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ABSTRACT 

 

Semi-synthetic LACTAMINES are one of the most important families of antibiotics on the world 

market. Among them, ampicillin is one of the most widely used in therapy, which has a wide 

spectrum of action in the prevention and treatment of various bacterial diseases. Currently, it is 

manufactured in bio-industry by a chemical route for the high yield obtained. The enzymatic 

synthesis of ampicillin is more environmentally friendly but also results in a much lower yield. It 

is mainly catalyzed by penicillin G acylase (PGA) and the 1,5-amino ester hydrolase (AEH) and 

can be carried out under thermodynamic control or kinetic control, knowing that the latter is 

more advantageous. Cascading conversions are increasingly being studied to make syntheses 

more environmentally friendly and economically advantageous. In this work, we carried out a 

cascade conversion with two biocatalytic reactions, following the synthesis method in one pot, 

two steps, in a fully aqueous medium to synthesize ampicillin. We have been able to produce 

ampicillin and quantify the ampicillin produced, but the purification and harvesting of this 

antibiotic have not been successful. Thus, our results obtained will be taken into account to 

improve the effectiveness of future trials of synthesis of this antibiotic. 
 

Key words: [semi-synthetic elasticity-lactam antibiotics; ampicillin; bacterial diseases; enzyme 

synthesis; PGA; AEH; kinetic control; cascade conversion]. 
 

ABSTRACT 

 

Semi-synthetic Lactam antibiotics are one of the most important antibiotic families in the world 

market. Among them, ampicillin is one of the most widely used in therapy, which exhibits a 

broad spectrum of action in preventing and treatment of various bacterial diseases. Currently, it 

is manufactured in bioindustry through a chemical route for high yield obtained. Enzymatic 

synthesis of ampicillin is much more environmentally benign but also results in a much lower 

yield. It is mainly catalyzed by penicillin G acylase (PGA) and 1-amino ester hydrolase (AEH), and 

can be carried out under thermodynamic control or kinetic control knowing that the last is 

more advantageous. Cascade conversions are increasingly studied to render syntheses more 
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environmentally benign and economically advantageous. In this work, a cascade conversion 

with two biocatalytic reactions according to the one pot, two steps method has been carried 

out in fully aqueous medium to synthesize ampicillin. We were able to produce ampicillin and 

quantify the ampicillin produced, however, purification and harvesting of this antibiotic were 

not successful. Thus, our results will be taken into account to improve the effectiveness of 

future synthesis trials of this antibiotic. 
 

Key words: [Semi-synthetic elastomatic lactam antibiotics; ampicillin; bacterial diseases; 

enzymatic synthesis; PGA; AEH; kinetic control; cascade conversion]. 
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CHAPTER 0: INTRODUCTION 

 

Antibiotics are a group of drugs used in the treatment of various infections caused by bacteria 

and certain parasites. In nature, antibiotics are synthesized by living organisms, killing or 

stopping the growth of other microorganisms. The first modern antibiotic, penicillin G, was 

discovered by Alexander Fleming and introduced clinically in 1943 [1]. Today, antibiotics have 

affinity for various molecular targets and can therefore influence various properties of target 

cells [2]. However, the current state of antibiotic therapy is still not satisfactory. The main 

problem is the increasing number of multidrug-resistant bacteria, leading to the loss of the 

therapeutic properties of antibiotics. This is an important problem because bacteria have 

evolved in a way that allows them to slow down and eventually stop antibiotic activity. As a 

result, new antimicrobials are constantly being sought to reduce antibiotic resistance in 

bacteria. Antibiotics are anti-infective medicines widely used in the world. Semi-synthetic 

Lactamine-based antibiotics are the most important family of Lactamine-based antibiotics [3], 

they are classified as such because their Lactam-based fraction is obtained from a natural 

fermentation product and their acyl side chain is obtained from chemical or chemo-enzymatic 

synthesis. Thus, they were produced by coupling the acyl side chain with 6-Aminopenicillanic 

acid (6-APA) containing the enzyme-lactam fraction [4]. Among them, ampicillin is one of the 

most important semi-synthetic Lactamine antibiotics used today and the first broad spectrum 

penicillin used in the prevention and treatment of various bacterial diseases such as urinary [5] 

and respiratory [6] infections, endocarditis [7], salmonellosis [8], sepsis or meningitis [9]. The 

spectrum of activity of ampicillin is enhanced by the co-administration of sulbacam, or 

clavulanic acid, which inhibits the activity of the Lactamases produced by microorganisms as a 

mechanism of resistance to the antibiotic, [10], [11]. 

 

The chemical syntheses of ampicillin have developed since the early 1960s. Nowadays, they 

have dominated industrial production for the high yield obtained. But 
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Factors such as difficult reaction conditions, complicated process steps and a large volume of 

organic solvent required make them environmentally unsustainable [12]. Enzyme synthesis is 

an environmentally friendly alternative catalyzed primarily by penicillin G acylase (PGA), and 

the less studied 5-amino ester hydrolase (AEH) [13]. The enzymatic synthesis of ampicillin can 

be carried out under thermodynamic control, with an unactivated acyl side chain, or kinetic 

control using an activated side chain (mainly an ester or an amide). In general, kinetically 

controlled synthesis offers a higher yield, but still relatively low compared to the traditional 

chemical method [12]. Cascading conversions, which combine several reactions without going 

through intermediate recovery steps, are increasingly being studied to make syntheses more 

environmentally friendly and economically advantageous [14]. 

 

In this work, the aim has been to carry out the cascade conversion with two biocatalytic 

reactions, the first is the hydrolysis of penicillin G, and the second is the kinetically controlled 

enzymatic synthesis, catalyzed by immobilized penicillin G acylase, from the (R)-phenylglycine 

methyl ester side chain (more precisely by using D-phenylglycine methyl ester) and 6-

aminopenicillanic acid containing the LETTER-LACTAM nucleus, in order to synthesize ampicillin 

in a fully aqueous medium according to the synthesis method in one pot, two steps. The second 

objective was to quantify the ampicillin produced. The production of ampicillin was completed 

and the ampicillin produced was then quantified. However, the purification and harvesting of 

this antibiotic have not been successful. 
 

The results obtained will be taken into account in order to improve the effectiveness of the next 

synthetic trials of this antibiotic adopting our protocol. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Page | 8 



Chapter l: STATE OF THE ART 

 

1. ANTIBIOTICS 
 

1.1. Definition of antibiotics 
 

The term antibiotic (from the Greek anti: “against” and bios: “life”) derives from the word 

“antibiotic” which literally means “against life”. In the past, antibiotics were considered organic 

compounds produced by one microorganism that are toxic to other microorganisms [15]. 

Because of this concept, an antibiotic was originally broadly defined as a chemical substance, 

produced by a microorganism [16] or of biological origin [17], which, at very low 

concentrations, has the power to inhibit the growth of other microorganisms or even to destroy 

them, without intoxicating the host (eukaryotic cells) 

 

[15]. However, this definition was changed in the modern era to include antimicrobials that 

are also produced in part or in whole by synthetic means. While some antibiotics are able to kill 

other bacteria completely, some can only inhibit their growth. Those that kill bacteria are called 

bactericides while those that inhibit bacterial growth are called bacteriostats [18]. Although the 

term antibiotic generally refers to antibacterial, antibiotic compounds are differentiated into 

antibacterial, antifungal and antiviral compounds to reflect the group of microorganisms they 

antagonize [15],[19]. 

 

1.2. Classification of antibiotics 
 

Antibiotics can be classified according to several criteria but the most common classification 

methods are based on: origin, mode of action, spectrum of activity and chemical nature [20]. 

 

• Origin: produced by an organism (natural) or produced by synthesis (synthetic or semi-

synthetic). 
 

• Mode of action: action on wall, cytoplasmic membrane, protein synthesis, nucleic acid 

synthesis or key metabolic pathways [21]. 
 

• Activity spectrum: list of bacterial species with the majority of strains found to be 

susceptible. Where the spectrum of activity is limited to a certain number of species 
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It is said to be "narrow", while an antibiotic active on many bacteria is said to be "broad 

spectrum". Narrow-spectrum antibiotics act only on Gram + or Gram - (e.g. Penicillin G, 

Macrolides), while broad-spectrum antibiotics act on Gram + and Gram - (e.g. 

Tetracycline, Phenicolates) [21],[22]. 
 

• Chemical nature: very variable, often based on a basic chemical structure 
 

(e.g., cycle-lactam). Classification according to the chemical nature allows us to classify 

antibiotics into families (beta-lactams, macrolides, tetracyclines, quinolones, 

aminoglycosides, sulfonamides, glycopeptides, oxazolidinones...) [21], [23], [24], [25]. 

 

The main classes of antibiotics are summarized in the following table: 
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Table 1: Classification of main classes of antibiotics [26], [27]  
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1.3. Modes of action of antibiotics 
 

Antibiotics generally act very specifically on certain structures of the bacterial cell. This high 

specificity of action explains why antibiotics are active at very low concentrations of the order 

of 100 g.ml-1 on bacteria[22]. They may: 

 

• Inhibit bacterial wall synthesis 
 

• Disrupting the bacterial cell membrane 
 

• Inhibit nucleic acid synthesis 
 

• Inhibit protein synthesis 
 

• Inhibit key metabolic pathways [28], [29], [30]. 

 

The following figure shows the mode of action of antibiotics in bacterial cells 
 

Gram positive and Gram negative:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1: Mode of action of antibiotics in Gram-positive and Gram-negative bacterial cells [26]  

❖ Basic anatomy of the bacterial cell:
 

 

Gram-positive bacteria consist of a cytoplasmic membrane surrounded by a hard, rigid mesh called 

a cell wall, essentially consisting of peptidoglycan. In contrast, Gram-negative bacteria consist of a 

thin cell wall surrounded by a second lipid membrane called the outer membrane (OM). The space 

between the outer membrane and the cytoplasmic membrane is called periplasm. OM is an 

additional protective layer in Gram-negative bacteria, consisting of phospholipids, 
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lipopolysaccharide (LPS) and proteins including porins. This membrane prevents many substances 

from entering the bacterium, however it contains channels called porins, which allow the entry of 

various molecules such as drugs and antibiotics [31]. The cell wall is a hard layer that gives the 

bacterium a characteristic shape, and plays both a nutritive role in allowing nutrients and waste to 

enter and leave, and a protective role in preventing the bacterium from osmotic and mechanical 

stresses. The cytoplasmic membrane prevents ions from entering or leaving the cell and maintains 

cytoplasmic and bacterial components within a defined space [32]. 

 

The following figure illustrates the cell wall structure of Gram-positive and Gram-negative 

bacteria: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2: Cell wall structure of Gram-positive and Gram-negative bacteria [33] 

 

In fact, the targets of action of antibiotics are of interest to the various elements of the 

bacterium and are represented in the figure opposite: 
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Figure 3: The different target sites of antibiotics in a bacterial cell [32] 
 

A. Mode of action of wall synthesis inhibitors: 
 

The basic structure of the bacterial wall consists of peptidoglycan (PG), a polymer with a complex 

structure. This polymer is composed of crosslinked chains of peptidoglycan monomers, which are 

formed of two alternating sugars, N-acetylglucosamine (NAG), and N-acetylmuramic acid (NAM), to 

which pentameric chains of amino acids are attached. The types and order of amino acids in 

pentapeptide, although almost identical in Gram-positive and Gram-negative bacteria, show slight 

variation between bacteria. The transpeptidase enzymes (otherwise known as penicillin binding 

proteins, PBP) in the cell wall catalyze cross-linking between adjacent glycan chains, which involves 

the removal of a terminal D-alanine residue from one of the peptidoglycan precursors. 

Transglycosylase enzymes (glycosyltransferases), which exist as separate subunits or closely 

associated with transpeptidases, create covalent bonds between adjacent sugar molecules NAM 

and NAG. The net result of covalent bonds between peptide chains and carbohydrate chains creates 

a rigid cell wall that protects the bacterial cell from osmotic forces that would otherwise lead to cell 

rupture. In a peptidoglycan monomer of S. aureus (FIG. 4), the pentapeptide exiting from NAM is 

composed of the amino acids L-alanine, D-glutamine, L-lysine and two D-alanines. Peptide 

crosslinking is formed by forming a short peptide bridge 
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consisting of 5 glycines, otherwise known as a pentaglycine chain. According to this process, the 

terminal D-alanine is cleaved from the pentapeptide to form a tetrapeptide in the peptidogycan, 

which leads to the formation of a network. In an E. coli peptidoglycan monomer (Figure 5), the NAM 

pentapeptide is composed of the amino acids L-alanine, D-glutamic acid, meso-diaminopimelic acid, 

and two D-alanines. Peptide cross-linking is formed between the diaminopimelic acid of one 

peptide chain and the D-alanine of another, and following this process, the terminal D-alanine is 

cleaved from the pentapeptide to form a tetrapeptide in the peptidogycan also leading to the 

formation of the network [34]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4: Structure of S. aureus peptidoglycan. L-Ala: L-Alanine; D-Glu: D-glutamine; L-Lys: L-Lysine; D-Ala: D-Alanine [35] 
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Figure 5: Structure of E. coli peptidoglycan. G: N-acetylglucosamine; M: N-acetylmuramic acid [36] 
 

• Beta-lactams: 
 

The action of these antibiotics is carried by their beta-lactam nucleus. In fact, this nucleus has a very 

high affinity for the catalytic site of the so-called penicillin binding proteins (PBPs). PBPs are 

transpeptidases and transglycosylases, enzymes responsible for the elongation and crosslinking of 

peptidoglycan in bacterial cell walls. The PG is the main component of the wall of all bacterial 

species, it supports the structure of the cells and protects them from the surrounding environment. 

During growth and division, the PG is continuously synthesized and remodeled. Failure to form PG 

thus leads to inhibition of growth, cell lysis and eventually cell death. The antibiotics of the enzyme-

Lactamines mimic the D-alanyl D-alanine (DAla-DAla) portion of the peptide chain that is normally 

bound by PBPs, thus acting as irreversible inhibitors of transpeptidase enzymes. They then interfere 

with the structural crosslinking of the PG and subsequently prevent the final step of its synthesis in 

the bacterial cell wall. As a result, they weaken the cell wall of the bacterium and ultimately lead to 

cytolysis or death 
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à osmotic pressure. The antibiotics, which can act on both Gram-positive and Gram-negative 

bacteria, must penetrate the cell membrane to enter the cell periplasm in order to access 

penicillin-binding proteins. Although active against a wide range of bacterial pathogens, they 

have shown very little toxicity to mammalian cells, which has greatly contributed to their 

success in clinical practice [37], [38], [14] (Figure 6). 
 

• Glycopeptides: 
 

The molecular target of these antibiotics is the D-alanyl-D-alanine (DAla-DAla) end of the cell 

wall peptidoglycan precursor. Once the glycopeptides are linked to their target, they will 

prevent the action of PBPs by steric hindrance, thus blocking the elongation of the 

peptidoglycan. By way of example, the drug molecule vancomycin prevents the binding of this 

D-alanyl subunit with PBP, and therefore inhibits the synthesis of the cell wall (FIG. 6) [39], [40]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FIG. 6: Mode of action of the antibiotics of the LETTERA and of the glycopeptides in the bacterial cell. PBP: Protein from 
penicillin binding; GT: Transglycosylase; NAM: N-acetylmuramic acid; NAG: N-acetylglucosamine; D-Ala: D-Alanine;  

D-Ala-D-Ala: D-alanyl-D-alanine; Pen: Penicillins; Ceph: Cephalosporins; Mono: Monobactams; Carba: Carbapenems;  
ABX: Antibiotics; Vanc: Vancomycin; MW: Molecular weight [41] 
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B. Mode of action of antibiotics acting at cell membrane level: 
 

• Polymyxins: 

 

They act as cationic detergents: because of their amphipathic nature, they penetrate into the 

bacterium and are inserted among the phospholipids, thus disturbing the membrane 

permeability [26]. 
 

C. Mode of action of inhibitors of protein synthesis: 

 

The information contained in the bacterial DNA is used to synthesize an RNA molecule called 

mRNA, a process known as transcription. Then, the macromolecular structure called ribosome 

synthesizes the proteins present in mRNA, a process called translation. Protein biosynthesis is 

catalyzed by ribosomes and cytoplasmic factors. The bacterial ribosome 70S is composed of two 

ribonucleoprotein subunits, the 30S and 50S subunits [42]. Antimicrobials inhibit protein 

biosynthesis by targeting the 30S or 50S subunit of the bacterial ribosome[43],[44] as shown in 

the following figure: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7: Sites of action of inhibitors of protein synthesis. mRNA: Messenger ribonucleic acid; 50S and 30S: Subunits  
ribonucleoproteins of bacterial ribosome 70S; t-RNA: transfer ribonucleic acid [32] 

 

• Aminoglycosides: 
 

They act by binding to 16S RNA, at the 30S subunit of the bacterial ribosome, near site A, 

resulting in a morphological change of the entire ribosome and an alteration of all the stages of 

protein synthesis. Due to the numerous reading errors, abnormal proteins are synthesized and 

then incorporated into the cytoplasmic membrane, which loses its integrity [32]. 
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• Tetracyclines: 
 

The tetracyclines bind to the 16S RNA of the 30S subunit of the bacterial ribosome. By steric 

hindrance, they thus prevent the binding of the aminoacyl-tRNA to the A site of the ribosome 

[42], [45]. 

 

• Chloramphenicols: 
 

They attach to the 50S subunit of bacterial ribosomes. They inhibit protein synthesis by 

preventing the binding of the aminoacyl-tRNA complex to the ribosome site A, and 

consequently the transpeptidation reaction. [42], [43]. 

 

• Macrolides: 
 

The macrolides bind to the 23S RNA of the 50S subunit of the bacterial ribosomes. They thus 

prevent the transfer of the peptidyl-tRNA complex from the P site to the A site, which results in 

an inhibition of the elongation of the peptide chain. Macrolides, lincosamides and 

streptogamins B have a similar mechanism of action. [42],[45]. 

 

• Oxazolidinones: 
 

They bind directly to the 23S RNA of the 50S subunit of the bacterial ribosome, causing a 

distortion of the binding site of N-formyl-methionine-tRNA synthetase and preventing the 

formation of the 70S functional initiation complex which is essential for protein synthesis. [46], 

[47]. 

 

D. Mode of action of nucleic acid synthesis inhibitors: 
 

• Fluoroquinolones 

 

Quinolones enter the cytoplasm via the porine route and by passive diffusion. Their 

intracytoplasmic targets are type II topoisomerases: DNA gyrase and topoisomerase IV. They 

inhibit DNA transcription and replication by forming an indissociable DNA-gyrase-quinolone 

complex, resulting in rapid death of the bacterium [26]. 

 

• Rifampycins: 
 

Rifampicin blocks the initiation of DNA transcription by covalently binding to the B subunit of 

bacterial DNA-dependent RNA polymerase, the enzyme responsible for the 
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transcript. The bactericidal effect could be explained by the stability of this bond which results 

in the formation of free radicals toxic to bacterial DNA [26]. 

 

E. Mode of action of folic acid metabolism inhibitors: 
 

• Sulfamides: 

 

Sulfamides are considered to be competitive antagonists of para-amino-benzoic acid (PABA), 

which is a necessary molecule for the synthesis of dihydrofolic acid (DHF) and tetrahydrofolic 

acid (THF), two precursors of folic acid. The latter is a cofactor in the synthesis of purine and 

pyrimidine bases to be incorporated into nucleic acids necessary for bacterial survival and 

replication. Sulfamides inhibit the synthesis of folates, puric acids and nucleic acids by binding 

to dihydropteroate synthase (DHPS) [42]. 

 

• Trimethopremiums: 

 

Trimethopremia act at a later stage in folic acid synthesis and inhibit folate, puric acid and 

nucleic acid synthesis by binding to dihydrofolate reductase [42]. 

 

2. THE BETA-LACTAMINE FAMILY 

 

2.1 Definition and Classification 
 

The antibiotics, the LACTAMINE, have been used clinically for more than 60 years and are 

currently the most widely used group of antibiotics to treat bacterial infections. The common 

fraction of all the antibiotics, the 2-azetidinone ring, more commonly known as the 2-

azetidinone ring (Figure 8), is responsible for their bactericidal capacities [48]. It is a ring of one 

to three carbon atoms and a highly reactive nitrogen atom [49]. 
 
 
 
 
 
 
 

 

Figure 8: Chemical Structure of the Beta-Lactam Core [50] 
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There are four subfamilies of the family of the antibiotics, namely, the "Lactamine", which are 

currently used in clinical practice [51]: 

 

• Penicillins 
 

• Cephalosporins 
 

• Carbapenems 
 

• Monobactams 
 

This classification depends on the chemical nature of the cycle fused to the cycle of the 

"Lactam", thus generating unique "Lactam" nuclei. In penicillin-based antibiotics, the lactam-

derived ring is fused to a five-membered sulfur-containing ring called thiazolidine, which is the 

origin of the penam nucleus (FIG. 9). In cephalosporins, a six-membered sulfur-containing ring, 

dihydrothiazine, is fused to the Lactam-derived ring to create the cephem nucleus. In the 

carbapenem, the unit of the enzyme-lactam is fused to a cyclopentene. In monobactam 

antibiotics, no ring is fused to the system of the Lactam [52]. The nuclei are bound to different 

loop side chains to form different semi-synthetic antibiotics (e.g. ampicillin). Changes in the acyl 

side chain affect microbial activity and chemical stability, leading to expanded spectra of 

bactericidal activity [50]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9: Chemical structure of the different subfamilies of the antibiotics: penicillins, cephalosporins,  

carbapenems and monobactams; R1 and R2: side chains [53] 
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3. PENICILLINS 

 

3.1 Discovery 
 

The first antibiotic discovered was penicillin, which is an antibiotic that is an Lactam-based 

antibiotic. In 1928, the Scottish scientist Alexander Fleming observed that some inoculated 

petri dishes of Staphylococcus aureus forgotten on the lab counter in early summer were 

accidentally infected with a fungus called Penicillium notatum. He also noted a transparent halo 

around the contaminating mold that indicated lysis and reduced growth rate of Staphylococcus 

aureus colonies. This seemed to indicate that the fungus could produce a bactericidal 

compound. In 1932, Fleming published the complete results of his work on the identification of 

a new antimicrobial agent from the metabolites of Penicillium notatum. He named the new 

antibacterial "Penicillin" in reference to the genus penicillium. At first, Fleming's discoveries 

were not of interest and there was no intention to use them for therapeutic purposes until the 

Second World War [54], [55], [56], [57], [58], [59]. 
 

Ernst Boris Chain and Lord Howard Florey at Oxford took over Fleming's research and 

successfully isolated penicillin and produced it on an industrial scale in 1940. One year later, 

Edward Abraham performed chromatographic purification of penicillin by conducting the first 

experiments focused on the evaluation of its antimicrobial properties in animals. In 1943, 

Robert Robinson elucidated the chemical structure of penicillin, which provided the means for a 

future synthesis. These findings earned Fleming, Chain and Florey the first Nobel Prize in 

Physiology or Medicine in 1945 [60], [61], [62], [63]. 
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3.2 Chemical Structure 
 

Penicillins are involved in a class of various groups of compounds, most of which end with the 

suffix "cillin". These are compounds containing a 6-animopenicillanic acid (6-APA) nucleus, 

consisting of the core of 6-lactam fused with a thiazolidine nucleus (a heterocyclic ring with five 

atoms), and other side chains (FIG. 10) [64]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: General structure of penicillins [65] 
 

3.3 Method of production 
 

Penicillins are a group of antibiotics derived from Penicillium mold (mainly P. chrysogenum, P. 

notatum and P. rubens). The different types of penicillins synthesized by various species of 

Penicillium mold can be divided into two classes: 
 

• Natural penicillins: Produced from the mold fermentation process 
 

(exp: Penicillins G and V). 
 

• Semi-synthetic penicillins: Prepared from 6-aminopenicillanic acid, which 
 

is present in all penicillins (exp: ampicillin, amoxicillin...) [52]. 

 

3.4 Classification and mode of action 
 

The different penicillins differ in their structure of the side chain. Indeed, the side chain varies 

with each penicillin compound and generally determines the spectrum of activity and 

pharmacokinetic properties of the compound [21]. Penicillins are divided into several 

subgroups shown in the following table: 
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Table 2: Classification, spectra of activity and modes of action of penicillins [66], [67], [68]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

4. AMPICILLIN 
 

4.1 Discovery 
 

In 1957, the isolation of 6-aminopenicillanic acid from penicillin fermentations led to the 

production of many semi-synthetic penicillins, of which ampicillin is the 
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more widely used [69]. In 1961, 1-amino-benzylpenicillin, known as ampicillin, was marketed 

[70]. 
 

4.2 Chemical Definition and Structure 
 

Ampicillin (AMP) is a semi-synthetic, aminopenicillin-family, elasticated lactam antibiotic with a 

broad spectrum of action in the prevention and treatment of various bacterial diseases [71]. It is 

one of the most important anti-kinetic and broad-spectrum penicillins used today [71] that act on 

Gram-positive bacteria and some Gram-negative bacteria, but is inactivated by penicillinases, a class 

of enzymes that inactivate penicillin by hydrolysis of the kinetic-lactam ring 
 

[69]. The chemical structure of ampicillin is illustrated in the following figure:  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 11: Chemical Structure of Ampicillin [71] 
 

4.3 From penicillin to ampicillin 
 

Although penicillins differ in their lateral chain structure [21], they all have the same antibacterial 

activity as benzylpenicillin or penicillin G, the original molecule extracted from P. notatum. 

Benzylpenicillin is narrow-spectrum, only Gram-positive bacteria (streptococci) and some Gram-

negative bacteria such as Treponema pallidum are susceptible to it as a causal agent for syphilis and 

meningococci [72]. The inability to act against Gram-negative bacteria is observed not only among 

benzylpenicillins, but also among many different antibiotics. This is due to two factors: firstly, unlike 

Gram-positive bacteria, Gram-negative species contain the outer membrane, which acts as a 

selective barrier, blocking the penetration of penicillin; secondly, some Gram-negative bacteria 

have acquired specific genes that code for penicillinases. Given this, some antibiotics 
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such as ampicillin, carbenicillin and amoxicillin have been developed semi-synthetically with 

different side chains. These side chains give antibiotics the ability to escape the degradation 

capacity of certain enzymes produced by certain bacterial strains and to facilitate the 

movement of antibiotics through the outer membrane of these bacterial cell walls. This dual-

component capability increases their spectrum of activity against Gram-negative bacteria [49]. 
 

Ampicillin is distinguished from penicillin G or benzylpenicillin by the presence of an amine group 

that helps to increase the hydrophilicity of ampicillin, allowing it to diffuse through the porins in 

most external membranes of Gram-negative bacteria (Figure 12). As a result, ampicillin has a broad 

spectrum of action, being active against non-lactamase-producing Gram-positive and Gram-

negative bacteria, enzymes produced by microorganisms as a mechanism of resistance to and 

capable of hydrolyzing the antibiotics, namely N. gonorrhoeae, N. meningitidis, H. influenzae, T. 

pallidum, Leptospira spp., E. coli, Salmonella spp., Shigella spp. and Proteus mirabilis) [73]. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 12: Structural relationship between penicillin G and its semi-synthetic antibiotic ampicillin [74] 
 

4.4 Therapeutic Use 

 

• Respiratory tract infections: Caused by: Streptococcus pneumoniae, penicillinase-producing 

and non-penicillinase-producing Staphylococcus aureus, beta-hemolytic group A 

streptococci, Hemophilus influenzae. 

 

• Bacterial meningitis: caused by Gram-negative bacteria: Neisseria meningitis, 
 

Escherichia coli; and Gram-positive bacteria: Listeria monocytogenes, group B streptococci. 

The addition of aminoglycosides increases its effectiveness against gram-negative bacteria 

[75]. 

 

Page | 26 



 

• Sepsis and endocarditis: Caused by Gram-positive bacteria, including penicillin-sensitive 

Staphylococcus species, Streptococcus species, and Gram-negative Enterococcus species, 

including Escherichia coli, Salmonella species, and Proteus mirabilis. Enterococcal 

endocarditis generally responds to intravenous ampicillin. The addition of aminoglycosides 

to ampicillin may increase its efficacy in the treatment of streptococcal endocarditis [76]. 

 

• Genitourinary tract infections: Caused by susceptible strains of Escherichia coli and Proteus 

mirabilis [77]. 

 

• Gastrointestinal infections: caused by Salmonella typhi, Shigella species and other 

Salmonella species , and improve generally with oral or intravenous treatment [78]. 

 

In addition, the spectrum of activity of ampicillin can be extended and improved by co-

administration with inhibitors of spective lactamases, such as clavulanic acid, thereby allowing 

 

à ampicillin is effective against penicillinase-producing bacteria (such as H. influenzae, M. 

catarrhalis and Bacteroides fragilis); or sulbacam, which is also an inhibitor of beta-lactamases 

[79]. 

 

4.5 Mode of Action 
 

As with any other antibiotic, the mode of action of ampicillin on susceptible organisms can be 

considered as a two-step process. In the first step, the drug binds to penicillin binding proteins 

(PBP) in the cytoplasmic membrane (Figure 13). These proteins play a vital role in the cell-cycle 

morphogenetic formation of cell wall peptidoglycan. Therefore, the inactivation of PBPs by an 

antibiotic is linked to the immediate cessation of their function. 
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The second step includes the physiological effects caused by this binding. Since penicillin 

binding proteins are involved in the late stages of PG synthesis, ampicillin then causes inhibition 

of the final stage of PG synthesis in bacterial cell walls. Peptidoglycan maintains the integrity of 

the cell wall, which resides in a hypotonic environment, and its disturbance causes lysis and cell 

death [80]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Mode of action of ampicillin in the bacterial cell. NAM: N-acetylmuramic acid; NAG: N-  
acetylglucosamine; PBP: Penicillin binding proteins; GT: Transglycosylases [81] 
 

4.6 Synthesis pathways 
 

Only two antibiotics, penicillin G and penicillin V, used in clinical practice are products of a 

fermentation process and are therefore considered natural molecules. The majority of the 

antibiotic-Lactams used in clinical practice are classified as semi-synthetic because the fraction 

of Lactam is obtained from the enzymatic hydrolysis of a natural fermentation product; 

penicillin G or penicillin V, while the acyl side chain is obtained by chemical or chemo-enzymatic 

synthesis [14]. 
 

A. Chemical Synthesis: 
 

Chemical coupling of the alkyl-lactam moieties with an acyl side chain has dominated the 

industrial production of semi-synthetic alkyl-lactam antibiotics since their discovery 
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early 1960s. Ampicillin can be produced by chemical synthesis which can reach yields as high as 

90% [13], but this technique generally involves expensive steps, such as temperatures as low as 

-30° C., the use of large volumes of toxic organic solvents (exp: methylene, dichloromethane . . . 

.) and the use of highly reactive compounds (exp: pivaloyl chloride). Despite recycling solvents 

and auxiliary reagents where possible, this technique still generates a large amount of non-

biodegradable waste [4], [82]. 
 

B. Biocatalytic synthesis: 
 

The coupling of the crystals of the LETLAM with the acyl side chain can be carried out enzymatically 

using penicillin G acylase (PGA). A less studied enzyme, the acetate-amino ester hydrolase (AEH), 

may also be used for this reaction when the acyl side chain has an amine group in position 1. 

Furthermore, the coupling can be carried out under thermodynamic control, which uses an 

unactivated acyl side chain; or under kinetic control, which requires an activated side chain 

(typically an ester or an amide) [14]. Noting that thermodynamically controlled synthesis, also 

called direct synthesis or equilibrium controlled synthesis, is only capable of achieving minimum 

yields (1% or less) in aqueous medium. Under typical reaction conditions, the substrates are in their 

ionized forms, which PGA does not accept. Thermodynamically controlled synthesis is then 

unnecessary for the synthesis of semi-synthetic Lactamine-based antibiotics [83], [84]. 

C. Comparison of synthesis techniques: 
 

The obvious disadvantage of the enzymatic coupling process compared to the chemical 

coupling process is the lower yield of the product. However, enzymatic coupling has undeniable 

advantages over chemical coupling in terms of raw material cost, environmental impact, 

product quality and ease of use; because it is carried out at ambient temperature, pressure and 

pH; and does not require toxic or dangerous reagents or solvents [13]. 
 

D. One-pot synthesis of ampicillin: 
 

Cascade conversions, which combine several reactions without intermediate recovery steps, 

are increasingly being studied to make syntheses more respectful of 
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the environment is economically advantageous. The replacement of a multi-stage synthesis 

requiring intermittent isolation by a cascading process eliminates the need for isolation and 

purification of intermediates and thus results in smaller reactor volumes, shorter cycle times, 

higher volumetric and spatio-temporal yields and a reduction in the amount of waste generated 

[85],[12]. Cascade conversions may combine several biocatalytic steps, several chemocatalytic 

steps, or may combine both biocatalytic and chemocatalytic steps. In general, it is easier to 

combine several biocatalytic steps because most enzymes have similar operating conditions 

[85]. 
 

In this work, a cascade conversion was carried out with two biocatalytic reactions in an entirely 

aqueous medium to synthesize ampicillin (FIG. 13). In the first reaction, 6-APA containing the 

core of the LETTER-LACTAM was produced from the hydrolysis of penicillin G using immobilized 

PGA (iPGA). The by-product of this reaction, phenylacetic acid (PAA), is a known inhibitor of 

iPGA [86]. In the second reaction, ampicillin was produced by a kinetically controlled coupling 

of 6-APA and the (R)-phenylglycine methyl ester side chain, catalyzed by immobilized PGA 

(iPGA), (AEH could also be used in this 2nd reaction) [87]. 
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Figure 14: Direct two-enzyme, one-pot conversion of penicillin G (PENG) to ampicillin (AMP) using iPGA and AEH. 
PenG: Penicillin G; iPGA: Penicillin G immobilized acylase; PAA: phenylacetic acid; 6-APA: 6-aminopenicillanic acid;  
(R)-PGME: (R)-Phenylglycine methyl ester hydrochloride; (R)-PG: (R)-Phenylglycine methyl ester; AEH: 1-amino ester  
hydrolase; MeOH: Methanol; AMP: Ampicillin [14] 

 

Penicillin G acylase (PGA) can act as a hydrolase as well as a transferase, which means that this 

same enzyme catalyzes the synthesis of ampicillin as well as the hydrolysis of the activated acyl 

donor R-PGME and the hydrolysis of the newly formed antibiotic. The low yield can thus be 

attributed mainly to the primary hydrolysis reactions of R-PGME and secondary hydrolysis of 

the ampicillin produced, which are catalyzed by iPGA [14], [88]. Since AEH enzymes are unique 

in their specificity to the acyl moiety with respect to the 1-amine groups, they cannot then 

catalyze the hydrolysis of penicillin G 
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to obtain 6-APA and they are not inhibited by the PAA, hence their advantage in this cascade 

[89]. 
 

In addition, there are two methods for the synthesis of ampicillin in one pot which can be 

proposed: 

➢ One-pot synthesis, 1 step (1P1S):
 

 

This is a batch process. Penicillin G, (R)-PGME, and all enzymes (either iPGA or both iPGA and 

AEH) are added to the reaction and the reaction may continue. 
 

➢ One-pot synthesis, two steps (1P2S):
 

 

Following which penicillin G and iPGA are added to the reaction and the hydrolysis reaction can 

proceed almost completely to produce 6-APA. When the hydrolysis reaction is nearly complete, 

(R)-PGME and either AEH or additional iPGA are added to the reaction mixture. 

 

However, the one-pot two-step (1P2S) synthesis produces a higher overall yield [14]. 

 

Based on these data, the ampicillin synthesis technique chosen in my present study is one-pot, 

two-stage (1P2S) synthesis. 
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CHAPTER II: CONTRIBUTION 

 

1. Framework 
 

This work was initiated and carried out in the laboratory of the MEGBI institute of the 
association 

 

« Aecenar”, located in Tripoli, Ras maska, from 15 June 2022 until 5 August 2022. 
 

2. Production of ampicillin by the one-pot, two-step method (1P2S) 
 

This work has been done twice. The same experimental protocol was followed in Experiment 1 

and Experiment 2, with the exception of a few modifications which will be clearly illustrated in 

the remainder of this part. 
 

2.1 Bacterial strain used 
 

A well-identified bacterial strain of Escherichia coli (ATCC 25922) obtained from the Doctoral 

School of Science and Technology in Tripoli, Northern Lebanon, was used in this work. 
 

2.2 Products Used 
 

Penicillin G, Escherichia coli penicillin G acylase immobilized on the Eupergit ® C commercial 

carrier and D-PGME were all purchased from Sigma Aldrich (St. Louis, MO, USA). Also, the ethyl 

acetate solvent, obtained from the Chamber of Commerce, Industry, and Agriculture of Tripoli 

and North Lebanon, was used. Finally, the commercial ampicillin which is the ampicillin 1 g 

Panpharma powder for injection, obtained from the pharmacy Maya, Tripoli, North Lebanon, 

was also used in this work. 
 

2.3 Solutions Used 
 

Potassium phosphate buffer solution, as well as pH, NaOH and H2SO4 adjustment solutions 

were used in this work. The protocols for the preparation of these solutions are detailed in the 

“Annexes” section of this report. 
 

2.4 Ampicillin Synthesis 
 

First, a penicillin G solution (C=0.04 mol/L) was prepared: A mass of 0.286 g (approximately 

0.29 g) of Penicillin G (powder; M=356.4 g/mol-1) was weighed using a digital balance, 

transferred into a beaker and then dissolved in 20 ml of the phosphate solution of 
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potassium previously prepared (pH=7 and C=0.1 mol/L). From this solution, a volume of 15 mL 

was taken and transferred to a new beaker of 100 mL. 
 

To this same beaker, the enzyme iPGA (powder) has been added: In fact, 124 units of penicillin 

G require 1 g of enzyme (where 1 Unit of Penicillin G acylase is defined as 1.0 mol of hydrolyzed 

penicillin G per minute). 198.4 units of penicillin G are required, so a mass of 1.6 g of iPGA was 

measured using the digital balance and added. The whole was well mixed, the magnetized bar 

was added to the beaker which was then placed on the magnetic stirrer to stir for 60 minutes at 

room temperature (from 22 to 25° C.). One hour later, 6-APA and PAA were obtained in the 

solution following the completion of the first reaction, iPGA-catalyzed hydrolysis of penicillin G 

(Figure 15). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 15: Solution containing 6-APA and PAA obtained by iPGA-catalyzed hydrolysis of Penicillin G 

 

Next, an ester solution (C=0.12 mol/L), D-PGME (powder, M=201.65 g.mol-1), was prepared: A 

mass of 0.48 g of ester was measured using a digital balance and then transferred to a beaker, 

to which a volume of 20 mL of the previously prepared potassium phosphate solution (pH=7 

and C=0.1 mol/L) was added to ensure the total dissolution of the ester. From the above 

solution, a volume of 15 ml was taken using a graduated test piece and transferred to the 

beaker containing the reaction mixture. Finally, the iPGA was added to the mixture again: In 

fact, 30 units of penicillin G require 1 g of iPGA, 14.4 units of penicillin G are needed, so a mass 

of 0.48 g of iPGA was measured using the digital balance and added to the beaker of the 

reaction. 
 

The contents of the beaker were well mixed and the pH of the solution was measured using a 

digital pH meter. The latter showed a value of 6.50, the pH of the solution was then adjusted to 

the 
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pH value=7 by adding a few drops of the strong base solution, NaOH, already prepared (FIG. 

16). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 16: Adjustment of the pH of the reaction mixture to the value 7 

 

The beaker containing the reaction mixture was again placed on the magnetic stirrer to ensure 

stirring for 1270 min (approximately 22.5 h) until the completion of the 2nd reaction, which is 

the coupling of the 6-APA and the acyl (R)-PGME side chain catalyzed by the iPGA. The total 

time required to produce ampicillin is then 1350 min. 
 

2.5 Filtration of the reaction mixture 
 

After completion of the reaction, the beaker containing the reaction mixture was moved under the 

hood, and a few drops of the previously prepared H2SO4 strong acid solution were added to this 

beaker in order to block the reaction completely and prevent the degradation of ampicillin. Then, 

using a glass container and a funnel with a sterile filter paper, the filtration was carried out in order 

to remove the enzyme from the filtrate (Figure 17). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 17: Filtration of the reaction mixture 
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After that, a few eppendorf tubes were filled with 1 mL of filtrate each using a pipette. This first 

filtrate obtained will be called “filtrate 1” in the remainder of this work. The eppendorf tubes 

were subsequently used with the qualification and quantification tests in order to test the 

efficacy of the ampicillin produced in this filtrate 1, against E. coli, which is a strain sensitive to 

ampicillin. These tubes were kept cold until they were used. 
 

2.6 Purification and harvesting of ampicillin produced 
 

To the remainder of the filtrate, the ethyl acetate solvent was added with a different volume 

between the 1st and the 2nd experiment: 
 

• In experiment 1: The remaining filtrate volume was 22.4 mL. Ethyl acetate has 
 

was added according to the ratio 14:2, thus: 14 mL of filtrate require 2 mL of solvent; 

therefore, for 22.4 mL of filtrate, a volume of 3.2 mL of this solvent was added to the 

container containing the filtrate. 
 

• In experiment 2: The remaining filtrate volume was 6 mL. Ethyl acetate was 
 

added according to the ratio v:v, therefore 6 mL of filtrate require 6 mL of solvent. A 

volume of 6 ml of solvent was then added to the filtrate. 
 

This step was carried out in order to make the ampicillin produced soluble in the ethyl acetate 

solvent in order to recover it subsequently in the organic phase only. Following the addition of 

this solvent, the mixture was divided into two phases: the aqueous phase and the organic 

phase. The mixture was then transferred to a glass tube in order to better visualize the 

separation (FIG. 18). 
 
 
 
 
 
 
 
 
 
 

Organic Phases 

 

 Aqueous phases 
 
 
 
Figure 18: Separation of the reaction mixture into organic (top) and aqueous (bottom) phases from experiment 1 (left) and 
experiment 2 (right) 
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Then, using a pipette fitted with a pro-pipette, the organic phase was removed and transferred 

to a new tube. The aqueous phase, which should be eliminated, was also preserved and tested 

later for curiosity. Thus, from the aqueous and organic phases, eppendorf tubes were filled, 

each approximately 1 mL, using a graduated pipette equipped with a pro-pipette. These tubes 

were kept cold for later use in qualification and quantification tests to test the presence and 

efficacy of ampicillin in these phases. 
 

The next step is to recover pure ampicillin from the remaining organic phase, while adding sodium 

bicarbonate to this phase. Following its addition, the crystallization process will take place finally 

producing pure ampicillin powder form (solid phase). This step was carried out only in experiment 

1. Indeed, sodium bicarbonate was added with a ratio of 10:1.44; thus, 10 mL of the organic phase 

require 1.44 g of sodium bicarbonate (powder), therefore for 1.4 mL of the organic phase, a mass of 

0.2016 g of sodium bicarbonate was added, and then the tube was preserved 

 

à cold for 24 h until the crystallization process is complete. Following its completion, a white 

deposit was noticed at the bottom of the tube, thus the last step to be carried out 
 

experiment 1 consists in filtering and drying the residue of the glass tube containing the organic 

phase (fig. 19), in order to obtain ampicillin powder (fig. 20). 
 
 
 
 
 
 
 
 
 
 

 

 White Deposit  
 
 
 
 

 

Figure 19: Filtration of the contents of the tube containing the organic phase following the crystallization process 
 
 
 
 
 
 
 

Page | 37 



 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 20: Harvesting the Ampicillin Powder Produced 

 

In order to preserve the efficacy of the antibiotic, the ampicillin powder was dissolved in 3 mL 

of the previously prepared potassium phosphate buffer solution (pH=7; C=0.1M). The last step 

of this experiment 1 consists in carrying out the filtration, the filtrate obtained has been named 

filtrate 2. This filtrate was then transferred into 2 eppendorf tubes of volume 1 mL 

 

each, which has been kept cold, and subsequently used to quantify ampicillin in this filtrate 

(figure 21). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 21: Eppendofs tubes containing filtrate 2 from the 1st experiment 

 

All the above-mentioned steps following that of the addition of the ethyl acetate solvent, 

therefore starting from the sodium bicarbonate addition step, were not carried out in the 

2nd experiment. 

 

2.7 Qualification testing of ampicillin produced 
 

A. Qualitative antibiogram 

 

This test was carried out only for experiment 1. The aim is to test the efficacy of ampicillin 

produced against E.coli, which is a strain susceptible to ampicillin. Thus, a qualitative antibiogram 

was carried out, just to see the appearance or not of an inhibition zone 
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bacterial growth following the application of: filtrate 1, the organic phase and the aqueous 

phase, which have been stored cold in eppendorf tubes, on petri dishes containing the Mueller-

Hinton medium (prepared in advance). 
 

For this purpose, a well-identified E.coli bacterial strain (ATCC 25922) was used (Figure 22). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 22: Well-identified bacterial strain of E. coli (ATCC 25922) 

 

Using a sterile loop, a bacterial colony was taken from this strain and grown on a petri dish 

containing the standard agar medium prepared in advance. The culture was ready 24 h after 

incubation and thus bacterial regeneration was carried out. From this bacterial culture of E. coli, 

an isolated colony was collected using a sterile loop, the loop was then soaked in a sterile saline 

solution, NaCl 0.9% (hence 9 g of NaCl in 100 mL of distilled water), and the contents of the 

tube were well mixed. The turbidity of this tube was compared with that of the McFarland 

Standard tube (containing a standard 0.5 MF BaCl2 solution). 

 

The same turbidity should be obtained by adding more colonies if the suspension is too light or 

by diluting with a sterile saline solution, 0.9% NaCl (already prepared in a separate tube), if the 

suspension is too heavy, until this condition is met (Figure 23). 
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Figure 23: Comparison of turbidity between the bacterial suspension tube (right) and the standard McFarland tube (left). 

 

A sterile swab was soaked in the bacterial suspension tube. Press firmly against the inner wall of the 

tube just above the liquid level and turn the swab to remove excess liquids. Then the spreading was 

done three times, turning the can at about 60°C after each application to obtain an equal 

distribution of the inoculum over the entire surface of the Mueller-Hinton agar. Finally, swabs were 

performed all around the edge of the agar surface. These steps were carried out for 3 petri dishes. 

The cans were inverted and each divided into 2 parts: a box for the comparison between the filtrate 

1 and the organic phase (1st box); a second for the comparison between the filtrate 1 and the 

aqueous phase (2th box) and finally a control box. After that, the disks were deposited using a 

sterile clamp. In addition, a 20 L volume of the eppendorf tube containing the filtrate 1 was 

deposited on the disk at this filtrate of the 1st and 2th cans, respectively, by means of a pipette; a 20 

L volume of the eppendorf tube containing the organic phase was taken and then deposited on the 

disk corresponding to this phase on the 1st cans and finally, a 20 L volume of the eppendorf tube 

containing the aqueous phase was taken and then deposited on the disk corresponding to this 

phase on the 2nd box (Figure 24). The 3 boxes were then placed in the incubator for 18 to 24 h at 

37°C. 
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Figure 24: Qualitative antibiogram for filtrate 1, aqueous phase and organic phase of experiment 1 on petri dishes containing 
Mueller Hinton agar 
 

B. Sensitivity test 

 

This test was carried out only for experiment 2. The aim is also to test the presence and 

efficacy of ampicillin produced against E.coli, an ampicillin-sensitive strain. 
 

The standard agar medium was prepared in advance and poured into 3 petri dishes. On the first box, 

the filtrate 1 (which is the only filtrate obtained in this experiment) stored in the eppendorf tube 

was poured. You have to move the box to cover the whole middle. After 2 to 3 minutes, the excess 

filtrate was discarded from the surface, then, using a sterile loop, a colony of E. coli was taken from 

a bacterial culture already prepared, and was striated on the surface of the medium. Spreading was 

carried out from the top of the box downwards, covering the entire surface. In the same way, the 

two other cans, one corresponding to the organic phase and the other to the aqueous phase, were 

prepared. The cans were then placed in the incubator for 18 to 24 h at 37°C. 

 

2.8 Quantification Tests for Ampicillin Produced 
 

The quantification of the ampicillin produced was carried out using the disk diffusion method, 

the principle of which is as follows: Cellulose disks, impregnated with a given quantity of an 

antibiotic, are placed on an agar, previously inoculated by the strain 

 

à test (in our case, an E.coli strain). The antibiotic diffuses from the disk into the agar, with a 

decreasing concentration gradient, from the disk to the periphery. After incubation for 18 hours 

at 24 hours at 37° C., a measurement of the zones of inhibition of bacterial growth is carried out 

for each of the disks. The larger the diameter, the more sensitive the bacterium is to the 

antibiotic tested. This method is illustrated in the following figure: 
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Figure 25: Disk Broadcast Principle [90] 
 

A. Preparation of a standard ampicillin solution and carrying out a series of dilutions 
 

To quantify our ampicillin produced, first of all, it is necessary to have a standard ampicillin 

solution that will be used as a standard to draw a standard curve. Thus, this solution was first 

prepared by dissolving 1 g of commercial ampicillin (powder) in 5 ml of the previously prepared 

potassium phosphate solution (pH=7; C=0.1M). The solution obtained is a standard ampicillin 

solution of 200 mg/ml. This ampicillin solution was then diluted 6 times to obtain the different 

concentrations: 20; 15; 12; 10; 8 and 5 mg/ml. 
 

There are 6 sterile glass tubes, each containing a specific volume of distilled water. The series of 

dilutions is carried out from one tube to another (as explained below), starting from the 

eppendorf tube containing the standard ampicillin solution (C=200 mg/ml). 
 

• According to the following equation, the calculation is carried out: 
= 

 
Where Cf: final concentration desired; Ci: initial concentration and f: dilution factor 

• Eppendorf tube (containing standard ampicillin solution): = 200 /     

• 1st tube: =so 20 / = 200 / then 

= 200
20 = 10

1  
 

Thus, 1 mL of the eppendorf tube is taken and transferred into the first tube containing 

9 mL of distilled water; Final volume: 10 mL 
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• 2nd tube: =so 15 / = 20 / then 
= 15

20 = 710
.5  

 

Thus, 7.5 mL of the first tube are taken and transferred into the 2nd tube containing 2.5 

mL of distilled water; Final volume: 10 mL 

• 3rd tube: =so 12 / = 15 / then 

= 12
15 = 76

.5 
 

Therefore 6 mL of the 2nd tube are taken and transferred into the 3rd tube containing 

1.5 mL distilled water; Final volume: 7.5 mL 

• 4th tube:=therefore 10 /=12 / then 
 

= 10
12 = 56  

 

Thus, 5 mL of the 3rd tube are taken and transferred into the 4th tube containing 1 mL 

of distilled water; Final volume: 6 mL 

• 5th tube: =so 8 / = 10 / then 
 

=10
8=4

5 
 

Thus, 4 mL of the 4th tube are taken and transferred into the 5th tube containing 1 mL 

of distilled water; Final volume: 5 mL 

• 6th tube: =so 5 / = 8 / then  
= 58 = 24

.5  
 

Thus, 2.5 mL of the 5th tube are taken and transferred into the 6th tube containing 1.5 

mL of distilled water; Final volume: 4 mL 

 

Thus, the concentrations 20; 15; 12; 10; 8; 5 mg/ml necessary for carrying out the antibiogram 

are ready. 

 

B. Preparation of the inoculum 
 

Using a sterile loop, 3-5 colonies were collected from colonies isolated from an already prepared 

E.coli bacterial culture. The loop was then introduced into a tube containing 2 mL of a sterile saline 

solution, 0.9% NaCl. The turbidity of this suspension was calibrated to 0.5 MF when compared to a 

McFarland Standard tube. The same turbidity must be obtained, in 
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adding more colonies if the suspension is too light or diluting with a sterile saline solution, NaCl 

0.9% (placed in a separate tube), if the suspension is too heavy, until the 

 

à this condition. The swab was then immersed in the suspension. Firmly press against the inner 

wall of the tube just above the liquid level and rotate 
 

swab to remove excess liquids. Spreading was carried out three times on the entire surface of 

the Mueller Hinton agar (already prepared) of each dish, turning at about 60° C. after each 

application to obtain an equal distribution of the inoculum. Finally, swabs were performed all 

around the edge of the agar surface. 
 

The boxes were overturned and divided into several regions, each of which was copied. In this 

stage, there is again a difference between the 1st and the 2nd
 

 

experience: 
 

• The test for quantification of the ampicillin produced was carried out first for the filtrate 2 

of the experiment 1; and then for the filtrate 1 and the organic and aqueous phases. 

Whereas for experiment 2, the quantification of the ampicillin produced was carried out for 

the filtrate 1 and the organic and aqueous phases. Thus: 
 

− Quantification of filtrate 2 from experiment 1: The boxes were divided into 4 regions: 
 

3 for known concentrations and 1 for unknown ampicillin concentration in filtrate 2. 

The 1st can and its copy were then divided for the concentrations: 20, 15, 12 mg/mL 

and the unknown concentration of ampicillin in filtrate 2. The second box and its 

copy for concentrations 10, 8, 5 mg/mL as well as the unknown concentration of 

ampicillin in filtrate 2. 
 

− Quantification of filtrate 1 and the organic and aqueous phases of experiment 1 

and experiment 2: 

 

One can was divided into 4 regions for concentrations 20, 15, 12 mg/mL and the 

unknown concentration of ampicillin in filtrate 1 (same for its copy can); and one 

can was divided into 5 regions for concentrations 10, 8, 5 mg/mL and the unknown 

concentration of ampicillin in the aqueous phase and in the organic phase (same for 

its copy can). 
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The boxes are allowed to stand at room temperature for at least 3-5 minutes to dry the agar 

plate surface before proceeding to the next step. 
 

C. Preparing disks 
 

Using a sterile clamp, the disks were distributed into the boxes. Using a pipette, a volume of 20 

L was taken each time from the desired concentration (20; 15; 12; 10; 8; 5 mg/ml, filtrate 1, 

filtrate 2, organic phase, aqueous phase) and deposited on the corresponding disk in the box. 

Once all the disks were in place, the boxes were closed, inverted and placed in the incubator at 

37°C for 18 to 24 hours. 
 

D. Quantification of ampicillin produced 
 

After incubation, the inhibiting zones that appeared were measured using a ruler. Next, a graph 

showing the ampicillin concentration as a function of the diameter of the inhibition zone (Log C 

as a function of the diameter) was drawn in order to be able to quantify the ampicillin 

produced. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Page | 45 



CHAPTER III: RESULTS AND DISCUSSION 

 

1. Results of the experiment 1 
 

1.1 Qualification Test for Produced Ampicillin 
 

The result of the qualitative antibiogram shows the appearance of a zone of inhibition of 

bacterial growth with the filtrate 1, the aqueous phase and the organic phase. This confirms the 

presence of ampicillin produced in these 3 phases, as well as its efficacy since it inhibited the 

bacterial growth of E. coli contrary to the result obtained in the control box where there was 

normal bacterial growth (FIG. 26). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 26: Result of the qualitative antibiogram of filtrate 1, the aqueous phase and the organic phase of experiment 1 
 

1.2 Quantification Tests for Ampicillin Produced 
 

A. Quantification of ampicillin produced in filtrate 2: 

 

Firstly, the quantification test for the ampicillin produced was carried out for filtrate 2. The 

antibiogram showed the appearance of bacterial growth inhibition zones with all 

concentrations (20; 15; 12; 10; 8 and 5 mg/ml) obtained from the dilution of the standard 

ampicillin solution (C=200 mg/ml), however no inhibition zone appeared with filtrate 2 (Figure 

27). 
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Figure 27: Result of the Quantitative Antibiogram of the filtrate 2 of Experiment 1 

 

On the basis of the above-mentioned results, the 2th experiment was limited to carrying out the 

qualification and quantification tests just for the 1 st filtrate, obtained following the production and 

filtration of the reaction mixture, and for the aqueous and organic phases obtained following the 

first step of the purification which consists in adding the ethyl acetate solvent. 
 

Thus, for the 2nd experiment, qualification and quantification tests were carried out after each 

stage directly, without going through the process of obtaining the ampicillin produced pure 

from the organic phase which requires adding the sodium bicarbonate to this phase, carrying 

out the filtration and recovering the ampicillin powder, which in turn must be dissolved in the 

buffer solution in order to preserve its effectiveness. Also, the 2nd experiment was carried out 

by adjusting a parameter of the purification of the ampicillin produced, which is the increase in 

the volume of solvent added, with the aim of optimizing the purification and recovering the 

ampicillin produced only in the organic phase. 
 

B. Quantification of the ampicillin produced in filtrate 1 and the organic and aqueous 
phases: 

 

The antibiogram showed the appearance of bacterial growth inhibition zones at all 

concentrations (20; 15; 12; 10; 8 and 5 mg/ml) obtained from the dilution of standard ampicillin 

solution, as well as the appearance of growth inhibition zones 
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bacterial cells which are reduced, with filtrate 1, and the aqueous and organic phases. The 

same result was obtained for each copy box (FIG. 28). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FIG. 28: Result of the quantitative antibiogram of filtrate 1 and of the aqueous and organic phases of experiment 1 

 

Subsequently, the diameters of the inhibition zones relative to the different concentrations of 

standard dilute ampicillin, as well as those of filtrate 1 and of the organic and aqueous phases 

were measured by means of a ruler in each box and its copy, and then the mean was calculated 

(Table 3): 
 

Table 3: Measurements of diameters of bacterial growth inhibition zones for different concentrations of standard dilute 
ampicillin and filtrate 1, aqueous phase and organic phase of experiment 1 

 

  20  15   12   10   8   5  Filtrate  Phase  Phase 
 

Concentration                   1  organic  watery 
 

(mg/ml)                            
 

                            
 

  1.3.  1.18   1.08   1   0.9   0.69  ?  ?   ?  
 

Log C                            
 

  3.1+3  2.9 + 3.1  2.8 + 2.5  2.9 + 2. .8  2.8 + 2.8  2.5 + 2.6 1 + 1  0.8 + 0.8  0.8 + 0.8 
 

Diameter 
 

                          
 

2  
2   

2   
2   

2   
2  

2  
2   

2  
 

                
 

(cm)  = 3.05  = 3   = 2.65   = 2.85   = 2.8   = 2.5  = 1  = 0.8   = 0.8  
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Next, the graph showing the concentration of ampicillin as a function of the diameter of the 

inhibition zone (Log C as a function of diameter) was drawn in order to be able to quantify the 

ampicillin produced in filtrate 1, the organic phase and the aqueous phase (FIG. 29): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 29: Graph showing the variation in ampicillin concentration (Log C) as a function of the diameter of the 
inhibition zone, corresponding to experiment 1 

 

From the following equation the concentration of the ampicillin produced in filtrate 1, the 

aqueous phase and the organic phase is determined: 
= 0.9239 - 1.5773 

• For filtrate 1:= 0.9239 1 - 1.5773 = -0.6534; = 0.222 /     
 
• For organic and aqueous phases having the same diameter of their inhibition zones: 

= 0.9239 0.8 - 1.5773 = -0.83818; = 0.145 /     
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2. Results of the experiment 2 
 

2.1 Qualification Test for Produced Ampicillin 
 

The result of the bacterial sensitivity test carried out for filtrate 1 (the only filtrate obtained in 

this experiment) and the aqueous and organic phases shows an inhibition of the bacterial 

growth thus confirming again the presence of ampicillin in filtrate 1 (FIG. 30) and in the other 

two phases (FIG. 31), as well as its effectiveness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 30: Bacterial susceptibility test to ampicillin contained in the filtrate 1 of experiment 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 31: Bacterial susceptibility test to ampicillin contained in the organic and aqueous phase of experiment 2 

 

The purification has not been improved since ampicillin is always obtained in the aqueous 

phase. 
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2.2 Quantification Test for Ampicillin Produced 
 

Also in this experiment, the antibiogram showed the appearance of the bacterial growth 

inhibition zones with all the concentrations (20; 15; 12; 10; 8 and 5 mg/ml) obtained 

 

à from the dilution of the standard ampicillin solution, as well as the appearance of reduced 

bacterial growth inhibition zones with filtrate 1 and the aqueous and organic phases. The same 

result was obtained for each copy box (FIG. 32). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 32: Result of the quantitative antibiogram of filtrate 1 and of the organic and aqueous phases of experiment 2 

 

Then, in order to quantify the ampicillin produced in each of these phases, the diameters of the 

inhibition zones relating to the different concentrations of standard diluted ampicillin as well as 

those of filtrate 1 and of the organic and aqueous phases were measured by means of a ruler in 

each box and its copy, and then the mean was calculated (Table 4): 
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Table 4: Measurements of diameters of bacterial growth inhibition zones for different concentrations of standard dilute 
ampicillin and filtrate 1, aqueous phase and organic phases of experiment 2 

 

  20  15   12   10   8  5   Filtrate 1  Phase  Phase 
 

Concentration                      organic  watery 
 

(mg/ml)                             
 

  1.3.  1.18   1.08   1   0.9  0.69   -  ?   ?  
 

Log C                             
 

  3 + 3 2.9 + 2.85  2.8 + 2.85  2.7 + 2.65  2.65 + 2.6  2.5 + 2.4  1.3 + 1.2 1 + 1  

= 1 

 0.9 + 0.9 
 

Diameter 
                        

 

  
 

 2  2   2   2   2  2   2  2  2  
 

(cm)  = 3  = 2,875   = 2,825   = 2,675   = 2,625  = 2.45   = 1.25       = 0.9  
 

     (≈ 2.9)  (≈ 2.8)  (≈ 2.7)  (≈ 2.6)               
 

                             
 

 

Next, the graph showing the ampicillin concentration as a function of the diameter of the 

inhibition zone (Log C as a function of the diameter) was drawn (FIG. 33): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 33: Graph showing the variation in ampicillin concentration (Log C) as a function of the diameter of the 
inhibition zone, corresponding to experiment 2 

 

The concentration of ampicillin produced in filtrate 1, the aqueous phase and the organic 

phase is determined from the following equation: 
= 1.0652 - 1.8953 
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• For filtrate 1:= 1.0652 1.25 - 1.8953 = - 0.5638; = 0.27 /     
 
• For the organic phase: = 1.0652 1 - 1.8953 = - 0.8301 then = 0.15 /     
 
• For the aqueous phase: = 1.0652 0.9 - 1.8953 = - 0.93662 then = 0.12 /     
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3. Discussion 
 

Ampicillin is one of the most widely used antibiotics in therapy because it is suitable for a wide 

spectrum of bacterial infections and a good level of activity and tolerance. To date, numerous 

developments have been acquired in the enzymatic synthesis of ampicillin and the kinetically 

controlled strategy has proved effective [13],[91]. The aim of this work is to carry out cascade 

conversion with two biocatalytic reactions: the hydrolysis of penicillin G, and the kinetically 

controlled enzymatic synthesis catalyzed by penicillin G acylase immobilized from the (R)-

phenylglycine methyl ester side chain and 6-aminopenicillanic acid containing the core of the 

lactam, in order to synthesize ampicillin in a fully aqueous medium according to the two-step, 

one-pot synthesis method. The aim was then to quantify the ampicillin produced. 
 

With regard to our first production test for ampicillin (experiment 1), the qualification test for 

the ampicillin produced confirmed the presence of this antibiotic in filtrate 1, the aqueous 

phase and the organic phase. However, the appearance of a zone of inhibition of bacterial 

growth with the aqueous phase was a surprising and unexpected result. Indeed, this result 

suggests the possibility of having a problem in the purification, since the addition of ethyl 

acetate was carried out in order to make the ampicillin produced soluble in this solvent, which 

should then extract the ampicillin from the aqueous phase and transfer it to the organic phase, 

thus making it possible to recover this ampicillin only in the organic phase. Thus, a loss of the 

amount of ampicillin produced in the aqueous phase is predicted. On the other hand, since the 

ampicillin produced was present in the filtrate 1 and the aqueous and organic phases, its 

presence in the filtrate 2 which must contain the purified produced ampicillin was predicted, so 

it went directly to the stage of its quantification, without carrying out a qualification test for this 

filtrate 2. In this context, the antibiogram carried out showed the absence of the ampicillin 

produced in filtrate 2. In fact, this result was also unexpected since filtrate 2 is supposed to 

contain the pure produced ampicillin, unlike filtrate 1 which contains the unpurified produced 

ampicillin, and it is for this reason that attempts were made to quantify the produced ampicillin 

contained in filtrate 2 first. However, this result could be explained as follows: 
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➢ In the light of the result of the qualitative antibiogram of this first experiment, a small diameter 

of the inhibition zone corresponding to the filtrate 1 is noted, which already reflects a
 

 

low concentration of ampicillin produced in the reaction. On the other hand, since the volume 

of the reaction mixture was so small, this suggests that the amount of ampicillin produced may 

be small. Furthermore, the problem in the first stage of purification, that of adding the ethyl 

acetate solvent, seems to cause, from our point of view, the distribution of the ampicillin 

produced between the aqueous phase and the organic phase, thus further reducing the amount 

of ampicillin that should be obtained in the organic phase, which seems to lead to a reduction in 

the concentration of ampicillin produced in this phase, compared with a normal case where 

there is no purification problem. This seems to be logical, given the diameter of the inhibition 

zone corresponding to the organic phase which is reduced, or even smaller than that of the 

filtrate 1. In
 

 

recalling the process of obtaining the 2nd filtrate, which is a rather lengthy process: given 

that it was from the organic phase that the second filtrate was obtained, following the
 

 

crystallization process with the addition of sodium bicarbonate to this phase, filtration, 

recovery of the pure ampicillin in powder form, dissolution of this powder in the potassium 

phosphate buffer solution and finally filtration again which gave this filtrate 2, it is noted 

that there has been a significant dilution, in our opinion, of the concentration of the pure 

ampicillin produced from the organic phase, and this dilution has taken place more precisely 

with the stage of dissolution of the pure powder obtained with the potassium phosphate 

buffer solution, which could be the origin of the obtaining a concentration of pure ampicillin 

in filtrate 2 which is even lower than the concentration of ampicillin in the organic phase. It 

seems to us that the concentration of pure ampicillin contained in filtrate 2 was then very 

low, so that it became lower than the minimum concentration of inhibition of bacterial 

growth, which could explain the absence of the appearance of zone of inhibition of bacterial 

growth with filtrate 2.
 

 

Then, after obtaining a negative result with the test for quantification of the ampicillin 

produced in filtrate 2, and since the qualification test previously carried out for the filtrate 
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1 and the aqueous and organic phases confirmed the presence of the ampicillin produced in these 

phases, it was then sought to quantify the ampicillin produced in each of these phases. As a result, 

the concentration of the produced ampicillin obtained in the filtrate 1 is low, and it is close to the 

sum of those obtained in the organic and aqueous phases. Our hypothesis, which has already been 

put forward as to the existence of a problem in the purification, which leads to the distribution of 

the produced ampicillin between the organic phase and the aqueous phase, thus seems to be 

logical, while recalling that the aqueous phase must not contain the ampicillin produced under 

normal conditions of the purification. Indeed, since the ethyl acetate solvent used was unable to 

extract the ampicillin from the aqueous phase to the organic phase, it was then necessary to carry 

out the experiment a second time by trying to optimize the 1st stage of the purification, while 

increasing the volume of the solvent added to the 

filtrate 1. 

 

When our 2nd experiment was carried out, the qualification test of filtrate 1 and of the aqueous and 

organic phases showed the presence of ampicillin in these phases. Thus, despite the adjustment of 

the volume of the solvent added, the problem in the purification of the ampicillin produced has not 

been solved since ampicillin is still obtained in the aqueous phase. Then, the quantitative test was 

carried out, the concentration of the ampicillin produced obtained in the filtrate 1 is also low, and 

almost equal to the sum of those obtained in the organic and aqueous phases, a result similar to 

that obtained with the 1st experiment. Next, it should be noted that the adjustment of a parameter 

in the purification of the ampicillin produced, which consists in increasing the volume of the ethyl 

acetate solvent added to the filtrate 1 of this 2th experiment could not correct the problem of the 

purification since ampicillin is always obtained in the aqueous phase, the ampicillin produced seems 

to be always distributed between the organic and aqueous phase. However, the concentration of 

the ampicillin recovered in the organic phase was this time greater than that obtained in the 

aqueous phase, which is more logical. Also, the second experiment showed a better result with 

respect to the standard curve with R2=0.9919 compared to that of the first experiment where 

R²=0.6955. It can be concluded that the optimization which was carried out by adding a volume of 

solvent according to the ratio v:v in the 1st stage of the purification improved the results, but these 

results do not deny 
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the assumption that the ethyl acetate solvent is unable to completely extract ampicillin from 

the aqueous phase. In this context, the production of ampicillin and the quantification of the 

ampicillin produced have been completed, but the purification and harvesting of this antibiotic 

have not been successful. 

 

In 2003, Wei, Dong-Zhi and Liu Yang in their study on the effect of ethylene glycol on ampicillin 

synthesis using penicillin G acylase showed that the yield of ampicillin synthesis can be 

significantly improved in the presence of ethylene glycol. Ethylene glycol was found to increase 

ampicillin yield by 39-50%. Indeed, the yield of ampicillin synthesis depends on the three 

different kinetic processes catalyzed by penicillin G acylase: ampicillin synthesis and enzymatic 

hydrolysis reactions. Therefore, the prevention of hydrolysis of the acyl donor substrate (D-

PGME) and the product (ampicillin) is desirable for increasing the yield of ampicillin synthesis. 

With this strategy, organic solvents, including ethylene glycol, are often added to the aqueous 

medium to suppress enzyme hydrolysis reactions [92]. 

 

In 2009, a one-pot, two-step enzymatic synthesis of ampicillin in aqueous phosphate buffer 

using ethylene glycol as solvent was demonstrated for the first time by Du, Li-Li, et al. The 

ethylene glycol solvent was added in the v:v ratio and the maximum yield was 57.3%. Thus, it 

has also been demonstrated that the use of ethylene glycol has improved the yield of the 

synthesis. We have not used this solvent, it is then desirable to carry out the synthesis of 

ampicillin subsequently following the cascade conversion, in one pot, two steps using this 

solvent [93]. 

 

In 2010, Blum, Janna K., et al. conducted a study on the synthesis of ampicillin using a two-enzyme 

cascade, using the enzyme 15-amino ester hydrolase (AEH) and penicillin G acylase. The one-pot, 

two-step synthesis system gave an optimal ampicillin yield of 46%. Maximum conversions were 

obtained in one to two hours, significantly reducing the reaction times previously observed in 

systems using iPGA and ethylene glycol. It has been shown that the two-enzyme system with the 

iPGA 
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and AEH outperformed systems that used only the iPGA, reporting the obvious benefit of using 

the AEH enzyme. In fact, AEHs are unique in their specificity to the phenyl-amine groups on the 

acyl moiety so that they cannot catalyze the hydrolysis of penicillin G to give 6-APA and are not 

inhibited by PAA, hence their advantage in this cascade [94]. 

 

In short, the cascade conversion was carried out with two biocatalytic reactions in a fully aqueous 

medium to synthesize ampicillin, following the two-step, one-pot synthesis method catalyzed by the 

iPGA. In light of these data, our work could be improved with the use of the ethylene glycol co-

solvent or by performing the cascade 

 

à two enzymes using iPGA and AEH at the same time, in order to be able to increase the 

synthesis yield. 
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CHAPTER IV: CONCLUSIONS AND PROSPECTS 

 

Semi-synthetic Lactamine antibiotics are one of the most important families of antibiotics in the 

global market. Among these antibiotics, ampicillin has a wide range of actions in the prevention 

and treatment of various bacterial diseases. Nowadays, the chemical synthesis of this antibiotic 

has dominated industrial production due to the high yield obtained, but enzymatic synthesis is 

an environmentally friendly alternative. Since kinetically controlled enzyme synthesis provides a 

higher yield than thermodynamically controlled enzyme synthesis, numerous approaches have 

been reported to improve the efficiency of kinetically controlled enzyme synthesis of ampicillin. 

 

In our present study, we performed cascade conversion with two biocatalytic reactions: the 

hydrolysis of penicillin G and the kinetically controlled enzymatic synthesis of ampicillin, in a 

fully aqueous medium to synthesize ampicillin, following the two-step one-pot synthesis 

method, knowing that the biocatalyst was immobilized penicillin G acylase only. In the step of 

purification of the reaction mixture, the solvent used was ethyl acetate. The results obtained 

confirm the completion of the production of ampicillin and the ampicillin produced was then 

quantified, but the purification and harvesting of ampicillin were not successful. However, our 

study is a promising alternative to current ampicillin synthesis methods such as: 

thermodynamic synthesis, one-pot synthesis, one step... 

 

On the other hand, this work could be improved by adding organic solvents, such as ethylene glycol, 

to the aqueous medium to suppress enzymatic hydrolysis reactions, thus contributing to the 

increase in the yield of ampicillin synthesis. Moreover, since cascade conversion with two reactions, 

catalyzed by both iPGA and AEH, outperformed systems using only iPGA, the use of AEH has been 

shown to be very advantageous since it is not inhibited by the PAA, hence the need for its use. In 

this context, future tests for the production of ampicillin in an aqueous medium using the co-

solvent ethylene glycol, 
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or performing the two-enzyme cascade using both iPGA and AEH, may lead to a much higher 

yield. 

 

Finally, given the importance of ampicillin in the treatment of various bacterial diseases, and 

given that it is inactivated by penicillinases, this work opens the doors to other perspectives 

such as combining this antibiotic with natural antibiotics, such as oil, or honey, to prevent 

resistance to ampicillin and reduce the therapeutic dose of this antibiotic. 
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LIST OF ABBREVIATIONS 
 

▪ DNA: Deoxyribonucleic acid
 

 

▪ Aecenar: Association for Economic and Technological Cooperation in the Euro-Asian 
and North African Region

  

▪ AEH: Cl-amino ester hydrolase
 

 
▪ AMP: Ampicillin

 
 

▪ RNA: Ribonucleic acid
 

 

▪ mRNA: Messenger ribonucleic acid
 

 

▪ tRNA: Transfer ribonucleic acid
 

 

▪ D-ala: D-alanine
 

 

▪ DAla-DAla: D-alanyl-D-alanine
 

 

▪ INN: International non-proprietary name
 

 

▪ D-Glu: D-glutamine
 

 

▪ DHF: Dihydrofolic acid
 

 

▪ DHPS: Dihydropteroate synthetase
 

 

▪ D-PGME: D-phenylglycine methyl ester hydrochloride
 

 

▪ E. coli: Escherichia coli
 

 

▪ Example
 

 

▪ H. influenzae: Haemophilus influenzae
 

 

▪ iPGA: Penicillin G immobilized acylase
 

 

▪ L-Ala: L-alanine
 

 

▪ L-lys: L-lysine
 

 

▪ Lipopolysaccharide
 

 

▪ MEGBI: Middle East Institute of Genetics and Biotechnology
 

 

▪ MeOH: Methanol
 

 

▪ NAG: N-acetylglucosamine
 

 

▪ NAM: N-Acetylmuramic acid
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▪ N. gonorrhoeae: Neisseria gonorrhoeae
 

 
▪ N. meningitidis: Neisseria meningitidis

 
 

▪ OM: External membrane
 

 

▪ PAA: Phenylacetic acid
 

 

▪ PABA: Para-amino-benzoic acid
 

 

▪ PBP: Penicillin binding protein
 

 

▪ P. chrysogenum: Penicillium chrysogenum
 

 

▪ PENG: Penicillin G
 

 

▪ PG: Peptidoglycan
 

 

▪ PGA: Penicillin G acylase
 

 

▪ pH: Hydrogen potential
 

 

▪ Penicillium notatum
 

 

▪ P. rubens: Penicillium rubens
 

 

▪ (R)-PG: (R)-phenylglycine methyl ester
 

 

▪ (R)-PGME: (R)-phenylglycine methyl ester hydrochloride
 

 

▪ S. aureus: Staphylococcus aureus
 

 

▪ Spp: Cash
 

 

▪ S: Svedberg
 

 

▪ THF: Tetrahydrofolic acid
 

 

▪ T. pallidum: Treponema pallidium
 

 

▪ 1P1S: 1 pot, one step
 

 

▪ 1P2S: 1 pot, 2 steps (one-pot, two-steps)
 

 

▪ 6-APA: 6-aminopenicillanic acid
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LIST OF SYMBOLS 
 

▪ Beta
 

 
▪ +: Positive

 
 

▪ -: Negative
 

 

▪ {g}:Microgram
 

 

▪ Cu mol: Micromole
 

 

▪ IPCC: Alpha
 

 

▪ %: Percent
 

 

▪ °C: Degree Celsius
 

 

▪ IV: Number four in Roman numerals
 

 

▪ II: Number two in Roman numerals
 

 

▪ L: liter
 

 

▪ M: Molar
 

 

▪ Ml: Milliliter
 

 

▪ Min: Minute
 

 

▪ v:v: Volume to Volume Ratio
 

 

▪ MF: MacFarland
 

 

▪ Mg/ml: Milligram per Milliliter
 

 

▪ Cf: Final concentration
 

 

▪ Ci: Initial Concentration
 

 

▪ F: dilution factor
 

 

▪ cm: centimeter
 

 

▪ h: time
 

 

▪ g: Gram
 

 

▪ g/mol: Gram per mol
 

 

▪ ≈: About
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APPENDICES 

 

1. Protocol for the preparation of potassium phosphate buffer 
solution 

 

The preparation of a volume equal to 0.5 L of a potassium phosphate buffer solution, pH=7 and 

concentration 0.1 M, requires the use of the following components: 
 
Table 5: Essential components for the preparation of potassium phosphate buffer solution 
 

Components   Quantity Concentration 
     

Phosphate of potassium dibasic (M 4 672 g 0.05364 M 

=174.18 g/mol)     
     

Phosphate of Potassium monobasic 3 154 g 0.04636 M 

(M=136.09 g/mol)    
       

Using a sterile sampling spatula, a mass of 4,672 g of dibasic potassium phosphate was taken 

and then measured using a digital balance. Similarly, using a new sterile sampling spatula, a 

mass of 3.154 g of monobasic potassium phosphate was taken and measured using the digital 

balance. These measured masses were poured into a beaker, distilled water was added and the 

whole was mixed using a glass stirring rod. The mixture was then poured into a 250 mL 

graduated test piece. Distilled water was poured to this volume of 250 mL. The mixture was 

then transferred to a 500 mL volumetric flask, where distilled water was added until it reached 

the mark. The flask was plugged and spilled several times to ensure good homogenization. The 

mixture obtained was poured into a suitable container and then autoclaved. After autoclaving, 

the buffer solution was ready for further use (Figure 34). 
 
 
 
 
 
 
 
 
 
 

 

Figure 34: Potassium phosphate buffer solution 
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2. Protocols for the preparation of solutions necessary for pH 
adjustment of the reaction mixture 

 

A. Preparation of the strong base solution, sodium hydroxide (NaOH): 
 

A mass of 20 g of sodium hydroxide ‘NaOH’ was weighed using a digital balance. In a 500 mL 

volumetric flask, a volume of 250 mL of distilled water was poured, and NaOH was added to the 

same container. This reaction is exothermic, so any material used must be made of glass since 

the reaction releases heat when it occurs. The flask was immersed in a beaker filled with 

distilled water to cool it (Figure 35). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 35: Cooling of Distilled Water and Sodium Hydroxide Mixture 

 

Once cooled, distilled water was added to the gage line. The flask was then plugged and spilled 

several times to mix well and ensure complete dissolution of the NaOH. The solution obtained, 

1M NaOH, was then stored in a glass container for any subsequent use (FIG. 36). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36: 1M sodium hydroxide solution 
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B. Preparation of the strong acid solution, sulfuric acid (H2SO4): 
 

Using a pipette fitted with a propipette, a volume of 28 mL of 98% sulfuric acid (M=98.08 

g/mol) was taken (FIG. 37), and then introduced into a 500 mL volumetric flask half-filled with 

distilled water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 37: 98% sulfuric acid sampling 

 

The volumetric flask was then filled to the mark with distilled water. This flask was then placed 

in a beaker filled with distilled water to cool it down as it is an exothermic reaction. The flask 

was plugged and spilled several times to homogenize well. The sulfuric acid solution obtained, 

H2SO4 1M, was then poured into a glass container for further use (Figure 38). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 38: 1M sulfuric acid solution 
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