OH) [26].  

The next diagnostic band in the free ligand is this of stretching of phenolic OH, which appears 

at 3381 cm-1. The band at 1778 cm-1 attributed to ν(C=O) of the β-lactam group for AMX, the 

strong band at 1687 cm-1 is characteristic of the C=O group of the amide ν (–CO–NH–). The 

carboxylic group band of the AMX appears at 1255 cm-1, sharp bands at (1590, 1485 cm-1) 

are assigned to asymmetric νas(COO-) and symmetric νs(COO-) stretching of carboxylate 

respectively. 

 

 

Figure 4: IR spectra of Amoxicillin and Amoxicillin complex: AMX-Cu.p 

IR spectra of the complex AMX-Cu confirmed the absence of the β-lactam ring, indicating the 

involvement of the C=O of the lactam ring in the chelation process. The carboxylic group band 

of the AMX disappears also in the spectra of the AMX-Cu complex and this indicates the 

participation of the carboxylate in the complex formation. The shift of ν(NH) of the amide 

group (–CO–NH–) toward lower wave numbers, from 1687 cm-1 to 1654 cm-1 on complexation 

suggests coordination via the NH of the amide group. The two bands of NH2 and NH groups 

are shifted on complexation indicating the involvement of both in complex formation. New 

band at 562 cm-1 can be attributed to ν(Cu–O) of carbonyl [27]. 
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The coordination model for Cu-AMX complex proposed thereby includes two nitrogen donors 

provided by the primary amine and the amid group and two oxygen donors from the carbonyl 

group C=O group and the carboxylic group, according to the following reaction mechanism 

(Scheme 2): 

 

Scheme 2: The proposed structure of the Cu(II)-amoxicillin complex [28].  

 

The shift of ν(NH) of the amide group (–CO–NH–) toward lower wave numbers, from 1687 

cm-1 to 1654 cm-1 on complexation suggests coordination via the NH of the amide group. The 

two bands of NH2 and NH groups are shifted on complexation indicating the involvement of 

both in complex formation. New band at 562 cm-1 can be attributed to ν(Cu–O) of carbonyl 

[27]. The coordination model for Cu-AMX complex proposed thereby includes two nitrogen 

donors provided by the primary amine and the amid group and two oxygen donors from the 

carbonyl group C=O group and the carboxylic group, according to the following reaction 

mechanism (Scheme 2). 

III.3. Complexation study of Cu(II)/AMX by chronoamperometry  

Chronoamperometry, as well as other electrochemical techniques, was employed for the study 

of electrode processes at the working. The protocol for AMX determination was based on the 

reaction between AMX and copper (II) ions electrode by setting the working electrode at 

optimum applied potential. To select an optimal detection potential for amoxicillin, the effect 

of applied potential on the current response was tested in the range of 200mV to −300mV (Fig. 

5). The maximum current response corresponding to the injection of 1x10-4 M AMX was 

observed for an applied potential of -150mV. Thus -150 mV was chosen as the applied potential 

for AMX detection in successive experiments. 



76 
 

 

Figure 5: Influence of the applied potential on the response of 1.0×10-3 M AMX obtained in PBS 

using chronoamperometry measurements. 

The optimization of the reaction time between AMX and copper (II) was afterward studied. Fig. 

6A shows that when adding 0.5 mL of 1.0×10-4 M AMX to 1.0×10-4 M copper (II) ions, a 

significant increase in signal current was recorded, and the response current reached maximum 

steady state current within 2 min of AMX injection and remained almost constant throughout 

the experiment. Thus, 2 min was chosen as the optimum reaction time for AMX detection for 

subsequent experiments.  

To further investigate the behavior of copper (II) in the presence of AMX at CPE, successive 

additions of 0.5 mL 1.0×10-4 M AMX in PBS (pH 7) were established using 

chronoamperometry (Fig.6 B). For each injection, a sharp increase in the amperometric current 

is observed, which was related to the decrease in copper (II) ions concentration in the 

electrochemical cell after their chemical reaction with AMX. In addition, the variation of 

current intensity (ΔI) is directly related to the concentration of the AMX added. As displayed 

in the chronoamperogram, a significant increase in signal intensity (ΔI) was reported after each 

injection of 0.5 mL of 1.0×10-4 M AMX.  

Chronoamperometry has been employed for the estimation of the diffusion coefficient of AMX 

in the solution. For an electroactive material with diffusion coefficient D, the corresponding 

current to the electrochemical reaction (under diffusion control) is described by Cottrell 

equation (Eq. 2) [28].  

                                                            I = nFAD0.5C0(πt)−0.5                                                                                           Eq. 2 
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where I is the measured current, A is the electrochemically active area, D is the diffusion 

coefficient (cm2 s−1) and C0 bulk concentration of AMX (mol cm−3).  

 

 

Figure 6: (A) Chronoamperogram obtained by addition of 0.5 mL of 1.0×10-4 M AMX in an 

electrochemical cell containing 1.0×10-4 M Cu(II) for a reaction time of 40 min, (B) chronoamperogram 

obtained by successive addition of 0.5 mL of 1.0×10-4 M AMX in solution  containing 1.0×10-4 M Cu(II). 

(C) Variation of current intensity as a function of the inverse of root of reaction time for various 

concentration of AMX, and ( (D) dependence of IC/IL on t1/2 derived from chronoamperograms. 

Fig.6C shows the experimenal plots of I vs. t-0.5 with the best fits for different concentrations of 

AMX. From the slopes of the resulting straight lines and using the Cottrell equation (Eq. 2), the 

mean value of the D was found to be 4.82 × 10−5 cm2 s-1. 

The reaction constant (k) of Cu-AMX, for the reaction between AMX and Cu(II) was further 

predicted according to the Galus method (Eq. 3) [29].  

                                                                IC / IL= π1/2 (kCbt)1/2                                                          Eq. 3 
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where IC is the electrical signal of AMX in the presence of copper (II), IL is the limiting current 

in the absence of copper (II), Cb is the bulk concentration of AMX, and t is the contact time (s). 

The reaction constant k was calculated using the above equation. Based on the slope of the IC/IL 

versus t1/2 plot (Fig.6D), k can be obtained for a given AMX concentration. The average value 

of k was found to be 188.9 mol-1 cm2.  

III.4. Amperometric detection of Amoxicillin 

III.4.1. Calibration curve 

Chronoamperometric response of AMX was recorded for various concentrations of copper (II) 

by adding a series of AMX concentrations under magnetic stirring on the CPE at a constant 

potential of -150 mV. As summarized in Table 1, a low detection limit (DL) has been obtained 

for a copper (II) concentration of 1.0×10-4 M.  

 

Table 1: Results obtained from linear regression curves for the determination of AMX for different 

concentration of Cu (II). 

[Cu (II)] / M DL(μM) QL(μM) R2 Slope 

5.0×10-4 0.153             0. 51        0.985       0.0216 

1.0×10-4 0.088             0.29 0.987 0.0328 

5.0×10-5 0.12             0.40 0.987 0.0274 

 

A linear correlation between the current response and the AMX concentration was found in the 

range from 1.46×10-5 M to 1.95×10-7 M (Fig.7), which can be represented by a regression 

equation as I(μA) = 0.328 [AMX] (µM) + 0.013 (R2=0.987). The limit of detection (DL) was 

calculated through the ensuing formulas 3Sb/m [30], where Sb is the standard deviation of the 

blank signal (obtained based on 8 measurements on the blank solution) and m is the slope of 

the calibration curve. Therefore, the DL was found to be 8.84×10-8 M. 

The detection limit was calculated to be 8.84×10-8 M. To show advantages of the proposed 

method on the determination of amoxicillin, these values are comparable with values reported 

by some previously reported works [12,23,31-35]. The corresponding results are summarized 

in Table 2. Analytical performance of the proposed method is competitive to the previously 

reported AMX detection. 
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Figure 7: Chronoamperograms of AMX for different concentrations within the range 1.95 × 10-7 M to 

1.46 × 10-5 M at carbon paste electrode and calibration curve as figured in insert.
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Table 2: Comparison of the characteristics of the developed method with previously reported works on the determination of amoxicillin. 

Method Electrode DL (μM) 

 

LDR (μM) Ref 

 

Chromatography _ 0.041 

 

0.041-1.36  

 

[31] 

LC-MS/MS _ 0.0136 

 

0.0136-54.7  

 

[32] 

Spectrophotometry  

 

_  13.6-82  

 

[33] 

SWV Glutaraldehyde/GA/GCE 0.92 2-25 [12] 

SWV Cu(II)-NCL-CPE 0.02 0.04-100 [23] 

DPV B-Diamond  0.25 0.5- 40 [34] 

CV MWCNTs modified GCE 0.2 0.6-8.0 and 10.0-80.0 [35] 

Chronoamperometry CPE 0.088 0.195-14.6 This work 
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III.4.2. Interference studies 

The interference of different metal ions such as Fe(II), Cd(II), Ni(II), Al(III), Co(II), Zn(II) and 

Pb(II) on the AMX determination was investigated (Fig.8). Under the optimal operational 

conditions two of the following metallic ions analyzed –Fe(II), Zn(II)– produced an interfering 

electrochemical signal, and no interference was observed for other metals. The interference 

observed from Fe(II) ions, may be due to their interaction with the β-lactam ring of the AMX. 

However, free Fe(II) ions have low stability in aqueous solutions due to their spontaneous 

oxidation to Fe(III), and Cu(II) reduction occurred simultaneously. The lowest recovery is 

obtained for the Zn(II) ions taking into account that in the literature, Zn (II) ions are often used 

to catalyze the amoxicillin degradation reaction [36]. The interferences of the Zn(II) and Fe(II) 

can be removed by selective precipitation using the azelaic acid [37]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The influence of various organic compounds on the determination of AMX was also studied.                     

Table 3 shows the effect of paracetamol, salicylic acid, 4-nitrophenol, ascorbic acid and 

dopamine on the recovery of AMX and Cu(II) reaction. The results showed that all the organic 

compounds mentioned above dont interfere in the reaction of AMX with copper in all portions. 

Figure 8: Influence of coexisting substances on the determination of 1.0×10-4 M AMX. 
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Table  3: Interferences effect of organic compounds on the determination of 1.0×10-4 M AMX at 

carbon paste electrode. 

Interfering Concentration 

(1×10-5 M) 

Recovery 

(%) 

RSD 

 

 

Paracetamol 

 

5.0                            

 

                 91.64                                                     

 

          3.43 

 10.0 92.55                          4.64 

 50.0 94.13 3.85 

Salicylic acid 5.0 93.65                      4.03 

 10.0 96.14 3.38 

 50.0 98.86 0.85 

4-nitrophenol 5.0 92.51 1.58 

 10.0 94.10 2.07 

 50.0 97.27 1.14 

Ascorbic acid 5.0 92.10 3.75 

 10.0 94.78           1.47 

 50.0 96.14           2.40 

Dopamine  5.0 94.35           2.21 

 10.0 95.71           4.05 

 50.0 98.19            3.51 

 

III.4.3. Analytical application in real samples 

Analytical application in real sample was explored by determining AMX in pharmaceutical 

samples and blood. The AMX content in the pharmaceutical tablets was measured using the 

standard addition method. For this purpose, the required amount of powdered formulations was 

taken and the test solutions were prepared as described in the experimental section.  

The chronoamperograms were then recorded with optimized parameters, and the AMX content 

was determined using a calibration graph. The reported and calculated values of the AMX 

content in the respective pharmaceutical tablets are compared in Table 4. The results obtained 

show that the amount calculated is in perfect agreement with the amount claimed. 

Table  4: Recovery results obtained for the determination of AMX in pharmaceutical tablets. 

Name of drugs 

 

AMX found (mg/tablet) 

 

RSD (%) 

 

Recovery (%) 

 

Augmentin 

Aximycine 

Novoclin 

Pneumocid 

1033.31 

1061.39 

1019.32 

1006.12 

2.68 

2.59 

6.06 

4.25 

103.3 

106.10 

101.93 

100.63 
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For analytical determination of AMX in blood, a spike recovery test was carried out by the 

addition of different amounts of AMX to blood. The results are summarized in Table 5. All the 

measurements were repeated for three times under the same conditions. The recovery of the 

spiked samples varied from 91.83% to 97.16%. These results showed that proposed method 

was satisfactory applied for analytical determination of amoxicillin in real samples. 

 

Table 5: Recovery results obtained for the determination of AMX in human blood. 

 

IV. Conclusion  

As a conclusion, a new electrochemical method with very high sensitivity has been developed 

for the detection of AMX after complexation with copper (II) at carbon paste electrode. The 

kinetic parameters such as electron transfer coefficient and reaction constant were also 

determined using various electrochemical approaches. A mechanism for the oxidation of AMX 

at the electrode has been proposed. Chronoamperometric detection of AMX was obtained in 

the concentration range from 1.46 × 10-5 M to 1.95×10-7 M. The detection limit was found to 

be 8.84×10-8 M. The proposed method was employed for the amperometric determination of 

AMX in real samples such as drugs and human blood.

AMX Added (1×10-4 M)                        AMX Found (1×10-4 M)                  Recovery (%) 

0                                                                        <DL                                                - 

0.1                                                                     0.092                                      91.83±0.63 

0.5                                                                     0.480                                      96.13±1.41 

1                                                                        0.970                                      97.16±1.98 
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I. Introduction  

β-lactam antibiotics are among the most successful drugs used for individual therapy, and they 

represent around 50-70% of total antibiotic consumption [1]. Among β-lactam antibiotics, 

amoxicillin has a particular importance, due to its effectiveness against a broad spectrum of 

bacterial infections and its pharmacological and pharmacokinetic properties, it is also used for 

the prevention and treatment of respiratory, urinary, gastrointestinal, and bacterial skin 

infections [2-4]. 

The interactions between amoxicillin and metal ions have acquired a growing interest due to 

their potential applications [5-7]. It has been demonstrated that amoxicillin interacts effectively 

with several metal ions due to the presence of donor sites like the O- and N- containing 

functional groups in its chemical structure [8-9]. 

On the other hand, because of their biological importance, several studies have demonstrated 

metal-antibiotic complex formation in different conditions using thermal and spectroscopic 

methods. They showed that metals can react with AMX by different binding modes [10-14]. In 

their work, El-Gamel reported that the majority of solid chelates derived from various metal 

complexes with ampicillin and amoxicillin have octahedral geometry, while the Cu (II) and 

UO2(VI) complexes have a four- and seven-coordination.The synthesis and characterization of 

all chelates was performed using different analytical methods [11]. Interaction of amoxicillin, 

ampicillin, and cephalexin with Al(III) in aqueous solution and amoxicillin interaction (AMX–

) with divalent metals like Zn(II), Mn(II), Ni(II), Co(II) and Cd(II) in aqueous solution at 20°C 

of an ionic strength of 0.1 (KNO3) by pH-metric titration were reported [12,13]. Orabi 

investigated the acid-base equilibria of amoxicillin in different solvents and water mixtures and 

pure water with the determination of the formation constant of the complexes formed by 

reaction of the ligands with Mg(II), Ca(II), Cu(II), Zn(II), Ni(II), Ce(III), Co(II), Pr(III), Eu(III), 

Gd(III), Ho(III), Er(III), and Yb(III) [14]. 

The complexation reaction of amoxicillin and metal ions were obtained with the molar ratio of 

1:1, 1:2, and 2:1 (AMX:M). Almost all reaction of the amoxicillin complexation with metal 

ions were studied by spectroscopic methods, while all the electrochemical papers reported in 

the literature have been focused on the determination of AMX [15-23]; however, they did not 

investigate the interference of metal ions [15-21]. In the previous chapter, we reported that the 

electrochemical behavior of AMX is influenced by the presence of certain metal ions. The 

present chapter was undertaken in order to conduct an in-depth study to elucidate the effect of 

metal ions such as Cu(II), Zn(II), Fe(III) on the electrochemical behavior of AMX.  
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On the other hand, the chelation of transition metal ions modifies their redox potential and can 

inhibit the oxidation of some transition metals such as Cu(I) and Fe (II) [24-27] by the formation 

of Ligand-Metal complex. The complexation effect on redox potentials [28,29] has incited us 

for further study of amoxicillin stability concerning its oxidation by metal ions as complexing 

agents. In this chapter, the electrochemical mechanism of AMX oxidation was investigated 

using square wave voltammetry. The oxidation protection of OH groups of amoxicillin by metal 

ions such as Cu(II), Zn(II), Fe(III) was studied by different electrochemical methods. 

II. Experimental 

II.1. Reagents 

All chemicals used in this study were of analytical grade. Amoxicillin trihydrate 

C16H19N3O5S.3H2O (95%) was purchased from Aldrich, while the metal salts Fe(Cl)3, CuSO4 

and ZnSO4·7H2O were obtained from fluka. The phosphate buffer solution was prepared from 

dipotassium hydrogen phosphate (K2HPO4) and potassium dihydrogen phosphate (KH2PO4) 

(Sigma–Adrich). Distilled water was used in all experiments. 

II.2. Apparatus 

The electrochemical experiments were carried out using a potentiostat (Voltalab PGZ 100) 

controlled by Voltamaster 4 data acquisition software with a three-electrode electrochemical 

cell: a Pt wire was used as a counter electrode, Ag/AgCl electrode as a reference, and the carbon 

paste electrode (CPE) as the working electrode. The UV-Visible spectra of the ligand and 

complexes solutions were measured by a recording Shimadzu spectrophotometer, model 

biochrom, at room temperature. Infrared (IR) spectra were taken in a PerkinElmer Fourier 

transform (FT)–IR spectrometer (FTIR-2000). All pH measurements were performed using a 

pH-meter (Radiometer, SensIONTM, pH31, and Spain). 

II.3. Procedure 

II.3.1. Operational conditions of electrochemical measurements 

Curves of cyclic voltammetry (CV) and square-wave voltammetry (SWV)were recorded at 

carbon paste electrode (CPE) in phosphate buffer solution (pH=7) containing 1.0×10-4 M 

amoxicillin in the absence and presence of different concentrations of metal ions (Cu (II), 

Zn(II), Fe(III) ). 
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II.3.2. UV-Visible spectroscopy analysis 

The UV-visible spectral studies of the interaction between metal ions and AMX were carried 

out at room temperature by ranging wavelengths between 190 and 900 nm. The AMX 

concentration in all the experiments was kept at 1.0×10-4 M. The effect of metal ions 

concentration on the absorption spectra of AMX was studied in the range from 1.0×10-6 to 

2.0×10-4 M after a reaction time of 5 min. The effect of reaction time was also investigated. 

II.3.3. Synthesis of the metal complexes 

The solid M–AMX complexes were prepared by adding 10 mL of a 0.01 M metal salt solution 

to 10 mL of a 0.01 M AMX solution dissolved in a phosphate buffer solution (pH=7). The 

solution was stirred continuously at room temperature for 2h. The resulted precipitate was 

filtered through a filter paper, and then it was dried by keeping it at room temperature. 

III. Results and discussion 

III.1. Electrochemical behavior of Amoxicillin  

The AMX is electro-oxidizable by CPE at positive potentials. Several buffer solutions were 

used for AMX oxidation on unmodified electrode, but no voltammetric signal was observed. 

The condition under which a good signal can be observed is using phosphate buffer solution 

(pH=7.0). Cyclic voltammogram obtained for the electrochemical oxidation of amoxicillin 

(5.0×10-4 M) in phosphate buffer solution at pH 7.0, was shown in Fig. 1.  

 

Figure 1: Cyclic voltammograms of 1.0×10-3 M AMX in PBS (pH=7) at CPE.
 

Square-wave voltammograms in the presence of selected metal ions were recorded at the CPE 

in phosphate buffer solution (pH =7) within the potential range from 0.2V to 1.2V (Fig. 2). It 
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reveals that in the presence of Cu(II) ions, the current intensity of the anodic peak of AMX at 

0.7 V decreases, while at the same time, a new peak appears at 0.98V, that can be ascribed to 

the oxidation of amoxicillin bonded with Cu(II) ions in the coordinative compound (AMX-Cu). 

In the presence of Zn(II), the SWV shows a significant decrease in the current intensity of the 

anodic peak of AMX, which could be due to the formation of an electro-inactive compound as 

a result of the complexation reaction between AMX and Zn(II). 

 

Figure 2: Square-wave voltammograms of 1.0×10-4 M AMX; 1.0×10-4 M AMX + 1.0×10-4 M Cu(II); 

1.0×10-4 M AMX +1.0×10-4 M Zn(II); 1.0×10-4 M AMX + 1.0×10-4 M Fe(III). 

Table 1: Effect of metal ions on the oxidation peak current and potential of AMX in PBS (pH=7). 

Metal ions Anodic peak potential (V) Anodic peak current (µA) 

— 0.75 24.06 

Cu(II) 0.76 

0.98 

20.56 

30.60 

 

Fe(III) 0.81 14.4 

Zn(II) 0.77 11.84 
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Fig. 2. shows the electrochemical behavior of amoxicillin in the presence of Fe(III). After the 

addition of Fe(III), the positive shift of the oxidation peak potential was observed, although the 

current intensity decreased. These changes in oxidation peak for AMX in the presence of Fe(III) 

suggests an interaction between these two species. 

The positive shift in the oxidation potential is due to the complexation reaction between the 

AMX ligand and the metal ions. The interaction of AMX with all these metal ions leads to a 

decrease in AMX anodic peak intensity in all cases. The strongest interaction was observed 

between AMX and Cu(II), which is due to the appearance of a new peak (AMX-Cu) at Ep +0.2 

V. The effect of metal ions on the oxidation peak current and potential of AMX are summarized 

in table 1. 

 

III.2. Amoxicillin binding studies 

III.2.1. Electrochemical studies of the interaction of metal chelates with amoxicillin 

In order to study the interaction between AMX and the selected metal ions (Cu(II), Zn(II), 

Fe(III)),  change of the electrochemical behavior of AMX  were observed upon the addition of 

metal ions. SWV voltammograms were performed at different concentrations of metal ions. All 

experimental conditions were kept constant except for the addition of different metal ions 

concentrations.  

 

Figure 3: Effect of concentration of Cu (II) on square-wave voltammograms of 1.0×10-4 M AMX in 

PBS (pH=7) at contact time of 5 min. 
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Fig. 3 shows a series of voltammograms in the absence and presence of varying concentrations 

of Cu(II) ranging between 5.0×10-4 M and 5.0×10-6 M, after a reaction time of 5 min. The result 

revealed that the intensity of the anodic peak of amoxicillin decreased when the concentration 

of Cu(II) ions increased from 5.0×10-6 M to 1.0×10-6 M, a second anodic peak was detected at 

0.96 V for the Cu (II) concentration between 5.0×10-5 M and 1.0×10-4 M. These results 

demonstrated that at higher ligand concentrations the peak at 0.7 V begins to decrease, while a 

new peak at 0.96 V arises, which is related to the formation of the complex compound with 

higher ligand content. 

The influence of reaction time was also examined in the range 5–90 min, the obtained results 

did not show any significant changes in the SW voltammogram of 1.0×10-4 M AMX in the 

presence of 1.0×10-4 M Cu(II) with time. When Cu(II) was added to the solution containing 

AMX, the anodic peak at 0.96 V was immediately recorded, which proves that AMX interacts 

very rapidly with Cu(II). These results will be further verified in UV-visible spectroscopy 

section. 

 

Figure 4: Effect of concentration of Zn (II) on square-wave voltammograms of 1.0×10-4 M AMX in PBS  

(pH=7) at contact time of 5 min and variation of current intensity as a function of Zn(II) concentration 

as figured in insert. 
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The interaction of amoxicillin with Zn(II) ions was also investigated using square-wave 

voltammetry. Fig. 4 shows a series of SW voltammograms in the absence and presence of 

varying concentrations of Zn(II) ions, ranging between 1.0×10-6 M and 1.0×10-4 M. The 

obtained voltammograms showed a decrease in the intensity of the oxidation peakof AMX at 

0.7 V by increasing Zn(II) concentration. The oxidation peak of AMX is proportional to the 

added concentration of Zn(II) (Fig. 4 insert), confirming that Zn(II) interacted with AMX 

quantitatively. This result encourages the possibility of developing a method based on the 

detection of AMX consumed by Zn(II), in the absence of other interfering metals. The decrease 

in the intensity with the addition of Zn(II) reflects the binding progress of amoxicillin to Zn(II) 

ions. 

 

Figure 5: (A) Effect of concentration of Fe (III) on square-wave voltammograms of 1.0×10-4 M AMX in 

PBS (pH=7) at contact time of 5 min. (B) Square-wave voltammograms of 1.0×10-4 M AMX with 1.0×10-

4 M Fe(III) in PBS as a function of reaction time. 

The influence of reaction time was also studied; the obtained results show that the intensity of 

the anodic peak of AMX increased insignificantly with time. We suppose that this behavior is 

caused by an unknown electrochemical process of amoxicillin in the presence of zinc ions.  

The square-wave voltammetric behavior of amoxicillin in the presence of varying 

concentrations of Fe(III) ions is shown in Fig. 5A. The oxidation peak current of amoxicillin at 

0.7 V decreased with increasing Fe(III) ions concentration from 1.0×10-6 M to 1.0×10-4 M. This 
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observation indicates that some of the amoxicillin molecules interacted with Fe (III) ions, so 

their concentration in the aqueous solution decreased; as a result, a decrease in the intensity of 

the anodic peak of amoxicillin has been noticed. This result suggests that a binding event 

between amoxicillin and Fe(III) ions has occurred. 

The influence of reaction time was also investigated in the range [5–90 min]. The results (Fig. 

5B) show that the peak current decreased with an increase of the reaction time from 5 to 90 

min, which can be attributed to the interaction of amoxicillin with Fe(III). The presence of 

Fe(III) decreases clearly the anodic current of AMX in the first 5 min of the reaction, then after 

20 min of reaction time, a less significant decrease in AMX peak height was observed. The 

potential of the anodic peak of AMX shifts to more positive values as the time increases from 

30 min to 90 min, the most significant shift was observed for 60 and 90 min of reaction time. 

This displacement in the oxidation potential indicates that AMX oxidation becomes less 

favorable with increasing reaction time. 

The reduction of amoxicillin concentration and the positive shifts in the oxidation potentials are 

both consistent with the complexation of AMX to the metal ion [32]. In some cases, metal ions 

have a catalytic effect onto hydrolysis and the degradation of amoxicillin [33-35]. The metal 

ion−catalyzed degradation likely occurred via complexation of β-lactam antibiotic with 

carboxyl group and tertiary nitrogen, followed by hydrolytic opening of the β-lactam ring [36]. 

 

III.2.2. UV–visible absorption spectra of amoxicillin in the presence of metal ions 

UV-Visible absorption spectroscopy is considered the simplest and most commonly used 

instrumental technique for studying drug interactions with metals. This technique was applied 

to confirm the electrochemical results. Amoxicillin have an absorption band that can be clearly 

distinguished in the visible region. An easy way to determine if there is an interaction between 

the drug and metals. This interaction express by the appearance of new bands or the 

displacement of the maximum band position to another wavelength between the time the ligand 

is free in solution and when bonded to metals. 

The UV spectrum of AMX shows two major absorption bands in which, one around 230 nm 

corresponding to the β-lactam band [37] and a relatively low one at 272 nm of aromatic rings, 

as shown in Fig. 6A. However, in the presence of Cu(II) ions, the obtained spectra indicated a 

new absorption band near 325 nm, which appears clearly when the molar ratio amoxicillin: 

Cu(II) was equal to 1:1 or 1:2. This absorption is attributed to the formation of the coordinative 

compound (AMX-Cu) [38], with a significant increase in the band intensity at 230 nm, strongly 
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suggesting the formation of a complex. The band around 325 nm was also observed in the 

complexation of AMX with Fe(III) (Fig. 6B). 

 

 

Figure 6: (A) Effect of concentration of Cu(II), (B) Fe (III), (C) Zn(II) on UV-visible spectra of 

1.0×10-4 M AMX in PBS (pH=7) at contact time of 5 min. 

These results suggest that the observed UV-visible absorption bond at 325 nm is not from the 

hydrolysis process but is attributed to the formation of the metal-AMX complex. In contrast, 

when Zn(II) was allowed to complex with AMX, the new absorbance band at 325 nm was not 

observed. However, the band intensity at 230 nm increased with the increase in Zn(II) ions 

concentration as shown in Fig. 6C, which indicates that the coordination of AMX complex 

engaging the carbonyl oxygen atom at the β-lactam ring of amoxicillin [11,39], confirming the 

possibility of complex formation between AMX and Zn(II) ions.  

Fig. 7 exhibits the time-dependent UV-Visible absorption spectra of 1.0×10-4 M AMX in the 

presence of 1.0×10-4 M of metal ions (Cu(II), Zn(II)). As can be seen in Fig. 7A, once Zn(II) 
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was added to the solution,  the absorption band at 230 nm was immediately reshaped, and no 

major change was observed with the increasing time of the reaction. These results clearly 

suggest that the AMX can interact very rapidly with Zn(II) species in solution.  The new band 

with the maximum absorbance around 325 nm associated to the complexation of AMX with 

Cu(II) appears at the beginning of the reaction, but no other changes have been recorded after 

a longer duration (Fig. 7B). Therefore, it can be concluded that the interaction of amoxicillin 

with Cu(II) is rapid. 

 

 

Figure 7: UV-visible spectra of: (A) 1.0×10-4 M AMX+ 1.0×10-4 M Cu(II), (B) 1.0×10-4 M AMX+ 

1.0×10-4 M Zn (II) in phosphate buffer as a function of reaction time. 

III.3. Characterization of AMX/ Metal complex 

The electrochemical behavior of the complex between amoxicillin and metal ions was studied. 

As can be seen from the SW voltammograms of AMX-Cu complex (Fig. 8A), the oxidation 

potential of amoxicillin (0.7 V) was shifted, becoming more positive (0.9 V), this means that it 

is much easier to oxidize the ligand (AMX) than the complex (AMX-Cu), so coordination can 

be a new method of preventing amoxicillin oxidation. The new approach is based on the use of 

Cu(II) as chelates that stabilize AMX by increasing its oxidation potential, then inhibit its 

oxidation at 0.7 V. 

Several electrochemical studies, designed to probe the ability of various ligands to bind free 

metals in solution [40-44]. The most of these studies suggested that the shifts in redox peak 

values in the presence of ligands or chelators in solution confirm the complex formation, which 

is qualitatively similar to the result observed in the present work [40-42]. The SW 
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voltammograms of AMX-Zn and AMX-Fe(III) complex were also carried out compared to that 

of free AMX (Fig. 8A). The results indicated that the anodic peak of metal-bound AMX is less 

intense than that of the unbound AMX; this confirms the strong interaction of AMX with Zn(II) 

and Fe (III) ions. The SWV of AMX-Fe(III) shows also a new peak at 0.5 V, which can be 

attributed to the reduction of Fe(III) to Fe(II), so the chelating effect of Fe(III) against AMX 

was confirmed. 

It has been reported in the literature that amoxicillin submits a hydrolysis procedure involving 

oxidation in an alkaline medium to obtain an intense yellow product at 395 nm [45]. To exclude 

the possibility that the electrochemical behavior of amoxicillin is associated to hydrolysis 

products, the UV-Visible spectra of AMX-Metal complex were collected in Fig. 8B, as reported 

earlier in UV-visible spectra of free AMX, that showed two absorption bands at 229 nm and 

272 nm. In the case of AMX-Metal complex, the new absorption band appears at 347 nm, which 

is attributed to the formation of the coordinative compound (AMX-Metal) [38,46]. Nonetheless, 

it is concluded that the observed electrochemical behavior is attributed to the formation of 

AMX-Metal complex.  

 

 

Figure 8: (A) Square-wave voltammograms of AMX, AMX-Cu complex, AMX-Fe(III) complex, AMX-

Zn complex, (B) UV-visible spectra of AMX-Cu complex, AMX-Fe(III) complex, AMX-Zn complex. 

The infrared spectra of AMX ligand and its metal complexes were recorded in the range 400–

4000 cm−1 (Fig. 9). The band at 3000–3400 cm-1, in the free ligand is due to the presence of the 

water. Ligand bands at 3157 and 3057 cm-1 were assigned to ν(NH2) and ν(NH) respectively. 

These bands were absent in all complexes, suggesting the involvement of these sites in the 
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chelation process. The bands at 3485 in the free ligand attributed ν(OH), appears in all 

complexes almost at the same wavenumber as the ligand [47-49]. The carbonyl group of the β-

lactam ring appears as strong band at 1778 cm-1. This band ν(C=O) disappears upon the 

complexation, indicating the involvement of the C=O of the β-lactam ring in the chelation 

process [50-51]. The strong band at 1687 cm-1 is assigned to the C=O group of the amide.  This 

band ν (–CO–NH– ) is negatively shifted (Δν=33-40 cm-1) with some variation in the strength 

of the intensity (changed from strong band to shoulder one)  in all complexes [52].  

 

 

Figure 9: IR spectra of Amoxicillin and Amoxicillin complexes. 

The carboxylic group band of the Amoxicillin appears at 1255 cm-1 but disappears in the spectra 

of the AMX-metal complexes, which indicates the involvement of carboxylic group in the 

complexes formation [39]. Sharp bands at 1590 cm-1 and 1485 cm-1 are assigned to the 

asymmetric and symmetric stretching of the AMX carboxylate, respectively. The νs (COO-) 

shifted toward lower wavenumbers, while the νas (COO-) shifted towards higher wavenumber 

indicating the participation of the carboxylate in the coordination [53]. The appearance of new 

bands at 562 cm-1, 561 cm-1 and 543 cm-1 can be attributed to ν(M-O) of the carbonyl [10]. As 
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a result, the coordination of the AMX to the metal ions is proved to be through the amino, 

imino, carboxylate, and β-lactamic carbonyl groups. 

 

IV. Conclusion 

As a conclusion, this study reports on Metal–AMX interactions and their study by square wave 

voltammetry, IR and UV–Visible. These techniques are used to confirm the complex formation 

between AMX and transition metals such as Cu(II), Zn(II) and Fe(III). The oxidation potential 

of AMX was shifted, generally becoming more positive in the presence of Cu(II) and Fe(III), 

while the current intensity decreased for all metals. Square wave voltammetry experiments 

revealed the capability of metals to change the electrochemical behavior of AMX. This 

electrochemical approach confirms the oxidation protection of OH groups of amoxicillin by 

complexation process. The UV-visible results are in agreement with the electrochemical 

studies. The acquired findings demonstrated that AMX can form complexes with Cu(II), Zn(II) 

and Fe(III) ions. 
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I. Introduction 

Antibiotic-resistant (AR) bacteria and the deadly infections they can cause, are a subject of 

public health threat [1-2]. Indeed, a 2020 report from the World Health Organization (WHO) 

global antimicrobial surveillance system highlighted antibiotic resistance as "a major public 

health problem” [3]. Therefore, there is an urgent need for the advancement of novel strategies 

to improve the antibacterial therapy. Among them, one strategy aims at the development of 

novel drugs by chelating existing drugs to enhance their antibacterial activity [4-6]. In addition, 

the most advanced avenue today is to inhibit the action of beta-lactamases, produced by certain 

bacteria. These enzymes make them resistant to antibiotics which belong to the beta-lactam 

family. 

Metallic particles have attracted much attention because of their effectiveness in biological 

applications due to their high surface-area-to-volume ratio [7-8], possessing multiple 

mechanisms for bactericidal effect, such as binding with bacteria DNA, blocking energy 

recycling, and releasing Ag+ ion [9-11]. In addition, transition metals in traces such as copper, 

iron and zinc possess a wide variety of coordination properties and reactivity, which can be 

used to form complex with organic drugs as ligands [12-13]. The ability to form different 

complex compounds which may be redox active or not, is the reason for the important role of 

the transition metal cations in sophisticated cellular biochemistry [14-15]. The coordination of 

these metals with antibiotics prevents the microbe’s proliferation, enabling novel mechanisms 

of action by enhancing the antimicrobial property of the antibiotic [16-17]. Therefore, some 

metal−antibiotic complexes are more potent as compared to free antibiotic [18-19]. 

Comparative studies show that they have better antibacterial activity against E. Coli, E. Aureus, 

E. Feacalis than the parent antibiotics. Metallo-antibiotics can also interact with various types 

of biomolecules, such as proteins, receptors, lipids, DNA and RNA, and this makes them very 

bioactive [20-21]. 

Amoxicillin (AMX) is a bacteriolytic β-lactam antibiotic drug, and, like other penicillins, its 

bio-functional activity is related to β-lactam ring that inhibits the carboxypeptidase and 

transpeptidase enzymes that are required for peptidoglycan biosynthesis [22]. It is complexing 

agents for several metal ions due to the presence of range electron donor atoms in its chemical 

structure [23-24]. Reports indicate that the coordination of AMX to metal ions appears to be 

important for enhancing antibacterial activity of this drug [25-27]. AMX−metal complexes can 

also release valuable trace elements needed to maintain life when administered in the form of 

drugs [28]. The present chapter was undertaken in order to study in detail the antibacterial 



108 
 

activity of new families of complexes AMX−M (M= Cu, Fe and Zn) against Escherichia. coli, 

by using agar disc diffusion method as well as the synthesis and characterization methods we 

used. 

 

II. Experimental 

II.1. Chemicals, materials, and apparatus 

All chemicals used in this study were of analytical grade. Amoxicillin trihydrate 

C16H19N3O5S.3H2O (95%) was purchased from Aldrich, while the metal salts Fe(Cl)3, CuSO4 

and ZnSO4·7H2O used for the complexation were obtained from fluka. The phosphate buffer 

solution (0.1 mol L−1, pH=7) was prepared from dipotassium hydrogen phosphate (K2HPO4) 

and potassium dihydrogen phosphate (KH2PO4) (Sigma–Adrich). The graphite powder was 

purchased from Carbone Lorraine (Lorraine, France; ref 9900). Distilled water was used in all 

experiments.  

The electrochemical measurements (square wave voltammetry) were carried out using a 

Voltalab PGZ 100 potentiostat controlled by Voltamaster 4 data acquisition software with a 

standard cell consisting of a Pt wire as a counter electrode, an Ag/AgCl electrode as a reference 

and carbon paste electrode (CPE) as working electrode. The UV-Visible spectra of AMX and 

AMX-M complexes solutions were taken with a Shimadzu spectrophotometer, model 

biochrom. Infrared (IR) spectra were recorded on a PerkinElmer Fourier transform (FT)–IR 

spectrometer (FTIR-2000). The pH-meter (Radiometer, SensIONTM, pH31, and Spain) was used 

for all pH measurements.  

 

II.2. Analytical procedure 

II.2.1. Synthesis of the metal complexes 

Metal complexes were from 1:1 stoichiometric ratios of the ligand (0.01 mol L−1) to metal ions 

(0.01 mol L−1). The drug was dissolved in phosphate buffer solution (0.1 mol L−1, pH=7) while 

the metal salts were dissolved in minimum distilled water. The resulting mixture was stirred for 

2 h and left to cool for precipitation. The solid complexes were filtered, washed with deionized 

water, and dried in a vacuum desiccator over anhydrous calcium chloride. 

 

II.2.2. Voltammetric measurement  

Square-wave voltammetry (SWV) was recorded at carbon paste electrode (CPE) in phosphate 

buffer solution (pH=7.0) containing the ligand (AMX) and its metal complexes.  
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II.2.3. Antibacterial activity evaluation  

The antibacterial activity of the three-synthesized AMX−M complexes was evaluated on the 

bacterial strain of E. coli which was isolated from two Moroccan patients that were found to be 

resistant to AMX. The bacterial strain was isolated and purified, following several subcultures, 

then cultured in petri dishes containing agar at 37 ° C for 24 hours. One or more colonies of the 

pure culture were picked and transferred to physiological water. A sample from the inoculum 

is used to inoculate new petri dishes containing Mueller Hinton medium. Using the swab 

technique, we spread 100 µL fractions of an E. coli suspension (approximately 108 bacteria / 

ml) on the surface of the nutrient agar. Sterile Wittman paper discs, 6 mm in diameter, were 

loaded with 25 μg mL−1 of the AMX−Zn, AMX-Fe and AMX−Cu complexes. The discs are 

then placed on the surface of the agar. A control disc with AMX alone of the same concentration 

was also put in the box. Petri dishes are incubated at 37 ° C for 24 hours. The results are 

expressed as diameters of the zone of inhibition produced around the discs. Three replicates 

were made for each biological testing and the results are expressed as the mean ± SD (standard 

deviation). 

For time-kill assays, a 0.5 McFarland culture was prepared in the Mueller Hinton broth (MHB). 

The bacteria were diluted to a final concentration of 107 CFU/mL. Then AMX and their metal 

complexes were added at concentrations of 75 μg mL−1 for both isolates. The tubes were then 

incubated at 35 °C and 100 μl samples were taken at 0, 2, 4, 6, 8 and 24 h. The aliquots were 

then plated onto agar plates to assess viable bacteria by CFU (Colony-forming unit) counting. 

After 24 h of incubation at 35 °C, plates were examined for growth [29]. tubes containing only 

the MHB culture and the MHB culture with AMX were inoculated and served as controls. 

For biofilm formation assay and estimation of bacterial cell density cultures were incubated 

overnight at 37 °C without shaking. The amount of biofilm was measured by crystal violet 

staining. The viability of the biofilm-associated bacteria was assessed on microscope cover 

glasses immersed in medium and cultured as described above [30]. Microcolonies formed on 

the glass surface were imaged on a microscope. 

The microbiological part of this work was carried out at the CHERFAOUI Medical Analysis 

Laboratory, Khouribga, Morocco 

III. Results and Discussions 

III.1. Synthesis and characterization of the metal complexes 

The UV-visible spectra of 1.0×10−4 mol L−1 of AMX in phosphate buffer solution (pH=7) 

shows an electronic absorption band in the UV region with a maximum absorption at 229 and 
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272 nm (Fig. 1). This maximum was observed due to presence of the chromophoric groups: 

sulfide, carboxyl, and β-lactam amide. The λmax at 229 nm and 272 nm are related to the amide 

n-π* transition in the β-lactam chromophore and π-π* aromatic ring excitation, respectively 

[31-32]. For AMX complexations with Cu(II) and Fe(III) ions metal ions, the UV–Visible 

spectra showed the appearance of a new absorption band at 325 nm (Fig. 1A,B) when the molar 

ratio of AMX:M was 1:1 or 1:2, indicating the formation of the coordination compound (AMX-

M). In contrast, in the presence of Zn(II) ions, the UV–Visible spectra (Fig. 1C) did not exhibit 

such an absorption band, while the band characteristic of β-lactam group of AMX reshaped 

with a very slight red shift and disappears when the molar ratio of AMX:Zn was 1:2. The energy 

levelsn, π, π* are disturbed upon complexation and thus the absorption maxima have been red 

shifted. [33-35], while the disappearance of the absorption band at the molar ratio 1:2 can be 

explained by the hydrolytic cleavage of the β-lactam ring after the complexation process with 

Zn(II) [31,36]. 

 

Figure 1: (A) Effect of concentration of Cu(II), (B) Fe (III), (C) Zn(II) on UV-visible spectra of 

1.0×10-4 M AMX in PBS (pH=7) at contact time of 5 min. 
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The metal complex stoichiometry can be calculated using the continuous variation method [37-

38]. Job plots show an intersection point corresponding to a 1:1 metal: AMX molar ratio (Fig. 

2A.B.C).  

  

Figure 2: Job’s plot for amoxicillin complex: (A) Cu(II), (B) Fe (III), (C) Zn(II). (D). Plots of A0/(A – 

A0) vs. 1/[Metal] for the determination of binding constants of Complex-AMX adducts. The linear 

regression equations for Fe, Zn and Cu were respectively: y = 0,3062x + 0,2245 (R² = 0,98), y = 0,0015x 

+ 0,1219 (R² = 0,92), y = 0,2039x + 1,1984 (R² = 0,98). 

The binding constant/association constant (K) of the AMX with Cu(II), Fe(III) and Zn(II) can 

be determined according to Benesi–Hildebrand equation [39]: 

𝐴0

𝐴 − 𝐴0
=

ɛ𝐺

ɛ𝐻−𝐺 − ɛ𝐺
+

ɛ𝐺

ɛ𝐻−𝐺 − ɛ𝐺
×

1

𝐾[𝑀𝑒𝑡𝑎𝑙]
 

Where A0 and A are the absorbance’s of the drug and its complex, respectively, and ɛG and ɛH–

G are the absorption coefficients of the drug and the drug–metal complex, respectively. The 

association constant (K) can be obtained from the intercept-to-slope ratios of A0/(A -A0) vs. 
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1/[Metal] plots (Fig. 2D). The binding constant/association constant (K) of the AMX with 

Cu(II), Fe(III) and Zn(II) were found to be 7.17×102, 7.65×102 and 4.46×104 M , respectively.  

The infrared spectroscopy (IR) is one of the important analytical techniques used employed for 

describing the process of complex formation. Comparing with the IR spectra of free AMX, the 

assignments of bonding sites of the ligand with metal ions are discussed (Fig. 3).  

 

Figure 3: IR spectra of (a) Amoxicillin and (b) AMX-Cu, (c) AMX-Fe and (d) AMX-Zn complexes. 

The band observed at 3000–3710 cm−1 in the free AMX is a broad one due to the presence of 

H2O. The ligand bands at 3057 and 3157 cm−1 were assigned to ν(NH2) and ν(NH) respectively. 

These bands disappeared in the spectra of all complexes, indicating a coordination of AMX 

with the metallic ions through its amino and imino. The band observed at 3485 cm−1 of the free 

ligand is attributed to ν(OH), also appears in all complexes almost at the same wavenumber as 

the ligand [40-41]. The C=O group of the β-lactam ring in the free ligand was noted at 1778 

cm−1 [42-43] but disappears in the spectra of the AMX-metal complexes, which indicates that 

this carbonyl group is taking part in the complex formation. The carbonyl group of the amide 

appears as strong band at 1687 cm−1 [44], this band ν (–CO–NH–) has the same appearance in 

the complexes but with a negative shift (Δν = 33–40 cm−1) with some variation in the strength 

of the intensity (changed from strong band to shoulder one) in all complexes. The carboxylic 

group band of free ligand appears at 1255 cm−1, but this band was not observed in the IR spectra 
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of the AMX-metal complexes.  Sharp bands at (1590, 1485 cm−1) are assigned to asymmetric 

and symmetric stretching of carboxylate group of AMX respectively. The νs (COO-) shifted 

toward over wave numbers, while the νas (COO-) shifted towards higher wave number which 

indicates the coordination of carboxylate group with the metal atoms [45-46]. These overall 

data suggested that the amino, imino, carboxylate, β-lactamic and carbonyl groups are involved 

in coordination of the AMX to the metal ions. 

The application of electrochemical methods to study the coordination of metal ions to drugs 

provides a useful complement to the previously used methods such as UV–Visible 

spectroscopy. 

 

Figure 4: Square-wave voltammograms of (A) 1.0×10-4 M AMX; 1.0×10-4 M AMX +1.0×10-4 M Cu(II); 

AMX-Cu complex, (B) 1.0×10-4 M AMX; 1.0×10-4 M AMX + 1.0×10-4 M Zn(II); AMX-Zn complex, (C) 

1.0×10-4 M AMX; 1.0×10-4 M AMX + 1.0×10-4 M Fe(III); AMX-Fe complex. 

The electrochemical behavior of AMX in the absence and presence of metal ions was 

investigated on carbon paste electrode (CPE) using square-wave voltammetry (SWV). As 

shown in Fig. 4, in the absence of metal ions, the SW voltammogram for the electro-oxidation 
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of 1.0×10−4 M AMX in PBS (pH 7.0), exhibits an oxidation peak at 0.7 V (Epa) which is 

attributed to the oxidation of the OH group of the phenolic sites of the AMX (φ-OH) [24].    

Upon addition of Cu(II) (1.0×10−4 M), the anodic peak currents (Ipa) decreased and a second 

anodic peak appeared at 0.96 V (Fig. 4A). These results suggesting that there exists an 

interaction between AMX and Cu(II) ions. The important positive shift of the anodic peak 

potential was observed in the SW voltammogram of the complex (AMX−Cu). The decrease in 

Ipa values and the positive shift of the oxidation potential are due to the complexation 

phenomena. Fig. 4B shows the effect of the addition of 1.0×10−4 M Fe(III) to a solution of 

1.0×10−4 M  AMX in PBS (pH 7.0), on the square wave voltammetry of AMX. The current 

decrease and a slight shift of anodic peak potential to a more positive value is due to the binding 

of AMX. The cause for the decrease in the peak current was that the concentration of 

electroactive species decreased which indicates the formation of slowly diffusing product 

(AMX−Fe). Similarly, the SWV of AMX−Fe(III) complex indicated a sequential drop in anodic 

peak current and exhibits a new peak at 0.5 V attributed to the reduction of Fe(III) to Fe(II).  

Fig. 4C describes the square wave voltammetric behavior of AMX on CPE in the absence and 

presence of one equivalent of Zn (II) in 0.1 M  PBS, by adding Zn(II). The decrease in the peak 

current value and the slightly positive shift of the oxidation potential are due to the reduction 

in diffusion coefficient as the AMX is bound to the Zn(II) ion. 

The electrochemical studies of AMX−metal complex show that the binding of the metal ions 

to AMX leads to a decrease in AMX anodic peak intensity with the shift in oxidation potential. 

These results confirm the stability of AMX against oxidation by metal ions as complexing 

agents. This complex formed is likely to have a role in the antimicrobial activity. 

 

III.2. Antimicrobial activity of the metal complexes 

The antibacterial efficacy of the ligand (AMX) and its metal complexes (AMX−M) have been 

studied for their antibacterial activities against E. coli (patient 1) by disk diffusion method (Fig. 

5) [47]. The parameters characterizing the bactericidal properties of compounds are the 

inhibition zone diameter (IZD) [mm] defined as the area around the disk with antibiotic in 

which bacteria are unable to grow.  The inhibition zone diameters of the ligand and metal 

complexes AMX−Cu, AMX−Zn and AMX−Fe are 0, 18, 13 and 25 mm, respectively. The 

antibacterial activity was absent for the ligand (AMX), while the synthesized metal complexes 

exhibited promising antibacterial activity against E. coli bacteria. In addition, the complexes 

(AMX-Fe) and (AMX-Cu) possesses pronounced antibacterial activity in comparison with 

(AMX-Zn). The inhibition zones around the disks are also categorized according to the critical 
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values for these metal complexes, in order to determine the clinical category of susceptibility 

(resistant if (IZD) <14 mm), intermediate (moderately sensitive) (if (IZD) between 14-20 mm) 

and susceptible (if (IZD) ≥21mm)) [48].  

 

Figure 5:  Antibacterial activity of (A) Amoxicillin complexes, (B) Amoxicillin complexes and control 

drug (25 µg/mL Amoxicillin disk). 

E. coli has sensitive and an intermediate sensitivity to the AMX-Fe complex and AMX-Cu, 

respectively. While being resistant to AMX and AMX-Zn complex. The antibacterial activity 

of AMX complexes is probably due to the nature of the metal ion and the chelate stability. 

Metal-complexed antibiotics are highly effective against resistant strains. Some metal ions, 

such as iron, copper and zinc, continue to be of interest in the field of bioinorganic research 

because they may also influence a drug-induced metalloenzyme inhibition mechanism in some 

pathogens that are responsible for infections, influenza, tumors, inflammation, etc. 

 

III.3. Determination of the minimum inhibitory concentrations (MICs) 

The minimum inhibitory concentration (MIC) [µg/mL] which is the lowest concentration of the 

bactericide inhibiting bacteria growth [49]. The minimum inhibitory concentrations (MICs) 

against E. coli (patient 2) of synthesized metal complexes were determined by agar plate disc 

diffusion method (Fig. 6). The various concentrations (10, 25, 50, 75 and 100 µg/mL) of these 

complexes were used.  

The MIC values of AMX and their metal complexes were exploited by the plot of arithmetic 

square of the inhibitory zone diameter (IZD2) values against the logarithmic concentrations of 

the metal complexes (Fig. 7). The intercept on the concentration axis represents the MIC. 
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Figure 6: Antibacterial activity of (A) Amoxicillin, (B) AMX-Cu complex, (C) AMX-Zn complex and 

(D) AMX-Fe complex at different concentration (10 µg/mL, 25 µg/mL, 50 µg/mL, 75 µg/mL and 100 

µg/mL). 

 

Figure 7: Plots of IZD2 vs. Log C (A) AMX-Cu complex: y = 304,65x - 200,49 (R² = 0,964), (B) AMX-

Fe complex: y = 88,151x - 30,72 (R² = 0,9664) for the determination of Minimum Inhibitory 

Concentrations (MIC). 

The minimum inhibitory concentration (MIC) of synthesized metal complexes against the 

selected organism were extrapolated from the graph and tabulated (Table 1), the result is as 
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follows: 25 μg/mL of AMX-Cu and AMX-Fe complex showed inhibitory effect on E. coli, 

while the AMX ligand and AMX-Zn complex were not effective up to 75 μg/mL (patient 2).  It 

was also noticed that Fe-AMX complex exhibited the highest antibacterial activity.  

Table  1: Inhibition zone diameter and minimum inhibitory concentration (MIC). 

Concentration 

(μg/mL) 

Inhibition zone diameter (in mm) 

Ligand AMX-Cu AMX-Fe AMX-Zn 

10 - 11.2±0.5 10.9±0.4 - 

25 - 14.2±0.15 14.8±0.3 - 

50 - 17.1±0.15 15.5±0.2 - 

75 12.4±0.48 19.3±0.12 17.3±0.1 12.9±0.5 

100 16.7±0.37 20.8±0.18 18.1±0.14 13.85±0.3 

MIC - 2.23 1.52 - 

Values shown is the average ± standard deviation of three readings performed three times 

 

III.4. Time-kill Assay and biofilm formation 

Time kill assay provide useful information to describe the pharmacodynamics of trial anti-

bacterial compounds. According to the Clinical and Laboratory Standards Institute (CLSI) 

protocols, a 3 log10 CFU/mL or greater reduction in the viability of the bacterial colony relative 

to the initial inoculum is the point that differentiates between bactericidal and bacteriostatic 

activity. The bactericidal and bacteriostatic activities were expressed separately as the decrease 

of the colony count by< 3 log10 and ≥ 3 log10 after 24 hours relative to the initial inoculum 

[50-51]. Representative time courses of bacterial burden associated with various compounds 

are presented in Fig. 8. As shown in Fig. 8, in the absence of AMX, the bacterial population 

reached the maximal number of bacteria (about 3×108 CFU/ml) approximately 24 h after the 

start of the experiment. In the presence of 75 µg/mL of AMX, the bacterial count grew more 

slowly than with the control. Little antimicrobial effect was observed in the case of AMX-Zn 

complex, as the bacteria in the presence of this complex grew over time to a level similar to the 

AMX. The AMX-Cu complex showed a bacteriostatic effect, as the log CFU/mL over time 

remained lower than 3 log CFU/mL, a bactericidal effect was observed in the case of AMX-Fe 

complex, reducing the starting log CFU/mL by greater than 3 logs after 24 h preexposure to 

AMX-Fe complex.  
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 Figure 8: Time-kill kinetics assay results for (A) control, (B) Amoxicillin, (C) AMX-Cu complex, (D) 

AMX-Zn complex and (E) AMX-Fe complex. 

Time-kill kinetics was also in complete agreement with the other data and showed no bacteria 

grew in the case of AMX-Cu and AMX-Fe complexes. The results of the bacterial population 

in the presence of 75 ug/L AMX and their metal complexes, after 24 hours of pre-exposure to 

antibiotics, are shown in Fig. 9. 

 

Figure 9: Antibacterial activity of (A) control (B) Amoxicillin, (C) AMX-Cu complex, (D) AMX-Fe 

complex and (E) AMX-Zn complex after 24 h of preexposure to the antibiotics. 



119 
 

In order to quantify the biofilm production capabilities of E. coli strains in the presence of M-

AMX complexes, Strains were subjected to biofilm amount measurement, expressed as the 

absorbance of crystal violet (CV) at λ = 595 nm eluted from the biofilm. This method allows 

for the in vitro cultivation and quantification of bacterial biofilms. Strain-specific differences 

in biofilm formation were observed (Fig. 10A). 

 

Figure 10: (A) Biofilm formation by clinical strains of E. coli expressed as the absorbance of crystal 

violet at λ = 595 nm. (B) Images representing biofilm morphology and cell viability in the untreated 

control and after treatment with 75µg/mL of Amoxicillin and M-AMX complexes. 

In general, strains treated with AMX and AMX-Zn complexes exhibited high absorbances 

values (ABS = 1.24 ± 0.085 and 1.46± 0.09, respectively), that were closer to that seen in the 
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control (ABS = 2.03 ± 0.07), indicating that the E. coli strain may form biofilms under these 

treatment, while the AMX-Cu and AMX-Fe complexes treated strains, were significantly 

reduced biofilm formation by E. Coli compared to the control, the difference is statically 

significant as expressed by the CV absorbance values (ABS (AMX-Cu) = 0.79 ± 0.1 and ABS 

(AMX-Fe) = 0.68 ± 0.05). AMX-Cu and AMX-Fe complexes were able to inhibit biofilm 

formation, reducing the biomass by 61% and 66.5%, respectively relative to control, and by 

36.3% and 45.16%, respectively relative to AMX, after 48 h of cell incubation. 

Microscopic imaging of CV stained bacterial cells also confirmed the reduction in the viability 

of cells in biofilms in presence of this complexes in the culture (Fig. 10B). Moreover, the 

presence of AMX-Fe complex in the culture resulted in the death of most of the bacterial cells. 

These results proved that the novel compounds are promising antimicrobial and anti-biofilm 

agents, especially those based on cooper and iron ions.  Such increased activity of metal 

complexes may be considered due to chelation of metal ions with AMX. During chelation, the 

polarity of the metal ion is considerably reduced to a greater extent due to the partial sharing of 

the positive charge of the metal ion with the donor groups in the ligand [52]. In addition, it 

increases the π-electron delocalization over the whole chelate ring and improves the 

lipophilicity of the complex [53]. The increased lipophilicity of complexes allows easy 

penetration into the lipid membranes of organisms and facilitates the blocking of metal binding 

sites in enzymes [54-55]. In addition, these complexes deactivate various cellular enzymes, 

which play a vital role in several metabolic pathways of these microorganisms. It has also been 

suggested that the ultimate action of the toxin is the denaturation of one or more proteins of the 

cell, resulting in the hindering of normal cellular processes [56]. However, the reduced 

bactericidal activity of AMX upon coordination with Zn(II) ion is most probably arises from 

the hydrolytic cleavage of the β-lactam ring after the complexation process with Zn(II). Factors 

that can contribute to activity other than this are nature of the metal ion, nature of the ligand, 

coordinating sites and geometry of the complex, concentration, hydrophilicity, lipophilicity, 

and the presence of co-ligands [55]. The mechanisms of inhibition of bacterial activity 

incorporated by Artificial metalloantibiotics mimics antibiotics. Biological macromolecules 

present in living organisms, like proteins, DNA, have many metal-binding sites. Therefore, 

coordination compounds can react with such cellular components, displaying possible toxic 

effects [57]. Further, the production of enzyme β-lactamase (BL) is the most common 

mechanism of bacterial resistance [58], which is a bacterial enzyme that hydrolyzes b-lactam-

containing compounds and breaks open the β-lactam ring of the antibiotic, rendering the β-

lactam antibiotic ineffective, which can confer bacteria with nearly complete resistance to all 



121 
 

b-lactams except monobactams [59]. The most widespread strategy used by BL inhibitors is the 

metal binding inhibition mechanism. Metal binding inhibitors function within two limiting 

mechanisms: 1) metal ion stripping, where the inhibitor either actively removes the active-site 

metal ions from the enzyme or sequesters metal ions that exited the active site; or 2) ternary 

complex formation, where the inhibitor binds to the metal ions and the surrounding protein 

residues, preventing antibiotics from binding [60].  

Table  2: Antibacterial activity of metals and complexes containing Amoxicillin antibiotic. 

Compound Disk Content 

(µg/mL) 

Inhibition zone 

diameter (mm) 

MIC 

(µg/mL) 

Ref 

AMX 

AMX-La 

AMX-Ce 

AMX-Sm 

AMX-Y 

1000 30 

12 

8 

9 

11 

- 

- 

- 

- 

- 

[44] 

AMX 

AMX-Fe 

500 

 

33 

0 

12.5 

0 

[23] 

AMX 

AMX-Cu 

- 

 

- 

- 

62.5 

1000 

[45] 

AMX 

AMX-Cu 

AMX-Ag 

AMX-Zn 

AMX-Ni 

AMX-Co 

- 

 

10-15 

15-20 

20-25 

10-15 

15-20 

15-20 

 [41] 

AMX 

AMX-Cu 

AMX-Zn 

50 15-20 

20-25 

20-25 

 [46] 

Ag-NPs - 7 

 

- [7] 

Ag-NPs 

Au-NPs 

50µL 4.6 

4 

- 

- 

[8] 

Ag-NPs 

 

0.78  

1.57 

2.35 

16 

19 

21 

2.10 [11] 

AMX 

AMX-Cu 

AMX-Fe 

AMX-Zn 

25 - 

18 

25 

13 

- 

2.23 

1.52 

- 

present 

work 

 

Table 2 summarizes the Inhibition zone diameter (in mm) and minimum inhibitory 

concentration (MIC) of previously reported works and this study [7-8,11,61-63]. The found 

values are comparable with the results reported by other authors. In addition, compared with 
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other papers, a synergistic bactericidal activity between ligand and metal has been remarked. 

The results showed that the complexes exhibited an excellent impact on the antibacterial 

property. In this study, we hypothesis that physical and chemical factors impacted the 

antibacterial activity. 

 

IV. Conclusion 

In summary, the present study focuses on synthesis, characterization of the metal amoxicillin 

complexes and their application as antimicrobial agents. The synthesized complexes were 

characterized by UV-Visible spectrophotometry, IR spectroscopy and electrochemical 

methods. The binding constant/association constant (K) of the AMX with Cu(II), Fe(III) and 

Zn(II) were found to be 7.17×102, 7.65×102 and 4.46×104 L mol−1, respectively. The results 

obtained by square wave voltammetry show that the bond formation between the metal ions 

and AMX leads to a decrease in AMX anodic peak intensity with the shift in oxidation potential, 

generally becoming more positive in the presence of Cu(II), Zn(II) and Fe(III). This result 

revealed that metal ions are able to change the electrochemical behavior of AMX, that can 

prevent AMX oxidation. 

The antibacterial efficacy of the synthesized metal complexes against pathogenic bacteria (E. 

coli) was evaluated by measuring the zone of inhibition diameter. The complexes as AMX−Cu 

and AMX−Fe had higher bactericidal activity than the AMX−Zn and the control drug, showing 

that they had a good activity as bactericides. The Time-kill kinetics and biofilm formation also 

showed similar results to the growth curves corresponded to the MICs. The AMX interactions 

with metal ions should be taken into account, especially regarding the problem of antibiotic 

resistance and the selection of the most efficient antimicrobial therapy for patients with altered 

trace elements homeostasis. The result shows that the AMX protection against oxidation 

increase its antibacterial activity. 
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Antibiotics are among the most successful drugs used for human therapy. Despite the 

considerable number of newer antibacterials made available over the past decades, β-lactam 

antibiotics are still the most used antibacterials all over the world. Amoxicillin, in particular, 

still remains the most commonly utilised drug in this class because its oral absorption is better 

when compared with other β -lactam antibiotics. Besides being used for human therapy, AMX 

is extensively used for animal farming and for agricultural purposes. Residues from human 

environments and from farms may contain antibiotics and antibiotic resistance genes that can 

contaminate natural environments. The accumulation of antibiotic resistant bacteria and 

antibiotics in the environment can have severe consequences for both human health and for the 

evolution of environmental microbial populations. In order to overcome this problem, it is 

essential to develop simple, fast, and practical methodologies for the control and even the 

detection of these antibiotics in different matrices. Moreover, care must be taken to develop 

new strategies to combat bacterial resistance.  

The objective of the thesis work focused on the indirect analysis of amoxicillin via its 

complexation with metal ions, as well as on the study of the synergy between the 

electrochemical behaviour of the organometallic complexes obtained and their activities against 

the bacterial resistance. 

Indeed, the amoxicillin analysis is carried out indirectly by monitoring the variation of the 

intensity of the oxidation current of amoxicillin in the presence of copper (II) ions. The decrease 

of current intensity, recorded on the graphite electrode, was explained by the complexation of 

amoxicillin by copper (II) ions. Complex formation was confirmed by cyclic voltammetry as 

well as UV-visible and infrared spectroscopy. This methodology has been successfully used for 

the determination of amoxicillin in human blood and in pharmaceutical products containing the 

active ingredient of amoxicillin. 

In addition, the complexation of amoxicillin has been extended to other transitional metals, in 

particular zinc (II) and iron (III). The formation of Metal-AMX complexes was examined by 

square wave voltammetry and UV-visible and infrared spectroscopy. Thus, the electrochemical 

oxidation of amoxicillin was significantly affected after complexation. Indeed, the oxidation 

was carried out at higher potentials that make the amoxicillin molecule more effective in 

resistant media. This electrochemical approach proved that the oxidation process of amoxicillin 

could be delayed by the presence of the transition metal. 
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In other hand, after studying their electrochemical behaviour, the antibacterial activity of these 

synthesized complexes was evaluated by the antibiogram method against the bacterium 

Escherichia. Coli. The results showed, on the one hand, that Metal-Amoxicillin complexes 

(Metal: Cu(II), Zn(II) and Fe(III)) showed a relatively interesting antibacterial activity 

compared to that of uncomplexed amoxicillin, and on the other hand, suggested the 

reinforcement of the antibacterial efficacy of amoxicillin after its complexation with the metal 

ions studied. 

 


