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Abstract 

The work presented in this thesis employed knowledge in medicinal chemistry to discover 

new compounds aiming to reduce resistance in infections caused by some of the most virulent 

bacteria resistant to antibiotics. 

 

The general aim of this work was to design and synthesize compounds capable of inhibiting 

metallo-β-lactamases (MBLs), one of the most important defense mechanisms produced by 

gram-negative bacteria. Metallo-β-lactamases use zinc for their catalytic activity and it has 

been showed in the literature that alteration of the zinc homeostasis could have effect on their 

efficiency. Therefore, the conception of our compounds revolved around the attempt to 

deprive MBLs of zinc.  

 

The zinc-chelating agents were designed around a three component platform, consisting of a 

chelator with zinc selectivity, a targeting moiety and a linker tying the first two parts together. 

Using DPA as a chelator and D-ala-D-ala as a vector, a first structure-activity relationship 

study was performed, which led to the conclusion that the linker was not only essential for 

activity, but also that a 4-ethylpiperidine moiety provided the best activity. When co-

administered with well-established last resort antibiotics such as meropenem, the ZinChel 

compounds worked as adjuvants and were successfully able to restore the antibiotic’s activity 

in the gold standard MIC assay (Paper I). To potentially increase the chelation strength of our 

compounds, the DPA moiety was replaced by TPED, a stronger zinc chelator (Paper II). This 

second study showed a correlation between increased chelator strength and MBL inhibition 

potency. However, with a higher overall lipophilicity of the compounds, there was also an 

increased toxicity towards eukaryotic cells. In order to find the right balance between 

chelation strength and toxicity, the TPA motif, also possessing membrane permeability but 

40% faster kinetics and reduced toxicity compared to TPED, was investigated. The next 

generation compounds were found to be the most effective to restore the MEM activity in the 

MIC assays. TPA derivatives also represented an interesting compromise by expressing a far 

less toxicity than TPED against eukaryotic cells, especially for compound 26a comprising the 

previously found 4-ethylpiperidine linker (Paper III). 
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We were also interested in exploring the possible use of a natural product, iodinin 30, well 

described in literature as an antibacterial agent possessing metal chelation properties. In this 

study, a reliable synthetic route to iodinin from commercially available reagents was 

successfully established. The activity for the synthesized iodinin matches the reported data 

from the iodinin isolated from a marine actinomycetes bacterium. As expected, iodinin’s poor 

solubility was confirmed (Paper IV). To overcome iodinin’s solubility issues of, modified α-

cyclodextrins which were able to self-assemble and form nanoparticles in aqueous media 

were designed and synthesized. Applying these nanoparticles as a delivery system for iodinin 

resulted in enhanced solubility, bioavailability, and release in a controlled manner (Paper V). 
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Chapter 1 – General introduction 

1.1 Bacteria 

Bacteria are prokaryotic and unicellular organisms, contrary to animals, plants, and fungi, 

which are eukaryotes. Oppositely to eukaryotic mammalian cells, prokaryotic cells do not 

have a defined nucleus as they constitute a cell wall on top of the plasma membrane, and they 

also have different biochemistry. Their organization is simple as they contain an external cell 

wall, a plasma membrane, circular DNA within the cytoplasm and ribosomes for protein 

synthesis, features that can be targeted by antibiotic drugs.1 Bacteria can be subdivided into 

three groups depending on the structure of their cell wall. Gram positive bacteria (e.g. 

Staphylococcus aureus) have a plasma membrane and a cell wall, which represent the 

common structural components of the three groups. Gram negative bacteria (e.g. 

Pseudomonas aeruginosa) have a thinner cell wall, but they express an outer membrane on 

the outside of the cell wall. The difference for mycobacteria (e.g. Mycobacterium 

tuberculosis) is that they have mycolic acids anchored to their cell wall (Figure 1).2 

 

 

Figure 1. Different types of bacterial cell walls.2 
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Even though bacteria are very useful in the discovery and mass production of antibiotics, they 

are responsible for many infections that raise public health issues. Emerging infectious 

diseases, increasing problems with large outbreaks of food-borne and water-borne infections, 

hospital-acquired (nosocomial) infections, bioterrorism, antibiotic resistance, microbiota shift 

diseases, pathogen evolution, and disease transmission are all related to bacteria.1 

A 2013 report from the centers for disease control and prevention (CDC) listed 18 of the most 

threatening microorganism causing infections in the US. In which we find Gram-positive 

bacteria like Clostridium difficile (250 000 infections and 14 000 per year), Gram-negative 

bacteria like carbapenem-resistant Enterobacteriaceae (CRE, 250 000 infections and 14 000 

per year), mycobacteria like Mycobacterium tuberculosis which is responsible for 

tuberculosis, one of the most common infectious diseases and frequent causes of death 

worldwide.3 Other examples of human diseases caused by bacteria include diphtheria, 

bacterial meningitis, gonorrhea, syphilis, the bubonic plague, cholera, typhoid fever, tetanus, 

and anthrax. 

1.2 Antibiotics 

1.2.1 Definition 

Antibiotics, also called antimicrobial agents, are a type of drug used in the treatment and 

prevention of bacterial infections. They are divided into two main groups, the bactericidal 

antibiotics that will cause death to bacteria, and the bacteriostatic antibiotics that inhibit their 

growth. A limited number of antibiotics also possess antiprotozoal activity as they can act 

against protozoa which cause diseases like malaria and toxoplasmosis. Antibacterial drugs 

have an enormous impact on modern medicine. They are essential in the treatment of many 

human diseases including urinary tract, blood stream and wound infections, pneumonia, 

tuberculosis, cholera and many more. They are a prerequisite for the treatment of cancer, 

controlling AIDS in patients, and for invasive surgery.4 

1.2.2 Antibiotic classification 

Antibiotics can be classified according to their mechanisms of action. Indeed, there are four 

main targets for antimicrobial agents: Nucleic acid synthesis, metabolic processes, protein 

synthesis, and cell wall synthesis (Figure 2).5 
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Figure 2. Summary of the bacterial features representing possible targets and antibiotic examples.6 

1.3 Antibiotic resistance 

1.3.1 Introduction to antibiotic resistance 

Antibiotics are becoming increasingly ineffective and antimicrobial resistance (AMR) is 

threatening the treatment of an ever-increasing range of infections.3 In the worst case, a 

common bladder infection or a routine dental surgery could become fatal again.7 Pan- or 

extreme drug resistance are now commonly used terms to describe clinically important 

bacterial isolates that are resistant to virtually all antibiotics.8,9 The evermore increasing 

number of antibiotic-resistant infections (Figure 3) is an important threat to global health. The 

introduction of more potent variants of existing antibiotics provides only temporary solutions, 

since existing resistance mechanisms rapidly adapt to accommodate the new compounds.10-14 

Bacterial resistance is a dreadfully increasing problem which has been an increasing threat 

during the last 50 years to nowadays reach a critical level. However, AMR is not something 

new, bacteria have evolved to adapt to a competitive environment for billions of years.15 

Indeed, 45 % of the antibiotics that have been obtained so far of were produced by 

Actinomycetes (e.g. penicillin, tetracycline, streptomycin, vancomycin), so it seems quite 
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logical that they possess genes encoding resistance to the substance they produce.4 They also 

evolved to survive to the antibiotics produce by competitive bacteria.1 

 

 
Figure 3. Isolates of Gram-negative carbapenem resistant bacteria in the UK between 2005 
and 2013.16 

1.3.2 The fast rise of resistance 

Resistance to one antibiotic, commonly called AMR, is a natural and frequent phenomenon, 

and it has been that way since the introduction of penicillin G to the human use in 1943. 

Indeed, penicillin-resistant Staphyloccocus was discovered in 194017, three years before the 

penicillin G started to be used in the Second World War.18 Ultimately, antibiotic resistance 

arose, more or less quickly, but with every antibiotic that was ever discovered thereafter 

(Figure 4).19 

 

Multi resistant organisms (MROs) are an increasing clinical problem. It has been shown that 

the natural bacterial evolution is fast, mainly because of their quick replication processes.20 

The acquisition of resistance determinant genes can be accomplished through multiple means: 

 Point mutation: Modification of DNA associated with environmental selective pressure.21 

 Transformation: DNA from a donor cell is released into the environment and taken up by 

a recipient cell.21 

 Transduction: Exchange of DNA occurs through bacterial viruses (bacteriophages).21 

 Conjugation: The most common and the most efficient way of horizontal gene transfer 

and consists in the transmission of genetic material between bacteria, mediated by a 

plasmid containing genes coding for resistance to antibiotics.21 
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Figure 4. Overview of the major antibiotic classes and the apparition of the resistance.3 

  

The result of these genetic mutations is the incredibly fast increase in the number of resistant 

bacteria identified. Moreover, the facile transmission of plasmid encoding resistance genes 

has resulted in the development of multi-drug resistance (MDR), i.e. bacteria resistant to 

multiple classes of antibiotics. This phenomenon is considered one of the major threats to 

antimicrobial chemotherapy. According to Jim O’Neill’s review, if antibiotic resistance 

continues to develop at this rate, it has been estimated that by 2050 at least 10 million deaths 

globally will be attributable to AMR per year.22 

1.3.3 Mechanisms of resistance 

Bacteria can become resistant to antibiotic through many mechanisms which include: 23-26 

 Decreased permeability in the cell wall which reduces drug penetration.23, 25, 26 

 Active efflux of the drug.23, 25, 26  

 Enzymatic modification or degradation of the antibiotic.23-26 

 Alteration of antibiotic targets.23-26 

 Overproduction of the target enzyme.23, 25 
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To be as efficient as possible, antibiotic resistance usually results of a combination of several 

resistance mechanisms, including two different types, the common resistance mechanisms and 

the specific ones. The common defense mechanisms, found in almost every bacterium, 

involve efflux, permease mutation, porin mutation (in Gram-negative bacteria), i.e. any mean 

to decrease the antibiotic uptake, reduce the plasma concentration and the activity. However, 

the specific resistance usually develops to counteract a specific mechanism of action of an 

antibiotic (an example is given in section 1.3.3.1), and it can be distinct to each bacteria or 

group of bacteria.23-26 

1.3.3.1 An example of bacterial resistance mechanism: Extended-spectrum β-lactamases 

Extended-spectrum β-lactamases (ESBLs) are a rapidly evolving group of enzymes produced 

by Gram-negative bacteria. They share the ability to hydrolyze β-lactam rings, thus conferring 

resistance to β-lactam antibiotics.15,27 ESBL-producing Enterobacteriaceae are spreading and 

have been responsible for numerous outbreaks of infection throughout the world and pose 

challenges for the control of such infections.28 Antibacterial choice is often complicated by 

multi-resistance. Therefore, infections caused by ESBL-producing organisms are usually 

associated with poor patient prognosis.29 

1.3.4 Resistance development experiment 

In September 2016, an interesting experiment at the University of Harvard was performed to 

determine the rate of resistance development, as a visual aid for medicine students. In a 2-by-

4-foot petri dish containing everything needed for bacterial growth, zones were delimited with 

increasing concentrations of antibiotic (trimethoprim or ciprofloxacin), ranging from the 

minimum inhibitory concentration (MIC) to 1000 times higher concentration. Non-resistant 

bacteria were then put in the no antibiotic zone and their growth was studied. The conclusions 

were frightening, not only did the bacteria grew on every surface of the box, but it took only 

11 days for non-resistant bacteria to become 1000 times more resistant to trimethoprim, and 

100 000 folds for ciprofloxacin.30 This experiment shows how fast the resistance to any 

antibiotic can develop and how crucial it is to preserve the antibiotics that we already have.  

1.3.5 Consequences and costs 

Although AMR is a common phenomenon, it has now become one of the biggest threats to 

global public health. Infections associated with AMR usually cause severe illness, not only to 
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immunocompromised people, but to anyone who contract them. As a result, patients with this 

kind of infections will require much more time to recover with an increase use of antibiotic. 

Consequently, these patients also tend to incur increased medical expenses (e.g. 

hospitalization), and incurable infections may even result in fatal outcomes.31-33 Moreover, 

physicians are forced to treat patients with resistant infections very differently. Instead of the 

first- choice antibiotic that encounters resistance, they have to prescribe second- or third-

choice drugs which might be less effective, leading to prolonged dosage schedule and 

difficulties to fight the infection, more toxic thus increasing side effects and non-adherence 

risks, and more expensive.31-33  

Every year in Europe, 25 000 reported deaths are due to infections caused by bacteria resistant 

to antibiotics.9 If AMR is not thwarted, it has been estimated that by 2050, the world 

population would be significantly lower than it should have been, by up to 444 million in a 

scenario where antimicrobial drugs are no longer effective.34 

 

A disaster also on a financial point of view, health care-associated infections (HAIs), 

including MROs, were estimated to cost the National Health Service (NHS) an excess of 

between $36 and $45 billion in 2007 in the United States.35 A 2013 estimation showed that the 

additional cost of a patient treatment can go up to $55 000, leading to an annual societal 

increase of around $55 billion for the US alone.36 If the health authorities were to prevent 20% 

of these resistant infections, the estimated annual saving cost in health care would be between 

$5.7 and $6.8 billion.37 

Due to the reduction in population, the world economy would shrink by between 0.06% and 

3.1%.34 The estimation of the global financial cost linked to AMR was estimated to have 

reached $100 trillion USD by 2050.22 

1.3.6 Fall of the last resort antibiotics 

Because of AMR and MDR, some of the drugs considered as the last resort antibiotics (i.e. 

colistin, carbapenems, vancomycin) have become ineffective, as the emergence of resistance 

to these antibiotics is rapidly developing. It has become too difficult to contain, mostly 

because of the conveniences of travel, and what used to be occasional outbreaks are now 

spreading worldwide. The main Gram-negative threats are drug resistant Escherichia coli, 

Pseudomonas aeruginosa, Acinetobacter, Klebsiella pneumoniae, Enterobacter, and most 

recently Neisseria gonorrhoeae.38,39 Following are some examples of arisen resistance 
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occurrence that endangers the treatment of infections linked to bacteria resistant to last resort 

antibiotics.  

1.3.6.1 Colistin 

Colistin (Polymyxin E, Figure 5) is an antibiotic that was discovered from Bacillus polymyxa 

in 1947.40 It was withdrawn for the market in the early 1980s because of issues with 

nephrotoxicity.41 Because of the dramatic situation related to AMR, it has been recently 

reintroduced to the market as a last resort antibiotic.41 However, in autumn 2015, cases of 

colistin resistance due to the mcr-1 gene, carried by an easily transmissible plasmid, were 

reported in China.42 As a result of the extensive use of colistin in animal feed, it is likely that 

the mcr-1 resistance mechanism originated in animals and subsequently spread to humans.43 

Independently, in May 2016 was reported an E.coli bacteria carrying the mrc-1 plasmid.44 

Finally, in June 2016 in Belgium, a novel plasmid-mediated colistin-resistance gene, mcr-2, 

was reported also in E.Coli.45 

 

 

Figure 5. The chemical structure of colistin. 

1.3.6.2 β-lactams 

Carbapenems (Figure 6) are members of penicillin-like antibiotics class called β-lactams. The 

emergence of resistance is rather new, ten years ago carbapenem resistance was known to be 

sporadic and limited.46,47 Nowadays, it is a major health issue, challenging their status as last 

resort antibiotics against resistant infections caused by Enterobacteriaceae. Indeed, CRE, one 

of the biggest threat, are becoming increasingly mundane, forcing practitioners to rely on 

uncertain alternatives.46,47 Mechanisms of resistance to carbapenems include efflux pumps, 

mutations that alter the expression and/or function of porins and penicillin-binding proteins 

(PBPs), and production of β-lactamases (more details will be given section 2.1.2).47,48  
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Figure 6. Chemical structure of carbapenem antibiotics. 
 

 

The most infamous resistant strain is methicillin-resistant Staphylococcus aureus (MRSA), 

whose first reported human case happened in 1968.49 Nowadays, these strains of bacteria have 

evolved in a way that they are not only resistant to all β-lactam antibiotics (examples in 

Figure 7), but also started to show resistance against other classes of antibiotics50, which 

significantly increases the therapeutic challenges. Indeed, second-line drugs are generally 

expensive (e.g. quinupristin-dalfopristin) or toxic (e.g. rifampicin). Resistance to vancomycin 

(a glycopeptide antibiotic), which has been one of the last resort drug against S. aureus, has 

already started to develop and is feared to become a major health issue as well.51 

 

 

Figure 7. Examples of β-lactam antibiotics: penicillin G and methicillin. 

1.3.6.3 Glycopeptide 

The first glycopeptide (macrocyclic peptide), vancomycin (Figure 8), was discovered from 

Streptomyces orientalis in 1952 and was then introduced clinically in 1958.52 As mentioned 
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above, vancomycin is very useful for the treatment of MRSA. Unfortunately, vancomycin-

resistant Staphylococcus aureus (VRSA) was reported in 2002.53 Even though the incidence is 

still low, it represents a major threat to the treatment of MRSA, particularly when the in vivo 

transmission of vancomycin resistance from glycopeptide-resistant enterococci (GRE) to 

MRSA (e.g. in hospitals) is considered.54 Also, the use of avoparcin (Figure 8), a glycopeptide 

antibiotic, in animals feeds in Europe led to the emergence of vancomycin-resistant 

Enterococci (VRE).48 After banning the use of clinically relevant antibiotics as a growth 

promoter in farm animals in the EU in 1997, a reduction in VRE was observed, thus tying 

together antibiotic resistance and misuse even more.55 

 

 

Figure 8. Chemical structures of vancomycin and avoparcin (glycopeptide antibiotics). 

 

Alarmingly, resistance is encountered by almost every antibiotic that we have, and 

particularly those which are used to promote growth in livestock, as they are given in low 

dose to animals, thus exposing bacteria to sub-lethal concentrations. This emphasizes the need 

to preserve the efficacy of drugs we have, as well as the urgent need for new antimicrobial 

treatments, otherwise there could soon no longer be any last resort drug against MDR 

infections. 

1.4 Antibiotic misuses 

Antibiotics are among the most commonly prescribed drugs in human medicine and can be 

lifesaving drugs, so preserving their activity should be considered a worldwide priority. 
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However, “the human touch”, that involves both misuses and overconsumption of antibiotics, 

is one of the major reasons for driving the widespread resistance as far as it has reached 

today.56 Indeed, most of nowadays misuses are either tolerated, accepted, or ignored. 

Quotations like: “The greater good for the greater number of people” (food industry) and “if 

antibiotics don’t cure, they don’t harm” are utilitarian arguments expressed and that still 

prevail, even though a clear majority of scientific reports strongly point out that this kind of 

behavior will ultimately lead to catastrophic consequences.35 

Studies show that up to 50% of the time, antibiotics are not optimally prescribed. The usual 

reasons include unnecessary prescription, wrong dosing or incorrect duration of treatement.19 

As a result, patients all around the world continue to suffer from MDR and pan-(PDR) 

resistant infections. However, there are considerable differences in the level and frequency of 

AMR observed between countries, even within the EU. These differences can to a large 

degree be linked to the antibiotic consumption. France for example, is ranked among the top 

antibiotic consuming countries in Europe57 whereas Norway has one of the lowest 

consumption.58 Surveillance of resistance patterns shows that bacterial resistance is by far 

more common in France than in Norway.59 However, it is unknown whether differences in 

rates of resistance can be related to non-adherence or patients’ perspectives and knowledge 

about antibiotics and bacterial resistance. 

1.4.1 Overconsumption in agriculture and food industry 

What happens in agriculture and in the food industry is a very good example of the utilitarian 

argument. Every year, thousands of tons of antibiotics are used in agriculture prophylaxis, 

metaphylaxis, and growth promotion. An estimation of the use in the early 2000s stated that 

25-50% of all antibiotic consumption was non- therapeutical.55 Among the top consumers of 

2010, China was the first country with more than 15 000 tons of antibiotics (Figure 9).33 

Despite all efforts, the predictions seem to show an increase until 2030, or a stabilization at 

best, when really a reduced use is utterly called for. As a consequence linked to the overuse, 

traces of antibiotics are regularly found in our food products which promotes further 

resistance.60 
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Figure 9. Antibiotic consumption in livestock, top ten countries 2010-2030 (projected for 2030)61 

 

One of the first resistance study performed on soil-dwelling bacteria in 200662 showed that 

soil is a huge reservoir for resistance genes that can be transferred to clinically relevant 

bacteria. This results in infections with defenses against all known antibiotic classes. 

Efforts to limit non-therapeutic use of antibiotics in animal production were thwarted by drug 

and food animal industries. The Farm Bureau stated that such efforts were “based on emotion 

and no credible peer reviewed science”.63 The continuous use of as much antibiotics in the 

agriculture is still considered as a tool to produce more food in many countries while it should 

be seen dangerous behavior. 

1.4.2 Human misuses and overuses 

Another significant factor to consider is the human consumption of antibiotics. Not 

surprisingly, the level of antibiotic resistant infections has been shown strongly correlate with 

the level of antibiotic consumption.57, 64, 65 

 

In 1945, Sir Alexander Fleming had already foreseen two of the main problems involving 

resistance steered by human misuse. The first issue involves the misuse by under-dose and 

non-adherence to treatments: 
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“It is not difficult to make microbes resistant to penicillin in the laboratory by exposing them 

to concentrations not sufficient to kill them… There is the danger that the ignorant man may 

easily under-dose himself and by exposing his microbes to non-lethal quantities of the drug 

make them resistant.” (A. Fleming – Nobel Lecture, December 11, 1945). 

 

This is exactly what happened, a lot of people treated for infections are prescribed an 

antibiotic course of treatment, usually for a determined number of days. Patients start the 

treatment, but as soon as they feel better they stop caring about the consequences that may 

occur, and stop taking antibiotics before the end of the doctor’s prescription. This will most 

likely lead to a population of only resistant bacteria that can be transmitted to others, which 

can lead to serious consequences in the case of an immunocompromised person.66 Even 

though recent studies tend to show that the number of days taking antibiotics can be reduced 

without risks in case of particular infections67, 68, this behavior should not be extrapolated to 

any kind of infection without proper knowledge. We could believe that in our era where the 

level of education has truly been improved, and communication, media, and even social 

media have taken a center role in our life, that these misuses would not be so mundane. 

Unfortunately, there is no prevention of these misuses, they happen every day. One third of 

antibiotic prescriptions are unnecessary, with the most common one being the use of 

antibiotics when no health benefit is possible, such as to treat a flu or cold, infections caused 

by viruses.69 The most important issue is that these type of misuse don't just happen by 

improper self-medication or lack of communication between patients and healthcare 

professionals, they also happen because some doctors prescribe unnecessary antibiotics to 

patients just because they are asked to, without any proof of bacterial infections. Previous 

studies in northern Europe demonstrated that the resistant infections rates can be halted or 

even reversed if physicians avoid the inappropriate prescription of antimicrobial agents.70 

 

The second issue raised by Fleming was that when people would hear about a drug that can 

easily and rapidly cure you from a strong infection, they will ask for it, and would begin an 

"era of abuses".71,72 And again this is exactly what happened. Everywhere, antibiotics started 

to be overprescribed as if no one ever heard of bacterial resistance. The use of antibiotics for 

any infectious disease (e.g. viral infections), the systematic prescription to children regardless 

of the type of infection, the use as prophylactic agents in a lot of cases at risk and particularly 

in dentistry, the automatic use of antibiotics for surgery patients including elective surgeries. 

All of those misuse and overuse drove the evolution of resistance.73  
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Even though the behaviors are starting to improve, in hospital and particularly in emergency 

rooms, a lot of infections are treated with last resort antibiotics or unnecessarily broad 

spectrum instead of the most efficient narrow spectrum drug.70 Despite warnings regarding 

overuse, antibiotics are still extremely overprescribed worldwide.74 In the US in 2010, an 

estimation of the antibiotic consumption indicated that one course of antibiotic treatment was 

prescribed per person, and in some states this number can go higher than the population. This 

means that the number of prescriptions was even more than one treatment for each person per 

year75, which is much higher compared to the European Union average, where a third of the 

population have received a course of antibiotic treatment.76 

1.4.3 Lack of regulation 

In many countries, there is still no adequate regulation about antibiotic, no prescriptions are 

needed and any antibiotic, including broad-spectrum and last resort antibiotic, can be taken 

without a doctor’s or a pharmacist’s prescription or advice. Self-medication lacks the obvious 

perquisite of a successful therapy, such as a proper diagnosis and choice of appropriate 

antibiotic with correct dosage.77 In the absence of regulation, the personal decisions on 

antibiotic purchase and use are governed by cultural and economic reasons.78 Moreover, 

online shopping has enabled widespread access to antibiotics whose uses are restricted to the 

most severe cases, such as rifampicin and ciprofloxacin.79 

 

India is a good example in terms of improper use of antibiotics. Indeed, the authorities allow 

the use of last resort antibiotics as if it were first-line drugs, and they can even by purchased 

over-the-counter, making India one of the highest user of non-prescribed antibiotics in the 

world.80 This means that you don't need any doctor's prescription or pharmacist's advice to 

buy and use any type of antibiotics. The Indian regulatory authorities need to address the 

situation urgently, with drug monitoring and pricing policies, in order to lessen the 

inappropriate access to new generation antibiotics.81  

As a consequence of this unregulated use of antibiotics, the promotion of the resistance was 

so strong that it led to the birth of one of the biggest threat to antimicrobial treatments, the 

New Delhi metallo-β-lactamase-1 (NDM-1; further details in section 2.1.2), an enzyme very 

capable of degrading last resort β-lactam antibiotics. It is one of the most feared bacterial 

defenses, especially since bacteria that produce it usually possess other resistance genes that 

make them resistant to almost all antibiotics.82 
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The point of establishing regulations is to increase the proper use of antibiotics in order to 

avoid returning to the pre-antibiotic age. To have a worldwide coherent policy about 

antibiotics is crucial if we want to have a chance against antibiotic resistance. 

1.5 Towards a post-antibiotic era 

According to the CDC, millions of people catch MDR infections each year, leading to 

aggravated infections and for some, even death. And on top of that, a major threat is emerging 

from the extensive use of antibiotics, Clostridium difficile infections (CDI). C. difficile is an 

opportunistic pathogen that arises in hospitalized patients treated with antibiotics, making the 

treatment of MDR infections even harder.4 It would appear that the antibiotics “golden age” is 

far behind us. The antibiotic resistance crisis has been attributed to the failing of antimicrobial 

drugs due to misuse and overuse, as well as a lack of new drug development by the 

pharmaceutical industry due to reduced economic incentives and challenging regulatory 

requirements.83 

1.5.1 Industrial disinvestment 

Developing a new antimicrobial drug nowadays isn't profitable enough anymore for 

industries. The intellectual property rights are actually valid for 20 years before falling into 

the public market, making the drug a target to generic drug production. Knowing that it can 

take easily 15 years or more and about a billion USD to develop a new drug and put it on the 

market, it leaves about 5 years not only to regain the huge cost of development, but also to 

make profits. This is particularly difficult for drugs like antibiotics, which are not frequently 

used, and only for a few days. Moreover, if a new antibiotic was introduced to the market, its 

use would most likely be restricted to the most severe cases in order to limit the development 

of resistance, thus limiting the commercial potential. And all of this is without taking into 

consideration the extremely high rate of bacterial resistance. From an industrial point of view, 

it's easy to understand why pharmaceutical companies don't invest into antibiotic research 

anymore. Therefore, one of the solutions would be to make it attractive again, for example by 

giving them government funding for the very expensive Phase III clinical trials for promising 

compounds.22 
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1.5.2 The urgent need for new antimicrobial strategies. 

Since 1998, only 5 drugs with a novel mode of action (linezolid, daptomycin, retapamulin, 

fixadomycin and bedaquiline) have been introduced to the market.84 The development of new 

drugs, and more particularly new strategies and mechanism of action, is needed, because the 

modification of existing antibiotics to increase their potency may give us time, but the 

resistance mechanisms always find a way to accommodate the new compounds.12-14 

Consequently, even though there are new antimicrobial agents either in or entering phase 1 

clinical trial, very few newer antibiotics have been added to the existing ones that will address 

the critical need.47,85,86 It is therefore essential to educate the public to fight misuse of 

antibiotics to preserve the ones we already have. 

The development of new surveillance methods is also required, such as data collection, 

improved antibiotic stewardship, better and faster identification of bacterial pathogens and 

diagnostic tools to track the resistance, as they are crucial for effective infection prevention 

and control.3,72,87 

 

Vaccines, living (attenuated strains) or non-living (e.g. inactivated whole cells or surface 

polysaccharides), have also been major contributor to preventing and treating community-

acquired bacterial infections.88 The use of live bacteria to induce an immune response to itself 

or to a carried vaccine component is an attractive vaccine strategy. The major advantage is 

that bacterial vaccines protect against susceptible and resistant strains in the same way, by 

triggering the host’s immune response.89  

However, the vaccine approach has many challenges, and while there are many vaccines in 

preclinical or clinical trials, no vaccines yet exist for the most important multi-drug resistant 

strains.90 The administration of live bacterial vaccines poses some health risks, especially in 

children. A lack of knowledge about the immune response required for protection, as well as a 

lack of approved adjuvants and delivery systems to induce such responses hinder the 

development of vaccines.91 Moreover, due to antigenic variations (alteration of surface 

proteins in order to evade a host immune response92), updating vaccine formulations is 

constantly required to achieve bacterial recognition.93 

 

In addition, novel treatments of bacterial infections without the use of antibiotics have been 

developed (e.g. quorum-sensing inhibitors, phage therapy, monoclonal antibodies to treat 

bacterial infections) as a complement to usual methods.94 



17 
 

1.6 Medicinal chemistry 

Medicinal chemistry is one of the pillars of drug discovery. It is defined as a multidisciplinary 

field that combines chemistry, biochemistry, pharmacology, and many other fields in order to 

develop new drugs as well as to improve already existing pharmaceuticals.95 

Around 65% of drugs came or are derived from nature, which represents an incredible source 

of medicinal products that still today has a huge impact on modern medicine.96,97 However, 

these compounds are designed by nature to have defined properties and to fit exact purposes, 

which does not always correlate with the requirements to be used as drugs in the human body 

(e.g. toxicity). Medicinal chemistry can provide chemical modifications to overcome these 

problems. In other words, medicinal chemistry offers the possibility to go beyond what is 

produced by living organisms and plants in nature. 

1.6.1 ADMET properties and structure-activity relationship (SAR) studies 

In order to be a good drug candidate or a lead candidate, a compound must exhibit the best 

pharmacokinetic and pharmacodynamics properties possible. Indeed, absorption, distribution, 

metabolism, excretion, and toxicity (ADMET) are properties that need to be closely 

monitored when designing or optimizing a lead compound.98 Any chemical change in the 

structure of a compound can alter important factors such as potency, selectivity, stability, 

water solubility, or any of these ADMET parameters. That’s why structure-activity 

relationship (SAR) studies are necessary in the early stages of a drug development, in order to 

determine which part of the molecule is crucial for the activity (i.e. pharmacophore), and 

which part can be modified to provide the best ADMET properties. As an example, Figure 10 

shows a summary of the SAR study performed on the fluoroquinolones, a synthetic 

antibacterial agent that resulted from a drug discovery in 1962.19 

 

 

Figure 10. Summary of structure-activity relationships for the fluoroquinolones19 
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1.7 Aim of study 

The general aim of the thesis was to design and synthesize zinc-chelating agents to inhibit 

metallo-β-lactamases as a potential solution to antibiotic resistance. 

 

The project’s main goal was to design and synthesize tripartite compounds in order to find a 

lead, to perform structure-activity relationship studies to optimize the ADMET properties, and 

to perform biological evaluations to assess the antibacterial activity as well as the preliminary 

toxicity. 

  

Our interest in the natural compound iodinin 30 was based on the literature knowledge of it 

being both an antibacterial agent with extremely poor water solubility, and a potential zinc 

chelator, thus serving the purpose of combining antibacterial activity and the desired action of 

an adjuvant. 

The initial plan in this context was to establish a new and efficient total synthesis of iodinin, 

which would give access to sufficient amounts of the product for further development, 

nanoparticle encapsulation, biological evaluations, and metal chelation studies. 
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Chapter 2 – Zinc-chelating agents 

2.1 Introduction to Zinc 

2.1.1 Zinc biology 

Zinc is an essential trace mineral that plays a critical role in human health, in more than 3000 

different proteins (including enzymes), and in cell proliferation through zinc finger motifs 

present in many transcription and replication factors.1 Zinc also acts as a structural component 

of proteins, and as an enzymatic co-factor.2 A dysregulation in the zinc homeostasis can result 

in a deficiency of zinc that can affect vital processes such as organ function and immunity, 

cause diseases (e.g. diabetes3, acrodermatitis enteropathica4), and can even cause death if left 

untreated.4 Zinc deficiencies can also cause diarrheal diseases in children under 5 years old, 

which can cause malnutrition and death (around 525 000 deaths per year).5 Zinc overloads can 

also cause problems (e.g. copper deficiency), although it is more seldom since the zinc 

homeostatic regulation in the human body is extremely efficient, to allow physiological 

functions and to avoid undesired side effects.6,7 

2.1.2 -Lactam antibiotics and metallo- -lactamases 

β-Lactam antibiotics (Figure 11) have been the largest and most important group of 

antimicrobial drugs since their discovery in 1928. They are of particular interest in our 

research, because as will be described later, we will use one of the last resort antibiotics, a 

carbapenem (meropenem, Figure 6) from the β-lactam class. 

 

The mechanism of action of β-lactam consists in inhibiting a set of DD-transpeptidase 

enzymes, member of PBPs. Those enzymes are essential for the peptidoglycan crosslink 

formation of the bacterial cell wall, which is responsible for the wall strength and rigidity. 

Bacterial cell walls are not static structures when formed, and there is a balance between the 

synthesis and the hydrolysis of the peptidoglycan. So the β-lactams are mostly bactericidal by 

inhibiting the catalytic activity of the PBPs, leading to weakened cell wall, resulting in 

bacterial death. β-Lactams act as a peptidomimetic of the D-alanyl-D-alanine (D-ala-D-ala) 

peptide, which is required for the last step of the cell wall biosynthesis. This confers them a 
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structural resemblance to the endogenous substrate of the PBPs, allowing the binding of the 

antibiotic to the enzyme’s active site.8 

 

 

Figure 11. General structures of β-lactam antibiotics including penicillins, cephalosporins and 
carbapenems, and the monobactam aztreonam. 
 

However, the efficiency of -lactams is being compromised by β-lactam-destroying enzymes 

called -lactamases, which are probably the most important antibiotic resistance mechanism 

in terms of distribution and clinical relevance.9,10 -Lactamases can be structurally separated 

into two groups, the serine β-lactamases (SBLs) containing the classes A, C and D, and the 

metallo- -lactamases (MBLs) containing class B, that act on the antibiotic by two 

conceptually different mechanisms. MBLs require divalent cations, preferably one or more 

zinc ions, as cofactors for enzyme activity, which makes the catalytic MBL Zn2+ ion a very 

interesting target for enzyme inhibition.11,12 

 

Among the MBLs, two classes of enzymes are of particular interest, by their prevalence and 

by the enormity of the spread. 

First, the Verona integron-borne metallo- -lactamase (VIM) class, the most widespread with 

VIM-2 becoming dominant as they have been found in all strains of multiresistant bacteria.13 

As an example, Pseudomonas aeruginosa harbouring VIM-2, are responsible for a great 

number of nosocomial infections and can be especially devastating when infecting patients 

with cystic fibrosis.14 
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The second and one of the most feared MBL is, as previously mentioned, NDM-1. The first 

discovery of NDM-1 was in Klebsiella pneumoniae, although it rapidly spread to other Gram 

negative bacteria through a plasmid carrying resistance gene blaNDM-1.15 This plasmid is also 

carrying many other genes responsible for the resistance to other classes of antibiotics 

including macrolides, aminoglycosides, rifampicin, sulfamethoxazole and aztreonam (the 

latter is not hydrolysed by NDM-1), and more recently colistin, tigecycline, and fosfomycin, 

making antibacterial treatments almost impossible against NDM-1-expressing bacteria.15,16  

 

Several inhibitors of serine- -lactamases, such as clavulanic acid, sulbactam, and tazobactam 

(Figure 12), are already used as adjuvants to antibiotics17, thus extending the therapeutic life 

of -lactam antibiotics.18 However, the lack of reported MBL inhibitors in literature, and 

particularly for VIM-class and NDM-1, shows an obvious clinical need for it.17,19 Stopping 

the inactivation of antibiotics by MBL is therefore crucial but it remains one of the toughest 

challenge to fight antibiotic resistance.20,21 

 

 

 

Figure 12. Clinically used serine- -lactamase inhibitors 

 

 

Although there is no MBL inhibitor on the market yet, some reviews17,22, including a recent 

one by McGeary et al.23, reported the research and development of new MBL inhibitors. 

However, the detailed coverage provided in these reviews goes beyond the scope of this 

introduction. Some examples of β-lactam and non-β-lactam -lactamases inhibitors are 

presented in Figure 13. 
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Figure 13. Examples of -lactamases inhibitors in development 

2.1.3 Metal chelation 

2.1.3.1 General metal chelation 

Metal chelation is a physico-chemical process that consists in the formation of a complex 

between a ligand, also called chelator, and a metal ion. The main difference when compared 

to a classic complexion is that the chelation of the central metal atom is coordinated by at 

least 2 atoms from the chelator in the form of a claw, hence the Greek name meaning “crab 

claw”.24 Some examples of natural processes involving chelation include the detoxification of 

the human body by the glutathione (Figure 14a; chelates reactive oxygen species generated by 

heavy metals), protection of toxic elements by N-acetylcysteine (Figure 14a), or the more 

commonly known chelation of iron by the heme of the hemoglobin (Figure 14b).25,26 
 

 

Figure 14. a) Structure of natural chelators; b) Natural chelation process, heme-iron(II) complex 
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Chelators can also be life-saving drugs in cases of acute metal poisoning. A few metal 

chelators are used as drugs in chelation therapy, and the most commonly used are 

ethylenediaminetetraacetic acid (EDTA), 2,3-dimercaptopropane-1-sulfonate (DMPS) and 

dimercaptosuccinic acid (DMSA) (Figure 15).25 

 

 

Figure 15. Example of metal chelators in clinical use. 

2.1.3.2 Zinc selective chelators 

Most of the compounds that strongly bind to zinc will also most likely bind to other divalent 

cations present in the body such as magnesium, mercury, cadmium, copper, or iron. 

Therefore, when designing zinc chelating agents, a good selectivity is necessary to avoid 

unwanted toxicity and possible side effects. 

 

N,N,N',N',-Tetrakis (2-pyridylmethyl)ethylenediamine (TPEN, Figure 16) is probably one of 

the most notorious membrane permeable heavy metal ion chelator with a definite selectivity 

for zinc, whether its loose zinc or proteome bound zinc.27-30 TPEN and N-benzyl-N,N′,N′-

tris(2-pyridylmethyl)ethylenediamine (BnTPEN, Figure 16) are known to also chelate also 

other important metals in the human body, such as copper and iron31-35, but these intracellular 

chelators have shown a high affinity for zinc.36-38 Indeed, even though TPEN binds stronger to 

copper than to zinc (Table 1)39-41, the relatively higher zinc abundance (2-3 g)42 in the human 

body over copper’s (80 mg)43, makes it more zinc selective. TPEN has also been widely used 

as a promoter of zinc deficiency and as a tool to investigate the effects of zinc depletion on 

neurons.44,45 However, it is notorious for being toxic, mainly by inducing neurite 

degeneration.46,47 

 

Table 1. TPEN Binding constant to divalent metals.39-41 

Metal (divalent form) Copper Zinc Iron Manganese Calcium Magnesium 

Kd of TPEN (M) 3 × 10−20 2.6 × 10−16 2.4 × 10−15 5.4 × 10−11 4 × 10−5 2 × 10−2 
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Another zinc selective chelator, N,N-dipicolylamine (DPA, Figure 16), known to be much less 

toxic than TPEN48, has been used not only for its zinc chelating properties49, but in more 

recent years it has also been increasingly used as zinc(II)dipicolylamine complex for 

antiplasmodial activity50, or for delivery systems such as drug conjugates48,51,52 and gene 

vector.53 Although DPA is a weaker zinc binder (Kd of 1.6 × 10−7 M)54 than TPEN, the lower 

toxicity makes it an interesting starting point for the development of zinc-chelating DPA-

derivatives as a potential MBL inhibitor. 

 

Lastly, tris(2-pyridylmethyl)amine (TPA, Figure 16), has shown great properties that makes it 

interesting to be used as a potential zinc chelator targeting MBL. Its membrane permeability 

allows the chelation of mobile zinc even more effectively than TPEN, and with faster kinetics 

in cuvettes, live cells, and brain tissue.55 TPA has a 10-11 M affinity for zinc56, which is five 

orders of magnitude weaker than TPEN, but the former chelates zinc at around a 40% faster 

rate (5.81 × 106 M−1 s−1).55 TPA also binds to zinc more selectively than to “hard” alkaline 

and alkaline earth (e.g. calcium and sodium). Interestingly, TPA is much less toxic than 

TPEN towards in vitro cell lines.55 Moreover, TPA is soluble in most common organic 

solvents, as well as in water.57 

 

 

Figure 16. Zinc selective chelators and their dissociation constants58, 59 

2.1.4 Zinc chelators against resistant bacteria 

In order to overcome MDR by restoring the antibiotic’s efficiency, combination therapies, 

such as Augmentin® (amoxicillin and potassium clavulanate) and sultamicillin (ampicillin 

and sulbactam), have been the treatments of choice.17 Although it is very effective against 

SBLs, this treatment has a very limited effect on MBLs.11,12 
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As mentioned in section 2.1.2, MDR bacteria harboring MBLs are preventing the treatment of 

infections by β-lactam antibiotics. The catalytic use of two zinc ions for the hydrolysis of β-

lactam ring is crucial for the MBLs efficacy, therefore depriving them of zinc inhibits their 

enzymatic activity.60,61 As a consequence, zinc chelators represent an interesting treatment 

possibility, as they are potential MBL inhibitors. 

 

The critical situation regarding antibiotic resistance as well as a lack of MBL inhibitors have 

resulted in a tremendous increase of the research for new zinc-chelating agents as adjuvants in 

the past few years.62-67 

2.2 Results and discussions 

2.2.1 Introducing the ZinChel concept 

As shown in Figure 17, the zinc-chelating compounds were designed according to a three-

component platform. 

 

 

Figure 17. The ZinChel concept 

 

The first part involves a chelator possessing a definite selectivity for zinc. TPEN, DPA, TPA 

have been shown to have MBL inhibitory activity62. However, TPEN is non-selective of zinc 

and very toxic to mammalian cells. Therefore, less toxic derivatives like DPA and TPA, 

although non-selective of zinc either, are more attractive on a drug development point of 

view. 

 

The hydrophilic vector should lower the overall logP of the compounds, help the reduction of 

toxicity and provide selectivity towards bacterial protein/enzyme. 

Among other possibilities, the very hydrophilic D-ala-D-ala peptide presents itself as a 

particularly interesting vector. As described in section 2.1.2, D-ala-D-ala is a crucial 

component that binds to the PBP in the cell wall synthesis, therefore providing a unique 

feature that could possibly increase bacterial selectivity, recognition and uptake. 
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The linker not only serves as a link between the first two components, allowing fine-tuning of 

the physico-chemical properties of the overall molecule, but also can take part in the chelation 

process. 

 

All the synthesized compounds were prepared to be used as adjuvants in combination to 

established last resort antibiotic meropenem, as the main goal of the ZinChel project is to 

design MBL inhibitors. 
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2.2.2 Paper I - Synthesis and biological evaluation of DPA derivatives as metallo-β-
lactamase inhibitors 

The first series of compounds were designed according to the ZinChel concept to study the 

impact of the linker on the overall properties of the tripartite adjuvants.  

To be able to intrinsically compare the results, a fixed chelator and vector were defined. Since 

zinc depletion can generate diseases and can be especially harmful to neuron46, the molecules 

were designed not to exceed a clogP of 2 (determined with PerkinElmer Informatics 

ChemDraw Professional version 15.1.0.144) to prevent the crossing of the brain-blood barrier 

(BBB) that may result in serious side effects on the central nervous system. In order to 

achieve this goal, the D-ala-D-ala vector and the DPA chelator were chosen, along with a set 

of linkers possessing different properties, such as length, flexibility, and nature (Figure 18), to 

determine the incidence of the linker on the ZinChel compound activity. 

 

 

Figure 18. Summary of the chosen linkers for the study 

2.2.2.1 Synthesis of DPA derivatives 

Most of the mono N-Boc-protected diamines were commercially available except for 2g and 

2h. Contrary to the other diamines, their asymmetrical characters provided by the difference 

between the primary aliphatic amine and the aromatic amine made the regioselective 

protection much more efficient. The compounds were obtained in good yields using di-tert-

butyl dicarbonate on 4-(2-aminoethyl)aniline (Scheme 1). 
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Scheme 1. Synthesis of mono-Boc-protected diamines 2g and 2h. 

 
 
The aliphatic amine protection was performed under basic conditions68 while the aniline 

protection was catalyzed by slightly acidic conditions using acetic acid.69 

 

In order to synthesize the tripartite compounds, the D-ala-D-ala dipeptide precursor was 

prepared in 2 steps (Scheme 2), from a standard peptide coupling procedure70 between the 

amino- and the carboxyl-protected alanines, followed by an ester saponification, giving 

moderate overall yield (54%). 

 

 

Scheme 2. Synthesis of the N-Boc-D-ala-D-ala-OH dipeptide 4 as vector precursor. Reagents and 
conditions: a) HATU, NMM, DMF, 0°C for 1 h then RT, overnight (75%); b) i) NaOH 6M, 0°C for 30 
min then RT for 2 h; ii) HCl 2M, Et2O (72%). 
 
 
Then, using the mono-Boc-protected diamines as starting materials, all the zinc-chelating 

agents were synthesized in 5 steps. The synthetic pathway leading to linear linkers can be 

found on Scheme 3. A long chain length polyethylene glycol (13 atoms) linker was 

introduced in order to counteract the too high lipophilicity of an isosteric alkyl counterpart.  
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Scheme 3. General synthetic pathway to ZinChel compounds 1a-h. Reagents and conditions: a) 
chloroacetyl chloride, TEA, CH2Cl2, -78°C for 30-60 min then RT for 24 h; b) dipicolylamine (1.0 
equiv.), KI (cat.), DIPEA, CH3CN, reflux, 16 h; c) i) TFA, CH2Cl2, 0°C to RT, 3 h; ii) aq. K2CO3 
(1M); d) N-Boc-D-ala-D-ala-OH 4, HATU, NMM, CH2Cl2, 0°C to RT, 4.5 h. 
 

 

A similar synthetic pathway for piperidinyl and piperazinyl linkers can be found on Scheme 

4. The 1i-j derivatives were synthesized to examine the possible inclusion of the linker in the 

chelation process. 

 

First, the acetylation reaction afforded α-chloroamide derivatives in very good to excellent 

yields (72-93%). The DPA chelator was efficiently (75% to quantitative yields) introduced by 

KI catalyzed nucleophilic substitution under slightly basic conditions. Then, the bipartite 

molecules were deprotected using trifluoroacetic acid (TFA), and neutralized by basic water 

solutions. After extremely tedious extractions to get the free amino derivatives, a peptide 

coupling reaction with N-Boc-D-ala-D-ala-OH 4 was conducted under standard conditions70 

to give the Boc-protected tripartite compounds. Lastly, a Boc-deprotection using the 

previously described method was performed to afford the final tripartite compounds 1a-j 

(Figure 18, p 32). 
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Scheme 4. General synthetic pathway to piperidinyl and peperazinyl ZinChel compounds 1i-j. 
Reagents and conditions: a) chloroacetyl chloride, TEA, CH2Cl2, -78°C for 30-60 min then RT for 24 
h; b) dipicolylamine (1.0 equiv.), KI (cat.), DIPEA, CH3CN, reflux, 16 h; c) i) TFA, CH2Cl2, 0°C to 
RT, 3 h; ii) aq. K2CO3 (1M); d) N-Boc-D-ala-D-ala-OH 4, HATU, NMM, CH2Cl2, 0°C to RT, 4.5 h. 
 

 

The first remark is that after the addition of the chelator in reaction b leading to the synthesis 

of 6a-j, the use of traditional purification methods was no longer possible. Indeed, MgSO4 

could not be used to dry organic phase, as the compounds would chelate the magnesium 

cation, it was then replaced by potassium carbonate. Moreover, the use of silica column 

chromatography was not possible, as SiO2 would also react with the chelator in an acid-base 

interaction, thus tightly binding our compounds on the stationary phase. In order to recover 

the compounds, i.e. break the acid-base interaction, the use of over 10-20% methanol in 

dichloromethane was needed, which is not recommended since it will dissolve the silica, as 

well as further purifications. To prevent this issue, the use of extensive washing with 

potassium carbonate solutions was implemented, but each washing was accompanied by 

considerable emulsions which took a lot of time (0.5h up to 2h) to give a clear phase 

separation. The usual method to break these emulsions consists in adding a small amount of 

salts, such as sodium chloride, which did not work in our case. In addition, the use of neutral 

alumina column chromatography was sometimes needed to afford pure compounds. 
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The particularly low yields of 8i and 8j could partially be explained by the purification 

process. The removal of an unusual amount of N,N,N,N-tetramethylurea (TMU) by-product 

by C18 reverse phase chromatography (20-75% MeOH in water) was difficult, and so the 

number of pure fractions to collect was unexpectedly low. 

 

An interesting observation is that the main resulting impurity of reaction d (Scheme 3 and 4), 

was actually the result of a side reaction involving the remaining DPA excess and the vector, 

leading to what will later be synthesized and described as compound 10. This compound was 

first isolated during the synthesis of 1b, using a preparative neutral alumina (Al2O3) TLC 

plate, and then characterized. This side reaction was avoided using strictly one equivalent of 

DPA. 

 

Before going any further, it was crucial to assess the incidence of the linker and the chelating 

effect of the DPA. Thus, compounds 10 and 14 were designed as negative controls.  

Deprived of the linker, compound 10 was synthesized in 2 steps (59% overall yield), from a 

coupling reaction with DPA followed by an N-Boc-deprotection / neutralization sequence, to 

examine the usefulness of the presence of the linker (Scheme 5). 

 
 

 

Scheme 5. Synthesis of the negative control compound 10. Reagents and conditions: a) dipicolylamine 
(1.0 equiv.), HATU, NMM, CH2Cl2, 0°C to RT, 4 h (91%); b) i) TFA, CH2Cl2, 0°C to RT, 3 h; ii) aq. 
NaOH (1M) (65%). 
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Compound 1g, synthesized from the mono-Boc-protected diamine 5g, was the first final 

compound to be sent to biological evaluations. Therefore, to assess the importance and the 

chelating properties of the DPA moiety, it became relevant to synthesize 14 from 5g (Scheme 

6), comprising dibenzylamine instead of dipicolylamine, to have a possible comparison. 

Compound 14 was isolated as a hydrochloride salt. 

 

 
 
Scheme 6. Synthesis of the reference compound 14. Reagents and conditions: a) dibenzylamine, KI 
(cat.), DIPEA, CH3CN, reflux, 17h (68%); b) i) TFA, CH2Cl2, 0°C to RT, 1h; ii) aq. K2CO3 (1M) 
(93%); c) N-Boc-D-ala-D-ala-OH 4, HBTU, NMM, CH2Cl2, 0°C to RT, 3h (80%); d) i) TFA, CH2Cl2, 
0°C to RT, 1h; ii) HCl (2M), CH2Cl2, Et2O (80%).  
 
 

2.2.2.2 Biological evaluations of DPA derivatives 

The results of the biological evaluations for compounds 1a-j, 10, and 14 are shown in Table 

2, as well as meropenem (MEM), the antibiotic which is co-administered with the ZinChel 

compounds. TPEN and DPA were tested as references. 
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Table 2. Effect of compounds 1a-j on the potentiation of MEM against different clinical strains of 
MBL-producing P. aeruginosa and K. pneumoniae (MIC values), enzymatic inhibition of the 
compound 1a-j (IC50) and the MDA-MB-231, Mia-PaCa2 and Colo-357 cell lines sensitivity (IC50). 

Compound Linker 

MIC (mg/L)a 

Pure enzyme 
inhibition 

VIM-2 
IC50 (μM) 

Cell sensitivity 
IC50 (μM) 

P. 
aeruginosa 

VIM-2b 

K. 
pneumoniae 

NDM-1c 

Incubation 
time (min) MDA-MB-

231 
Mia-

PaCa2 Colo-357 
5 20 

MEM - 32-64 32-64 ND ND ND ND ND 

TPEN - 1 ≤ 0.5 ND ND 4.8 
±1.2 

3.7 
±1.2 

5.0 
±0.8 

DPA - ND ND ND ND 104.3 
±47.8 

95.6 
±94.8 

57.2 
±22.5 

1a 
 

32 8 30.65 6.31 152.5 
±48.1 

137.6 
±26.6 

78.8 
±6.2 

1b 
 

16 4 5.974 2.46 210.3 
±50.7 

134.2 
±32.5 

99.4 
±17.3 

1c 
 

16 4 16.81 14.19 121.0 
±4.2 

117.5 
±13.6 

175.8 
±86.1 

1d 
 

8 4 14.69 2.68 168.6 
±77.5 

117.9 
±33.0 

105.9 
±20.5 

1e 
 

8 2 31.38 17.94 164.8 
±63.0 

119.5 
±17.4 

85.2 
±11.3 

1f 
 

8 8 14.18 3.36 193.2 
±66.1 

121.6 
±28.0 

100.3 
±17.5 

1g 
 

32 16 2.28 1.38 127.2 
±91.6 

118.4 
±31.5 117.9d 

1h 
 

32 16 76.03 75.77 178.0 
±41.2 

130.1 
± 70.8 

140.4 
±50.7 

1i 
 

2 1-2 9.84 2.84 116.6 
±53.4 

122.2 
±102.1 

50.1 
±13.1 

1j 
 

8 4 24.67 6.88 148.7 
±18.3 

142.4 
±53.1 

94.6 
±94.6 

10 - 32 32 > 125 > 125 ND ND ND 

14 - 64 64 > 125 > 125 15.4 
±10.0 

12.7 
±4.3 

20.4 
±5.1 

Assays were performed in duplicate, with at least three separate experiments. All values are expressed 
as the mean ± SD. a For MIC determination, all compounds were tested at 125 μM in co-administration 
with MEM. b MIC values of P. aeruginosa strain harboring MBLs VIM-2 (Verona Integron-Mediated 
metallo-β-lactamase 2). c MIC values of K. pneumoniae NDM-1 strain (New-Delhi metallo-β-
lactamase 1). d Result of only one experiment. 
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Minimum inhibitory concentration (MIC) 

The compounds were evaluated for their synergistic activity in co-administration with β-

lactam antibiotic MEM, as well as for their intrinsic antibacterial activity, according to the 

MIC procedure (experimental section, paper I). The bacterial strains chosen for the assay are 

actually clinical isolates from patients of two MBL-producing MEM resistant strains, VIM-2-

producing Pseudomonas aeruginosa71 and NDM-1-producing Klebsiella pneumoniae.72,73 

 

The MIC values of MEM ranged from 32 to 64 mg/L in the two tested cell lines. Concomitant 

administration of 125 μM of TPEN lowered the MIC values of MEM to 1 mg/L towards P. 

aeruginosa and ≤ 0.5 mg/L towards K. pneumoniae. When tested alone, none of the 

compounds exhibited activity towards bacterial cells, with MIC values equal or above 1000 

μM (data not shown). However, when administered in association with MEM, all the 

compounds (except 14 which is not a metal chelator) were able to lower the MIC value of 

MEM.  

The two negative control 14 (impaired chelator) and 10 (without linker), exhibited the highest 

MIC values, equal (14) or just below (10) the MIC values for MEM alone, showing that the 

chelator motif including pyridines and the presence of a linker are both essential for biological 

activity. 

Among all the tested compounds, 1i stood out by giving results almost comparable to those of 

TPEN, with MIC values of 2 mg/L (VIM-2) and 1-2 mg/L (NDM-1). 

Pure enzyme inhibition 

The synthesized zinc-chelating agents have for purpose the inhibition of the MBLs expressed 

by bacteria. To have a better understanding of the mechanism of action, the inhibitory activity 

of the compounds were measured (after 5 and 20 min incubation time, Table 2) against VIM-

2 to find out whether there is a correlation between MIC and pure enzyme inhibition. 

 

The compounds exerted their activity in a time-dependent manner, with IC50 drastically 

dropping between the measure after 5 min incubation and the one after 20 min, except from 

1c and 1h which had very little IC50 shifts over time. We can only speculate that the reaction 

for these compounds is equilibrated much faster or slower compared to the other compounds. 
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Compound 1i, the most active MEM adjuvant in the MIC assay, also demonstrated a strong 

inhibition of VIM-2, with an IC50 of 2.84 M after 20 min incubation. However, the 

hypothesis that a strong MBL inhibition would lead to a low MIC, which was supported by 

the results for 1i, didn’t stand with the rest of the results. Indeed, the strong inhibitory activity 

showed by 1b and 1g (IC50 = 2.46 and 1.38 M for 20 min incubation, respectively), did not 

correlate with the weak synergistic results obtained in the MIC assay (16 and 32 mg/L on P. 

aeruginosa VIM-2, respectively). 

 

Interestingly, even though compounds 1g and 1h, which possess inverted linkers and have the 

same MIC values, their IC50 was completely opposite, with 1g being the most active inhibitor 

(1.38 μM after 20 min incubation), and 1h being the least active (75.77 μM after 20 min 

incubation). From a structural point of view, there is an aromatic center in the active site of 

VIM-274, quite close to the zinc binding site, which could match the phenyl group of 1h, and 

not the one of 1g. The stabilization of the inhibitor in the binding site through hydrophobic 

interactions would prevent the chelation of zinc. However, at the moment, these are only 

speculations the complete mechanism of action is currently being investigated in the group. 

MTT Cell sensitivity assay 

A difficult objective when designing metal chelators is to achieve prokaryotic selectivity to 

have as little toxicity as possible. 

 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric 

assay75 has been set up to evaluate the sensitivity of human breast cancer cells (MDA-MB-

231: human breast adenocarcinoma) and pancreatic cancer cells (MIA-PaCa2: human 

pancreatic carcinoma, and Colo-357: metastatic pancreatic adenocarcinoma) towards all 

synthesized hybrid compounds 1a-j, reference compounds TPEN and DPA, and negative 

control 14. The IC50 (concentration at 50% cell survival) have been determined by measuring 

the optical density, corresponding to the residual mitochondrial activity of the surviving cell. 

Although the MTT assay is not the most efficient test in term of cytotoxicity and cell 

sensitivity studies, it is one of the fastest and it can be performed on a great number of 

compounds to achieve a preliminary screening, as well as to compare the relative toxicity 

between the compounds used in the assay. 
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As expected from literature, TPEN was very toxic to every cell lines, with IC50 values 

between 3 and 5 μM, and DPA showed IC50 values much higher, ranging from 57.2 to 104.3 

μM. As anticipated, the tripartite compounds 1a-j were far less toxic on every cell lines than 

these metal chelators alone. Indeed, for MDA-MB-231 and MIA-PaCa2 cell lines, all the 

compounds were in the range or far above the concentration used for the MIC biological 

assays (i.e. 125 μM), exhibiting IC50 values between 100-200 μM, and slightly lower (50-175 

μM) towards Colo-357 cell line. Unexpectedly, negative control 14 showed significant 

toxicity in the range of TPEN. We speculate that the toxicity of this compound might be due 

to the much higher lipophilicity (clogP > 2, determined with PerkinElmer Informatics 

ChemDraw Professional version 15.1.0.144), possibly providing cell membrane penetration. 

Moreover, 14 was isolated as a hydrochloride salt, which might increase the toxicity. 

 

In this assay we target metabolic processes that are crucial for the cell proliferation, so rapidly 

proliferating cells, such as cancer cell lines, are much more sensitive than cells that are just 

surviving and not proliferating. The difference in sensitivity observed for the Colo-357 cell 

line compared to the MDA-MB-231 and MIA-PaCa2 could be then explained by an 

extremely faster growth (more than one order of magnitude was observed experimentally) and 

cell division than the other 2 cell lines. Also, the cell sensitivity of the three selected cancer 

cell lines would most likely be overestimated when compared to normal cell lines, although 

this model does not allow us to extrapolate to any other models. In addition, other methods to 

evaluate the toxicity can be performed in complement to the MTT assay, such as tests on 

healthy cell lines, or even proliferation test, in which is determined if the cells are surviving or 

proliferating. 

The toxicity of a compound is an important parameter to know, because when correlated to 

the effective concentration required for the activity, it will provide crucial knowledge about 

the therapeutic window, i.e. the concentration in which the compound is active without being 

toxic. 

 

In conclusion, the cell sensitivity study indicated that all the tripartite compounds 1a-j, 

including the most active compound 1i, exhibited less toxicity than DPA, thus successfully 

completing their objective of chelator detoxification.  
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2.2.2.3 Chelation studies 

Assessing the chelating properties of the tripartite compounds was crucial. As a proof of 

concept, we selected the newly assessed lead candidate 1i (Figure 19) to perform metal 

chelation studies by NMR, using 4 metal ions: zinc (II) chloride (Figure 20), magnesium (II) 

chloride (Figure 21), iron (III) chloride, or copper (II) chloride. Unfortunately, due to the 

paramagnetic properties of copper and iron, very important peak broadening occurred and 

made spectrum analysis impossible or inconclusive. 

 

The chelation study using NMR is one of the possible methods, but there are other methods 

that can be used to assess the chelation properties (e.g. UV titration, potentiometric 

titration).24, 76  

 

 

Figure 19. Chemical structure of lead candidate 1i. 

 
Zinc (II) chloride 

Since the results obtained for the chelation of zinc were explained in detail in paper I, only a 

short summary will be presented here. 

 

Upon complexation with zinc chloride (Figure 20), the protons belonging to the chelator 

moiety (i.e. 2 CH2 and all the aromatic protons) shifted, showing that the DPA moiety was 

involved in the chelation of zinc. 

 

As soon as zinc chloride was added (0.25 eq), the piperidinyl CH2 signals shifted, showing the 

evident implication of the piperidinyl moiety in the chelation.  

 

Above addition of one equivalent ZnCl2, we could see that the two methyl groups belonging 

to the D-ala-D-ala vector, which didn’t move so far, started to shift too. These results showed 

that the vector could participate in the chelation of at least one second zinc cation. 
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Figure 20. Zinc chelation study of 1i by NMR titrations with sequential addition of zinc chloride. 
ZnCl2 was added sequentially from 25% to 500% (relative Zn(II) concentration related to molar 
concentration of 1i) to a solution of 1i in DMSO-d6 and each 1H NMR spectrum was recorded with a 
Bruker 500MHz spectrometer after 20 min stirring. 
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Magnesium (II) chloride 

As can be seen for zinc chelation (Figure 20), upon complexation with magnesium chloride 

(Figure 21), the NCH2Pyr AB system became AM system and moved downfield from 3.79 

ppm and 3.84 ppm (0% Mg) to 3.84 ppm and 4.04 ppm (500% Mg) when Mg2+ concentration 

increased. In the case of magnesium, aromatic proton signal at 7.6 ppm did not shift, unlike 

other pyridine proton signals which moved downfield. The DPA moiety was included in the 

chelation of magnesium, but in a different way than for zinc. 

 

When magnesium was added to 1i, the piperidinyl CH2 signal at 0.9 ppm split into two 

multiplets which both moved upfield. However, unlike zinc, signals between 1.5 and 1.7 ppm 

were just slightly modified. Triplets at 2.5 ppm and 2.9 ppm did not shift either. Therefore, 

the piperidinyl moiety was most likely less involved in the chelation of magnesium than it 

was for zinc. 

 

An interesting observation was that both methyl group signals (around 1.3 ppm) and the two 

asymmetric protons, belonging to the D-ala-D-ala vector, were modified from 25% MgCl2 

addition. These finding showed that the Mg2+ cation was chelated not only by the chelator but 

also by the vector part without selectivity, thus showing that 1i chelated magnesium with a 

different mechanism than for its zinc chelation. 

 
 
These results obtained may be the basis of the hypothesis that our compounds are more 

selective for zinc than for magnesium, supporting the previously reported literature24, 40, 41, but 

further investigations must be undertaken.  
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Figure 21. Magnesium chelation study of 1i by NMR titrations with sequential addition of magnesium 
chloride. MgCl2 was added sequentially from 25% to 500% (relative Mg(II) concentration related to 
molar concentration of 1i) to a solution of 1i in methanol-d4 and each 1H NMR spectrum was recorded 
with a Bruker 500MHz spectrometer after 20 min stirring. 
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In conclusion, compound 1i, with a 4-substituted piperidinyl linker chain, was undoubtedly a 

zinc chelator that appears to be able to chelate at least two zinc atoms since the vector and 

linker moieties seemed to have an active role in the chelation as well. 1i also showed the best 

synergistic performance in combination with MEM in the MIC assays, a high inhibitory 

activity against the pure metallo -lactamase VIM-2 (IC50 = 2 M) and a moderate toxicity 

towards three human cancer cell lines (IC50 values above 50 M). 

 

Taken together, these findings demonstrated that 1i is a good lead candidate for further 

development and potential structure-activity relationship.  
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2.2.3 Paper II - Synthesis and biological evaluation of TPED and DPA-triazole derivatives 
as metallo-β-lactamase inhibitors 

The first series of compounds from paper I gave us the conclusion that a strong zinc chelation, 

leading to the dysregulation of the zinc homeostasis, was essential for the inhibition of 

metallo-β-lactamases, even more than the pure enzyme inhibition itself. Therefore, a second 

series of compounds was screened to increase the chelator strength. This second generation 

comprised the TPED chelator motif (Figure 22). For my part, I synthesized a TPEN derivative 

with higher zinc binding than DPA. DPA-triazole derivatives (Figure 22) were also 

synthesized by coworkers in the group. Actually, the inclusion of a triazole moiety to DPA 

had for purpose to increase the chelator strength by participating in the chelation of zinc as 

well. 

 

 

Figure 22. The TPED and DPA-triazole chelator motif. 

 

Initially, a few linkers from the first set of compounds were chosen, to compare the results to 

paper I. However, after the synthesis and evaluation of the first few compounds 18-21, the 

results of the toxicity studies (described in section 2.2.3.2) made the interest of the piperidinyl 

linker drop. 

2.2.3.1 Synthesis of TPED derivatives 

Compound 18 was synthesized according to Scheme 7, starting from the commercially 

available N-Boc-hexanediamine 2c. The straightforward synthetic pathway follows the same 

experimental description as for the first series of compounds (section 2.2.2.1). The only 

difference came from the nature of the chelator. Indeed, TPED is more lipophilic, more basic, 

so it will bind to silica and alumina even stronger than DPA. Purification of the compounds 

will then require a combination of even more extensive washing with basic water and alumina 

column chromatography. 
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Scheme 7. Synthesis of compound 18, a second generetion zinc-chelating agent. Reagents and 
conditions: a) chloroacetyl chloride, TEA, CH2Cl2, -78°C for 30-60 min then RT for 24 h; b) N,N,N′-
Tris(2-pyridylmethyl)ethylenediamine (1.0 equiv.), KI (cat.), DIPEA, CH3CN, reflux, 16 h; c) i) TFA, 
CH2Cl2, 0°C to RT, 3 h; ii) aq. K2CO3 (1M); d) N-Boc-D-ala-D-ala-OH 4, HATU, NMM, CH2Cl2, 0°C 
to RT, 4.5 h. 
 

 

The rest of the compounds in paper II were synthesized by other members of the group; five 

of the most relevant (19a-c, 20 and 21) are presented in Figure 23. Compound 19a, 

comprising the same linker as 1g and negative control 14, was synthesized by the same 

experimental method as compound 18 (Scheme 7). Compounds 19b and 19c were prepared to 

lower the lipophilicity of the TPED moiety by introducing increasingly hydrophilic vector, 

propane-1,2-diol in 19b and meglumine in 19c. DPA-triazole derivatives 20 and 21 showed in 

Figure 23 were also synthesized by coworkers. 

 

 



49 
 

 

Figure 23. Compounds 19a-c, 20 and 21, second generation zinc-chelating agents. 

 

 

2.2.3.2 Biological evaluations of TPED derivatives 

Compounds 18-21 were evaluated in vitro for their synergistic activities against P. aeruginosa 

and K. pneumoniae isolates, and for their toxicity against 3 cancer cell lines (Table 3). 

Since no correlation was found between efficiency of the compound in MIC and pure enzyme 

inhibition, we decided to focus on the MIC and the cell sensitivity assay, while further 

investigations on enzyme inhibition was carried out by our biology colleagues. One possible 

explanation for this non-correlation is that the concentration of purified VIM-2 and NDM-1 

used is different that the concentration of these enzymes in the bacteria. 
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Table 3. Effect of compounds 18-21 on the potentiation of MEM against different clinical isolates of 
MBL-producing P. aeruginosa and K. pneumoniae (MIC values), and MDA-MB-231, Mia-PaCa2 and 
Colo-357 cell lines sensitivity (IC50).  

Compound 

MIC (mg/L)a Cell sensitivity 
IC50 (μM) 

P. aeruginosa 
VIM-2b 

K. pneumoniae 
NDM-1c MDA-MB-231 Mia-PaCa2 Colo-357 

MEM 32-64 32-64 ND ND ND 

TPEN 1 ≤ 0.5 4.8 
±1.2 

3.7 
±1.2 

5.0 
±0.8 

TPED 0.5 < 0.25 3.2 
±1.8 

3.2 
±1.5 

4.4 
±1.4 

DPA ND ND 104.3 
±47.8 

95.6 
±94.8 

57.2 
±22.5 

1i 2 1-2 116.6 
±53.4 

122.2 
±102.1 

50.1 
±13.1 

18 1 < 0.5 4.7 
±1.6 

4 
±1.5 

3.5 
±1.7 

19a 2 0.125 4.9 
±0.7 

4.8 
±1.2 

6.8 
± 

19b 1 0.125 8.7 
±1.0 

10.5 
±0.7 

10.4 
±5.8 

19c 2 0.125 9.4 
±1.7 

11.0 
±1.4 

7.9 
±1.5 

20 2 <0,5 152.2 
±17.1 

117.7 
±8.9 186.4* 

21 4 2 168 
±77 

176 
±11 

137 
±78 

Experimental description is given in Table 2 (page 38).* Result of only one experiment. 
 

Minimum inhibitory concentration (MIC) 

Tested alone, none of the second generation compounds exhibited activity towards bacterial 

cells, with MIC values equal or above 1000 μM (data not shown). 

The MIC value of MEM was significantly reduced, as expected, when co-administered with 

the TPED or DPA-triazole derivatives. Compounds 18-20 exhibited activities in the range of 

those of TPEN against P. aeruginosa (1 to 2 mg/L) and K. pneumoniae (0.125 to <5 mg/L). 

Only compound 21, where D-ala-D-ala vector were replaced by Gly-Gly vector, exerted a 

weaker activity against the bacterial strains (MIC values of 4 and 2 mg/L against P. 

aeruginosa and K. pneumoniae, respectively. 

 

MTT Cell sensitivity assay 

Although they were active, TPED derivatives were toxic against the selected cell lines, with 

IC50 values ranging from 3.5 μM to 11 μM, comparable to those of TPEN (IC50 values 

between 3.7 μM and 5 μM). TPED itself exerted IC50 values even below those of TPEN. 
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Moreover, the second generation compounds were 10 times more toxic than DPA derivatives. 

The attempts to reduce the toxicity by adding increasingly hydrophilic vectors have not been 

as efficient as expected, showing that the chelator always took the upper hand compared to 

the vector. The introduction of these vectors showed the reduction of about 50% of the cell 

sensitivity when compared to the D-ala-D-ala vector. Moreover, even the most hydrophilic 

meglumine-derived compound (19c) (clogP = -0.13, determined with PerkinElmer 

Informatics ChemDraw Professional version 15.1.0.144) was not able to reduce the toxicity of 

TPED (IC50 ≤ 11 μM) more than twice. 

 

As expected from paper I and the first generation of DPA derivatives, the DPA-triazole 

derivatives 20 and 21 had IC50 between 117 μM and 187 μM, showing a significantly lower 

toxicity than TPED derivatives. 

 

Even though we found compounds with great metallo-β-lactamase inhibition, they exhibited a 

too strong toxicity. Compound 20 showed activity in the MIC assay at a concentration of 125 

μM, but not at a lower concentration (data not shown). Therefore, structure-activity 

relationship must be continued in order to find the best balance between chelation strength 

and toxicity.  
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2.2.4 Paper III - Synthesis and biological evaluation of TPA derivatives as metallo-β-
lactamase inhibitors 

After the first two series of tripartite compounds comprising DPA or TPED chelator were 

synthesized and evaluated in vitro, it seemed like the chelator strength was the key to a 

successful lead candidate, as exemplified by DPA-triazole derivative 20. A compromise 

between the weak toxicity of DPA and the strong chelating potency of TPEN and TPED must 

be found. Therefore, our focus turned to the TPA chelator motif (Figure 24), which is known 

to possess a slightly weaker metal-binding affinity, but membrane permeability, faster 

kinetics and most importantly, a lower toxicity.55 

 

 

Figure 24. The monosubstituted TPA chelator motif. 

2.2.4.1 Synthesis of TPA derivatives 

For a comparison purpose, the linkers were chosen in coordination with paper I. 

Consequently, the piperidinyl linker comprised in 1i, as well as a flexible counterpart, was 

chosen. The third generation tripartite compounds 26a-b were synthesized (Scheme 8) 

starting from the TPA derivative ester 22 prepared earlier in the group. The first step of the 

synthesis included the basic hydrolysis of 22 using lithium hydroxide, followed by HCl 

neutralization. Compounds 23a-b were then obtained by reaction of the crude carboxylic acid 

with the corresponding N-Boc-diamino derivatives, under standard conditions, to give 

moderate (23b, 64%) to excellent yields (23a, 94%). The important deviation in yields could 

be explained by the reactivity difference between a carboxylic acid and a primary amine (23a) 

or a secondary amine (23b). In the latter case, unreacted starting material was recovered after 

the reaction. 

The next steps of the synthetic pathway (Scheme 8) observed the experimental description 

from section 2.2.2.1. 
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Scheme 8. General synthetic pathway to 3rd generation zinc-chelating agents. Reagents and 
conditions: i) a) LiOH, H2O, THF, 0°C to RT, 3h; b) HCl 2N; c) N-Boc-diamino derivatives, HATU, 
NMM, DMF, 0°C to RT, overnight; ii) a) TFA, CH2Cl2, 0°C to RT, 3 h; b) aq. K2CO3 (1M). iii) N-
Boc-D-ala-D-ala-OH 4, HATU, NMM, CH2Cl2, 0°C to RT, overnight. 
 
 
At that point, a negative control without linker was synthesized in two steps according to 

Scheme 9, starting from the chelator precursor 27 prepared by coworkers. Again, the synthetic 

pathway was similar to the one described in section 2.2.2.1, with a standard peptide coupling 

reaction followed by a Boc-deprotection, affording 29 in moderate overall yield (44 %). 

 

 

Scheme 9. Synthesis of the negative control compound 29. Reagents and conditions: a) N-Boc-D-ala-
D-ala-OH 4, HATU, NMM, DMF, 0°C to RT, overnight; b) i) TFA, CH2Cl2, 0°C to RT, 3 h; ii) aq. 
NaOH (1M). 
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2.2.4.2 Biological evaluations of TPA derivatives 

This third generation zinc-chelators were evaluated in vitro for their synergistic activities 

against P. aeruginosa and K. pneumoniae isolates, and for their cell sensitivity against 3 

cancer cell lines (Table 4). For comparison purposes, we included the same cell lines as the 

previous generations of compounds and HepG2 cell line data were not included. 

 
Table 4. Effect of compounds 26a, 26b and 29 on the potentiation of meropenem (MEM) against 
different clinical isolates of MBL-producing P. aeruginosa and K. pneumoniae (MIC), and MDA-MB-
231, Mia-PaCa2 and Colo-357 cell lines sensitivity (IC50).  

Compound 

MIC (mg/L)a Cell sensitivity 
IC50 (μM) 

P. aeruginosa 
VIM-2b 

K. pneumoniae 
NDM-1c MDA-MB-231 Mia-PaCa2 Colo-357 

MEM 32-64 32-64 ND ND ND 

TPEN 1 ≤ 0.5 4.8 
±1.2 

3.7 
±1.2 

5.0 
±0.8 

1i 2 1-2 116.6 
±53.4 

122.2 
±102.1 

50.1 
±13.1 

18 1 < 0.5 4.7 
±1.6 

4 
±1.5 

3.5 
±1.7 

26a 1 0.125 64.6 
±40.8 

57.9 
±25.1 

46.1 
±36.4 

26b 1 0.125 83.7 
±22.7 

72.8 
±23.0 

94.7 
±97.8 

29 1 0.125 64.3 
±44.3 

53.3 
±31.0 

54.6 
±36.0 

Experimental description is given in Table 2 (page 38). 
 
 
Minimum inhibitory concentration 

Tested alone, none of the third generation compounds exhibited activity towards bacterial 

cells, with MIC values equal or above 1000 μM (data not shown). 

When co-administered with MEM at 125 μM, all the compounds were able to lower the MIC 

of MEM from 32-64 μM for both strains, to 1 μM and 0.125 μM against P. aeruginosa and K. 

pneumoniae, respectively. So, the compounds 26a, 26b and 29 were not only more active than 

1i, but they also showed a better efficacy than TPEN and 18. This may be due to the faster 

kinetic properties of TPA over TPEN and DPA.55 

Interestingly, with TPA chelator, the impact of the linker was not as important as with the 

DPA moiety. Indeed, compound 29, which was supposed to be a negative control without 

linker, was also able to lower the MIC value of MEM as efficiently as 26b, comprising the 

same 4-ethylpiperidinyl linker as 1i, the most active DPA derivative. 
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MTT Cell sensitivity assay 

The cell sensitivity of human breast cancer cells (MDA-MB-231) and pancreatic cancer cells 

(MIA-PaCa2 and Colo-357) towards compounds 26a, 26b and 29, was then assessed using 

the MTT assay. 

Compared to TPEN, TPA derivatives were far less harmful to cell growth. The IC50 values of 

26a, 26b and 29 ranged from 46.1 to 94.7 μM, indicating that they were 16 to 25 times less 

toxic than TPEN (IC50 values between 3.7 and 5 μM).  

The cell sensitivity exerted by 26a, 26b and 29 on MDA-MB-231 and MIA-PaCa2 cell lines 

was 1.5 to 2 times higher than 1i. However, when tested against Colo-357, 26a and 29 (IC50 

values of 46.1, 54.6 μM, respectively) exhibited toxicity in the same range than 1i (IC50 = 

40.1 μM). Compound 26b, with an IC50 value of 94.7μM against Colo-357, was the least toxic 

of all compounds against this particular cell line, including all the TPA derivatives, DPA, 

TPEN, and 18. Lastly, 26b exerted the lowest IC50 values of the third generation compounds. 

These results showed that even though the linker is not as important for activity when 

associated with the TPA chelator, it can still play a key role in the toxicity of the overall 

molecule. 

It is also worth noting that in paper III, the group focused on a different cancer cell line, the 

HepG2 (human hepatoblastoma, data not shown).  

 

To briefly summarize this section, 26a, 26b and 29 showed that the impact of the linker was 

not as essential, but still important with the TPA motif. All third generation compounds 

performed excellently in the MIC assays, even better than TPEN and the second generation 

TPED or DPA-triazole derivatives. Compounds 26a, 26b and 29 were also far less toxic than 

18-21. The whole third generation represents a very interesting set of compounds since they 

represent a good compromise between binding strength and toxicity, with as the lead 

candidate, compound 26b comprising the 4-ethylpiperidinyl linker identified in paper I. 

2.3 Conclusions and perspectives 

2.3.1 Chemistry 

A very interesting set of new zinc-chelating agents with various properties and different 

chelation strength has been synthesized and evaluated in vitro. The summary of the three 
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different generations ranked by their activity towards two clinically relevant bacteria 

expressing metallo-β-lactamases VIM-2 and NDM-1 can be found in Figure 25.  

 

 

Figure 25. Summary of structure-activity relationship. MIC values against MBL-producing 
Pseudomonas aeruginosa and Klebsiella pneumoniae, and MDA-MB-231, Mia-PaCa2 and Colo-
357 cell lines sensitivity (IC50 range). 
 

The structure-activity relationship study on the linker has provided different information 

about the first generation of compounds. First, the results showed that with the DPA chelator, 

the presence of a linker was crucial. Then, we also discovered that the linker was included in 

the chelation of the zinc cation, providing important information for the development and 

possible future SAR studies on this type of agents possessing of very low toxicity. Finally, the 

use of a weaker chelator like DPA allowed us to go further into the linker SAR study without 

the results being overshadowed by the chelator strength, thus leading to the discovery of the 

best linker so far, the 4-ethylpiperidinyl moiety.  

 

While the linker was found to be not as essential when associated with a stronger chelator like 

TPA, it could still be a key component in the fine-tuning of the compounds in terms of 

pharmacokinetic and pharmacodynamic properties, as compound 26b showed by lowering the 

toxicity of the overall molecule. 
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Even though the D-ala-D-ala vector did not provide any improvement of activity over the 

other vectors in vitro, it should not be given up before being properly evaluated in vivo. 

Indeed, drug selectivity is an evolving concept in medicinal chemistry77 which has become 

one of the primary objectives in the process of compound optimization. Keeping this targeting 

vector could be a great feature in the purpose of avoiding side-effects. 

 

There is still much to do in the SAR study, especially for the third generation, but this work 

represents an interesting starting point, with compounds comprising 3 different chelation 

strengths. It also seems important to perform a metal selectivity studies on the second and the 

third generation compounds possessing stronger chelators, to ensure the zinc selectivity and 

avoid the chelation of other essential metals such as iron. 

2.3.2 Biological evaluations 

This work has led to the identification of several promising candidates for in vivo biological 

evaluation. However, as the toxicity studies were performed on cancer cells, a similar 

evaluation on healthy cell lines should be performed beforehand. 

 

From what we have experimentally deduced so far, the activity of our compounds seems to be 

strongly related to the dysregulation of zinc homeostasis in the bacterial cell rather than to a 

pure enzyme inhibition of MBLs. However, the precise mechanism of action is still not yet 

fully understood and intensive research still goes on this subject. 

 

The most important aspect for the future development of zinc-chelating agents would be to 

realize a dose-response curve for all compounds. Indeed, the MIC of meropenem is measured 

after co-administration of a fixed concentration of compound (125 μM), which might be well 

above the threshold needed for antibacterial activity. Assessing the best concentration, 

depending on the type of compound, and correlating this to the toxicity seems the most logical 

next step in the process of drug discovery. 

 

Investigating of the impact of a targeting vector on bacterial selectivity in vivo, and 

particularly comparing to other hydrophilic and non-selective vectors, seems an important 

step for the development of a future possible drug. 
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Chapter 3 – Iodinin 

3.1 Introduction to iodinin 

3.1.1 Structure, physical properties and sources 

Iodinin1 30 (Figure 26) is a member of the phenazine class, which are planar nitrogen-

containing heterocyclic compounds produced by a variety of bacteria. The unique structure of 

iodinin, comprising two intramolecular ion-dipole bonds (between the N-oxides and the 

hydroxyl groups), makes it practically insoluble in water. 

 

 

Figure 26. Structure of iodinin and the phenazine scaffold 

 

Iodinin was first identified in 1939 by Davis2, describing a purple, bronze-glinting pigment 

covering a Chromobacterium iodinum1 culture, which was later reclassified as 

Brevibacterium iodinum.3,4 It was discovered that carbon growth dependent bacteria, such as 

Pseudomonas phenazinium5, Arthrobacter paraffineus KY 71346, Nocardiaceae7, and 

Acidithiobacillus ferrooxidans8 were also able to produce iodinin. A marine bioprospecting 

project in Trondheimfjord (Norway) led to the discovery of marine actinomycetes9,10 and 

marine Actinomadura sp.11 which can bioproduce iodinin as well. 

 

Fungal sources have also been acknowledged to producing iodinin. Examples include 

Nocardiopsis dassonvillei12, actinomycetes like Microbispora amethystogenes and parva, in 

addition to Streptosporangium album and amethystogenes13, which were identified to 

extracellularly produce iodinin in oat-meal agar medium. 

 

In summary, iodinin can be produced by many organisms, both bacteria and fungi. 

Remarkably, all those organisms retained the set of genes required for the bioproduction of 

this secondary metabolite throughout time. However, so far only one soil-derived 
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representative of the actinomycetes genus Streptosporangium13 has shown the production of 

this compound.  Moreover, there was no commercially available source for iodinin, or 

efficient total synthesis reported in the literature. Therefore, a reliable synthetic strategy was 

needed to get ahold of enough iodinin for it to be used as a starting point in the research and 

development of new antimicrobial agents. 

3.1.2 Biological activities 

The phenazine class of natural products is known to possess a wide range of biological 

properties14-16, such as antimicrobial (including antiparasitic)17-21, biofilm eradicating22-24, 

antitumor14,25-27, anti-inflammatory28, as well as metal chelating effects.29 

 

In the present work, the scope was mostly turned to the antibacterial properties of iodinin 

(30), which have been known for many decades. However, it was recently discovered that 

iodinin (30) possess an interesting activity against acute myeloid leukemia (AML) and a 

subtype, acute promyelocytic leukemia (APL), as well as selectively against AML cells over 

healthy cells in vitro.30 This work has actively been pursued by other members of the research 

group.  

Moreover, the most common cause of death in leukemia patients is infection (75%).31 

Therefore, these newly found antileukemic activities, added to the well-established 

antibacterial properties, could make iodinin an even more promising candidate for further 

development as it could target both diseases.  

3.1.2.1 Antimicrobial properties 

The first antimicrobial activity of iodinin was discovered by McIllwain in 1943. Indeed, 

iodinin was able to inhibit the growth of streptococci at a concentration of 1 to 2 μM. 

Although the mechanism of action was unknown, observations were made through a change 

of color that resulted upon iodinin’s reduction. This led to the suggestion that iodinin acted 

via hydroxyl radical discharge1, which nowadays is well-known to react with DNA and cause 

irreparable damage.32 

 

It was reported by Wiedling that iodinin also had antimicrobial effect on Staphyloccocus 

aureus, Proteus vulgaris, and Eberthella thyphosa, suggesting a potential broad spectrum 

activity towards bacteria.33 
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A detailed investigation of iodinin’s spectrum of antimicrobial activity was conducted by 

Tanabe et al. The results showed that iodinin inhibited the growth of multiple bacteria, fungi, 

yeasts, and microalgae at a concentration of 1-30 μg/mL. Interestingly, the same authors also 

reported that the reduced form of iodinin, lacking the N-oxide functionality, 1,6-

dihydroxyphenazine 36 (Figure 27 page 67) did not exert antimicrobial activity, thus 

reinforcing the speculations issued by McIllwain on the mechanism of action.13 

 

A recent study by Sletta et al. reported the MIC determination of iodinin against two different 

strains of Enterococcus faecium bacteria and two strains of fungi (Candida glabrata and 

albican). The MIC values were comprised between 0.35 and 0.71 μg/mL, further 

demonstrating the antibacterial and antifungal activities of iodinin.9 

 

These reports, establishing a clear antimicrobial activity, render iodinin a very interesting 

compound as a starting point in the development of a potential new class of antimicrobial 

agents. 

3.1.2.2 Acute myeloid leukemia and acute promyelocytic leukemia 

AML is a form of cancer that is characterized by infiltration of the bone marrow, blood, and 

other tissues by proliferative, clonal, abnormally differentiated, and occasionally poorly 

differentiated cells of the hematopoietic system. The excessive proliferation and rapid 

accumulation of myeloid precursor cells in the bone marrow results of the interference with 

the production of normal blood cells leading to hematopoietic insufficiency.34 Despite the 

development of therapies, AML is still associated with high lethality.35 

 

Recently, it was reported that iodinin was isolated from a sediment sample and screened 

against various cell lines. Iodinin showed selective toxicity to AML and APL leukemia cells, 

with EC50 values for cell death up to 40 times lower for leukemia cells than to normal cells.9,30 

This low activity towards normal cell types, even lower than the anti-cancer drug reference 

daunorubicin30, suggests that iodinin may represent a promising structure for the development 

of new antileukemic therapy as well. 
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3.1.3 Background on phenazine synthesis 

Several excellent reviews described the biosynthesis and many detailed methods to synthesize 

phenazines.14,16,36,37 Therefore, only the synthetic routes relevant to our project will be briefly 

addressed. 

3.1.3.1 Wohl-Aue condensation 

The Wohl-Aue reaction38 was reported in 1901 and describes the condensation of a 

nitrobenzene derivative and an aniline to form a phenazine (Scheme 10). This was one of the 

first methods used to produce the phenazine core. It has nonetheless a major issue; typically, 

less than 10% yields are obtained using this reaction.22,39 

 

 

Scheme 10. Synthesis of 1,6-dimethoxyphenazine (33) using the Wohl-Aue condensation. 

 

3.1.3.2 Buchwald-Hartwig C-N cross-coupling reaction 

The Buchwald-Hartwig cross-coupling is a palladium-catalyzed reaction that affords aryl 

amines from aryl halides and amines. Winkler et al. reported the synthesis of 2,7-

methoxyphenazine 35 by a self-condensation of the 2-bromo-5-methoxyaniline 34 (Scheme 

11).40 

 

 

Scheme 11. Synthesis of 2,7-dimethoxyphenazine 35 using Buchwald-Hartwig palladium catalyzed 
C-N cross coupling reaction. 
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3.2 Iodinin and metal-chelation 

The phenazine class has been a subject of research concerning their potential use as metal-

chelating agents. As showed in figure 27, iodinin 30 and derivatives such as 1,6-

dihydroxyphenazine 36 (1,6-diHP), 1-hydroxyphenazine 37 (1-HP), myxin 38, and 8-

hydroxyquinolines 39 (8-HQ) with a similar but simplified scaffold, have been investigated as 

chelating agents of divalent cations. 

 

 

Figure 27. Chemical structures of reported metal chelators. 
 

Early studies by Yoshinori et al. showed the chelation potential of iodinin, its reduced form 

1,6-diHP 36, and 1-HP 37. In the presence of copper, iodinin could form a 6-membered ring 

with copper in a 1:2 stoichiometry (Figure 28).41 It was also demonstrated that 1,6-diHP 36 

and 1-HP 37 were found to form five-membered ring complexes, in a 2:1 stoichiometry 

(Figure 28). Those metal chelates were found to exhibit antibacterial activities.42 

Recently, it was also reported that 1-HP 37 was able to chelate iron, forming five-membered 

ring complexes in a 2:1 stoichiometry (Figure 28). The addition of FeCl3 in presence of 1-HP 

37 changed the color of the solution from yellow to dark violet which is characteristic of the 

formation of a metal complex.43 

 

Lastly, a complex between copper and myxin 38, cuprimyxin (Unitop®, Figure 28), was a 

topical antibiotic used for veterinary infections such as otitis externa.44,45 

 

In addition, 4-benzenesulfonamide 40 (HQMABS, Figure 28) which is a hybrid of 8-HQ 39 

and sulfanilamide, was reported to be a ligand for metal including zinc, thus demonstrating 

the zinc chelation potential of this moiety. Moreover, HQMABS 40 exhibited more potent 

antimicrobial activity than 8-HQ 39 and sulfanilamide independently.46 
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Figure 28. Phenazine and 8-hydroxyquinoline derivatives metal chelation complexes. 
 
All these reports strongly suggest that iodinin can be a potential zinc-chelator, making it an 

interesting compound as a possible MBL inhibitor. 

3.3 Introduction to α-cyclodextrins and nanoparticle encapsulation 

α-Cyclodextrins (α-CDs, Figure 29) are cone-shaped water soluble cyclic oligosaccharides 

derived from corn.47 Native α-CDs contain 6 D-(+) glucopyranosyl units attached by α-1,4-

glycosidic bonds. The exterior (primary face) of an α-CD molecule is composed of hydroxyl 

groups, displaying polar or hydrophilic behavior. The inner space however, is hydrophobic. 

This allows lipophilic molecules to fit into the ring to form soluble inclusion complexes. 

These drug complexations can have advantages such as improvement of the drug's solubility 

and reduction in its side-effects. One particularity is that no covalent bonds are formed or 

broken during drug-CD complex formation.48 However, encapsulation in native α-CDs is not 

effective for drug transport, since dissociation of the complex happens too quickly upon 

dilution.49,50 
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To overcome this issue, synthetic modifications on the hydroxyl groups of α-CDs have been 

introduced, on the primary and/or on the secondary face, changing their overall properties and 

expanding their potential for different applications. Amphiphilic derivatives of α-CDs (Figure 

29) form more stable drug-loaded supramolecular assemblies such as vesicles51, solid lipid 

nanoparticles52, nanospheres53, liquid crystals, or micellar systems54.  

 

 

Figure 29. Structure of native, modified and schematic representation of α-CDs. 
 

The variation of the functional groups can provide additional supramolecular properties, 

allowing the α-CDs to self-assemble into nanoparticles in aqueous media.55 Such 

supramolecular assemblies retain the complexation properties of the native α-CD, and 

improve stabilization of the drug, better contact with biological membranes and better 

delivery of the drug.49 Therefore, encapsulation of a hydrophobic drug molecule will 

advantageously affect many of its own physico-chemical properties, leading to enhanced 

stability, bioavailability and solubility.48,56,57 

 

Many amphiphilic α-CDs derivatives, which were able to self-assemble to form stable 

nanoparticles, have been synthesized by modifying their primary face with hydrocarbon or 

perfluorocarbon lipophilic chains (Figure 29).58-62 Such self-assembled structures comprising 
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fluorinated surfactants are usually more stable and less permeable than those made from non-

fluorinated surfactants.63,64 

 

It has previously been demonstrated that hydrophobic molecules, such as an indeno[1,2-

b]indole analog, could be encapsulated into these nanoparticles and was also released it in a 

controlled manner.62 

3.4 Results and discussions 

3.4.1 Paper IV - New total synthesis of iodinin 

Paper IV was published in bioorganic and medicinal chemistry in 201765 and the focus is 

mainly on the synthesis of iodinin 30 and derivatives, as well as AML activities. However, for 

this thesis only the total synthesis of iodinin is relevant, and the focus for iodinin’s activity 

will remain on antibacterial properties thereafter. 

3.4.1.1 Synthesis of iodinin 

The main objective was to establish a reliable synthetic pathway to iodinin, as this was a 

crucial challenge for potential further development, biological evaluations and metal chelation 

studies. 

 

The first step focused on the construction of the phenazine core structure (Figure 26). From 

literature, the best described reaction afforded 1,6-dimethoxyphenazine 33 in very low yields 

(<15%).38 However, a similar work constructing 2,7-dimethoxyphenazine 35 was performed 

by Winkler et al.40 to afford good yields (72%). Therefore, the same method was used for the 

first attempt to synthesize 1,6-dioxysubstituted phenazine using a palladium catalyzed C-N 

cross-coupling reaction. 

 

Preparation of the phenazine precursor 34 (Scheme 12) was carried out by an intramolecular 

one pot Buchwald-Hartwig C-N cross-coupling reaction. Unfortunately, the self-condensation 

of 2-bromo-3-methoxyaniline 41 using the method developed by Winkler et al.  initially gave 

very low yields (16% on a 200 mg scale). Therefore, a modification of the reaction was found 

to be necessary, and a screening to improve the reaction conditions was initiated (see Table S-

1, paper IV, supplementary information). 
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The first substantial improvement came from the catalyst change, as Pd(OAc)2 was replaced 

by its palladium zero active form, Pd2(dba)3. The second improvement came from the 

modification of the phosphine ligand. As suggested by Surry et al.66, the RuPhos ligand was 

substituted by BrettPhos which not only increased the yields, but also shortened the reaction 

time. An effective combination turned out to be a commercially available BrettPhos-Pd(II) 

precatalyst (BrettPhos Pd G1, Methyl t-Butyl Ether Adduct), activated by a catalytic addition 

of trimethylamine (TEA), which yielded 1,6-dimethoxyphenazine 33 in excellent yield 

(quantitative on a 50 mg scale). 

 

 

Scheme 12. Synthesis of iodinin 30. i) Pd(II)-Brettphos (cat.), TEA (cat.) Cs2CO3, PhMe, reflux 24h 
(quantitative yields). ii) BBr3, reflux, 5 h (>99%). iii) mCPBA, PhMe, 80°C, 6 h (76%). 
 

It is also noteworthy to mention that coworkers in our group used an alternate pathway, 

involving the Wohl-Aue reaction38, to upscale the synthesis of phenazine to get sufficient 

amount for SAR studies (Scheme 10). Even though the synthesis afforded 33 in poor yield 

(6%), inexpensive starting materials were used, making this method of obtaining 33 arguable. 

 

In the following step, 1,6-dimethoxyphenazine 33 was demethylated using boron tribromide 

(neat, reflux) to give 42 (Scheme 12) in excellent yield (>99%), as reported by Alonso et al.67 

This reaction not only provided an efficient method to obtain 42, but also an easy purification 

as the product could be precipitated from an aqueous phase upon pH adjustment (at around 

pH 7). 

 

The final step towards iodinin (Scheme 12) was expected to be the most challenging, as the 

reported literature on a double N-oxidation of 1,6-hydroxyphenazine 42 stated a maximum of 
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21% yields.67,68 The initial strategy was then to use a modified version of Chowdurry et al.69, 

by adding 14 equivalents of mCPBA to 42 in acetonitrile (80°C, 3h), but this method afforded 

iodinin 30 in less than 10% yields. The most efficient method was fine-tuned by coworkers on 

the group after a considerable amount of work (see Table S-2, paper IV, supplementary 

information). The addition of mCPBA (5-7 eq) in portions over 6 hours, in toluene at 80°C, 

gave 76% yield of isolated material. Therefore, periodic addition during the course of the 

reaction proved to be the solution to a better double N-oxidation efficiency, as peracids tend 

to be unstable at high temperature. 

3.4.1.2 Biological evaluation of synthetized iodinin and phenazine intermediates 

Iodinin has many biological properties, ranging from antibacterial to anticancer. As the 

antileukemic activities were actively pursued by coworkers, biological effects of iodinin and 

intermediates were evaluated on the cancerous cell line MOLM-13 (AML, human) cancer cell 

line and NRK (rat kidney, nonmalignant) cell line. Part of the biological results from paper IV 

is presented in Table 5, as they show the activity of iodinin against various cell lines and may 

represent a preliminary evaluation of its potential toxicity towards eukaryotic cells. 

 

Table 5. EC50 values (±SEM) of iodinin 30 and phenazine intermediates on MOLM-13 and NRK cell 

lines.  

Compound 
EC50 (μM) MOLM-13 EC50 (μM) NRK 

19% O2 2% O2 19% O2 2% O2 

30 (iodinin) 2.0 ± 0.07 0.79 ± 0.1 >50 >50 

33 72 ± 14* 84 ± 6* ND ND 

42 100-120* 110-140* ND ND 

 
Cell viability was assessed by the WST-1 proliferation assay and Hoechst staining 24h after treatment 
of cells with various doses of iodinin 30 or its intermediates. Regression analyses were performed 
using SigmaPlot in order to calculate the given EC50 values. EC50 values of iodinin 30 are based on 
the WST-1 results, EC50 values of intermediates (marked with *) are based on microscopic 
evaluation, and all are adjusted relative to untreated control cells in each experiment, n = 4-6 for 
MOLM-13 and n= 2 for NRK. ND = not determined. 
 

 

As expected from iodinin’s discussed mechanism of action (section 3.1.2), it was found to be 

more potent against AML cells in hypoxic conditions than in aerobic conditions (EC50 values 

of 0.79 μM and 2.0 μM, respectively). Also as predicted, the intermediates lacking the N-
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oxide functionalities, did not express sufficient activity against the tested cell lines. 

Interestingly, iodinin was not toxic to NRK cells below 50 μM, showing a strong selectivity 

for the MOLM-13 cancer cell line over the NRK healthy cells. 

 

To briefly recap this section, a reliable and reproducible total synthesis of iodinin was 

established. As anticipated, iodinin showed interesting activity against AML cells, as well as 

selectivity towards the tested cancer cells over healthy cells. 

 

As expected, the newly synthesized iodinin was very poorly soluble in common organic 

solvents, as well as aqueous solutions, making this compound difficult to handle. To 

overcome the low solubility, two different approaches were investigated. First, the mono-

alkylation of iodinin 30 to myxin 38 (Figure 30)66, as well as the synthesis and SAR studies of 

iodinin and myxin alkylated analogs was pursued by coworkers.  

 

 

Figure 30. Iodinin (30), myxin (38), and alkylated analogs 
 

The second approach, our focus, consisted of the synthesis of modified α-cyclodextrins (α-

CDs) to encapsulate iodinin into nanoparticles. This concept was expected to not only 

improve the solubility and bioavailability of iodinin, but also provide and interesting delivery 

system. 
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3.4.2 Paper V - Encapsulation of iodinin into α-cyclodextrin nanoparticles 

3.4.2.1 Synthesis of α-cyclodextrins 

The hydrophilic native α-CDs can be modified, with alkylation of the side chains on the 

primary face, as well as a methylation on the secondary face, providing them with 

amphiphilic properties. Such amphiphilic α-CDs, auto-assemble in aqueous media, increasing 

their stability and their ability to carry drugs, therefore also increasing the aqueous solubility 

and bioavailability of the included active compounds. Therefore, α-CDs analogues were 

synthesized using various hydrophobic chain length, hydrocarbonated or fluorinated, 

according to the previously published methods by our group (Scheme 13).58-62 

 

 

Scheme 13. Synthetic pathway to 2,3-di-O-methyl-6-substituted-α-cyclodextrins. 
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Compound 43, comprising a methylated secondary face, is a key intermediate for the 

synthesis of amphiphilic α-CDs with modified primary side chains. Therefore, it was prepared 

on a large scale in the team in two steps, starting from the native α-CDs, making it easily 

accessible. 

 

From the strategy described by Bertino et al., mesylation of the hydroxyl groups of 43 was 

achieved in good yields (73%) using methanesulfonyl chloride (Scheme 13). Then, the 

hydrophobic chains were introduced by nucleophilic substitution using the corresponding 

isothiouronium salt (Scheme 13). Compound 45d was obtained in moderate yields (53%), and 

the other derivatives 45a, 45b, 45c and 45e were previously synthesized in our team. 

3.4.2.2 Iodinin loaded α-cyclodextrin nanoparticles 

In order to improve the lack of solubility and bioavailability of iodinin 30, fluorinated and 

hydrocarbonated amphiphilic α-CDs have been synthesized to encapsulate iodinin into 

nanoparticles. The highly loaded method was reported as the most efficient for the 

encapsulation of hydrophobic compounds inside amphiphilic α-CD based nanoparticles.60 

Therefore, this method was chosen for the encapsulation of iodinin (Figure 31).  

 

 

Figure 31. Structure of inclusion complex of iodinin in amphiphilic alkyl (45a-c) or 
perfluoroalkyl (45d-e) α-cyclodextrins.  
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In order to perform the encapsulation, a co-solvent which is miscible with water and that 

dissolved both iodinin and α-CDs had to be found. After a long screening due to iodinin’s 

poor solubility, THF was chosen, and the results of the encapsulation (prepared according to 

the experimental section of paper V) can be found in Table 6 and Figure 32. 

 

Table 6. Characteristics of loaded nanoparticles made from amphiphilic α-cyclodextrins. 

Derivative Side chain Nanoparticle 
size (nm) 

Polydispersity Index 
(PdI) 

Associated 
drug (%) 

45a C4H9 156.2 0.320 40 
45b C6H13 109.7 0.096 54 
45c C8H17 104.1 0.111 58 
45d C4F9 109.7 0.022 36 
45e C6F13 97.9 0.075 62 

 

 

The first observation was that the nanoparticles were highly homogeneous, demonstrated by a 

narrow size distribution (polydispersity index below 0.2, except from 45a). Both fluorinated 

and hydrocarbonated amphiphilic α-CDs formed stable emulsions of nanospheres in aqueous 

media. The nanoparticles, regardless of the derivatives, had no significant size difference, 

ranging from 97.9 nm to 156.2 nm. Blank nanoparticles (not shown), without iodinin, were of 

smaller size than the loaded nanoparticles, as reported in literature.61 Another conclusion also 

matches this literature data61, for a same hydrophobic chain length, the mean diameter of 

fluorinated nanospheres was smaller than for the hydrocarbon nanosphere analogues. This 

conclusion can be drawn by comparing 45a with 45d, and 45b with 45e as well. 

 

The loading efficiency of iodinin ranged from 36% (45d) to 62% (45e). Using an identical 

protocol, nanoparticles made from fluorinated α-CDs did not have a significant impact on the 

encapsulation rate of iodinin when compared to those based on the hydrocarbon analogues. 

However, a correlation was found between the length of the side chain and the encapsulation 

rate. Comparing 45a-c, and 45d-e, it was observed that the longer the side chain, the higher 

the encapsulation rate was (Figure 32). 
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Figure 32. Nanoparticle sizes (in nm) and percentages of encapsulated iodinin for each 
derivative. 
 

3.4.2.3 In vitro release studies 

The suspension of nanoparticles loaded with iodinin was introduced into a dialysis tube and 

placed in a higher volume bath of phosphate buffer solution (pH 7.4). 

The release profiles of iodinin from highly loaded nanoparticles in water, based on the three 

derivatives (45b-C6H13, 45c-C6H17, 45e-C6F13) that encapsulated more than 50% of iodinin, 

are shown in Figure 33. The release profile of iodinin alone was also measured as a reference 

(“none”, Figure 33). 

 

As shown in Figure 33, iodinin alone reached the equilibrium concentration (outside and 

inside the dialysis tube) after around 30 minutes. The equilibrium concentration for 

nanoparticles however, was reached in around 85 min for 45b, 2h for 45c, and 2.5h for 45e. 

We can observe that the release of iodinin was much slower with fluorinated α-CDs 

nanoparticles than for the hydrocarbonated ones. Indeed, 50 % of iodinin was released after 

35 and 50 min for 45b-c (hydrocarbonated), and 85 min of dialysis for the fluorinated 45e. 
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Figure 33. Release profiles of iodinin in phosphate buffered aqueous solution (pH 7.4). 
 

 

Taken together, these results suggest that the α-CD nanoparticle technology is a potentially 

efficient drug delivery system for iodinin, with an interesting range of controlled release 

carriers, and with fluorinated analogue 45e as the most efficient controlled release systems. 

3.5 Conclusion and perspectives 

3.5.1 Chemistry 

A new reliable and reproducible total synthesis of 1,6-dihydroxyphenazine-5,10-dioxide 

iodinin 30 has been established in a few steps, which led to the synthesis of alkylated iodinin 

analogues.  

 

Since the chelation potential of phenazines has been demonstrated, a zinc chelation study 

including iodinin and derivatives should be investigated. This could not only lead to an 

effective metallo-β-lactamase inhibitor, but since iodinin and analogues (unlike ZinChel 

compounds) have intrinsic antimicrobial activities, it could also increase the effect on bacteria 

by combining both roles in one compound. 
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The synthesis of modified α-cyclodextrins is well known and has been reported in literature; 

therefore other derivatives could be synthesized, as well as different CD type, such as β-CDs 

for example. 

3.5.2 Encapsulation and biological activities 

The synthesized amphiphilic α-CDs, substituted by hydrophobic hydrocarbanated or 

perfluoroalkylated chains on the O-6 positions and permethylated on the O-2 and O-3 

positions, were able to self-organize in water in the form of nanospheres. 

 

Iodinin could then be encapsulated in these carriers, using the highly loaded method, at 

satisfactory to good loading depending on the derivative (36 to 62%). No additional surface 

active agent was required, and the per-[6-desoxy-6-(3-perfluorohexylpropanethio)-2,3-di-O-

methyl]-α-cyclodextrin 45e, forming the nanoparticles with the smallest size, was the most 

effective compound for encapsulation of iodinin (62%). 

 

The use of amphiphilic α-CDs nanoparticles was shown to be a highly interesting drug 

delivery system, with an interesting controlled release range, providing different release 

profiles able to fit to the therapeutic window of the treatments as best as possible. Compound 

45e, the most efficient encapsulating α-CDs nanoparticles, was also found to be the best 

controlled release system, representing a very interesting molecule for further encapsulation 

of hydrophobic bioactive compounds. 

 

The logical next step would be to evaluate the in vitro efficiency of free and encapsulated 

iodinin towards relevant bacterial strains, to compare the respective activities. Since the 

activity of iodinin is already known against MOLM-13 cancer cell line and NRK healthy cell 

lines, it would be relevant to test iodinin loaded nanoparticles as well. 

 

Moreover, now that a good nanoparticle system (45e) has been found, pointing at a controlled 

release and drug delivery application for the phenazine system, possible encapsulation of 

ZinChel compounds could be of interest. 
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Chapter 4 - Concluding remarks 

Important global reports from health authorities states that AMR already today is causing 

difficult challenges to health care. According to Jim O’Neal in the UK, AMR is anticipated to 

become one of the biggest health threats in only a few decades. The estimates in these reports 

are frightening; from hospital-acquired infections by MDR- or pan-resistant antibiotics 

bacteria, tuberculosis, and other infections, about 10 million deaths are estimated per year in 

2050, even more than cancer. The urgent need for drug development or alternative therapies 

should force the governments to make the field more profitable for drug-developing industries 

and push them and public researches, to invest into antimicrobial drugs again. 

 

The aim of this work has been to discover new zinc-chelating agents in the purpose of 

overcoming antibiotic resistance. To that end, we focused on two different types of molecules, 

synthetic tripartite compounds derived from selective zinc-chelators known in prior art, and a 

natural molecule already possessing an intrinsic antibacterial activity. 

The newly found potential drug candidates, although mainly discovered through lead 

optimization and SAR studies, are the result of a multidisciplinary collaboration between 

synthetic organic chemists, biochemists and biologists. Indeed, our coworkers from different 

fields either carried out efficient and reliable biological assays to determine the activity of our 

compounds, or provided facilities and guidance to assess their potential toxicity. 

 

As we have seen in this thesis, chelation processes can be useful against obvious targets such 

as antibiotic resistance and heavy metal poisoning. But they can also affect a wide range of 

other lethal diseases such as cancer, neurodegenerative diseases, and even genetic disorders 

like Wilson’s disease.1 The potential of zinc chelators is vast, and we have only just started to 

scratch the surface. Moreover, the planned use of targeting moieties may allow us to continue 

to walk in the footsteps of a more personalized and highly selective medicine. 

 

The work on iodinin 30 resulted in a new reliable total synthesis of 1,6-dihydroxyphenazine-

5,10-dioxide iodinin in a few steps, leading to the synthesis of alkylated iodinin analogues and 

prodrugs. The potential of iodinin goes beyond just one disease. Patients with AML have a 

weakened immune system due to their condition, which often leads to bacterial infections, 
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some of which can be lethal. Therefore, having a compound able to affect both leukemia and 

infections could be a true asset for drug therapies. 

 

We have also developed amphiphilic α-CDs nanoparticles, which provide a very interesting 

and efficient set of drug delivery systems with controlled release to encapsulate the newly 

synthesized iodinin analogues, and perhaps the new synthetic ZinChel compounds. Again, 

having a wide range of possible delivery systems is a step forward to a more personalized 

medicine. 

 

The results in this thesis did not provide a treatment to MDR bacterial infections in live 

mammals, but we hope it can pave the way to find future innovative technologies to preserve 

and restore the antimicrobial drugs that we already have, which are indispensable tools in the 

treatment and management of infectious diseases. 

 

However, one of the most crucial parts in fighting antibiotic resistance lies in the 

communication to the public on about how to avoid misuse and overuse of antibiotic drugs. 

Actions must be taken to increase public awareness about their health in the first place, and 

not blindly put their trust in the healthcare system, not even knowing what their treatments are 

for, what they do, or how to properly handle them. Public campaigns are mandatory to 

preserve the efficacy of the antibiotics we have, as well as preventing an escalating rise of 

AMR to the new drugs that will be discovered in the future.  

What’s the point of developing new antimicrobial agents and strategies if we keep helping the 

resistance to develop by misusing them? 
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ABSTRACT
Phenazine is known to regroup planar nitrogen-containing heterocyclic compounds. It was used here to
enhance the bioavailability of the biologically important compound iodinin, which is near insoluble in
aqueous solutions. Its water solubility has led to the development of new formulations using diverse
amphiphilic a-cyclodextrins (CDs). With the per-[6-desoxy-6-(3-perfluorohexylpropanethio)-2,3-di-O-methyl]-
a-CD, we succeeded to get iodinin-loaded nanoformulations with good parameters such as a size of
97.9 nm, 62% encapsulation efficiency and efficient control release. The study presents an interesting alter-
native to optimizing the water solubility of iodinin by chemical modifications of iodinin.
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Introduction

Phenazine is a dibenzo annulated pyrazine present in many nat-
ural products1–3 and has become the parent substance of many
synthetic bioactive molecules4–6. The broad spectrum of biological
activities of phenazine explains the success of research programs
exploiting this scaffold. The most striking examples are the target-
ing of antibiotic-tolerant bacterial biofilms and Mycobacterium
tuberculosis by halogenated phenazines7. Other derivatives such as
endophenazine G showed activity against community-associated
methicillin-resistant Staphylococcus aureus8. Phenazine-1-carboxylic
acid derivatives exhibit fungicidal activities9 and finally numerous
phenazines were developed as anti-cancer agents10, for example,
the novel pyrano[3,2-a]phenazine derivatives demonstrated anti-
proliferative activity against the HepG2 cancer cell line11.

Iodinin (Figure 1) was first discovered in 193912 within
Chromobacterium iodinum bacterial cultures. In 1943, McIlwain
demonstrated its anti-streptococcal action13. For the last 75 years,
iodinin has been isolated from diverse soil bacteria (e.g.
Brevibacterium iodinum14, Pseudomonas phenazinium15,
Nocardiopsis dassonvillei16, and Acidithiobacillus ferrooxidans17), or
marine bacteria (e.g. Actinomadura sp.18, Streptosporangium sp.19).
Recently, recombinant Pseudomonas strains were used successfully
to propose an alternative for the biosynthesis of natural phena-
zines20. Iodinin displays other biological activities, including anti-
microbial and cytotoxic properties21,22. Actually, it is worth noting
that iodinin showed remarkable selective toxicity to acute myeloid
leukaemia (AML) and acute promyelocytic leukaemia (APL) cells,
with various proposed mechanisms of action suggested such as
DNA intercalation and activation of apoptotic signalling proteins
(e.g. caspase-3)19.

The first total synthesis of iodinin was recently described by
Viktorsson et al.21. The physical chemical properties of iodinin can
be summarised as follows: it is a dark red solid, stable in acidic
solution, unstable in alkali. Iodinin’s solubility in different solvent
can be summarised as follows: it is soluble in benzene, toluene,
xylene, carbon disulphide, chloroform, ethyl acetate, THF, concen-
trated sulfuric acid, glacial acetic acid and sodium hydroxide. It is
also slightly soluble in hot alcohol. In parallel, iodinin is practically
insoluble in cold alcohol, ether, acetic acid, petroleum ether, or
amyl alcohol21. Finally, iodinin is absolutely insoluble in water. In
addition, various assays21 showed that iodinin solutions turned (i)
pink when it was solubilised in most solvents; (ii) purple in chloro-
form with formation of crystals with a coppery sheen; (iii) red in
glacial acetic acid and (iv) brilliant blue in sodium hydroxide with
the deposition of green crystals from unstable sodium derivatives.
It thus appears that iodinin is a bioactive molecule, which is diffi-
cult to manage in most biological investigations. To overcome this
issue, we envisaged to complex iodinin with cyclodextrins (CDs) to
increase aqueous solubility and bioavailablility.

Amphiphilic CD derivatives have been available for decades23,24

mainly to overcome problems of native CDs that limit their appli-
cations in pharmaceutical fields. Indeed, since dissociation takes
place too readily upon dilution, untimely release may take place
during administration to the patient, so that inclusion complexes
inside simple water-soluble CD appear ineffective for drug delivery
applications. In fact, the use of amphiphilic CDs (i) enhances the
interaction with biological membranes, (ii) modifies or enhances
interaction of CDs with hydrophobic drugs, and (iii) allows self-
assembly of CDs, forming nanosized carriers and encapsulating
drugs25,26. Polycationic CD nanoparticles containing siRNA have
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been recently used for the delivery of siRNA to the glomerular
mesangium27.

Our group has published several studies demonstrating synthe-
sis of amphiphilic CDs which were able self-assemble to form sta-
ble nanoparticles. Most of our amphiphilic derivatives have been
prepared by modifying their primary face with hydrocarbon or
perfluorocarbon lipophilic chains28–31. As demonstrated previously
for a hydrophobic indeno[1,2-b]indole analog32, not only could
these nanoparticles encapsulate this CK2 inhibitor but also
released it in a controlled manner.

This study deals with the formation and anti-leukemic activity
of iodinin-loaded nanoparticles made from amphiphilic a-CDs.
Encapsulation efficiency and release profiles are reported and
show the beneficial effect of the fluorinated amphiphilic a-CD
derivatives. The non-toxicity of these derivatives on red blood cells
confirmed their potential use for in vivo assays.

Experimental

General

All chemical were purchased from Sigma-Aldrich, La Jolla, CA, USA
and were used without further purification. Native a-cyclodextrin
was generously provided by Roquette Fr�eres (Lestrem, France).
Amphiphilic fluorinated a-CDs and their hydrocarbon analogues
(Figure 2) were synthesised as previously described28,31. Briefly,
after the selective protection of the primary hydroxyl groups with
tertbutyldimethylsilyl groups, all the secondary hydroxyl groups
were methylated using sodium hydride and methyl iodide.
Removal of the tertbutyldimethylsilyl groups was performed with
tetrabutylammonium fluoride in THF and introduction of the
methanesulfonyl groups with methanesulfonyl chloride. Finally,
the hydrophobic chains (fluorinated or hydrocarbonated) were
introduced by nucleophilic substitution of the leaving groups by
the thiolate derivate, generated in situ by the basic hydrolysis of
the 3-perfluoroalkylpropane (or alkyl) isothiouronium salts using
cesium carbonate. The structures and purities were confirmed
using 1H and 13C NMR and mass spectroscopy analysis.

Iodinin was isolated from batch cultures of the bacterium
Streptosporangium sp. The bacterial mass culturing conditions, as
well as the protocol for DMSO-extraction, subsequent HPLC-purifi-
cation and identification of iodinin by MS and NMR were carried
out as previously described19,22.

Dynamic light scattering measures were performed using a
Zetasizer Nano ZSP instrument from Malvern Instruments, Malvern,
UK.

Preparation of nanoparticles by the highly loaded method

The iodinin loaded nanoparticles based a-CD were prepared by
the nanoprecipitation technique, using a 0.8� 10�4M solution
of preformed (1:1) iodinin:a-CD complexes overloaded with
an additional amount of iodinin in the THF phase. The total
concentration of iodinin was 1.6� 10�4M (iodinin/CD ratio ¼ 2).

The relevant solution of the preformed complex in THF (25ml,
1 day stirring) was poured drop-wise into deionised water (50ml)
while stirring. A slightly turbid emulsion of nanospheres spontan-
eously formed. Solvent and a part of water were evaporated under
reduced pressure and the total volume adjusted to 50ml with
water.

Particle size measurements

The mean particle size (diameter, nm) and the polydispersity index
(PDI) of nanospheres were measured by dynamic light scattering
using a NanoZS instrument, which analyses the fluctuations of
scattered light intensity generated by diffusion of the particles in
a diluted suspension (dynamic light scattering data are shown in
Figures S1–S5 and Zeta potentials of empty and loaded nanopar-
ticle dispersions are presented in Figures S6–S10). The measure-
ments were carried out at 25 �C. Experiments were performed in
triplicate.

Determination of the encapsulation efficiency

For measuring the loading efficiency, after the formation of nano-
particle suspensions by the highly loaded method, non-encapsu-
lated iodinin in the nanoparticle dispersions was separated by
centrifugation at 50,000 rpm for 1 h in order to settle down the
loaded nanoparticles. The supernatant was removed. The precipi-
tate was then lyophilised overnight, and the resulting powder con-
taining the loaded nanoparticles was dissolved in a known
amount of THF in order to obtain a clear solution. The absorbance
of supernatant and THF solutions was analysed using an UV spec-
trophotometer at 289 nm to calculate the encapsulated drug
quantity. Loading capacity was expressed in terms of associated
drug percentage:

Associated drug %ð Þ ¼ determined iodinin quantity ðmolÞ½ �
initial iodinin quantity ðmolÞ½ � � 100

In vitro release studies

The suspensions of nanoparticles made from C6H13, C8H17 and
C6F13 derivatives loaded with iodinin (1ml of a 0.8� 10�4M
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Figure 2. Structure of inclusion complex of iodinin (red) in amphiphilic alkyl
(1–3) or perfluoroalkyl (4,5) a-cyclodextrins.
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Figure 1. Structure of iodinin (1,6-dihydroxyphenazine 5,10-dioxide).

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 371



solution) were introduced into a dialysis tube (cutoff 5000Da) at
25 �C. This tube was then placed in a higher volume (20ml) of
phosphate buffered solution (pH 7.4) for a period of time.
Same experiments have been done with non-encapsulated iodinin
by using 1ml of a 0.8� 10�4M iodinin THF/water solution.
Aliquots of 1ml of the buffered solution were removed at different
time intervals to calculate the proportion of released and encapsu-
lated molecules by UV spectrometry at 289 nm.

Cytotoxicity studies

The formulations were tested on the Brown Norwegian myeloid
leukaemia (BNML) rat-derived AML cell line IPC-8133. The cells
were cultured in Dulbecco’s Modified Eagles Medium (DMEM;
Sigma, La Jolla, CA, USA) enriched with 10% horse serum
(Invitrogen, Carlsbad, CA, USA), and added 100 IU/L penicillin and
100mg/L streptomycin (both from Cambrex, Verviers, Belgium),
and cultured in a humidified atmosphere (37 �C, 5% CO2). For
cytotoxicity testing, the cells were seeded in 96 well tissue culture
plates at 150,000 cells/mL. The cells were exposed to various con-
centrations of empty or iodinin-loaded nanoparticles for 24 h and
then fixed in 2% buffered formaldehyde (pH 7.4) with the DNA-
specific dye Hoechst 33342 (Polysciences Inc., Eppelheim,
Germany) and scored for apoptosis as previously described34,35.

Results and discussion

a-CD nanoparticles

It has been reported that the highly loaded method was the most
efficient for encapsulating hydrophobic compounds inside amphi-
philic CD-based nanoparticles30. Since iodinin is hydrophobic, this

method was chosen for its encapsulation, using THF as co-solvent
which allowed the solubilisation of both iodinin and amphiphilic
CD derivatives.

As shown in Table 1 and Figure 3, the different nanoparticles
had similar sizes, ranging from 97.9 nm to 156.2 nm. Comparing 1/
4 and 2/5, it was noticed that, for the same hydrophobic chain
length, perfluorinated nanoparticles gave lower diameters than
the hydrogenated ones. In fact, the specific properties of fluorous
chains allowed for a more compact organisation of the hydropho-
bic chains inside the nanoparticles. Furthermore, for the same ser-
ies (hydrogenated or fluorinated), it was an inverse relationship
between the chain length and the size of the nanoparticle. It is
also worth noting that empty nanoparticles had similar sizes as
the loaded nanoparticles. All these data were found to match find-
ings previously described in literature31,32.

The experiments, run in triplicate, yielded particles with narrow
size distribution (PDI <0.2) demonstrating high homogeneity of
the nanoparticle suspensions.

The loading efficiency of iodinin in these various nanoparticles
ranged from 36% to 62% for C4H9 and C6F13, respectively.
Nevertheless, unlike what has been observed previously for acyclo-
vir, nanospheres made from fluorinated a-CDs did not have signifi-
cant impact on the encapsulation rate. The main differences were
observed by varying the chain length (40%, 54% and 58% for
C4H9, C6H13 and C8H17, respectively), suggesting that C8F17 would
be slightly more efficient for encapsulation of iodinin.

The controlled release studies was performed on suspensions
having at least 50% encapsulated iodinin (i.e. C6H13, C8H17 and
C6F13) in comparison with the profile obtained without any nano-
particles (a 0.8� 10�4M iodinin solution alone in THF/water solu-
tion). As shown in Figure 4, in the absence of nanospheres, the
concentration equilibrium between the outside and inside com-
partments of the dialysis tube was obtained in less than 40min.

The release profiles showed the positive effect of the nanopar-
ticles on the controlled release (Figure 4). Iodinin release from
highly loaded nanospheres reached completion within more than
one hour for hydrocarbon amphiphilic a-CDs and between 2.5 and
3 h for the fluorinated nanospheres. After 1 h, 72% of the encapsu-
lated iodinin were released from the C6H13 nanospheres versus
only 30% from the fluorous analogue. It can be explained by the
fact that fluorinated chains enhance intermolecular interactions
inside the supramolecular assemblies compared to hydrogenated
analogues, leading to more stable nanoparticles. These

Table 1. Characteristics of loaded nanoparticles made from amphiphilic
a-cyclodextrins.

Derivative
Side
chain

Nanoparticle
size (nm)

loaded/empty

Polydispersity
index (PDI)
loaded/empty

Associated
drug (%)

1 C4H9 159.3/162.3 0.07/0.04 40
2 C6H13 117.0/126.3 0.10/0.13 54
3 C8H17 104.1/105.8 0.11/0.05 58
4 C4F9 109.7/120.7 0.02/0.25 36
5 C6F13 097.9/90.6 0.08/0.10 62
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observations confirm previous studies which have showed that
nanoparticles based on fluorinated compounds delayed acyclovir
release, showing their potential for applications to drug delivery30.

A particular point needs to be added about the toxicity of
amphiphilic a-CDs. A recent study36 related a study of cytotoxicity
on red blood cells. The results confirmed the potential of amphi-
philic a-CDs to formulate bioactive molecules and then to be
used for in vivo assays. We tested empty or iodinin-loaded fluori-
nated amphiphilic CD nanospheres for ability to induce cell death
in the BNML-derived rat AML cell line IPC-81. This cell line produ-
ces AML with typical signs of the disease in xenograft mouse
models, and responds to the benchmark AML drug daunorubicin
in vitro and in vivo37. We found no toxicity towards the IPC-81
cells with the any of the empty nanoparticles (Figure 5). Iodinin-
loaded nanoparticles, however, efficiently induced IPC-81 AML cell
death within 24 h (Figure 5). From the different CD-compositions
tested, we found that the C4H9 and C6F13 were the most potent
formulation, whereas C6H13 and C4F9 were the least potent formu-
lations. This is opposite to what was seen in the release studies,
which showed that C6H13 released their cargo at a faster rate
than C6F13 (Figure 4). This suggests that internalisation of the
nanoparticles indeed play a role in the cytotoxic effect of the
amphiphilic a-CD nanospheres. Although the efficacy of the nano-
spheres appeared lower than the original compound19,21, the

encapsulation of iodinin is expected to lower toxic effects on
non-target cells, thus increasing the therapeutic index for this
potent AML-selective compound.

Conclusions

This study describes the successful preparation of iodinin-loaded
nanoparticles. The results indicate that nanoencapsulation of iodi-
nin in a-CDs by the highly loaded method is possible, without any
additional surface-active agent. With per-[6-desoxy-6–(3-perfluoro-
hexylpropanethio)-2,3-di-O-methyl]-a-CD we were able to perform
the most loaded nanoparticles (% of associated drug ¼ 62) with a
size of 97.9 nm. Tests of these nanoparticles on AML cells showed
that they were efficient inducers of cell death, due to the encapsu-
lated iodinin, since empty nanoparticles showed no adverse effects
on the cells. Furthermore, amphiphilic a-CD derivatives could be
functionalised on the secondary hydroxyl groups by targeting moi-
eties such as folate38 or by incorporating the fragment antigen-
binding (Fab) of a monoclonal antibody onto CDs to target IL-3
receptor a-chain (IL-3Ra, highly expressed on AML LSCs)24.
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