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Abstract 
 

Probing fluoroquinolones/lipid interactions at the molecular level represents an 

important challenge in both membrane biophysics and pharmaceutical research.  As the                  

pharmacological target of these antibiotics is intracellular, they must pass across the 

bacterial membranes. Likewise, fluoroquinolones enter eukaryotic cells, which imply 

their ability of interacting with lipids membranes. In this context, the aim of my Thesis 

has been to characterize the effect of two closely related fluoroquinolones, ciprofloxacin 

and moxifloxacin, on physicochemical properties of the major phospholipids DPPG and 

DOPC/DPPC that are mimicking the prokaryotic and eukaryotic lipid membranes, 

respectively, by means of biophysical methods.  

First, I have studied the effect of these drugs on domains lipids erosion, lipids 

packing and their ability of modifying the conformation and orientation of the acyl 

chain(s) of phospholipids.  

Second, I have determined the binding affinities of ciprofloxacin to different model 

lipid membranes (DPPG, DPPC) and its effects on head group mobility and on 

thermotropic profile of these two phospholipids.    

The data reported in this Thesis point to different effects of ciprofloxacin and 

moxifloxacin on the phospholipids tested. Indeed, moxifloxacin induces more changes in 

the acyl chain conformation of phospholipids and has more lipid packing effects than 

ciprofloxacin. The latter interacts primarily with the head groups of lipids, and thereby 

modifies the orientation of the acyl chain. Thus, the first step in the interaction of 

ciprofloxacin with lipid membranes relates to its binding to these headgroups, which is 

stronger with negatively charged (DPPG) than with zwitterionic phospholipids (DPPC).  

Conversely, our results suggest that moxifloxacin is located in a more hydrophobic 

environment of the membranes, probably by creating a pocket in the interior of the lipid 

bilayer. These contrasting behaviors may be related to the fact that ciprofloxacin is, 

globally speaking, a more hydrophilic drug than moxifloxacin.   

Our work may help in shedding more light on the role played by lipids in the 

transport of fluoroquinolones in both prokaryotic and eukaryotic cells. 

 

 

 

 





 

 

 
Overview of the Thesis 

 
This thesis is devoted to the characterization at the molecular level of the 

interactions of fluoroquinolone antibiotics with lipid model membranes using biophysical 

tools. Two molecules have been selected: ciprofloxacin (CIP) and moxifloxacin (MXF), 

that show distinct physicochemical properties but share a common general mechanism of 

antibacterial action. 

Our thesis is divided into three main parts: Introduction, Results, General Discussion and 

Perspectives. 

- The Introduction starts with a general overview of the pharmacology of 

fluoroquinolones. Next, we describe the models of lipid membranes and the biophysical 

methods (Atomic force microscopy, Langmuir-Blodgett technique, as well as 

fluorescence, infra-red, nuclear magnetic resonance spectroscopies) used to investigate 

changes in the biophysical properties of the membranes while interacting with 

fluoroquinolones.   

The Aims of the thesis are given at the end of the Introduction. 

- The Results section comprises two scientific articles. The first one, published in 

Biophysical Journal, reports the differential effects observed with CIP and MXF on the 

conformation, orientation and lipid packing of zwitterionic lipids found in eukaryotic 

membranes.  

The second article, published in Biochemica Biophysica Acta: Biomembranes, analyzes 

into more details the binding parameters and effects of CIP on the thermotropic behavior 

of eukaryotic and prokaryotic lipid model membranes.  

- A General Discussion, based on the data of these two articles is presented after the 

results section. 

Finally, we present the perspectives of our work. 

The references to all articles mentioned in the Thesis are listed at the end, but the two 

published papers shown in the Results section have their own reference lists.   
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I. Fluoroquinolones 
 
I- 1- Pharmacology of fluoroquinolones antibiotics 
 
I.1.1. Definition  
 

Fluoroquinolones are the first wide spectrum antibiotic class of totally synthetic 

origin. Starting from nalidixic acid  (Figure 1) that was introduced in the clinics in the 

early 1960’s but was limited in its use due to its narrow spectrum (Gram-negative 

organisms only, and fast development of resistance), the medicinal chemists have 

developed more potent compounds by fluorination at the 6-position of the quinoline ring, 

giving rise to the class of fluoroquinolones. 

 
I.1.2. Chemical structure and fluoroquinolone generations 

 
Fluoroquinolones have been developed through side-chain modification from 1,8-

naphthyridine molecules to more active compounds notably by substitution of the 7 

position by a piperazine or other mono or bi-cyclic moieties, the fluorination of the 6 

position, as well as other modifications at various sites (Figure 1). This led to improved 

potency, broadened spectrum and reduced side effects.  

Based on their chemical structure and their spectrum of antibacterial activity, the 

fluoroquinolones have been classified into three generations. The first generation (I) 

agent, flumequine, displayed anti-pseudomonal activity as a result of the addition of a 

piperazine substituent at position 7 of the naphthyridine core. Due to its ocular toxicity, 

flumequine was quickly replaced by the second generation agents (IIa), such as 

ciprofloxacin, that are more active against most Gram-negative pathogens. Then, in the 

aim to improve the anti-Gram positive activity and mainly Streptococcus pneumoniae   

(to treat respiratory infections), new molecules were developed such as grepafloxacin and 

sparfloxacin (generation IIb).  Despite their globally satisfactory results in treating the 

target infections, these molecules were quickly withdrawn because of a globally non-

favorable risk/benefit ratio due mainly to major cardiac (dysrythmia) and skin (rash and 

photosensitization) toxicities. This led to the development of the so-called third 

generation. The IIIa compounds, moxifloxacin and trovafloxacin, both have 7-azabicyclo 

modifications. These markedly enhance their activity against Gram-positive pathogens 

and add significant activity against anaerobe organisms. Trovafloxacin, however, was 

withdrawn because of rare but severe hepatotoxic reactions.   
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A more recent fluoroquinolone is gemifloxacin (generation IIIb), which has a 

marked activity against pneumococci making it useful against strains resistant to other 

fluoroquinolones. Gemifloxacin, however, is not approved for clinical use in Europe 

(mainly because of clastogenic effects observed in vitro) and sparingly used elsewhere 

because of frequent cutaneous reactions (rash).  

 The first representative fluoroquinolones of the fourth generation is garenoxacin. 

This molecule was developed by removing the fluorine at position 6 (thought to cause   

genetoxicity) but adding a difluoromethoxy substituent in position 8).  Garenoxacin has 

been brought to clinical studies (Van Bambeke et al., 2005), and is currently marketed in 

Japan, but its future in Europe and in the USA remains so far undetermined (the 

applications for registration have been withdrawn in 2006 and 2007).    

Many other fluoroquinolones have been clinically developed and the structures of 

the main ones are shown in Figure 1 (Ball, 2000;Ball, 2003;Van Bambeke et al., 2005).  

Yet, today, ciprofloxacin, levofloxacin and moxifloxacin account for most of the clinical 

use of fluroquinolones in Europe and North America.  
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Figure 1. Pharmacophore and structures of the main quinolones 
Ciprofloxacin and moxifloxacin are framed in red (Van Bambeke et al., 2005) 
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I.1.3. Mode of action of fluoroquinolones and their targets 
 

Fluoroquinolone are very effective to treat infections caused by their target 

organisms. This is due to their intense bactericidal activity associated with a generally 

good bioavailability. 

The bacterial targets of fluoquinolones are the DNA gyrase and DNA topoisomerase 

IV (Figure 2). These two enzymes are required for condensation and segregation of DNA 

molecules before and after replication.  

DNA gyrase is made of 4 subunits: two subunits A (gyrA, 97 kDa) and two subunits B     

(gyr B, 90kDa). GyrA plays a role in DNA-strand breakage, and gyrB mediates the ATPase 

activity of the enzyme. The DNA gyrase is involved in the introduction of negative 

supercoils needed for binding of initiation proteins to replication origins and in the 

relaxation of positive supercoils arising from DNA strand unwinding during replication. It 

also facilitates RNA polymerases movement, DNA repair and recombination (Reece and 

Maxwell, 1991). 

Topoisomerase IV is also composed of 4 subunits: two subunits C (ParC, 75 kDa) and two 

subunits E (ParE, 70 kDa). ParC and ParE display about 40% homology with gyrA and 

gyrB, respectively. The role of topoisomerase IV is to relax negative and positive 

supercoils. Thus, topoisomerase IV contributes to the control of supercoiling by opposing 

the activity of gyrase and exhibits a potent decatenating activity (Kato et al., 

1990;Mcnairn et al., 1995). Since gyrase and topoisomerase are conserved enzymes, 

fluoroquinolones exhibit activity against a broad spectrum of bacterial species.  

 

Depending to their targets, bacteria can be classified into three groups. One group 

composed of mycobacterial species, have only gyrase as target. Most other bacteria 

contain both gyrase and topoisomerase IV. In Gram-positive bacteria (group 2), gyrases 

are less susceptible to impairment by fluoroquinolones than in Gram-negative bacteria 

(group 3). Topoisomerase IV seems to have the same susceptibility in both types of 

microorganisms (Jacoby, 2005). DNA gyrase is nevertheless considered as the primary 

target of fluroquinolones, probably due to the larger cytotoxicity of the complexes they 

form with this enzyme compared to  topoisomerase IV (Fournier et al., 2000;Khodursky 

and Cozzarelli, 1998). 
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The action of fluoroquinolones consists in the trapping of gyrase and topoisomerase 

IV on DNA by blocking religation of DNA around gyrase and reducing the ATPase 

activity of topoisomerase IV. Therefore, the drug breaks DNA replication leading to cell 

death (Hiasa and Shea, 2000). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Ternary complex formed between DNA, DNA-gyrase or Topoisomerase IV 

and stacked fluoroquinolones. Adapted from Shen (Shen et al., 1989) 

 
I.1.4. Pharmacokinetic and pharmacodynamic parameters 
 
I.1.4.1. Pharmacokinetics of fluoroquinolones 

Absorption Fluoroquinolones are well absorbed after oral administration. Indeed, 

bioavailability level exceeds 75% for most drugs. Studies in vitro (Caco-2 cells) and in 

vivo (rats) show that fluoroquinolones are mainly absorbed by passive diffusion (Rabbaa 

et al., 1997). However, the absorption of fluoroquinolones drugs by an active process 

could be also take place in certain regions of the gastrointestinal tract (Harder et al., 1990) 

The absorption of drugs is affected by: 

 i) the dose administered. The maximum concentration of drug in serum (Cmax) and Area 

Under the Curve (AUC) values are observed with a low dose (less than 500 mg for 

levofloxacin; (Chien et al., 1997a;Chien et al., 1997b) suggesting saturation of a 

transporter. 

ii) the composition of the food and other substances co-administrated with the 

fluoroquinolones. Food containing carbohydrate or high fat content can delay the 

absorption of fluoroquinolones, but do not modify their overall bioavailability (Allen et 

al., 2000;Rabbaa et al., 1997).  In contrast, all fluoroquinolones form complexes with di- 
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and trivalent cations, such Mg2+, Al3+, and Ca2+ that are present in antiacids and other 

pharmaceutical formulations.  This drastically reduces their oral absorption (Ofoefule and 

Okonta, 1999). 

 
Distribution Fluoroquinolones traverse cell membranes by passive and/or active process, 

and accumulate in tissues. This make them potentially suited to fight bacteria present not 

only in blood and in the interstitial spaces but also in the intracellular compartments.      

However, drug distribution is not the same in all tissues. While accumulation of drug is 

larger  in excretory organs (liver, kidney), or prostate  (when active urinary infection is 

present), there is less accumulation in the cerebrospinal fluid or in the lung (even in 

patients with inflammation of the bronchial tree such as in bronchitis) (Fischman et al., 

1996a;Fischman et al., 1996b;Fischman et al., 1998;Tamai et al., 2000). 

The serum protein binding of fluoroquinolones is variable, being generally low for more 

hydrophilic compounds such as ciprofloxacin and fair to important for more lipophilic 

compounds, such as moxifloxacin or gemifloxacin (Wise et al., 1986).  

 
Metabolism The major site for biotransformation of most fluoroquinolones is the 

piperazine ring at C-7. The rate and extent of biotransformation can be modulated by 

substitutions of this ring (Bryskier and Chantot, 1995). 

 
Excretion Several fluoroquinolones are excreted as unchanged drug in the bile and urine 

(Chow et al., 2001;North et al., 1998).  For liver excretion, this is due to their zwitterionic 

nature that makes them possible candidates for transport by both anion and cation 

transport systems (Okano et al., 1990).  Depending to the drug, the half time of 

fluoroquinolones varies between 5 h (e.g. ciprofloxacin) to 12 h (e.g. moxifloxacin) 

(Lubasch et al., 2000).   

 
I.1.4. 2. Pharmacodynamics of fluoroquinolones 

Pharmacodynamics (PD) describes the relationship between measures of 

pharmacokinetics parameters (PK) (drug level in serum and tissue) and the antimicrobial 

and toxicological effects of drugs (Andes and Craig, 2002a). The potency of antibiotics in 

vitro, based on most commonly accepted standards for susceptibility testing, is assessed 

by the determination of   the so-called "minimum inhibition concentration" (MIC), i.e. the 

lowest concentration at which the antibiotic inhibits the growth of bacteria in a standard 

inoculum (105 colony forming units/mL).  The AUC represents the drug exposure over a 
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given period and is directly proportional to the dose of the drug (assuming a 100 % 

bioavailability) and inversely proportional to its clearance. A number of in vitro, animal, 

and clinical studies have shown that 24h-AUC/MIC ratio is the major PK/PD parameter 

determining the global efficacy of fluoroquinolones against bacteria (disregarding 

whether dealing with Gram-negative [e.g. Pseudomonas aeruginosa] or Gram-positive 

[e.g. Streptococcus pneumoniae] organisms).  Its value to obtain a static effect in vitro,  

survival in animal models, and a clear success in clinical studies varies from 10-30 for 

Gram-positive to 70-125 for Gram-negative bacteria (Andes and Craig, 2002a;Lacy et al., 

1999;Marchbanks et al., 1993).   

 
Time course of antimicrobial activity: is determined using three types of analysis, namely 

(i) the measure of the time needed to obtain to a defined magnitude of organism 

reduction, (ii) the magnitude of inoculum reduction at a specific time, or (iii) the changes 

in bacterial numbers over time (Firsov et al., 1998).  Most studies have shown that the 

ratio between the concentration and the MIC is the main driving parameter in this context.    

Several in vitro and in vivo studies have also demonstrated that fluoroquinolones have a 

postantibiotic effect (delay in organism regrowth after short periods of drug exposure) 

(Andes and Craig, 2002b) but the clinical impact of this observation remains debatable.   

 
I.1.5. Mechanisms of fluoroquinolones resistance  
 

The large clinical use of fluoroquinolones has been quickly associated with the 

emergence of resistance. Resistance occurs through three main mechanisms, namely 

target mutation, decreased access to the target, and the expression of a protective protein.  

 
I.1.5.1. Resistance due to target enzymes mutation  

 

As described in the section dealing with their mechanism of action, 

fluoroquinolones block DNA replication by interacting with either DNA gyrase or 

topoisomerase IV or both. Mutations in the gene encoding any subunit of one target 

enzyme may, therefore, reduce not only the susceptibility of the organism to the drug but 

also indirectly affect the sensitivity of the other target enzyme (Pan and Fisher, 1998;Pan 

et al., 2001). Alteration in DNA gyrase (composed of two gyrA and two gyrB subunits) is 

primarily responsible for resistance in Gram-negative bacteria.  Mutations associated with 

resistance usually cluster in the amino terminus of gyrA between amino acid positions 67 

and 106, with a critical region at amino acid positions 83 and 87 (Yoshida et al., 
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1990;Jacoby, 2005).   Alteration in topoisomerase IV (composed of two ParC and two 

ParE subunits) can contribute to resistance in Gram-positive species, and also clustered 

around specific regions. Thus, in Staphylococcus aureus, the first-step drug resistance 

mutations are in either ParC (at or around position 154) or ParE (at or around position 60) 

subunits of topoisomerase IV (Ferrero et al., 1995;Hori et al., 1993;Eliopoulos, 2004).  

 
I.1.5.2. Resistance due to altered access of drug to target enzymes  

 
 

 To reach their target which is present in the bacterial cytoplasm, fluoroquinolones 

must cross the bacterial membranes (outer and inner membrane in Gram-negative 

organisms, or the single pericellular membrane in Gram-positive organisms). Since all 

conventional fluoroquinolones have a negatively charged carboxyl group at position 3, 

and a positively charged group at position 7 (piperazinyl or pyrolidinyl ring derivatives), 

they exist as four species in solution: positively charged, negatively charged, zwitterionic 

and uncharged. The proportion of theses species varies with pH and it seems that only the 

zwitterionic species easily diffuse through the membranes (Nikaido and Thanassi, 1993). 

Partition of drug species is affected by differences in the pH between the medium and the 

cytoplasm and thus can modify the proportion of zwitterionic vs. the positively or 

negatively species.  

In Gram-negative bacteria, the outer membrane is not easily crossed by 

fluroquinoliones, and these antibiotics actually gain access to the periplasmic space by 

passage through porins (water-filled canals that play a critical role in bacterial nutrition 

by allowing the passage of polar molecules such as sugars and amino acids).  Resistance 

to fluoroquinolones may result from a decreased influx correlated with a reduction in 

expression of these porins, such as, for instance, ompF one of two major porins in E. coli 

(Andersen et al., 1987;Cohen et al., 1989). 

 
Efflux system in Gram-negative bacteria: Fluoroquinolones are also subject to efflux, i.e. 

outward transport system(s) through protein that pump the drug out of the bacteria and, 

accordingly, reduce their intracytosolic concentration. While efflux often causes only a 

modest decrease in susceptibility, it may cooperate with other mechanism to cause full 

resistance.  Most efflux pumps acting on fluoroquinolones are multidrug (MDR) native to 

bacteria and are not specific to these drugs (Poole, 2000b;Putman et al., 2000).  
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The most important efflux pumps in common Gram-negative bacteria are member of the 

restriction nodulation division RND (e.g AcrAB ) or member of the facilitator super 

family MFP (e.g, EmrAB and MdfA) (Edgar and Bibi, 1997;Lomovskaya and Lewis, 

1992;Okusu et al., 1996).  In Pseudomonas aeroginosa, the main efflux systems are the 

so-called Mex-transporters and, most notably, the MexAB-OprM, MexCD-OprJ, MexEF-

OprN, and MexXY-OprM, which can be overexpressed in strains with decreased 

susceptibility to ciprofloxacin (Poole et al., 1993;Robillard and Scarpa, 1988;Mesaros et 

al., 2007).   

 
Efflux system in Gram-positive bacteria: The major efflux pumps in Gram-positive 

bacteria are member of the facilitator super family MFP (e.g. NorA of Staphylococcus 

aureus, Bmr of Bacillus subtilis). The activity of fluoroquinolones against these 

organisms is reduced when the expression of these transporters is upregulated (Neyfakh et 

al., 1993;Ohki and Murata, 1997).  In S. pneumoniae, the first transporter described has 

been PmrA, but recent studies show that another (probably dimeric) transporter of the 

ABC group, PatA/PatB, may be the main one (Marrer et al., 2006;El Garch et al., 2010). 

 
I.1.5.3. Resistance due to a protective mechanism 

Resistance to fluoroquinolones could be induced via plasmid coded for the gene, 

called “qnr”.  Plasmid-mediated quinolone resistance was identified in clinical strains of 

Klebsiella pneumoniae, and transferable to other Gram-negative bacteria by conjugaison 

(Martinez-Martinez et al., 1998). The qnr gene was found to produce a 219 amino acid 

protein belonging to the pentapeptide repeat family. The resistance is occurred when qnr 

protein binds to and protects both DNA gyrase and topoisomerase IV from inhibition by 

fluoroquinolone drugs (e.g Ciprofloxacin) (Tran and Jacoby, 2002;Tran et al., 2005;Wang 

et al., 2003;Li, 2005).  

Other plasmid-mediated resistance to hydrophilic quinolones (e.g. ciprofloxacin and 

norfloxacin) has recently identified “qepA” to encode a drug efflux pump belonging to 

the major facilitator superfamily (MFS) (Perichon et al., 2007). 

In addition, inactivation of ciprofloxacin by a variant of an aminoglycoside-

degrading enzyme has been described (Robicsek et al., 2006).    
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I.2. Pharmacology of selected fluoroquinolones: Ciprofloxacin and Moxifloxacin  
 
I.2.1. Chemical structures 

Ciprofloxacin (CIP) [1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1piperazinyl)-

3-quinolinecarboxylic acid], ( MW = 331.34 g/mol) and moxifloxacin (MXF) [1-

cyclopropyl-7-(2,8-diazabicyclo [4.3.0] nonane)-6-fluoro-8-methoxy-1,4-di-hydro-4-oxo-

3-quinoline carboxylic acid], (MW = 401.4 g/mol),  (Figure 3), are two typical members 

of the so-called second and third generation fluoroquinolones. Most notably, MXF differs 

from CIP by the presence of a C-8 methoxy group and a bulkier C-7 (octahydropyrrolo 

[3.4]-pyridinyl vs piperazinyl for CIP) substituent (Dalhoff et al., 1996). 

These changes in chemical structure between MXF and CIP were introduced in 

order (i) for the bulkier C-7 octahydropyrrolo [3.4]-pyridinyl, to expand the spectrum of 

ciprofloxacin towards S. pneumoniae (against which ciprofloxacin is poorly active, hence 

limiting its potential indications in respiratory tract infections); (ii) for the C-8 methoxy, 

to increase the potency without risks of phototoxicity associated with the presence of a C-

8 halogen such as in sparfloxacin.  This modification (compared to ciprofloxacin) also 

increases the activity against anaerobes and decreases the frequency at which resistant 

mutants can be selected in vitro.    

Regarding CIP and MXF, these structural changes, guided by microbiological and 

toxicological considerations, have resulted in modification of biophysical properties  (see 

p 48-52) (e.g. hydrophobicity, difference in partition of drug species), and differences in 

pharmacokinetics (Klopman et al., 1987) while maintaining the basic mode of action of 

the drug.  
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Figure 3. (a) Chemical structure of CIP [(1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-
(1piperazinyl)-3-quinolinecarboxylic acid)] and (b) MXF [1-cyclopropyl-7-(2,8-
diazabicyclo [4.3.0] nonane)-6-fluoro-8-methoxy-1,4-di-hydro-4-oxo-3-quinoline 
carboxylic acid]   
 
I.2.2. Mode of action and indications 

 

As for all fluoroquinolones, the mechanism of action of both MXF and CIP results 

from blocking the bacterial DNA replication through inhibition of DNA gyrase and 

topoisomerase IV. The structures of these drugs, however, have an influence on the 

bacterial targets. Indeed, MXF, with its C-8 methoxy group, prefers gyrase (gyrA),while 

CIP, with a hydrogen as C-8 substituent, has topoisomerase IV (ParC) as   preferred 

target (Fukuda and Hiramatsu, 1999;Pan et al., 1996;Pestova et al., 2000).  

Moxifloxacin is a broad-spectrum antibiotic that is active against both Gram-

positive and Gram-negative bacteria (but not P. aeruginosa).  It is indicated for the 

treatment of respiratory tract infections such as acute sinusitis, acute exacerbations of 

chronic bronchitis, and community acquired pneumonia (Ball et al., 2004;Van Bambeke 

and Tulkens, 2009), and, as its intravenous form, for skin and skin structure infections as 

well as for abdominal infections (due to its activity against methicillin-susceptible 

S. aureus and anaerobes, respectively).   

Ciprofloxacin, due to its activity against members of Enterobacteriaceae and non-

fermeters Gram-negative organisms, is an appropriate drug to treat the urinary tract 

infections (Naber et al., 2000;Warren et al., 1999), and other major infections caused by 

Gram-negative infections even when P. aeruginosa is suspected to be the causative 

organism.    
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I.2.3. Pharmacokinetic and pharmacodynamic parameters 

 

The pharmacokinetic properties of CIP and MXF, give them a highly bactericidal 

effect in vivo, an appropriate penetration in body fluid and tissues, and an easy scheme of 

administration (Table 1) (Van Bambeke and Tulkens, 2009;Mandell et al., 2007). 

Compared with other antibiotics, such as the macrolides, CIP and MXF cause few 

pharmacokinetic drug-drug interactions. They do not interact with most foods or with 

many commonly prescribed medications with which macrolides cannot be administered 

without caution (such as oral contraceptives, anticoagulants, morphine, or digoxin) (Allen 

et al., 2000;Ball et al., 2004;Stass and Kubitza, 2001b).  However, the coadministration of 

CIP and MXF, like all other quinolones, with preparations containing di- or trivalent 

cations (such as typically found in antacids or iron preparations) must be avoided due to 

the formation of non-absorbable complexes (Nix et al., 1989;Polk et al., 1989;Stass and 

Kubitza, 2001a).    

 

Table 1.  Summary of the Pharmacokinetic of CIP and MXF in normal human volunteers 

 

Drug 
Dose 

(mg/ml) 
Route 

Protein 

Binding 

(%) 

Cmax 

(µg/ml) 

Vd 

(L/kg) 

AUC 

(mg.h/L) 

Clearance 

(ml/min) 
Bioavailability t1/2 (h) Reference 

400 i.v. 30 3.4-6.7 1.9 8.1-14.2 417-568  3-4 (Dudley et al., 1987) 
CIP 

500 p.o. 30 1.5-2.9 2.1-5.0 9.0-11.0 700-902 55-70 3-5 (Davis et al., 1996) 

400 i.v. 39-52 3.7-5.0 2.0 23-45 147-194  8.2-15.4 
(Stass and Kubitza, 

1999;Wise et al., 1999) MXF 

400 p.o. 39-52 2.5-5.0 3.1-3.6 20-45  86-100 8.3-15.6 (Sullivan et al., 1999) 

 

Abbreviation: i.v intravenous, p.o: per orally, Vd: volume of distribution, AUC area under curve,  

t1/2 half time 

 

I.2.4. Resistance 
 

� Resistance due to target enzymes mutation 

 
Specifically, mutations in topoisomerase IV (ParC or ParE subunits), affect CIP 

activity, and result in resistance of Gram-positive species such as Streptococcus 

pneumoniae, Staphylococcus aureus (Pan and Fisher, 1996;Perichon et al., 1997). Similar 

data have been reported for MXF, when Streptococcus pneumoniae have mutations in 

DNA gyrase (gyrA or gyrB) (Nagai et al., 2001). 
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 For Gram-negative bacteria, alterations in DNA gyrase (gyrA) are more often 

responsible to both drugs (CIP and MXF) resistance (Bachoual et al., 2000).  

 
� Resistance due to the efflux pumps in bacteria 

 
In addition to mutations in drug target enzymes, multidrug resistance (MDR) efflux 

pumps expressed in Gram-negative and Gram-positive bacteria (e.g. AcrAB-TolC of  

E.coli,  NorA of Staphylococcus aureus) contribute to decrease susceptibility to CIP 

leading to clinically meaningful resistance to this drug (Neyfakh et al., 1993;Sulavik et 

al., 2001;Wang et al., 2001;Poole, 2005). 

In contrast, MXF is not a poor substrate of the NorA efflux pump of Staphylococcus 

aureus (Schmitz et al., 1998). Likewise, another efflux-pump plasmid-mediated, encoded 

by the QepA gene, has been reported to induce resistance to CIP, but not to MXF  

(Luzzaro, 2008).  Yet, overexpression of MexAB-OprM pumps of Pseudomonas 

aeruginosa, decrease activity to both CIP and MXF (Dupont et al., 2005;Zhang et al., 

2001). It should be noted that MXF is used primarily against Gram-positive bacteria and 

its relatively poor activity against P. aeruginosa could be related to a limited ability to 

penetrate the outer membrane barrier (Poole, 2000a).  

 
� Resistance due to the efflux pumps in eukaryotic cells 

 

In eukaryotic cells, efflux transporters members of the ABC transporters family 

(which utilize ATP hydrolysis as a source of energy) appear to reduce the accumulation 

of CIP but not that of MXF.  Thus, CIP accumulates five times less than MXF in J774 

macrophages cells, where its accumulation is subject to efflux pumps through the activity 

of MRP2 and MRP4 transporters (Marquez et al., 2009;Michot et al., 2004;Michot et al., 

2005;Michot et al., 2006).  

A similar behavior has been observed in human intestinal epithelial (Caco-2) cells, 

in which the intestinal secretion of CIP is primarily mediated by MRP2 efflux pump 

protein (Cavet et al., 1997;Alvarez et al., 2008).  Moxifloxacin can also be subject to 

efflux  mediated by P-glucoprotein in Calu-3 cells (Brillault et al., 2009).  Yet, globally 

speaking, the effect of multidrug efflux pumps is less pronounced with MXF than with 

the CIP.  
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II. Cell and Models membrane  
 
II. 1. Cell membranes  
 

Biomembranes are essential for the compartmentalization that defines cells and 

organisms. In addition to this function, membranes provide cells with energy, have a 

critical role in several cell signalisation pathways and enzymatic activities and facilitate 

the signal transduction (Abankwa et al., 2008;Gorfe and McCammon, 2008;Brannigan et 

al., 2008).  

The variety of membranes is depending on the organisms. In fact, prokaryotes either 

have one cell membrane (Gram-positive) or have inner and outer membranes (Gram-

negative). In addition to their plasma membrane, eukaryotes have membranes 

surrounding the nucleus and organelles. In spite of this variety, the structure and 

organization of biomembranes can be generalized to the Fluid Mosaic Model as proposed 

by Singer and Nicolson (Singer and Nicolson, 1972). This paradigm consists of an 

assembly of amphiphilic lipids organized in two layers with their polar headgroups along 

two opposite surfaces and their acyl chains forming the nonpolar domain in between. The 

lipid bilayer is loaded with peripheral proteins that associate at the surface of the 

membrane or integral proteins with one or more transmembrane (TM) segments (Figure 

4).  

The fluid mosaic model does not exclude the possibility of heterogeneity like that 

encountered in epithelial cells, which have different lipid (and protein) composition in 

their apical and basolateral domains. Moreover, regarding the lateral organization of 

lipids, there is evidence of the existence of small membrane domains called “lipids rafts”. 

Lipid rafts are defined as a preferential association between sphingolipids, sterols, and 

specific proteins bestowing to the membrane a lateral organization (Lingwood and 

Simons, 2010). They are formed in the plasma membrane of many cell types as well as in 

many intracellular membranes. These domains are distinguished from the bulk lipid of the 

bilayer, and are involved in lipid trafficking as well as protein targeting and other 

important biological functions. Although there is no direct evidence for co-localized rafts 

formation in the inner and outer leaflets of the bilayer, the two leaflets may be coupled by 

interdigitation of the longer chains to sustain bilayer rafts organization (Nelson and Cox, 

2005). Lipids rafts are diverse in terms of their composition and their size, which vary 

from 50 nm to up to 700 nm. The small raft domains are limited by bilayer curvature, and 

large rafts appear to encompass smaller heterogeneous domains. This is probably 
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stimulated by particular proteins called “rafts protein”. These data support the hypothesis 

about the existence of biological membrane heterogeneities that could also be modulated 

by lipid-protein as well as lipid-lipid interactions (Lingwood and Simons, 2010). 

The lipids present in rafts have physical properties that differ from those of the bulk 

lipids. Rafts are several angstroms thicker than the rest of bilayer, with a predominance of 

saturated acyl chains in the liquid ordered state. In addition, the coexistence of liquid 

ordered and liquid-disordered states has been  demonstrated in rafts-mimicking model 

membranes consisting of cholesterol, sphingomyelin, and POPC in a 1:1:1 molar ratio 

(Simons and Vaz, 2004), and also in vesicles derived from cells (GUVs) (Baumgart et al., 

2007). Although of large interest, rafts have not been studied in our Thesis given our 

main objectives and will, therefore, not be further discussed in the remaining of our work. 

The structural complexity of biological membranes is the result of the 

physicochemical properties of the individual membrane components (lipids and proteins), 

which is governed by its composition and chemical environment (Simons and Ikonen, 

1997). The structural variation of lipids yields a multitude of molecules with diverse 

physical properties, which in concert with membrane proteins; regulate membrane 

properties such as permeability, domain organization and trafficking (Simons and Vaz, 

2004).   
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Figure 4. Eukaryotic plasma membrane components. 
Membranes have microdomains that are enriched in cholesterol and sphingolipids. 

(Luckey, 2008) reprinted from (Nelson and Cox, 2005)  
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II. 2. Classification and chemistry of lipids: Membrane composition (eukaryotic and 
prokaryotic cells) 
 

Lipids are major compounds of biological membranes and they have a crucial role 

in membrane compartmentalization, cell signaling, and are essential for energy 

production and storage. A typical biomembrane contains more than a hundred different 

species of lipids (van Meer, 2005), for which structural diversity originates through 

variability of the polar head groups and the apolar hydrocarbon chains (e.g. length, degree 

of saturation, hydroxylation).  

A comprehensive classification of lipids molecules is essential to the understanding their 

role in the pharmacokinetics, pharmacodynamics and toxicodynamics of several drugs at 

both molecular and cellular level. Lipids can be classified into eight categories based on 

their chemical structure and driven by the distinct hydrophobic and hydrophilic elements: 

fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols lipids, prenol 

lipids, saccharolipids, and polyketides) (Fahy et al., 2005). The three mainly classes of 

membranes lipids are glycerophospholipids (GPL), sphingolipids, and sterols. 

 

II. 2.1 Glycerophospholipids (GPL) 

 

Glycerophospholipids, called simply as phospholipids (PLs), are the main 

constituents of biological membranes, and are built on a glycerol backbone with a head 

group attached at the sn-3 position, and fatty acid chains attached via ester linkage at the 

sn-1 and/or sn-2 position. Depending to the chemical structure of the head group, seven 

classes of glycerophospholipids are therefore recognized: phosphatidic acid (PA), 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylglycerol (PG), diphosphatidylglycerol (cardiolipin, CL), and 

phosphatidylinositol (PI) (Figure 5).  
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Figure 5. Chemical structures of the common glycerophospholipids present in biological 

membranes. Adapted from (Fahy et al., 2005). 
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(f) Phosphatidyinositol (PI)

(g) 1,3 bis (sn-3’-phosphatidyl) sn-glycerol (cardiolipin)
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 29 

Although all phospholipids are amphiphilic molecules and define the polar 

(headgroups) and nonpolar domains (acyl chains) of the bilayer, they also have important 

chemical, biological and physical properties. In fact, the anionic phospholipids (PS, PI, 

PG and CL) have a net negative charge at physiological pH, while the zwitterionic PLs 

(PE and PC) are neutral. Moreover, the acyl chain on C1 of most phospholipids of 

biological membranes is saturated with 16 or 18 carbons long, while that on C2 is often 

longer and unsaturated. Naturally occurring unsaturated fatty acids have cis double bound 

that makes a 30° bend, or a kink in the acyl chain as shown in Figure 6. (e.g. saturated 

and unsaturated fatty acid (stearate, oleate)). The degree of unsaturation of the fatty acid 

contributes to the elasticity of the membrane which influences insertion and packaging of 

proteins and also drug transport (Fa et al., 2007).  

The composition of membrane is very different between eukaryotic and prokaryotic 

cells (Table 2), and this is due, particularly, to a variation in phospholipids content. 

Zwitterionic phospholipids (e.g. PC and PE) are abundant in eukaryotic membranes, 

while negatively charged phospholipids (e.g. PG and CL) are dominant in prokaryotic 

membranes, notably in the Gram-positive bacteria such as Staphylococcus aureus (lipid 

percentage of 58% and 42% for PG and CL, respectively). The proportion of these 

negatively charged lipids is lower in Gram-negative bacteria such as E.coli, where their 

percentage is only about 20% (Lohner and Prenner, 1999;Epand et al., 2007). 

In addition, differences in phospholipids composition are also observed between the 

inner and the outer leaflets (monolayer) of mammalian membrane cells, resulting in 

membrane asymmetry. A typical example is the erythrocyte membrane, the outer leaflet 

of which is enriched in SM and PC, while the inner leaflet contains most of the PE, PS 

and nearly the entire PI found in the membrane (Table 3). Furthermore, the same 

phospholipid species may have acyl chains different in the outer leaflet from those in the 

inner leaflet. The consequences of lipid asymmetry are a variation in the thickness of the 

lipid bilayer and domain formation (Renooij et al., 1976;Lohner and Prenner, 

1999;Nelson and Cox, 2005). 
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Figure 6. Saturated and unsaturated fatty acids with 18-carbon chains. 

In (a) stearic acid (no double bonds) and in (b) oleic acid with one cis double bond 

introduces a kink (rigid bend) in the hydrocarbon tail chain (Nelson and Cox, 2000). 

  

Table 2. Approximate lipid compositions of different cell membranes  
(Eukaryotic and Prokaryotic cells) Percentage of total lipid  

 

Eukaryotic cells Prokaryotic cells 

Lipid 
Chinese hamster 
ovary (CHO cell)  
(phospholipids) 

Human 
alveolar  

macrophages 

Human 
Erythrocyte 
membrane 

E. coli 
Pseudomonas 
aeroginosa 

Staphylococc
us aureus 

Staphylococcus 
pneumoniae 

PE 16.4 20.6 6.2+2.7 82 60 - - 
PC 55 31 24.2+0.4 - - - - 
PS 6.7 traces    

PG+CL 6+12 21+11 58+42 50+50 
PI+PA 

13 
20.7 2.6+0.2 

  - - 
SM 8.9 6.6 18.9+0.3 -  - - 

Chol ND 7.9 48.1+2.2 -  - - 
Others  13.2      

References 
(Hanada et al., 

1990) 
(Sahu and 

Lynn, 1977) 

 
(Lohner and Prenner, 1999) 

(Wolkers et al.,2002) 
 

(Epand et al., 2007) 

 
Table 3. The asymmetric distribution of lipids in erythrocyte membranes. 

The content of each lipid is expressed as % mol in the inner and outer leaflets 

(Nelson and Cox, 2005) 

 
Distribution in membrane 

Membrane phospholipid 
Percent of total membrane 

phospholipid Inner monolayer Outer monolayer 
PE 30 80 20 
PC 27 30 70 
SM 23 20 80 
PS 15 95 05 
PI 70 30 
PI 4-phosphate 100 - 
PI 4-5 biphosphate 80 20 
PA 

05 

80 20 
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II. 2.2. Sphingolipids    

 
Sphingolipids are built on sphingosine, a long chain amino alcohol to which a fatty 

acyl chain is attached by an amide linkage. The most common sphingolipids found in 

eukaryotic cell membranes are phosphosphingolipids (sphingomyelin, SM), neutral 

glycospingolipids (glucosylceramides, GluCer) and ceramides (Cer) (Figure 7). 

Sphingolipids are located mainly in the outer leaflet of membranes (Lohner and 

Prenner, 1999) and play a central role in membrane organization, cell recognition, and 

signal transduction. Sphingomyelin and glycosphingolipids interacting with sterols 

contribute to the formation of membrane microdomains (called lipid rafts) (Simons and 

Vaz, 2004;Huwiler et al., 2000). Ceramides serve as messengers in signal transduction 

cascades (Futerman and Hannun, 2004). 

 

 

 

Figure 7. Chemical structure of common sphingolipids  

Sphingoid base (in blue) and only one kind of fatty acid (palmitic acid, in red) is N-acylated are shown 

(Futerman and Hannun, 2004) 
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II. 2.3. Sterols 

 

A third major class of biological lipids are sterols (cholesterol in mammalian 

membrane cells), which are derived from cyclic polyisoprene precursors (Figure 8). The 

cholesterol content of various eukaryotic cell membranes varies from 0 % to 25 % (Jain 

and Wagner, 1988), and around 90 % of total cholesterol is located in plasma membrane. 

Different sterols are found in other eukaryotic cells (e.g. stigmasterol in plants, and 

ergosterol in yeast and fungi), while prokaryotic cells are completely devoid of 

cholesterol. The presence of cholesterol in membranes increases bilayer thickness, tight 

packing of saturated acyl chains, and compressibility (Pan et al., 2009;Zhang et al., 2010). 

In addition to its structural role, cholesterol is the precursor of numerous hormones 

and of bile acids, and thereby is critical in several biological processus including tissues 

development (Haines, 2001). 

 

. 

 

 

Figure 8. Chemical structure of cholesterol, a major component of mammalian 

membranes (Futerman and Hannun, 2004;Fahy et al., 2005) 
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II. 3. Models of lipid membranes 

 
Progress in the knowledge in structure-activity of biological membranes and their 

relation with drug transport requires purified samples. Due to the complexity of the 

constituents of the biological membranes, and the difficulty to purify them, models 

membranes made of a limited number of defined lipids are suitable tools to characterize 

in vitro drug-lipid interactions. These models allow the application of spectroscopic 

techniques that can provide useful informations about drug insertion in membrane. 

Depending on the method of preparation, a variety of model lipid membranes can be used 

(Figure 9):  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Schematic drawing of model membrane: monolayer, bilayer and liposomes. 
Multilamellar liposomes (MLVs) have many bilayers as indicated. Small unilamellar 

liposomes (SUVs), large unilamellar liposomes (LUVs) and giant unilamellar liposomes 

(GUVs) have only one bilayer, but they display a difference in their size. 
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II. 3.1. Monolayers 

 

Amphipathic lipid molecules can spontaneously assemble as a monolayer, in which 

the lipid molecules line up at air-water interface with their hydrophobic tails in the air and 

hydrophilic head groups in the water. Such unilamellar phase is formed in Langmuir-

Blodgett trough container, with a movable barrier that allows control of the area occupied 

per lipid molecule and measurement of the pressure of the monolayer. The surface 

pressure (π) is created by the difference between the surface tension of the monolayer and 

the pure water interface. Thus, a monolayer reveals pressure effects of membrane 

constituents (Deleu et al., 2005). The monolayers are considered as suitable model 

membranes to study layer structure and intra-layer molecular organization by infrared 

spectroscopy (Oliveira, 1992).  

 
II. 3.2. Planar Bilayers (PBs) 

 

Planar bilayers previously called “Black films” are one of the most suitable models 

to mimic biological membranes. The lipid is dissolved in organic solvent and is deposed 

over a tiny orifice in a Teflon sheet, which is then inserted between two aqueous 

compartments. This model membrane is mostly used to study protein-lipid interactions 

and electrical properties of membrane because it offers access for electrodes on both side 

of the membrane (Henkart and Blumenthal, 1975;Benz et al., 1978;Benz and Gisin, 

1978).  

Recently, supported lipid bilayers (SPB) have been used in nanobiotechnology, and  

notably in atomic force microscopy, which allows direct observation of the lipid 

membrane surface and domain formation in lipid mixtures (e.g. DOPC+DPPC)  

(Mingeot-Leclercq et al., 2008). The common method for forming SPB is the fusion of 

lipid vesicles (SUV) on a flat support such as mica sheet. The fusion is achieved by 

heating and cooling the vesicles in contact with the solid support (Jass et al., 

2000;Reviakine and Brisson, 2000). 

 
II. 3.3. Liposomes: from MLV to GUV 

 

In contrast to planar lipid bilayers, liposomes are closed bilayer vesicles. They 

spontaneously form when lipid bilayers are dispersed within aqueous environment due to 

their amphiphilic nature. The polar headgroups are oriented towards the inner and the 
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outer aqueous media protecting the hydrophobic region (acyl chain) of the polar 

environment. Depending to the method of preparation, liposomes could be multilamellar 

or unilamellar (a single bilayer), and according to their size, are classified as Small 

Unilamellar Vesicles (SUV), Large Unilamellar Vesicles (LUV) or Giant Unilamellar 

Vesicles (GUV). 

 
i)  Multilamellar Vesicles (MLV) 

 

These liposomes, which contain concentric spheres of lamellae with aqueous media 

between consecutive bilayers, are simply made by shaking through dried lipid film into an 

aqueous solution. They are polydisperse, with diameters varing from 0.4 to 50 µm. MLV 

are often used to study protein-lipid binding and to determine lipid state transition by 

NMR (Linseisen et al., 1997;Luckey, 2008). 

 
ii)  Small Unilamellar Vesicles (SUV) 

 

Disruption of MLVs suspensions by sonication produces small unilamellar vesicles 

with diameters in the range of 20 to 50 nm. Since the acyl chains are less tightly packed 

in the small vesicles than in the larger vesicles, they have less lateral tension, which is 

related to membrane elasticity. They are very asymmetric due to their high degree of 

curvature, which makes incorporating proteins with difficulty. Nevertheless, SUV 

liposomes are employed in binding studies with small peptides by using spectroscopic 

methods (Beschiaschvili and Seelig, 1992). 

 

iii) Large Unilamellar Vesicles (LUV) 

 
Large Uilamellar Vesicles, with diameters from 0.1 to 1 µm, can be obtained by 

several freeze-thaw cycles of MLVs liposomes, following by lipid extrusion. This 

technique consists in forcing the liposomes under nitrogen pressure to pass through 

polycarbonate filters of defined pore size. LUVs have the advantage of size distribution 

homogeneity and large encapsulated volume. These liposomes are the most used model 

membranes for drug delivery (Allen and Cullis, 2004), and to characterize membrane 

protein (e.g. protein incorporation, protein variants activity) by forming proteoliposomes 

(Costello et al., 1984). 
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iv) Giant Unilamellar Vesicles (GUV) 

 

These giant liposomes have a diameter varies from 5 to 300 µm. They can be 

obtained by slowly hydrating lipids at low ionic strength and high lipid concentration, 

following by sedimentation through sucrose solutions to eliminate MLV. Homogenous 

vesicles can be improved by electro-formation applying a voltage to the solution of lipids 

(Akashi et al., 1998a;Akashi et al., 1998b) These giant liposomes reach the size of living 

cell and are large enough to allow insertion of a microelectrode or to visualize their 

surface sections by optical microscopy. They can be manipulated by micropipettes to test 

their elastic compressibility (Akashi et al., 1998a;Fa et al., 2007). GUVs are not 

appropriate model membrane for characterization of membrane protein due to the 

fragility of the corresponding proteoliposomes. 

Amongst the models of lipid membranes presented in this section, GUV vesicles are 

probably the most relevant model of biological membranes, since their curvature radius is 

similar to that of eucaryotic cells. A typical exemple of their usefulness is the 

characterization of membrane heterogenities by using GUVs derived from mast cells 

(Baumgart et al., 2007).  
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III. Biophysicals methods for studying fluoroquinolones-lipids interactions 
 

 Since the activity of fluoroquinolone antibiotics results from inhibition of DNA 

gyrase and DNA topoisomerase IV, two enzymes that are intracellular (Pestova et al., 

2000), the membranes of the bacteria are the first barrier for fluoroquinolones to access to 

these target. Likewise, the fast accumulation of fluoroquinolones in eukaryotic cells 

implies their crossing of the eukaryotic plasma membrane. In order to gain insights into 

the molecular interactions between lipids of model membranes and fluoroquinolones, the 

application of biophysical tools, able to establish a relation between physico-chemical 

properties of these drugs and their passage across the membrane, is required. In this 

section, we describe the main biophysical methods used in this Thesis. An overview of 

these methods will be presented in a summary Table 7 at the end of the chapter. 

III. 1. Atomic Force Microscopy (AFM) 
 
III. 1. 1. Introduction 

 

The atomic force microscopy is a scanning probe microscope which has been 

invented by (Binnig et al., 1986). The AFM can provide informations about surface 

properties of biological samples (e.g. lipid bilayer). From the three dimensional 

topographical analysis, roughness and adhesion forces measurements, AFM represent an 

essential tool to study the model membrane domains and the effect of drugs (e.g. 

fluoroquinolones) on the membrane organization (Giocondi et al., 2010). 

 
III. 1. 2. Physical principles 

 

The principal of AFM is based on the interaction between a tip, which is attached 

to a cantilever and the sample surface deposited on a flat support such as mica sheet. The 

physical parameter measured is the sum of the forces resulting from different interactions. 

Attractive or repulsive forces resulting from these interactions, (e.g. ionic repulsion, and 

van der Waals and electrostatic attraction) cause a positive or a negative bending of the 

cantilever, respectively. This bending is detected by a laser beam reflected from the back 

side of the cantilever and collected in a photodiode (Figure 10). If the tip is scanning over 

the sample surface, the deflection of the cantilever can be recorded as an image which 

represents the three dimensional shape of the sample surface. 
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Figure 10. Principle of Atomic Force Microscopy 

 

III. 1. 3. The operating modes in AFM  

 

In AFM, we distinguished three main scanning modes:  i) contact mode, ii) non 

contact mode and iii) tapping mode (intermittent contact mode) (Dorobantu and Gray, 

2010) (Figure 11). 

 

 

 

 

 

 

 

 

 

 

Figure 11. Schematic representation of AFM scanning modes  

a) contact mode, b) non-contact mode and c) tapping mode 
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i)  Contact mode 

 In contact mode, the tip makes soft physical contact with the surface of the sample and 

the main interacting force (F (N)) between tip and surface is repulsive, and can be 

calculated via Hook’s law:   

F= K.Z      [Eq. 1] 

where K (N/m) and Z (m) are spring constant and the deflection of the cantilever, 

respectively. 

Two contact modes can be applied: the constant height mode, where the sample height is 

maintained constant relative to the tip, and the cantilever deflection is recorded. This 

mode is limited to the flat sample, and used to obtain topographic information.  The 

second mode is the constant force mode, where the deflection of the cantilever is fixed 

and the motion of the scanner in z-direction is recorded. The image contrast is due to the 

variations of the scanner position delivering the topographic information. The contact 

mode allows a good resolution, but the adhesion forces can induce damage of both tip and 

soft sample.  

 
ii) Non contact mode 

In this mode, the tip operates in the attractive force (Van der Waals) region, without 

having a contact with the sample surface (Martin et al., 1987).  The use of a cantilever 

with a spring constant of 20-100 N/m and a silicon tip are needed for scanning soft 

biological samples. Topographic images of this mode can be affected by the detection of 

a liquid drop as a part of the sample surface.  

 
iii) Tapping mode (intermittent contact mode) 

In tapping mode, the cantilever oscillates on the surface sample at a frequency close to its 

resonance frequency with high amplitude (above 20 nm) (Zhong et al., 1993). An 

electronic feedback system ensures that the oscillation amplitude remains constant, such 

that a constant tip-sample interaction is maintained during scanning. Forces that act 

between the sample and the tip will not only cause a change in the oscillation amplitude, 

but also changes in the resonant frequency and phase of the cantilever. The intermittent 

contact cause less damage to the sample surface by elimining of a large part of shearing 

forces.  
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III. 1. 4. Applications of AFM to study lipid membranes and drug-lipids interactions 

 

The AFM provides informations on the structure of biological samples like lipid 

membranes, and allows exploring in real time changes induced when interacting with 

drugs.  

 
i) Characterization and organization of domains in model membrane: most studies on 

SPB model have demonstrated the formation of domains. As a typical example, the 

topographic image obtained for mixed of (DOPC:DPPC) (1:1, mol:mol). The AFM image 

reveals that DPPC molecules are in gel phase, forming domains surrounded by a fluid 

matrix of DOPC. The height difference between the two phases is due to differences in 

thickness and of the acyl chains length of DOPC vs. DPPC films (El Kirat et al., 2010).  

The membrane asymmetry and the size of gel domains in (DOPC:DPPC) mixture have 

been observed by real time AFM by decreasing the temperature from 60°C to 23°C. The 

growth rates of the DPPC gel domains being dependent on the coupling between the two 

leaflets of the bilayer (Giocondi et al., 2001).  

These membrane domains and the dynamic remodeling of bilayer can be affected by the 

presence of drugs. As a typical example, azithromycin, a macrolide antibiotic, was found 

to induce progressive erosion and disappearance of DPPC gel domains of (DOPC:DPPC) 

bilayer. By contrast, SM and (SM:Chol) domains surrounded by a fluid matrix of DOPC, 

and mimicking lipid rafts were not modified by this antibiotic. The higher membrane 

stability was suggested to reflect stronger intermolecular interactions between SM and 

Chol molecules (Berquand et al., 2004).   

Another example used SPB of E.coli lipid extracts to study the interaction of 

fluoroquinolones antibiotics such as CIP and its two derivatives. The AFM images have 

shown the formation of pores and adsorption of CIP on the top of the SPB (Montero et 

al., 2006).  

 
ii) Characterization of the phase behavior and thermotropic properties of lipids:  a phase 

transition process involves a cooperative rearrangement of the individual phospholipids 

molecule that composes the bilayer. Such phase transition implies changes in the packing 

properties of the bilayer, which can be observed by using a combination of temperature-

controlled AFM imaging mode with force spectroscopy (Garcia-Manyes and Sanz, 

2010b). The experiments conducted on DPPC and DMPC bilayers showed that the force 
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needed to pierce the lipid bilayer is temperature dependent. In fact, the solid-like phase 

exhibits a much higher force than its liquid-like counterpart and the phospholipids exhibit 

changes in elastic constants (e.g. compressibility, bending, and elasticity).  

AFM contact mode image was used to study the stability of a DMPC supported bilayer by 

heating the sample from 19°C to 60°C. At low temperature, the bilayer is in the gel phase. 

Upon increasing the temperature, the bilayer undergoes two distinct phase transition at 

30.3°C and 37.5°C, respectively. The low temperature transition was related to the 

melting of the leaflet that is far from the surface, whereas the second transition was 

involved the phase transition of the leaflet in contact with mica surface (Garcia-Manyes 

and Sanz, 2010a;Giocondi et al., 2010). 

 
III. 1. 5. Advantages and limitations 
 

AFM is capable to image surface topography from nano to the micro scale, in air 

and under liquid of lipid model membranes. It offers the possibility to follow in situ 

membrane modification upon addition of drugs, and provides direct structural information 

(e.g. lipid asymmetry, lipid domains) (Giocondi et al., 2010).  

However some disadvantages of AFM must be noted. Contact and tapping modes can 

cause damage of soft sample due to the lateral forces of tip-sample interaction. In 

addition, non-contact mode is limited to the hydrophobic sample with a minimal fluid 

layer. Moreover, thermotropic properties of lipids investigated by AFM are dependent on 

the nature of support, the thickness and composition of the proximal and distal leaflet 

layer. Hence, an increase of the transition temperature of lipids is a common observation 

to all AFM determination (e.g. the melting transition of DPPC was reported to be 52°C by 

AFM and 42°C by DSC) (Garcia-Manyes et al., 2005).    
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III. 2. Langmuir-Blodgett technology (LB) 
 
III. 2. 1. Introduction 

 

The Langmuir-Blodgett technique offers the possibility to prepare ultrathin layer 

suitable for bimolecular immobilization at molecular level. The development of 

biomimetic membrane, which is based on LB technology, corresponds to highly 

organized molecular assemblies that can be analyzed through the insertion of drugs in an 

oriented position (Girard-Egrot et al., 2005).  

 

III. 2. 2. Langmuir monolayer formation 

The LB technology is based on the property of lipids to orient themselves at an 

air/water interface between the gaseous and the liquid phase, and, thereby, to form an 

insoluble monolayer. The equipment used for the production of Langmuir monolayer is 

shown in Figure 12. Briefly, it consists of Teflon’s container holding a liquid subphase, a 

compressing system constituted with mobile barriers, and a measuring apparatus for 

monolayer characterization. Included in these are a surface pressure sensor and a position 

detector attached to the barriers to measure the surface area of the film. The dipper 

controls the immersion and withdrawal of the solid substrate for monolayer deposition 

(Oliveira, 1992). 

 

 

 

 

 

 

 

 

 

 

Figure 12. A schematic representation of a Langmuir Blodgett trough 
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The sample is dissolved in an organic volatile solvent (e.g. chloroform) and is spread on 

the surface of an aqueous subphase. After solvent evaporation, the interfacial film results 

in a monomolecular layer, with the headgroups immersed in the water and tail groups 

(acyl chain) remaining outside. When the Langmuir monolayer is compressed, the 

intermolecular distance decreases, and the surface tension diminishes. The force exerted 

by the film per unit length called surface pressure (π (N/m)) and is given by:  

π = γ0- γ …. [Eq. 2] 

 where γ0 and γ are the surface tensions of the liquid in the absence and in the presence of 

a monolayer, respectively. 

 
III. 2. 3. Langmuir monolayer characterization 

 

During the compression, the molecules self-organized and the monolayer undergoes 

several states transformations analogous to the gaseous, liquid and solid state to finally 

form a floating monolayer ordered at the surface. The monitoring of the surface pressure 

π as a function of the area available to each molecule (area per molecule expressed in Å2) 

allows determining a surface pressure/area (π-A) isotherm.  

Figure 13 shows a typical pressure/area (π-A) isotherm curve for a phospholipid 

monolayer. The shape of the isotherm depends on temperature, hydrocarbon chain length 

and on the presence of unsaturated acyl chains.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. A schematic (π-A) isotherm of a phospholipids monolayer 

(Adapted from  (Girard-Egrot et al., 2005)) 
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Five main stages in (π-A) isotherm can be observed when the lateral compression of the 

monolayer is performed: 

Stage 1: the intermolecular interaction is weak. Thus, the surface pressure is low and the 

monolayer is in the gaseous state. 

Stage 2: the intermolecular interaction enhances. Thus, the surface pressure increases 

linearly with decreasing area, and the monolayer is in the fluid state (Liquid expanded). 

Stage 3: a transition from liquid expanded (LE) to liquid condensed (LC) of the 

monolayer is observed. The area per molecule is reduced without significant increase of 

surface pressure. 

Stage 4: the liquid condensed state is compacted. The intermolecular interaction increases 

to make the film more ordered. Thus, the surface pressure is higher and the monolayer is 

well organized. 

Stage 5: lateral pressure is too high for monolayer stability, and it is called collapse 

surface pressure. The collapsed monolayer is sent out to form bilayers. 

 

III. 2. 4. Applications of LB for characterization of lipid membranes interacting with 

drugs 

 

Langmuir-Blodgett films are used as a model system for biomimetic studies. The 

effect of temperature on the state of the DPPC monolayer is revealed in the pressure-area 

isotherms. Two fluid states, liquid expanded and liquid condensed are evident in the 

surface pressure versus area isotherm curve of DPPC (Philips and Chapman, 1968). 

LB has also been used to characterize the lipid packing of a lipid monolayer upon 

addition of a drug. Monolayer compression isotherms were measured to study the 

incorporation of CIP and its pentyl derivative in DPPC. The pressure/area (π-A) 

isotherms curves of DPPC in the presence of different molar ratio of drugs showed a shift 

of the curve to the lower area in the presence of CIP, and an expansion of the area in the 

presence of pentyl-CIP. These data suggest that the drugs perturb the packing of DPPC 

monolayer (Montero et al., 1997;Hernandez-Borrell and Montero, 2003;Montero et al., 

1998).  
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III. 2. 5. Advantages and limitations 
 

The Langmuir-Blodgett technique is an appropriate method for preparing well-

organized ultrathin films. These LB films can be used in AFM or ATR-FTIR for the 

characterization of biological models membranes (e.g surface topography, hydrocarbon 

chain conformation).  

However, the structure and the loss of the integrity of the monolayer, including 

inhomogeneous crystalline domains, local collapse, trans-bilayers and lateral 

heterogeneities, can occur during the time elapsed between the spreading and dipping of 

the monolayer (Rinia and de Kruijff, 2001). Additionally, the interface changes from an 

air/water to an air/solid interface can induce attractive interactions between the lipids 

molecules and the substrate, which can modify the molecular arrangement. The integrity 

of the monolayer depends on the deposition speed, and the transfer surface pressure 

(Steiner, 1991;Spratte and Riegler, 1994;Steitz et al., 1991). In addition, a lack of thermal 

stability can also be observed (Oliveira, 1992).  
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III. 3. Spectroscopic methods 

 
Spectroscopy methods are based on the measurement of electromagnetic 

radiations emitted or absorbed by a particular sample. The electromagnetic radiation is 

characterized by an electric and magnetic field component which oscillate in phase 

perpendicular to each other and to the direction of energy propagation intensity. 

According to the frequency of the wave, electromagnetic radiations are classified into 

radio waves, microwaves, infrared, visible light, ultraviolet, X-rays and γ-rays (Figure 

14). Radiations produced after the absorption result in electronic transition such in UV-

Vis spectroscopy, vibrational and rotational transition such in Infrared spectroscopy or 

nuclear such in Nuclear Magnetic Resonance.  

Spectrophotometry, Fluorescence, Infra-red and Nuclear Magnetic Resonance are mainly 

used for drug-lipid interaction studies. These methodologies have a high sensitivity and 

specificity, and they are less time consuming comparing to others analytical methods. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 14.  Electromagnetic spectrum with the characteristic transitions and the relevant 

spectroscopic techniques  
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III. 3. 1. UV/Vis-spectroscopy  
 
III. 3. 1.1. Introduction 

 
Absorption and fluorescence spectra are sensitive molecular methods that can be 

used for studying the physicochemical properties of drugs and lipids. 

The UV absorption spectra, the fluorescence emission spectra, polarization and their time 

dependence are important parameters that one can use for the characterization of drugs- 

lipids complexes. To limit ourselves to the topic of our Thesis, we will focus on the 

interactions of fluoroquinolones with lipids. 

 
III. 3. 1. 2. Physical and chemical principles 

Absorption spectroscopy is the measurement of the attenuation of a beam of light 

after it passes through a sample. The fundamental relationship in quantitative absorption 

(A) spectrometry is given by Beer Lambert’s law:  

A = ε c l = log (I0/I)   [Eq. 3] 

 where ε is the molar absorptivity of the fluorophore, l is the optical pathlength, c is the 

concentration of the sample,  and  I0 and I are the intensity of photons incident and 

transmitted by the sample, respectively. 

Fluorescence occurs when a molecule has been promoted to an electronically 

excited singlet state by absorption, and then decays back to the ground singlet state by 

emission of photons following the radiative decay process.  

The fluorescence provides informations about energy (wavelength), time decay, 

polarization and intensity (number of photons) at a given wavelength. 

The mechanisms by which electronically excited molecules come back to ground 

state are given by the Jablonski diagram as shown in Figure 15. The absorption of a 

photon takes the molecule from ground state (singlet state, S0) to either a first excited 

state (singlet state S1) or to a second excited state (S2). Then the excited molecule relaxes 

to the lowest vibronic level of the first excited state through internal conversion. It can 

then relax from the singlet excited state to the ground state via three mechanisms: first, by 

emitting a photon (radiative process); second, without emitting a photon (nonradiative 

mechanism), and third by going to a triplet state (T1) by intersystem crossing, which is 

also a nonradiative process. The transition from triplet (T1) to ground singlet state is 

forbidden and hence is a very slow process relative to fluorescence. Emission from T1 is 

called phosphorescence, and generally is shifted to longer wavelengths relative to the 
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fluorescence. Also the excited state S1 can be deactivated by a quenching reaction, a 

process that decreases the fluorescence intensity (Lakowicz, 1999).  

The fluorescence emission spectrum is generally a mirror image of the absorption 

spectrum (S0 to S1 transition) 

 

                                       

 

 

Figure  15. Jablonski diagram showing the energy levels and various processes in an 
electronically excited molecule. From (Lakowicz, 1999). 

 

The fluorescence intensity of a molecule is characterized by four parameters: 

- The fluorescence quantum yield (Φ) which defines the fraction of electronically excited 

molecules that decays to the ground state (S0) through radiative mechanism, as shown in 

equation 4: 

nrr

r

kk

k

+
=φ

      [Eq. 4] 

where kr and knr, are the radiative and nonradiative rate of the fluorescence, respectively.  

 
- The Stokes shift (∆ν) in (nm), is the difference between the absorption and fluorescence 

maxima wavelengths.  

- The fluorescence lifetime (τ) in (ns), represents the average time spent by the molecule 

fluorescent (fluorophore) in the excited state (S1) before coming to the ground state (S0). 
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The typical fluorescence intensity decay is a plot of fluorescence intensity as a function of 

time. For a single fluorophore, the fluorescence intensity decay I(t) is a single exponential 

as : 

τ
t

eItI
−

= 0)(
 [Eq. 5] 

where I0 is the initial intensity and τ is the fluorescence lifetime. This parameter (τ) is 

related to the radiative (kr) and the nonradiative (knr) rates, following equation (6): 

rnrr
kkk

φ
τ =

+
=

1

[Eq. 6] 

- The fluorescence polarization (anisotropy) defines the fluorescence emission emitted 

from the samples excited with polarized light. This polarization is due to the 

photoselection of the fluorophore according to its orientation relative to the direction of 

the polarized excitation, and can be considered as a competition between the molecular 

motion (rotational correlation time θ) and the lifetime τ of fluorophore in solution. If the 

fluorescence lifetime of the fluorophore is much shorter than the rotational correlation 

time θ (a parameter that describes how fast a molecule tumbles in solution) (τ << θ), the 

excited molecules will stay aligned during the process of emission and, as a result the 

emission, will be polarized. In a typical experiment the sample containing the fluorescent 

molecule is excited with linear polarized light and the vertical (Iv) and horizontal (Ih) 

components of the intensity of the emitted light are measured. The polarization (P) and 

anisotropy (r) are calculated using the following equations (7, 8), respectively:   

hv

hv

II

II
P

+

−
=

  [Eq. 7] 

 hv

hv

II

II
r

2+

−
=

 [Eq. 8] 

The fluorescence polarization (or anisotropy) is a measure of the average depolarization 

during the lifetime of the excited fluorophore under steady state conditions. 
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III. 3. 1. 3. Applications of UV/Vis-spectroscopy in fluoroquinolones-lipids interactions 

 
Generally speaking, UV/Vis-spectroscopy provides informations on photochemical 

properties of drugs such as polarity, ionization constant, Stokes shifts, fluorescence 

quantum yield and fluorescence lifetime. It also allows the evaluation of the binding 

parameters of drugs to lipids (e.g stoichiometry, affinity, cooperativity and number of 

electrostatic interaction). These data are useful for analyzing the conformational changes 

(e.g. orientation, mobility, fluidity…etc) resulting from the interaction of drugs with 

lipids, and to evaluate the biological impact of the considered interaction. 

Regarding fluoroquinolones, the major applications of absorption 

spectrophotometry and fluorometry can be classified into two main groups:  

 
i) The spectroscopic properties of fluoroquinolones 

 

Fluorescence properties of fluoroquinolones antibiotics make them optimal 

molecules for in vitro experimental studies. The spectroscopic properties of these drugs 

are interesting to study those properties that may have an effect on their in vivo activity 

(Takacs-Novak et al., 1990;Yu et al., 1994). 

As previsouly described, fluoroquinolones have two proton-binding sites (the piperazinyl 

in the 7 position, and the carboxyl in the 3 position). They exist in four microspecies in 

aqueous solution, namely positive H2Q
+, negative Q-, neutral HQ0 and zwitterionic HQ+-.  

 
� Fluorescence spectra of fluoroquinolones are dependent on the solvent properties  

This has been studied with three fluoroquinolones, ofloxacin (OFL) and norfloxacin 

(NOR), on the hand, and flumequine (FLU) on the other hand. 

- OFL and NOR exist mainly in neutral zwitterionic forms in water, and in other 

microspecies forms in organic solvents. In aqueous solution, the fluorescence quantum 

yield of OFL and NOR is high. In organic solvents, the internal conversion rate of S1→S0 

for OFL and NOR is very fast, owing to the similar geometrical structures and dipole 

moments between these states, the fluorescence quantum yield becomes weak and the 

lifetimes are long (Anstead et al., 1993). The fluorescence properties of FLU are 

relatively unsensitive to the solvent nature, as indicated in the Table 4 (Park et al., 

2000;Park et al., 2002;Park et al., 2004).  
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Table 4.  The fluorescence spectral data of ofloxacin, norfloxacin and flumequine. 

Fluorescence emission (E), Stokes’ shifts (∆ν), fluorescence quantum yield (Φ) and fluorescence lifetime (τ)   

(Park et al., 2002) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
� Fluoroquinolones are more photochemically active in an environment that is both 

protic and polar  

- The photochemical and photophysical properties of NOR have been studied in aqueous 

solutions at pH between 7.4 and 12. It was found that the fluorescence quantum yield 

decreased with pH (from 0.12 at pH 7.4 to less than 0.001 at pH12), suggesting a different 

intrinsic radiative constants of the fluoroquinolone anion and the zwitterionic form (Bilski 

et al., 1996;Huang et al., 1997;Bilski et al., 1998;Cuquerella et al., 2004). 

- A similar behavior has been reported for CIP (Vazquez et al., 2001a). Indeed, the 

fluorimetric titration of CIP as a function of pH was investigated to determine the 

ionization constants of this antibiotic in solution and in the presence of liposomes. The 

maximum emission spectra of CIP were observed in acidic to neutral media, pH between 

4.2 and 7.4, and almost no fluorescence was observed in alkaline media (pH10.4).            

A similar pattern was observed in the presence of either DPPC or DPPC: DPPG (0.9:0.1, 

M:M) liposomes. The interpretation of these data was that the N-7 of the piperazinyl 

substituent could act as an electron-releasing group for the quinolone ring (electron 

acceptor), resulting in an intramolecular quenching phenomenon.  

-  The absorption spectra of MXF at different pH show also important changes in the peak 

position and emission intensity of the drug with acidity (Langlois et al., 2005).  

This effect of pH on photochemical properties of fluoroquinolones allows determining the 

protonation equilibrium between the four microspecies: positive H2Q
+, negative Q-, 

Drug Solvent λem (nm) ∆ν (cm-1) Φ τ (ns) 

H2O 475 8984 0.199 5.86 

CH3OH 482 9931 0.006 12.5 
Ofloxacin 

(OFL) 
CHCl3 455 9535 0.004 14.2 

H2O 436 7160 0.160 2.30 

CH3OH 448 7901 0.020 2.56 
Norfloxacin 

(NOR) 
CHCl3 419 7409 0.008 3.27 

H2O 375 3987 0.034 0.73 

CH3OH 371 3761 0.034 0.82 
Flumequine 

(FLU) 
CHCl3 372 3652 0.036 0.71 
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neutral HQ0 and zwitterionic HQ+- as shown in Figure 16. Microconstants values of these 

microspecies were determined by absorption spectroscopy at different pH of the medium 

and represented in the Table 5 (HernandezBorrell and Montero, 1997;Vazquez et al., 

2001a;Langlois et al., 2005). The distribution diagram of these four microspecies shows a 

predominance of neutral and zwitterionic forms at neutral pH and the majority of 

positively forms at acidic pH (Hernandez-Borrell and Montero, 2003). The UV 

absorption spectroscopy was also used to estimate the degree of partitioning of CIP into 

Escherichia coli lipid membrane extract and to measure protonation equilibrium of CIP 

and MXF (Vazquez et al., 2001b;Sun et al., 2002;Langlois et al., 2005). 

- The measure of the respective abundance of the different microspecies can be used to 

determine the distribution coefficient of CIP and MXF at different pH (logDoctanol/water). 

By comparing their logD at pH 7.4, values (-0.79 vs -0.28), CIP is  is considered to be 

more hydrophilic than MXF (Takacs-Novak et al., 1990;Sun et al., 2002;Langlois et al., 

2005).  

 

Table 5. Protonation of CIP and MXF  

(k11, k12, k21 and k22 are microconstants values of the microspecies as shown in Figure 16) 

 

 

 

 

 

 

 

 

 

 

 

Drug pKa1 pKa2 k11 k12 k21 k22 Reference 

CIP  
6.08±0.11 

6.18 

8.58±0.55 

8.73 

6.61 

6.19 

8.04 

8.72 

6.23 

7.04 

8.43 

7.86 

(Vazquez et al., 2001b) 

(Sun et al., 2002) 

MXF  

 

6.25 

 

 

9.29 

 

7.46 8.08 6.29 9.25 (Langlois et al., 2005) 
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Figure 16. Protonation equilibrium of CIP (a) and MXF (b) (R=H) 

(HernandezBorrell and Montero, 1997;Huang et al., 1997;Merino et al., 2002;Langlois et 

al., 2005) 

a)a)

b)b)
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� Fluorescence spectra of fluoroquinolones is dependent on the presence of tri-

valent metal ions 

 Spectrophotometry was employed to investigate the complex formation between 

moxifloxacin or fleroxacin and metal ions (e.g.Al+3) (Djurdjevic et al., 2007). In their 

presence, the maximum absorption peaks of these fluoroquinolones are shifted toward 

higher wavelengths. In conjunction with potentiometric studies, the authors indicate a 

formation of a stable aluminum-fluoroquinolone complex, favored by the presence of a 

sodium dodecylsulfate (SDS) in which the drug is protonated.  
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ii) The binding properties and effect of fluoroquinolones on the lipids 

 

Fluorescence probes are frequently used to determine binding parameters of drugs 

to lipids, and to study the changes in membrane organization and membrane fluidity 

induced by these agents. 

 

� Localization of fluoroquinolones in the phospholipids bilayer and their effect on 

the membrane fluidity using DPH and TMA-DPH probes 

- Amongst the various physical states of lipids, we must distinguish two major ones called 

liquid crystalline (Lα) and solid-like gel (Lβ), respectively, (Figure 17). The melting 

transition temperature (Tm) of lipids reflects the change from the gel state (solid) along the 

chains to the liquid crystalline state (fluid) as the temperature is increased (Keough and 

Davis, 1979;Davis et al., 1981).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. The versatility of lipids is a function of the temperature, resulting in the 

crystalline, gel and fluid states. Phosphatidylcholine is taken as model lipid. 

 (Adapted from:  http://www.umass.edu/microbio/rasmol/3x5w.gif) 

Heller et al., (1993): J.Phys.Chem. 97:8343 (Eric Martz) 
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Two probes are frequently used to investigate the drug localization into the lipid 

bilayer and its effect on the membrane fluidity: 1-(4-trimethylammoniumphenyl)-6-

phenyl-1,3,5-hexatriene (TMA-DPH), a probe, which according to Illinger et al (Illinger 

et al., 1995) is distributed preferentially at the surface of the bilayer, and 1,6-diphenyl-

1,3,5-hexatriene (DPH), a probe known to be located in the hydrophobic core of the 

bilayer (Figure 18) (Illinger et al., 1995;Saldanha et al., 2002). 

With fluorescence anisotropy, membrane fluidity is interpreted in terms of hindrance to 

rotational motion of the probe, since it is embedded in the constraining phospholipidic 

membrane array (Kinosita, Jr. et al., 1977). The anisotropy value (r) is high in the gel 

crystalline state of the lipid and low in the fluid state. Therefore, thermotropic variations 

allow determining transition temperature (Tm) from the gel to its fluid state.  

The localization of CIP in the DPPC phospholipids bilayer and its effect on 

membrane fluidity was investigated using steady-state anisotropy of TMA-DPH  and 

DPH (Merino et al., 2002;Hernandez-Borrell and Montero, 2003). In the presence of CIP, 

a slight decrease of the transition profile of TMA-DPH and DPH, and a fluidification 

effect in the fluid state of DPPC, were observed at acidic pH (4.7). Since the positive 

microspecies (H2Q
+) are predominant at this pH, the authors suggested that the main force 

involved in the interaction between CIP and DPPC is hydrophobic. 

 
� Binding of fluoroquinolones to the lipids and their effect on the surface potential 

of liposomes  using ANS probe 

- The 8-anilin-1-naphtalene sulfonic acid (ANS) (Figure 18) is an anionic hydrophobic 

fluorescent label. ANS is not fluorescent in water but becomes fluorescent when it is 

bound to a membrane (lipophilic environment). This property makes it a sensitive 

indicator of membrane potential (Ma et al., 1985). 

 

 

 

 

 

 

Figure 18. Chemical structural of some fluorescence probes 
 (a) diphenylhexatriene,  (b) Trimethylammonium-diphenylhexatriene (TMA-DPH) and 

(c) 8-anilin-1-naphtalene sulfonic acid (ANS). 

 

(a) (c)(b)(a) (c)(b)(a) (c)(b)
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To determine the association constant (Ka) (M-1) of ANS to lipids, fluorescence titration 

curve of liposomes with various concentrations of ANS are analyzed using equation 9. 

[ ] [ ]( )
[ ]( )b

free

b

freea

bound
ANSK

ANSK
CANS

max

max
1+

=   [Eq. 9] 

 
where Cmax is the maximum concentration of ANS bound to lipids, b is a cooperativity 

parameter, and [ANS]bound  and [ANS]free are the concentrations of bound and free ANS at 

equilibrium, respectively.  

The fraction of ANS bound is calculated from equation 10:  
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FF
ANS

b

b
bound −

−
=                [Eq. 10] 

 
and the amount of ANS free is deduced from equation 11: 
 

[ ] [ ] [ ]boundtotalfree ANSANSANS −=     [Eq. 11] 
 

where Fb, F0, Ab and A0 are the fluorescence intensities and the emission coefficients of 

ANS in the presence and the absence of lipids, respectively.  

The emission coefficients of ANS are determined as the slope of the fluorescence 

emission intensity at high sample concentration (1mM) as a function of low concentration 

of ANS (0.1-1.4 µM). 

To determine the variation of the surface potential (mV) in the two different samples 

(liposomes), the values of the different association constants (Ka) obtained from equation 

9 are used in equation 11. 
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[Eq. 12] 
 

where R, T and F are the universal constant of gases, the temperature and the Faraday 

constant, respectively. Ka1 and Ka2 are the association constants of ANS to the two types 

of sample (Ma et al., 1985).  

- ANS has been used to examine the binding of CIP to lipids and its effect on the surface 

potential of liposomes. In these studies, several LUVs liposomes were used: zwitterionic 

(DPPC), DPPC negatively charged with 10 M% of DPPG, and Escherichia coli lipid 
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membrane extract liposomes (Vazquez et al., 2001b;Vazquez et al., 2001c;Montero et al., 

2006). It was found that CIP quenched the fluorescence of ANS bound to liposomes in 

competition experiments, and the displacement of ANS was greater for liposomes with 

DPPG, due to the repulsive electrostatic forces between headgroup of DPPG and negative 

charge of the probe (Ma et al., 1985). The results indicate that the binding of ANS to 

liposomes surface is dependent on the presence of the drug (CIP) and the lipid 

composition.    

 
III.3.1. 4. Advantages and limitations  

 
The simple and relatively inexpensive technique of UV/Vis-spectroscopy has made 

it to become a universal and accurate method for estimating the degree of partition of 

fluorescent drugs into a lipid membrane. Several parameters, such as pH, polarity of the 

medium and temperature can affect the absorption and/or fluorescence spectra, from 

which the partition and other properties of drugs can be inferred. 

In addition, fluorescence measurement is widely used to obtain information 

regarding the nature and accessibility of binding site of drugs to the lipid. 

Although the measurement of absorption and fluorescence spectra (at micromolar 

range) can be very sensitive, the positions of spectral bands are not sensitive to the finer 

detail of the molecular structure, such as the presence of specific functional groups. 

Hence, fluorometry is not useful for molecular identification. 

It should also be noted that a good interpretation of UV-Vis spectra requires three 

important conditions: the absence of significant noise background, a drug with a high 

fluorescence quantum yield, and the absence of perturbation of the signal by related (e.g. 

photobleaching, Raman effect) and unrelated (e.g. absorption of other compounds) 

phenomena.  
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III.3. 2. Fourier Transform Infrared Spectroscopy (FTIR) 
 
III.3.2.1. Introduction  
 

FTIR spectroscopy is one of the most used methods to study biological membranes. 

It provides information on the physicochemical behavior of phospholipids-drugs complex 

under various conditions (e.g. temperature, pressure, pH …etc). In addition, information 

on the orientation and degree of organization of a drug molecule, within the phospholipid 

bilayer, can also be obtained by monitoring polarized spectra. Thus, infrared spectroscopy 

is an important tool for elucidation of membrane structure and for identification of drug 

effects.  

 
III.3.2.2. Physical and chemical principles 

 
Infrared (IR) absorption spectroscopy is the measurement of different IR radiation 

(frequencies) absorbed by a sample positioned in the path of an IR beam, as well as the 

intensities of these absorptions.  Determination of these frequencies allows identification 

of the sample chemical structure, since chemical functional groups are known to absorb 

radiation at specific frequencies. The intensity of the absorption is related to the 

concentration of the sample. An IR spectrum is the plot of radiation absorption as a 

function of wavenumber, which is it-self proportional to the frequency of the radiation. 

Wavenumber (ν) and wavelength (λ) can be interconverted (equation 13):  

)(

1
)( 1

cm
cm

λ
ν =−

 [Eq. 13] 

The IR radiation spans a section of the electromagnetic spectrum (Figure 14) having 

wavelengths (λ) from 0.78 to 1000 µm, or wavenumbers (ν) from roughly 13.000 to   

10cm-1. The mid-infrared region from 4000 to 400 cm-1 is typically used for biological 

samples (Lee, 1997).   

Understanding of IR spectroscopy theory requires the study of vibration 

mechanics. In a normal mode of vibration, each atom in a molecule executes a simple 

harmonic oscillation (vibration) about its equilibrium position. For a two atomic system 

consisting of two masses m1 and m2 connected by a bond, the vibrational frequency (ν) is 

related to the force constant (k) and the reduced mass (µ) by the following equation (14): 
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 [Eq. 14] 

From Equation 14, it is evident that the vibrational frequency is related to the 

rigidity or strength of the bond (force constant) and masses of the bonding atoms. 

Specifically, the vibrational frequency is higher for stronger bonds and for lighter atoms. 

For a polyatomic molecule, there is more than one fundamental frequency of vibration.  

The mathematical treatment of this vibration and rotation of a molecule is to set up the 

expression for the kinetic and potential energies of the molecule in terms of the 

coordinates of the atoms, and to obtain the wave equation for vibration, rotation, and 

translation. This procedure is not simple and utilizes quantum-mechanical treatments. It is 

found that for a molecule of n atoms, there are (3n-6) modes of vibrations for a non linear 

molecule (e.g. H2O) and (3n-5) modes of vibrations for a linear molecule (e.g. CO2).   

The number three corresponds to the degrees of freedom for each atom and the numbers 6 

and 5 are conditions required to define the rotation and translation motions of the 

molecule. The condition which drops out in a linear molecule is the prohibition of 

rotation about the z axis, since a linear molecule cannot rotate about its axis unless it is 

distorted (Bright-Wilson et al., 1955). 

Two types of vibrations, stretching (asymmetric or symmetric) and bending (scissoring, 

wagging, twisting or rocking) are responsible for the most important peaks used to 

identify organic compounds, in particular to provide information on the structure of the 

acyl chain of phospholipids. Figure 19 illustrates a few types of vibration for the CH2 

group. Bending motions require less energy and absorb at lower frequency (1400 cm-1) 

than stretching motions (2800cm-1). 

 

 

 

 

 

 

 

 

 

Figure 19. The type of normal vibration for a CH2 group 
Adapted from  (Lee and Chapman, 1986;Lee, 1997) 
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III.3.2.3. Fourier Transform spectrometer 

 
In Fourier Transform Infra-Red (FTIR) instrument, all IR wavelengths of the 

polychromatic source are measured at the same time. A typical FTIR spectrometer is 

composed of three basic elements: a radiation source, an interferometer, and a detector 

(Figure 20). The FTIR method splits the electromagnetic radiation into two beams. One 

beam travels over a longer path side of the spectrometer than the other beam. A 

recombination of the two beams creates an interference pattern or interferogram. Fourier 

Transformation is a computerized mathematical treatment of data from interferogram into 

the usual IR spectrum. FTIR has very high resolution (<0.001 cm-1), and allows the 

acquisition of spectra from small samples.  

 

 

Figure 20. Schematic of a FTIR spectrometer, with Michelson interferometer composed 

of a moving mirror, a fixed mirror and a beamsplitter  

 

III.3.2.4. Attenuated Total Reflection  (ATR) 

 
The principle of this method is based upon total reflection of IR radiation that 

occurs within a high refractive index of the internal reflection element (IRE) (Figure 21). 

Above a critical angle (θc), which depends on the refractive index of the IRE (n1) and of 

external medium(n2), the light beam is completely reflected when it impinges on the 

surface of the IRE and evanescent waves are formed (sinusoidal waves are internally 

reflected off an interface at an angle greater than the critical angle).  

If an absorbing sample is placed in contact with the surface of the crystal at the 

point of the internal reflection, energy is absorbed by the sample. The reflected beam 

contains spectral information of the sample.  
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The penetration depth (dp) of the evanescent wave is in the order of several 

micrometers depending on the angle of incidence of the beam (θ), the wavelength of the 

light (λ) and on the refractive indices of the sample (n2) and ATR element (n1)   as  given 

by the equation (15) (Fringeli and Gunthard, 1981): 

 

[Eq. 15] 

 

Typical materials for ATR elements include germanium, silicon and diamond. The latter 

is excellent for its mechanical properties but is less used due its high cost. The most usual 

design is the trapezoidal plate which allows molecular orientation to be determined by 

means of linear dichroism for oriented membranes. 

 

 

Figure 21. Schematic drawing of the ATR crystal  

Adapted from (Goormaghtigh et al., 1999). 

 

III.3.2.5. Properties of ATR-FTIR spectra 

 
Several parameters can influence the band shape of ATR spectra: the wavelength of 

the incident radiation, the refractive indices of both IRE and the sample, the angle of 

incidence and the efficiency contact between the sample and the IRE (Goormaghtigh et 

al., 1999). In addition, the nature of the internal reflection element (IRE) and the 

thickness of the sample are two parameters which are particularly involved in the quality 

of dichroic spectra, from which the orientations of molecules are derived. 
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 Non polarized spectra for state behavior and conformation determination of lipids 

 

Information on the structure of the acyl chain and of the interfacial and head group 

regions of a membrane bilayer can be obtained by recording non polarized spectra.  

The sharp main endothermic phase transition of aqueous phospholipid bilayers 

results in pronounced alterations in the methylene band parameters (Asher and Levin, 

1977;Cameron and Mantsch, 1978;Cortijo and Chapman, 1981). The band maximum 

frequencies of the CH2 asymmetric and symmetric stretching bands are sensitive to the 

static order of the acyl chains. In fact, in a phospholipid, an increase of temperature 

induces a rapid isomerization from trans (crystalline state) to gauche (fluid state).   

Thus, an increased proportion of gauche conformers above the phase transition causes a 

shift in stretching bands of CH2 to higher frequencies (Casal et al., 1980). Consequently, 

the CH2 bandwidths are sensitive to the degree of motional freedom of the CH2 groups.  

The band progression due to CH2 wagging modes (1400 cm-1) and CH2 rocking 

band (720 cm-1) of phosphatidylcholine are also sensitive to the lipid phase behavior, and 

determine changes in acyl chain packing (conformation) from hexagonal to orthorhombic 

(Chapman et al., 1967).  

The structure of the interfacial region of lipid assemblies can be examined via the 

ester group vibrations. The most intense of these bands are the C=O stretching 

frequencies between 1750 cm-1 and 1700 cm-1, which are associated with the two ester 

groups in diacyl lipids: the carbonyl at the sn-1 and  the sn-2  positions respectively.       

A shift in the C=O bands at the pre-transition temperature is a reflection of a decrease in 

the tilt of the acyl chains with respect to the bilayer normal (Bush, 1980;Casal et al., 

1984;Levin, 1982;Mushayakarara, 1980). 

The state of hydration of phospholipid bilayers can be evaluated via asymmetric 

(1250 cm-1) and symmetric (1085 cm-1) stretching modes of the PO-
2. Dehydration results 

in band shifts towards higher wavenumbers (Arrondo et al., 1984;Casal and Mantsch, 

1984). 
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Polarized spectra for determination of lipids orientation 

 

The possibility to obtain information on the orientation of different regions of the 

phospholipid molecules is a successful application of ATR-FTIR spectroscopy. The 

infrared light absorption is maximal if the dipole transition moment is parallel to the 

electric field component of the incident light. The orientation of the dipole is obtained by 

measuring the spectral intensity of polarized incident light. 

The dichroic ratio, RATR, is the ratio of the integrated absorbance of a band 

measured with a parallel polarization of the incident light A// to the absorbance measured 

with a perpendicular polarization of the incident light A┴, as shown by equation (16): 

⊥

=
A

A
RATR //

 [Eq. 16] 

The dichroic ratio is used to determine the orientational order parameters of the drug 

relative to the lipid plane. It is related to an orientational order parameter, Sexperimental, 

which can be expressed by equation (17): 

Sexperimental = Smembrane.Shelix.Sdipole [Eq. 17] 

where Smembrane describes the distribution function of the lipid membrane patch with 

respect to the internal reflection element, Shelix describes the orientation of the helices 

within the membrane plane (and assumed to be one, Shelix =1) and Sdipole describes the 

dipole orientation within the helix axis (Figure 22) (Rothschild and Clark, 

1979;Goormaghtigh et al., 1999).  

From the dipole orientation with respect to the IRE normal, the dichroic ratio can be 

measured at various angles. Dichroism measurements of the CH2 wagging band are often 

used to find the average special orientation of the membrane. Therefore, the orientation of 

drugs within lipid can be also evaluated (Fringeli and Gunthard, 1981).   
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Figure 22. Set of axial symmetric distributions. 

The dipole moment is distributed about the α-helix axis (angle α), which is distributed 

about the membrane normal (angle β) that has a mosaic spread distribution about the 

sample normal (angle γ). Adapted from (Rothschild and Clark, 1979). 

 

III.3.2.6. Applications of ATR-FTIR spectroscopy to drug-lipids interactions 

 

� Changes of state transition profile of lipids induced by interaction with drug 

Analysis of the IR absorption spectra of the phospholipids in function of temperature 

provides information on the state transition temperature. Upon addition of drugs, changes 

in state transition profile and/or the appearance of new states can be observed.  

A first example is the interaction of acetylsalicylic acid (ASA) with dipalmitoyl 

phosphatidylcholine (DPPC) (Casal et al., 1987). IR spectra of hydrated samples of DPPC 

were measured in the absence and presence of the ASA as a function of temperature and 

at different lipid–drug ratios. From the temperature dependence of the wavenumber of the 

CH2 symmetric stretching vibrational mode (νCH2), the authors found that ASA decreases 

both the main and pre-transition temperatures, notably at drug-DPPC molar ratio of (1:1).  

Another example is the interaction of D-propranolol (a beta-blocker agent) with 

dimyristoyl-phosphatidylcholine (DMPC) (Cao et al., 1991). The FTIR spectra of the 

symmetric CH2 stretching mode of DMPC liposomes in the absence and presence of the 

drug indicated that, in addition to the shift in the transition temperature, the drug changed 

the gel state of the membrane and induced a second transition state. 
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The IR spectroscopy is also useful to study antibiotic-lipids interaction. A 

quantitative determination of acyl chain conformation in Gramicidin–DPPC mixtures has 

been investigated (Davies et al., 1990). The results show that the drug induced disorder of 

phospholipid gel state and order in liquid crystalline state. 

 
� Orientation of lipid bilayer in  presence of drugs  

IR spectroscopy allows determination of the orientation and the degree of organization of 

phospholipid bilayer in the presence of drugs. Polarized IR spectra, were used to evaluate 

the localization of proteins within lipids bilayers (Rothschild and Clark, 1979;Rothschild 

et al., 1980). The application of IR spectroscopy to orientation of phospholipids in the 

presence of fluoroquinolones is discussed in this Thesis.  

 

III.3.2.7. Advantages and limitations 

 

IR spectroscopy has several advantages for membrane studies. The variations in 

frequency, line width, and intensity are sensitive to structural transitions of both lipid and 

drugs components.  

The vibrations of individual groups provide structural information on highly 

localized regions of the bilayer. Thus, C-H stretching absorptions of the lipid acyl chains 

are distinguished from the carbonyl stretching of the interfacial region and the phosphate 

stretching of the polar headgroup.  

The principal advantage of IR spectroscopy is the possibility of studying 

simultaneously the structure of lipids and drugs in intact biological membranes without 

addition of any external probe. The time-scale of the molecular vibrations is indeed very 

fast (in order of 1013 s- 1).  

However, some factors can influence the IR spectroscopy. In particular, strongly 

distorted spectra may result from an unwise choice of the incident angle, the nature of the 

internal reflection element, or the thickness of the sample (Goormaghtigh et al., 1999).  

The application of the IR is also limited to the molecules which are sufficiently 

transparent and active in the IR region.  Complex molecules, such as lipids, (~ 130 atoms) 

have approximately 384 normal vibrations. This vibration number leads to an overlap of 

absorption bands, which complicates the identification and the interpretation of a single 

band, notably with aqueous samples. In fact, liquid water has strong and broad absorption 

bands, overlapping a considerable part of the IR spectral range (Fringeli and Gunthard, 
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1981). Therefore, the use of aqueous systems requires a thin film with a high 

concentration of the sample.  

More recently, a combination of atomic force microscopy (AFM) and ATR-FTIR 

has been developed (Verity et al., 2009). This method provides conformational changes 

not resolvable by in situ AFM, with topographical details that are not identified by ATR-

FTIR spectroscopy. 
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III. 3. 3. Nuclear Magnetic Resonance spectroscopy (NMR) 

 
III. 3. 3. 1. Introduction  

NMR technique has been applied to study the dynamics, the conformation, and the 

changes in membrane properties caused by addition of drugs. It provides detailed 

information about molecular conformation and ordering of lipids interacting with drugs. 

Additional information on molecular conformation can be obtained by two dimensional 

transfer, Nuclear Overhauser Effect (NOE) spectra, or 2-D homonuclear NMR 

Correlation Spectroscopy (COSY) used to measure the distance between nuclei. These 

two techniques have not been used in our Thesis and will, therefore, not be further 

detailed (more information is available in (Martin and Zektzer, 1988)).  

 

III. 3. 3. 2. Physical and chemical principles 

NMR is a spectroscopic method examining the absorption of radio frequency 

electromagnetic waves (Figure 14). From the analysis of the interaction between the 

magnetic moments of sample nuclei and an applied electromagnetic wave, NMR 

technique provides information about structure and dynamics properties of a sample.  

 
� Nuclear magnetic moment (µ) 

A nucleus is built up of protons and neutrons moving in a very small volume. Each 

of these particles is characterize by an orbital angular momentum associated with its 

motion and a spin angular momentum intrinsic to the particle. The sum of the orbital and 

spin angular moments of the particles, called “nuclear spin vector” (L), is given by 

equation (18): 

)1(
2

+= II
h

L
π     [Eq. 18] 

where h is the Planck’s constant, and I is a nuclear spin number (taking one of the values 

0, ½,1, 3/2  and so one).  

Nuclei with even numbers of protons and neutrons (like 
12

C and 
16

O) have a null spin. 

Nucleic with odd numbers of protons and/or neutrons (like 1H, 13C, 19F, 31P) have a 

magnetic (dipole) moment (µ) proportional to the spin vector (L) as expressed by 

equation (19):  
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µ=γ L   [Eq. 19] 

 where the gyromagnetic ratio γ is a constant characteristic of each nuclide (Table 6).  

 
Table 6. Gyromagnetic ratios (γ), NMR frequencies (νννν), and natural abundances of some 

isotopes (Chang, 2005) 

 

Isotope I γ  (107 T-1 s-1) νννν  (MHz) Natural abundance (%) 

1H 1/2 26.75 200 99.985 
13C 1/2 6.73 50.3 1.108 
19F 1/2 25.17 188.3 100 
31P 1/2 10.83 81.1 100 

 

� Magnetic Resonance 

The sum of the dipole moments of identical spins is called magnetization. In the 

absence of an external magnetic field, the nuclear magnetic moments of a sample are 

oriented at random giving a null resultant. When an external magnetic field B0 
 
is applied 

to the sample, the energy of interaction E between the magnetic moment µ of each 

nucleus and B0 is given by equation (20):  

E= hν= µ B0  [Eq. 20] 

Nuclei will tend to lose energy by orienting their magnetic moments in the direction of 

the field. However, a non-null resultant parallel to B0 remains. This phenomenon is called 

“spin-polarization”. 

Nuclear magnetic resonance reflects the transition from a nuclear spin energy level 

(I= + ½), to the nuclear spin level (I= - ½) (Figure 23) by varying either the frequency of 

the applied radiation or the intensity of the magnetic field, until the resonance condition is 

reached (the two magnetic moments wobble around the axis of the applied field). The 

resonance frequency (ω) or Larmor is giving by equation (21):  

ω = γ B0   [Eq. 21] 

Thus, magnetic resonance occurs when the protons in the spin state (I= +½) absorb 

energy of a specific frequency and change their spin state to (I=-½). The spectrometer 

records the NMR spectrum, as these nuclei return to equilibrium in a process called 

“relaxation”. 
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The NMR signal corresponding to a magnetization component as a function of time 

I(t) is called the free induction decay (FID), and the Fourier transformation is a 

convenient mathematical tool to give a frequency function I(νννν) (Chang, 2005;Paniagua, 

2005).   

 

 

 

 

 

 

 

 

 

 

Figure 23. (a) Rotation of the nuclear momentum along its own axis (blue) and along the 

magnetic field axis (red). (b) Difference in nuclear spin energy levels of I=± ½ in an 

external magnetic filed B0.  Adapted from (Chang, 2005). 

 

� Chemical shift 

The particularity of NMR spectroscopy is that various protons absorb energy at 

slightly different frequencies for any given nucleus (ex 1H) depending on its position in 

the molecule under study. These differential absorptions are displayed as different 

chemical shift.  The chemical shift parameter (σ) is expressed in units of ppm (parts per 

million) and can be defined as the difference in resonance frequencies between a nucleus 

of a sample (νsample) and a reference nucleus (νref), as deduced by equation (22):  

σ =[ (ν- νsample) /νspec ] 106        [Eq. 22] 

where νspec is the spectrometer frequency. By convention, NMR spectra are plotted with 

chemical shift (σ) increasing from right to left. 
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III. 3. 3. 3. The NMR spectrometer 

 
The NMR instrument consists mainly of the following parts (Figure 24). 

� The magnet:  the magnetic field is generated by a superconducting magnet. The 

main coil that produces the field is placed in a liquid helium tub, which is surrounded by a 

liquid nitrogen Dewar flask. 

 
� The probe-head: is introduced into the magnet from the bottom and connected to 

the radiofrequency source. Radiofrequency sources are electronic components that 

produce sine/cosine magnetic waves at appropriate frequencies. The sample dissolved in 

in a deuterated solvent inside a glastube, placed in the spinner and entered the probe-head 

from the top.  

� The lock system:  high resolution NMR measurements require a special 

field/frequency stabilization to allow accumulation of the signal, which may be separated 

by less than one Hz. This stabilization device is called ‘lock’ and is achieved with a 

deuterated solvent (e.g. 2H). The deuterium lock measures the frequency of the deuterium 

line of the solvent and it is activated when the sample is placed in the magnet. 

 
� The shim system:  the procession frequencies are proportional to the magnetic field 

strength; which should be highly homogenous across the sample volume in order to be 

able to observe small frequency differences (small couplings). The process of 

optimization the magnetic field homogeneity for recording high resolution spectra is 

called ‘shimming” a magnet. Therefore, the shim system is a device that corrects for 

locally slightly different magnetic fields. 

 
� The computer system: the NMR spectrometers are controlled by a computer. The 

computing system has different tasks. The process controller must have on-line control of 

many spectrometer functions such as lock, generation and timing of resonance field 

pulses, digitization, accumulation of the NMR signal (FID, free induction decay) and 

must also apply a Fourier transformation to converted FID into an absorption peak 

(Conover, 1984).  
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Figure 24.  Main components of an NMR spectrometer 
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III. 3. 3. 4. Properties of NMR spectra 

 

The three dimensional structures and the internal motions of drugs and lipids at 

atomic resolution can be extracted from NMR spectra. These are characterized by: 

 
� The degree of spin–spin coupling produced by neighboring effects.  

Each nucleus with I ≠ 0 has a nuclear magnetic moment, and the magnetic field 

generated by this nucleus can affect the magnetic field experienced by a neighboring 

nucleus. Therefore, changes in the frequency will be observed in NMR absorption 

spectra. The direct nuclear spin-spin interaction is observed for two nuclei separated by 

no more than three bonds and is magnetically nonequivalent (Chang, 2005). 

 
� The relaxation.  

Magnetization does not proceed infinitely in the transverse plane but turns back to 

the equilibrium state, which is called the relaxation phenomenon. This is an exponential 

process, and is characterized by two different time-constants:  

a) the time constant (T1) known as spin-lattice (or longitudinal) relaxation time. It allows 

sampling the effect of very fast motions, occurring from picoseconds to the nanoseconds 

time scale. 

b) the time constant (T2) characterizing the spin-spin relaxation (or transverse relaxation 

time).  It is related to the line-width of the signal (spectral line-shape) and it is sensitive to 

slower motional processes occurring at the microseconds to millisecond time scale. 

The T2 relaxation time of a spin I=1/2 nuclei, is affected by: 

i)  the homogeneity of the magnetic field (the "shim") 

ii) the strength of the dipolar interaction (spin–spin coupling) with other I=1/2 nuclei. 

iii) the tumbling time of the molecule this is related to its size (Dufourc, 2008;Larijani 

and Dufourc, 2006;Gadian, 1982). 

 
� The Chemical shift anisotropy:  

31P NMR spectra are particularly useful for the study the structure and molecular 

motions of biological membranes. Indeed, the phospholipid head groups contain an 

isolated I=1/2 spin system that depends only on chemical shift anisotropy (∆σ) and 

dipolar proton-phosphorus interactions. The chemical shift of 31P depends on the 

orientation of the group with respect of magnetic field of the spectrometer (Figure 25).  
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The principal chemical shift compounds, (σ11, σ22, σ33), describe the interaction 

between the 31P nucleus and the applied magnetic field along the three Cartesian 

directions (x, y, z). The 31P NMR is the sum of spectra for all possible orientations of the 

axis system. The chemical shift expected when the field is parallel to the unique axis is 

indicated by (σ// =σ11), whereas that expected for the field perpendicular to this axis is 

represented by (σ┴ = (σ22 +σ11)/2).   

Both σ// and σ┴ can be measured from 31P spectrum, and the total chemical shift 

anisotropy, ∆σ, is defined as the width of the resonance signal from the lower frequency 

“foot” (σ┴) at half height to the higher frequency (σ//) “shoulder”(Deslauriers et al., 

1982;Seelig, 1978;Seelig, 1985;Seelig et al., 1985; Smith and Ekiel, 1984) as shown in 

equation 23 : 

∆σ = σ//-σ┴   [Eq. 23] 

 

 

Figure 25. Possible motional states of the phosphodiester moiety of a membrane lipid and 

the expected 31P- NMR spectra.  (A) Static phosphodiester, (B) ordered phosphodiester 

(C) disordered phosphodiester. Taken  from (Smith and Ekiel, 1984). 
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III.3.3.5. Application of NMR spectroscopy to study lipid state behavior and to 

characterize fluoroquinolones-lipids interactions 

 

During the interaction between drugs and phospholipid molecules, one or several of 

NMR spectra parameters, cited above, may show important changes. We will focus our 

description on the interactions between fluoroquinolones and lipids. 

 
i) Membrane polymorphism and state transitions of lipids   

The analysis of the NMR spectrum of three nuclei namely 1H, 13C, and 31P, is 

particularly instructive to study membrane organization and drug effects on the 

membranes. However, only limited information can be obtained on transformation of 

phospholipid states from 1H and 13C NMR due to the weak resolution of the 

corresponding signals. 13C NMR can be applied to the study of lipid state transition if the 

phospholipid is enriched at the sn-2, carbonyl position (Wittebort et al., 1982).   
31P  is more useful probe for the analysis of the structure and motion of the lipids 

that contain this atom (Kohler and Klein, 1976). In fact, 31P NMR has been used to study 

phospholipid polymorphism, lateral diffusion, and transition from gel to liquid crystalline 

state as a function of temperature.  

 
� 31

P NMR to study  phospholipid polymorphism 

A typical 31P-NMR spectrum of polymorphic phases of phospholipid bilayers is 

represented at (Figure 26). In micelles, inverted micelles and SUV liposomes, a single 

narrow resonance signal is observed, reflecting an isotropic motion. If the lipid is 

incorporated into a bilayer, motion becomes more restricted (anisotropic) and a broad 

spectrum is observed. 31P-NMR is also used to study the hexagonal phase of lipids which 

is characterized by a reduced residual shielding anisotropy and its sign is reversed (Watts 

and Spooner, 1991). To limit ourselves to the main objective of our Thesis, the spectra of 

hexagonal phase is not shown in the Figure 26.  

 

 

 

 

 

 

 



 

 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. 31P NMR spectra of polymorphic phases of phospholipids. 

(a) In small vesicles, micelles or inverse micelle, (b) in bilayers, large unilamellar 

vesicles (LUV) Adapted from (Watts and Spooner, 1991). 

 

� 31
P NMR to study the lipid state behavior 

As the orientation of the phospholipids headgroups and the molecular motion of the 

lipid change from liquid crystalline to gel state when temperature increases, the chemical 

shift anisotropy (∆σ) is a sensitive parameter to detecting such changes (Zidovetzki et al., 

1989).  

The effect of the temperature on the effective chemical shift anisotropy (∆σ ) of 31P-

NMR spectra of MLV liposomes composed of Chol:PC:SM:PI:PE has been investigated 

in our laboratory (Tyteca et al., 2003). As predicted, a decrease of ∆σ value was observed 

when the liposomes were warmed from 33°C to 70°C. A similar decrease of  (∆σ) was 

noted for MLV liposomes mimicking the composition of the neuronal membrane, when 

the temperature was increased from 35°C to 65°C (Mingeot-Leclercq et al., 2002).  
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ii) Fluoroquinolones characterization and their effect on membrane lipids 

�  
19

F, 
1
H  NMR  to study the drug metabolism and drug binding to biological 

compounds  

Because of the presence of a Fluor atom, fluoroquinolones have been studied by 

NMR spectroscopy (Martino et al., 2005). 19F-containing fluoroquinolones have been 

used to study the metabolism of these drugs (Park et al., 1997) and to measure the binding 

parameters between them and biological constituents. Thus, 19F NMR has been applied to 

the study the interaction of lomefloxacin with hemoglobin in human erythrocytes. The 

fluorine signals of drug revealed a significant line broadening in the presence of 

oxyhemoglobin (HbO2), hematin, globin and iron. The authors concluded that 

lomefloxacin interacts with all these compounds (Knaub et al., 1995). 

Another example is the determination of the binding ability of fleroxacin to 

bacterial cells of Micrococcus luteus by 1H and 19F NMR relaxation measurements. From 

the spin-lattice relaxation rates and spin-spin relaxation measurement, the authors 

suggested that fleroxacin binds to the bacterial cells only by its isoquinoline moiety, 

whereas the piperazine and the fluoroethylene group showed no effect upon complexation 

(Waibel and Holzgrabe, 2007).  

 
�  

1
H and 

13
C  NMR  to study the drug solubility and drug binding to iron 

The interaction between fluoroquinolone and aluminum (Al3+) has been investigated 

using 1H and 13C NMR spectra of fleroxacin and moxifloxacin. Addition of Al3+ into the 

drug solution induced changes in the 13C and 1H spectra. The changes were seen on 

carbonyls C2 and C4 signals of the fleroxacin, and on the carbonyls C4 and C11 of 

moxifloxacin. Thus, NMR data confirm the binding of Al3+ to the carbonyl and the 

adjacent keto group of these drugs (Djurdjevic et al., 2007). 

The solubility of CIP encapsulated in LUV liposomes was investigated using 1H-

NMR. The 1H NMR spectra of CIP loaded into DPPC/Chol         (55:45, mol:mol) or 

POPC LUVs liposomes were recorded.  As compared to free CIP, large shifts of the 

aromatic proton resonances (H2, H5, H8), were observed. These data suggest that CIP 

molecules form stacks in aqueous solution by π- π interactions of aromatic molecules. 

The results indicate that CIP is located in the aqueous interior of the liposomes and does 

not precipitate.  

Thus, CIP can respond quickly to changes in electrochemical equilibrium such as 

depletion of the pH gradient (Maurer et al., 1998). 
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�  
31

P  NMR  to study the drug effect on the orientation and mobility of phospholipids 

head groups 

The effect of CIP and its derivative, N4-butypiperazinyl (BCIP), on the orientation of 

phospholipids head group was described using 31P-NMR spectroscopy.  
31P-NMR powder spectra of multilamellar liposomes (DPPC) in the presence and absence 

of drugs, below (25°C) and above (50°C) to induce gel to liquid state transition, were 

recorded. From the second spectral moments, the authors noted that CIP and BCIP 

decreased slightly (~ 1 to 2°C) the melting temperature of DPPC, and that both 

fluoroquinolones induced a decrease in the second moment values. Therefore, these drugs 

(CIP and BCIP) may increase the local mobility of the phosphate groups or may change 

their average orientation with respect to the bilayer normal (Grancelli et al., 2002).    

 
III. 3. 3. 6. Advantages and limitations 

 

NMR spectroscopy is a non-destructive and very sensitive method for studing the 

biological membrane. Indeed, 31P-NMR affords a technique for distinguishing the NMR 

signals arising from different lipids or from lipid molecules in different environment.  

From the interpretation of the NMR spectra of phospholipids, several processes can 

be evaluated, such thermal phase transition, phase separation, and distribution of lipids 

molecules in the two monolayer of the bilayer (Michaelson et al., 1973;Yeagle et al., 

1976). Furthermore, the effect of drugs in terms of headgroup orientation and motion can 

also be investigated, using chemical shift anisotropy, integrals as well as homo- and 

heteronuclear two-dimensional measurements (Martino et al., 2005).   

Set against these advantages, a number of disadvantages need to be taken into 

account. First, this technique requires a large sample concentration (mM range), which 

makes it impossible to use with many investigational compounds usually available only in 

small quantities. Second, NMR spectroscopy is not appropriate for the study of complex 

mixtures (e.g. lipid extracted from cells), since considerable signal overlap occurs 

between individual phospholipid classes. Therefore, only one or two individual 

phospholipids can be analyzed (Schiller and Arnold, 2002). 
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Table 7. Overview of the main techniques used in this Thesis for the characterization of fluoroquinolones- lipids interactions  

 
 
 

Technique Physical Principle Information deduced Membrane model Advantage Limitation References 

Atomic Force 
Microscopy 
(AFM) 

Measure the forces resulting 
from different interactions 
between a tip, which is attached 
to a cantilever and the atoms of 
the sample surface. 

- Surface topography 
- Lipid domain structure 
- Molecular packing 

-Supported planar 
bilayer 
-LB film 

-Atomic resolution 
(nanometric) in air and 
under liquid. 
- in situ follow-up of 
membrane 
modification upon 
addition of drugs. 

- Contact between tip/ sample 
can cause damage of soft 
sample  
- Not appropriate for the 
thermotropic properties of 
lipids 

(Oliveira, 
1992;Garcia-
Manyes and 
Sanz, 2010;El 
Kirat et al., 
2010;Giocondi 
et al., 2010). 

Langmuir-
Blodgett 
technology (LB) 

Measure the surface 
pressure/area (π-A) of 
monomolecular layer upon 
compression 

- Lipid molecular 
arrangement 
- Lipid phase transition 
- Lipid packing 

-LB film 
(monolayers) 

- Well-organized 
ultrathin films. 
- Can be used in AFM 
or ATR-FTIR 

- Lack of thermal stability 
- Some defects in LB films 
formation make them 
inappropriate for surface 
analysis  

(Oliveira, 

1992;Girard-

Egrot et al., 

2005) 

Fluorescence 
Spectroscopy 

 Measure the intensity of 
photons emitted by the molecule 
which is electronically excited.  
If the molecule is excited by 
polarized light, the  fluorescence 
is polarized (anisotropy) 

-Photochemical 
properties  
of drugs 
-Binding parameters  
of drugs to lipids 
(stoichiometry, affinity) 
-Conformational changes  
of lipids by using DPH, 
TMA-DPH probes 
(fluidity, thermotropic 
transition) 
- Membrane potential by 
using ANS probe 

-SUV 
-LUV 

- Simple and 
inexpensive technique. 
- Easy interpretation of 
spectra. 
- Good sensitivity 
 (µM) 

-Require a fluorescent 
molecule with high quantum 
yield. 
- Perturbation of the signal by 
photobleaching, or light 
scattering 

(Lakowicz, 
1999) 
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Technique Physical Principle Information deduced Membrane model Advantage Limitation References 

Fourier Transform 
Infrared 
Spectroscopy 
(FTIR) 
 

Measure the different IR 
radiation absorbed by a sample 
positioned in the path of an IR 
beam, as well as the intensities 
of these absorptions. 
  

- Acyl chain conformation 
of lipids. 
- Acyl chain packing 
(molecular orientation, 
hydrocarbon chain tilt 
measurement). 
- Thermotropic transition 
profile of lipids. 

-Supported planar 
bilayer 
-LB film 
-SUV 

- Simultaneously study 
of the structure of 
lipids and drugs.  
- No external probe 
required.  
- Simple preparation of 
the samples. 
 

- Limited to the molecules 
that are sufficiently 
transparent and active in the 
IR region.   
- Overlap of absorption bands 
for lipid molecules. 
-  Complex interpretation and 
identification of a single 
band. 
- Liquid water has broad 
absorption bands, overlapping 
a considerable part of the IR 
spectral range. 

(Rothschild 
and Clark, 
1979). 
 
(Fringeli and 
Gunthard, 
1981). 
 
(Goormaghtigh 
et al., 1999). 

Nuclear Magnetic 

Resonance 

spectroscopy 

(NMR) 

 

Measure the absorption of radio 
frequency electromagnetic 
waves by a nucleus that 
possesses a spin vector, under an 
external magnetic field. 

- Membrane polymorphism 

and phase transitions of 

lipids (31P NMR). 

- Drug metabolism, drug 

solubility and drug binding 

to biological compounds 

(1H, 13C , 19F ). 

- Drug effect on the 

orientation of phospholipids 

head groups (31P NMR). 

  

-MLV 
- Non-destructive 
method. 
- Atomic resolution. 

 
- Large sample concentration 
(mM) required. 
- Not appropriate for   lipids 
mixtures due to signal 
overlaps. 

(Smith Ian and 
Ekiel Ireana, 
1984) 
 
(Wittebort et 
al., 1982) 
 
(Schiller and 
Arnold, 2002). 
 
(Watts and 
Spooner, 1991) 
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Aims of the Thesis______________________________________________ 

 
Probing fluoroquinolones/lipid interactions at the molecular level represents an 

important challenge in both membrane biophysics and pharmaceutical research. As 

presented in the Introduction, the broad antibacterial spectrum of fluoroquinolones 

implies their ability to enter prokaryotic organisms through lipids membrane and via 

porins in both prokaryotic and eukaryotic organisms. Conversely, intracellular 

accumulation of these drugs (e.g CIP vs. MXF in J774 macrophages cells) can be affected 

by efflux transporters. In both situations, the transport of fluoroquinolones could be 

examined in terms of their interactions with lipids membranes. In this respect, several 

biophysical studies, reviewed in the Introduction, have provided information about the 

spectroscopic properties of CIP and its effects on neutral model lipids membranes (e.g. 

changes in membrane potential and fluidity). In parallel, data have been reported the 

spectroscopic properties of MXF (e.g. degree of partition, partition coefficients) but 

without investigating its interaction with lipids.  

Hence, a few specific informations are available from these studies about the effect 

of CIP and MXF on lipid domains and binding quantification or on the effect of the drugs 

on head group and acyl chains of phospholipids when interacting with lipids. 

   
The main aim of my Thesis is therefore to characterize the effect of two 

fluoroquinolones, CIP and MXF, on the physicochemical properties of the major 

phospholipids of both the eukaryotic and prokaryotic membranes.  

As model lipids membrane are a convenient material to study drug-lipids 

interactions, three of such models have been used: monolayer, supported bilayer and 

liposomes (SUV, LUV and MLV). To mimic the eukaryotic plasma membrane, 

zwitterionic phospholipids have been used (DOPC and DPPC), whereas, a negatively 

charged phospholipid (DPPG) has been used to mimic the prokaryotic plasma membrane. 

 
Various biophysical methods have been used for their characterization, and our 

specific objectives are: 

� To characterize the topographic images of supported bilayer of a mixture of 

(DOPC: DPPC) and to study the effect of drugs on domain formation using 

Atomic force microscopy.  
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� To study the effect of drugs on lipid packing by measuring the surface pressure-

area using Langmuir monolayer. 

 
� To determine acyl chain conformation and acyl chain orientation of DPPC in the 

absence and the presence of the two fluoroquinolones using Attenuated Total 

Reflection Fourier Transform Infrared spectroscopy. 

 
�  To determine the binding parameters (affinity) of the drugs to liposomes of 

interest by steady state anisotropy measurements. 

 
�  To investigate the effect of drugs on the orientation and/or mobility of 

phospholipids head groups (DPPC vs. DPPG) using Nuclear magnetic resonance 

spectroscopy. 

 
� To follow lipid state transition of liposomes (DPPC vs. DPPG) in the absence and 

presence of the drugs using Attenuated Total Reflection Fourier Transform 

Infrared spectroscopy. 

 
� To determine the molecular structure of lipids-fluoroquinolones complexes by 

computer-aided molecular modeling calculations. 

 

These studies might bring more information on fluoroquinolones-lipids interactions. 
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Chapter 1_____________________________________________________ 
 

Fluoroquinolones antibiotics exert a bactericidal activity against a large variety of 

intracellular organisms (e.g. Listeria monocytogenes, Staphylococcus aureus), due to their 

ability to accumulate inside eukaryotic cells. However, the intracellular accumulation of 

various fluoroquinolones in J774 murine macrophages cells shows significant differences 

with the following decreasing order: moxifloxacin>garenoxacin>levofloxacin> 

ciprofloxacin (Seral et al., 2005). The level of their intracellular accumulation actually 

results from differences in absolute influx rates for MXF, which is three to four fold faster 

than CIP, and the fractional efflux rates for MXF is seven fold faster than CIP in J774 

cells (Michot et al., 2005). It seems that MXF crosses biomembranes in both directions 

much faster than CIP.     

To test whether theses differences in influx and efflux could be related to 

differential interactions with membranes, we investigated the physicochemical properties 

of lipid membranes by exposing different models (monolayer, supported bilayer, and 

SUV) made of the most abundant zwitterionic phospholipids of eukaryotes membranes to 

increasing antibiotic concentrations. 

The quantification of the fluoroquinolones (CIP, MXF) was performed by 

fluorescence spectroscopy. Their release from lipid monolayer to aqueous phase and their 

effect on the lipids domains erosion were monitored by Langmuir-Blodgett technique and 

atomic force microscopy, respectively. Finally, their ability to change conformation and 

orientation of acyl chain of DPPC was investigated by Attenuated Total Reflection 

Fourier Transform Infrared spectroscopy.  

The results show that both fluoroquinolones induced a shift towards lower area per 

molecule of (DOPC:DPPC:Drug) monolayer and erosion of the DPPC domains in the 

DOPC fluid phase. These effects were more pronounced with MXF, which exhibit a 

higher ability than CIP to decrease the number of all-trans conformation and erosion of 

micrometric domains. By contrast, CIP induced more disorder and modified the 

orientation of the acyl chains. 

Our data show differences between CIP and MXF in terms of interactions with the 

lipids at the molecular level that could be related to differences in transport and cellular 

accumulation of these drugs. 
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Characterization of the Interactions between Fluoroquinolone Antibiotics
and Lipids: a Multitechnique Approach

Hayet Bensikaddour,* Nathalie Fa,* Ingrid Burton,y Magali Deleu,z Laurence Lins,§ André Schanck,{

Robert Brasseur,{ Yves F. Dufrêne,y Erik Goormaghtigh,k and Marie-Paule Mingeot-Leclercq*
*Université Catholique de Louvain, Faculty of Medicine, Unité de Pharmacologie Cellulaire et Moléculaire, Brussels, Belgium;
yUniversité Catholique de Louvain, Faculty of Agronomy, Unité de Chimie des Interfaces, Louvain-la-Neuve, Belgium; zFaculté Universitaire
des Sciences Agronomiques de Gembloux, Unité de Chimie Biologique Industrielle, and §Centre de Biophysique Moléculaire Numérique,
Faculté Universitaire des Sciences Agronomiques de Gembloux, Gembloux, Belgium; {Université Catholique de Louvain, Louvain-la-Neuve,
Faculty of Sciences, Unité de Chimie Structurale et des Mécanismes Réactionnels, Belgium; and kUniversité Libre de Bruxelles, Faculty of
Sciences, Unité de Structure et Fonction des Membranes Biologiques, Brussels, Belgium

ABSTRACT Probing drug/lipid interactions at the molecular level represents an important challenge in pharmaceutical research
and membrane biophysics. Previous studies showed differences in accumulation and intracellular activity between two fluoro-
quinolones, ciprofloxacin and moxifloxacin, that may actually result from their differential susceptibility to efflux by the ciprofloxacin
transporter. In view of the critical role of lipids for the drug cellular uptake and differences observed for the two closely related
fluoroquinolones, we investigated the interactions of these two antibiotics with lipids, using an array of complementary techniques.
Moxifloxacin induced, to a greater extent than ciprofloxacin, an erosion of the DPPC domains in the DOPC fluid phase (atomic force
microscopy) and a shift of the surface pressure-area isotherms of DOPC/DPPC/fluoroquinolone monolayer toward lower area
per molecule (Langmuir studies). These effects are related to a lower propensity of moxifloxacin to be released from lipid to aque-
ous phase (determined by phase transfer studies and conformational analysis) and a marked decrease of all-trans conformation
of acyl-lipid chains of DPPC (determined by ATR-FTIR) without increase of lipid disorder and change in the tilt between the
normal and the germanium surface (also determined by ATR-FTIR). All together, differences of ciprofloxacin as compared to
moxifloxacin in their interactions with lipids could explain differences in their cellular accumulation and susceptibility to efflux
transporters.

INTRODUCTION

Since their discovery in the early 1960s, the quinolone group of

antibacterials has generated considerable clinical and scientific

interest including the development of the second-generation

quinolones like ciprofloxacin. These wide spectrum drugs are

characterized by the introduction of fluor into position C-6

on the molecule. Progressive modifications in their chemical

structure have resulted in improved breadth and potency of in

vitro activity and pharmacokinetics (1). The most significant

developments have been enhancement of the therapeutic po-

tential of fluoroquinolones thanks to liposomal encapsulation

(2–4) and improved anti-Gram-positive activity of the newer

compounds like moxifloxacin (5).

Due to their ability to accumulate inside phagocytes (1,6–

8), fluoroquinolones are also useful for eliminating faculta-

tive intracellular pathogens that resist phagocytic death. We

recently showed that fluoroquinolones accumulate in mac-

rophages and show activity against a large array of intra-

cellular organisms including Listeria monocytogenes and

Staphylococcus aureus (9). Quite significant differences

among closely related derivatives have been observed with

the following ranking in cellular accumulation and intracel-

lular activity: ciprofloxacin , levofloxacin , garenoxacin ,

moxifloxacin (9). So far, to our knowledge, this has not re-

ceived satisfactory explanation.

Characterization of fluoroquinolones uptake by eukaryotic

cells suggested that both passive diffusion and active trans-

port systems are involved. The transbilayer diffusion of fluo-

roquinolones has been demonstrated (10) and our group

reported that ciprofloxacin, but not moxifloxacin, is subject to

constitutive efflux in J774 macrophages through the activity

of an MRP-related transporter (11).

Drug/lipid interactions can modulate not only translocation

of the drug through the natural membranes but also its inter-

action with efflux proteins (12,13). In this respect, it is well

known that 1), substrates have to be transported from the lipid

bilayer to the transporter protein before a capture mechanism

of the drug by the inner leaflet of the cytoplasmic membrane

(14); and 2), the activity of transporter is critically dependent

on the surrounding lipid bilayer environment (15,16), which

may be modified by drugs.

In view of the critical role of lipids for the drug cellular

uptake and differences observed for two closely related
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compounds, ciprofloxacin and moxifloxacin (Fig. 1), we in-

vestigated the interactions of these two fluoroquinolones with

lipids, using an array of complementary techniques. For both

ciprofloxacin and moxifloxacin, atomic force microscopy

(AFM) reveals an erosion of dipalmitoylphosphatidylcholine

(DPPC) domains within dioleoylphosphatidylcholine (DOPC)

fluid phase while Langmuir studies show a condensing effect.

Further molecular studies show that fluoroquinolones can 1),

exchange from lipids to aqueous phases (phase transfer and

molecular modeling studies); 2), decrease the all-trans con-

formation of lipid acyl chain (attenuated total reflection Fou-

rier transform Infra-Red (ATR-FTIR)); and 3), increase the

lipid disorder (ATR-FTIR). When the effects of the two fluo-

roquinolones are compared, it clearly appears that moxi-

floxacin has a higher condensing effect related to a lower

propensity to be released in the aqueous phase from lipid mono-

layer and to a higher ability to decrease the all-trans conformation

of lipid acyl chain without marked effect in lipid-chain ori-

entation. All together, differences of ciprofloxacin as com-

pared to moxifloxacin in their interactions with lipids can

be related to differences in their cellular accumulation and

therefore activity against intracellular bacteria.

MATERIAL AND METHODS

Materials

Dioleoylphosphatidylcholine (DOPC) and dipalmitoylphosphatidylcholine

(DPPC) were purchased from Sigma (St. Louis, MO). Ciprofloxacin; mi-

crobiological standard, potency 85,5%, MW ¼ 331.34 g/mol and moxi-

floxacin; microbiological standard, potency 91%, MW ¼ 401.4 g/mol) were

obtained from Bayer Healthcare AG (Leverkusen, Germany). All other re-

agents were from E. Merck (Darmstadt, Germany).

Fluoroquinolone assays

Ciprofloxacin assay

Ciprofloxacin content was determined by a fluorimetric method (lex, 275

nm; lem, 450 nm, using a model No. LS-30 Fluorescence Spectrophoto-

meter; Perkin-Elmer, Beaconsfield, UK) as described previously (11). Under

these conditions, our assay had a lower detection limit of ;5 ng/ml, a

linearity (r2 $ 0.99) up to 200 ng/ml, and an intraassay reproducibility of

97%.

Moxifloxacin assay

Fluorescent assay based on the same technique as that used for ciprofloxacin

but using lex¼ 298 nm and lem¼ 504 nm; lower limit of detection, 5 ng/ml;

linearity up to 450 ng/ml (r2 $ 0.99); intraassay reproducibility, 98%.

Preparation of liposomes (MLVs, SUVs)

Lipid vesicles were prepared as described previously (17). Briefly, appro-

priate lipids were mixed in CHCl3/CH3OH 2:1 (v/v), evaporated under ni-

trogen flow, and desiccated under vacuum for at least 4 h. The dried films

were then resuspended at room temperature from the walls of the glass

balloon by vigorous vortexing in aqueous buffer. Lipid in suspension flushed

with nitrogen were kept in a water bath for 1 h at 37�C for pure DOPC or

45�C for liposomes containing DPPC. This procedure yields multilamellar

vesicles (MLVs). The small unilamellar vesicles (SUVs) consisting of

DOPC/DPPC (1:1 mol) were prepared from MLVs. The preparation, cooled

down by an ice bath, was sonicated to clarity five times for 2 min each using a

Fisher Bioblock Scientific 750 W sonicator (Avantec, Illkirch, France) set at

35% of the maximal power, and a 13-mm probe. The SUVs preparation was

then filtered on 0.2 mm Acrodisc filters (Ann Arbor, MI) to eliminate titanium

particles. The concentration of lipids, the nature of the buffer, and the lipid/

drug ratio was adjusted for each type of experiment.

AFM imaging

Mica sheets were heated 1 h before fusion at 60�C and cleaved to obtain a flat

and uniform surface. The SUV suspension of DOPC/DPPC (1:1) (10 mg

lipids/ml; buffer 10:100:3 mM, pH 7.4), was put into contact with the mica

surface for 45 min at 60�C and the sample was slowly cooled back to room

temperature to prevent thermal shock. The excess of SUVs was then elimi-

nated by four-times rinsing with a Tris/NaCl 10:100 mM buffer, pH 7.4. The

sample was installed on the microscope without dewetting. The liquid me-

niscus was completed with the same buffer or solution containing 0.2 mM

fluoroquinolones. All AFM measurements were carried out at room tem-

perature in contact mode using an optical detection system equipped with a

liquid cell (Nanoscope IV; Digital Instruments, Santa Barbara, CA). Topo-

graphic images were taken in the constant-deflection mode using oxide-

sharpened microfabricated Si3N4 cantilevers (Park Scientific Instruments,

Mountain View, CA) with typical curvature radii of 20 nm and spring

constant of 0.01 N/m. Scan rate ranging from 4 to 6 Hz were tested. The

applied force was maintained as low as possible (,1 nN) during the imaging.

All images were flattened.

Partition of fluoroquinolones—phase transfer
assay between aqueous and lipid phases

For the phase transfer assays, 1 ml of the water phase (Tris pH7.4, 10mM),

containing the fluoroquinolone (1 mM), was mixed by vortexing for 30 s, to

1 ml of organic phase (CHCl3), with or without lipids (Egg yolk phospha-

tidylcholine (PC)) from a lipid/drug ratio of from 0.1:1 up to 50:1. Both

phases were decanted overnight at 4�C. The fluoroquinolone recovered from

the water, interfacial, and organic phases were quantified by fluorimetry

(model No. LS30 fluorimeter; Perkin-Elmer).

Interaction between fluoroquinolones and a
model membrane by molecular modeling: the
IMPALA procedure

The ciprofloxacin or moxifloxacin molecule was inserted into an implicit

simplified bilayer using the IMPALA method described previously (18).

This method simulates the insertion of any molecule into a bilayer by adding

energy restraint functions to the usual energy description of molecules. The

lipid bilayer was defined by C(z), which represents an empirical function

FIGURE 1 (A) Structural formula of ciprofloxacin (3-quinolinecarboxylic

acid, 1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-(9CI)) and

(B) moxifloxacin (3-quinolinecarboxylic acid, 1-cyclopropyl-6-fluoro-1,4-

dihydro-8-methoxy-7-((4aS,7aS)-octahydro-6H-pyrrolo(3,4-b)pyridin-6-yl)-

4-oxo-(9CI)).
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describing membrane properties. This function is constant in the membrane

plane (x and y axes), but varies along the bilayer thickness (z axis) and, more

specifically, at the lipid/water interface corresponding to the transition be-

tween lipid acyl chains (no water ¼ hydrophobic core) and the hydrophilic

aqueous environment,

CðzÞ ¼ 1� 1

1 1 e
aðz�z0Þ;

where a is a constant equal to 1.99; z0 corresponds to the middle of polar

heads; and z is the position in the membrane.

Two restraints were imposed to simulate the lipid membrane: the bilayer

hydrophobicity (Epho); and the lipid perturbation (Elip).

The hydrophobicity of the membrane is simulated by Epho,

Epho ¼ �+
N

i¼1

SðiÞEtrðiÞCðziÞ;

where N is the total number of atoms; S(i) the accessible surface to solvent of

the i atom; Etr(i) its transfer energy per unit of accessible surface area; and

C(zi) the zi position of atom i.

The perturbation of the bilayer by insertion of the molecule was simulated

by the lipid perturbation restraint (Elip),

Elip ¼ alip +
N

i¼1

SðiÞð1� CðziÞÞ;

where alip is an empirical factor fixed at 0.018 kcal mol�1 Å�2.

The environment energy (Eenv) applied on the drug that inserts into the

membrane becomes equal to

Eenv ¼ Epho 1 Elip:

Restraint plots

Diagrams showing the restraint values versus the angle between the helix

axis and the bilayer normal or versus the penetration of the mass center are

obtained as follows: for each degree (angle) or for each 1/10 Å (penetration),

the lowest restraint value obtained during the Monte Carlo simulation is

taken. All the points are then joined to generate a profile of the simulation.

Calculations are performed on an Intel Pentium 4, CPU 3.80 GHz, 4.00

GB of RAM. The calculation software has been developed at the CBMN

(Gembloux, Belgium). Molecular graphs were drawn using WinMGM 1.0

(Ab Initio Technology, Obernai, France) and Sigmaplot 5.0 (SPSS, Chicago,

IL) was used for data analysis.

Surface-pressure isotherms of lipid
monolayer—Langmuir trough experiments

An automatically controlled Langmuir trough (KSV Minitrough, KSV In-

struments, Helsinki, Finland), equipped with a platinum Wilhelmy plate was

used to obtain the surface pressure-area (P–A) isotherms of monolayers at

the air/water interface. The temperature was maintained at 25 6 0.1�C by an

external water bath circulation. The volume of the trough was 80 ml. The

cleanliness of the surface was ensured by closing the barriers, followed by

aspiration of the subphase surface, before each experiment. Each experiment

was started when the fluctuation of the surface pressure was ,0.1 mN/m

during the compression cycle. Lipid mixture (DOPC/DPPC (1:1)) and

DOPC/DPPC mixture with ciprofloxacin or moxifloxacin at different molar

proportions (1:1:0.1, 1:1:0.4, 1:1:1, and 1:1:2) were spread from a 1 mM

(1:1:0.1, 1:1:0.4, and 1:1:1 molar ratios) or 2 mM (1:1:2) CHCl3/CH3OH

(2:1, v/v) solution on a Tris 10 mM subphase adjusted at pH 7.4. Thirty

minutes were allowed for solvent evaporation from the interface. The air/

water interface was then compressed with two Delrin barriers at a rate of 5.8

Å2 molecule�1 min�1. The reproducibility of the area values remained ;7%.

The accuracy on surface pressure was within 0.1 mN/m.

Mean molecular area (A) of the components at the interface was calculated

taking into account the percentage of fluoroquinolone remaining at the in-

terface after 30 min. The following equation was used:

A ¼ ðAtrough 3 10
16
=NÞ ðMW 3 1000=CÞ3 V 3 10

3
:

Atrough ¼ Area of the trough ðcm
2Þ; N ¼ Avogadro

number ð6:022 3 10
23Þ; MW ¼Weighted average of

the molecular weight of the components remaining

at the interface; C ¼Weighted average of the

concentration ðmg=mlÞ of the components remaining

at the interface; V ¼ Sample volume spread at the interface:

Release of fluoroquinolones from lipid
monolayer to aqueous
phase—Langmuir experiments

The determination of the release of fluoroquinolones from lipid monolayer

into the subphase (Tris buffer 10 mM, pH 7.4) was performed as described

previously. In these experiments, mixed solutions of DOPC/DPPC/fluo-

roquinolone at different molar proportions (1:1:0.1, 1:1:0.4, 1:1:1, and 1:1:2)

were spread from a CHCl3/CH3OH (2:1, v/v) solution on the subphase until a

surface pressure of 11.6 6 0.8 mN/m was reached. Although this pressure is

well below the estimated surface pressure of a biological membrane (31–34

mN/m (19,20)), it allows an accurate determination of the kinetics of the

transfer of fluoroquinolones to the subphase. Immediately after spreading

and every 5 min, two aliquots of 500 ml were taken from the subphase with a

micropipette. Homogenization of the subphase was provided by a gentle

constant stirring. Each experiment was replicated at least three times. The

presence of lipids was detected by phospholipid assay and fluoroquinolones

were assayed by fluorimetry.

Conformation and orientation of
lipids in interaction with
fluoroquinolones—ATR-FTIR spectroscopy

Attenuated total reflection Fourier transform infra-red (ATR-FTIR) is par-

ticularly well suited for the study of membranes and to characterize the effect

of drug interacting with lipids on conformation and orientation of acyl chains

of phospholipids (21). This technique is based on internal reflection of the

infrared light within an internal reflection germanium plate, which creates an

evanescent field at the surface of the plate where the lipid bilayer (and

eventually the bound proteins or drugs) resides (22). After deposit of lipids

on the germanium plate, while evaporating, capillary forces flatten the mem-

branes which spontaneously form oriented multilayer arrangements (23).

The internal reflection element was a 52 3 20 3 2 mm trapezoidal germa-

nium ATR plate (ACM, Villiers St. Frédéric, France) with an aperture angle

of 45� yielding 25 internal reflections.

Infra-red spectra were obtained on a model No. IFS55 FTIR spectro-

photometer (Bruker, Ettlingen, Germany) purged with N2 (as described

previously (24)). Spectra were recorded with 2 cm�1 spectral resolution with

a broad-band MCT detector provided by Bruker between 4000 and 800

cm�1; 128 scan were averaged for one spectrum. A modified continuous flow

ATR setup was equipped with a polarizer that can be oriented parallel or

perpendicular to the incidence plane. Fifteen microliters of the sample con-

taining DPPC with different lipid/antibiotic molar ratios (DPPC/drug ratio:

1:0, 1:0.2, 1:0.5, 1:1, and 1:2) were dried under a stream of nitrogen on one

side of the germanium internal reflection element using an incident angle of

45� at 20�C. An elevator under computer control made it possible to move the
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whole setup along a vertical axis (built for us by WOW Company, Nannine,

Belgium). The software used for data processing was written under MatLab 6.5

(The MathWorks, Natick, MA). All spectra were corrected for water vapor

contribution and CO2 and finally apodized at a resolution of 4 cm�1.

To analyze the conformation of lipids, nonpolarized spectra were re-

corded. The hydrocarbon chain in a-position of DPPC in the gel state is in all

trans from the ester group down to the methyl group. This conformation

allows a resonance to occur between the ester group and the CH2 groups of

the chain, giving rise to the so-called gw(CH2) progression between 1200 and

1350 cm�1 (peaks at 1200, 1221, 1246, 1266, 1286, 1309, and 1330 cm�1).

The proportion of the a-chains in the all-trans conformation was evaluated

from the area of the band at 1200 cm�1 relative to the C-H stretching vi-

brations of the CH2 and CH3 at 3000–2800 cm�1.

To get information about the orientation of lipids and chain ordering,

dichroic spectra of DPPC and DPPC in interaction with ciprofloxacin or

moxifloxacin were obtained by subtracting the spectrum measured with a

perpendicular polarization of the incident light (A?) from the spectrum of

absorbance measured with a parallel polarization of the incident light (A//).

The angle between the molecular axis and the membrane normal was cal-

culated as reviewed in Goormaghtigh et al. (21) using the STDWAVE

program developed in the laboratory of one of the authors.

RESULTS

AFM imaging of DOPC/DPPC bilayers incubated
with ciprofloxacin and moxifloxacin

To gain insight into ciprofloxacin- and moxifloxacin-mem-

brane interactions, supported lipid bilayers made of DOPC/

DPPC were prepared by fusion of unilamellar vesicles on

mica. Time-lapse AFM topographic images were recorded in

solution, in the absence and in the presence of fluoroquino-

lones.

In the absence of drug, classical images previously pub-

lished (13) were obtained. They displayed two discrete height

levels reflecting phase separation between gel phase DPPC

and liquid-crystalline phase DOPC. The DPPC gel domains

were well defined and homogenous, with a size ranging from

0.15 to 1.5 mm. The height difference between DPPC do-

mains and the fluid DOPC matrix was 1.10 6 0.05 nm.

When bilayers were incubated with either ciprofloxacin

(top panels) or moxifloxacin (bottom panels), we observed a

decrease of the size of DPPC domain with time (Fig. 2). The

height differences between gel phase DPPC and fluid phase

DOPC remains constant during the incubation. We note that

for all incubation times the bilayer surface was devoid of

defects, i.e., holes in the upper monolayer or in the bilayer

were never observed. To evaluate the kinetics of the erosion

process, a plot of the average domain areas was represented

as a function of time. Fig. 3 shows that within a few hours, the

area of DPPC domains decreased from 114.1 to 75.6 mm2 and

83.3 to 42.3 mm2 for ciprofloxacin and moxifloxacin, re-

spectively. Thus, ciprofloxacin induced a decrease of the

surface occupied by the DPPC domain of 27%. This erosion

process was more marked with moxifloxacin since it reached

a value of 58%. The kinetic trend was also different for ci-

profloxacin compared to moxifloxacin, as reflected by the

linear and the exponential-like processes, respectively. This

suggests that, in contrast with ciprofloxacin, different re-

gimes of erosion had to be distinguished with moxifloxacin.

To assess whether such an alteration of DPPC domains could

be due to mechanical perturbation by the scanning tip, we

performed the same measurements on a control bilayer that

was not incubated with drugs. We obtained an area decrease

of 3% indicating that the time-dependent erosion of the

DPPC gel domains is due to the action of the antibiotics

rather than to a simple scanning effect.

Partition of ciprofloxacin and moxifloxacin
measured by phase transfer

The differences in behavior of ciprofloxacin and moxi-

floxacin observed by AFM experiments might be related

to their ability to partition between aqueous and hydropho-

bic environments. To this end, we followed the transfer of

the ciprofloxacin and moxifloxacin from an aqueous to a li-

pidic phase, using egg yolk phosphatidylcholine dissolved in

chloroform (Fig. 4). Mostly, egg yolk phosphatidylcholine is

a mixture of C16 and C18 saturated alkyl chains at C-1, and

C18 unsaturated alkyl chain at C-2. Its thickness and degree

of hydration, as well as mean acyl-chain area, are well known

(25,26). Egg yolk phosphatidylcholine is commonly used to

mimic lipid membranes and shows close characteristics of

synthetic lipids used in this study. For example, the thickness

of egg yolk phosphatidylcholine bilayer was estimated to be

30 Å, a close value to the thickness of DPPC (29.3 Å) and

DOPC (30 Å; deduced from the thickness of DSPC, which

has the same carbon number in the alkyl chain as DOPC

(26)). In the absence of lipid, more than 40% of ciprofloxacin

was detected in the aqueous phase, while only 5% of moxi-

floxacine was found in these conditions. A huge amount of

this latter was found at the interface. The addition of lipids to

the organic phase, with a lipid/drug molar ratio up to 50:1 did

not change significantly the drug phase transfer.

Transfer of fluoroquinolones from lipid
monolayer to aqueous phase

To get more insight on the partition of fluoroquinolones be-

tween lipid and aqueous phases, we investigated the ability of

fluoroquinolones to be released from a lipid monolayer to an

aqueous phase, by using the Langmuir trough technique. The

amount of fluoroquinolone found in the subphase increased

with the initial quantity of fluoroquinolone in the monolayer

(data not shown). For a DOPC/DPPC/fluoroquinolone ratio

1:1:2, a plateau value was reached within 10 min for cipro-

floxacin and 15 min for moxifloxacin (Fig. 5). At this equi-

librium state, the percentage of fluoroquinolone detected in

the subphase was clearly higher for ciprofloxacin (;70%) as

compared to moxifloxacin (at ;40%). In the experimental

conditions used, no lipid was detected by phospholipid assay
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FIGURE 2 AFM height images (20 mm 3 20 mm

(top panels) or 15 mm 3 15 mm (bottom panels),

z-scale: 5 nm) of a mixed DOPC/DOPC (1:1, mol/mol)

bilayer recorded in Tris 10 mM, NaCl 100 mM buffer,

pH 7.4 containing 1 mM of ciprofloxacin (top panels)

or moxifloxacin (bottom panels) at increasing incuba-

tion time.
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in the buffer that supports the lipid-fluoroquinolone mono-

layer.

Conformational analysis of the interactions
between fluoroquinolones and lipids

In an attempt to correlate our experimental data with mo-

lecular modeling, the interaction of ciprofloxacin and moxi-

floxacin with a model membrane was calculated using the

IMPALA method. This procedure was used to study the mem-

brane behavior of both molecules when crossing the bilayer

from the hydrophilic environment to the hydrophobic.

Fig. 6 A shows the most stable position of each molecule

into the membrane. Both fluoroquinolones are clearly located

at the hydrophilic-hydrophobic interface. The molecules

were embedded into the membrane, with their mass center

near the phospholipid headgroup/acyl-chain interface (;13

Å from the bilayer center), as shown on the plot of the mass

center position versus the restraints (Fig. 6 B). It should be

noted that differences were seen between ciprofloxacin and

moxifloxacin. The interaction of moxifloxacin notably ap-

peared more favorable than that of ciprofloxacin, since the

restraint value of the most stable position was 1.5 kcal/mol

lower for moxifloxacin as compared to ciprofloxacin.

Effect of fluoroquinolones on lipid
monolayer—surface-pressure isotherms

To investigate the ability of fluoroquinolones to modify the

surface pressure versus area isotherms of DOPC/DPPC (1:1)

monolayers, we investigated the effect of increasing amounts

of antibiotics on these isotherms curves.

For the sake of accuracy, we took into account the release

of fluoroquinolones from the lipid to the aqueous phases in

the determination of the quantity of drug remaining in the

monolayer at the air-water interface, on the monolayers iso-

therms. We therefore recalculated the monolayer compres-

sion isotherms using the proportion of fluoroquinolones

remaining in the monolayer after 30 min. Results are illus-

trated in Fig. 7.

The curve corresponding to pure DOPC/DPPC (1:1) is in

perfect agreement with the one already reported (27). As

already evoked by Montero et al. (28), pure ciprofloxacin or

moxifloxacin does not form a film at the air-water interface.

FIGURE 3 Evolution of the area of the DPPC domain (Fig. 2) with time

for DOPC/DPPC bilayers incubated in Tris 10 mM, NaCl 100 mM buffer,

pH 7.4, containing 1 mM of ciprofloxacin (solid squares) or moxifloxacin

(solid circles).

FIGURE 4 Phase transfer of ciprofloxacin (1 mM, top panel) and

moxifloxacin (1 mM, bottom panel) in Tris buffer pH 7.4 against increasing

amounts of PC (from 0.1:1 up to a lipid/drug ratio of 50:1) in chloroform.

(Open bars) Drug in aqueous phase. (Hatched bars) Drug at interface

(calculated from the difference between initial drug concentration and

measured drug in aqueous and organic phase). (Solid bars) Drug in organic

phase. Experiments were reproduced at least three times with similar results.

FIGURE 5 Kinetics of the release of fluoroquinolones from the mixed

lipids/fluoroquinolones monolayer to the subphase (10 mM Tris pH 7.4,

25�C). Results are expressed as the percentage of fluoroquinolones initially

present in the monolayer. Ciprofloxacin, n; and moxifloxacin, d. Molar

proportion of DPPC/DOPC/fluoroquinolones (1:1:2).
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In presence of fluoroquinolones, the isotherms were shifted

toward the small molecular areas. This effect is more pro-

nounced with moxifloxacin (Fig. 7 B) than ciprofloxacin

(Fig. 7 A).

In addition, fluoroquinolones also affected the collapse

pressure: 46.0 mN/m for DOPC/DPPC; 45.9 mN/m, 44.8

mN/m, and 37.7 mN/m, for initial proportions of DOPC/

DPPC/moxifloxacin of 1:1:0.4, 1:1:1, and 1:1:2, respec-

tively; and 46.0 mN/m, 40.5 mN/m, and 37.8 mN/m, for

initial proportions of DOPC/DPPC/ciprofloxacin of 1:1:0.4,

1:1:1, and 1:1:2, respectively. This disruption of the lipid

monolayer stability at a high compression level is more

pronounced at a high level of fluoroquinolone in the mixed

monolayer.

Effect of fluoroquinolones on
lipid conformation—ATR-FTIR

Because the lower area occupied by lipids in presence of

fluoroquinolones might be partly due to a change in the ori-

entation of lipid at the interface by straightening up their fatty

acid chains, we used ATR-FTIR to investigate the effect of

ciprofloxacin and moxifloxacin on conformation and orien-

tation of acyl chain of lipids.

FIGURE 6 Molecular modeling of the interactions between ciprofloxa-

cine and moxifloxacine with an implicit membrane. (A) Most favorable

position of the ciprofloxacin (left) and moxifloxacin (right) in a lipid bilayer.

(B) Restraints versus the position of the ciprofloxacin (up) and moxifloxacin

(down) in the bilayer. Constraints are expressed in kcal/mol and the positions

are expressed in Ångstroms.

FIGURE 7 Surface pressure-molecular area isotherms of DOPC/DPPC in

the presence of ciprofloxacin (A) and moxifloxacin (B), on a subphase of 10

mM Tris at pH 7.4 and 25�C. Mean molecular area were corrected to take

into account the percentage of fluoroquinolone remaining at the interface.

DOPC/DPPC/drug molar ratio were 1:1:0 (continuous line), 1:1:0.4 (dis-

continuous line), 1:1:1 (dotted line), and 1:1:2 (dash-dotted line).
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Nonpolarized ATR-FTIR spectra of supported layers of

DPPC, drug (ciprofloxacin or moxifloxacin), and DPPC/drug

at a molar ratio of 1:1 were recorded (Fig. 8, top panel). As

the drug proportion increased, the drug spectrum appeared in

the DPPC/drug mixture spectrum, notably at 1630 cm�1.

Interestingly, in DPPC/drug spectra, the DPPC n(C¼O) band

at 1736 cm�1 was modified in terms of frequency and shape,

suggesting a modification of the interfacial lipid carbonyl

groups. Analysis of the lipid C-H wagging (nw(CH2)) al-

lowed us to get information on lipid chain conformation and

proportion of the chains in the all-trans conformation (23).

Here the wagging band at 1200 cm�1 was selected because it

has little overlap with other lipid or drug absorption. As

shown in Fig. 8, bottom panel, area evolution of DPPC peak

at 1206–1193 cm�1 as function of increasing amounts of

fluoroquinolones decreased by up to 60 and 72% for cipro-

floxacin and moxifloxacin, respectively. These data indicated

a loss of all-trans conformation and the appearance of a kink

somewhere between C-2 and C-6 of the chain.

Effect of fluoroquinolones on
lipid orientation—ATR-FTIR

To get information on molecular orientation in the absence or

in the presence of both fluoroquinolones, we took advantage

from the fact that, in an ordered membrane deposited on the

germanium crystal (oriented multilayers), all the molecules

have the same orientation with respect to a normal to the

germanium plate. Measuring the spectral intensity with two

orientations of the incident-light electric field obtained with a

polarizer allowed us to obtain information on several chem-

ical groups of the lipid molecule. The dichroic spectrum of

pure DPPC and DPPC/drug (molar ratio 1:1) mixture were

obtained by subtracting the spectrum recorded with perpen-

dicular-polarized light from that recorded with the parallel-

polarized light using the lipid n(C¼O) band at 1780–1700

cm�1 as a reference (Fig. 9) (29). Interestingly the dichroic

spectra of DPPC/drug mixture displayed strong dichroism for

bands assigned to the drug, notably at 1630 and 1465 cm�1,

suggesting a well-organized, well-defined orientation of the

drug in the DPPC bilayer. The orientation of the lipid acyl

chain can be estimated from the wagging band (nw(CH2)).

The dipole of this transition is oriented parallel to the all-

trans chain (23). In turn, positive deviations of the dichroism

spectrum demonstrate that the chains are mainly perpendic-

ular to the germanium surface, i.e., perpendicular to the

membrane plane since AFM recording demonstrated that

membranes orient themselves parallel to the germanium

surface, even when natural membranes are used (30). In Fig.

9, bottom panel, we plotted the area evolution of the wagging

peak integrated between 1206 and 1193 cm�1 as a function of

the DPPC/drug molar ratio. Both fluoroquinolones induced a

marked and similar decrease of the area when they were

added at low concentration (1:0.2 molar ratio). When the

amounts of fluoroquinolones were increased, the area de-

creased further in presence of ciprofloxacin but remained

almost stable for moxifloxacin. This observation was similar

for the four wagging peaks (indicated by arrows; Fig. 9, top
panel) (1275–1261 cm�1, 1253–1240 cm�1, 1229–1216

cm�1, and 1206–1193 cm�1).

To quantify the orientation of DPPC all-trans chains, we

measured the dichroic ratio for wagging band at 1200 cm�1.

RATR (A///A?) was 6.8 with an isotropic dichroic ratio of 1.33

(calculated from n(C¼O) band at 1755–1750 cm�1 (29)). On

the basis of this determination, the angle between the acyl

chains of DPPC and the normal at the germanium surface was

found to be 21�. The same calculation was done in the

presence of fluoroquinolones at a lipid/drug ratio of 1:1. The

angle was 27� and 20� in the presence of ciprofloxacin and

moxifloxacin, respectively. These data suggested that in

contrast to ciprofloxacin, moxifloxacin had no effect on the

FIGURE 8 Fluoroquinolones effect on the conformation of DPPC mono-

layer as revealed by the infrared absorbance spectra. (Top panel) ATR-FTIR

spectra of moxifloxacin (a), ciprofloxacin (b), DPPC (c), DPPC/ciproflox-

acin (d), and DPPC/moxifloxacin (e). DPPC was used at 50 mg/ml and the

molar ratio of lipid/drug was 1:1. (Bottom panel) Evolution of the peak area

at 1200 cm�1 (wagging gw(CH2) band; integrated between 1206 and 1193

cm�1) as a function of increasing lipid/drug ratio: 1:0, 1:0,2, 1:0,5, 1:1, and

1:2. Ciprofloxacin, n; and moxifloxacin, d.
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orientation of the acyl chains and did not induce additional

disorder.

DISCUSSION

Our previous studies showed differences in accumulation and

intracellular activity between ciprofloxacin and moxifloxacin

that may actually result from their differential susceptibility

to efflux by the ciprofloxacin transporter (1). Moxifloxacin

differs from ciprofloxacin by the presence of a C-8 methoxy

group and a bulkier C-7 (octahydropyrrolo (3.4)-pyridinyl

versus piperazinyl for ciprofloxacin) substituent (31). As

previously shown (32), these changes resulted in an increase

in hydrophobicity (log D ;�0.28(33) for moxifloxacin and

�0.79(34) for ciprofloxacin). However, these structural

modifications between moxifloxacin and ciprofloxacin may

not account for the differences in the pK values (from 6.25 to

6.09 (33,36), since these differences are below the experi-

mental errors. Interestingly, these compounds were much

weaker acids than aromatic carboxylic acids. The reduced

acidity may be ascribed to the formation of an intramolecular

hydrogen bond between the carboxyl and neighboring keto

groups in the quinoline ring, resulting in stabilization of the

protonated form of the carboxyl group.

The activity of efflux pumps in general, and those involved

for ciprofloxacin or moxifloxacin cellular accumulation, in

particular, is closely related to the interaction of the drug with

lipids, regardless of the model proposed for their activity (i.e.,

flippase or hydrophobic vacuum cleaner). We therefore

looked at the influence of the small changes in chemical

structure between moxifloxacin and ciprofloxacin on their

interaction with lipids. To address this crucial question, the

interactions between model lipid membranes and the two

fluoroquinolones were probed using a variety of techniques.

Nanoscale investigations by AFM revealed different be-

haviors for ciprofloxacin and moxifloxacin. AFM imaging

showed a reduction of the size of the DPPC gel phase do-

mains in presence of fluoroquinolones. The erosion process is

greater for moxifloxacin compared to ciprofloxacin, and

follows an exponential-like function-decrease for moxi-

floxacin and a linear-decrease for ciprofloxacin. Considering

both molecules, the difference in their ability to erode the

DPPC gel phase domains might be due to a better insertion of

the moxifloxacin than the ciprofloxacin into the fluid matrix,

and a more marked decrease of the line tension at the boundary

of the DOPC/DPPC phases resulting from a fluidification of

the DPPC.

This marked effect of moxifloxacin on lipids as compared

to ciprofloxacin was confirmed by conformational analysis.

In accordance with experimental data obtained for cipro-

floxacin (37) or grepafloxacin (38), the fluoroquinolones are

located at the lipid-water interface, near the first carbons of

the acyl chains. Both molecules showed a minimum of en-

ergy when they are at the phospholipids headgroup/acyl-

chains interface, and the interaction energy rose markedly

when the molecule was forced into the hydrophobic domain.

This energy increase was less marked for moxifloxacin as

compared to ciprofloxacin, suggesting a higher affinity of

moxifloxacin for lipid phase.

Taken together, our data suggest that ciprofloxacin and

moxifloxacin interact in a very different way with lipids. The

major challenge, however, is to understand the mechanism, at

a molecular level, unraveling the interaction between lipids

and fluoroquinolones and the path of these antibiotic mole-

cules through lipid layers. Previous data reported by Montero

et al. (28) showed a shift of the surface pressure-area iso-

therms of monolayer toward a lower area per molecule in the

presence of ciprofloxacin. We extended these data to one

major fluoroquinolone used in clinics, moxifloxacin. To go

further in the mechanism involved, we monitored the amount

FIGURE 9 Fluoroquinolones effect on the orientation of DPPC mono-

layer as revealed by ATR-FTIR dichroic spectra. (Top panel) Polarized ATR-

FTIR spectra of DPPC (a), DPPC/ciprofloxacin (b), and DPPC/moxifloxacin

(c). DPPC was used at 50 mg/ml and the molar ratio of lipid/drug was 1:1.

Wagging gw(CH2) bands are indicated by arrows. (Bottom panel) Area evo-

lution of dichroic peak of 1200 cm�1 of DPPC in the presence of fluoro-

quinolones. Integration area of dichroic gw(CH2) band (integrated between

1206 and 1193 cm�1) was plotted versus DPPC/drug molar ratio as indi-

cated, in the presence of ciprofloxacin, n; and moxifloxacin, d.
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of fluoroquinolones in the subphase after the monolayer

compression. In agreement with the hypothesis based on a

dissolving effect in the subphase (39), we did find fluoro-

quinolones therein with a higher proportion of ciprofloxacin

as compared to moxifloxacin. Taking into account the

amount of fluoroquinolones present inside the monolayer, we

corrected the surface-pressure-area isotherms of the mono-

layer and again observed a shift toward a lower area per

molecule in the presence of fluoroquinolones. This effect was

more marked with moxifloxacin as compared to cipro-

floxacin. The dissolving effect in the aqueous phase is

therefore probably essential, although not fully sufficient, to

explain the condensing effect of fluoroquinolones.

Thus, we investigated a change in the lipid chain confor-

mation and orientation using ATR-FTIR technique (21,40).

Indeed, the drug-induced area condensation of lipids can

derive from the acyl ordering attained when trans-gauche
isomerization about the carbon-carbon bonds is reduced. The

trans conformation is the most stable and has an estimated

energy barrier of 3.5 kcal/mol to rotate past the eclipsed

configuration to the gauche form. The all-trans conformation

allows the chain to be maximally extended, whereas a gauche
bond alters the direction of the chain inducing a kink in the

chain. Our results clearly indicated that moxifloxacin has a

higher ability than ciprofloxacin to markedly decrease the

number of all-trans conformation. The related change in the

packing of the acyl chains might allow moxifloxacin to be

located in the pocket created by the presence of a kink in the

acyl chain. In contrast, with ciprofloxacin, the appearance of

a kink from the all-trans chain conformation would be less

marked, suggesting a less important change in lipid packing.

Interestingly, both condensing effects (lower area of mixed

monolayer lipids/fluoroquinolones) have also been described

when cholesterol was added to fluid-phase phosphatidyl-

choline (41–43).

The disorder in the lipid chains revealed by the decrease of

all-trans conformations has also been analyzed in terms of

orientation and tilt between the molecular axis (the mem-

brane normal) and the transition dipole moments. In this

analysis, the ciprofloxacin showed an additional cause of

disorder, because it modifies the orientation of the acyl chain

in relation to its higher ability to be released in an aqueous

phase after monolayer compression.

Differences in the charge distribution of the molecule at the

physiological pH could also explain changes for drug

membrane location and bound hydration shell surrounding

the headgroup of membrane lipids, which, in turn, could

partly explain the more condensing effect of moxifloxacin as

compared to ciprofloxacin. Moreover, the determinations

were made in aqueous environment, whereas the condensing

effect of moxifloxacin involved the presence of the drug with

a lipidic phase.

All together, we showed that the condensing effect of

fluoroquinolones on lipid layer resulted not only from a

dissolving mechanism but also from an alteration of the in-

tramolecular acyl-chain order in relation to a reduction in

trans-gauche isomerization about the carbon-carbon bonds,

and change in the average molecular tilt of lipid acyl chain of

DPPC. The two fluoroquinolones investigated showed dif-

ference in their effects. Ciprofloxacin had a lower ability to

decrease the all-trans conformation of lipid chains than

moxifloxacin but showed a higher capacity to affect the ori-

entation of lipid chains and to disorder the membrane. These

effects might explain its higher ability to be released from the

lipid monolayer to aqueous phase and its lower effect on

surface pressure-area isotherms of monolayers. In contrast,

moxifloxacin has a lower capacity to induce membrane dis-

order and does not change the tilt between the molecular axis

and the transition dipole moment. Moxifloxacin has also a

higher tendency to decrease the number of all-trans confor-

mations with increase of kink, creating a pocket in which

moxifloxacin can be located. This can explain why the

amount of moxifloxacin in the aqueous phase was lower than

that found for ciprofloxacin and why the mean molecular area

of lipids/fluoroquinolones monolayers after compression is

significantly lower in the presence of moxifloxacin as com-

pared to ciprofloxacin.

This model is entirely compatible with the physico-

chemical characteristics of the two fluoroquinolones. It

suggested that small structural differences among fluoroquin-

olones (notably overall molecular hydrophobicity (Papp ¼
0.089 vs. 0.031 for ciprofloxacin and moxifloxacin, respec-

tively (45)), bulkiness, and/or the internal dynamics of the C-7

substituent, could be important for drug lipid interactions and

lipid packing. The diazabicyclonyl-ring at position 7 of

moxifloxacin, by aligning the sn-2 chain, probably contributes

to the higher tendency of this antibiotic to induce a decrease of

all-trans configuration as compared to ciprofloxacin. This is in

line with data reported with n-alkyl-piperazinyl-ciprofloxacin

(39).

In conclusion, we provided a comprehensive picture of the

interaction of the two major fluoroquinolones ciprofloxacine

and moxifloxacine with lipids, and elucidate fundamental

issues such as the relationship between lipid chain confor-

mation and orientation with changes in membrane properties

as determined by Langmuir studies and the ability of drugs to

diffuse through membranes. All these parameters might be

related to the activity of membranous proteins. Our work

notably showed that an increase in drug lipophilicity and

addition of a bulky moiety (moxifloxacin versus cipro-

floxacin) produced marked changes in the packing of lipids.

This was concomitant with a lower release of the more lip-

ophilic drug from lipid monolayer and with a potential in-

efficient activity of efflux proteins which could be involved in

a kind of futile cycle resulting in an increase in cellular ac-

cumulation (1). So far, progress in understanding the struc-

ture-function relationships of membranes and understanding

of the lipid-drug interaction appears to be of crucial impor-

tance in understanding the mechanisms involved in cellular

drug accumulation.
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Chapter 2_____________________________________________________ 
 

 
As reviewed in the introduction, fluoroquinolones should cross the plasma 

membrane of eukaryotic cells as well as the outer membrane of Gram-negative or plasma 

membrane of Gram-positive bacteria to reach their bacterial targets (topoisomerase IV 

and DNA gyrase). We previously showed that CIP induced disorder and modified the 

orientation of the acyl chains of zwitterionic lipids, which are related to its propensity to 

be expelled from a monolayer upon compression (Bensikaddour et al., 2008a). 

 
To check whether CIP interacts differently with eukaryotic and prokaryotic lipids 

model membrane, two selected phospholipids were used: a zwitterionic lipid (DPPC) that 

exhibit eukaryotic-like membrane, and a negatively charged lipid (DPPG), that exhibit 

prokaryotic-like membrane. 

 
The binding parameters of CIP with lipids (DPPC and DPPG), were performed by 

steady state fluorescence anisotropy and quasi-elastic light scattering measurements. 

Additionally, the effects of CIP on the mobility of phosphate head groups and on the 

thermotropic behavior of lipids were investigated by 31P Nuclear Magnetic Resonance 

and Total Reflection Fourier Transform Infrared spectroscopy, respectively. 

The results indicate that CIP bound to selected lipids with a stoichiometry of (1:1; 

M:M), and the binding affinity was dependent on the presence of negative charged lipids. 

In fact, CIP decreased more the mobility of phospholipids head groups and induced a 

marked broaden effect on the thermotropic curve of DPPG than of DPPC. 

This work supports the view that electrostatic interaction plays a major role in the 

CIP-lipids interaction and the existence of a primary step in a binding of CIP to the 

phospholipids bilayer surface. 
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The interactions between a drug and lipids may be critical for the pharmacological activity. We previously
showed that the ability of a fluoroquinolone antibiotic, ciprofloxacin, to induce disorder and modify the
orientation of the acyl chains is related to its propensity to be expelled from a monolayer upon compression
[1]. Here, we compared the binding of ciprofloxacin on DPPC and DPPG liposomes (or mixtures of
phospholipids [DOPC:DPPC], and [DOPC:DPPG]) using quasi-elastic light scattering and steady-state
fluorescence anisotropy. We also investigated ciprofloxacin effects on the transition temperature (Tm) of
lipids and on the mobility of phosphate head groups using Attenuated Total Reflection Fourier Transform
Infrared-Red Spectroscopy (ATR-FTIR) and 31P Nuclear Magnetic Resonance (NMR) respectively. In the
presence of ciprofloxacin we observed a dose-dependent increase of the size of the DPPG liposomes whereas
no effect was evidenced for DPPC liposomes. The binding constants Kapp were in the order of 105 M−1 and the
affinity appeared dependent on the negative charge of liposomes: DPPGNDOPC:DPPG (1:1; M:M)N
DPPCNDOPC:DPPC (1:1; M:M). As compared to the control samples, the chemical shift anisotropy (Δσ)
values determined by 31P NMR showed an increase of 5 and 9 ppm for DPPC:CIP (1:1; M:M) and DPPG:CIP
(1:1; M:M) respectively. ATR-FTIR experiments showed that ciprofloxacin had no effect on the Tm of DPPC
but increased the order of the acyl chains both below and above this temperature. In contrast, with DPPG,
ciprofloxacin induced a marked broadening effect on the transition with a decrease of the acyl chain order
below its Tm and an increase above this temperature. Altogether with the results from the conformational
analysis, these data demonstrated that the interactions of ciprofloxacin with lipids depend markedly on the
nature of their phosphate head groups and that ciprofloxacin interacts preferentially with anionic lipid
compounds, like phosphatidylglycerol, present at a high content in these membranes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The introduction of fluoroquinolones, such as ciprofloxacin, more
than 20 years ago offered clinicians a range of antimicrobial agents that
have a broad spectrum of activity [2] together with an activity against
several intracellular bacteria [3]. The central structural unit of
ciprofloxacin (Fig. 1) is a quinolone ring with a fluorine atom at the
6-position, a piperazine moiety at the 7-position, a cyclopropyl ring at
position 1 and a carboxyl group at position 3. The primary mechanism
of action of these compounds involves inhibition of the intracellular
DNA gyrase and topoisomerase IV [4]. Before they can exert their
antibacterial effect, fluoroquinolones must enter bacterial cells. While

the outer membrane protein F (OmpF) plays an important role in the
uptake of fluoroquinolones for Gram-negative bacteria togetherwith a
direct uptake by a lipidmediated pathway [5], the passage through the
phospholipid bilayer is themajor process involved for innermembrane
of Gram-negative bacteria andmembrane of Gram-positive organisms
[6]. For their intracellular activity, fluoroquinolones have also to
penetrate into cells and to accumulate within. Diffusion and efflux
processes modulate this cellular accumulation [7–9].

With respect to the interactions of ciprofloxacin with lipids, it has
been established that ciprofloxacin had a small but definite and
measurable interaction with neutral and charged membranes at the
headgroup region [10]. The binding appeared as the result of (i)
hydrophobic forces between the lipid bilayer and ciprofloxacin [11–13]
and (ii) an ionic interaction between negatively charged phosphate
groups of the phospholipid and the positively charged piperazine ring
at the C-7 position of the quinolone [12–14].
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To gain further information at the molecular level on the
interaction between ciprofloxacin and lipids, we previously showed
[1] in the presence of this antibiotic (i) the erosion of DPPC domains in
the DOPC fluid phase as demonstrated by AFM, (ii) the shift of the
surface pressure area—isotherms of DOPC:DPPC:ciprofloxacin mono-
layer towards the lower area per molecule as evidenced by Langmuir
studies, and (iii) the decrease of the all-trans conformation of acyl lipid
chains of DPPC together with a change of their orientation measured
using ATR-FTIR.

Unfortunately, only few data [6,15] are available to compare the
interaction of fluoroquinolones with both zwitterionic (DPPC) and
negatively charged (DPPG) lipids in terms of their binding parameters
together with the effect of the drugs on the dynamics of these lipids.
Moreover, consequences of this interaction on temperature-depen-
dent parameters such as the disorder of the hydrophobic tails of the
lipids representing the major components of mammalians and
bacterial membranes are still largely unexplored. Such information
is however critical since the lipid composition of both bacterial and
eukaryotic membranes markedly differs [16]. The bacterial plasmatic
membrane mainly consists of a high amount of anionic lipids like
phosphatidylglycerol whereas the membrane of eukaryotic cells
appear uncharged and consisting almost exclusively of zwitterionic
lipids, like phosphatidylcholine [17].

In this work, using DPPC, a zwitterionic lipid, and DPPG, an anionic
lipid, mimicking the bulk lipid of eukaryotic membranes and the
major component of bacterial membranes respectively, we therefore
turned our efforts (i) to determine the binding parameters of
ciprofloxacin to lipids using steady-state fluorescence anisotropy, (ii)
to characterize the effect of the drug on the structure and dynamics of
multilamellar vesicles using 31P NMR and (iii) to follow, the influence
of ciprofloxacin on the acyl chain order as a function of temperature,
using ATR-FTIR. Results were related to the location of ciprofloxacin at
the hydrophilic/hydrophobic interface, to the mean surface occupied
by each DPPC and DPPG molecules in the presence and in the absence
of ciprofloxacin, and to the energy of interaction between ciproflox-
acin and DPPC or DPPG, as determined by molecular modeling.

2. Materials and methods

2.1. Materials

Dipalmitoylphosphatidyl glycerol (DPPG), dipalmitoylphosphati-
dylcholine (DPPC) and dioleoylphosphatidylcholine (DOPC) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA) and stored
at −20 °C. Ciprofloxacin (1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-
(1-piperazinyl)-3-quinoline carboxylic acid) was supplied as hydro-

chloride salt (Mw=367.85 g/mol; microbiological standard potency,
85.5%) by Bayer Healthcare AG (Leverkusen, Germany). Stock solutions
were prepared in 10 mM Tris (pH 7.4).

2.2. Methods

2.2.1. Preparation of liposomes (MLVs, LUVs)
The large unilamellar vesicles (LUVs) consisting of DPPG, DOPC:

DPPG (1:1; M:M), DOPC:DPPC (1:1; M:M), or DPPC were prepared as
follows. Lipids were mixed in chloroform:methanol (2:1; V:V),
evaporated under nitrogen flow and dessicated under vacuum
overnight to remove any residual solvent. The dried films were then
resuspended at 40 °C from the walls of the glass tube by vigorous
vortexing either in Tris:NaCl buffer 10:100 mM (pH 7.4) for binding
experiments, or 10 mM Tris (pH 7.4) for binding stoechiometry, ATR-
FTIR and 31P NMR studies. Multilamellar vesicles (MLVs) were
obtained by five heat-cooled cycles. Large unilamellar vesicles
(LUVs) were then prepared by extrusion (ten times) of the MLV
suspension through 100 nm of diameter polycarbonate filters
(Nucleopore Costar Corporation, Badhoevedorp, Netherlands), using
a thermostated (40 °C) extruder (Lipex Biomembranes, Vancouver,
Canada). The actual phospholipid content of each preparation was
determined by phosphorus assay [18] and the concentration of
liposomes was adjusted for each experiment.

2.2.2. Quasi-elastic light scattering measurements
The apparent average diameter of the LUVs and MLVs and the zeta

potential of LUVs were determined using a Zetasizer (Zen 3600,
Malvern Instruments, U.K.) with the following specifications: 60 s
sampling time; 0.8872 cP medium viscosity; 1.33 refractive index; 90°
scattering angle; 25 °C temperature. Data were analyzed using the
multimodal number distribution software included in the instrument
for size determinations. The zeta potential values were calculated
using Helmholtz–Smoluchowski's equation. All the measurements
were performed using liposomes at a concentration of 0.5 mg/ml.

2.2.3. Steady-state fluorescence anisotropy
Fluorescence anisotropy is a powerful technique for investigating

macromolecular dynamics, in which the sample is excited by linearly
polarized light. The anisotropy was evaluated by observing the
fluorescence at polarizations parallel (I||) and perpendicular (I?) to the
excitation according to:

r = IO−I?ð Þ= IO + 2I?ð Þ: ð1Þ

The anisotropy titrations of LUV liposomes by ciprofloxacin were
performed with a fluorescence spectrophotometer (Perkin Elmer LS-
55, Beaconsfield, U.K.) in the T-format at 25 °C, by adding increasing
concentrations of liposomes to a fixed amount of antibiotic (5 μM).
Anisotropy measurements were performed every 20 s during 4 min.
The emitted light was monitored through 390 nm interference filters.
Excitation and emission bandwidths were both 9 nm. The excitation
and emission wavelengths were set at 280 nm and 430 nm,
respectively. The Scatchard equation was rewritten (Eq. 2) to directly
fit the anisotropy r, as described previously [19]

r = r0−
r0−rtð Þ
Lt

1 + Lt + nNtð ÞKapp
� �2−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + Lt + nNtð ÞKapp
� �2−4LtnNtK2

app

q

2Kapp

ð2Þ

where, r0 and r correspond to the anisotropy of the ciprofloxacin in
the absence and in the presence of a given concentration of the LUV
liposomes. Lt and Nt designate the concentration of ciprofloxacin fixed
at 5 μM and the concentration of lipids in LUV liposomes added,
respectively. rt is the anisotropy at the plateau value. Kapp and n
correspond to the apparent binding constant and the number of

Fig. 1. Structural formula of ciprofloxacin (1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-
(1-piperazinyl)-3-quinolinecarboxylic acid).
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binding sites, respectively. All fitting procedures were carried out with
Origin™ 7.5 software.

2.2.4. 31P nuclear magnetic resonance (NMR)
The effect of ciprofloxacin on the mobility of phosphate headgroups

of DPPC and DPPG prepared as MLV was investigated by static 31P NMR
experiments. For a nonspherical charge distribution about the phos-
phorous nucleus, the shielding constant largely results from a local
diamagnetic shielding contribution and a local paramagnetic shielding
contribution. Because the charge distribution in a phosphorusmolecule
will be far from spherically symmetrical, the major contribution to the
31P chemical shift comes from theparamagnetic term. Asymmetry in the
charge distribution implies that the 31P chemical shifts (or shielding
constants) vary as a function of the orientation of the molecule relative
to the external magnetic field. This gives rise to a chemical shift
anisotropy (Δσ) which can be defined by three principal components
σ11, σ22 and σ33 of the shielding tensor and which is a frequently used
parameter to characterize the 31P NMR spectra. Formolecules which are
axially symmetrical, with σ11 along the principal axis of symmetry,
σ11=σ‖ (parallel component), and σ22=σ33=σ⊥ (perpendicular compo-
nent). The 31P chemical shift anisotropy is sensitive to both headgroup
geometry and local dynamics. Rapid motion with limited amplitude
along the molecular axis of the phospholipid normal to the membrane
produces a supplementary averaging of the anisotropy tensor. The
effective tensor still has axial symmetry but the chemical shift
anisotropy is reduced. When 1H decoupling is applied, 31P spectra are
obtained that result solely from the chemical shift anisotropy. The
chemical shift anisotropy can be measured by taking the difference of
chemical shift between the low field shoulder (σ‖) and the high-field
peak (σ⊥): Δσ=σ ‖ − σ⊥ [20].

Control samples of 450 μl were prepared from MLV suspension
(50 mg/ml) in 5 mm outer diameter tubes, by adding 50 μl of D2O for
locking on the deuterium signal. To investigate the effect of the
ciprofloxacin on the mobility of lipid (DPPC and DPPG) headgroups, a
defined concentration of drug was added to MLV liposomes to reach a
molar ratio of one.

Broadband proton-decoupled 31P NMR spectra were acquired by
1D NMR methods on a Bruker AVANCE 500 spectrometer at
202.5 MHz (11.7 Tesla) equipped with a Bruker 5 mm BBI (broad
band inverse) probe. Typical Fourier transform spectral parameters
were: 45° (6 μs) flip angle, 50 kHz spectral width, 8K data points, 0.6 s
repetition time. Sixty thousands transients were accumulated. An
exponential multiplication corresponding to 70 Hz line broadening
was applied to the free induction decay prior to Fourier transforma-
tion. All chemical shift values were quoted in parts per million (ppm)
and were referenced to the isotropic chemical shift of H3PO4 (0 ppm).
All spectra were recorded at a constant temperature of 45 °C.

2.2.5. Infrared spectroscopy
Attenuated Total Reflection Fourier Transform Infra-Red (ATR-

FTIR) is particularly well suited for the study of membranes and to
characterize the effect of drugs on melting temperature [21]. This
technique is based on internal reflection of the infrared light within an
internal reflection germanium plate, which creates an evanescent field
at the surface of the plate where the lipid bilayer (and eventually the
bound proteins or drugs) resides [22].

The internal reflection element was a 52×20×2 mm trapezoidal
germanium ATR plate (ACM, Villiers St Frédéric, France) with an
aperture angle of 45° yielding 25 internal reflections. 10 μl of the
sample containing DPPC or DPPG liposomes (50 mg/ml in Tris buffer
10mM, pH 7.4) was dried under a stream of nitrogen on one side of the
germanium internal reflection element at 20 °C. Under these
conditions a well ordered multilayer stack is formed [23] and the
stack is stable under a buffer flow [24]. The ciprofloxacinwas added to
the lipids at a ratio 1:1 as suggested by the stoechiometry binding
experiments.

The germanium crystal was then placed in an ATR holder for liquid
samples with an in- and out-let (Harrick, Ossining, NY, USA). The liquid
cell was placed at 45 incidence on a Specac vertical ATR setup. The
temperature was controlled with temperature-regulated water flowing
in a cavity of the steal cell. The temperaturewas raised degree by degree.

An elevator under computer control made it possible to move the
whole setup along a vertical axis (built for us by WOW Company SA,
Nannine, Belgium). This allowed the crystal to be separated in
different lanes. Here, one such lane contained the membrane film,
the other was used for the background.

IR Spectra were obtained on a Bruker IFS55 FTIR spectrometer
(Ettlingen, Germany) purged with N2 as described previously [25].
Briefly, typically interferograms were recorded with 2 cm−1 spectral
resolution with broadband MCT detector between 4000–800 cm−1,
128 scans were averaged for one spectrum.

The spectra were corrected from the water vapor and CO2

contributions. They were then apodized in the Fourier domain in
order to yield a final resolution of 4 cm−1. Peak positions were
determined according to a classical peak picking method. All the
software used for data processing was written under MatLab 6.5
(Mathworks Inc., Natick, MA).

2.2.6. Assembly of ciprofloxacin with phospholipids by molecular
modeling using the Hypermatrix procedure

The Hypermatrix method described elsewhere [26] was success-
fully used to study the interaction between different molecules and
lipids [27–29]. In the Hypermatrix procedure, the lipid/water interface
was taken into account by varying linearly the dielectric constant ɛ
between 3 and 30.

The initial position and orientation of ciprofloxacin and of phospho-
lipids (DPPC and DPPG) were those defined when using the TAMMO
procedure [26]. To obtain a multimolecular assembly of ciprofloxacin
and DPPC or DPPG with a 1:1 molar ratio, we first carried out the
matching between one molecule of ciprofloxacin and one molecule of
lipid. For that, the position of the ciprofloxacin was set constant while
the lipid molecule was translated towards the ciprofloxacin molecule
along the x axis by steps of 0.05 nm. The lipid rotated by steps of 30
around its z′ axis and around the x axis. l was the number of positions
tested along the x axis, m was the number of rotations around
ciprofloxacin and nwas the number of rotations around the lipid itself.
For each set of l, m and n values, the energy of interaction between the
ciprofloxacin and the lipid was calculated as the sum of van der Waals,
electrostatic and hydrophobic terms [30]. Then, the lipid molecule was
moved by 0.01 nm step along the z′ axis perpendicular to the interface
and the angle between the z′ axis was bent by +1° with respect to the z
axis. The most stable ciprofloxacin:lipid complex was used in the next
step for the calculation of the multimolecular assembly. Following the
same procedure, one ciprofloxacin:lipid complex was set constant and
another 1:1 complex wasmoved towards it with the same combination
of rotations and translations than that described above. The energy
values together with the coordinates of all assemblies were stored in a
matrix and classified according to a decreasing order. The position of the
second complex corresponded to the most stable assembly in the
matrix. The position of the next 1:1 complex was then defined as the
next most energetically favorable orientation stored in the matrix,
taking into account the steric and energy constraints due to thepresence
of the othermolecules. Theprocess endedwhen the central 1:1 complex
was completely surrounded.

An assembly of lipids alone was made following the same process,
with the central molecule being the lipid of interest. The mean area
occupied by one lipid or one ciprofloxacin molecule in the multi-
molecular complex or in the lipid assembly was estimated by
projection on the x–y plane using a grid of 1 Å2.

Pex2dstats files [31] were generated during the simulations and
allowed an easy and detailed analysis of each complex. All calculations
wereperformedonan Intel®Pentium®4,CPU3.80GHz, 4.00Goof RAM.
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3. Results

3.1. Size and zeta potential of LUV liposomes

In order to characterize the homogeneity of the LUV liposomes
together with their surface charge, we investigated the size and zeta
potential of the liposomes used (DPPG, DOPC:DPPG, DOPC:DPPC and
DPPC). The results showed minor differences in the apparent mean
diameters of liposomes which were centered on 100 nm (DPPG
[124 nm], DOPC:DPPG [104 nm], DOPC:DPPC [92 nm], and DPPC
[101 nm]). As expected for negatively charged (DPPG) liposomes, the
zeta potential was more negative (−66 mV) than for DOPC:DPPG
(−34 mV), DOPC:DPPC (−6 mV) or DPPC (−5 mV) vesicles.

3.2. Binding of ciprofloxacin to LUV liposomes

As a first step, to investigate the effect of ciprofloxacin on the lipid
membrane models, we checked the effect of increasing amounts of
ciprofloxacin on the size of the liposomes, by quasi-elastic light
scattering (Table 1). The fluoroquinolone had no effect on the average
diameter of DPPC LUVs whatever the molar ratio investigated (Lipid:
drug ratios from 1:0.2 to 1:1). In contrast, for DPPG LUVs, the average
diameter increased with the increase of the ciprofloxacin concentra-
tion, reaching a value of 256 nm for a lipid:drug ratio of 1. The average
diameter was of 155 nm and 195 nm for a molar ratio of 1:0.2 and
1:0.5, respectively.

As a second step, we determined the binding constant, Kapp, by
adding increasing liposome concentrations to 5 μM ciprofloxacin in
10 mM Tris, 100 mM NaCl (pH 7.4) and following the steady-state
fluorescence anisotropy. Fitting the experimental values according to
Scatchard equation (Fig. 2), Kapp values were close to 105 M−1

(Table 2). By comparing the affinity of ciprofloxacin to DPPG liposomes
and DOPC:DPPG (1:1; M:M), it appeared that a decrease in the
concentration of negatively charged lipids (DPPG) in the liposome
mixture, led to a 2.5 fold Kapp value decrease. The critical effect of
DPPG on the interaction of ciprofloxacin was confirmed by comparing
the Kapp values of DPPC versus those of DPPG (3.5 times lower) or
those of DOPC:DPPC versus those of DOPC:DPPG (3 times lower).
Taken together, our data showed that the ciprofloxacin bound to lipid
vesicles with the following preference: DPPGNDOPC:DPPG (1:1;
M:M)NDPPCNDOPC:DPPC (1:1; M:M). To get further data on the
binding between ciprofloxacin and lipids and to evaluate the
stoechiometry of this binding, we reproduced these experiments
in conditions in which NaCl was omitted. Saturation points for
fitted binding curve approximately occur for lipids concentrations
equimolar to respective ligand concentrations suggesting a
stoechiometry of (1:1) (Fig. 2-insert). This was observed which-
ever the nature of the lipids investigated (DPPG or DPPC).

3.3. Effect of ciprofloxacin on the size and the mobility of phosphate
heads of DPPC and DPPG MLV's

From quasi-elastic light scattering studies and binding parameters,
the association of ciprofloxacin to lipids appears as strongly
dependent on the presence of the negatively charged phospholipid,
DPPG. To further explore this interaction, we measured by 31P NMR

spectroscopy the effective chemical shift anisotropy (Δσ) of the MLV
liposomes of DPPC and DPPG in the presence and in the absence of
ciprofloxacin at 45 °C. As shown in Fig. 3, typical spectra obtainedwith
multilamellar vesicles for both DPPC (top panel) and DPPG (bottom
panel) were characteristic of a bilayer organization with a high-field
maximum and a low field shoulder. In addition, the spectrum of 31P
NMR for DPPG revealed two peaks respectively at −10 ppm and 0 ppm.
The latter was probably due to the presence of a liposome population
(10%) of 150 nm of size as revealed by Nanosizer measurements.
Moreover, we observed a marked difference between the chemical
shift anisotropy (Δσ) value of DPPC as compared to that of DPPG, 41.5
and 25.5 ppm respectively. This can be related to themean diameter of
the major population of the MLVs which were 2100 nm for DPPC
(100%) and 1375 nm for DPPG (90%) vesicles.

In the presence of ciprofloxacin, the Δσ value was higher than that
of the control, for both types of liposomes. We obtained an increase of
the chemical shift anisotropy (Δσ) values of 5 and 9 ppm for DPPC and
DPPG, respectively. The presence of a population of larger size,
estimated around 5000 nm for DPPG vesicles and N10 μm for DPPC
vesicles could also be related to the difference observed in terms of
chemical shift anisotropy.

3.4. Effect of ciprofloxacin on the melting temperature of the lipids

As a sequel of the binding experiments, our further objective was
to determine the effect of the interaction between ciprofloxacin on
DPPC or DPPG on the melting behavior of the lipids.

To this end, we used ATR-FTIR spectroscopy. This method allowed
us the detection of the transition of the lipid hydrocarbon chains from
trans to gauche conformation which corresponds to the transition of
the lipid bilayer from gel (Lβ) to liquid-crystalline phase (Lα). It is
known that the absorbance of the peaks corresponding to the

Table 1
Size of large unilamellar vesicles in the presence of increasing amounts of ciprofloxacin
as determined by quasi-elastic light scattering

Lipid:drug molar ratio Average size (nm)

DPPC DPPG

1:0 101±1 124±1
1:0.2 100±1 155±2
1:0.5 98±1 195±2
1:1 105±1 256±5

Fig. 2. Binding of ciprofloxacin to DPPG vesicles. Binding of ciprofloxacin to lipid vesicles
was followed by steady-state anisotropy in the presence of increasing amounts of DPPG.
The antibiotic concentration was 5 μM in Tris:NaCl buffer 10:100 mM (pH 7.4). The
continuous line corresponds to the fit of the experimental points with Eq. (2) in order to
determine the binding constant. The stoechiometry of the interaction between
ciprofloxacin and lipids (inset) was performed in Tris buffer 10 mM (pH 7.4).

Table 2
Binding parameters obtained from steady-state anisotropy experiments

LUV liposomes composition Kapp (105 M−1)

DPPG 8.6±0.5
DPPC 2.5±0.1
DOPC:DPPG (1:1; M:M) 3.2±0.9
DOPC:DPPC (1:1; M:M) 1.1±0.2
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asymmetric νas(CH2) (2920 cm−1), and symmetric νsCH2 (2850 cm−1)
stretching bands are sensitive to the intramolecular vibrational
coupling and thus to the lateral packing of the hydrocarbon chains.

In order to determine accurately the peak maxima, a Gaussian line
was fitted on the upper half of the position of the maximum for the
asymmetric CH2 stretching vibration (νas(CH2)) of DPPC (Fig. 4a) and
DPPG (Fig. 4b) vesicles and the result was plotted as a function of
temperature. Pure DPPC and DPPG vesicles (in Tris 10 mM, pH 7.4
buffer) exhibited a clear phase transition between the gel phase (Lβ)
and a liquid-crystalline phase (Lα). As expected, the DPPG melting
temperature is slightly lower than for DPPC (42 °C) and is near (40 °C).

The melting curve obtained for DPPC in the presence of
ciprofloxacin (Fig. 4a), showed a minor effect of the drug before and
after the main transition temperatures of DPPC since the frequencies
of the two dominant bands observed at 2917 (νas(CH2)) and 2849 cm−1

(νs(CH2); not shown) were slightly below those observed for pure
DPPC. The melting temperature remained unchanged (42 °C).

In contrast, addition of ciprofloxacin to anionic lipid DPPG vesicles
induced a significant change in themelting curve (Fig. 4b). Indeed, a net
positive shift of νas(CH2) stretching bands was observed at the pre-
transition temperature (between 20 and 37.5 °C). At a temperature
between 38 and 40 °C, the two bands centered at 2918 cm−1 (νas(CH2))
and 2850 cm−1 (νs(CH2); not shown) were significantly changed. With
further increase in temperature (N40 °C), the peak positions of
stretching band remained significantly below those of the pure DPPG.
These data suggest that the ciprofloxacin increased the membrane
fluidity in the gel phase, as shown by the increase of the frequency of
νas(CH2) asymmetric vibration below Tm and decreased the membrane
fluidity, notably in the liquid-crystalline phase (Lα), as shown by the
decrease the frequency of νas(CH2) asymmetric vibration above Tm.

Fig. 3. Effect of ciprofloxacin on 31P NMR spectra of multilamellar vesicles of DPPC (upper panel) and DPPG (lower panel). Liposomes (50 mg/ml) were prepared at pH 7.4 in 10 mM
Tris buffer. The experiments were performed at 45 °C. The chemical shift anisotropy (Δσ) values are indicated at the top of the spectra in the absence (a) and in the presence (b) of
ciprofloxacin added at a molar ratio of one.

2539H. Bensikaddour et al. / Biochimica et Biophysica Acta 1778 (2008) 2535–2543

 

 111 



3.5. Molecular simulation of the interaction between ciprofloxacin and
DPPC or DPPG

The interaction between ciprofloxacin and DPPC or DPPG at a (1:1)
molar ratio was calculated using the Hypermatrix procedure [26] as
described in the Materials and methods section. As shown in Fig. 5,
ciprofloxacin is inserted at the level of the phospholipid headgroup/
acyl chain interface for both lipids, as already suggested [1]. The
calculation of the interaction energy between DPPC or DPPG and
ciprofloxacin (Table 3) indicates that the association is more stable
with DPPG, the energy going from −44.4 kcal/mol for DPPC:
ciprofloxacin to −53.4 kcal/mol for DPPG:ciprofloxacin. Furthermore,
the presence of ciprofloxacin in DPPG significantly increases the lipid
interfacial area, the DPPG value going from 66 Å2 in a monolayer to
76 Å2 in the calculated multimolecular assembly. The increase is less
important for DPPC, going from 63 Å2 for the lipid alone to 66 Å2 in the
assembly (Table 3).

4. Discussion

While numerous studies have shown a critical role of the porin
hydrophilic pathway for penetration of fluoroquinolones through the
outer membrane of Gram-negative bacteria, the present work may
shed new light on their passage through the inner membrane of these
organisms (and through the membrane of Gram-positive bacteria) as
well as through the pericellular membrane of eukaryotic cells. In the

absence of demonstrated inward transporter, a direct interaction of
fluoroquinolones with lipids allowing their diffusion through the so-
called hydrophobic pathway and/or self-promoted pathway must
indeed be considered critical for both the antibacterial activity
and the tissue distribution and cell accumulation properties of
fluoroquinolones.

In order to gain further insight in the interactions of fluoroquino-
lones with lipids, especially those found in bacterial membranes like
the negatively charged phospholipid phosphatidylglycerol, as com-
pared to the bulk lipids of eukaryotic membranes, phosphatidylcho-
line, we therefore determined (i) the binding parameters of
ciprofloxacin in interaction with these lipids using steady-state
fluorescence anisotropy, (ii) the effect of ciprofloxacin on the mobility

Fig. 4. Evolution of themaximum frequency of the νas(CH2) as a function of temperature
for DPPC (a) or DPPG (b) in the absence (closed square ■) or in the presence (open
square□) of ciprofloxacin. The concentration of phospholipids was 50mg/ml. The lipid:
ciprofloxacin molar ratio was 1:1.

Fig. 5. Assembly of ciprofloxacin with DPPC (a) or DPPG (b) in a 1:1 molar ratio.
Ciprofloxacin is represented in Corey–Pauling–Koltum (CPK) mode, whereas the
phospholipids are in skeleton mode.

Table 3
Energy of interaction energy between lipid molecule and ciprofloxacin (CIP) and
molecular area of the lipid molecule at the interface

Energy of interaction (kcal/mol) Area (Å2)

DPPC/DPPC −30.5 63
DPPC/CIP −44.4 66
DPPG/DPPG −30.8 66
DPPG/CIP −53.4 76
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of phosphate headgroups using 31P NMR spectroscopy and (iii) the
effect of ciprofloxacin on the acyl chain order as a function of
temperature using ATR-FTIR.

Steady-state anisotropy experiments showed that ciprofloxacin
binds to the lipid vesicles tested with a stoechiometry of 1 and a
moderate affinity (105 M−1). This result is in agreement with the fair
hydrophobicity of ciprofloxacin and derivatives at neutral pH [6].
A partial selectivity (DPPGNDOPC:DPPG (1:1)NDPPCNDOPC:DPPC
(1:1)) was however evidenced. So, the greatest affinity observed
with the negatively charged liposomes of DPPG or DOPC:DPPG
reflected the potential role of electrostatic interactions between
negatively charged phospholipid heads together with the H-bonding
[12,32–34]. This is in agreement with the results from quasi-elastic
light scattering which showed an effect of ciprofloxacin on the size of
DPPG liposomes whereas no effect was observed with DPPC. This is
also in accordance with the values of the energy of interaction as
calculated by molecular modeling. These calculations are based on a
semi-empirical force field [30] that can be compared to experimental
values in terms of relative value (allowing a “ranking” of the different
molecules in terms of preferential interaction) but not in terms of
absolute value. The experimental interaction energy does not exactly
correspond to calculated values of binding energy since (i) the
calculated values depend on the energy force field and (ii) solvation,
ionic strength, e.g. that contribute to the experimental measurements,
are not taken into account in the calculations. Interestingly, even
though the difference in the corresponding binding energy might be
less than 1 kcal/mol, it might result from a compensating compromise
between the enthalpy and the entropy of association as is often the
case for biological systems and regulations. The preferential role of
DPPG as compared to DPPC for the interaction between ciprofloxacin
and lipids has been also showed with other fluoroquinolones like
grepafloxacin [15] and ofloxacin [14] or with cyclic antimicrobial
peptides [35,36]. However, in accordance with literature [11–13] and
with calculations of the hydrophobic/hydrophilic environments of
ciprofloxacin/lipid complex using the Molecular Hydrophobicity
Potential (MHP), hydrophobic interactions could also play a critical
role in the interaction between ciprofloxacin and lipids. Indeed, such
computational analysis clearly revealed that most interactions are
hydrophobic whatever the nature of the lipid selected (unpublished
result). Because the main objective of the study is to shed light about
the peculiar interactions between ciprofloxacin and DPPG, a lipid
representative of bacterial membranes, on one hand and DPPC, a lipid
mimicking the mammalian membranes, on the other hand, the
relative contribution of electrostatic, hydrogen bonding, van der
Waals interactions… has not been further investigated in this work.

The potential role played by the nature of the phosphate
headgroup lead us to follow by 31P NMR, the chemical shift anisotropy
(Δσ) which depends on the local motions of the phosphodiester
moiety and its orientation. Below their Lα-liquid-crystalline phase
transition temperature, DPPG and DPPC in Lβ-gel phase produce both
an axially symmetric component and an asymmetric component
required to fit their 31P spectra. When the temperature is raised above
the Lα-liquid-crystalline state phase transition value, the two static 31P
NMR components of the lipids collapse into a single axially symmetric
contribution. This dynamically averaged 31P NMR powder pattern
results from axial rotation of the phosphodiester moiety about the
bilayer normal, bond librations and overall lipid fluctuations and
rotations [37]. Accordingly, the substantially smaller Δσ of the Lα state
compared to the Lβ state is attributed to the considerable decrease in
the correlation times of the 31P headgroup motions by more than one
to two orders of magnitude.

The Δσ value obtained for DPPC is similar to that reported in the
literature [38]. The lower value of the chemical shift anisotropy for
DPPG as compared to DPPC could be due to the size of the main
populations of DPPG liposomes (1375 nm) as compared to DPPC
liposomes (2100 nm) together with the presence of a population

smaller liposomes of DPPG (centered on 150 nm). Unfortunately,
values obtained by quasi-light scattering showed a large variability
from onemeasurement to another which may be accounted for by the
fact that this type of measurement is strongly influenced by the
presence of small number of large vesicles [39].

Because rapid motions might exist for high curvature regions
or isotropic phases, therefore giving rise to a motionally averaged
isotropic chemical shift [40], the increase of Δσ values in the presence
of ciprofloxacin in interaction with DPPG, and in a lesser extent with
DPPC, suggested the appearance of such structures. Our results also
reflect the location of the fluoroquinolone at the polar heads and near
the lipid–water interface [6,13]. The results that we obtained for the
interaction of ciprofloxacin with DPPC differ from those of Grancelli
et al. [13]. The latter reported a remarkable decrease of the second
spectral moment in solid state 31P NMR above Tm without modifica-
tions below Tm, suggesting an enhancement of the mobility of the
headgroups of DPPC above Tm. At 45 °C, we observed an increase of Δσ
reflecting a decrease in the local mobility of the phosphate groups or a
reorientation of the phosphate moiety in the presence of the drug, in
accord with the binding of the drug to lipids. This discrepancy has not
yet received satisfactory explanations. A possibility could be found in
the preparation of the MLVs, and in the way the ciprofloxacin is added
to interact with lipids. This appeared as critical since when the DPPG
MLVs were prepared with the ciprofloxacin, we observed a precipita-
tion of the sample, which could be interpreted as revealing a very
strong electrostatic interaction between the negative charge of the
phosphate groups and the electric dipole moment of ciprofloxacin.
When ciprofloxacinwas added into the DPPGMLVs, themixture didn't
flocculate, suggesting the probable existence of a metastable state
between both partners. This phenomenonwasn't observed in the case
of DPPC MLVs which are electrically neutral and possess an electric
dipole moment implying a softer electrostatic interaction with
ciprofloxacin.

At first glance, the 31P chemical shift anisotropy variation upon
addition of ciprofloxacin into the DPPC and DPPG samples indicates
strongly that the drugs interact with the headgroups of the phos-
pholipids. Nonetheless, 31P magnetic relaxation dispersion measure-
ments would be necessary to describe more precisely the microscopic
details of the interactions and to know whether or not all the lipid
layers of the vesicles are involved and contact the ciprofloxacin
molecules.

To investigate further the effect of ciprofloxacin in interactionwith
lipids on the melting temperature of either DPPC or DPPG, ATR-FTIR
experiments were performed. Lipids can exist in several lamellar
phases depending on the temperature. For saturated phosphatidyl-
cholines, such as DPPC, there are four recognized lamellar phases;
namely, a liquid-crystalline phase (Lα), and phases with ordered
hydrocarbon chain arrangements: ripple phase (Pβ); gel phase (Lβ);
and subgel or crystal phase (Lc) [41]. The phase transition in lipid
bilayers involves a cooperative structural change from a state inwhich
the lipids are closely packed and their chains fully extended, to a state
in which a large fraction of the molecules exhibits as many gauche
rotations per molecule.

The frequencies of the CH2 stretching vibrations reflect the
order of the acyl chains. Highly ordered acyl chains with an all-trans
conformation as observed in the gel phase lead to lower vibrational
frequencies. With increasing fractions of gauche isomers and decreas-
ing van der Waals attractions in the liquid-crystalline phase the
absorption maxima of the stretching bands will be shifted to higher
frequency [42]. The results indicated that ciprofloxacin did not affect
dramatically the DPPC melting curve. However, we noted that
ciprofloxacin increased the order of the acyl chains both below and
above the transition temperature. This is in agreement with the ability
of ciprofloxacin to alter the tilt angle of the acyl chain of DPPC as
demonstrated previously by ATR-FTIR [1]. The slight effect of
ciprofloxacin on the order of the acyl chains of DPPC is in agreement
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with the fact that neither iodobenzene nor iododecanoic acid, both
known as hydrophobic quenchers, were able to quench the fluores-
cence of ciprofloxacin in the presence of DPPC liposomes [34]. In
contrast, the effect of ciprofloxacin on DPPG ismajor. It was reasonable
to suggest that ciprofloxacin decreased the ordering of the acyl chain
of DPPG below the transition together with its ability to increase the
order above this temperature. These observations were similar to
those reported for cholesterol [43], a lipid well-known for broadening
the gel to fluid transition temperature [44]. Moreover, our observa-
tions to compare the effect of ciprofloxacin on the frequencies of the
CH2 stretching vibrations of DPPC and DPPG are consistent with the
higher quenching of ciprofloxacin by iodide, in DPPC:DPPG as
compared to DPPC vesicles [45]. Surprisingly, however, no effect in
steady-state polarization of TMA-DPH as a function of temperature
was observed when ciprofloxacin was added to DPPC:DPPG as
compared to the effect on DPPC [45]. Further investigations have to
be done in this respect to explain this intriguing observation.

Globally speaking the major effect of ciprofloxacin on DPPG as
compared to the one on DPPC confirmed the importance of the nature
of the polar heads of phospholipids. The role played by the
electrostatic interactions between ciprofloxacin and lipids has how-
ever to be confirmed using other negatively charged lipids than DPPG,
like phosphatidylserine, cardiolipin, sulfatides, gangliosides [46]. The
ability of ciprofloxacin to interact with lipids through hydrogen
bonding and van der Waals interactions must also be investigated.
This would explain the mode of insertion of ciprofloxacin within the
lipids.

The binding parameters as determined by steady-state fluores-
cence anisotropy were correlated with the mobility of phosphate
heads as determined by 31P NMR and the acyl chain order as
monitored by ATR-FTIR. Moreover, the increase of the area of DPPG
at the lipid–water interface as evidenced by conformational analysis
can be related to the local perturbations of the lipid bilayer observed
by 31P NMR which in turn may upset physiological properties of
membranes.

All our results support the existence of a primary step in a binding
of ciprofloxacin to the phospholipid bilayer surface and a possible
accumulation in enriched domains formed by negatively charged
lipids. This could allow the establishment of a concentration gradient
that would promote the diffusion of the drug through the bilayer.

This work thus provides new molecular insights in the interaction
between a fluoroquinolone antibiotic, as a drug model, and lipids
mimicking those found in bacterial and eukaryotic membranes.
Finally, these results suggest that biophysical studies combined with
conformational analyses might be a powerful additional tool for the
characterization of the interactions between antibiotics and lipids.
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General Discussion_____________________________________________ 

 
The biological functions of cell membranes are strongly coupled with their 

fundamental physicochemical properties. The membrane electrostatics, phase state, 

conformation, orientation and dynamics of the lipids components determine the overall 

membrane structure and control the binding, the transport and the correct insertion of 

drugs. Therefore, studying the physicochemical properties of lipid model membrane 

interacting with drug in vitro is an important task both for membrane biophysics and 

molecular pharmacology.  

In the context of this Thesis, focused on two antibiotics that act against bacteria 

primarily by interacting with intra-bacterial targets (DNA gyrase and DNA 

topoisomerase), passage through membranes is an essential requisite. Moreover, 

fluoroquinolones also show a fast accumulation in eukaryotic cells and show activity 

against intracellular bacteria, which implies that these drugs must also be able to pass 

across the pericellular and intracellular membranes. For these reasons, both prokaryotic 

and eukaryotic membranes have been modeled in our studies. 

Fluoroquinolones, however, are also subject to transmembrane transport via 

specialized proteins that play a critical role in their influx as well as in their efflux. Thus, 

in Gram-negative bacteria, passage through the outer membrane is critically dependent of 

porins through which the drug must pass to reach the inter-membrane space, before 

crossing the inner membrane (Bryan and Bedard, 1991;Ceccarelli, 2009). Efflux is 

observed not only in both Gram-negative and Gram-positive bacteria, but also in 

eukaryotic cells (Alvarez et al., 2008;Brillault et al., 2009;Michot et al., 2004;Michot et 

al., 2005). Efflux plays a critical role in reducing the intra-bacterial as well as the 

intracellular drug concentration, and contributes to decrease the activity of 

fluoroquinolones. The bacterial and cellular content in fluoroquinolones upon exposure to 

those drugs is actually governed by and is the result of a balance between mutually 

opposite mechanisms (Figure 27). 

Interestingly enough, MXF is, generally speaking, considerably less susceptible 

than CIP to efflux both in prokaryotic and eukaryotic cells (Luzzaro, 2008;Michot et al., 

2005), which explains its activity against bacteria that are resistant to CIP  through the 

expression of efflux transporters (e.g., NorA in S.aureus) and its larger accumulation 

compared to CIP in many eukaryotic cells.  
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Figure 27.Overview of the transport pathway of fluoroquinolones through bacterial and 

eukaryotic membranes. 

Fluoroquinolones can pass through porins channel (magenta tubes) in Gram-negative 

bacteria. In all cases (Gram-positive, Gram-negative bacteria and eukaryotic cells), they 

can reach intracellular compartment by crossing the naked plasma membrane, but can 

also be expelled back to the extracellular milieu via efflux pumps proteins (orange tubes). 

 

Studies performed in our laboratory have shown that this apparent lack of 

susceptibility to efflux by an eukaryotic transporter (Mrp4) is associated with a 

considerably faster passage of MXF in and out of the cells (Marquez et al., 2009). Our 

work was initiated to try providing a rational explanation to this intriguing phenomenon.  

For this purpose, a multidisciplinary approach aimed at characterizing and 

comparing the interaction of CIP and MXF with membrane models has been used.  

Fluorescence spectroscopy, a well established method for providing broad 

information on membrane properties, by using appropriate probes and examining their 

fluorescence characteristics (wavelength maximum, fluorescence intensity, polarization), 

was applied in conjunction with AFM, Langmuir, ATR-FTIR and NMR to provide 

complementary informations on the physicochemical properties of both fluoroquinolones 

and lipids. 

By analogy with previous studies examining the interaction of the macrolide 

antibiotic azithromycin and lipids (e.g. fluidity, membrane organization, elasticity) (Fa et 

al., 2007;Tyteca et al., 2003), our aim was to explore the importance and the nature of 

head groups and acyl chain of phospholipids in the mechanism of interaction between 
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CIP and MXF with lipid models membrane. Understanding at molecular level how CIP 

and MXF interact with appropriate model lipid membranes could, indeed, bring answers 

on their transport pathway cross the plasma and/or bacterial membranes. 

An overview of the interactions between CIP and MXF and lipid membranes 

mimicking the prokaryotic membranes (DPPG) and the eukaryotic membranes (DPPC) is 

presented in Figures 28 and 29. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Proposed schematic model for phospholipids (DPPC, DPPG) destabilization 

upon interaction with CIP. The antibiotic is represented by magenta square. The first step 

of interaction is the binding of CIP to the headgroups of phospholipids, which is stronger 

with negatively charged (DPPG) than with zwitterionic phospholipids (DPPC).  At pre-

transition temperature, CIP decreases the order of acyl chain of DPPG and increases it 

at post-transition temperature. However, CIP has no effect on thermotropic state 

transition profile of DPPC. 
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Figure 29.  (A) Schematic representation of the effect of fluoroquinolones (CIP versus 

MXF) on the acyl-chain of zwitterionic phospholipids (DPPC). Although both of drugs 

induce a decrease of the area per molecule, CIP induces more disorder and modifies the 

orientation of acyl chain, whereas MXF has a higher packing effect. (B) Proposed model 

for passage of these drugs through eukaryotic plasma membrane. CIP adsorbs first on the 

head group of phospholipids (1) before reaching the hydrophobic domain, where it could 

have access to the transmembrane domain of the efflux pump protein (2), allowing its 

recognition and transport outside of the cell. However, CIP could also reach the inner 

face of the membrane and be taken up by efflux transporter from the cytosol (3). MXF 

interacts more directly with hydrophobic domain of the membrane lipids (deeper along 

the acyl chain (a)), and could also pass to the extracellular compartment via the 

phospholipids bilayer (b), which may explain why it could be less subject of efflux pump 

from the cytosol. Another hypothesis could be that MXF is effluxed from the bilayer and 

immediately uptake suggesting a very fast turnover of the drug between the extracellular 

milieu and the membrane.  
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With respect to models mimicking the prokaryotic membranes, the main finding is 

that CIP binds more tightly to negatively charged (DPPG) rather than to zwitterionic 

(DOPC or DPPC) phospholipids, which may represent a primary step in the access of 

fluoroquinolones to the bacterial cytoplasm. These data suggest that the stability of CIP-

phospholipids interaction is strongly dependent upon the presence of a glycerol 

headgroup. This is in agreement with other studies (Grancelli et al., 2002;Vazquez et al., 

2001c), which reported the ability of CIP to bind to the headgroups of lipids by  

electrostatic interactions. This interaction could however be influenced by the presence or 

the position of hydrophobic substituent (e.g. N-4-butylpiperazinyl ciprofloxacin, N-3-

methylpiperazinyl ciprofloxacin versus. N-4-methylpiperazinyl ciprofloxacin)  (Montero 

et al., 2006). 

The role played by the nature of the phosphate heads in itself (Bensikaddour et al., 

2008b) is consistent with previous studies (Maurer et al., 1998;Vazquez et al., 2001c). 

Molecular modeling studies rationalize this conclusion by showing a differencee in 

the energies of interaction (∆∆G) between the (DPPG:CIP) and the (DPPC:CIP) 

complexes of about -9Kcal/mol. This implies that CIP forms a more stable complex with 

DPPG than DPPC. To corroborate the theoretical values with the experimental binding 

affinity data, we calculated energy of interaction using Gibbs’ equation 24: 

∆G = -RT ln K         [Eq. 24] 

where R is the gas constant (1.987 cal M-1K-1), T is the temperature in Kelvin and K is 

affinity constant at equilibrium. Our experimental data, however, suggest a much lower 

difference (-0.72 Kcal/mol) between (DPPG:CIP) and (DPPC:CIP) complexes. This may 

result from the effects of solvation and ionic strength, as these contribute to the 

experimental measurements, but are not taken into account in the theoretical calculations. 

Although, the difference in energy of interaction is less than 1 Kcal/mol, it might result 

from a compensating compromise between enthalpy and entropy of association.  

Furthermore, it seems that the presence of double bond in acyl chain can affect the 

stability of interaction. Indeed, the addition of DOPC, an analogue of DPPC phospholipid 

with one double bond (C18:1), to the vesicle formed with either DPPC or DPPG, 

decreases the energy of interaction.  In comparison with the energy of (DPPG 

vesicles:CIP) complexes, a ∆∆G25°of (-1.21Kcal/mol) is observed for (DOPC:DPPC 

vesicles;CIP) complexes, and a ∆∆G25°of (-0.58Kcal/mol) for (DOPC:DPPG vesicles 

;CIP) complexes. This could be related to the state order of phospholipids. As our 
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experiments were performed at room temperature, DOPC was in fluid state (Tm ≈ -20°C), 

which enhances the fluidity of the vesicles prepared with a (DOPC:DPPC) or a 

(DOPC:DPPG) mixture. 

 
These data support the contribution of electrostatic interactions between CIP and the 

polar heads of phospholipids. Because, phosphatidylglycerol is present at a high content 

in bacterial membranes, we believe that the major effects of CIP on these membranes 

should be related to its interaction with anionic lipid compounds. However, we do not 

know at this stage, whether this conclusion may be generalized to other negatively 

charged lipids. Regarding other fluoroquinolones such as grepafloxacin, it has been 

shown that it has a partition coefficient in DMPG ten times higher than in DMPC 

liposomes (Rodrigues et al., 2002). 

With respect to models mimicking the eukaryotic membranes, we show that MXF 

also interacts deeper than CIP, reaching the hydrophobic domain of the phospholipids 

(acyl chains). This is consistent with the observation that MXF induces (i) a larger 

erosion of the gel phase made of DPPC domains in the DOPC fluid phase phase than CIP, 

(ii) a higher shift of the surface pressure-area isotherms of DOPC: DPPC: FQs monolayer 

towards the lower area per molecule compared to CIP, which is also rationalized by the 

molecular modeling calculations. 

Globally speaking, we can therefore conclude that while CIP binds to membranes 

and induces a disorder by modifying the orientation of the acyl chain, MXF causes less 

perturbations probably because it has a higher tendency to decrease the number of all-

trans conformation as compared to CIP, without dramatic changes in the orientation of 

acyl chains as reveled by the analysis of polarized and non polarized ATR-FTIR spectra. 

This may explain, at least in part, the faster penetration of MXF in eukaryotic cells.  

 
Moxifloxacin and ciprofloxacin locations in the lipid bilayers 

 
According to our results, the differential behaviors between CIP and MXF could be 

due to differences in their lipophilicity (logD), which experimental studies  suggest to be 

around  (-0.79) for CIP vs. (-0.28) for MXF at pH 7.4 (Sun et al., 2002).  (This difference 

is probably due to the potential hydrophobicity and shape of the piperazinyl and the octa 

hydro-1H-pyrolo (3,4) pyridinyl moities of CIP and MXF, respectively). 
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Thus, MXF is located in a more hydrophobic environment of lipids, probably by 

creating a pocket at the interfacial domain and penetrating deeply into the membrane the 

lipid bilayer. In contrast, CIP seems to be located at surface level, near the head group-

acyl chain interface, since this drug interacts with head group of lipids, and modifies the 

orientation of acyl chain. 

These results are corroborated by epifluorescence and atomic force microscopy 

observations performed for CIP with monolayer of DPPC and supported planar bilayer of 

lipids extracted from E coli. The results show that CIP is able to adsorb on the 

phospholipid surface (Hernandez-Borrell and Montero, 2003;Montero et al., 2006).  

The localization of CIP and MXF was recently illustrated in the comparative study 

of their interaction with mixed micelles of phospholipids and OmpF protein. The OmpF 

porin is the most abundant channel in the outer cell wall of E.coli that allows the passage 

of fluoroquinolones through the outer membrane of this bacteria. The structure of this 

protein is a trimer and each monomer contains two tryptophan residues: Trp214 at the 

lipid-protein interface and Trp61 at the trimer interface (Figure 30).  

 

 

 

 

 

 

 

 

 

Figure 30. Views of OmpF organization: (A) a monomer shown from the side with the positions of the 

two Tryptophan residues (Trp61 and Trp214), shown in red and white, respectively and (B) the functional 

trimer shown from top (Mach et al., 2008). 
 

By using fluorescence quenchers (iodide or acrylamide) of tryptophan residues 

(Trp214 and Trp61) of OmpF protein, which is mixed in micelles of zwitterionic (DMPC) 

or anionic (DPMG) phospholipid, and in the presence of the two fluoroquinolones, Neves 

and coworkers (Neves et al., 2009) showed that: 
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i) CIP interacts with OmpF near Trp214 located at the protein-lipid interface 

ii) MXF interacts with OmpF near Trp61 located in an hydrophobic environment (in 

interior of the channel) 

Moreover, there was a possible destabilization of the lipid packing in the presence of 

MXF, in order to change the conformation of protein associated with the translocation of 

the drug. The negatively charged lipids (DMPG) surrounding protein can also modulate 

the conformation and dynamic of OmpF.  

These observations were confirmed by molecular dynamic simulations (Mach et al., 

2008).  
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Perspectives__________________________________________________ 

 
In the short term our work opens new perspectives to study the interactions between 

fluoroquinolones and lipids membranes. 

First, our approaches could be applied to others fluoroquinolones, with systematic 

and stepwise changes in their lipophilicity and overall structures. Some of these 

molecules are shown in Table 8, with potential candidate for investigating the role of 

hydrophobicity in their interactions with lipids membrane. A typical exemple is 

grepafloxacin, a fluoroquinolone with two methyl groups, and having an effect on the 

lipid transition temperature as monitored by TMA-DPH anisotropy (Rodrigues et al., 

2002).    

Table 8. Chemical structure of some fluoroquinolones that exhibit an increase of their 
lipophilicity. 

The reported log P (octanol: water partition coefficient) and log D (octanol/water 

partition coefficient at pH 7.4 were obtained from Reaxys software 

 

Molecular  structure logD at pH 7.4 logP 

Grepafloxacin 
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Second, our data about the binding of CIP to DPPG suggest an important role of the 

negatively charged of lipids head group on the one hand and the basic function 

(piperazine) of the drug on the other hand in the interaction. Yet, at least two 

fluoroquinolones, delafloxacin and nadifloxcain are now available in which the basic 

function in the piperazine group has been replaced by a mildly acidic one, as shown in 

Figure 31. These compounds show an enhanced activity at acidic pH, but nothing is 

known about their interaction with lipids.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31.  Chemical structure of delafloxacin (logD= 0.33 at pH7.4 and 1.81 at pH 

1.5) and nadifloxacin (logD= 0.55 at pH7.4 and 1.83 at pH 1.5) (from Reaxys software) 

 

In addition, others bacterial lipid membranes, such as cardiolipin (a negatively 

charged phospholipid) or phosphatidyl ethanolamine (a zwitterionic phospholipid), could 

be studied to examine the respective roles of the negative charges and of the glycerol 

moiety in the binding of CIP. Also, a relationship between the lipid membrane 

composition and the permeability of the fluoroquinolone compounds could be 

investigated by the Parallel Artificial Membrane Permeability Assay (PAMPA)(Sinko et 

al., 2009).  

 
In a broader context, our studies, together with those of Neves and coworkers about 

influx and of Michot and coworkers about efflux, suggest that minor changes in structures 

can be associated with a difference in recognition by transport proteins. Conversely, the 

lipid environment and the way the drug interacts with the bilayer could influence the 
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functions of the transporters. Indeed, their activity seems to be dependent on the lipid 

environment. The overexpression of efflux pump proteins has been shown to be 

associated with a change in the lipid composition of the membrane affecting mainly 

sphingolipids (ceramides and glucosylceramides) (Gouaze et al., 2004;Gouaze et al., 

2005;Lavie et al., 1996;Sietsma et al., 2001).  In this respect,  our preliminary studies on 

the identification and the quantification of lipids present in J774 cells wild type and those 

overexpressing Mrp4 protein (resistant to CIP) show that the latter exhibit a alteration in 

the sphingolipids composition, with an increased level of glucosylceramides, and a 

decreased content in ceramide and in sphingomyelin (Bensikaddour et al., unpublished 

data). Further analysis focusing on the determination of the lipid composition of J774 

cells overexpressing Mrp4 proteins vs. their wild type counterpars needs to be performed, 

for which mass spectrometry appears to be a promising method. 

Finally, a study examining the correlation between the membrane lipid composition 

and the expression of efflux pump protein(s) could shed more light on the role played by 

lipids in drug transport. 
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