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Abstract 
 

 

 

Collazos, Stephanie Ortiz; Pimentel, André Silva (Advisor). Physical-

chemical studies of the effect of antibiotic incorporation in the structure 

and molecular organization of clinical-grade lung surfactant 

monolayers and membrane models at the air-water interface. Rio de 

Janeiro, 2018. 112p. Tese de Doutorado - Departamento de Química, 

Pontifícia Universidade Católica do Rio de Janeiro. 

The lipo-proteic surfactant system acting at the alveolar interface is of vital 

importance for keeping functional the respiratory mechanics. Its impairments are 

associated with several pulmonary infections. Drug delivery systems based on 

animal-derived lung surfactants are complex making it difficult to understand the 

individual role of guest molecules in membrane interactions. Here we present a 

characterization of a clinical-grade porcine lung surfactant extract mixed with the 

antibiotics Levofloxacin and Clarithromycin, using a multi-technique approach –

in conjunction with the Langmuir-monolayer methodology– consisting of surface 

pressure-area isotherms, Brewster angle microscopy (BAM), polarization 

modulation-infrared reflection-adsorption spectroscopy (PM-IRRAS), neutron 

reflectometry (NR), in vitro assays, and molecular dynamics simulations. The 

effect of both antibiotics in the structure of porcine lung surfactant monolayers as 

well as in DPPC monolayers was examined. It was revealed that the 

stability/integrity of the monolayers is preserved in the presence of both drugs. 

The mixed antibiotic/lung surfactant systems enhance the antibacterial activity 

against Gram-positive (Bacillus cereus) and Gram-negative (Escherichia coli) 

bacteria. These findings provide new insights into the optimization of efficient 

drug delivery systems for the treatment of pathological conditions at the 

respiratory level. 
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Resumo 
 

 
Collazos, Stephanie Ortiz; Pimentel, André Silva. Estudos físico-químicos 

sobre o efeito da incorporação de antibióticos na estrutura e 

organização molecular de monocamadas de surfactante pulmonar de 

grau clínico e em modelos de membrana na interface ar-água. Rio de 

Janeiro, 2018. 112p. Tese de Doutorado - Departamento de Química, 

Pontifícia Universidade Católica do Rio de Janeiro. 

O surfactante pulmonar é um sistema lipo-proteico que atua na interface 

alveolar com vital importância para manter funcional a mecânica respiratória. Os 

comprometimentos na sua função estão associados a diversas infecções 

pulmonares. Os sistemas de administração de fármacos baseados em surfactantes 

pulmonares derivados de animais são complexos, dificultando a compreensão do 

papel individual das moléculas hóspedes nas suas interações com a membrana. 

Aqui apresentamos uma caracterização de um extrato surfactante de pulmão 

porcino de grau clínico misturado com os antibióticos Levofloxacina e 

Claritromicina, usando uma abordagem multi-técnica – em conjunto com a 

metodologia de monocamadas de Langmuir– consistindo de isotermas de pressão 

de superfície-area, microscopia de ângulo de Brewster (BAM), espectroscopia de 

reflexão-absorção do infravermelho com modulação da polarização (PM-IRRAS), 

reflectometria de nêutrons (NR), ensaios in vitro e simulações de dinâmica 

molecular. Avaliou-se o efeito de ambos os antibióticos na estrutura das 

monocamadas de surfactantes de origem porcino bem como em monocamadas de 

DPPC. Foi revelado que a estabilidade / integridade das monocamadas é 

preservada na presença de ambas as drogas. Os sistemas mistos de antibiótico / 

surfactante pulmonar aumentam a atividade antibacteriana contra bactérias Gram-

positivas (Bacillus cereus) e Gram-negativas (Escherichia coli). Essas descobertas 

fornecem novas percepções sobre a otimização de sistemas eficientes de 

administração de medicamentos para o tratamento de condições patológicas no 

nível respiratório. 

 

Palavras-chave  

Surfactante pulmonar; Curosurf; Levofloxacina; Claritromicina. 
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1  
Introduction 

What is the importance of interface science? Interface science is a branch of 

study that involves the chemical/physical interactions that take place at the level 

of the boundaries edges –between phases– that constitute a system; as dominant 

aspects on the behavior of a whole system. This sets the foundation for the 

development of applied and interdisciplinary science. 

 

At this point, the surfactant-based drug delivery systems research has allowed the 

appearing of more effective and less-invasive strategies for controlled release of 

drugs. In addition, biomimetic membrane systems investigations give new 

insights to understand the relationship between structure and function of mixed 

systems carrying therapeutical agents. Nevertheless, smart delivery systems 

demand a deep understanding of the interactions with target molecules, as well as, 

the biophysical properties at the nano-scale to overcome remaining 

physicochemical and biological barriers. 

 

Natural lung surfactant is a lipoproteic fluid produced in the alveolar epithelium 

with a dual function: to lower the surface tension of the thin liquid film that lines 

the respiratory epithelium, as well as to act as a host defense against inhaled 

pathogens and particles(LOPEZ-RODRIGUEZ; PÉREZ-GIL, 2014). In this way, 

natural lung surfactant constitutes an essential lipid-protein complex that 

guarantees the gas exchange and consequently the organism gets the necessary 

energy to keep normal cell functions.  

 

Exogenous lung surfactant is a lipoproteic extract from mammalians lungs 

(bovine/porcine) that have been used to replace the natural lung surfactant when 

there is a lack or dysfunction of it (HAITSMA; LACHMANN; LACHMANN, 

2001; HIDALGO; CRUZ; PÉREZ-GIL, 2015). Frequently, disorders in natural 

lung surfactant function have been related to the presence of pathogens agents 
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conducting inflammatory processes. Accordingly, exogenous lung surfactant 

replacement therapy carrying therapeutic drugs directly to lungs have been used as 

a synergistic methodology to treat surfactant function impairments, at the same 

time that minimizes side effects.  

 

However, the introduction of a drug substance in the lung surfactant membrane 

could eventually compromise its structure, organization, stability, and interfacial 

properties as well as impairs the efficiency of the therapeutical agent. Due to this, 

a deep assessment of the interactions between the drug and the components of the 

lung surfactant extract can contribute to design a constructive interplay in 

respiratory formulations. Owing to this, the present doctorate thesis shows an 

overall and interdisciplinary study about the structure and the interactions between 

a porcine lung surfactant extract (Curosurf) with two different types of antibiotics 

(Levofloxacin and Clarithromycin) used for pneumonia treatment as well as with 

DPPC monolayers,  mimicking the lung surfactant function at the air-water 

interface.  

 

We believe that the aim of this work will help to promote the development of a 

new treatment for pneumonia with a low dose and fewer side effects. Our results 

firmly suggest that Levofloxacin and Clarithromycin incorporation, at least up to 

the fractions used in this work, will not interfere in the normal physiology of the 

lung surfactant system. 
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2 
Theoretical foundation 

In this chapter, a succinct background about the main concepts related to 

this doctorate thesis is provided. In section 2.2 and 2.3, an overlook on the state of 

the art in the context of this thesis is presented and discussed. 

 

2.1 
Lung surfactant: Composition, structure, and function 

Natural lung surfactant is the essential surface-active agent that lines the 

pulmonary alveoli to lower the surface tension and prevent the alveolar collapse – 

as the alveoli become smaller during expiration– (PEREZ-GIL, 2010) during the 

respiratory process. The surface-active agent, produced by type II pneumocytic 

cells secreted in the form of multilamellar structures, consists of 90% lipids and 5-

10% proteins. In the lipid content, 80-90% are phospholipids (PL), 70-80% of 

which are phosphatidylcholines (PC), approximately half of which is 

Figure 1. Structure of the main lipid constituents of lung surfactant. 

DPPC 

POPC 

DPPG 
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dipalmitoylphosphatidylcholine (DPPC)(DUNCAN; LARSON, 2008) (Fig.1). 

Phosphatidylglycerol (PG) comprises approximately 10% of the lipid pool and 

small amounts of neutral lipids (∼5-10 wt.%), primarily cholesterol, and α-

tocopherol along with remaining PC molecular species mainly unsaturated as 

palmitoyl-oleoyl phosphatidylcholine (POPC)(CASALS; CAÑADAS, 2012) are 

also found. For a detailed description of most constituents, the readers are referred 

to Zhang et al. (2011)(ZHANG et al., 2011b). 

 

The main function of this surfactant complex is to facilitate the respiratory 

mechanics, minimizing the energy that the lung tissue must provide to keep the 

gaseous exchange surface open and exposed during the successive inspiration-

expiration cycles(PEREZ-GIL, 2010); which increases the pulmonary compliance. 

In physical chemistry, pulmonary alveoli can be considered as a balloon filled 

with air and surrounded by a thin liquid film. In consequence, the pressure 

difference sustained across the alveoli capillary membrane, i.e. the interface 

between two static fluids can be described through the Young–Laplace 

equation(BERNHARD, 2016) (1): 

 

∆𝜌 =
2𝛾

𝑟
          (1) 

 

where ∆𝜌 is the pressure difference across the fluid interface, 𝛾 is the surface 

tension and 𝑟 the radius of the alveolus. During the respiration process, 

specifically, at the end of expiration, the lung surfactant concentrate at the air-

water interface of the alveoli membrane to act against the collapsing force that 

tends to reduce the surface area, thus reducing the pressure difference inside the 

alveoli and preventing the lung collapse. Besides, the natural lung surfactant has a 

second essential function: to act as the first barrier against inhaled pathogens and 

toxins, and indeed a defense system which also depends on its protein 

composition. 

 

Although natural lung surfactant is mainly composed of lipids, and DPPC – which 

is responsible for the reduction of surface tension in the lungs to near-zero –

(DUNCAN; LARSON, 2008) is the primary component of lung surfactant; 
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proteins make up 10% of lung surfactant, which can be divided into two groups; 

the hydrophilic proteins SP-A and SP-D, and the hydrophobic proteins SP-B and 

SP-C (HAITSMA; LACHMANN; LACHMANN, 2001) (Fig.2). According to the 

literature, the biophysical properties of natural lung surfactant largely depend on 

the presence of the SP-B and SP-C hydrophobic proteins. These proteins are 

crucial for surfactant activity inside the alveoli and their incorporation into lipid 

mixtures promotes proper interfacial adsorption, film stability, and re-spreading 

abilities(ALONSO et al., 2004). When the surfactant film, at the alveolar spaces, 

reaches surfaces tensions lower than 25 mNm-1 (surface pressures higher than 45 

mNm-1) during compression, it folds through three-dimensional transitions, 

creating multilamellar reservoirs excluded from the interface, which maintains 

minimal tensions (or maximal pressures). At this stage, the SP-C protein appears 

to facilitate the folding of the interfacial films, the exclusion of certain fluid lipids 

and lipid/protein complexes from the interface and the formation of three-

dimensional phases(ZHANG et al., 2011b). SP- B, on the other hand, stabilizes 

the interfacial film and supports the formation of membrane–membrane contacts, 

providing mechanical stability to the compressed multi-layered films. Upon 

Figure 2. Three‐dimensional models of surfactant proteins and natural lung 

surfactant structures. Adapted from Casals and Cañadas, 2012(CASALS; 

CAÑADAS, 2012) and Perez-Gil, 2008(PÉREZ-GIL, 2008). 
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expansion, SP-B and SP-C are thought to promote insertion and re-spreading of 

the phospholipids from the reservoirs back into the interface(HIDALGO; CRUZ; 

PÉREZ-GIL, 2015; ZHANG et al., 2011a). On the other hand, the hydrophilic 

proteins SP-A and SP-D have the ability to bind with carbohydrates and lipids to 

function as antimicrobial agents against a range of viruses, bacteria, fungi, 

etc(HIDALGO; CRUZ; PÉREZ-GIL, 2015; LOPEZ-RODRIGUEZ; PÉREZ-GIL, 

2014; MUKHERJEE et al., 2008; PARRA; PÉREZ-GIL, 2015; VELDHUIZEN; 

HAAGSMAN, 2000).  

 

As seen so far, lung surfactant has a vital function in air-breathing organisms. The 

pathological consequences of lack, deficiency or dysfunction of lung surfactant in 

mammalians are severe. Acute respiratory distress syndrome (ARDS) is a serious 

pulmonary condition in which fluid collects in pulmonary alveoli, depriving 

organs of oxygen. This condition occurs when there is a significant trauma as 

sepsis (a blood infection), severe pneumonia, aspiration or shock from any cause, 

which led to lung surfactant inhibition or inactivation. ARDS is also a common 

cause of death in premature infants due to lung immaturity; however, it can affect 

adult patients with severe lung injury(ISKANDER, 2011).  

 

Due to the overall similarities in lung surfactant composition among mammals, 

organic solvent extracts of natural lung surfactant are used as exogenous 

formulations in preventing ARDS to significant extents(MUKHERJEE et al., 

2008). Clinical formulations like Survanta®, Infasurf®, and Curosurf®, etc., are 

animal-derived surfactants FDA-approved in the USA, and widely used in the 

Western countries(RAGHAVENDRAN; WILLSON; NOTTER, 2012). A list of 

mostly used clinical substitutes of natural lung surfactant can be found in Table 1. 
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Table 1. Lipid and protein compositions of mostly used clinical surfactants(ZHANG et al., 

2011b). 

Animal derived surfactants Composition in percentage 

Generic/Trade 
name 

Source PC/DPPC Cholesterol SP-B SP-C 

Beractant 
(Survanta) 

Bovine 
lung mince 

71/50 <0.2 0.04 0.9 

Calfactant 
(Infasurf) 

Calf lung 
lavage 

79/43 5-8 0.9 0.7-1.3 

Poractant alfa 
(Curosurf) 

Porcine 
lung mince 

69/47 0 0.4 0.7 

BLES Bovine 
lung lavage 

77/41 2-3 0.5 1.5 

 

2.2 
Exogenous lung surfactant as a drug delivery system 

The respiratory system possesses important advantages that facilitate to address 

drugs release and absorption. The lungs have a large surface area (approximately 

100 m2 for a human adult), and typical features of the thin alveolar epithelium 

coating their inner surface include high permeability and significant 

vascularisation. In addition, the low alveolar enzymatic activity results in a very 

slow clearance of drugs, compared to other ways of administration. Therefore, the 

bioavailability of different types of molecules is considerably better than when 

they are delivered through conventional methods (oral, topical or injected), 

especially for poorly water-soluble drugs(HIDALGO; CRUZ; PÉREZ-GIL, 

2015). Thus, the idea of using lung surfactant as a drug transporter started to be 

developed in the late 1990s, when it was hypothesized that delivering drugs in 

combination with the pulmonary proteolipidic material could increase the local 

effectiveness while minimizing systemic side effects(HAITSMA; LACHMANN; 

LACHMANN, 2001; HIDALGO; CRUZ; PÉREZ-GIL, 2015; KHARASCH et 

al., 1991; VAN ’T VEEN et al., 1996). Currently, many authors have explored the 

incorporation of both drugs and nanoparticles in lung surfactant replacement 

therapies for the treatment of pneumonia and others pulmonary pathologies. In 

this regard, Wang et al.,(WANG et al., 2012) has carried out a study to 

characterize the biophysical interaction between a natural surfactant preparation 

(Infasurf) and two commonly used inhaled corticosteroids, budesonide and 

beclomethasone dipropionate (BDP). Based on surface activity measurements by 

the Langmuir balance and lateral film structure studies by atomic force 
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microscopy (AFM), their findings suggest that when Infasurf is used as a carrier, a 

budesonide concentration less than 1 wt % of surfactant or a BDP concentration 

up to 10 wt % should not significantly affect the biophysical properties of 

Infasurf, thus being feasible for pulmonary delivery. This study further suggests 

that different affinities to the surfactant films are responsible for the different 

behavior of budesonide and BDP. Later, Banaschewski et al.,(BANASCHEWSKI 

et al., 2015) have tested and compared various antimicrobial peptides (AMPs) 

suspended in a bovine lipid-extract surfactant (BLES) by assessing surfactant-

AMP mixture biophysical and antimicrobial functions by AFM and surface 

tension measurements (sessile drop technique). They observed that all 

AMP/surfactant mixtures exhibited an increase of spreading compared to a BLES 

control, but their bactericidal activities are highly reduced in the presence of 

BLES due to the charged phospholipids present in the lung surfactant. Solving 

this issue, the results support the proof of concept that AMP-based surfactant can 

be utilized for the therapy of bacterial infections. 

 

Thus far, many of the scientific studies in this area are limited to several 

preclinical assays and just a few of them have applied in deep 

morphological/structural assessments. This is due in part to the complex 

composition and organization of the lung surfactant system(BASABE-BURGOS 

et al., 2018). Such complexity makes the task of unraveling the influence of 

therapeutical agents on the biophysical properties of the surfactant system 

difficult, and vice-versa. Therefore, DPPC is often used to represent the saturated 

lipid component and POPC or POPG the unsaturated lipid components in 

Langmuir monolayers, which are frequently used as model 

membranes(BRINGEZU et al., 2001; PICARDI et al., 2011). 

 

2.3 
Antibiotics and model lung surfactant monolayers 

Since the presence of pathogens agents in the airways has been related with 

disruption of the pulmonary surfactant system and inflammation processes, one of 

the main concerns related to the treatment of patients with pulmonary infection is 

to address antibiotics directly to the pulmonary tissue to minimize systemic side 
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effects and impairment of the surfactant function(HAITSMA; LACHMANN; 

LACHMANN, 2001; WRIGHT et al., 2001).  

 

 

One of the most spread and commonly used antibiotics for the treatment of lower 

respiratory tract infections are fluoroquinolones. The fluoroquinolones are  

synthetic  fluorinated  analogs of  nalidixic  acid,  a  1,8-naphthyridine  that  

possess a 4-quinolone nucleus –a naphthyridone– (see Fig.3a). These compounds 

are potent broad-spectrum bactericidal, offering excellent activity against Gram-

negative, Gram-positive, and atypical pathogens (e.g. against Streptococcus 

pneumoniae and Staphylococcus aureus)(TORRES; LIAPIKOU, 2012). Thus, 

fluoroquinolones remain as the most common antibiotics used globally by 

intravenous and oral administration(LODE; ALLEWELT, 2002; VARDAKAS et 

al., 2008). Among fluoroquinolones, Levofloxacin is a third-generation 

fluoroquinolone which has been emerged as one of the most prominent members 

of the quinolone class and is extensively used in the treatment of community-

acquired respiratory infections. Levofloxacin –a soluble 1,8-cyclo compound–

(SHARMA; JAIN; JAIN, 2009; TORRES; LIAPIKOU, 2012; ZHANEL et al., 

2002) (Fig.3b) has been considered a valuable respiratory therapeutic agent 

included on the World Health Organization's list of essential medicines, as one of 

the most effective and safe medicines needed in a health system(WORLD 

HEALTH ORGANIZATION, 2015) due to its high and proved safety and 

tolerability. 

 

On the other hand, a second class of antibiotic molecules useful in treating 

respiratory infections are the macrolides. Macrolides are a large class of complex 

A) B) 

Figure 3. Naphthyridone ring, nucleus structure of fluoroquinolones (Left). 

Levofloxacin structure (Right). 
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antibiotics molecules with a high molecular weight (greater than 500 g mol-1), 

consisting of, at least, 12- to 16-membered macrolactone ring. The ring is 

commonly substituted by hydroxyl groups and one or more deoxy sugars, usually 

cladinose and desosamine(STEPANIĆ et al., 2012). Like drugs, they have been in 

widespread clinical use for over 50 years and are effective against Gram-positive 

and certain Gram-negative microorganisms. Besides, macrolide antibiotics are 

considered to be one of the safest antibiotic treatments available, with a drug 

hypersensitivity reaction prevalence of 0.4% to 3% of all treatments(CHIRIAC; 

DEMOLY, 2015). In addition, their relative safety makes macrolides the drugs of 

choice for many respiratory infections in pediatric patients(KANEKO; 

DOUGHERTY; MAGEE, 2007). Recently, macrolides have been reported to 

possess wider biological activities such as anti-inflammatory, antitumor, and 

antimalarial properties. They are also used against respiratory tract infections by 

Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella 

catarrhalis(KOSOL et al., 2012). A reason for the success of macrolides as drug 

molecules is their favorable pharmacological/physicochemical properties, besides 

its high accumulation in cells and tissues as well as high binding to lipids(MUNIĆ 

et al., 2011). Clarithromycin is a second-generation broad-spectrum macrolide 

antibiotic (Fig.4) developed in 1980, which has been widely administrated for the 

treatment of lower respiratory tract infectious bacteria such as Chlamydophila 

pneumoniae, Klebsiella pneumonia, Pseudomonas aeruginosa, and Mycoplasma 

pneumonia(DIMER et al., 2015; MOGHADDAM et al., 2013). Clarithromycin –

6-O-methylerythromycin A–, also included on the World Health Organization's 

List of Essential Medicines, emerged through efforts to improve the predecessor 

antibiotic erythromycin that experience acid instability in the digestive tract, 

causing side effects, such as nausea and stomachache(GREENWOOD; IRVING, 

2012). 
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Traditionally, the treatment of respiratory infections consists on high doses of 

single or combined antibiotics administered by oral or intravenous route, which 

induce undesirable side effects mainly due to high systemic bioavailability. Drug 

association to an effective transportation system offers a targeted route of 

administration with several advantages over conventional dosage forms(SALEM; 

FLASHER; DÜZGÜNEŞ, 2005). The local route of drug administration allows 

one order of magnitude-lower drug doses to be delivered, compared to systemic 

administration by the oral route or by injection. The low dosing locally reduces 

systemic exposure to the drug, and thereby systemic side effects, and increases the 

drug therapeutic index(LOIRA-PASTORIZA; TODOROFF; VANBEVER, 

2014). Hence, the design of innovative strategies for drug delivery to the alveoli 

membrane is getting more attention as a non-invasive route of drug release for the 

most pharmaceuticals. In this context, drug delivery systems directly to airways 

are a promising route of administration for active agents such as Levofloxacin and 

Clarithromycin(ALHAJLAN; ALHARIRI; OMRI, 2013; CHEOW; CHANG; 

HADINOTO, 2010; CHEOW; HADINOTO, 2011; DIMER et al., 2015; FORIER 

et al., 2014; JESÚS VALLE; GONZÁLEZ LÓPEZ; SÁNCHEZ NAVARRO, 

2008; MOGHADDAM et al., 2013; PARK et al., 2013; TOGAMI; CHONO; 

MORIMOTO, 2012; YE et al., 2017). 

 

As many of these strategies involve the encapsulation of drugs inside lipid 

nanocarriers or its merge with exogenous pulmonary surfactant preparations, the 

specific role of individual components as well as the physicochemical impact of 

Figure 4. 6-O-methylerythromycin A structure. 
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the lipid/drug interactions on the biophysical structure of the targeted membrane, 

must be fully deciphered and understood(MORENO-SASTRE et al., 2015). 

Thereby, Langmuir monolayers at the air-water interface provide accessible 

models for studies of lung surfactants and other amphiphilic molecules at the air-

alveolus interface. Langmuir studies on lipid monolayers can be achieved over the 

surface of water/buffer using a surface Langmuir balance. This technique allows 

for various parameters such as lipid composition, subphase, and temperature to be 

controlled to mimic biological conditions. Changes in the lipid monolayer 

morphology at the air-water interface can be studied by in situ Brewster angle 

microscopy to the 2D Langmuir monolayers(C. PEETLA, A. STINE, 2009). 

Besides, many other techniques such as Infrared reflection-absorption 

spectroscopy (IRRAS) can be used to investigate the effects of the interaction of 

drugs or drug delivery systems on lipids. An advantageous and well-proven 

approach in monolayer biophysics termed polarization modulation-infrared 

reflection-adsorption spectroscopy (PM-IRRAS), applied over lipid monolayers in 

situ, provides unique molecular structure and orientation information from the 

Langmuir films constituents, without interfering effect of water vapor and carbon 

dioxide on the modulated reflectivity(MENDELSOHN; MAO; FLACH, 2010). 

 

In this context, Bensikaddour, et al.,(BENSIKADDOUR et al., 2008a) have been 

investigated the interactions of two fluoroquinolone antibiotics (Ciprofloxacin and 

Moxifloxacin) with lipid monolayers/bilayers composed of DPPC/DOPC, using 

an array of complementary techniques. To gain further information at the 

molecular level on the interaction between Ciprofloxacin and lipids they studied 

the effect of increasing amounts of antibiotics on surface pressure-area isotherms 

(π-A) coupled with ATR-FTIR. Their studies indicate that there is a relationship 

between the lipid chain conformation and orientation with changes in membrane 

properties and the ability of drugs to diffuse through membranes determined by 

the drug lipophilicity. AFM imaging of supported lipid bilayers showed that 

Moxifloxacin induced, to a greater extent than Ciprofloxacin, an erosion of the 

DPPC domains in the DOPC fluid phase, while Langmuir studies show a 

condensing effect of the monolayer in the presence of both drugs. Additionally, 

the same authors published studies using Ciprofloxacin on [DOPC:DPPC] and 

[DOPC:DPPG] liposomes demonstrating that the interactions of this antibiotic 
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with lipids depend markedly on the nature of their phosphate head groups and that 

Ciprofloxacin interacts preferentially with anionic lipid compounds, like 

phosphatidylglycerol(BENSIKADDOUR et al., 2008b). Further, Montero et 

al.,(MONTERO; MERINO-MONTERO; VINUESA, 2006) have discussed the 

interaction of Ciprofloxacin and two methyl derivative isomers of the drug with 

liposomes and supported planar bilayers composed of lipids from microbial 

membranes of Escherichia coli (i.e. phosphatidylethanolamine, 

phosphatidylglycerol, cardiolipin, etc). The experiments have shown that the three 

fluoroquinolones interact electrostatically with the bilayer, however, inducing 

different changes in height, roughness, and area covered by the supported planar 

bilayers. This result provides evidence for a different interaction of each antibiotic 

at the membrane-water interface. Previous studies from the same authors related 

to the interaction between, Ciprofloxacin and its pentyl derivative, with 

membranes models such as liposomes and monolayers using calorimetric and 

surface balance techniques(MONTERO; HERNÀNDEZ-BORRELL; KEOUGH, 

1998), demonstrated that hydrophobicity of the drug had a role in determining the 

nature of drug-membrane interaction as seen in greater perturbations of the lipid 

packing by pentyl Ciprofloxacin. Their overall observations led to conclude that 

drug membrane solubility might have some effect on the pharmacokinetics of the 

drugs in the cells. Moreover, Grancelli et al.,(GRANCELLI et al., 2002) reported 

studies of the interaction between Ciprofloxacin and its N-4-butylpiperazinyl 

derivative with DPPC (vesicles/monolayers) as a model membrane. Their work 

described that both fluoroquinolones might be surface active drugs that interact at 

the lipid-bilayer interface where the headgroups are located. Their experiments 

provide evidence that fluoroquinolones have an effect on the headgroup ordering 

and/or average orientation of the DPPC headgroups, which appears to depend on 

the phospholipid gel/fluid phase. Monolayer experiments point to the possibility 

that Ciprofloxacin could be segregated or ‘squeezed-out’ from the phospholipid 

environment which could have an influence on a slower efflux activity for some 

bacteria. 

 

Regarding lipid/drug studies with macrolides, Azithromycin is another antibiotic 

drug that has been widely investigated for its interactions with phospholipids. 

Tyteka et al.,(TYTECA et al., 2003) have studied the effect of 
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Azithromycin/phospholipid interactions on membrane organization and fluidity 

using Langmuir-Blodgett monolayers, liposomes, and J774 macrophages as cell 

membrane models. Equilibrium dialysis and 31P NMR revealed that Azithromycin 

binds to lipidic model membranes and decreases the mobility of phospholipid 

phosphate heads. In contrast, Azithromycin had no effect deeper in the bilayer, 

based on fluorescence polarization measurements. AFM showed that 

Azithromycin perturbed lateral phase separation in Langmuir-Blodgett 

monolayers, indicating a perturbation of membrane organization in lateral 

domains. They conclude that Azithromycin directly interacts with phospholipids, 

modifies biophysical properties of the membrane and affects membrane dynamics 

in living cells, which it is likely to be related with perturbation of endocytosis. On 

the other hand, Berquand et al.,(BERQUAND et al., 2005) have investigated the 

effect of this macrolide antibiotic on the molecular organization, fluidity, and 

permeability of DPPC:DOPC, DPPE:DOPC, SM:DOPC, and SM:Chol:DOPC 

lipid vesicles. Their studies demonstrated that the influence of the drug on lipidic 

domains strongly depends on the lipid nature. Azithromycin was able to erode gel 

domains of DPPC and DPPE domains embedded in a fluid DOPC matrix, but had 

no effect on SM or SM:cholesterol domains. Fa et al.,(FA et al., 2007) have 

studied the effect of Azithromycin on the elastic properties of DOPC giant 

unilamellar vesicles (GUVs). Microcinematographic and morphometric analyses 

revealed that the addition of azithromycin increases lipid membrane fluctuations, 

leading to the eventual disruption of the largest GUVs. Azithromycin decreased 

both the bending modulus and the apparent area compressibility modulus of the 

lipid membrane. Thus, the data shows that azithromycin can alter the elastic 

properties of DOPC lipid bilayers by decreasing the coercive energy between 

DOPC molecules(C. PEETLA, A. STINE, 2009). In addition, Ceccarelli et 

al.,(CECCARELLI et al., 2015) investigated the insertion of Azythromycin into 

preformed Langmuir monolayers of pure DPPC and mixed DPPC/DPPS 

(dipalmitoylphosphatidylserine), using adsorption experiments. Their results 

reveal that the antibiotic did not show any surface activity nor induce an increase 

of the surface pressure, indicating none or very limited interaction with the DPPC 

monolayer. Moreover, in the presence of DPPS, azithromycin induced an 

appreciable increase Δπ probably due to the possible electrostatic interactions 

between DPPS and the protonated amino-groups of the drug. This is in agreement 
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with the previous investigations from Berquand et al.,(BERQUAND et al., 2005) 

where they show that the interaction of the lipid membranes with the antibiotic is 

strongly dependently on the lipid nature. Further studies from Dynarowicz-Łątka 

et al et al.,(DYNAROWICZ-ŁĄTKA et al., 2005; HAC-WYDRO et al., 2005a, 

2005b) have explored the influence of Amphotericin B (AmB) –an antifungal 

medication subgroup of the macrolide antibiotics which exhibits similar structural 

elements– into Langmuir monolayers formed by sterol/DPPC lipids, showing that 

AmB strongly interacts with sterols in monolayers. The interactions with 

cholesterol are preferred as compared to ergosterol. On the other hand, the 

interactions between AmB and DPPC are not significant, and therefore larger 

amount of “free” AmB molecules can interact with both cholesterol and 

ergosterol. Instead, some AmB derivatives of the second generation seem that, in 

the presence of phospholipids, turns immobilized by its interactions with DPPC. 

 

As seen so far, the molecular properties of lipids and its interactions with drugs 

can modulate membrane processes. Since the molecular interactions between 

them are highly dependent on their own physical-chemistry nature, it is necessary 

to study any membrane model as independent and aims to unveil the molecular 

mechanisms involved. Molecular arrangement changes have been inferred from 

morphological studies, but have not been shown via direct measurements of the 

phase structure. 

 

2.3 
About the layout of this manuscript 

This doctorate thesis is an article-based one, which means that the section 

"Results and discussion" is an adaptation of journal papers already 

published/submitted. For the sake of simplicity, the material and methods (Section 

3) are introduced in the traditional way. When the reader reaches the papers 

section (Section 4 to Section 6), it is just referred backward in Section 3 in order 

to understand the methodology.  
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3 
Materials and methods 

Since this thesis is based on an article layout, the methodology will be 

presented here and omitted in the respective articles. The papers will only focus 

on the presentation of the results and discussion. 

 

3.1 
Langmuir monolayers 

3.1.1 
Curosurf experiments 

Spectroscopic chloroform grade (greater than 99.99%) used to prepare spreading 

solutions for the Langmuir monolayers was purchased from Sigma-Aldrich, 

Brazil, while the natural lung surfactant (Curosurf) was obtained from Chiesi 

Farmacêutica Ltda. Curosurf is an animal-derived surfactant extract, prepared 

from porcine lungs, containing almost exclusively polar lipids, in particular, 

phosphatidylcholine (about 70% of total phospholipid content), PG and other 

lipids (about 30% of total phospholipid content), and about 1% of hydrophobic 

proteins SP-B and SP-C. Levofloxacin and Clarithromycin were donated by Aché 

Laboratórios Farmacêuticos. The solvents chloroform and acetone used for 

cleaning were of ACS grade, purchased from Vetec, Brazil. The water used 

throughout the experiments was supplied by a Milli-Q Integral 10 purification 

system from Millipore USA (resistivity 18.2 MΩ·cm). For the Langmuir 

experiments, 20 µL chloroform solutions (∼0.4 g L-1) of natural lung surfactant 

were spread, in some cases containing Levofloxacin. The PTFE Langmuir trough 

(dimensions 300 × 75 mm2) housed in a class 10,000 clean room, was provided 

with two mechanical barriers symmetrically controlled by a KSV-Nima computer 

interface (Biolin Scientific, Finland). A waiting time of 10 min was allowed for 

chloroform evaporation and monolayer equilibration, before the surface pressure - 

area (π-A) isotherms were recorded at a compression rate of 10 mm min-1. The 

isotherms are reported as an average of at least three measurements. 
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The surface compressional modulus (CS
-1), also known as the in-plane elasticity, 

was calculated from the surface pressure isotherms using the expression: 

 

𝐶𝑆
−1 = −𝐴 (

𝜕𝜋

𝜕𝐴
)     (2) 

 

where π is surface pressure and A is the trough area(DAVIES; RIDEAL, 1963; 

DYNAROWICZ-LA̧TKA et al., 2001) 

 

3.1.2 
DPPC experiments 

Fully hydrogenated (h-) and tail deuterated (d62-) DPPC were purchased from 

Avanti Polar Lipids. Stock solutions of DPPC, with and without antibiotics, were 

prepared in HPLC grade chloroform (Sigma-Aldrich). Monolayers of pure lipid 

DPPC and mixed with the drugs were prepared by spreading 30 µL solution (1 

g.L-1 in chloroform) over a Milli-Q water subphase in the Langmuir trough, under 

the same conditions mentioned before. Mixed DPPC/antibiotic systems for each 

drug were prepared at three concentrations relative to DPPC stock solution (i.e., 

0.1, 1 and 10%). Compressional modulus values were obtained by numerical 

calculation of the first derivative from the isotherm data according to the 

expression (2)(TOIMIL et al., 2012). Isotherms were carried out both independent 

of, and in conjunction with, NR, BAM and PM-IRRAS measurements 

individually, at different surface pressures. 

 

3.2 
Brewster angle microscopy 

Lipid monolayers in the BAM experiments were prepared under the same 

conditions as described before. During the imaging procedure, BAM images were 

recorded periodically throughout continuous compression, using a Nima trough 

coupled with an ultra-objective BAM 2 Plus microscope (Nano Film EP4 

Technology, Germany) connected to a high-quality GigE CCD camera and 

appropriate 480 nm laser. The monolayer morphology was evaluated by 

inspecting the image: darker regions with no light reflection, result from a clean 
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water surface or lower density lipid coverage, while the brighter spots correspond 

to dense monolayer domains(GERALDO et al., 2013; PINHEIRO et al., 2013b). 

 

3.3 
Polarization-modulation infrared reflection absorption spectroscopy 

PM-IRRAS measurements were taken with a KSV PMI 550 instrument (KSV 

instruments Ltd., Helsinki, Finland). The Langmuir trough is placed in a way that 

the light beam reaches the monolayer at a fixed incidence angle of 80°, at which 

the intensity is maximum with a low level of noise. The incoming light is 

continuously modulated between s- and p-polarization at a high frequency, which 

allows for the simultaneous measurement of the spectra for the two polarizations. 

The reflectivities for s- and p- polarizations, Rs and Rp, are acquired in the 800-

4000 cm-1 range with 8 cm-1 resolution, and the differential spectrum is obtained 

by calculating the (Rp-Rs)/(Rp+Rs) ratio(PINHEIRO et al., 2013b),(SANDRINO et 

al., 2014) 

 

3.4 
Neutron reflectometry experiments in DPPC monolayers 

NR measurements were performed using the SURF reflectometer(PENFOLD et 

al., 1997) on Target Station 1 at the ISIS Spallation Neutron Source at Rutherford 

Appleton Laboratory, Didcot, UK. Specular neutron reflectivity is largely 

determined by the variation in the scattering length density (SLD) along the 

surface normal. A reflectivity profile was recorded at two glancing angles of 

incidence, viz. 0.5° and 1.5°. Since neutron scattering is a nuclear effect, the 

scattering length varies for different isotopes, and therefore isotopic substitution 

can be used to obtain reflectivity profiles, corresponding to a single molecular 

density profile. This provides a means of determining the composition of multi-

component systems, thus yielding detailed structural information of an adsorbed 

layer(CLIFTON et al., 2011; HAZELL et al., 2016). Pure DPPC and mixed 

DPPC/antibiotic monolayers were prepared and surface pressure measurements 

were used to monitor film compression. NR experiments were carried out at 

surface pressures of 5, 20, and 30 mNm-1 over an air-contrast matched water 

(ACMW) subphase (8% D2O, 92% H2O) on which the reflectivity profile is only 
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sensitive to the interfacial monolayer, and with a D2O subphase on which 

reflection is sensitive to the hydrogenous material.(CLIFTON et al., 2012) The 

beam intensity was calibrated with respect to a clean D2O surface. 

 

Reflectivity data were fitted simultaneously using MOTOFIT(NELSON, 2006), 

written for IGOR Pro, which uses the Abeles optical matrix method to calculate 

the reflectivity of thin layers, each with a thickness, t; its corresponding SLD, ρ; a 

percentage hydration (% volume fraction of water) and a term for the roughness 

between layers, σ. It enables the global fitting of data sets of different isotopic 

compositions(NELSON, 2006). A two-layer model was used to fit the data, where 

the upper layer (from the air to the subphase) represents the lipid tails and the 

lower layer corresponds to the polar headgroups. SLD values used in this work for 

h-/d62- DPPC and both antibiotics are summarized in Table 2. The SLD values 

were calculated using the total neutron scattering lengths for each component as 

well as the molecular volume data obtained for the antibiotics using the 

Molinspiration molecular properties calculator 

(http://www.molinspiration.com/cgi-bin/properties). For the mixed lipid-drug 

systems, the SLD of each layer was allowed to change under the constraint of a 

proper lipid/drug ratio (i.e., 9:1 at 10% w/w of a drug) either in the headgroup 

layer or the acyl tail layer, as follows: 

 

𝜌𝐿𝑎𝑦𝑒𝑟 = 𝜌𝐷𝑃𝑃𝐶𝑡𝑎𝑖𝑙𝑠 ∗ 0.9 + 𝜌𝑎𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐 ∗ 0.1     (3) 

 

This provides information related to the co-localization of the antibiotics within 

the DPPC monolayer. 

 

3.5 
Molecular dynamics simulations1 

Levofloxacin and Clarithromycin MD simulations were performed as a 

collaboration from Pimentel’s group using the Gromacs 5.0.6. computer 

program(HESS et al., 2008) and a mixture of saturated/unsaturated phospholipids 

in good approximation to Curosurf composition applying atomistic/coarse-grained 

                                                 
1 MD simulations were executed in collaboration with Evelina D. Estrada-López, Alline A. 

Pedreira, Lucas M. P. Souza, and Felipe R. Souza. 
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molecular dynamics (MD) approach. Since the simulations were obtained in 

collaboration and these are complementary information to the experimental data, 

some results from MD could be mentioned, however, details of it will be not 

discussed in this doctorate thesis. 

 

3.6 
Antibacterial activity quantification2 

Gram-positive and Gram-negative bacteria were utilized to assess the antibacterial 

activity of Clarithromycin at various concentrations, combined or not with 

Curosurf. The tested bacterial strains included the environmental strain Bacillus 

cereus Iso AC4/CS262 and Escherichia coli DH5α. B. cereus were grown at 30 

oC while E. coli were grown at 37 oC(MACHADO-FERREIRA et al., 2015). The 

assessment of bacterial sensitivity/resistance profile to Clarithromycin was 

performed by streaking each strain on LB agar plates with Clarithromycin at 40, 

20, 15, 10 µg mL-1 or on Clarithromycin-free LB agar. Plates were incubated at a 

proper temperature for 24h. 

 

Antibacterial activity was quantified through viability tests based on the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

conversion.(GABRIELSON et al., 2002; MOSMANN, 1983; STEVENS; 

OLSEN, 1993) The overnight LB growth of each tested strain was inoculated 

1/100 v.v. in fresh LB medium, incubated at an adequate temperature/100 rpm/4h 

for log phase growth and 50µL of OD600 = 0.125 LB bacterial suspensions placed 

in each well of 96-well plates. Serial dilutions of Clarithromycin (20 mgmL-1 in 

DMSO) were prepared in DMSO, and Curosurf (80 mgmL-1) was serially diluted 

in Milli-Q water. Each dilution of Clarithromycin and Curosurf was combined in 

a 1:2.25 volume ratio to generate Clarithromycin/Curosurf 1:9 mass ratio 

mixtures. Control mixtures combining each Clarithromycin/DMSO dilution with 

water, each Curosurf dilution with DMSO and DMSO/water were similarly 

prepared at 1:2.25 volume ratio. Mixed volumes were added to 500 µL of LB and 

50 µL of each solution merged with the bacterial suspension in each well of the 

96-well test plates. The volumes 20 µL, 10 µL and 4 µL of each mixture were 

                                                 
2 In vitro tests were executed in collaboration with Nathally B. Oliveira, Jéssica Cavalheiro 

and Carlos Augusto Gomes Soares. 
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tested, leading to different DMSO ratios in the final medium as specified. The 96-

well plates were incubated at room temperature for 1h or 3h, followed by an extra 

2h incubation with 10 µL MTT 5 mg mL-1 solution, completing a total of 3h or 5h 

incubations. Plates were spun at 3500 rpm/2 min, the liquid phase discarded and 

the formazan solubilized in 100 µL of DMSO for OD490 reads in a SpectraMax® 

M2e multi-detection microplate reader (Molecular Devices Corp.). All tests were 

performed in quadruplicate for each sample and controls. Data are presented as 

the percentage related to the readings for DMSO/water control treatments. Where 

calculated, the significant differences in quantification averages were determined 

by the student’s t-test. 
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Abstract 

 

The molecular-level interaction of Levofloxacin with lung surfactant was 

investigated using Langmuir monolayers and atomistic molecular dynamics (MD) 

simulations. In the simulation, the DPPC/POPC mixed monolayer was used as a 

lung surfactant model and the molecules of Levofloxacin were placed at the air-

lipid interface to mimic the adsorption process on the lung surfactant model. The 

simulation results indicate that amphoteric Levofloxacin expands the lung 

surfactant, also stabilizing the film for Levofloxacin fractions until 10% w/w at 

least. The Langmuir monolayers made with the lung surfactant Curosurf had 

expanded isotherms upon incorporation of Levofloxacin, without changes in 

monolayer elasticity. In fact, Levofloxacin induced film stability with increased 

collapse pressures in the Curosurf isotherms and delayed the phase transition, 
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according to Brewster angle microscopy (BAM) imaging. Using polarization-

modulated infrared reflection-absorption spectroscopy (PM-IRRAS), we found 

that Levofloxacin is preferentially located in the head group region, inducing an 

increased organization of the Curosurf film. This location of Levofloxacin was 

confirmed with MD simulations. The stability inferred demonstrates that the lung 

surfactant can be used as a drug delivery system for the administration via 

inhalation or intratracheal instillation of Levofloxacin to treat lung diseases such 

as pneumonia and respiratory distress syndrome. 

 

Keywords: Langmuir films, pulmonary system, antibiotic fluoroquinolone, 

respiratory distress syndrome, pneumonia 

 

4.1 
Introduction 

Levofloxacin is a broad spectrum antibiotic of the fluoroquinolone class used to 

treat many bacterial infections, including gastroenteritis, pelvic inflammatory 

disease, chronic prostatitis, urinary tract infections, acute bacterial sinusitis, 

meningitis, anthrax, tuberculosis, and pneumonia. Its possible side effects include 

tendon inflammation and rupture, psychosis, seizures, peripheral nerve damage, 

trouble sleeping, diarrhea, and nausea(DAVIS; BRYSON, 1994; ZHANEL et al., 

2002). It is commercially available as a generic medication to be used orally or 

intravenously(WORLD HEALTH ORGANIZATION, 2015). Because 

Levofloxacin is one of the most important drugs essential to any national health 

system, considerable benefits would be obtained if the drug administration could 

be made in a less invasive local or topical use. This can in principle be achieved 

using lung surfactant as drug carrier and spreading agent, which could be used to 

treat premature infants with neonatal respiratory distress syndrome that usually 

have also pneumonia(GRIESE, 1999; HIDALGO; CRUZ; PÉREZ-GIL, 2015). 

Lung surfactant has actually been used in vivo as a drug 

carrier(BANASCHEWSKI et al., 2015; FAJARDO et al., 1998; HERTING et al., 

1999; KHARASCH et al., 1991; NATARAJAN et al., 2016; VAN’T VEEN et al., 

1996; VAN ’T VEEN et al., 1996; YEH et al., 2008), including for the transport 
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of antibiotics to the lung(DALLOW et al., 2014; GEORGIEV; GEORGIEV; 

LALCHEV, 2010; KOTECKA; KRYSINSKI, 2015). 

 

A successful use of lung surfactant as drug carrier is only possible if the surfactant 

is not destabilized by the drug. Hence, before attempts are made to employ the 

lung surfactant with a specific drug in in vivo tests, it makes sense to verify 

whether the surfactant will remain stable upon interacting with the drug. Such a 

study can be made with Langmuir monolayers representing the lung 

surfactant(BANASCHEWSKI et al., 2015; BENSIKADDOUR et al., 2008b; 

BERQUAND et al., 2005; CHIMOTE; BANERJEE, 2005a, 2005b, 2005c, 

PINHEIRO et al., 2013a, 2013b), which allows for determining the molecular-

level interactions between the surfactant constituents and the drug. For instance, 

Chimote and Banerjee studied the interaction of a triple antiturberculosis cocktail 

(isoniazid, rifampicin, and ethambutol) mixed with 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) monolayers, and found that interfacial adsorption of 

DPPC was greatly improved when the drug was mixed (CHIMOTE; BANERJEE, 

2005b). They also studied mixed monolayers of DPPC and phosphatidylglycerol 

(PG)(CHIMOTE; BANERJEE, 2005c), and natural lung surfactant 

monolayers(CHIMOTE; BANERJEE, 2005a), where mycolic acid and trehalose 

dimycolate were used to mimic the cell wall of Mycobacterium tuberculosis. They 

showed that the active lipid components on the mycobacterium inhibit the 

function of the phospholipids in the lung surfactant, fluidizing and collapsing the 

film. Atomic force microscopy (AFM) images revealed aggregation when the 

mycolic acid and trehalose dimycolate were added to the natural lung 

surfactant(CHIMOTE; BANERJEE, 2005c). 

 

Pinheiro et al.(PINHEIRO et al., 2013a, 2013b) investigated the interactions 

of a new analog of rifabutin with DPPC monolayers and vesicles. They showed 

strong interactions of rifabutin with the polar heads of DPPC, indicating 

bioaccumulation of the drug in the lung. The results confirm that rifabutin changes 

the phospholipid packing and decreases the phase transition temperature of the 

phospholipid, which may affect its adsorption capacity at the air-water interface 

and fluidize the DPPC film. Banaschewski et al.(BANASCHEWSKI et al., 2015) 

found that the presence of microbiotic peptides accelerated the formation of 
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natural lung surfactant films and affected little its biophysical function under high 

concentrations. However, the antimicrobiotic activity of most tested peptides was 

inhibited in the presence of natural lung surfactant due to electrostatic interactions 

between the polar groups of phospholipids and peptides. AFM images suggested 

that the peptides are possibly incorporated in the film, modifying film structure. 

The interaction of DPPC and 1,2-dipalmitoyl-sn-3-glycero[phospho-rac-(1-

glycerol)] (DPPG) with the antibiotics azithromycin and ciprofloxacin was 

studied to characterize molecular organization, fluidity, and permeability of model 

membranes(BENSIKADDOUR et al., 2008b; BERQUAND et al., 2005). In situ 

AFM images showed that azithromycin destroys the gel phase of DPPC domains 

and increases the fluidity of lipid vesicles at the air-water interface. On the other 

hand, the antibiotic ciprofloxacin does not affect the transition temperature of 

DPPC, but it increases the order of hydrocarbon chains of the liposomes. Further, 

ciprofloxacin dramatically changes the transition temperature of DPPG vesicles 

and reduces the order of hydrocarbon chains. Ciprofloxacin preferentially 

interacts with the polar head of anionic lipids such as DPPG. The aim of this study 

is to understand the molecular interaction of Levofloxacin with the lung surfactant 

at the air-water interface using the Curosurf lung surfactant and molecular 

dynamics (MD) simulations. The lung surfactant model used in the MD study is a 

binary lipid monolayer (DPPC and POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) in order to simplify the simulation by eliminating surfactant 

proteins. The Langmuir film technique provides a way to investigate the surface 

pressure-area isotherm (π-Area), compressional modulus, stability, 

conformational and structural order, and film morphology. Molecular dynamics 

simulations are a powerful technique to determine the order parameter, 

organization, stability, and formation of aggregates at the molecular 

level(PADILLA-CHAVARRÍA; GUIZADO; PIMENTEL, 2015a). A full review 

of the MD simulation of lung surfactant models is given in the literature and will 

not be repeated here. The techniques we used are complementary, and suitable to 

establish if Levofloxacin can be mixed with lung surfactant without loss of its 

mechanical properties, which are important for the lung function. It is not our 

intention at this point to verify if the lung surfactant inactivates the antibiotic 

properties of Levofloxacin. 
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4.2 
Materials and methods 

The reader is referred to the description in section 3.1, page 31. 

 

4.3 
Results and discussion 

Levofloxacin, whose amphoteric structure is shown in Fig. 5, behaves as an 

amphoteric molecule in a polarizable medium such as in a Langmuir monolayer 

since it contains a negatively charged acidic group at one side and a positively 

charged group at the other side. This was confirmed with molecular dynamics 

simulations in which we compared the amphoteric and uncharged forms of 

Levofloxacin, and found that the simulation results match the experimental data 

for the amphoteric form, but not for the uncharged one. The surface pressure 

isotherms in Fig. 6A point to a concentration-dependent effect of Levofloxacin on 

the Curosurf monolayer. The addition of Levofloxacin shifts the isotherm to larger 

areas, i.e., causing monolayer expansion, with all π-A isotherms behaving 

similarly with collapse at ca. 40 mNm-1. With 10% of Levofloxacin, the 

monolayer-to-multilayer phase transition appears at higher surface pressures than 

for pure Curosurf monolayers, which means an increased stability. Fig. 6B 

presents the compressional modulus for pure Curosurf, 0.1% Levofloxacin-

Curosurf monolayer, and 10% Levofloxacin-Curosurf monolayer.  

 

Below 40 mNm-1, the compressional modulus (CS
-1) is indistinguishable for all of 

the Levofloxacin fractions investigated, and therefore the only difference appears 

at the monolayer-to-multilayer phase transition. The maximum value of CS
-1 

Figure 5.  Chemical structure of the amphoteric Levofloxacin. 
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reached ∼110 mNm-1, corresponding to the liquid-condensed (LC) state, while the 

phase transition of monolayer-to-multilayer is observed as an abrupt CS
-1 decrease 

to ∼45 mNm-1. The mixed 10% Levofloxacin-Curosurf monolayer seems to have 

a large phase transition followed by a wide “kink” that is not present in pure 

Curosurf monolayer. It is known that quinolones exhibit amphoteric character and 

marked hydrophilicity(STERGIOPOULOU et al., 2009). Some electrostatic 

interaction may occur between polar head groups in the lung surfactant, and amine 

and carboxyl groups in Levofloxacin, contributing to the monolayer shift and 

retarding the phase transition. On the other hand, the Levofloxacin molecules may 

interact with the hydrocarbon chains because they are flexible. In summary, 

Levofloxacin causes an expansion in the surface pressure isotherms of Curosurf, 

probably because it is inserted between the polar heads, with practically no change 

Figure 6. (A) Surface pressure-Area isotherms for pure Curosurf (black), 

Levofloxacin-Curosurf 0.1% w/w (red), and Levofloxacin-Curosurf 10% w/w (blue). 

(B) Experimental compressional modulus CS
-1 as a function of surface pressure in 

Langmuir films of pure Curosurf (black), Levofloxacin-Curosurf 0.1% w/w (red), and 

Levofloxacin-Curosurf 10% w/w (blue). 
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in elasticity. This means that Levofloxacin does not affect the membrane stability 

neither the appearance of the isotherms profile, though it is inserted in a way that 

it contributes to the area per lipid occupied at the interface. The monolayer 

expansion observed experimentally for the incorporation of Levofloxacin in 

Curosurf in Fig. 6A was consistent with the increased area per molecule in the 

simulated DPPC-POPC monolayer models. The PM-IRRAS spectra of Curosurf 

and Curosurf/Levofloxacin monolayers are shown in Fig. 7A-C. The bands in Fig. 

7A assigned to CH2 stretching at 2850 cm-1 (symmetrical) and 2917 cm-1 

(asymmetrical) have increased intensity as the Curosurf film is compressed, as a 

result of both condensing and orientation of nonpolar alkyl tails. A weak CH3 

symmetric stretching band at 2965 cm-1 is also observed, whose position varies 

with increasing surface pressures. The region between 1100 and 1800 cm-1 

provides information on head group conformation. The bands at 1095 cm-1 (PO2
- 

sym. str.), 1150 cm-1 (C–O–C) and 1195 cm-1 (HO–CR2) have no significant 

Figure 7. Experimental PM-IRRAS spectra of Langmuir films of pure Curosurf (A), 

Levofloxacin-Curosurf 0.1% w/w (B), and Levofloxacin-Curosurf 10% w/w (C) at surface 

pressures 0 (black) and 30 (red for (A), blue for (B), and green for (C)) mNm−1 in the C H 

region (2800–3000 cm−1), C O region (1400–1800 cm−1), and C O region (1000–1300 cm−1).  
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change in spectra intensity after compression of the pure monolayer. On the other 

hand, incorporation of Levofloxacin at 0.1% and 10% clearly affects the infrared 

bands, as shown in Fig. 7B and C. CH2 stretching bands of Curosurf are not 

significantly affected by the addition of Levofloxacin; instead, a new band at 2960 

cm-1 (CH3 stretching of Levofloxacin) appears especially at low surface pressures, 

indicating the presence of Levofloxacin at the air-water interface (Fig. 7C). Also, 

the presence of new bands at 1520, 1543 and 1743 cm-1 after addition of 

Levofloxacin could suggest a preferential molecular interaction between 

Levofloxacin and phospholipids head groups. As shown in Fig. C.1 in the 

Supplementary material-1, the IR powder spectra of pure Levofloxacin exhibit 

peaks at 1515, 1536, and 1718 cm-1, which confirms that there is levofloxacin on 

the film. The PM-IRRAS spectra in Fig. C.2 in the Supplementary material-1 for 

Langmuir monolayers of pure Curosurf and Levofloxacin-containing monolayers, 

at surface pressures 0, 10, 20, 30, and 40 mNm-1, indeed confirm that at high 

pressures Levofloxacin molecules are mostly placed among polar phospholipids 

headgroups while the CH region is largely unaffected. These findings suggest that 

Levofloxacin molecules shift to the polar heads with increasing surface pressure.  

 

BAM images of pure Curosurf and mixed Levofloxacin-Curosurf monolayers are 

shown in Fig. 8. They compare the two-dimensional molecular organization of 

Curosurf monolayers with and without Levofloxacin (0.1 and 10%) recorded as a 

function of surface pressure (π ∼ 0, 10, 20, 30 and 40 mNm-1). The pure 

monolayer displays the beginning of starry condensed domains of Curosurf at 

very low surface pressures (∼5-10 mNm-1) in the LE state. As the lateral 

compression is increased, the fractal domains grow in number, slightly in size and 

get closer, thus forming a continuous phase near 30 mNm-1, without coalescing 

though. Very bright regions appear as the surface pressure increased. Pinheiro et 

al. attributed these bright spots to lose fluidic material from the 

interface(PINHEIRO et al., 2013a, 2013b). At 40 mNm-1, fractal domains of the 

pure Curosurf monolayer are again visible with a decrease of the bright regions. 

This may be explained with the phase transition process (squeezing-out) and the 

enrichment of DPPC molecules in the monolayer.  
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Figure 8. Brewster angle microscopy images of pure Curosurf, Levofloxacin-Curosurf 0.1% 

w/w, and Levofloxacin-Curosurf 10% w/w at π = 0, 10, 20, 30, ad 40 mN m-1. All BAM 

images have a 25 µm scale bar at the left-hand corner. 

 

The addition of Levofloxacin in the Curosurf monolayer seems to delay its 

collapse and increase the size of fractal domains. Also, the very bright regions do 

not appear as Levofloxacin is added, which indicates significant changes in the 
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Curosurf monolayer. Even at a low fraction of Levofloxacin (0.1%) one observes 

larger, more ramified fractal domains than for the pure monolayer. Besides, 

differences are noted in the refractivity index of fractal domains owing to distinct 

orientations of the lipids in the monolayer at surface pressures below ∼20 mNm-1. 

Higher fractions of Levofloxacin (10%) result in similar effects, though at low 

surface pressures (below ∼20 mNm−1) the fractal domains are more circularly 

shaped and numerous. Further monolayer compression (up to ∼30 mNm-1) allows 

the Curosurf domains to grow and become a more condensed and ordered phase 

(LC). It is worth mentioning that bright spots at pure Curosurf monolayer were 

significantly depleted in the presence of Levofloxacin at low (0.1%) and high 

(10%) fractions. It may be an indication that Levofloxacin effectively improves 

monolayer stability. 

 

4.4 
Implications 

Levofloxacin is nowadays administered in large doses with possible adverse 

effects in patients. The dynamics of Levofloxacin interacting with the lung 

surfactant seems to be promising because Levofloxacin appears to stabilize the 

lung surfactant monolayer. It is also worth mentioning that the interaction of 

Levofloxacin is sufficiently strong to keep it for long times in the polar head 

groups region of the lung surfactant. The chemical structure and properties of 

Levofloxacin cause the formation of few aggregates in the lung surfactant when 

the Levofloxacin fraction is around 10% w/w. Furthermore, Levofloxacin may 

also form aggregates, not resulting in the collapse of the lung surfactant. 

Therefore, high fractions (∼10% w/w) of Levofloxacin may not induce collapse 

of the lung surfactant and inactivate it. From these results, it seems possible that 

Levofloxacin may be administered locally using lung surfactant as a carrier.  

 

4.5 
Conclusion 

Data from three experimental methods in Langmuir monolayers representing a 

cell membrane model and atomistic molecular dynamics simulation were obtained 

to understand the stability of Levofloxacin interacting with the lung surfactant. 
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Incorporation of Levofloxacin induced an expansion in the surface pressure 

isotherms of Curosurf monolayers, with no significant changes in the 

compressional modulus. With the PM-IRRAS technique, we observed an 

increased monolayer organization during compression. BAM images showed that 

the film collapse is delayed by adding 10% Levofloxacin in the monolayer. 

According to the simulations, Levofloxacin molecules are located between the 

polar heads, stabilizing the film and forming only a few aggregates. Relevant 

implications could be inferred from the properties of Levofloxacin interacting 

with the monolayer. In particular, one may envisage administration of 

Levofloxacin via inhalation or intratracheal instillation using lung surfactant as a 

drug delivery system, in order to possibly treat lung diseases such as pneumonia 

and respiratory distress syndrome. 
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Abstract 

 

Clarithromycin is one of the most employed drugs to treat pneumonia and other 

diseases of the respiratory tract, but it causes side effects and undesirable 

interference with other drugs, mostly associated with the mode of administration. 

In this paper, we provide evidence that Clarithromycin may be incorporated into 

the lung surfactant with preserved antibacterial activity, which could then allow 

for drug delivery. Using Langmuir monolayers of an exogenous lung surfactant as 

the model for the lung surfactant monolayer, we show that Clarithromycin 
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integrated into the lung surfactant monolayer does not cause any collapse, as 

determined by surface pressure isotherms, polarization-modulated infrared 

reflection absorption spectroscopy (PM-IRRAS), and Brewster angle microscopy 

(BAM) analyses. The integrity of the lung surfactant in the presence of 10% w/w 

Clarithromycin was corroborated with coarse-grained molecular dynamics 

simulations in which the membrane was represented by a lung surfactant 

monolayer model, consisting of a mixed phospholipid monolayer with the 

surfactant protein B model. Significantly, Clarithromycin has kept its antibacterial 

activity using MTT assays when incorporated in the lung surfactant. Mixtures of 

an exogenous lung surfactant and Clarithromycin were capable of killing both 

Gram-positive and Gram-negative bacteria when tested in vitro, with some tested 

combinations leading to improved antibiotic activities when compared to 

Clarithromycin alone. Clarithromycin delivery with a lung surfactant carrier may 

thus represent a new way to combat pneumonia and persistent pulmonary 

infections with less (or no) side effects. 

 

Keywords: Langmuir film, pulmonary system, Antibiotic, Macrolide, Respiratory 

distress syndrome, Pneumonia. 

 

5.1 
Introduction 

Clarithromycin is a broad-spectrum macrolide antibiotic usually administered as 

an alternative to penicillin to treat bacterial infections caused by Helicobacter 

pylori and pneumonia, being effective against lower and upper respiratory tract 

infections(GREENWOOD, 2008). This antibiotic was developed in 1980 from 

Erythromycin through efforts to avoid acid instability in the digestive tract, which 

causes undesirable side effects, such as stomach ache and nausea(GREENWOOD, 

2008). There are still a number of remaining side effects from Clarithromycin, 

including vomiting, abdominal pain, nausea, diarrhea, in addition to suspicion of 

cardiac death(WINKEL et al., 2011) and liver disease(TIETZ et al., 2003) 

outcomes. Clarithromycin also inhibits the cytochrome P450 3A4 involved in the 

metabolism of many drugs, thus leading to unexpected alterations in drug 

levels(FERRERO et al., 1990; GANDHI et al., 2013; GÉLISSE et al., 2007; 

DBD
PUC-Rio - Certificação Digital Nº 1512835/CA



50 
 

PATEL et al., 2013; POLIS et al., 1997; SEKAR et al., 2008). In spite of these 

possible problems, Clarithromycin is on the list of the most effective (at moderate 

cost), essential medicines in the health systems of many countries. Hence, the 

effort to develop alternative ways to administer Clarithromycin apart from the 

usual oral and intravenous forms represents a public health priority. As it has been 

done with corticoid drugs(KUO et al., 2010), we propose here the use of lung 

surfactant as a carrier for the direct delivery of Clarithromycin through the 

respiratory tract. For this, it is crucial that the drug does not induce collapse of the 

lung surfactant monolayer and preserve its biological activity and function.  

 

Pulmonary surfactant model membranes offer an opportunity to simulate and 

predict whether a target antibiotic drug can be stably incorporated into the lung 

surfactant, preserving its antibacterial activity when incorporated into the 

lipoproteic mixture. Due to its multiple advantages, such as the precise control of 

the monolayer packing density, Langmuir film method is a potent tool commonly 

used for studying specific aspects of physical-chemistry phenomena at lipid 

membrane interface(KORCHOWIEC et al., 2006, 2011; MAGET-DANA, 1999). 

Thus, lung surfactant monolayers approaches can lead to a better understanding of 

the interaction between the membrane components. Many studies in the literature 

deal with the interaction of drugs with lung surfactant, though as we shall 

exemplify next, the results are normally dependent on the drug and the lipid 

composition in the monolayer model. Therefore, it is not possible to predict from 

data in the literature whether a particular drug will preserve the lung surfactant 

structure, as well as keep its activity. For example, Chimote and 

Banerjee(CHIMOTE; BANERJEE, 2005b) observed that rifampicin, isoniazide, 

and ethambutol interact with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) monolayers, even increasing the monolayer surface activity in some 

cases, which may imply that these antibiotics could be administered mixed in the 

pulmonary surfactant. Levofloxacin was observed to expand the lung surfactant 

film, stabilizing it without changing its elasticity(ORTIZ-COLLAZOS et al., 

2017a). In contrast, Chimote and Banerjee(CHIMOTE; BANERJEE, 2005c) 

reported that the mycobacterial lipids (mycolic acid and cord factor) affect 

Curosurf surface properties, which could explain the hindering of surfactant 

activity that may justify the alveolar atelectasis effect of the bacteria(CHIMOTE; 
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BANERJEE, 2005a). The macrolide antibiotic azithromycin was found to destroy 

the gel phase of DPPC bilayers, with an increase in fluidity(BERQUAND et al., 

2005) and ciprofloxacin disorganized the acyl chains of DPPC and 1,2-

dipalmitoyl-sn-glycero-3-phospho-(1'-racglycerol) (DPPG)(BENSIKADDOUR et 

al., 2008b). The antimicrobial peptides LL-37, CATH-1, CATH-2, and CRAMP 

affected little the biophysical function of lung surfactant, but they lost most of 

their antimicrobial activity(BANASCHEWSKI et al., 2015; NEVILLE et al., 

2010; SEVCSIK et al., 2008) owing to a deactivation mechanism(SOUZA et al., 

2018). Other works in the literature are worth mentioning with regard to drug 

interaction with lung surfactant models. These include antitubercular drug-loaded 

surfactants, used as inhalable drug delivery systems for pulmonary 

tuberculosis(CHIMOTE; BANERJEE, 2009), the interaction of Rifabutin and N′-

acetyl- Rifabutin with model lung surfactant monolayers(PINHEIRO et al., 2012, 

2013a), and vesicles(PINHEIRO et al., 2013b). 

 

The scope of the present work was to address the interactions of Clarithromycin 

with Curosurf monolayers –an exogenous lung surfactant prepared from porcine 

lungs– implementing an experimental-theoretical study to verify if the drug could 

be incorporated into the pulmonary surfactant preparation. The molecular-level 

interactions of Clarithromycin were investigated by combining three different 

types of techniques in a complementary manner. Pure and mixed 

Clarithromycin/Curosurf Langmuir monolayers were characterized using surface 

pressure isotherms, polarization-modulation infrared reflection absorption 

spectroscopy (PM-IRRAS) and Brewster angle microscopy (BAM). This study 

was supplemented with coarse-grained molecular dynamics (MD) simulations 

where the Curosurf monolayer model was made to consist of a mixture of DPPC, 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphoethanolamine (POPE), 1,2-dipalmitoyl-sn-glycero-3-phospho-L-

serine(DPPS), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-myo-inositol) (DPPI), 1-

myristoyl-2-hydroxy-snglycero-3-phosphocholine (LPC), N-stearoyl-D-erythro-

sphingosylphosphorylcholine(DPSM), and a model of surfactant protein B (SP-

B). MD simulations have already been used in lung surfactant models and the 

readers are referred to ref.(PADILLA-CHAVARRÍA; GUIZADO; PIMENTEL, 

DBD
PUC-Rio - Certificação Digital Nº 1512835/CA



52 
 

2015b) for an overview. These simulations are useful to determine order 

parameter, organization, and stability at the molecular level, being complementary 

to the Langmuir monolayer experimental studies to establish the mechanical 

properties and decide if Clarithromycin and lung surfactant can be mixed without 

loss of lung function. In order to check the possible inactivation of Clarithromycin 

by the lung surfactant, cell viability assays were performed with a Gram-positive 

and a Gram-negative bacteria. The impact and novelty of this study are related to 

the incorporation of Clarithromycin in the lung surfactant monolayer, preserving 

the film stability and keeping its antimicrobial activity. 

 

5.2 
Materials and methods 

The reader is referred to the description in section 3, page 31. 

 

5.3 
Results and discussion 

5.3.3 
The interaction between Clarithromycin and Curosurf monolayers 

Figure 9A shows that Clarithromycin presence induces a slight condensation in 

the π-A isotherm of the Curosurf monolayer, which depends on concentration. 

Clarithromycin at a 0.1%, 1%, and 10% fractions shifts the isotherm to a slightly 

lower area. The condensation effect in π-A monolayers is usually related in 

literature to the stabilization of the lateral repulsion between the acyl 

chains(HUSSEIN et al., 2013). The effect appears to be common especially when 

there are charged lipids with ions(EBARA et al., 1994). Since the observed effect 

in our case was scarce, it could be more likely attributed to the electrostatic 

interactions between the Curosurf components and the hydrophobic 

Clarithromycin, than the loss of material from the interface. Nevertheless, it is 

worth to mention that under high compression (over 50 mNm-1) some fluid 

components are normally ‘squeezed-out’ from the pulmonary surfactant 

monolayer (See Fig. D.1 Supplementary material-2). The isotherm was very 

reproducible as the experiment was repeated at least 3 times. Fig 9A only shows 

the isotherms until it reaches the monolayer-to-multilayer transition plateau 
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occurring in surfactant films around 40-50 mNm-1, (ZHANG et al., 2011a) aiming 

to study the effects of the antibiotic in the lipoproteic monolayer. In literature, it 

has been reported that, during adsorption at the alveolar interface, physiologically 

effective surfactant films can decrease the surface tension of the air-water 

interface from ∼70 mNm-1 to ∼20-25 mNm-1 at 37 °C, but no further. At this final 

surface tension range (which corresponds a surface pressure around ~ 45-50 

mNm-1), the phospholipid molecules at the air-water interface are in 

thermodynamic equilibrium with the molecules in the bulk phase. This 

equilibrium surface tension (γeq) corresponds to the equilibrium spreading 

pressure (πe) of phospholipids, which is the highest surface pressure obtained by 

spreading the excess phospholipids with chloroform at the air-water 

Figure 9.  (A) Experimental surface pressure as a function of the trough area for pure 

Curosurf (black), and Clarithromycin-Curosurf 0.1% w/w (red), 1% w/w (green), and 

10% w/w (blue). (B) Experimental compressional modulus CS
-1 as a function of surface 

pressure in Langmuir films of pure Curosurf (black), Clarithromycin-Curosurf  0.1% 

w/w (red), 1% w/w (green), and 10% w/w (blue). 
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interface(ZUO et al., 2008). Incorporation of Clarithromycin did not substantially 

affect this transition at ca. 44 mNm-1, which is unusual because the collapse 

pressure normally changes when guest molecules are added at high 

fractions(GRIFFITH et al., 2013).  

 

Regarding to the surface elasticity CS
-1, figure 9B shows that 10% w/w of 

Clarithromycin induces a slight decrease in the compressional modulus (CS
-1) of 

Curosurf monolayer, particularly in the pressure region comprising the value 

believed to correspond to the lateral pressure of a biological membrane (~ 30-35 

mNm-1)(SCHÜRCH; BACHOFEN; POSSMAYER, 2001; SCHURCH; LEE; 

GEHR, 1992; VELDHUIZEN et al., 1998). The maximum of CS
-1 reached for 

pure Curosurf monolayers was around 100 mNm-1 at a surface pressure of 35 

mNm-1, which means that the monolayer is in a liquid-condensed (LC) state. At 

the same surface pressure, the mixed monolayer at 10% of the drug reaches its 

maximum Cs-1 value around 86 mNm-1, still remaining at the LC state. For 0.1% 

and 1% of antibiotic additions, the CS
-1 values were almost overlapping the pure 

Curosurf values. Although the differences in CS
-1 values in overall are small, the 

influence of the drug can be seen on it. Lower values of CS
-1 with a high addition 

of drug can be ascribed to a slight increase of the elasticity/fluidity of the lipid 

monolayer, which means less rigid, hence, more compressible 

monolayers(BROWN; BROCKMAN, 2007; TSANOVA; GEORGIEV; 

LALCHEV, 2014). Thus, low additions of drug (0.1 and 1% w/w) seems to 

maintain the monolayer order/packing of molecules in contrary to the highest 

addition (10% w/w) that increases its compressibility, as a result of a high content 

of new molecules which prevents the lipids from attaining a highly-packed 

structure(HUSSEIN et al., 2013). Also, two minima were observed in CS
-1 curves. 

The first one is at ~ 20 mNm-1 representing the LE-LC phase transition and the 

second one is at ~ 40 mNm-1 corresponding to the monolayer-to-multilayer 

process. At this point, CS
-1 values for all monolayers decreased sharply at high 

surface pressures owing to the formation of multilayer structures(HIDALGO et 

al., 2006). Besides, it can be seen that, as drug concentration increases, the 

minima at ~ 20 mNm-1 is gradually shifted to higher surface pressures. It proves 

that the antibiotic is interacting with Curosurf monolayers in low surface 
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pressures and it is in fact inserted in the monolayer. These results are in agreement 

with the literature(ZHANG et al., 2011a). 

 

The preserved stability of the Curosurf monolayer in the presence of 

Clarithromycin was confirmed in subsidiary experiments using monolayer 

compression-expansion experiments, mimicking the expiration/inspiration 

movements, as well as using PM-IRRAS and BAM. Fig. 10 shows a surface 

pressure-area hysteresis loop measured during oscillation of interfacial area to test 

the effectiveness of spreading and stability of the ‘collapse’ pressure of Curosurf 

monolayers in the presence of the drug. As it can be seen, pure Curosurf 

monolayer exhibits a large but limited hysteresis which is related to its surface 

viscoelasticity, the ‘squeeze-out’ of Curosurf unsaturated lipid components, and 

mainly to the collapse and re-spreading of phospholipid molecules. Since the drop 

in surface pressure during the monolayer expansion was not abrupt, and the 

surface pressure at full trough expansion returns to the same value of the starting 

point of the cycle, one can conclude that there is an effective re-incorporation of 

lipid material from the interface. This behavior reflects minimized film collapse 

and efficient film replenishment(PANAIOTOV et al., 2015; ZUO et al., 2008). 

The presence of Clarithromycin does not increase the hysteresis profile of pure 

Curosurf monolayers neither produces significant changes at the surface pressure 

related to monolayer-multilayer transition. The surface pressures of the 

compression-expansion isotherm in the presence of the drug is about 13% smaller 

than those for the pure Curosurf monolayer. This finding is consistent with an 

improvement caused by the antibiotic facilitating the interfacial work of breathing.  
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Figure 10. Experimental PM-IRRAS spectra of Langmuir films of Clarithromycin-

Curosurf 0%, 0.1%, and 10% w/w at surface pressures 30 mNm-1 in the (A) C–H 

region (2800–3000 cm-1), and (B) C–O region (1000–1250 cm-1). 

Figure 11. Compression-expansion isotherms of pure Curosurf (black diamonds) and its 

mixtures with Clarithromycin 0.1 (red dashed line), 1 (green dotted line), and 10 % w/w 

(blue dashed-dotted line). Isotherms were obtained at a compression rate of 10 mm/min 

under one cyclic regime (compression-expansion) showing a complete hysteresis loop. 
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Figure 11 compares PM-IRRAS spectra of Curosurf with increasing quantities of 

Clarithromycin (0.1 and 10% wt). In the region between 1100-1250 cm-1 the 

bands assigned to Curosurf appear at 1150 cm-1 (C-O-C) and 1200 cm-1 (PO2
-). 

Considerable changes occur by adding Clarithromycin, with the band at 1150 cm-1 

shifting to 1168 cm-1 and 1174 cm-1 as the Clarithromycin fraction increased from 

0.1 to 10% (wt). The band at 1200 cm-1 shifted to 1227 and 1217 cm-1 with 0.1 to 

10% (wt) Clarithromycin, respectively. Two main bands at 2849 cm-1 and 2916 

cm-1 are assigned to symmetric and anti-symmetric CH stretching, respectively, 

and the shoulder at 2960 cm-1 is ascribed to CH3 symmetric stretching. With the 

increase in Clarithromycin concentration, the bands associated with the 

hydrophobic tails are shifted, from 2849 to 2852 and 2854 cm-1.  

 

A similar behavior is observed for the band at 2916 shifted to 2920 and 2924 cm-1, 

respectively. Variations in the vibration frequency of a band in the PM-IRRAS 

spectra are related in literature with changes in the electronegativity of the 

surrounding chemical medium and the ordering of the molecules on the 

surface(VIEIRA; SCHENNACH; GOLLAS, 2015). Shifts to higher wavenumbers 

suggest a strengthening of the chemical bond. Our results with Clarithromycin can 

be probably due to the electrostatic interaction between the positive charges of the 

amino group on the desosamine ring of the macrolide structure with the negative 

phosphate/ester groups from lipid polar heads. Further, as seen from the surface 

pressure-area isotherms the drug causes a condensation effect affecting the lipid 

packing organization and, in consequence, the absorption bands shifts to higher 

wavenumber. Accordingly, both the head groups and the hydrocarbon chains are 

affected by Clarithromycin, with the effect being more significant in the head 

group. As the interaction with polar heads is electrostatic, the effect on it may be 

more noticeable than the hydrocarbon chain interaction, as also found in the 

literature(CHIMOTE; BANERJEE, 2009; SCHWEDE et al., 2003). Significantly, 

the PM-IRRAS spectra in Figure 11 are consistent with the MD simulations, 

which showed that bulky Clarithromycin molecules interact with the head groups 

but penetrate to some small extent into the hydrocarbon chains.  

 

Figure 12 shows BAM images of Curosurf and Curosurf-Clarithromycin 

monolayers (0.1% and 10% wt). Images from pure Curosurf monolayers shows 
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the beginning of starry condensed domains at very low surface pressures (~ 5-10 

mNm-1) in the LE state. Around 20 mNm-1 fractal 2D structures are closer and 

larger with the increase in surface pressure. Also, it can be seen the appearance of 

very bright spots on the fluid phase. The brighter spots reflect more light than the 

uniform condensed phase film, and hence are likely thicker than the film. These 

structures are attributed to the fluid phase material being pushed out of the 

interface, i.e. the loss of the less stable fluid non-DPPC interfacial material when 

the ‘squeeze-out’ process is occurring(ALONSO et al., 2004; ZHANG et al., 

2011a). When Clarithromycin is added at least until 40 mNm-1, the appearance of 

these spots is significantly reduced. It means that the drug stabilizes the 

monolayer. At 0.1% w/w of Clarithromycin and a surface pressure of ~ 20 mNm-

1, the domains appear bigger, much more ramified, but conserve the starry-like 

shape. Instead, at 10% w/w of the drug, the 2D structures started to be formed in 

quasi-circular geometry at 5 mNm-1, indicating a different nucleation process for 

the highest addition of Clarithromycin. From 10 to 20 mNm-1 a round nucleus can 

be observed in fractal structures. The different behavior at 10% due to the 

appearance of small rather circular domains, with a narrower size distribution, 

could be expected as the favorable domain shape of lipid mixtures in the presence 

of a high content of guest molecules –as concluded from the surface 

compressibility (CS
-1) analysis–, which affects to some extent their domains 

border line tension and the electrostatic interaction between the molecules within 

each domain. Overall, from the BAM images in Figure 12 one infers that 

incorporation of Clarithromycin causes the Curosurf monolayer to be more stable. 

 

In summary, our data show that Clarithromycin molecules may interact with both 

the hydrocarbon chains and head groups because they are flexible, without 

disrupting the monolayer stability neither the interfacial spreading abilities. The 

experimental results from Curosurf/Clarithromycin mixed monolayers can be 

rationalized in terms of a slight condensation in the surface pressure isotherms as 

drug concentration is gradually increased. The antibiotic is incorporated into the 

lipid tails region of the monolayer but close to the polar head groups, i.e., 

interacting with both hydrophobic and polar head groups. There is a small change 

in elasticity at 10% w/w of the drug, without affecting the monolayer stability and 

structure. 
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Figure 12. Brewster angle microscopy images of pure Curosurf, and Clarithromycin- 

Curosurf 0.1% and 10% w/w at π = 0, 10, 20, 30, and 40 mN m-1. All BAM images have a 25 

µm scale bar at the left-hand corner. 
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5.3.4 
Bactericide activity of Clarithromycin incorporated in the lung 
surfactant 

The effect of Curosurf combination with Clarithromycin and its effect on the 

antibiotic activity were assessed using a sensitive Clarithromycin (Clrs) Gram-

positive strain of B. cereus and a Clarithromycin-resistant (Clrr) Gram-negative 

strain of E. coli (Figure 13A). Curosurf itself reduced the viability of B. cereus, 

but this activity was abolished in the presence of DMSO 6.15 μL mL-1 (Figure 

13B). The use with such DMSO concentration indicated that Clarithromycin 

keeps its inhibitory activity on B. cereus even in the presence of Curosurf. To 

assess the dose-dependent effect of Curosurf on Clarithromycin activity, lower 

amounts of DMSO were used, thus leading to a reduced concentration of 

antibiotic and tested under longer incubation times (Figure 13C). Although 

Curosurf presents significant inhibitory activity on B. cereus under high 

concentration (222 μL mL-1), the reduction of bacterial viability was significantly 

more intense when Clarithromycin was added at the tested 1:9 ratio. This is more 

evident when using lower concentrations of Clarithromycin (≤ 12.3 μL mL-1) 

/Curosurf (≤ 111 μL mL-1), as indicated. Curosurf at 111 μL mL-1 was still 

inhibitory to B. cereus but at this concentration, 1.2 μL of DMSO in 1 mL of the 

medium is able to block such an effect. The antibiotic combination with Curosurf 

clearly potentiates the activity on this Gram-positive strain, causing significant 

activity in usually sub-inhibitory concentrations of Clarithromycin, when tested 

alone. The increase in antibiotic activity of Clarithromycin when incorporated in 

Curosurf was notable for Clrr E. coli, which tolerates Curosurf with no 

background inhibitory activity, with or without DMSO (Figure 13D). The activity 

of Clarithromycin at 61.5-30.8 μL mL-1 increased significantly, from an average 

inhibitory effect of 16-19% on the E. coli viability, to 42-46% when combined 

with Curosurf at 1:9 mass ratio. Combined as Clarithromycin/Curosurf mixtures, 

such low concentrations of Clarithromycin as 15.4-7.7 μL mL-1 were also able to 

significantly reduce (~ 21% inhibition) the E. coli viability, when compared to 

control treatments with DMSO/water mixture. The effect of 

Clarithromycin/Curosurf combination on plate tests could not be properly 

determined (data not shown), possibly due to the use of solid media constraining 

the interaction of these compounds with the target cells. 
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Figure 13. Antibacterial activity of Clarithromycin, Curosurf and 

Clarithromycin/Curosurf mixtures on B. cereus and E. coli strains. A) Clarithromycin 

resistance profile of each bacterial strain on LB plates. Tested strains, B. cereus Iso AC4 

and E. coli DH5α, and antibiotic concentration are indicated. Bacterial growth was marked 

as “-” for fully sensitive strains, “+++” for full growth as in antibiotic-free plates and “++” 

for weaker bacterial growth on the LB clarithromycin plates. B-D) Bacterial viability 

determined by the MTT conversion test of B. cereus (B-C) or E. coli (D) suspensions, 

treated for 3h (B) or 5h (C-D). Viability presented as the percentage relative to the MTT 

conversion quantified in control treatments with DMSO/water. Clarithromycin and 

Curosurf final concentrations are indicated. All antibacterial assays were performed using 

clarithromycin/Curosurf 1:9 mixtures (10% mass ratio). See Methods for details. 

Statistically significant viability inhibition is indicated for t-tests with p ≤ 0.0001 (***), 

p=0.0002 to 0.0006 (**) and p=0.001 to 0.009 (*). Top brackets indicate the significance of 

specific comparisons and asterisks on the bars indicate the significance of the inhibitory 

effect of the specified treatment relative to the DMSO/water control treatment. 
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5.4 
Implications 

One of the most important goals in the research on Clarithromycin is to try and 

reduce its gastrointestinal side effects and undesired interaction with other drugs, 

which could in principle be done with new delivery strategies. Today 

Clarithromycin is available as immediate and extended-release tablets, and in 

powder form for oral suspension. Since Clarithromycin is widely used to treat 

pneumonia and persistent respiratory tract infections, such as those committing 

patients of cystic fibrosis or infection in chronic obstructive pulmonary diseases, 

we propose that it could be delivered via inhalation or intratracheal instillation by 

incorporation into the lung surfactant. For this delivery strategy to be successful, 

Clarithromycin should not collapse the lung surfactant monolayer. The results 

presented here clearly show that Clarithromycin may be incorporated into such a 

monolayer without causing instabilities. Obviously, the data were obtained with 

simplified monolayer models, but the evidence from distinct experimental and 

simulation techniques gives us confidence that these models are realistic. Also 

significant concentrations as high as 10% w/w could be incorporated, which is 

useful for administering the drug locally. 

 

The other issue to consider is whether incorporation in the lung surfactant would 

not hinder Clarithromycin activity, and to test this hypothesis we performed the 

viability assays with two types of bacteria. This is a major concern since 

phospholipids exerted a weak antagonistic interaction in some 

situations(FERRARA; DOS SANTOS; LUPI, 2001). The lack of information 

about the interaction of surfactant proteins and/or real lung surfactants with 

antibiotics (in special, Clarithromycin) indicates the importance of getting further 

information on this subject. Clarithromycin at physiological pH or in neutral 

aqueous solution is positively charged so that it may interact with any negatively 

charged component in the lung surfactant, decreasing its normal rate of killing 

bacteria. At least in these in vitro tests performed in our experiments, the 

combination with Curosurf not only kept Clarithromycin activity, but also 

increased it in some cases. This surfactant possibly improves the 

interaction/availability of this hydrophobic macrolide onto bacterial cells and/or 
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synergistically acts on cellular membranes or other targets, increasing the 

inhibitory activity of the antibiotic. The explanation for this increased 

antimicrobial activity may come from destabilization in the lipid ordering of the 

bacterial membrane due to the phospholipid composition of Curosurf. 

 

5.4 
Conclusion 

Langmuir monolayers of Curosurf have been used here as simplified models for 

the lung surfactant monolayer, whose experimental results with varied techniques 

indicated that the monolayer stability is not affected by Clarithromycin, at least up 

to 10% w/w. Clarithromycin was found to interact with the polar head groups and 

the lower part of the hydrocarbon tails of phospholipid molecules according to 

PM-IRRAS data. These results were consistent with MD simulations on a 

Curosurf monolayer model, which were particularly useful to demonstrate 

monolayer integrity at the surface pressure typical of a biological membrane. The 

main conclusion drawn from these monolayer studies is that Clarithromycin can 

indeed be incorporated into a lung surfactant monolayer without collapsing it. 

Furthermore, in in vitro assays, we showed that Clarithromycin combined with 

Curosurf can kill Gram-positive as well as Gram-negative bacteria, which brings 

the hope of employing lung surfactant as a drug delivery system to treat 

pneumonia and respiratory distress syndrome. 
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Abstract 

 

Research on lipid/drug interactions at the nanoscale underpins the 

emergence of synergistic mechanisms for topical drug administration. The 

structural understanding of bio-mimetic systems employing 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) as a membrane model mixed with antibiotics, 

as well as their biophysical properties, is of critical importance to modulate the 

effectiveness of therapeutic agents released directly to the airways. In this paper, 

we investigate the structural details of the interaction between Levofloxacin, 'a 

respiratory quinolone', and the macrolide Clarithromycin, with DPPC monolayers 
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at the air-water interface, using a combination of Brewster angle microscopy, 

polarization modulation-infrared reflection-adsorption spectroscopy (PM-IRRAS), 

surface pressure isotherms and neutron reflectometry (NR) to describe the 

structural details of this interaction. The results allowed association of changes in 

the π-A isotherm profile with changes in the molecular organization and the co-

localization of the antibiotics within the lipid monolayer by NR measurements. 

Overall, both antibiotics are able to increase the thickness of the acyl tails in 

DPPC monolayers with a corresponding reduction in tail tilt as well as to interact 

with the phospholipid headgroups as shown by PM-IRRAS experiments. The 

effects on the DPPC monolayers are correlated with the physical-chemical 

properties of each antibiotic and dependent on its concentration. 

 

Keywords: membrane, lung surfactant, macrolide, fluoroquinolone, 

phospholipids, neutron reflectometry. 

 

6.1 
Introduction 

The biological membrane is a complex two-dimensional structure which contains 

a mosaic of proteins, lipids, glycolipids, and carbohydrates embedded in a fluid 

bilayer of phospholipids(NICOLSON, 2014; SINGER; NICOLSON, 1972). It 

is responsible for protecting the cell from its surroundings, controlling the 

movement of substances in and out of the cell, which determines proper 

functioning of a cell and the entire organism. It is also involved in cell adhesion, 

cell signaling, and ion exchange. It is also a barrier for the entrance of any toxic 

substance which could eventually interact with the membrane proteins or embed 

into the phospholipid bilayer, changing the membrane 

properties(BREZESINSKI; MÖHWALD, 2003; NICOLSON, 2014; 

SINGER; NICOLSON, 1972).  

 

The Langmuir technique allows the formation of phospholipid monolayers at the 

air-water interface which may be used as the simplest model of a biological 

membrane to investigate the interactions with species such as drugs, toxins or 

pollutants(BREZESINSKI; MÖHWALD, 2003; DELEU; PAQUOT; 
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NYLANDER, 2005; GRIFFITH et al., 2013; ORTIZ-COLLAZOS et al., 

2017b). This approach is especially convenient since the monolayer stability may 

be investigated(GRIFFITH et al., 2013; ORTIZ-COLLAZOS et al., 2016, 

2017b; PANTOJA-ROMERO et al., 2016) and the compounds can be 

purposefully added to the subphase at a controlled concentration(GRIFFITH et 

al., 2013; HAC-WYDRO; DYNAROWICZ-ŁATKA, 2006; 

JABŁONOWSKA; BILEWICZ, 2007) or mixed with the lipid 

monolayer(ORTIZ-COLLAZOS et al., 2017b). 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) is the most important and abundant phospholipid 

occurring in natural membranes. Its monolayer at the air-water interface is well 

characterized(JYOTI et al., 1996; WEIDEMANN; VOLLHARDT, 1995). 

Therefore, this phospholipid is often used as a model of the outer cell membrane 

leaflet(DELEU; PAQUOT; NYLANDER, 2005; HIDALGO et al., 2006; 

PÉREZ et al., 2005), lung surfactant bilayers(PADILLA-CHAVARRÍA; 

GUIZADO; PIMENTEL, 2015a) and monolayers(ESTRADA-LÓPEZ et al., 

2017; SOUZA et al., 2018).  

 

Neutron reflectometry (NR) is a powerful technique to examine the structure of 

amphiphiles normal to the interface and provides valuable contrast variation 

measurements for the structural description and characterization of mixed systems 

such as lipid membrane models(DI COLA; GRILLO; RISTORI, 2016; 

KISELEV, 2011). Indeed, DPPC is a phospholipid widely used to mimic the 

interfacial properties of lung surfactant (LS) at the air-water interface because it is 

the main LS constituent(BENSIKADDOUR et al., 2008a; DUAN et al., 2013; 

FOLLOWS et al., 2007; FULLAGAR; HOLT; GENTLE, 2008; PINHEIRO 

et al., 2013a), thus it can reveal key information related to interactions with 

target molecules. For example, Fullagar et al applied NR on surfactant protein B 

(SP-B)/DPPC mixed films at the air-water interface to identify SP-B localization 

in the film as a function of surface pressure, as well as the squeeze-out process of 

the protein from the lipid monolayer(FULLAGAR; HOLT; GENTLE, 2008). 

In the same line of reasoning, Follows et al, studied the organization and 

dynamics of LS preparations of bovine and porcine origin at the air-water 

interface by NR. These results showed that a multilayer structure can be formed in 

exogenous surfactant even at very low concentrations and suggested that 
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multilayer models need to be incorporated into the current interpretations of in 

vitro studies(FOLLOWS et al., 2007). On the other hand, some studies have 

used NR to examine the structure of asymmetric outer membrane models of 

Gram-negative bacteria P. aeruginosa as a mixed DPPC bilayer(CLIFTON et al., 

2013; MICHEL et al., 2017); also its interaction with cyclic antibiotic 

lipopeptides has been further investigated by Han et al(HAN et al., 2017). 

However, as far as we know, the structural organization, stability, co-localization 

and packing density of the lipids in an LS membrane model interacting with 

fluoroquinolones and macrolides at the air-water interface have not been studied 

using the NR technique. 

 

In this work, the structural details of the interaction between Levofloxacin (a 

third-generation fluoroquinolone), as well as the semisynthetic macrolide 

Clarithromycin, with DPPC monolayers (acting as an LS membrane model) are 

studied at the air-water interface. Levofloxacin is cataloged as a “respiratory 

quinolone” due to the enhanced activity against the important respiratory 

pathogen Streptococcus pneumonia. Clarithromycin is a broad-spectrum antibiotic 

and one of the safest antibiotics available mostly used to treat infections of the 

upper and lower respiratory tract, including pneumonia and bronchitis(ORTIZ-

COLLAZOS et al., 2017b). Some studies also suggest that aerosol formulation 

of Clarithromycin is an effective pulmonary drug delivery system for the 

treatment of respiratory infections(TOGAMI; CHONO; MORIMOTO, 2012). 

We have used NR, Brewster angle microscopy (BAM), polarization-modulation 

infrared reflection–absorption spectroscopy (PM-IRRAS) and Langmuir trough 

techniques to obtain new structural information about these mixed systems that 

can contribute to the design of new strategies in respiratory medicine. 

 

6.2 
Materials and methods 

The reader is referred to the description in section 3, page 31. 
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6.3 
Results and discussion 

The antibiotics Clarithromycin and Levofloxacin are not surface active and do not 

form Langmuir monolayers on their own. They do interact with DPPC 

monolayers at the air/water interface, as shown in the π-A isotherms in Fig 14A 

and 14C. The isotherms were repeated several times and were shown to be 

reproducible. As expected for DPPC, the isotherm displays a plateau around ~ 8 

mNm-1 characteristics of an LE (liquid expanded) - LC (liquid condensed) phase 

transition. Upon further compression, there was a steep change in slope of the 

isotherm reaching the LC phase with an area per molecule of  ~ 46.2 Å2 (at a 

surface pressure of 30 mNm-1) also consistent with the literature(DUNCAN; 

LARSON, 2008),(JAGALSKI et al., 2016). For mixed DPPC/Clarithromycin 

systems, there is a concentration-dependent effect, since the addition of the drug 

shifts the isotherm to lower areas, i.e., causes monolayer condensation. The shift 

to lower areas is probably due to the change in surface compressibility induced by 

Clarithromycin penetration into the monolayer, as seen in the change in slope of 

the isotherm in the LC region. Fig 14B and 14D show the surface compressional 

modulus, CS
-1, as a function of the surface pressure for the pure and mixed lipid-

drug monolayers. Typical experimental values in the literature of surface 

compressional modulus for DPPC monolayers are 10–50 mNm-1 for LE films, 

100–250 mNm-1 for LC films, and >250 mNm-1 for solid films(HAZELL et al., 

2016),(DUNCAN; LARSON, 2008). For the pure DPPC monolayer, the CS
-1 plot 

shows that above ca. 17 mNm-1 the lipid film is in a LC phase. However, for 

mixed DPPC/Clarithromycin systems, there is a slight depletion of CS
-1 values at 

the same surface pressure, and LC phases are reached only upon further lateral 

compression of the monolayer. It means that mixed DPPC/Clarithromycin 

monolayers became more compressible than the pure DPPC one. These results 

suggest a lipophilic interaction between Clarithromycin and the phospholipid tails, 

in addition to drug insertion into the film, which appears to be homogeneous 

according to the BAM images to be shown later on(FA et al., 2007).  

 

 

DBD
PUC-Rio - Certificação Digital Nº 1512835/CA



70 
 

 

For mixed DPPC/Levofloxacin monolayer systems in Fig 14C, upon 0.1 % w/w 

Levofloxacin addition, a shift to lower areas in the isotherm was also observed. As 

the Levofloxacin concentration is increased (10% w/w), the isotherm profile 

displays a second-order phase transition as well as changes in the slope of the 

isotherm at high surface pressures. It indicates changes in the packing of lipid 

molecules represented as a ‘delay’ in the lateral monolayer organization. 

Regarding the monolayer elasticity in Fig 14D, there is a progressive increase of 

monolayer compressibility as CS
-1 values dramatically decrease to values below 

those for pure DPPC. Also, the delay in the LC phase formation is evident in CS
-1 

plots, especially at high Levofloxacin concentration (10% w/w), since the 

monolayer remains at the LE state until high surface pressures (~30 mNm-1) 

Figure 14. (A) Surface pressure-area (π-A) isotherms of pure (black) and mixed 

DPPC/Clarithromycin monolayers at 10 % w/w (blue); 1 % (green) and 0.1 % (red). (B) 

Surface compressional modulus at the air-water interface calculated from the isotherms in 

(A). (C) Surface pressure-area (π-A) isotherms of pure DPPC (black) and mixed 

DPPC/Levofloxacin at 10 % w/w (blue); 1 % (green) and 0.1 % (red). (D) Surface 

compressional modulus at the air-water interface from the isotherms in (B). 

DBD
PUC-Rio - Certificação Digital Nº 1512835/CA



71 
 

where it passes to the LC phase. The latter may be related to a different 

organization of the lipid molecules in the presence of a high drug concentration, 

which hinders the formation of the LC phase. Overall, these results could indicate 

that Levofloxacin interacts with phosphatidylcholine mainly through electrostatic 

interactions with the hydrophilic groups(GRANCELLI et al., 2002) and induces 

more elastic states, hence more compressible monolayers(WÜSTNECK et al., 

2005) than pure DPPC and DPPC/Clarithromycin mixtures. The collapse pressure 

of pure DPPC was around 68.7 mNm-1, and this was not reduced with the addition 

of both drugs. Therefore, incorporation of both antibiotics does not affect or 

anticipate the collapse process of DPPC monolayers.  

 

Interfacial rheology experiments (see Fig. E.1 Supplementary material-3) on pure 

DPPC and mixed DPPC/antibiotics monolayers were also carried out using a 

double wall ring (DWR) geometry accessory in combination with a magnetic 

bearing stress rheometer (Discovery HR-3, TA Instruments, USA) on the 

dispersed films into the rheometer trough. As described in the previous Langmuir 

trough studies, the same stock solutions have been used here over an ultrapure 

water subphase. An oscillatory strain experiment showed that the surface shear 

modulus G' and G'' of pure DPPC were indistinguishable from a clean water 

surface. However, an amplitude sweep test of the DPPC/antibiotic mixtures at the 

higher concentrations (Levofloxacin and Clarithromycin at 10% w/w) showed that 

the viscous modulus G'' rose above noise level (Fig E.1). The effect was more 

pronounced in the Clarithromycin mixture than in the Levofloxacin one. 

Nevertheless, the flow curve and the frequency sweep tests just display noise. 

These results indicate that the addition of antibiotics affects the mechanical 

properties of the DPPC monolayer but they are not strong enough effects to be 

measured with the DWR geometry. The fact that the viscous/loss moduli G'' in the 

DPPC/Clarithromycin mixtures was higher than in the DPPC/Levofloxacin mixed 

monolayer demonstrates that the first one is a more viscous and ordered 

monolayer. Those results are in agreement with the surface compressional 

modulus Cs-1 results calculated from the π-A isotherms. 
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Figure 15 shows a summary of the BAM images recorded from π-A isotherms at 0 

and 30 mNm-1 where the existence of lateral structural changes on the DPPC 

monolayer in the presence of both antibiotics is confirmed. Tables E.1 and E.2 in 

Supplementary material-3 present the full images of pure and mixed 

DPPC/Levofloxacin and DPPC/Clarithromycin monolayers recorded as a function 

of surface pressure. Ordered condensed domains of pure DPPC are formed at very 

low surface pressure in the form of small patches (~ 5 mNm-1) that grow in size 

and gain a lobulated shape under lateral compression (typical for the enantiomeric 

DPPC molecule(KLOPFER; VANDERLICK, 1996)). These DPPC domains 

achieve high molecular packing and become an LC phase at surface pressures 

between 20 and 30 mNm-1. With the increase of Levofloxacin and Clarithromycin 

Figure 15. Brewster angle microscopy images of pure DPPC (1 g.L-1) (A) 0 mNm-1 and (B) 

30 mNm-1. Mixed DPPC/Clarithromycin at 0 mNm-1 (C 0.1% w/w; D 1%; E 10%) and 30 

mNm-1 (F 0.1% w/w; G 1%; H 10%). Mixed DPPC/Levofloxacin at 0 mNm-1 (I 0.1% w/w; 

J 1%; K 10%) and 30 mNm-1 (L 0.1% w/w; M 1%; N 10%). 
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concentrations, the lipid domains adopt a more star-like shape due to their 

interaction with antibiotic molecules. Previous reports(STEFANIU; 

BREZESINSKI; MÖHWALD, 2012; WIELAND et al., 2016) attribute changes in 

the shape of DPPC domains to the presence of particles that modify the line 

tension between domains, which affect their appearance. Moreover, the LC phase 

is reached at smaller surface areas (for the same pressure), indicating the loss of 

molecular arrangement, as reflected by the black holes (defects) at surface 

pressures > 30 mNm-1. When the antibiotic content is higher than 1%, bright 

circular domains are observed, which may indicate the existence of lipid/drug 

aggregates which have a lower line tension than pure DPPC domains. These 

aggregates affect the DPPC molecular organization, thus changing the isotherms 

as in Fig. 14. 

 

Figure 16 compares the PM-IRRAS spectra of pure DPPC with the addition of 

Clarithromycin and Levofloxacin at 0.1 and 10% (w/w) in a surface pressure of 30 

mNm-1 at the head groups region. Pure DPPC bands (Upper graph) at 1698 cm-1 

(C=O stretching, fatty acid) and 1742 cm-1 (C=O stretching, ester) change their 

orientation (downwards to upwards) with increasing surface pressure, indicating 

that phospholipids headgroups change their orientation from perpendicular to 

parallel to the air-water interface upon compression. With the addition of 

Clarithromycin and Levofloxacin (Lower graph) at any studied quantity, the polar 

phospholipid headgroups are no longer sensitive to surface pressure, remaining 

with the same orientation (parallel) (see full PM-IRRAS spectra in Fig. E.2 A-J in 

Supplementary material-3). This is an indication that both antibiotics have 

interaction with the phospholipid headgroups. Furthermore, no significant changes 

were observed for alkyl tail bands at 2850 cm-1 (CH2 symmetric) and 2925 cm-1 

(CH2 antisymmetric).  The PM-IRRAS spectra indicate that Clarithromycin and 

Levofloxacin interact with the headgroups of DPPC. Also, they affect the 

organization of DPPC upon compression. The bands centered at 1650 and 1547 

cm-1 represents the effect of interfacial water molecules, and are usually attributed 

to the difference of reflectivities of the air-water interface covered and uncovered 

by the monolayer.(GOTO et al., 2016; SORIANO et al., 2017) 
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Figure 16. Upper graph: PM-IRRAS spectra of pure DPPC with increasing 

surface pressure. Lower graph: PM-IRRAS spectra of pure DPPC (black solid 

line), DPPC/Levofloxacin 0.1% w/w (green dot-dashed line), DPPC/levofloxacin 

10% w/w (brown double-dashed-dot line), DPPC/ Clarithromycin 0.1% w/w 

(red dashed line) and DPPC/ Clarithromycin 10% w/w (blue dot line) at the 

head groups region (1450–1800 cm-1) 30 mNm-1. 
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Before NR studies, the stability of the mixed monolayers was checked by holding 

the target surface pressures using a feedback loop. All the systems were left 

undisturbed for a lapse of time of 90 min with little loss of material from the 

interface (less than ~5% in area). Two reflectometry profiles for a pure DPPC 

monolayer over different subphases: D2O and ACMW, along with their 

corresponding SLD profile at 30 mNm-1 are presented in Fig 17. Simultaneous 

two-layer model fitting of the experimental reflectometry data revealed that our 

results are consistent with published results.(JAGALSKI et al., 2016) Table 2 

summarizes the scattering length densities used in the fitting procedure for pure 

and mixed DPPC (-h/-d62) and table 3 summarizes the structural parameters 

obtained in fittings at 30 mNm-1 and 10 % w/w of the drug. 

 

Table 2. Summary of the scattering lengths densities used in the reflectivity calculations.  

 

In the fitting of the different contrast data sets, the layer thicknesses were 

constrained between each data set, because it is assumed that the physical 

dimensions of the films are unaffected by changes in deuteration of the 

components(FULLAGAR; HOLT; GENTLE, 2008). From the data sets for pure 

DPPC (see Supplementary material-3 Table E.3 for full fitting parameters) it is 

possible to see the interfacial film emerging as the surface pressure increases and 

the reflectivity profiles display higher intensity. At a surface pressure of 30 mNm-

1 these fittings provide an area per lipid molecule of 53.2 Å2 (from the lipid tails) 

and a thickness of the hydrocarbon layer of 16.0 Å, resulting in a tilt angle 

(relative to the surface normal) of 33.3° calculated as follows: β=arc 

cos(ttails/lpalmitoyl). The length (l) of the DPPC tails used was 19.15 Å as reported by 

Vaknin et al(DIETRICH et al., 2009; VAKNIN et al., 1991), compatible with 

Lipid/antibiotic/subphas

e 

ρ/10-6 Å-2 

 

ρ/10-6 Å-2 with 10% 

w/w of Levofloxacin 

ρ/10-6 Å-2 with 10% 

w/w of Clarithro. 

DPPC headgroup 1.67 1.67 1.67 

h-DPPC tail -0.38 -0.36 -0.35 

d-DPPC tail 7.24 6.69 6.59 

Clarithromycin 0.66 - - 

Levofloxacin 1.7 - - 

D2O 6.35 - - 

ACMW 0 - - 
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previous DPPC tilt angles reported(BREZESINSKI et al., 1995; ESTRELA-

LOPIS; BREZESINSKI; MÖHWALD, 2004; GERICKE; FLACH; 

MENDELSOHN, 1997; GULER et al., 2009; MOHAMMAD-AGHAIE et al., 

2010; POCIVAVSEK et al., 2011; TAKESHITA; OKUNO; ISHIBASHI, 2017; 

TOIMIL et al., 2012) 

 

 

 

 

Figure 17. Neutron Reflectometry data and the best two-layer fittings from 

simultaneously fitted d-DPPC on ACMW (green) and h-DPPC on D2O (blue) 

monolayers at the air-water interface and a surface pressure of 30 mNm-1. Upper 

figure: Reflectivity vs Q (Å-1), Lower figure: The scattering length density plot of all 

contrasts vs the distance from the interface. 
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Table 3. Summary of the parameters used for the best obtained NR fits using a two-layer model on 

pure DPPC (1mgmL-1) and mixed DPPC/antibiotic monolayers at 10% w/w and 30 mNm-1. 

 

Figure 18 shows the NR profiles and the best data fitting for the mixed lipid-drug 

curves at 30 mNm-1; as well as their corresponding SLD profiles for a 

concentration of 10 % w/w. The influence from both antibiotics on the interfacial 

structure of DPPC monolayers is seen in the structural parameters in Tables E.4 

and E.5 in the Supplementary material-3. The best fit for mixed 

DPPC/Clarithromycin monolayers was obtained considering that the molecule is 

located within the hydrocarbon tails. As can be seen in table 3, the introduction of 

Clarithromycin showed a thickness increase of the tail groups from ~ 16.0 to ~ 

19.0 Å (at 30 mNm-1 and 10% of drug) and increased roughness from ~ 3.5 to ~ 

4.5 Å at the top of the tails. These effects are in agreement with the 

Clarithromycin compressional effect in the monolayer, in consequence, the tilt 

angle of the tail decreases as the concentration of drug increases(FULLAGAR; 

HOLT; GENTLE, 2008),(ISKANDER, 2011). On the other hand, there was also a 

gradual decrease in the solvent penetration of the headgroups, from ~ 38% in pure 

DPPC monolayers to 19% at the highest addition of drug; as well as a reduction in 

the headgroup thickness (from ~ 11 to 9.1 Å). From Kosol et al(KOSOL et al., 

2012), it is known that macrolides are able to bind to membrane models through 

electrostatic interaction between the amino groups of the macrolides with the 

phospholipid headgroup. Clarithromycin, chemically known as 6-O-

methylerythromycin A, contains in its structure a desosamine ring (deoxy sugar), 

permitting it to exist in both protonated (>96%) and neutral (<4%) forms at 

physiological pH due to the pKa of the dimethylamino group (~8.6-

8.9)(GOLDMAN et al., 1990; SCHLÜNZEN et al., 2001). These results indicate 

that Clarithromycin, owing to its hydrophobic nature, co-localizes mainly within 

the acyl tails of DPPC through van der Waals forces(C. PEETLA, A. STINE, 

 Tail layer 
thickness 

t/Å 

Headgroup 
layer 

thickness 
t/Å 

Roughness 
(head-to-

tail 
interface) 

σ/Å 

Solvent 
penetration 
(headgroup) 

% 

Tail tilt 
angle  

(relative 
to the 

surface 
normal) 

DPPC 16 ± 0.7 11 ± 2 3.5 ± 1 38 ± 9 33.3° 

DPPC/Levo 
10% 

18 ± 0.3 13 ± 0.7 3.9 ± 1 45 ± 4 20.0° 

DPPC/Clari 
10% 

19 ± 0.3 9.1 ± 0.4 4.5 ± 0.5 19 ± 3 7.17° 
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2009). Furthermore, Clarithromycin probably guides its deoxy sugar units close to 

the polar headgroups allowing the positively charged amino group to interact with 

the polarizable PC headgroups.  

 

From the best data fits of Levofloxacin mixtures, (which differs from 

Clarithromycin due to its hydrophilic character and its smaller volume), it was 

possible to observe a less remarkable increase in the tail thickness along with a 

reduction in its tilt angle (from ~16 to 18 Å and ~ 33° to 20° respectively). Earlier 

studies have indicated the ability of a fluoroquinolone antibiotic (Ciprofloxacin) 

to alter the tilt angle of the acyl chain of DPPC monolayers(BENSIKADDOUR et 

al., 2008a, 2008b). In addition, it was noticed that Levofloxacin induces an 

increase in the headgroups thickness from ~11 to 13 Å. Also, the hydration 

percentage of the headgroups was reduced at low Levofloxacin concentration but 

Figure 18. Neutron Reflectometry data and the best two-layer fittings obtained from 

simultaneous fitted: h-DPPC/antibiotic on D2O (orange); d-DPPC/antibiotic on D2O (blue) and 

d-DPPC/antibiotic on ACMW (green) at 10% w/w and a surface pressure of 30 mNm-1Upper 

Figure: Reflectivity vs Q (Å-1). Lower Figure: The scattering length density plot of all contrasts 

vs the distance from the interface. Left images correspond to DPP/Clarithromycin. Right 

images correspond to DPPC/Levofloxacin.
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it increases from 38% to 45 % at the highest addition of drug. These results 

suggest that Levofloxacin, as a zwitterionic molecule at pH ~ 7 (HIRANO et al., 

2006; LAMBERT; REGNOUF-DE-VAINS; RUIZ-LÓPEZ, 2007; MITSCHER, 

2005), penetrates the monolayer and co-localizes mainly at the head to tail 

interfacial region. Since fluoroquinolones enable attractive interplays between the 

positively charged piperazine ring at the C-7 position of the quinolone and the 

negatively charged phosphate groups of the phospholipid heads,(FRESTA et al., 

2002; GRANCELLI et al., 2002; MONTERO; MERINO-MONTERO; 

VINUESA, 2006) Levofloxacin could replace water molecules surrounding the 

headgroup region through electrostatic dipole-dipole interactions (hydrogen-bond 

interactions). This could explain the differences found in the SLD profile format 

in the headgroup region at 30 mNm-1, compared with the pure DPPC SLD profile. 

These observed effects are consistent with a decreased area per lipid molecule 

seen in the surface pressure isotherms. In the paper Ortiz-Collazos, et al(ORTIZ-

COLLAZOS et al., 2017b), have been shown by MD simulations that 

Levofloxacin molecules are located preferentially between the polar head groups 

phospholipids at surface pressures of 43 mNm-1 which is in agreement with the 

results presented here. Besides, according to the compressional effect of the drug 

in the monolayer, it was observed that the tilt angle of the tail decreases especially 

upon 0.1 % w/w of Levofloxacin addition. 

 

Our results show that the effects of introducing both drugs on DPPC monolayers 

are related with the particularities of its interplay with the lipid membrane model. 

The lower compressibility values found in Levofloxacin mixtures, especially at 

10% w/w and 30 mNm-1, indicates a high fluidity of the model membrane at this 

point. This fact may directly affect the drug release at the surface packing pressure 

found in biological membranes. Further, as mentioned before, Levofloxacin is 

able to form hydrogen bonds with the lipid head groups, which probably facilitate 

its permeability through the lipid layer. Instead, Clarithromycin due to its high 

lipophilicity is more homogenously inserted in the monolayer and induces slight 

perturbations on the monolayer organization. Changes in the acyl chain thickness 

are due to the hydrophobic attraction between the lipid tails and the inserted 

antibiotic. This could result in a slower release of Clarithromycin from the 

hydrophobic tails to the aqueous medium. However, its strong interaction with the 
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lipid headgroups could be a key factor which mediates its membrane diffusion and 

binding to the bacterial proteins. The structural information obtained about the 

orientation and localization of the antibiotics in the lung surfactant membrane-

mimetic system facilitates the understanding of the interaction of such compounds 

with lipid membranes to predict the biophysical behavior of future smart drug-

delivery formulations. 

 

6.4 
Conclusions 

From this information, we have determined the structural details of the interaction 

between Levofloxacin and Clarithromycin antibiotics, each interacting with DPPC 

monolayers respectively. Langmuir studies shown that the introduction of both 

antibiotics induces changes in packing and lipid organization, as evidenced by a 

shifting in the isotherm to lower areas i.e., causing the monolayers to be more 

compressible. BAM experiments confirmed changes in the DPPC domains 

structure in the presence of the antibiotics which modify its molecular 

arrangement. The effects of the antibiotics differ due to their different 

physicochemical natures modifying the elastic properties of DPPC monolayers. 

NR data analysis showed that Clarithromycin, as a bulky hydrophobic molecule, 

merged into the hydrocarbon tails region allowing its deoxy sugar units to be 

close to the polar headgroups. Clarithromycin is able to induce a considerable 

reduction in the tilt angle of the lipid tails as well as reducing the thickness and 

solvent penetration of the polar headgroups. On the other hand, the smaller 

Levofloxacin produces a larger effect on the isotherm profile at high drug 

concentration (10% w/w), causing a delay in the LE-LC phase transition, hinders 

the phospholipid molecular organization, and induces a considerable decrease in 

the compressional modulus. The NR results indicate that Levofloxacin co-

localizes mainly affecting the polar headgroups since it slightly increases both tail 

and head groups thickness as well as reduces the solvent penetration of the polar 

region and the acyl tail tilt. The presence of both antibiotics also induces the 

roughening at the head-to-tail region of the mixed monolayers, when compared 

with pure DPPC monolayers, which confirms their insertion. These effects 

corroborate changes in the packing and the lateral organization of the DPPC 
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molecules, as well as the integration of these antibiotics into the monolayer. 

Further, the stability, functionality and the monolayer to multilayer transition 

process in the DPPC monolayer (‘collapse mechanism’), was not compromised at 

any drug concentration studied. We believe that this work can contribute to a 

better understanding and control of the molecular basis related to the interaction 

of these antibiotics with membrane models and thus, in the design of new 

strategies in respiratory medicine. 
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7 
Conclusions and perspectives 

Physical-chemistry interaction studies in lipid monolayer membrane models 

have a deep role in the structural description and dynamics of biological 

membranes and contribute to understanding how its specific composition and 

organization can modulate biophysical processes at the nanoscale, thus allowing 

to improve the design of drug delivery systems. Although there are very few 

reports in literature about the physical-chemical characteristics of lung surfactant 

monolayers related to the specific introduction of Clarithromycin and 

Levofloxacin antibiotics, our findings clearly lead to structurally describe the 

behavior of the mixed systems in order to demonstrate its potential efficiency in in 

vivo systems. 

 

Our data from experimental and complementary theoretical approaches shows that 

Levofloxacin, at fractions up to 10% w/w does not disrupt the stability nor the 

surface elasticity of Curosurf monolayers, even being certainly inserted in the 

film, since it causes an evident expansion in the surface pressure isotherms. PM-

IRRAS, molecular dynamics, and BAM studies indicate that the drug is placed 

between lipid headgroups and its insertion causes a delay in the monolayer-to-

multilayer phase transition, at 10% w/w of the drug, due to the presence of few 

aggregates. Also, in DPPC monolayers, which mimics the lung surfactant 

membrane at the air-water interface, it is evident that Levofloxacin strongly 

interacts with the phospholipid since induces changes in its packing, organization, 

and surface elasticity. Surprisingly, these effects do not induce an anticipate 

collapse even at a high content of drug. As evidenced by NR measurements the 

drug is in fact co-located in the tail-to-head interface region as an increase in the 

headgroups roughness was observed. The antibiotic also reduces the hydration 

percentage of headgroups at low concentration and increases this percentage at 

high concentration in DPPC monolayers.  
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Again, Curosurf monolayers containing Clarithromycin does not show instability 

due to the antibiotic introduction, at least up to 10% w/w of the drug.  PM-IRRAS 

data reveals that Clarithromycin, in fact, affects the head groups disposition due to 

the displacement of PO2
- and C-O-C IR bands to higher wavenumber values. MD 

simulations corroborate the monolayer integrity at the biological relevant surface 

pressure 30 mNm-1. In in vitro assays, the mixture Clarithromycin/Curosurf 

appears to enhance its antibacterial activity, especially against Gram-positive 

bacteria. Our approaches to study the effect of Clarithromycin with pure DPPC 

monolayers shows that the drug induces an ordering effect in the film since NR 

data reveals that the drug is co-localized within the lipid tails. However, 

Clarithromycin also orients its polar sugar groups close to the polar heads region 

and strongly interacts with them. Besides, NR data shows the lipid tails 

roughening and a notable reduction in tail tilting as the drug concentration 

increases. 

 

In conclusion, our results demonstrate the suitability of both Levofloxacin and 

Clarithromycin antibiotics to be introduced in Curosurf preparations, in terms of 

drug delivery systems, for the treatment of lower respiratory tract infections. The 

mixed systems studied here promising enhanced therapeutic efficacy, suggesting 

its application in future in vivo assays. 
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Figure C.1. The IR powder spectrum of pure Levofloxacin. 
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Figure C.2. PM-IRRAS spectra of Langmuir films of pure Curosurf (A, B, and C), Levofloxacin-Curosurf 0.1% w/w 

(D, E, and F), and Levofloxacin-Curosurf 10% w/w (G, H, and I) at surface pressures 0, 10, 20, 30 and 40 mN m−1 in 

the C–H region (2800–3000 cm−1), C–O region (1400–1800 cm−1), and C–O region (1000–1300 cm−1). 

DBD
PUC-Rio - Certificação Digital Nº 1512835/CA



104 
 

D 
Supplementary material -2 

 

 

 

Figure D.1. Consecutive compression-expansion isotherms for pure Curosurf 

(black dashed line) and mixed Curosurf/Clarithromycin at 10% w/w. (blue dashed-

dot line)  
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Figure E.1. Amplitude sweep of pure DPPC and mixed DPPC/antibiotics at 

25°C using a DWR geometry at a strain amplitude of 1%. The full symbols 

represent the storage modulus G’ and the empty symbols represent the loss 

modulus G”, respectively. 
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Table E.1. BAM images for pure DPPC and mixed DPPC/Levofloxacin monolayers at 0.1, 1 

and 10 % w/w under different surface pressures. All BAM images have a 25 µm scale bar at 

the left hand corner. 
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Table E.2. BAM images for pure DPPC and mixed DPPC/Clarithromycin monolayers at 0.1, 

1 and 10 % w/w under different surface pressures. All BAM images have a 25 µm scale bar 

at the left hand corner. 
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Figure E.2. PM-IRRAS spectra of DPPC at surface pressures of 0, 30 and 40 mNm-1 for 1450 to 

1800 cm-1 region (A) and 2800 to 3000 cm-1 (B) region. DPPC +  0.1% (w/w) Clarithromycin at 

surface pressures of 0, 30 and 40 mNm-1 for 1450 to 1800 cm-1 region (C) and 2800 to 3000 cm-1 (D) 

region. DPPC + 10 % (w/w) Clarithromycin at surface pressures of 0, 30 and 40 mNm-1 for 1450 to 

1800 cm-1 region (E) and 2800 to 3000 cm-1 (F) region.  DPPC + 0.1% (w/w) Levofloxacin at surface 

pressures of 0, 30 and 40 mNm-1 for 1450 to 1800 cm-1 region (G) and 2800 to 3000 cm-1 (H) region. 

DPPC + 10 % (w/w) Levofloxacin at surface pressures of 0, 30 and 40 mNm-1 for 1450 to 1800 cm-1 

region (I) and 2800 to 3000 cm-1 (J) region. 
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 Table E.3. Fitting parameters for a DPPC monolayer using two isotopic contrasts at surface pressures of 5, 20 and 30 mNm-1. 

Layer Contrast 

Model: 

Surface pressure/mNm-1 

Area per lipid/ Å2 (30 

mNm-1) 

5 20 30 
Exp. Calc. 

t/Å σ/Å %Hyd t/Å σ/Å %Hyd t/Å σ/Å %Hyd 

1-Tails 

h-DPPC on D2O 

8.0 ± 0.5 4.0 ± 0.2 - 12 ± 0.7 3.9 ± 0.4 - 16 ± 0.7 3.0 ± 1 - 

46.2 ± 

0.1 
52.9 ± 0.3 

d-DPPC on ACMW 

Alkyl tail tilt angle 

(relative to the surface 

normal) 

2-heads 
h-DPPC on D2O 

12.0 ± 1 4.0 ± 0.3 70 ± 8 11 ± 1.0 3.8 ± 0.4 55 ± 5 11 ± 2 3.5 ± 1 38 ± 9 33.3° 
d-DPPC on ACMW 
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Table E.4. Fitting parameters for a DPPC/Clarithromycin (CLA) monolayer using three isotopic contrasts at surface pressures of 5, 20 and 30mN m-1.  is the 

alkyl tail tilt angle relative to the surface normal. 

Layer 

Contrast: 

d-DPPC on D2O 

or ACMW 

h-DPPC on D2O 

Model: 

Surface pressure/mNm-1 

Area per lipid/ Å2  

(30 mNm-1) 
 (°) 5 20 30 

Exp. Calc. 
t/Å σ/Å %Hyd t/Å σ/Å %Hyd t/Å σ/Å %Hyd 

1-Tails CLA/DPPC 0.1 % 8.7 ± 0.6 5.8 ± 0.8 - 14 ± 0.5 5.5 ± 0.5 - 17.7 ± 0.3 5.0 ± 0.5 - 
41.6 ± 0.1 48.0 ± 0.2 22.4 

2-Heads CLA/DPPC 0.1 % 11 ± 0.5 5.5 ± 1 60 ± 5 12 ± 0.5 5.0 ± 1 44 ± 4 9 ± 0.4 5.0 ± 0.5 16 ± 5 

1-Tails CLA/DPPC 1 % 8.3 ± 0.5 4.5 ± 0.5 - 14 ± 0.7 4.9 ± 0.6 - 18 ± 0.6 5.5 ± 0.4 - 
40.9 ± 0.1 47.5 ± 0.1 20.0 

2-Heads CLA/DPPC 1 % 10 ± 1 3.8 ± 0.8 50 ± 2 11 ± 0.3 5.2 ± 0.7 38 ± 2 10 ± 0.3 5.3 ± 0.3 24 ± 4 

1-Tails CLA/DPPC 10 % 8.7 ± 0.2 5.5 ± 0.5 - 14 ± 0.2 4.4 ± 0.4 - 19 ± 0.3 4.5 ± 0.4 - 
39.6 ± 0.2 46.4 ± 0.1 7.17 

2-Heads CLA/DPPC 10 % 12 ± 1 5± 0.3 60 ± 3 11.8 ± 0.4 5.0 ± 1 47 ± 3 9.1 ± 0.4 4.5 ± 0.5 19 ± 3 
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Table E.5. Fitting parameters for a DPPC/Levofloxacin (LEV) monolayer using different isotopic contrasts at surface pressures of 5, 20 and 30mN m-1.  is the 

alkyl tail tilt angle relative to the surface normal. 

Layer 

Contrast: 

d-DPPC on D2O or 

ACMW 

h-DPPC on D2O 

Model: 

Surface pressure/mNm-1 

Area per lipid/ Å2 

(30mNm-1) 
 (°) 5 20 30 

Exp. Calc. 
t/Å σ/Å %Hyd t/Å σ/Å %Hyd t/Å σ/Å %Hyd 

1-Tails LEV/DPPC 0.1 % 9.5 ± 0.2 5 ± 0.5 - 14 ± 0.4 5.3 ± 0.5 - 18 ± 0.3 4.8 ± 0.3 - 
40.7 ± 0.1 

46.0 ± 

0.2 
15.0 

2-Heads LEV/DPPC 0.1 % 12 ± 0.3 5 ± 0.5 64 ± 4 10 ± 1 4.8 ± 0.5 38 ± 5 10 ± 0.2 4.7 ± 0.3 24 ± 2 

1-Tails LEV/DPPC 1 % 8.2 ± 0.4 5.2 ± 0.4 - 15 ± 0.6 5.0 ± 1 - 17 ± 0.5 3.6 ± 1 - 
45.0 ± 0.3 

50.0 ± 

0.1 
26.8 

2-Heads LEV/DPPC 1 % 11 ± 1 5.8 ± 0.3 60 ± 4 12 ± 0.5 4.5 ± 0.4 42 ± 6 11 ± 1 4.0 ± 1 34 ± 4 

1-Tails LEV/DPPC 10 % 8.0 ± 0.2 5.5 ± 0.3 - 15 ± 0.5 4.7 ± 0.7 - 18 ± 0.3 3.7 ± 1 - 
43.2 ± 0.3 

50.5 ± 

0.3 
20.0 

2-Heads LEV/DPPC 10 % 13 ± 0.4 5.2 ± 0.5 63 ± 3 12 ± 1 5.0 ± 1 49 ± 5 13 ± 0.7 3.9 ± 1 45 ± 4 
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