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Abstract 

This work focuses on the interaction of terbulatline sulphate and lamivudine with 

biological membranes. Liposomes were used as membrane mimetic models. 

Fluorescence techniques were used to study the partition coefficient through derivative 

spectophotometry and the drug’s location in the membrane by means of fluorescence 

quenching. The gathered results highlighted the importance of electrostatic interactions 

between the two drugs with membranes. The influence of drugs on membrane fluidity 

was assessed by dynamic light scattering. The fluidizing effect of the drugs on the 

membrane was based on the main phase transition temperature that separates the gel 

phase from the fluid phase of phospholipids. On the other hand, the fluorescence 

quenching assays revealed that they can affect the membrane organization using two 

probes with different location on the membrane. The presence of cholesterol 

represented a more complex system, closer to the cell membrane, and showed more 

changes in the membrane fluidity than on the partition of the drugs to the membrane. 

The location of lamivudine in this system was more affected than terbutaline sulphate. 

In general, the applied models and methodology used provided detailed information 

about different aspects of drug membrane interactions, such as the degree of drug 

ionization and different biomembrane models composition tested. 
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1. Project guidelines  

 

1.1. Motivation of the study  

 The biophysical approach to drug-membrane interactions is of utmost 

importance for the pharmacology area, since the interaction of drugs with membranes 

is unavoidable. In this perspective, drugs can have action on membrane surface 

(implying interaction with the membrane) or have intercellular targets (involving 

penetration throught the membrane). Consequently, drug-membrane interactions are 

decisive to comprehend drug’s pharmacokinetics and can enlight the drug design 

methods as well as the advance of efficient drug delivery systems.  

The focus on lipid bilayers as spots of action has changed this whole approach 

and has shown that drugs can influence lipid structure and influence the membrane 

proteins location. In fact, transmembrane proteins are embedded in the lipid bilayer and 

their activity varies with changes in the lipid environment, and the binding and activity 

of peripheral proteins to membranes is regulated by membrane-lipid organization.  

Thus, these reasons give rise to the importance of drug-membrane interaction 

studies. These interactions influence the highly organized, yet dynamic structure of the 

lipid bilayer, being essential for drug distribution in the body and allows us to understand 

the pharmacological factors of drugs.  

1.2. Objectives 

In this work, the main objective is to simulate the in vitro conditions to study 

drug-membrane interactions using model membrane systems. The drugs that are 

studied in this work are lamivudine and terbutaline sulphate. Their action is analyzed to 

give a precise biophysical characterization of the drug-membrane interactions, including 

information on the partition into the lipid bilayer, the possible location within the 

membrane and the influence of the drugs on membrane fluidity. The methodology 

chosen includes techniques such as derivative spectrophotometry, dynamic light 

scattering and fluorescence quenching to analyze these parameters.  
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1.3. Structure of the Thesis 

This thesis is divided in 5 chapters, according to the contents approached during this 

period. The first chaper is the structure and introduction, which includes the motivation 

and objectives for this work. The second chapter approaches the state of the art and the 

theoretical contextualization of this thesis, including the characterization of biological 

membranes as well as of the drugs studied. Chapter three is a description of the 

methodology used. Chapter four constitutes the results and discussion of the work 

developed in the laboratory. Finally, chapter five is the conclusion and future 

prespectives. 
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2. State of the art: Characterization of biological membranes 

Biological membranes are made up of many different lipids and proteins, which 

are organized in a two-dimensional bilayer structure. This lipid bilayer is not a structure 

permeable to all types of natural compounds, hence the importance of the association 

with sterols, sphingolipids and proteins (Lingwood & Simons, 2010).  

Phospholipid membranes are simple model arrangements to comprehend basic 

properties of biological membranes, although their composition is much more complex 

than mimetic systems. The shape of lipid bilayers is dependent on the area of its polar 

head group compared to the dimension of its hydrophobic core. Its lipid composition is 

asymmetric, thus the lipid composition is different within the two leaflets. This 

asymmetry is responsible for membrane curvature, which is essential for biological 

processes and contributes also to membrane potential, being important for the binding 

of drugs or proteins to the lipid membrane (Lingwood & Simons, 2010) (Janmey & 

Kinnunen, 2006).  

The major lipid components of biomembranes are glycerophospholipids, 

sphingoplipids and sterols. Glycerophospholipids are the primary building blocks of 

membranes eukaryotic membranes. They are composed by a headgroup, being 

phosphatidylcholine one of the most abundant, linked to an acyl chain that assumes the 

form of a tail. The composition of the head group is not the same for all types of cells 

and the range of alkyl chains of the lipids can also fluctuate. Sphingoplipids are 

important for signal transmission and cell recognition and the major sphingolipids in 

biological membranes are sphingomyelin and glycosphingolipids. Sphingomyelin results 

from the attachment of a choline molecule to the hydroxyl group of ceramides and is 

involved in the formation of lipd rafts. These microdomains are supposed to be 

responsible for the lateral distribution of proteins and the concentration of membrane 

constituents in small compartments, which facilitates their interactions. Lipid rafts are 

dynamic structures and this turns their characterization into an extremely difficult 

process because these structures exist in biological membranes only eithin a short 

lifetime. The size of lipid rafts seems to be influenced by the local lipid composition and 

protein conformation (Eeman & Deleu, 2010). Sterols are the main non-polar lipids of 
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cell membranes, being cholesterol the most abundant. The structure and role of 

cholesterol will be more detailed in the next section (Vance & Vance, 2008).  

For the purpose of this work, the chosen phospholipid was 1,2-Dimyristoyl-sn-

glycero-3-phosphorylcholine (DMPC), mainly due to the fact that phosphatidylcholines 

(PCs) are abundant in biological membranes of the cells. It is a zwitterionic phospholipid 

because of the presence of this choline group and a phosphate group, along with the 

saturated acyl chains (Gurtovenko, Patra, Karttunen, & Vattulainen, 2004).  The chemical 

structure of DMPC is represented in figure 1. 

 

 

For the preparation of the liposomes to simulate the biomembrane in this work, 

the percentages of the components of the lipid bilayer was chosen based on the data 

from table 1. The amount of cholesterol was supposed to simulate the biological 

membrane of a living cell. 

 

 

Figure 1 – Chemical strucutre of DMPC  



15 
 

 

 Proteins 

(µg/mg f.t.) 

Cholesterol 

(nmol/mg f.t.) 

Gangliosides 

(nmol/mg f.t.) 

Sphingomyelin 

(nmol/mg f.t.) 

Glycerophospholipids 

(nmol/mg f.t.) 

Wild Type 86.71±12.21 11.40±1.70 0.73±0.04 1.03±0.11 39.70±3.02 

ASMKO 94.16±12.96 10.50±1.56 0.92±0.07 5.90±0.65 41.10±3.28 

 

 

2.1. Cholesterol’s effect on biomembranes 

Cholesterol is a unique component of the membrane and may have significant 

effects on bilayer self-assembly, phase state and structure and is known to regulate 

membrane fluidity and permeability. Cholesterol can modulate both the rigidity of cell 

membranes and intracellular transport and signal transduction. The presence of this 

molecule in the lipid bilayer influences membrane curvature and for a higher 

concentration of cholesterol, the membrane becomes more rigid and needs more force 

to produce the same degree of curvature (Choubey, Kalia, Malmstadt, Nakano, & 

Vashishta, 2013) (Eeman & Deleu, 2010) (Bruning et al., 2010). Biological functions 

normaly require membranes to be fluid in order to allow a rapid diffusion and 

interactions on the membrane surface. Cholesterol is present in an amount varying from 

20 to 30 mole% and changes in its content of biomembranes can influence its properties 

and functions and also the permeability of the membrane (Kraske & Mountcastle, 2001). 

Recent studies point that cholesterol is able to moderate protein activity due to its 

influence on membrane thickness, being capable of control the hydrophobic mismatch 

between the transmembrane regions of proteins and the hydrophobic section of the 

bilayer (N., Kucerka; J., Pencer; M.P., Nieh; J., 2007). Cholesterol is constituted by a 

hydrocarbon tail, a group of 4 carbon rings held together and a hydroxyl headgroup that 

helps with the orientation at the lipid-aqueous interface (figure 2). Despite its planar 

structure, cholesterol has methyl groups located on its two quaternary centre. 

Cholesterol mantains the hydroxyl group in the direction of the outer water phase in 

order to insert itself between the DMPC molecules. This also happens possibly due to a 

interaction of the methyl group at the hydrophobic terminal of cholesterol with the 

DMPC chain section (Pan, Tristram-nagle, & Nagle, 2009) (Marquardt, Kucerka, Wassall, 

Table 1 - Protein and lipid content in wild type (WT) and ASMKO adult mouse brains (Scandroglio 

et al., 2008).  
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Harroun, & Katsaras, 2016) (Mcmullen, Lewis, & Mcelhaney, 2004) (Giordani et al., 

2008). 

Cholesterol affects several parameters of the membrane such as the bilayer 

thickness, lateral area and/or headgroup hydration. This phenomenon of bilayer 

thickning may be a consequence of the condensation effect induced by cholesterol, 

which increases the lipid hydrocarbon chain order. This ordering effect is also important 

to reduce the hydrophobic mismatch between the chain organization (Genz, Holzwarth, 

& Tsong, 1986) (Marquardt, Kučerka et al. 2016) (Filippov & Oradd, 2003).  

 

 

 

 

 

2.2. Cholesterol effect on phase equilibria 
 

Cholesterol is known for its effect on the phase behavior of phospholipid 

bilayers. Single component phospholipid bilayers exist, in a first approximation, in two 

different phases: the low temperature gel phase (Lβ) (often called solid-ordered (So) 

phase), and the high temperature liquid crystalline phase (Lα). The Lβ phase is 

characterized by high segmental fatty acid chain ordering, meaning that lipid 

hydrocarbon chains are almost fully extended, and the phospholipids are well-ordered 

in the two-dimensional plane of the bilayer, corresponding to a compact lipid network. 

Compared to the Lβ phase, the Lα phase exhibits increased hydrocarbon chain disorder, 

causing the chains to sample a larger conformation space, resulting in the loss of two-

Figure 2 – Chemical structure of cholesterol 
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dimensional long-range order. In this phase, due to a less rigid structure, the lipids 

undergo increased lateral and rotational diffusion. The transition between the gel and 

fluid phases occurs at a specific temperature of phase transition (Tm). These two 

opposite lipid phases that occur in biological membranes are represented in figure 3. 

(Aoun et al., 2016) (Goñi, 2014) (Eeman & Deleu, 2010) (Takahashi, Miyagi, & Redondo-

morata, 2016).  

 

 

In the presence of cholesterol, lipid bilayers give rise to an extra phase, called the 

liquid-ordered (Lo) phase, presenting features of both gel and fluid phases. The liquid-

ordered phase exhibits a lateral and a rotational diffusion close to the presented in the 

liquid-disordered phase, although this rotation around the alkyl chain bonds is 

restricted, with the ordering of fatty acyl chains. This phase seems to the gel phase with 

less lateral packing order and at the same time to the fluid phase with more packing 

order. In the phase diagram, it is possible to observe that liquid-disordered and liquid-

ordered phases as well as liquid-ordered and solid-ordered phases can coexist in a same 

lipid bilayer (Figure 4). The slope of cholesterol steroid ring was reported as an important 

parameter that correlates with the degree that cholesterol could condense and order 

membrane lipids and, thus influence the order of the acyl chain conformations of 

Figure 3 – Phase transition of lipid bilayers (adapted from Eeman & 

Deleu, 2010) 
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membrane lipids. With increasing cholesterol concentrations, its hydroxyl group was 

forced to move near the aqueous phase, and this location was correlated with a smaller 

slope angle of the steroid ring (Róg & Vattulainen, 2014) (Karmakar, Sarangi, & 

Raghunathan, 2006) (Lemmich, Mortensen, & Hjort, 1997) (Léonard et al., 2001) 

(Choubey et al., 2013) (Trandum, Westh, Jørgensen, & Mouritsen, 2000)(Schrader, 

Behrends, & Kaatze, 2012)(Harroun, Katsaras, & Wassall, 2006) .  

 

 

 

 

The cholesterol molecule can stabilize the membrane by ordering lipid acyl 

chains in liquid membranes in a phenomenon described as the umbrella model, 

represented in figure 5. The addition of cholesterol lipid membranes in the fluid phase 

normally leads to a decrease of the area per lipid molecule, increasing the head group–

head group distance across the bilayer. This is the result of the so-called cholesterol's 

condensation effect (Rheinstädter & Mouritsen, 2013) (Smit & Meyer, 2009). The 

umbrella model can be described as the shielding the hydrophobic region of cholesterol 

from unfavorable interactions with water. Cholesterol seems to act as a “filler 

molecule”, reducing the repulsion of the inter-monomer lipid headgroups and the lipid 

hydrocarbon chain mobility due to the Van der Waals stabilization. This bonding turns 

Figure 4 – Phase diagram based on the cholesterol content (adapted from Eeman 

& Deleu, 2010) 
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the interfacial region of the membrane more hydrated due to the presence of this 

hydroxyl group. (Bhattacharya & Haldar, 2000) (Huang & Feigenson, 1999). 

 

 

 

Cholesterol, along with shingomyielin, is important for the formation of rafts. 

These structures have been interpreted as lateral heterogeneities in the organization of 

cholesterol and sphingolipids and present a high mobility in the plane of the membrane. 

Lipid rafts are involved in numerous processes of signaling molecules in the outer layer 

of biomembranes (Mayor & Rao, 2004). It is believed that rafts can influence membrane 

properties and functions. The heterogeneous organization of membrane constituents is 

essential for cellular functions such as signalling, trafficking and adhesion (Armstrong et 

al., 2012). These special domains owe in part their existence to sphingolipids in the 

cholesterol-enriched raft. These high levels of cholesterol led to the assumption that 

rafts are local manifestations of the liquid-ordered phase, although the boundaries 

between these different phases remain a topic of debate (Rheinstädter & Mouritsen, 

2013).  

 

2.3. Parameters studied in drug membrane interactions 

Phospholipid’s head 

Cholesterol 

Reduction of the area 

per lipid molecule due to 

the “filling” with 

cholesterol 

Figure 5 – Schematic representation of the umbrela model (adapted from 

Huang & Feigenson, 1999) 
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Besides the main phase transition, referred in the previous section, this thesis 

will include the study of two other parameters: the partition coefficient (kp) and the 

stern volmer constant (ksv). 

2.3.1. The partition coefficient 

The partition coefficient is mainly the first step in drug membrane studies and its 

determination can suggest the distribution of the compounds between the two phases 

and may be an indicator of the diffusion processes across the biological barriers (Neves, 

Nunes, & Reis, 2015)(Lúcio et al., 2009). This parameter represents the extension of the 

drug-membrane partioning process in a biphasic system and the octanol-water system 

is the most commonly used system to simulate in vivo processes. However, the 

liposome-water system is more accurate to study the interaction of drugs with biological 

membranes, due to the capacity of liposomes to mimic the hydrophobic core and the 

charged polar surface of phospholipids. The calulation of this parameter will be further 

explained in the methodology.  

2.3.2. The Stern-Volmer constant 

The intensity of fluorescence can be diminished by various processes. This 

reduction in intensity is called quenching and ther are different mechanisms is which it 

can occur. One of these processes is collisional quenching and it occurs when the 

fluorophore is disabled due to the established contact with some molecules (including 

drugs) that act as quenchers. There is no chemical alteration in this process, and the 

decrease in intensity can be measured by the Stern-Volmer equation. This will be better 

explained in the methodology of this work. This equation allows the determination of 

the Stern-Volmer quenching constant, which indicates the sensitivity of the fluorophore 

to the quencher (Lakowicz, 2006).  

2.4. Model membrane systems 

Due to the complexity of biological membranes, many model membranes 

emerged for studying membrane properties, structure and processes, which includes 

the interactions with natural compounds. The most common biomimetic systems used 
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for such purposes are lipid monolayers, lipid vesicles (liposomes) and solid supported 

lipid bilayers (figure 6).  

 

 

 

 

 

2.4.1. Liposomes 

Lipid vesicles called also liposomes enclose a small aqueous compartment and 

are produced through the aqueous dispersion of membrane lipids. Liposomes are 

composed of two lipid leaflets arranged in a way similar to biological membranes and 

allow the prediction of pharmacokinetic properties of the interaction of drugs with 

biomembranes.  

This represents an advantage to other model mimetic systems such as 

monolayers because these are constituted of only one leaflet, whereas liposomes as 

vesicles are composed of two leaflets. Other advantages are the fact that liposomes 

have a membrane curvature identical to the biological cells and their experimental 

preparation is simple and approachable. In addition to this, they present a wide range 

of applications, being a model system very useful to study cell adhesion and membrane 

fusion processes. Also, it is possible to investigate membrane properties using lipid 

vesicles, as well as the transport of drugs or proteins encapsulated in liposomes. Their 

versatility is a huge advantage to their use in model membrane studies, among others 

However, one limitation of these models is their simplicity when compared to biological 

membranes (Eeman & Deleu, 2010)(Voskuhl & Ravoo, 2009)(Peetla, Stine, & 

Labhasetwar, 2009). 

Figure 6 – Different types of model mimetic systems (adapted from Knobloch et al., 2015) 
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Liposomes in the preparation of model membrane systems can be classified by 

their size and number of bilayers. Multilamellar lipid vesicles (MLVs) are composed by 

many concentric lipid bilayers separated by water. Unilamellar vesicles have only one 

lipid bilayer and an internal aqueous compartment, being classified by their size as small 

(SUVs), large (LUVs) and giant (GUVs). LUVs are normally choosed to study bio 

membrane interactions because their curvature is similar to that of actual cells (Pereira-

Leite, Nunes, & Reis, 2013). 

2.4.2. Lipid monolayers 

Lipid monolayers (also called Langmuir monolayers) are a simple model for 

mimicking biological membranes and can be considered as half of the lipid bilayer. These 

insoluble films are formed by spreading amphiphilic molecules at the surface of a liquid. 

Langmuir monolayers display many advantages in the control of parameters such as 

temperature, packing density of the lipids and composition of the subphase in terms of 

pH and ionic strength. The characterization of drug-lipid interactions can be deduced 

from compression isotherms, which are obtained by measuring the surface pressure of 

the interfacial film as a function of the mean molecular area of the compounds spread 

at an air-water interface (figure 7) (Eeman & Deleu, 2010; Knobloch, Suhendro, 

Zieleniecki, Shapter, & Koper, 2015). 

 

 

 

Figure 7 – Theoretical isotherm obtained by compressing an insoluble lipid monolayer 
(adapted from Eeman and Deleu 2009) 
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Lipid monolayers are also suitable model membranes for evaluating the insertion 

of amphipathic compounds (antimicrobial peptides, biosurfactants or drugs) into the 

membrane of target cells and to evaluate modifications in lipid morphology at the air–

water interface. In order to visualize the interfacial organization of lipid constituents of 

a monolayer resulting from the insertion of a compound of interest, the preparation of 

Langmuir monolayers can be easily combined with numerous techniques to obtain the 

direct structural information corresponding to the conformation and orientation of the 

monolayer constituents. Also, lipid monolayers have been used widely for studying the 

binding of peptides and proteins, by recording pressure/area changes as a function of 

time and protein concentration, after inserting the protein or peptide into the subphase 

underneath the lipid monolayer. These changes correspond to a measure of the surface 

activity of the peptides or proteins as well as the strength of the interaction with the 

lipids (Blume & Kerth, 2013) (Pereira-Leite, Nunes, et al., 2013). 

2.4.3. Supported lipid bilayers (SLBs) 

 Supported lipid bilayers (SLBs) are biomimetic model membranes made of a lipid 

bilayer supported onto a solid surface. Compared to free standing bilayers, SLBs allow 

for the use of a wider range of analytical techniques, including surface sensitive 

techniques to study membrane properties. These membrane mimetic models have been 

used to study organization of biological membranes and to analyze the molecular 

interaction of drugs with cell membranes (Pereira-Leite, Nunes, et al., 2013).  In SLBs, 

the polar head groups of the first lipid monolayer are facing towards the support while 

the hydrocarbon chains of this lipid monolayer are in contact with the lipid chains of the 

second monolayer. The mechanism of SLBs formation can roughly be described as the 

ability of liposomes to adsorb, to rupture, and form planar bilayers as represented in 

figure 8. The detailed mechanism is dependent on many factors, such as liposome 

surface charge and ionic strength of the solution. 
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Lipids will adsorb to the surface, but do not rupture immediately. When the 

critical vesicular concentration (CVC) is reached, liposomes start to rupture. This often 

starts at “hotspots” on the surface, correspondent to the rupture of single liposomes. 

The edge of the newly formed bilayer gives rise to a structural rearrangement and its  

referred to as the “active edge” effect (Nordlund, 2013). 

SLBs can also be prepared by the fusion of lipid vesicles onto a solid support. The 

fusion is done by heating a liposome suspension in contact with the support at 

temperatures above the lipid phase transition. This process involves the adsorption of 

the lipid vesicles on the surface, followed by their deformation, their flattening and their 

rupture. This requires temperatures above the lipid phase transition, and because of 

this, the method of fusion is avoided when temperature-sensitive membrane 

components has to be incorporated in SLBs (Eeman & Deleu, 2010).  

Regarding the interaction of SLBs with proteins, one great advantage of using this 

system is that this interaction allows a very detailed characterization using imaging 

techniques such as atomic force microscopy. Also, the amount of protein needed to 

obtain this protein density in the bilayer is very small (Mingeot-Leclercq, Deleu, 

Brasseur, & Dufrêne, 2008).  An extension of SLBs has emerged over the years with the 

development of polymer supported and tethered lipid bilayer membranes. These model 

systems separate the lipid bilayer from the substrate by a spacer between them. Among 

the different model systems, this two types of SLBs offer a stable platform and are 

accessible to a wide range of analytical techniques (Andersson & Köper, 2016). 

Figure 8 – Formation of SLBs (adapted from Eeman & Deleu, 2010) 
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2.4.4. Polymer-Supported Lipid Bilayers 

In this type of SLBs, the polymer layer is typically bound to the surface of the 

support material and the lipid bilayer is placed onto the polymer cushion. The nature 

and density of the cushion can even mimic some properties of the cytoskeleton. The 

thickness of the polymer layer depends both on the polydispersity of the polymer and 

swelling behaviour upon hydration. The polymer spacer prevents the interaction of 

proteins or other compounds of study with the solid support, which is represented in 

figure 9. Also, it allows the diffusion of ions between the inner and outer leaflets of the 

membrane and therefore increases the electrical resistance. This is a major advantage, 

for example to study the characterization of ion channels (McCabe & Forstner, 2013). 

Glass is a common substrate due to its hydrophilic surface, which supports the formation 

of a hydrated sub membrane. Another polymer used is polyethyleneglycol, a polymer 

with high hydration levels and the supported membranes showed good lipid diffusivity 

levels and high tolerance for deformation, thereby suggesting a very rugged bilayer 

system (Andersson & Köper, 2016). 

 

 

2.4.5. Tethered bilayer lipid membranes 

Phospholipd region 

Polymer cushion 

Substrate bond to the polymer 

Figure 9 – Schematic representation of a polymer-supported bilayer (adapted from Shen, Lithgow, 

& Martin, 2013) 
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Tethered bilayer lipid membranes (tBLMs) are another alternative to create a 

solid support membrane including a spacer between suport and bilayer which links the 

inner leaflet of the membrane covalently. The spacer covers small features of surface 

irregularity and provides an ion and water base underneath the membrane. Usually, two 

stages are present in the formation of a tBLM. Initially, the anchor phospholipid is 

gathered onto a substrate through a process of self-assembly. This monolayer is then 

put in contact with small unilamelar vesicles, which then gathers to form the distal layer 

of the bilayer (Junghans & Köper, 2010). The structure of a thetered bilayer is 

represented in figure 10. Contrary to polymer supported membranes, tBLMs display 

high electrical resistance and a higher long-term stability. Gold is one of the most used 

supports because it works with thiol- and sulfur-based cushions, and can also serve as 

an electrode for surface analysis. Ideally, a tBLM should have high electrical impedance, 

a low capacitance as well as high fluidity and high submembrane hydration. However, 

increases in membrane hydration and fluidity result on a reduction of the electrical 

properties. The sub membrane space of a tBLM is determined by the strucuture of the 

tether-segment, which dominates the connection of the lipid to the solid support. 

Surfaces that have been explored as supports include gold, mercury, aluminium oxide 

and silicon dioxide. The tether-segment can be varied to influence properties such as 

hydration and membrane fluidity  (Andersson & Köper, 2016). 

 

 

2.5. Characterization of the drugs Figure 10 - Schematic of a gold-supported tBLM (adapted from (Andersson & Köper, 2016) 

Phospholipid region 

Fully tethered spacer 

Gold support 
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The drugs selected for this work were terbutaline sulphate (TS) and lamivudine 

(LV). Although they both serve for different purposes, their properties and structure 

differ between themselves. In the literature, it was not found any study involving these 

drugs with the methodology used, so the purpose is to study their interaction with 

membranes and then compare with other drugs with similar properties previously 

studied. 

 

2.5.1. Lamivudine 

Lamivudine (2'-deoxy-3'-thiacytidine), also referred as 3TC, is a nucleoside reverse 

transcriptase. Its chemical structure is represented in figure 11. This drug can act against 

human immunodeficiency virus type I (HIV1), HIV2 and Hepatitis B virus. It is FDA 

approved for treatment of HIV infections in children and adults with other reverse 

transcriptase inhibitors (Caso, Dalonzo, Derrico, Palumbo, & Guaragna, 2015).  

Lamivudine has a high oral bioavailability and is distributed widely into the body, 

entering the cells by passive diffusion or active transport. Intracellularly it is metabolized 

to its active triphosphate form by multiple kinases. Lamivudine has two chiral centers 

and originally was prepared as a racemic mixture. Later, it was discovered that the (-) 

enantiomer of the racemic mixture GR103665X Lamivudine is more potent against HIV 

with greater antiviral activity and has less cytotoxicity than the (+) enantiomer of 

GR103665X.1. (Mydlow, Hussey, Yuen, Morris, & Hall, 1995) (M. A. Johnson et al., 1998) 

(Abdel-gawad, Helmy, Abbas, & Mohamed, 2015).  
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The triphosphate form competes with deoxycytidine triphosphate for binding to 

reverse transcriptase, and the incorporation of this 3TC-triphosphate (3TC-TP) form in 

viral DNA results in chain termination. Lamivudine undergoes anabolic phosphorylation 

by intracellular kinases to form lamivudine 5′-triphosphate, the active anabolite which 

competitively inhibits viral reverse transcriptase and terminating proviral DNA chain 

extension (Mark A. Johnson, Moore, Yuen, Bye, & Pakes, 1999). 

Lamivudine is primarily excreted in urine (70% of the drug) and 5-10% of the drug 

is excreted as inactive trans-sulfoxide metabolite. As a result of this, the dose needs to 

be reduced in patients with renal insufficiency (M. A. Johnson et al., 1998). The absolute 

bioavailability was similar for the oral solution, capsule, and tablet (mean values of 87%, 

88%, and 86%, respectively) (Mydlow et al., 1995).  The absolute bioavailability is 

approximately 82 and 68% in adults and children, respectively. The drug is rapidly 

absorbed after oral administration and it must be avoided during pregnancy because in 

pregnant women, lamivudine is present in maternal serum, amniotic fluid, umbilical 

cord and neonatal serum, indicating that the drug diffuses freely across the placenta 

(Mark A. Johnson et al., 1999).  

The half-life of lamivudine is approximately 5 to 7 hours and has high solubility 

(84.9 mg/mL) and permeability. The suggested dose daily of 150 mg is required for life- 

time. The oral administration of lamivudine exhibits side effects such as abdominal pain, 

Figure 11 – Chemical structure of lamivudine 
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headache, nausea, fatigue and also vomiting (Else et al., 2012) (Jozwiakowski, Nguyen, 

Sisco, & Spancake, 1996) (Tshweu, Katata, Kalombo, & Swai, 2013).  

 

2.5.2. Terbutaline sulphate  

Terbutaline sulphate (TS) is a selective short-acting beta-2-adrenoceptor agonist 

relevant for the treatment of respiratory diseases is which reversible airways 

obstruction is diagnosed. Beta-2-adrenoceptor agonists demonstrate proinflammatory 

effects and are be used as a reliever medication for the symptoms of asthma and chronic 

bronchitis (Cazzola et al., 2011). The chemical representation of terbutaline sulphate is 

displayed in figure 12. Administration of TS provides a rapid relief of asthma symptoms 

and induces bronchodilatation. This is done through the inhibition of bronchoconstrictor 

mediators, resulting in a direct relaxation of airway smooth and skeletal muscles, which 

can be dependent of the dose administered (Hashem, Nasr, Fathy, & Ismail, 2016) 

(Emami, ShetabBoushehri, Varshosaz, & Eisaei, 2013).  

Moreover, TS increase mucocilliary clearance of the respiratory system and has 

an antiallergic effect on mast cells. This is particularly important because mast cells are 

activated when an asthma attack occurs. It stimulates the β2-receptors, increasing the 

formation of cAMP in bronchial muscle cells, resulting on the bronchodilation 

(Sunandana, Sushmitha, & Nalluri, 2014). This drug can also be administered to control 

and prevent the preterm labor in pregnancy. Its effects are vasodilatation and relaxation 

of the uterine muscles. However, there are some risk factors associated with the 

administration of this drug, such as cardiovascular and metabolic dysfunctions (Slotkin 

& Seidler, 2013). 
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Figure 12 - Chemical structure of Terbutaline sulphate  

The biological half-life of TS is 3–4 h and the systemic mean residence time is 

about 3 h. The oral bioavailability of this drug is only 14.8% due to difficulties of its 

metabolism in liver and intestine walls.  Therefore, the amount of drug is severely 

reduced before it reaches the system circulation. For this reason, terbatuline fits as a 

suitable substance for transdermal or tansmucosal delivery due to the incomplete 

absorption in the gastrointestinal track when applied by oral dosage and is available as 

tablets and solute ions for injection and inhalation (Borgstrom, Nyberg, Jonsson, 

Lindberg, & Paulson, 1989). Terbutaline is metabolised and excreted as the sulphate 

conjugate with no formation of active metabolites. Following oral administration, one-

third to one-half of the dose is excreted in the urine, whereas after intravenous and 

subcutaneous administration more than 90% is eliminated by this route (Tegner, 

Nilsson, & Persson, 1984). 
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3. Materials and Methods 

3.1. Preparation of liposomes suspension 

Liposomes of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) from Avanti 

Polar Lipids, Inc., with and without cholesterol are prepared by the lipid film hydration 

method. DMPC and cholesterol are first dissolved in a chloroform solution. The organic 

solvent is then evaporated under a stream of nitrogen to yield a thin dried lipid film. This 

thin film is formed through rotatory evaporation in a glass tube. The resultant lipid film 

is hydrated with PBS buffer and the mixture is vortexed for complete dissolution 

(approximately 10 minutes). Lipid suspensions are extruded 13 times across a 

polycarbonate filter with a pore diameter of successively 400 nm, 200 nm and finally 

100 nm. The liposomes prepared had two compositions, 100% DMPC and 

85:15DMPC:CHOL (molar ratio).  

 

 

3.2. Determination of partition coefficients by spectrofluorimetry  

In this study, the partition coefficients (Kp) were determined by derivative 

spectrophotometry using liposomes as lipid phase. This technique is advantageous 

because of its high sensitivity, which permits to use low drug concentrations, and the 

minimization of the light scattered by lipid vesicles, which diminishes the spectral 

interferences, in comparison with the UV–Vis spectrophotometry. Also, the use of UV-

Vis derivative spectrophotometry to determine kp has the advantage of not requiring 

phase separation and thus, the equilibrum between drug and membrane is not 

disturbed (Pereira-Leite, Nunes, Lima, Reis, & Lúcio, 2012) (Macrick & Pardue, 1986). 

In the derivative spectro-photometric studies, a series of buffered suspensions 

containing a fixed concentration of the drug (350 µM for terbutaline sulphate; 120 µM 

for lamivudine) and increasing concentrations of DMPC (in the range 0–1000 µM) are 

prepared. The corresponding reference solutions are prepared identically but without 

drug. The absorption spectra are recorded at temperatures ranging from 36 oC to 41 oC 

and the third derivative of spectra is determined.  
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The partition coefficients are calculated from the second and third derivative 

spectra (determined from the recorded absorption spectra after blank subtraction) at 

the wavelengths where the scattering is eliminated, by fitting Eq. (1) to the experimental 

data (Dt versus [L]) using a non-linear least squares regression method where the 

adjustable parameter is the partition constant, Kp.  

𝐷𝑡 = 𝐷𝑤 +
(𝐷𝑙−𝐷𝑤)𝐾𝑝[𝐿]

1+𝐾𝑝[𝐿]
  Eq. (1) 

In this equation, Dt is the derivative intensity of the drug in a sample solution 

with a certain concentration of lipids [L]. Dw stands for the value of derivative intensity 

in the aqueous phase and Dl for the value of derivative intensity that would be obtained 

if the partioning of all molecules to the lipid phase were fully achieved. In this  equation, 

Kp is the molar partition coefficient expressed as M−1 (Magalhães et al., 2010). 

3.3. Theoretical prevision of the partition coefficients by Marvin 

Sketch Calculator 

 This section will serve as a complementary study for the partition coefficients. 

With the determination of the theoretical partition coefficients, the main objective is to 

compare these two values.  

 To this purpose, Marvin sketch calculator (v17.3.13.) software from Chemaxon 

was used. This software, however, only considers the octanol/water logD, so the 

comparison between the two values will consider the various types of interactions that 

occur in the two separate systems (octanol/water vs liposomes/water). Marvin sketch 

will also be used to predict the ionic forms of the compounds studied and this predicition 

will be done for the wide range of pH, so it considerates the changes on the degree of 

ionization that occur with the pH variations.  
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3.4 Membrane fluidity studies by dynamic light scattering 

The phase transition temperature of liposomes can help to understand the 

alterations to physical properties such as stability, fluidity or permeability of the lipid 

membranes. The main phase transition temperature of liposomes in the presence and 

absence of the drug or cholesterol is determined by dynamic light scattering (DLS). 

Regarding this, some techniques have been used to determine the lipid’s phase 

transtition temperatures, like differential scanning temperature (DSC), fluorescence 

anisotropy, Fourier transform infrared spectroscopy (FTIR), and nuclear magnetic 

resonance (NMR). Still, these approaches are far from ideal because of the complex 

instrumentation required.  

The determination of lipid transition temperatures by DLS has advantages, since 

the system equilibrium is not disturbed by an exogenous compound and the 

instrumentation is simple. This technique considers that the average count rate (average 

number of photons scattered detected per second) measured by a DLS instrument 

reflects changes in the optical properties of lipids during temperature variations 

(Pereira-Leite et al., 2012). 

In the DLS experiments, usually a laser provides the monochromatic incident 

light, which strikes onto a solution with small particles in Brownian motion. Then 

through the Rayleigh scattering process, particles whose sizes are small in comparison 

to the wavelength of the incident light will difract (Li & Barron, 2014). 

The samples are heated from 10 to 50 °C with intervals of 0.1 °C with an 

equilibration period of 5 min.  The results are collected as an average count rate versus 

temperature and the data were fitted using equation 2.  The average count rate (average 

number of photons detected per second) is a simple and reliable measure and 

discontinuity in this mean count rate with alterations of temperature corresponds to a 

change in optical properties of the material studied, which can correspond to the phase 

transition (Magalhães, Nunes et al. 2010). 

𝑦 =
𝐴1 − 𝐴2

1 + 𝑒
(𝑥−𝑥0)

𝛥𝑥

+ 𝐴2  𝐸𝑞. (2) 
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In this equation, A1 corresponds to the initial y value (initial count rate of lipids 

in Phase 1) and A2, the final y value (lipids in Phase 2). X0 is the centre of the distribution 

and Δx is the width of the slope of the resultant sigmoid curve. Figure 13 represents the 

phenomenon of light scattering. 

 

 

 

3.5. Fluorescence quenching 

The quenching of a membrane bound fluorophore offers a measure of its 

accessibility to the quenching molecule. Fluorescent probe molecules proved to be very 

advantagous over other techniques because are available to display specific membrane 

regions and can be used at low concentrations, minimizing the membrane perturbations 

by the probe (Lucio, Ferreira, & Reis, 2004). So, if the molecular location of a probe is 

known, quenching studies can serve as a useful tool for reveal the location of quenchers 

Figure 13 – Variations of light scattering with the temperature 

(adapted from Michel, Fabiano, Polidori, Jack, & Pucci, 2006) 
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(drugs) in the membrane and/or the permeability of membrane to quenchers  (Pinheiro, 

Pisco, Silva, Nunes, & Reis, 2014). 

Fluorescence quenching consists in a process that decreases fluorescence intensity 

in a sample. Quenching can result of many molecular interactions such as excited-state 

reactions or molecular rearrangements. The location of a drug in the membrane will be 

evaluated by steady-state fluorescence quenching measurements, using the probes 

with a well-established location and depth in the lipid bilayer (DPH and TMA-DPH). 

The studies were made according to an already described method (Brittes, Lúcio, 

Nunes, Lima, & Reis, 2010) (Nunes, Brezesinski, Lopes, et al., 2011) and consisted on the 

incubation of increasing concentrations of drugs (from 0 to 350 μM for TS and 0 to 120 

μM for Lamivudine) with a fixed concentration of labeled liposomes (500 μM) of DMPC 

or DMPC:Chol (with 15% cholesterol) in phosphate buffer (pH 7.4). Before fluorescence 

measurements, the samples were incubated in the dark for 30 min, at physiological 

temperature (37 °C) with agitation, allowing the drugs to reach the partition equilibrium 

between the lipid membranes and the aqueous medium. Measurements were carried 

out at 37 °C with excitation wavelenghts of 357 nm for DPH and 361 nm for TMA-DPH 

and the corresponding emission wavelength of 427 nm for both probes.  

 In this study, the analysis is based in the collisional quenching using the Stern-

Volmer equation (Equation 3). The Stern-Volmer constant values depend on the 

quencher partition between the aqueous and lipid phase, since only the quencher 

molecules in the membrane are responsible for quenching. 

𝐼0

𝐼
= 1 + 𝐾𝑠𝑣[𝑄]𝑚  (Eq. 3) 

In this equation, I0 and I are the fluorescence intensities in the absence and presence 

of the quencher, respectively; Ksv is the quenching constant, called Stern–Volmer 

constant; [Qm] is the concentration of the quencher that is able to partition the 

membrane. This concentration was calculated from the total drug concentration (QT) 

and the drug’s partition coefficient (Kp) (Equation 4). 

[𝑄]𝑚 =
𝐾𝑝[𝑄]𝑇

𝐾𝑝𝛼𝑚 + (1 − 𝛼𝑚)
(Eq. 4) 
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In this equation, αm is the volume fraction of the membrane phase (αm = Vm/ VT; Vm 

and VT represent, respectively, the volumes of the membrane and water phases). A 

higher proximity of the drug to the probes will decrease the fluorescence intensity, 

which will be reflected in a higher Ksv value(Lakowicz 2006). 
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4. Results and discussion 

4.1.  Determination of the drug’s partition coefficient 

Lipophilicity is a physicochemical property that influences pharmacokinetic 

properties of a drug. It can be an indicator to predict the transport processes across 

biomembranes. Usually the higher the lipophilicity,  the greater is the drug’s distribution 

through the body. The lipophilicity of a drug can be determined by the partition 

coefficient (Kp) between the two phases (aquous and lipid) (Pinheiro et al., 2013).  

The octanol-water partition coefficient, used in its logarithmic form (log P), is the 

most generally recognized measure of lipophilicity. Yet, there are compounds which 

appear in ionic forms that may exist as a mixture of the dissociated and undissociated 

forms at different pH values. In these cases, it is considered the apparent partition 

coefficient (Kp) or distribution coefficient D (log D), which considers a more complex 

partitioning equilibrium. Molecules lipophilicity assumes an important role in drug 

research. Its properties reach important aspects such as hydrophobic interactions with 

receptors in the membrane, penetration across biological membranes during drug 

transport and even toxic aspects of drug action (Csizmadia, Tsantili-Kakoulidou, Panderi, 

& Darvas, 1997). 

Using the tecnhnique of derivative spectophotometry, it is possible to observe 

the spectral characteristics of the drug that can change due to the interaction of the 

drug with the membrane model. To improve the resolution of the results obtained, the 

third derivative of the emission spectra was calculated. Hence, the values of Kp were 

determined by fitting equation 1 to this third derivative spectra data at the wavelength 

of 286 nm terbutaline sulphate and 282 nm Lamvidune. 

4.1.1. Terbutaline sulphate 

The experimental results for this drug, as shown in table 2, indicate that occurs 

the partition of terbutaline sulphate to the membrane.  In this table, the partition 

coefficient is represented as the logarithmic value of kp (obtained by equation 1) divided 
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by the molar volume of the liposomes (Vm). This value for both DMPC and Cholesterol 

is 0.66 and 0.39 L/M-1, respectively. 

 

 

 Log(kp/Vm) 

Temperature (oC) DMPC+TS DMPC+CHOL+TS 
36 3.24±0.07 3.0±0.2 
37 3.0±0.2 3.1±0.2 
38 3.0±0.1 3.0±0.1 
39 2.7±0.2 3.0±0.2 
40 2.8±0.3 3.1±0.2 
41 2.9±0.2 3.2±0.2 

 

The elimination of the light scaterring caused by the presence of liposomes can 

be observed in figure 14. In this figure, it is shown the initial absorption spectra (figure 

14 a)) as well as the third derivative that was applied to this data in order to increase 

the signal/noise ratio and eliminate all the spectral interferences and background signals 

(figure 14 b)). It was possible to observe a bathochromic shift (change of spectral band 

position in the absorption spectrum of a molecule to a longer wavelength – represented 

in the red line in figure 14 c)) with the addition of increasing lipid concentration, proving 

that the polarity of the environment surrounding the compound has changed, indicating 

its partition within the lipid media. Finally, this third derivative spectra was represented 

as a function of the lipid concentration, allowing the determination of the partition 

coefficient (Lúcio et al., 2009)(Santos, Prieto, & Castanho, 2003). 

 

Table 2 - Experimental results expressed as mean and standard deviation of Log(Kp/Vm) 

for terbutaline sulphate 
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Figure 14 – a) Absorption spectra b) and c) third-derivative spectra of terbutaline sulphate (350 μM) incubated in 

LUVs of DMPC at 37 °C (gray lines) and LUVs of DMPC without drug (black lines) at increasing lipid concentrations d) 

The curve represents the best fit by equation 1 to experimental third-derivative spectrophotometric data (Dt vs. [L]) 

using a nonlinear least squares regression method at wavelength 286 nm where the scattering is eliminated. 

 

However, the theoretical value obtained for terbutaline sulphate was -0.73, 

which is far from the experimental value (3.0) at 37 oC (see table 2). Using the software 

referred in the methodology, it was possible to predict that approximately 96% of 

terbatuline sulphate was in the protonated form at pH 7.4. The discrepancy between 

both values (theoretical and experimental) obtained can be explained by the fact that 

this system only considers hydrophobic interactions of drugs with octanol. 

Liposome/buffer systems are capable to assess both hydrophobic and electrostatic 

interactions of drugs with membranes due to the amphiphilic nature of phospholipids, 

so this discrepancy may be an indicator that the interaction of terbutaline sulphate with 

biomembranes is mainly driven by electrostatic interactions and less by hydrophobic 

c) 

d) 
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interactions. These electrostatic interactions may occur with the polar groups of the 

phospholipids bilayer, mainly the phosphate group of DMPC due to the higher 

predominance of the cationic form of terbutaline sulphate.  

Previous studies with other similar drugs such as acebutolol with the same 

discrepancy exhibited between the theoretical and experimental values (Pereira-Leite, 

Carneiro, et al., 2013). Their similarity resides on the predominance of the cationic form 

at pH 7.4 and the negative value for the Kp predicted, although the value of the partition 

coefficient of acebutolol was slightly higher (3.4) than the value obtained for terbutaline 

sulphate in this study. 

4.1.2. Lamivudine 

The theoretical value of Kp for lamivudine was determined in the same way of 

the previouslty described for terbutaline sulphate. The experimental results for this drug 

also indicate that occurs the partition of lamivudine to the membrane, as it can be 

observed in table 3.  

 

 

 

 

 

 

 

In figure 15, it is shown the initial absorption spectra and the third derivative, as 

well as the representation of the third derivative spectra as a function of the lipid 

concentration, allowing the determination of the partition coefficient for lamivudine. 

 Log(kp/Vm) 

Temperature 
(ºC) 

DMPC+LV DMPC+CHOL+LV 

36 3.0±0.1 3.02±0.07 
37 3.0±0.2 2.97±0.07 
38 2.95±0.07 2.94±0.06 
39 3.00±0.09 2.9±0.1 
40 3.05±0.06 3.0±0.1 
41 2.97±0.05 3.0±0.1 

Table 3 - Experimental results expressed as mean and standard deviation of 

Log(Kp/Vm) for lamivudine 
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The same predictions were made for this drug, and the theoretical value 

obtained for lamivudine was -1.1 at pH 7.4, and the software predictions founded that 

lamivudine is 100% in the neutral form. The theoretical value is far from the 

experimental value determined for lamivudine (3.0) (see table 3). At first, this was not 

expected, since this discrepancy is normally associated with the existence of 

electrostatic interactions between the drug and the lipid bilayer. However, for this kind 

of interaction happen, the drug is supposed to be in the ionized form to assure that the 

contact with the polar heads of the bilayer happen, which is not the case for lamivudine 
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Figure 15 – a) Absorption spectra b) and c) third-derivative spectra of lamivudine (120 μM) incubated 

in LUVs of DMPC at 37 °C (gray lines) and LUVs of DMPC without drug (black lines) at increasing lipid 

concentrations d) The curve represents the best fit by equation 1 to experimental third-derivative 

spectrophotometric data (Dt vs. [L]) using a nonlinear least squares regression method at 

wavelength 286 nm where the scattering is eliminated. 

 

c) 
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in the neutral form. Previous studies done with resveratrol, a drug that also assumes a 

neutral form, show similar values for kp (Neves, Nunes, Amenitsch, & Reis, 2016). 

However, the main difference is that resveratrol is not fully in the neutral form, 

exhibiting 92% of the neutral form and 8% of anionic form and its prediction for the 

corefficient partition is much higher than for lamivudine (Neves et al., 2015) (Brittes et 

al., 2010). Other studies with drugs in the neutral form suggest that the drug-membrane 

interaction in these species can occur mainly due to the hydrophilic-lipophillic balance 

of the medium, and the influence from electrostatic interactions is predicted to be very 

small (Rodrigues, Gameiro, Reis, & Lima, 2001).  

 

4.1.3. Effect of cholesterol on the partition coefficient for both 

drugs 

 It can be noticed that, for terbutaline sulphate (see table 2) the values of Kp for 

the system DMPC:CHOL are slightly higher than for DMPC, but for lamivudine (see table 

3) these results present very small fluctuations in the two systems. It is known that 

cholesterol is a modifier of the structure and dynamics of biomembranes. The action of 

this molecule in biomembranes tend to stabilize its structure in the temperatures above 

the main phase transition. This is done by ordering lipid acyl chains in lipid membranes 

because of its rigid steroid structure, creating some sort of condensing effect. Studies 

indicate that lipid membranes are more organized in the presence of cholesterol, and 

therefore the results for kp in the experiments with cholesterol are supposed to be more 

realistic due to the increased complexity of the membrane. In the phase diagram 

mentioned in chapter 2.2. it is also possible to observe that the percentage of 

cholesterol affects the coexistence of phases and this can also be involved in the 

partition of the drugs to the membrane (Rheinstädter & Mouritsen, 2013) (Soto-Arriaza, 

Olivares-Ortega, Quina, Aguilar, & Sotomayor, 2013).  

The results obtained highlight the importance of using the liposome/water 

system in order to obtain more precise information about the drug’s lipophilicity and, 

which contributes to a more precise approximation of its in vivo membrane partition. 

The octanol system does not consider the detailed interfacial character of the lipid 
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bilayer and it does not include the influence of the ionic interactions that occur between 

charged drug molecules with the membrane polar heads. 

4.2. Drug location studies by fluorescence quenching 

Drug-membrane interactions rely much on drug location studies and this is done 

using different probes with a well-known location in the lipid membrane. In this study, 

two probes were used (TMA-DPH and DPH), represented in figures 16 and 17, 

respectively. DPH is a very hydrophobic compound which is deeply buried in the 

hydrocarbon core of the lipid bilayer aligned parallel to the fatty acyl chains due to its 

rigid rodlike shape (Kaiser & London, 1998). On the other hand, TMA-DPH probe displays 

an amphipathic character and is anchored in its cationic moiety, being located closer to 

the lipid/water interface and capable of incorporate into the membrane and remain 

attached to its external leaflet (Illinger et al., 1995). The location of both probes is 

represented in figure 18. 

 

 

 

 

 

Figure 16 – Chemical structure of TMA-DPH 

Figure 17 – Chemical structure of DPH 
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Fluorescence quenching is related to the lipophilicity and degree of ionization of 

the compound at pH 7.4. In this study, the fluorescence intensity was determined based 

on the Stern-Volmer equation in liposomes of DMPC and DMPC:CHOL, at pH 7.4 and 37 

ºC. An example of the plot of this equation with increasing concentrations of recthe drug 

is represented in figure 19.  
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Figure 19 – Example of a Stern-Volmer plot of the probe DPH and TMA-DPH obtained by 

fluorescence measurements (I0/I) in LUVs of DMPC 

Figure 18 – Schematic representation of both probes 

location in the lipid bilayer 
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In the next sections, the effects of terbutaline sulphate and lamivudine will be 

discussed first, in terms of location on the membrane according to the results for both 

probes, followed by another section where the results obtained will be compared with 

the literature. 

 

4.2.1. Terbutaline Sulphate  

The experimental results with terbutaline sulphate are represented in table 4. 

This drug presents higher values for DPH than for TMA-DPH, indicating a further interior 

location in the hydrophobic core of the membrane. However, this was not initially 

expectd since terbutaline sulphate assumes a protonated form at the same conditions 

capable of interacting with the phosphate group located in the polar heads of DMPC. 

One possible explanation is that the methyl groups of terbutaline constitute a small 

hydrophobic tail that can interact with DPH through hydrophobic interations. Another 

explanation can reside in the small size of terbutaline sulphate when compared with the 

lipid bilayer, leading this molecule to a looser movement inside the membrane.   

 

 

 

Furthermore, observing the results for terbutaline sulphate, it is possible to 

deduce that the presence of cholesterol increases the affinity for both probes (DPH and 

TMA-DPH). This may happen because the membrane is more organized in the presence 

of cholesterol. Cholesterol increases bilayer thickness, and because of this, the acyl 

chains become more extended. This increases the differences between the depths of 

 DPH TMA-DPH 

 Ksv(M-1) Ksv(M-1) 

DMPC+TS 0.19 -0.10 

DMPC+CHOL+TS 0.47 0.09 

Table 4 – Values of apparent Stern-Volmer constant (KSV) obtained for terbutaline sulphate in 

DMPC liposomes with and without cholesterol (500 µM, T = 37 °C, pH = 7.4). Experimental 

results are presented as mean (n=3). 
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different quenchers and the consequent differences in quenching. The presence of 

cholesterol reduces vertical motion, contributing to this effect and influences the depth 

of molecules in membranes. Past studies suggest that cholesterol induces the change of 

motion, and not the location, in DPH probes (Kaiser & London, 1998).  

4.2.2. Lamivudine  

The location of this drug was assessed in an identical way as terbutaline sulphate. 

The experimental results for the fluorescence quenching of lamivudine are represented 

in table 5. Regarding the quenching done in the absence of cholesterol, it is possible to 

observe that the value of Ksv is higher for DPH probe than for TMA-DPH. If we consider 

the previously mentioned software predictions that pointed to a predominance of the 

neutral form of lamivudine at ph 7.4, the affinity for DPH suggests a location of 

lamivudine in the hydrophobic core of the membrane. This can be explained with the 

less affinity of a neutral molecule to interact with the hydrophilic surface of the lipid 

membrane. 

 

 

 

The presence of cholesterol has different effects for the two probes, increasing 

the affinity for the TMA-DPH probe and increasing for DPH. The assays made with 

liposomes containing cholesterol was aimed to test if the structure and organization of 

the membrane could influence the fluorescence quenching results. These experiments 

with cholesterol are supposed to give a closer vision of the drug-membrane interaction 

with the cell’s membrane. Cholesterol is known for affecting the constricted packing of 

the lipid bilayer inserting itself between loosely packed acyl tails and ordering near 

 DPH TMA-DPH 

 Ksv(M-1) Ksv(M-1) 

DMPC+LV 0.90 0.36 

DMPC+CHOL+LV -0.44 0.59 

Table 5 – Values of apparent Stern-Volmer constant (KSV) obtained for lamivudine in DMPC 

liposomes with and without cholesterol (500 µM, T = 37 °C, pH = 7.4). Experimental results are 

presented as mean (n>=3). 
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chains. However, observing the results presented in table 5, it is possible to observe that 

in the presence of cholesterol the affinity for the TMA-DPH probe is higher than for DPH. 

Since the cholesterol molecules locate themselves in the hydrophobic core of the 

biomembrane, it could promote a rearrangement of the lamivudine molecules near to 

the polar heads of the phospholipids. 

4.2.3. Literature review for fluorescence studies  

Recent literature indicate that drugs interact with the DPH and TMA-DPH probes 

according to their ionic form and/or degree of ionization. Studies with resveratrol 

showed an increased affinity of this drug to DPH due to the predominance of its neutral 

form at pH 7.4 which explains the higher accommodation in the deeper region of the 

lipid membrane (Neves et al., 2015). Other study with tolmetin demonstrated that this 

drug is in its anionic form at pH 7.4 and interacted with TMA-DPH, and therefore it can 

imply a location close to the surface of the hydrophilic surface of the membrane (Nunes, 

Brezesinski, Lopes, et al., 2011). A study with capsaicin showed that fluorescence 

quenching occurred with a surfactant molecule that acted as a fluorescence probe. It 

was suggested that the phenolic group of this drug can locate itself near the headgroup 

region of the lipid bilayer membrane due to the interaction with the probe (Swain & 

Mishra, 2015). More recently, studies of fluorescence quenching with daunorubicin 

suggested the occurrence of electrostatic interactions between the cationic drug and 

the phosphate group of the polar head groups of the phospholipids (Alves et al., 2017). 

Finally, a study with nimesulide and indomatachin also showed that the high affinity of 

these drugs for TMA-DPH was dependent on their degree of ionization (Nunes, Lopes, 

Pinheiro, Pereira-Leite, & Reis, 2013). 

4.3. Membrane fluidity studies by DLS  

The main phase transition temperature (Tm) of lipids, from gel phase to fluid 

phase, is essential when investigating the biophysical properties of membranes. This 

lipid transition influences order and fluidity of membranes and depends on several 

factors such as temperature, hydration, and lipid composition. The determination of the 

lipid transition temperatures were attained by DLS. The temperature dependence of 

DMPC and DMPC:CHOL normalized count rate in the presence of  terbutaline sulphate 
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and lamivudine at pH 7.4 is shown in figures 20 and 21.  The Tm of DMPC liposomes was 

obtained from the sigmoidal inflection point of the experimental data obtained. This was 

done by fitting the experimental data with equation 2. The results obtained for all 

systems studied are presented in table 6, 7 and 8. 

4.3.1 Comparision between DMPC and DMPC:CHOL 

The result obtained for the Tm of pure DMPC (24.2ºC) are in agreement with 

earlier studies (Krill, Lau, Plachy, & Rehfeld, 1998). The presence of cholesterol induced 

decrease in the main phase transition temperature, reducing the Tm in about 3 ºC 

approximately for DMPC only (see experimental results on table 6). This is in accordance 

with some results obtained in the literature (Hasan & Mechler, 2016).  

 

 

 Tm (ºC) 

DMPC 24.2±0.3 

DMPC+CHOL 21.6±0.2 

 

4.3.2 Terbutaline Sulphate 

The effect of terbutaline sulphate on the membrane fluidity didn’t affect the Tm 

due to the very similar values obtained (see tables 6 and 7). The alterations occurred 

during the lipid phase transition are closely related to the location of the molecules in 

different regions of the bilayer. Different drugs are localized into different regions of the 

bilayer and results in different changes in Tm. The hydrophobic core of the membrane 

corresponds to the acyl chains ranging from the C9 to C14 region and is less ordered 

than the membrane surface close to the head groups of the phospholipids, which in turn 

corresponds to the region of C1 to C8. According to this, the less ordered region of 

membranes is the least disturbed by drugs which locate themselves in this region due 

to its fluid nature capable of accommodate other molecules. So, the alterations of Tm 

resulting from its interaction with external molecules that can be regulated by the 

Table 6 – Values of main phase transition temperature (Tm) determined for DMPC 

and DMPC:CHOL. Results present a mean and standard deviation. 
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modification of the section of carbons 1 to 8 of the acyl chains, where the membrane is 

more ordered. It is suggested that significant changes in Tm made by drugs point to a 

shallower membrane location of the drug. In contrast, if the drug has little effect in Tm, 

is more likely that the drug will be allocated in the disorderes bilayer core (Pereira-Leite 

et al., 2012)(Pinheiro et al., 2014)(Nunes, Brezesinski, Pereira-Leite, et al., 2011). With 

this in mind, this result is in accordance with the previous section of the fluorescence 

studies, which indicate a more hydrophobic location of this drug due to the affinity to 

the DPH probe.  

However, in the presence of this drug it was expected a fluidizing effect and a 

consequent decrease of the main phase transition temperature. This happened in the 

same study above mentioned, when the incorporation of similar concentrations of 

propranolol and acebutolol lowered the Tm between 2 and 4 ºC, respectively (Pereira-

Leite, Carneiro, et al., 2013).  

 

 

 Tm (ºC) 

DMPC+TS 24.4±0.2 

DMPC+CHOL+TS 22.5±0.3 

 

4.3.3 Lamivudine 

The experimental results for the phase transition of lamivudine are represented 

in table 8. The effect of kamivudine on the membrane fluidity didn’t affect the Tm due 

to the very similar values obtained (see tables 6 and 8), which indicates a small fluidizing 

effect of this drug for a low temperature range, when the membrane is in the gel phase. 

This was also previsously verified for resveratrol, a drug with some similiarities regarding 

the degree of ionization at the same conditions (Neves et al., 2016).  

 

 

Table 7 – Values of main phase transition temperature (Tm) determined for 

DMPC:TS and DMPC:CHOL:TS. Results present a mean and standard deviation. 

Table 8 – Values of main phase transition temperature (Tm) determined for 

DMPC:LV and DMPC:CHOL:LV. Results present a mean and standard deviation. 
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 Tm (ºC) 

DMPC+LV 23.8±0.2 

DMPC+CHOL+LV 22.14±0.04 

 

4.3.4 Effect of cholesterol on membrane fluidity for both drugs 

In the presence of cholesterol, both drugs presented the same effect. In tables 6 

and 7, it is possible to observe that terbutaline sulphate increased the tm from 21.6 ºC 

(DMPC:CHOL) to 22.3 ºC (DMPC:CHOL:TS), while lamivudine increased this parameter 

from 21.6 ºC (DMPC:CHOL) to 22.14 ºC (DMPC:CHOL:LV), as it can be seen in tables 6 

and 8. The effect of cholesterol for both drugs is represented in figures 20 and 21. 

 

 

 

 

 

 

These results indicate a decrease in the membrane fluidity possibly due to the 

cholesterol alterations. This molecule is known for increasing the lipid packing of the 

Figure 20 – Normalized count rate of DMPC and DMPC:Chol in the absence and presence of terbutaline sulphate 

at pH 7.4 as a function of temperature. 

 

Figure 21 – Normalized count rate of DMPC and DMPC:Chol in the absence and presence of lamivudine at pH 7.4 

as a function of temperature. 
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membrane, but at the same time, membranes can become more rigid. This can explain 

the less fluidity of the membranes in the presence of cholesterol, because this rigidity 

may block the possible fluidizing effect caused from the drugs (Lombardi, Cuenoud, & 

Krämer, 2009). However, previous studies for resveratrol suggest that cholesterol in the 

lipid bilayers induces the interaction with the membrane and shows a possible fluidizing 

effect (Neves et al., 2015).  
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5. Conclusion and future perspectives 

One of the most important objectives in membrane biophysics is to convey the 

arrangement of a model system to the structural, dynamic and functional membrane 

properties. The interaction of drugs with membranes is a form of studying the rate of 

drug penetration in cells and retain some conclusions about its ability to reach the 

pharmacological target. The distribuition of drugs across biomembranes relies on 

various properties of the drug (chemical structure, degree of ionizaion among others) 

and also on some aspects of the membrane such as lipid organization. In this study, it 

was demonstrated that these properties are important when approaching drug-

membrane interactions. This study, at physiological conditions, has permited the 

understanding of both drugs (terbutaline sulphate and lamivudine) activity. The analysis 

of this interaction has become an important part of drug design at the first steps of its 

development. Through different techniques, the use of artificial membranes as a 

simplified model of a cell membrane has given an important input to the understanding 

of this intrinsic interaction (Pignatello, Musumeci, Basile, Carbone, & Puglisi, 2011). In 

this study, biophysical drug membrane interaction studies were performed to assess the 

drug partition coefficient, its preferential location within the membrane and effects on 

the membrane’s fluidity. The results showed that drugs can interact with the 

membranes and through the partition from an aquous media to a lipidic media, and this 

could be quantified by the partition coefficients obtained and discussed. The interaction 

of both drugs with the fluorescent probes revealed more about the location of the drugs 

inside the membrane and how this location could affect the membrane fluidity. 

However, in model membranes most of the biological characteristics of a functional cell 

are absent such as the absence of anchoring membrane proteins and/or receptors 

(Peetla et al., 2009).  

In the future, it will be challenging to see how these values fluctuate with 

variations of pH and a possible wide range of temperatures. There are other 

experiments that can be made such as such as spectrophotometry, fluorimetry, 

differential scanning calorimetry and neutron and X-ray scattering measurements, in 

order to better understand the location and effect of the drug in the biological 

membrane. These studies could complement the overview of the drug membrane 
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interaction. Also, the introduction of a more complex model membrane with 

sphingomyelin or even other model membrane system such as lipid monolayers would 

complement this study. And there is always the possibility of extending this study with 

other drugs with similar or different properties. 
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