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Abstract 

  The thermodynamic properties of bioactive peptides determine how they interact with 

cellular assemblies. Ultrasonic velocity and density measurements were used to analyse the 

volumetric properties in aqueous solution of 3 different materials: KCl, bioactive peptides (from 

hemp seed and dairy proteins), and liposomes (cell membrane models), as well as the 

interaction between peptides and liposomes. Serial dilutions of the three different materials 

showed linear relationships between density and concentration and between ultrasonic velocity 

and concentration. The apparent specific volume and apparent specific compressibility in 

solution of all materials showed concentration dependence as a result of increased 

electrostriction as solutions were diluted. The experimental ultrasonic velocities of liposome-

dairy peptide mixes were higher than the theoretical additive value, due to interactions 

between liposomes and peptides. My research demonstrates the benefits of precise volumetric 

assessments in biological assays. 
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1. Introduction 

  Proteins have a very important role in human nutrition; primarily, they are the source of 

amino acids needed in the diet (Korhonen & Pihlanto, 2006).  Beyond the nutritional benefit of 

proteins, they can also perform physiological functions and are the source of an undetermined 

number of bioactive peptides. These peptides are not active within the protein structure, but 

after they are released from the protein structure by different processes, like human digestion, 

ripening of food products or microorganism hydrolysis, they can exert different biological 

functions (Meisel, 1997; Korhonen & Philanto, 2006; Erdmann et al., 2008; Guilloteau et al., 

2009). Bioactive peptides have been reported to exert several different beneficial effects to 

health, which include antihypertensive, antioxidative, antithrombotic, opioid agonist and 

antagonist, immunomodulatory, hypocholesteloremic and antimicrobial effects (Meisel, 1997; 

Korhonen & Philanto, 2006; Hartmann & Meisel, 2007; Erdmann et al., 2008; Guilloteau et al., 

2009). 

 The interactions between proteins or peptides and the cell membrane are frequently 

linked to the biological functions exerted by these proteins or peptides (Mozsolits et al., 1999; 

Matos et al., 2008; Hohlweg et al., 2012). Therefore, knowledge about how these interactions 

take place can contribute important information to understand the mechanisms involved in the 

biological functions of some proteins and peptides. These interactions between proteins or 

peptides and cell membranes can include the mechanism of how peptides attach to the cell 

membrane, as well as the insertions or transport of peptides across the cell membrane. 

 The interaction between protein and peptides and the cell membrane has been studied 

by several authors (Ramaswami et al., 1992; Colotto et al., 1993; Hianik et al., 1998; Hianik et al., 

1999; Mozsolits, et al., 1999; Krivanek et al., 2000; Romanowski et al., 2002; Koenig & Gawrisch, 
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2005; Rybar et al., 2007; Uhríková et al., 2007; Matos et al., 2008). Frequently studies of 

interactions between proteins and cell membranes have been performed using model 

membranes because of the complexity of the cell membrane. Cell membranes are composed of 

several components that increase the number of factors involved in the interaction with other 

molecules like proteins or peptides and this complicates the interpretation of results (Baginski et 

al., 2006; Peetla et al., 2009). Therefore many studies are conducted using lipid vesicles or 

planar bilayers that usually are made from no more than two types of lipids that facilitate the 

interpretation of the results from experiments of how the membrane interacts with proteins or 

peptides (Baginski et al., 2006; Peetla et al., 2009). In this study, two types of liposomes where 

chosen to conduct the experiments, unilamellar vesicles (UV) and multilamellar vesicles (MLV). 

Refined lecithin was used to prepare both liposomes, with the multilamellar vesicles prepared 

by dispersion of refined lecithin in ultrapure water. Because of the self association properties of 

phospholipids in aqueous solutions, the dispersion allows the creation of multilamellar vesicles 

(Hianik, 2006; Luckey, 2008). The unilamellar vesicles were prepared by an extrusion technique 

(Hope et al., 1985; MacDonald et al., 1991), passing a multilamellar vesicles suspension through 

an extruder device containing a polycarbonate filter with pore sizes of 0.2 μm, 20 times.  

 Five bioactive peptides were used, three of which were dairy bioactive peptides 

received from Glanbia Nutritionals Inc. (Fitchburg, WI, USA), which were obtained from whey 

protein. Dairy proteins are sources of an important amount of bioactive peptides which have 

been reported to exert several effects (Hartmann & Meisel, 2007; Korhonen, 2009). The two 

main protein components from milk, casein and whey proteins, are reported to have several 

bioactive peptides within their structure that can be released during human digestion or food 

processes and can be found in fresh milk or products derived from milk (Gill et al., 1996; 

Chabance et al., 1998; Meissel, 1998; Korhonen & Pihlanto, 2006; Hartmann & Meisel, 2007; 
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Erdmann et al., 2008; López-Expósito & Recio, 2008; Guilloteau et al., 2009, Jäkälä et al., 2009; 

Korhonen, 2009). Two bioactive peptides from hemp seeds were also analysed, and these 

peptides were received from Mr.Girgih, a Ph.D candidate at the University of Manitoba, who 

obtained the peptides by enzyme digestion and separated them by ultrafiltration as explained in 

Girgh et al. (2011). The amount of bioactive peptides isolated from plant sources remains small 

compared with other sources such as dairy or egg proteins, although bioactive peptides have 

been isolated from proteins of plants such as pea, wheat, soy and hemp seed and amaranth 

Silva-Sanchez et al., 2008; Yoshie-Stark et al., 2008; Guang & Phillips, 2009; Tang et al., 2009; 

Tiengo et al., 2009; Orlovskaya et al., 2010; Roy et al., 2010; Lico et al., 2012).   

   Volumetric properties such as volume and compressibility of biomolecules in aqueous 

solutions, determined from ultrasonic velocity and density measurements of the solutions, have 

been used to analyse the structure and dynamics of biomolecules in solutions (Chalikian & 

Breslauer, 1998; Gekko, 2002; Taulier & Chalikian, 2002; Chalikian, 2003; Pfeiffer et al., 2008). 

Information obtained from determination of volumetric properties provides a valuable tool for 

understanding conformational transitions, structural dynamics and interactions of biomolecules 

as they accomplish their biological functions.   

 In addition, the volumetric properties, such as specific volume and compressibility, have 

frequently been used to analyse the structure and conformational transitions of proteins 

(Kharakoz, 1997; Chalikian et al., 1995; Gekko, 2002; Taulier & Chalikian 2001; Valdez et al., 

2001; Taulier & Chalikian, 2002; Chalikian & Filfil, 2003; Lee et al., 2008; Pfeiffer et al., 2008; 

Chalikian & Macgregor, 2009; Lee et al., 2010). However, these parameters are usually applied 

to highly purified proteins or peptides, and have not been used yet to characterize the structure 

and behavior in aqueous solutions of peptides isolated from food sources, which have not been 
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purified, containing trace of other components, but that have a composition that meets a 

commercial application.  

  The first objective of this study was to characterize the volumetric properties in 

aqueous solution of the three dairy bioactive peptides and the two hemp seed bioactive 

peptides, analyzing the apparent specific volume and apparent specific compressibility at low 

concentrations and comparing their partial specific volume and partial specific adiabatic 

compressibility in order to obtain information about their thermodynamic properties.    

 The second objective was to analyse differences in particle size, and size distribution 

between the two different liposomes, UV and MLV, prepared with and without the extrusion 

technique. The volumetric properties of the two types of liposomes, UV and MLV, in aqueous 

solutions were subsequently characterized. The characterization was based on the ultrasonic 

velocity and density of UV and MLV in aqueous solutions, in order to calculate the apparent 

specific volume and apparent specific adiabatic compressibility, and then compare the values of 

these parameters for the different types of liposomes. The volumetric properties have been 

used to analyse the physical properties of model membranes as well as the structural dynamics 

within the model membranes (Hianik et al., 1988; Uhríková et al., 2007). 

 The final objective was to analyse the interaction between each of the three dairy 

peptides and the two types of liposomes, and to determine if these interactions change over 

time. In this study, the ultrasonic velocity and density was measured over time in mixes of each 

dairy peptide and the two types of liposome. Based on the additive properties of the volumetric 

properties (Hianik et al., 2011), the experimental values of the mixes were compared with the 

theoretical additive values in order to determine if potential interactions between the peptides 
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and liposomes would affect the volumetric parameters, thereby giving guidance on membrane-

peptide interactions. 
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2. Literature Review 

2.1. Volumetric Properties 

 Thermodynamic properties, such as volume and compressibility volumetric properties of 

proteins, peptides and amino acids are a valuable tool for understanding the structure and 

conformational transitions of these biomolecules and their interactions with the solvent and 

other solutes; this is very important for the way these molecules exert a biological function 

(Gekko, 2002; Taulier & Chalikian, 2002; Chalikian, 2003; Pfeiffer et al., 2008).   

  The interactions between solvent and proteins are especially important for protein 

dynamics which seem to be essential for the biological activity of proteins, but these 

interactions are also important for peptides. As Murphy et al. (1998) pointed out, the 

measurement of specific volume of proteins and peptides can help us to understand solvent-

solute interactions and the features of protein hydration. 

 Several structural techniques, such as X-ray crystallography, NMR spectroscopy and 

differential scanning calorimetry, have been used to understand hydration of biological 

molecules. These techniques are very useful to determine some volumetric properties in very 

localised molecular areas. However uses of high precision density measurements and ultrasonic 

velocity measurements have proved to be quite useful to measure the effect of the hydration in 

the entire solution instead of as a localized effect (Chalikian & Breslauer, 1998).   
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2.1.1. Specific Volume   

 Volume is a physical property of any material that can be described as the three-

dimensional space occupied by the material. The volume of a solution, with ideal interactions 

between the solvent and the solute, would be described as the sum of the volume of all its 

components and calculated by the addition of the original volume of the solvent and the volume 

of solute added (Murphy et al., 1998). 

 The volume of a solution is a function of the volume of its components at a specific 

temperature and pressure. Density (), defined as the sum of the masses of the components 

divided by the volume of the solution, is the inverse of the specific volume (1 /  ) which is the 

volume occupied by a solution per unit of mass (Kupke, 1973). Density measurements are 

generally the way to measure the volume of a solution and the apparent volume of its 

components (Durchschlag & Jaenicke, 1982; Zamyatnin, 1984; Bánó & Marek, 2006; Lee et al., 

2008; Marcus, 2011). 

 

2.1.1.1. Apparent Specific Volume 

 The study of volumetric properties of solutions of biological components like proteins, 

and especially the analysis of solute-solvent interactions is made convenient by using the 

apparent specific volume and apparent specific compressibility of the solute which includes the 

changes of the volumetric properties as a function of the amount of solute that is added to the 

solution (Chalikian et al., 1994). The apparent specific volume,   , can be defined as the change 

in the volume of the solution as a unit mass of the solute is added and dissolved at finite 

concentration (Kupke, 1973). The apparent specific volume can be calculated based on density 
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measurements of the solvent and the solutions at finite concentrations (Kupke, 1973; 

Durchschlag & Jaenicke, 1983; Chalikian et al., 1998). 

                                                                                 
 

 
   

         

 
    [1] 

where   and    are the densities of the solution and the solvent, and c is the concentration of 

the solute. The apparent specific volume of proteins, peptides and amino acids in aqueous 

solutions, which do not interact with the solvent in an ideal manner, is influenced by solvent-

solute interactions (Murphy et al., 1998; Sirotkin et al., 2012). 

 

2.1.1.2. Partial Specific Volume 

 The partial specific volume (   ) is generally defined as the change in volume of the 

solution when a known amount of solute is added at constant temperature and pressure at 

infinite dilution (Kupke, 1973; Chalikian et al., 1998; Murphy et al., 1998; Bánó & Marek, 2006; 

Lee et al., 2008; Marcus, 2011). The partial specific volume is calculated by the extrapolation of 

the apparent specific volume to zero concentration as: 

                                                                                                       [2] 
 

  The apparent specific volume,   , includes the contribution arising from solute-solvent 

interactions and solute-solute interactions. In order to determine the contribution 

corresponding only to the solute-solvent interaction, the value of the apparent specific volume, 

  , is extrapolated to zero concentration to obtain the partial specific volume,    , where the 

solute-solute interactions diminish (Chalikian et al., 1994; Marcus, 2011). 
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 The partial specific volume has been described as the result of two contributions; the 

intrinsic volume or molecular volume (  ), the volume assigned to the solute molecule, and the 

hydration contribution (   ), which is the change of the solvent volume resulting from the 

perturbation of the water molecules of the hydration shell by the solute (Chalikian and 

Breslauer, 1998; Murphy et al., 1998). 

                                                                                                                                                      [3] 

 The interaction between the solvent and the surface of the protein, peptide or amino 

acid causes a change in some thermodynamic properties of the solvent. The layer of solvent 

molecules which interacts with different chemical groups present on the exposed surface of the 

protein or peptide shows a different behavior from other solvent molecules which are not in 

contact with the solute. Differences in specific volume between water molecules in the 

hydration layer compared to the water molecules in bulk water can be measured; these changes 

can help us to understand the amount of water molecules that interact with the protein or 

peptide. 

  However, according to several authors (Chalikian, 2003; Chalikian & Filfil, 2003; Bánó & 

Marek, 2006) the partial specific volume also can be described as consisting of four 

contributions as: 

                                                                                                                                      [4] 

where VM is the intrinsic volume which is defined by the molecular size; VT is the thermal 

volume, which results from the molecular vibrations of the solute and the solvent; VI is the 

interaction volume which results from the changes in volume due to the interactions between 

the solute and water molecules in the hydration layer; βT0 is the coefficient of isothermal 
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compressibility of the solvent; R is the universal gas constant and T is the temperature 

(Chalikian, 2003; Bánó and Marek, 2006).  Bánó & Marek (2006) pointed out that for large 

molecules, such as proteins in water, the value of βT0RT (1.83 Å3) can be neglected. 

 Chalikian (2003) pointed out two definitions of intrinsic volume which can be used.  One 

definition is the Voronoi volume where the volume is calculated according to a geometric 

theorem developed by Voronoi in which the atoms are surrounded by a polyhedron.  The other 

definition is the molecular volume which is directly related to the molecular weight.  Bánó & 

Marek (2006) pointed out that the molecular volume generally is described by the Van der 

Waals shell model or as the volume enclosed by the molecular surface of a protein.        

 The thermal volume VT is related with the thermal motion of the solvent surrounding 

the surface of the solute (Chalikian, 2003; Bánó & Marek, 2006). The interaction volume VI is 

related with the perturbation of the water molecules which surround the protein (Chalikian, 

2003; Bánó & Marek, 2006); according to Bánó & Marek (2006) these water molecules can be 

classified into three groups: water molecules bonded to the polar protein surface by hydrogen 

bonds, water molecules that only interact with the non-polar protein surface and water 

molecules that are located in the next hydration shell.  These three groups of water molecules 

show different behavior than water molecular in bulk water, with the water molecules 

interacting with the polar protein surface the most important for defining the interaction 

volume (Bánó & Marek, 2006).   

 The partial specific volume of biomolecules also has been calculated using additive 

schemes; where it is assumed that the individual volume of the units of a protein, as amino acids 

or small peptides, are additive, having the same hydration and contributing to the protein 
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volume with the same volume as the individual units have in solution (Kharakoz & Sarvazyan, 

1993; Chalikian et al., 1994; Kharakoz, 1997).   

 

 2.1.1.3. Volume Determination Experimental Techniques  

 Experimental techniques for the determination of the volume of a solution can be 

divided into two groups: First, density measurements; the apparent specific volume of a solution 

can be calculated based on density of the solution and the solvent. There are several methods to 

measure density, like pycnometry, falling drop method and vibrating tube densitometry; this last 

method has been used to determine volumetric properties of proteins due to the high accuracy 

of the measurements and its compatibility with protein solutions (Schwitzer & Hedwig, 2005; 

Bánó & Marek, 2006, Lee et al., 2008). The second experimental approach to determine the 

specific volume is dilatometry which measures directly changes of volume, usually using 

capillary detectors (Zamyatnin, 1984). 

 Among the several options to measure densities in liquids, the use of devices based on 

the vibrating, oscillating tube principle have proved to be of high accuracy in density 

measurements and have advantages like the use of small amounts of liquid and the ability to 

use a large range of operating temperature (Picker et al., 1974; Zamyatnin, 1984; Retsina et al., 

1986).     

 Vibrating tube density meters are based on the principle that the vibration of a solid 

which is surrounded by a liquid is mediated by the properties of the liquid, and it is specially 

related to the density of the liquid. Therefore, in these equipments the density of the solution is 

calculated based on the vibration frequency, determined by highly precise electronic 
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techniques, of a solid tube filled with the solution (Zamyatnin, 1984; Retsina et al., 1986). 

Generally, the configuration of vibrating tube density meters consists in a hollow tube with a 

“U” shape that is fixed as both ends (Retsina et al., 1986). 

      

2.1.2. Compressibility  

Elastic and hydration properties of proteins and peptides can give information about 

their structure, dynamics in solution and their functionality. The compressibility of a solution 

and the apparent compressibility of proteins and peptides in solution are parameters used to 

characterize the elastic and hydration properties of proteins and peptides (Heremans & Smeller, 

1998; Pfeiffer et al., 2008). 

The compressibility (K) of a solution can be defined as the change in volume as the 

pressure changes (Chalikian & Breslauer, 1998; Pfeiffer et al., 2008) and can be isothermal or 

adiabatic depending on the conditions, with isothermal compressibility taken at constant 

temperature and adiabatic compressibility taken at constant entropy. Therefore, according to 

Sarvazyan (1991) and Taulier & Chalikian (2002), the isothermal compressibility of a solution, KT, 

can be defined as the change of its volume V as the pressure P changes [equation 5] at constant 

temperature, which is usually associated with a negative value due to the pressure increment 

causing a reduction of the volume of the solution.  

                                                                                                                           [5] 

where T is the absolute temperature and βT is the isothermal compressibility coefficient of the 

solution                  . 
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The adiabatic compressibility of a solution, KS, is the change of the volume V of the 

solution as the pressure P changes [equation 6] at constant entropy, which also is associated 

with a negative value due to a pressure increment causing a reduction of solution volume 

(Sarvazyan, 1991; Taulier & Chalikian, 2002).    

                                                                                                                                           [6] 

where S is the entropy and βS the adiabatic compressibility coefficient of the solution 

                 . 

  In aqueous dilute solutions, the isothermal and adiabatic compressibility are similar 

because of the large heat capacity of the water and its low compressibility (Sarvazyan, 1991).  

 The isothermal and adiabatic compressibility coefficients can be related by the equation 

(Taulier & Chalikian, 2002): 

                                                                                                                                                [7] 

where  is the coefficient of thermal expansion, and Cp the specific heat capacity at constant 

pressure.  

 Ultrasonic velocity and density measurements can be used to determine the adiabatic 

compressibility coefficient based on the Newton-Laplace equation,  

                                                                                   
 

                                                                           [8] 

where S is the coefficient of adiabatic compressibility of the solution and  and U are the 

density and sound velocity of the solution (Sarvazyan, 1991; Pavlovskaya et al., 1992; Kharakoz 
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& Sarvazyan, 1993; Nölting, 1995; Heremans & Smeller, 1998; Taulier & Chalikian, 2002; 

Chalikian, 2003; Pfeiffer et al., 2008). 

 In order to analyse the elastic properties of proteins or peptides in aqueous solution the 

apparent specific adiabatic compressibility and partial specific adiabatic compressibility values 

are generally used (Chalikian et al., 1994; Taulier & Chalikian, 2002). Therefore, the apparent 

specific adiabatic compressibility,    , is the change of the compressibility of the solution as a 

specific amount of the solute is added and the concentration of  the solute varied [equation 9] 

(Sarvazyan 1991; Chalikian & Breslauer, 1998). The apparent specific adiabatic compressibility of 

a solution is normally associated with the apparent volume that a solute occupied within a 

solution at a given concentration.    

                                                                            
        

  
                                                                       [9] 

where KS is the adiabatic compressibility of the solution, KS0 is the adiabatic compressibility of 

the solvent, V  is the volume of the solution and c is the concentration of the solute. 

 The partial specific adiabatic compressibility,    
 , is the change of the compressibility of 

the solution as a specific amount of the solute is added, but at infinite dilution [equation 10] 

(Sarvazyan 1991; Chalikian & Breslauer, 1998). At infinite dilution the solute-solute interactions 

vanish and the partial specific adiabatic compressibility is only influenced by the solute-solvent 

interactions (Chalikian et al., 1994). 

                                                                           
                                                                            [10] 

 In the study of solute-solvent interactions, the apparent compressibility will be affected 

by the solute-solvent interactions as well as the solute-solute interactions.  The interactions of 
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solute-solute molecules diminish as the concentration is reduced, therefore the partial 

compressibility calculated by extrapolation to zero concentration of the apparent 

compressibility describes more accurately solvent-solute interactions (Chalikian et al., 1994).  

However, as happens with the partial specific volume, accurate experimental values of density 

and ultrasonic velocity are needed, especially at low concentrations (Marcus, 2011).  

 The partial adiabatic compressibility can be analysed as the sum of different 

contributions; intrinsic compressibility of the solute,   , and the changes in compressibility due 

to hydration    . 

                                                                             
                                                                      [11] 

 The partial specific adiabatic compressibility coefficient,    
 , which describes the relation 

between compressibility and specific volume, can be determined based on ultrasonic velocity 

and density measurements as explained previously and is calculated as (Gekko et al., 2004):  

                                                                       
  

   
 

   
  

 

   
 
    

  
                                                      [12] 

 Then    
   can be calculated based on concentration of the solution, the density of the 

solution ( ) and the solvent (  ), and the adiabatic compressibility coefficient of the solution 

(  ) and the solvent (   ) calculated by equation [8] with density and ultrasonic velocity as: 

                                                            
  

   

   
       

               

 
                                       [13] 

 Experimentally, adiabatic conditions are generally chosen because the isothermal 

conditions normally provide less accurate results (Chalikian et al., 1994). However, some authors 

(Sarvazyan, 1991; Kharakoz & Sarvazyan, 1993; Nölting, 1995) have pointed out that the 
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adiabatic condition of the ultrasonic measurements is normally achieved for the solvent but not 

for the solute. Normally the short time of the ultrasonic measurements allows us to consider 

there is not heat exchange within the solvent molecules in aqueous solutions, but that 

assumption is not necessarily true for solute molecules. These authors consider it is only 

possible to achieve pseudoadiabatic conditions, and therefore to calculate pseudoadiabatic 

compressibility which is between the adiabatic and the isothermal compressibility. Nevertheless 

these previous studies, conducted in order to analyse the possibility of achieving adiabatic 

conditions during ultrasonic velocity measurements, were conducted only with large globular 

proteins solutions. 

 

2.1.2.1 Apparent Specific Adiabatic Compressibility 

 Compressibility of solutions of biological components like proteins as well as specific 

volume, is influenced by the solute-solvent interactions and it is convenient to use the apparent 

specific adiabatic compressibility and partial specific adiabatic compressibility (Chalikian et al., 

1994).  

 The apparent specific adiabatic compressibility can be calculated based on the density 

and ultrasonic velocity measurements, and can be defined as the change in apparent specific 

volume of the solute as the pressure changes as (Chalikian et al., 1994; Gekko et al., 2004): 

                                                                   
               

 
                                                   [14] 

where    and     are the adiabatic compressibility coefficient of the solution and the solvent;   

and    are the density of the solution and the solvent, and c is the concentration of the solution. 
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2.1.2.2. Partial Specific Adiabatic Compressibility 

 Finally, the partial specific adiabatic compressibility, which describes the change of the 

apparent specific volume of the solute as the pressure changes at infinite dilution, where the 

solute–solute interactions are diminished, can be calculated as:  

                                                         
            

               

 
                                        [15] 

 

2.1.2.3. Ultrasound Waves to Measure Elastic Properties 

In equation [8] the coefficient of adiabatic compressibility was related to the ultrasonic 

velocity. The ultrasonic velocity can be a useful tool in order to measure molecular transitions of 

proteins and peptides that occur in aqueous solutions and during the interactions of proteins or 

peptides with other molecules. The great sensitivity of the ultrasound measurements can give 

information on the changes in the solute-solvent interactions occurring during protein solvation 

and its dynamics in solution (Sarvazyan, 1991; Chalikian, 2003). Additionally, and regarding the 

dependence of chemical reactions on temperature and pressure, ultrasonic techniques have the 

advantage that they can be performed at a specific temperature and pressure, as well as being 

independent of the need for chemical probes, which like other chemical components, can alter 

the nature of the original system (Sarvazyan, 1991; Chalikian, 2003; Kaatze et al., 2008). 

Kentish & Ashokkumar (2011) describe sound waves as pressure waves passing through 

a medium. These are longitudinal waves that differ according to their frequency. Ultrasound is 

the sound that has a frequency above 20 kHz (Mason & Saéz Bernal, 2012). 
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Ultrasonic techniques are based on the propagation of sound, and also its attenuation, 

reflection, absorption or refraction when passing through a liquid sample (Sarvazyan, 1991). The 

ultrasonic techniques include ultrasonic spectroscopy and ultrasonic velocimetry (Sarvazyan, 

1991; Kaatze et al., 2008).  According to McClements (1991), the ultrasound can propagate 

through a material by different ways. Ultrasonic velocity and attenuation measurements are 

used to assess the propagation of compressional waves which are transmitted by successive 

compressions and expansions within the elastic limit of the material. Therefore the physical 

properties of the material, such as density, elasticity and composition can be related to the 

velocity of propagation of ultrasonic waves passing through a material (McClements, 1991). 

 The ultrasound velocity of a solution is the result of the relation shown in equation [8]. 

Therefore depending on the molecular characteristics of different compounds in solution the 

compressibility values affect the ultrasonic velocity of the solution (Sarvazyan, 1991, Kaatze et 

al., 2008).  

 Measurements of the ultrasonic velocity can be used to determine the elastic properties 

of a sample, the conformational transitions of a solute and the solute-solvent interactions; and it 

has become a very important method in biophysical studies (Sarvazyan, 1991). Ultrasonic 

velocity measurements are similar to those from ultrasonic spectroscopy, which measures the 

absorption of ultrasonic pulses at different frequencies and is normally used to analyse the 

aggregation or relaxation processes of biomolecules (Sarvazyan, 1991; Povey et al., 2011). 

 There are several methods to measure ultrasonic velocity. In the case of solutions of 

biological compounds the method generally involves specific requirements, like a small size of 

the sample and high precision of the measurement. For example, the size of the sample should 

of 1 mL or less, and the precision around 10-4%. The need to use a small sample, around 1 mL, or 
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less, is because with this size it is possible to achieve good temperature control to avoid the 

variations and error in the measurement due to the temperature dependence on the ultrasound 

velocity (Sarvazyan, 1991, Kaatze et al., 2008). The precision of around 10-4% is needed to allow 

working with low concentrations, where the solute-solute interactions are reduced and the 

changes in ultrasonic velocity are very small (Sarvazyan, 1991, Kaatze et al., 2008). 

 Two kinds of methods are usually used to determine ultrasonic velocities in biological 

compounds. First, the sing-around or pulse method which consists in an ultrasonic pulse which 

passes through the solution and then is retransmitted after it is received. This method can 

achieve the precision of 10-4% needed for accurate measurements but with the disadvantage 

that it requires a sample that is large, around 10mL (Sarvazyan, 1991, Kaatze et al., 2008).   

Secondly, the continuous wave or resonator method can be used, where the resonance 

frequency of an ultrasonic pulse is measured by two parallel transducers located at different 

side of a resonator cavity, where one is the transmitter and the other the receiver (Eggers & 

Funck, 1973; Sarvazyan, 1991, Kaatze et al., 2008). Then the ultrasonic velocity is determined by 

the difference between the resonance frequency of the solvent and the solution. This method 

can achieve a precision around 10-4% and also have the advantage that it only needs a small 

volume sample, around 0.1 mL. A temperature stability around 10-3K is required to have accurate 

measurements, because of the temperature dependence of the ultrasonic velocity (Sarvazyan, 

1991). The control of sample temperature becomes an important requirement for any method, 

and because it is easier to control the temperature for a small sample, the use of the resonator 

method (0.1 mL sample) is also advantageous (Sarvazyan, 1991, Kaatze et al., 2008). 
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2.1.3. Interpretation of Specific Volume, Compressibility and Their Changes 

 Volumetric properties have been used in several studies (Durchschlag & Jaenicke, 1982; 

Gekko & Hasegawa, 1986; Kharakoz & Sarvazyan, 1993; Chalikian et al., 1994; Harpaz et al., 

1994; Chalikian et al., 1995; Chalikian et al., 1996; Kharakoz, 1997; Heremans & Smeller, 1998; 

Murphy et al., 1998; Calandrini et al., 2000; Taulier & Chalikian, 2001; Valdez et al., 2001; Taulier 

& Chalikian, 2002; Chalikian, 2003; Chalikian & Filfil, 2003; Gekko et al., 2004; Bánó & Marek, 

2006; Lee et al., 2008; Pfeiffer et al., 2008) in order to understand protein hydration and its 

changes during protein denaturation. These same measurements can help us to characterize the 

conformational state of different proteins and peptides. 

 

2.1.3.1. Specific Volume  Changes in Proteins and Peptides 

 Studies of proteins in the unfolded state can give a lot of information about protein 

dynamics. The unfolded state of a protein usually is described as an extended chain; this 

conformation has the amino acid chains in random coil conformation where most of the atomic 

groups are exposed (Murphy et al., 1998).  

 The specific volume changes which happen in the conformational changes of protein 

reflect alterations in protein hydration and intrinsic packing (Chalikian & Filfil, 2003). This 

difference in molecular volume can give a hint about the conformational state of the proteins.  

However the specific volume changes which occur during the transition of a protein from a 

folded to an unfolded state are very small, generally around 1% or 2% of the partial specific 

volume value of the protein, and moreover, these changes can be positive or negative 



21 
 

(Chalikian, 2003). However, according to Chalikian (2003), the changes in specific volume 

resulting from pressure induced denaturation at elevated pressure are positive. 

 Generally the transition of a protein from folded to an unfolded conformation is 

mediated by different states of a protein that is more or less unfolded, which can be classified in 

three main classes: compact intermediate states, unfolded states, and fully unfolded state.  The 

compact intermediate state has a compact structure, retaining part of the secondary structure, 

and almost no tertiary structure, and also it has a large core of amino acids inaccessible to the 

solvent; the folded state has a partially extended structure with all secondary structure lost, but 

a small core of amino acids remains inaccessible to the solvent; finally, the fully unfolded state 

has a completely extended chain of amino acids with almost no amino acids inaccessible to the 

solvent (Chalikian, 2003). 

 The conformational changes in a protein from a folded to an unfolded state are 

supposed to cause important changes in the specific volume due to the changes in the amount 

of surface atomic groups exposed to the solvent which influences the interaction between 

protein and the water molecules in the hydration layer. The hydration layer, whose dimensions 

are no larger than two layers of water molecules, are the water molecules whose 

physicochemical properties are altered by the interaction with the solute and have properties 

that are different from those of the water molecules of the bulk water (Chalikian et al., 1994). A 

possible interpretation of the change of specific volume is that during these conformational 

transitions of proteins, a decrease of intramolecular voids within the polypeptides chains occurs 

due to the unfolded process, which causes a decrease of intrinsic volume, and an increase in 

protein surface exposed to the water and therefore the protein hydration (Chalikian, 2003). 

Another important aspect is the change in the thermal volume; as pointed out by Chalikian 
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(2003), the thermal volume would be related with the amount of surface exposed to the 

solvent, hence when a protein unfolds an increase of surface exposed causes an increase of the 

thermal volume which seems to compensate for the decrease of volume caused by the 

elimination of intramolecular voids between the polypeptide chains of the protein structure.  

 Harpaz et al. (1994) found differences in volume between amino acids and small 

peptides in solution, and their contribution to the total volume of a protein molecule when 

these same amino acids or small peptides were within a protein structure. Additionally, Harpaz 

et al. (1994) reported differences in volume between non-polar and polar groups of amino acids 

and between non-polar and polar groups present within the structure of peptides and protein 

structure. These differences were due to the effect on the volume of the charges of the non-

polar and polar groups when they are exposed to the water and when they are within the 

protein structure.  

 Changes in the specific volume of proteins, peptides and amino acids are also influenced 

by the ionization/neutralization of their chemical groups in contact with the solvent. This effect 

was studied by Rasper & Kauzmann (1962) who found that neutralization of carboxylic groups in 

proteins results in a volume increase of globular proteins (11 cm3mol-1). A similar effect was 

found for the neutralization of the amino groups, resulting in a volume increase of around 16 to 

18 cm3mol-1. It is important to mention that the ionization/neutralization of carboxylic and 

amino groups in small molecules, such as amino acids or small peptides, produces changes in 

the specific volume different than the changes occurring in the proteins containing carboxyl or 

amino groups (Rasper & Kauzmann, 1962). Kharakoz (1997) found that ionization contributes 

about 3% to the partial specific volume of unfolded proteins. However, this contribution of 3%, 

was calculated based on the partial specific volume of each amino acid of the protein structure 



23 
 

and It was done assuming that the contribution of each amino acid to the partial specific volume 

of a protein is additive. 

 The small changes in volume during conformational transitions of proteins have been 

documented in several studies (Harpaz et al., 1994; Hackel et al., 1999; Chalikian, 2003; 

Chalikian & Filfil, 2003).  Valdez et al. (2011) found small change in volume (0.006 ± 0.003 mL g-1) 

between two forms of the myelin basic protein. Additionally, it is important to mention that the 

method used to induce denaturation could affect the results of the change in specific volume 

during a conformational transition in the protein. The nature of the interaction between the 

polypeptide chains and denaturating agents is not well understood yet (Hackel et al., 1999). 

 The changes in specific volume as proteins change their conformation or denature are 

caused by the effect of the protein surface on the hydration layer and therefore by the changes 

in the amount of protein structure that is exposed to solvent and the amount of protein buried 

in the interior (Murphy et al., 1998; Chalikian & Filfil, 2003). These differences are mainly caused 

by the electrostriction effect that occurs in charged groups of the amino acids exposed to the 

aqueous solvent (Harpaz et al., 1994). The electrostriction effect has been reported in biological 

compounds such as proteins to be related to the amount of charged groups in the protein 

structure that are exposed to the solvent (Pfeiffer et al., 2008; Marcus, 2011).    

  Electrostriction can be defined as the contraction of a material exposed to an electric 

field.  In solutions, electrostriction is seen as the apparent diminution of the volume of a solute 

when it is dissolved in a solvent, and can be described as: 

                                                                                                                                                    [16] 
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where    is the intrinsic volume, which is the solute volume assigned to a solute molecule and 

    is the partial specific volume. The electrostriction effect can occur in any solvent, although it 

is especially important in aqueous solution (Desnoyers, 1965; Marcus, 2011). 

 The electrostriction effect in aqueous solution is caused by the electric field of a 

dissolved solute which affects the water molecules located in the water shell around the solute. 

This electric field causes a compression effect on the water molecules, breaking the hydrogen 

bonds that interact with the solute, and then reducing the space between the water molecules 

and the solute causing a compression of the solvent. There are small or negligible effects on the 

ion molecule (Marcus, 2011). 

 Generally the electrostriction effect is analysed at infinite dilution with the partial 

specific volume because at this condition the solute-solute interaction diminishes. For 

electrolyte solutions these conditions consider a total dissociation of ions. However, for the 

analysis of the electrostriction at finite dilution, besides the solute-solvent interactions, it is 

necessary to also consider solute-solute interactions and the dynamics of the solvation effect as 

the solvent molecules enter and leave a close association with the solute molecule at different 

rates depending on the nature of the solute (Marcus, 2005; Marcus, 2011). 

  Chalikian & Filfil (2003) have reported changes in specific volume caused by 

denaturation of proteins with different molecular weight, and the dependence of these changes 

on the degree of denauration of the proteins. These results confirmed the small magnitude of 

changes in specific volume during protein denaturation which suggests that there is a the 

compensation between the different contributions to the specific volume: intrinsic volume, 

thermal volume and interaction volume, which due to microscopic changes occurring during the 
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denaturation process cause an increase of some contributions while the other decreases 

depending on the conformation state (Chalikian, 2003).   

 Electrostriction has an effect on the hydration properties of the solute and hence on the 

compressibility, and as pointed out by Pfeiffer et al. (2008), the negative effect on the 

compressibility caused by the hydration of solutes is generally associated with electrostriction. 

 

2.1.3.2. Compressibility Changes of Peptides and Proteins 

The compressibility will vary depending on the size of the molecule, but between 

globular proteins and peptides with different sizes, the changes in compressibility could result 

from different factors. In globular proteins, due to the imperfect packing of the folded 

conformation, the interior voids result in an important contribution to the intrinsic 

compressibility which could be substantially lowered in unfolded proteins or peptides with low 

molecular weight. Unfolded proteins or peptides don’t have the same amount of voids as 

globular proteins. Also it is important to account the effect on the compressibility caused by 

changes in the pH of the solution.  This effect is usually low for globular proteins, but it can be 

an important effect for peptides due to pH changes which affect the protonation of the 

carboxylic and amino groups exposed to the solvent (Sarvazyan et al., 1979; Sarvazyan, 1991; 

Chalikian et al., 1994; Chalikian, 2003). 

 Compressibility is usually calculated assuming a linear relation between pressure and 

density. However according to Sarvazyan (1991) the non-linearity between these two 

parameters can also be used to analyse solute-solvent interactions. Measurement of the 

dependence of ultrasonic velocity on pressure and temperature is thought to be the easiest 
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method to calculate the non-linearity based on the relation between the adiabatic 

compressibility coefficient and density [equation 8] (Sarvazyan, 1991).     

 Compressibility values for proteins, peptides and amino acids in aqueous solutions can 

be either positive or negative. Positive compressibility values indicate a highly compressible 

interior, while negative compressibility values indicate a non-compressible interior like in fibrous 

proteins and amino acids, where the compressibility values are driven primarly by the negative 

compressibility contribution of the hydration of the solute caused by solute-solvent interactions 

(Gekko & Hasegawa, 1986; Kharakoz & Sarvazyan, 1993; Apenten et al., 2000). Generally the 

compressibility of amino acids in aqueous solutions is negative, the compressibility of proteins in 

the native state is positive and the compressibility of proteins in the unfolded state is usually 

negative. This behavior can be caused due to the negative compressibility of the water in the 

hydration shell compared to its behavior as bulk water.  For amino acids and unfolded proteins 

the hydration contribution to the compressibility is very important because the intrinsic 

compressibility tends to be small. In contrast, for the native state of proteins the contribution of 

the intrinsic compressibility is usually large due to the internal voids in its structure (Heremans 

et al., 1998). Apenten et al. (2000) confirmed this behavior, concluding that protein 

compressibility is the result of two antagonistic factors, the intrinsic compressibility and the 

compressibility due to the hydration effect. Therefore the changes in compressibility can be 

used as an indicator of the folded to unfolded protein conformation process. 

 Protein transitions from a folded to an unfolded conformation are generally classified by 

three different states representing species of protein that are more or less unfolded: compact 

intermediate states, partially unfolded states, and fully unfolded states (Chalikian, 1993). These 

conformation transitions result in changes in the partial molar adiabatic compressibility (  
 ), 
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according to Taulier & Chalikian (2002). The transition of a globular protein from a folded state 

to a fully unfolded state is mediated by different conformation states with different 

compressibility values. The transition from a native protein to a compact state has a small 

increase of   
  between 1 to 4 x10-6 cm3 mol-1 bar-1. For the transition from a native protein to  a 

partially unfolded state,   
  shows a small decrease between 3 to 7 x10-6cm3 mol-1bar-1; finally a 

full transition from the native to the fully unfolded state shows a large decrease of    
  between 

18 to 20x10-6 cm3 mol-1 bar-1 (Taulier & Chalikian, 2002). In the partially unfolded state the 

tertiary structure is completely lost and a partial secondary structure remains; for the fully 

unfolded state, theoretically it is accepted that the structure that remains is a random coil 

(Chalikian, 2003; Chalikian & Filfil, 2003; Lee et al., 2008). These changes in compressibility are 

common for all the proteins, in other words these changes are present in all globular proteins 

during the conformational changes. Variation in compressibility, as a result of an unfolding of 

proteins, happens because the unfolding process causes changes in the packed interior of the 

protein, which affects the intrinsic compressibility, and additionally increase the solvent 

accessible surface, which also affects the hydration contribution to the compressibility (Taulier 

& Chalikian, 2001; Taulier & Chalikian, 2002; Lee at al., 2008). 

   Chalikian & Breslauer (1996), found a similar result in a study about the changes in 

compressibility in different conformations of the protein cytochrome C subjected to acid 

induced denaturation. In this study a decrease of the protein compressibility as the 

denaturation process occurred was found and was associated with the increase of solvent 

accessible surface and decrease of hydrophobic character of the overall structure. 

During the conformation transition of proteins and peptides, another effect that 

influences compressibility is the kind of secondary structure that proteins or peptides adopt. 
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According to Gekko & Hasegawa (1986), it seems that the helix structure has large 

compressibility. Therefore, proteins with a larger proportion of the helix secondary structure 

have large compressibility value compared with other proteins. Additionally, the presence of 

disulphide bonds or non-protein attached groups as metal, carbohydrate, lipid or coenzymes 

can also influences the compressibility of globular, concluding that structural factors seem to be 

important due to their influence on the intrinsic compressibility of protein and peptides. 

Beside the influential factors of intrinsic compressibility, it is also important to account 

for factors that influence the hydration compressibility of proteins. The properties of water 

molecules in the hydration shell around biological compounds in solution are an important 

factor that influence the compressibility of a solution. As it was mentioned previously in this 

section and in section 2.1.3.1., the properties of the water molecules surrounding the solute are 

different from the rest of water molecules in bulk water, with a different compressibility. The 

amount of water molecules in the hydration shell is directly related to the hydration 

contribution of the compressibility. Therefore, the amount of exposed surface of the solute will 

affect the amount of water molecules and the size of the hydration shell and the hydration 

contribution to compressibility. The number of water molecules in the hydration shell of 

biomolecules is known as the hydration number (Sarvazyan, 1991; Chalikian et al., 1994). The 

hydration of biomolecules in solution is a result of the surface area of this solute exposed to the 

solvent and the characteristics of the groups on the surface area, which can affect the thickness 

of the hydration shell (Sarvazyan, 1991; Chalikian et al., 1994). 

The difference in compressibility of the water molecules in the hydration shell of a 

solute, such as a protein or a peptide, is related to the electrostriction effect. The 

electrostriction effect, explained in the previous section 2.1.3.1., causes a contraction in the 
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volume of the water molecules in the water shell that surround a solute. This contraction, which 

is caused by the electric field of the exposed surface of the solute, has a negative effect on the 

compressibility (Pfeiffer et al., 2008; Marcus, 2011).   

The compressibility of small peptides is generally affected by the hydration contribution. 

Small peptide structure, similar to that of unfolded proteins or amino acids, have a mainly 

extended structure which causes the intrinsic compressibility to be small, and the 

compressibility is influenced mainly by the hydration contribution that is negative (Chalikian et 

al., 1998; Pfeiffer et al., 2008).  

 Finally the compressibility can be influenced by the stability of the proteins which is 

directly affected by the physicochemical properties of the solvent. Calandrini et al. (2000) 

pointed out the complexity of the changes when a co-solvent, such as alcohol, is added inducing 

changes in the protein stability.  At low concentrations of alcohol the structure seems to be 

more tightly packed at the folded conformation, but at higher concentrations the alcohol 

induced a destabilization of the folded structure causing changes in compressibility.    

 

 2.1.3.3. Other Biological Compounds 

 The compressibility of other compounds, such as lipid bilayers (model membranes), 

which are used in studies to increase understanding of the complexity of the dynamics of the 

cell membrane, can be analysed. Lipid bilayers can be formed by a mixture of different 

phospholipids and other components like cholesterol. Volumetric properties can help to 

understand the changes in conformation and phase transitions caused by composition or 

change in temperature. The conformation of phospholipids bilayer can vary depending on the 
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size of the phospholipids in the structure, the amount of double bonds, and the presence of 

other components like cholesterol (Hianik et al., 1998; Uhríková et al., 2007).  Analysis of the 

changes of the volumetric properties can help to understand how the physical properties of the 

model membranes are affected by the composition, transition phase temperature and 

interactions with other molecules as proteins or peptides (Hianik et al., 1998; Krivanek et al., 

2001; Rybar et al., 2007; Uhríková et al., 2007). 

   

2.2. Proteins, Peptides and Amino Acids  

2.2.1. Chemical Structure and Physical Properties 

Proteins and peptides are polymers of amino acids which are joined by peptide bonds. 

This bond is planar but allows an amount of torsional flexibility which leads to several possible 

energetically favorable conformations for a given peptide or protein. There are 20 different 

amino acids, each of which has a basal structure with an amide and carboxylic group and a 

distinctive group named as a side chain (Creighton, 1993; Sewald & Jakubke, 2002; Langel et al., 

2010).   

Protein conformation can be classified into four types, based on the complexity of the 

structural conformation: primary, secondary, tertiary and quaternary (Creighton, 1993; Sewald 

& Jakubke, 2002; Langel et al., 2010). 

The primary structure consists of the sequence of amino acids, which will later define 

the following more complex structures (secondary, tertiary). The amino acid composition and 

sequence defines the intramolecular interactions, and these interactions permit the secondary 
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structure and the folded arrangement of the tertiary structure (Creighton, 1993; Sewald & 

Jakubke, 2002). 

The secondary structure of a protein is the most energetically favorable conformation 

adopted by a polypeptide chain allowed by the torsion of the peptide bond at different angles, 

and it is generally classified into two main conformations, namely α-helix, and β-sheets 

(Creighton, 1993; Vila et al., 1998; Sewald & Jakubke, 2002).   

The tertiary structure is a global and precisely defined three dimensional organization of 

the polypeptide chain. The tertiary structure is largely maintained by the interaction between 

amino acid side chains. Two features determine the tertiary structure: the primary structure 

(amino acid sequence) and the environment (solvent, pH, electrolytes concentration) 

(Creighton, 1993; Sewald & Jakubke, 2002).  

The quaternary structure occurs in some proteins that exist as aggregates of two or 

more polypeptide chains (monomers). The center of the interfaces between monomers are 

usually similar to the interiors of the individual monomers in that they are closely packed and 

involve primarily hydrophobic interactions between non-polar side chains (Creighton, 1993).   

The physicochemical properties of proteins in solution depend on the specific 

conformation of the protein and the amino acid residues present on their surface which are 

exposed to the solvent (Harpaz et al., 1994; Avbelj, 2000; Trevino et al., 2007; Chen et al., 2008).      

 Many important biomolecules like globular proteins have to be in aqueous solution in 

order to perform their biological function (Raschke, 2006; König & Boresch, 2009). Each protein 

in solution has a unique tertiary structure while peptides also have a complex structure, usually 

adopting a specific secondary structure (Creighton, 1993). Because the conformation of proteins 
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and peptides is not completely rigid important dynamic changes occur which are related with 

the protein or peptide’s biological function (Creighton, 1993; Sewald & Jakubke, 2002). 

The solubility of the protein will be mainly defined by both the hydrophobicities and the 

hydrophilicities of the side chains of the amino acids at the surface (Raschke, 2006; Trevino et 

al., 2006). The polar side chains at the surface promote better solubility of the protein molecule, 

because the exposed charges of the polar side chains will tend to interact with water. The most 

favorable interactions with aqueous solvent are provided by charged and polar groups of the 

hydrophilic side chains (Raschke, 2006). König & Boresch (2009) pointed out that the amino 

acids in the interior of the protein structure contribute very little to the solvent affinity of the 

protein, because the solvent interacts in a limited way with the internal structure of the protein. 

Generally, the solubility of proteins in aqueous solution varies very much, since it is 

related with the amino acid sequence of its surface, as well as with pH and other solutes in the 

aqueous environment. Some structural proteins that have polar side chains at the surface could 

need a pH far from the isoelectric point to raise the electrostatic repulsion needed to keep 

molecules in solution (Trevino et al., 2006).  

 The pH of the solution can affect the stability of the folded structure and cause the 

protein structure to unfold, letting many non-polar amino acid residues be exposed to the 

aqueous solution, and thus increasing the non-polar surface area of the protein molecules. 

Because the interactions between water molecules (polar) and the non-polar surface of proteins 

are thermodynamically unfavorable, protein solubility is reduced (Creighton, 1993; Kyte, 1995; 

Trevino et al., 2006; Langel et al., 2010). 
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Protein structure is related to the behavior of water as a solvent. Agarwal et al. (2010) 

pointed out that water has a large dipole moment and polarizability which results in a very high 

dielectric constant, making water an excellent solvent of ionic or polar solutes.  Water molecules 

in the hydration layer around the surface of a protein or peptide have different chemical 

arrangements compared to bulk water molecules.    

The physicochemical properties of proteins originate from their three dimensional 

structure. Calandrini et al. (2000) suggest that the free energy of stabilisation of the three 

dimensional structure of the proteins partly arises from hydrophobic interactions, which refers 

to the interaction induced by the solvent which prefers to interact with other solvent molecules 

instead of the solute molecules; this effect induces greater interaction between molecules of 

the solute.     

Taulier & Chalikian (2002) pointed out that protein folding occurs spontaneously, and 

they suggest the hypothesis that the lowest free energy state is achieved in the native and 

folded conformation of the protein. The transitions of folding and unfolding of proteins seem to 

involve cooperativity reactions, and are affected by pH, temperature, pressure and any 

denaturating agent (Taulier & Chalikian, 2002).   

 

2.2.2. Peptides Bioactivity  

 Proteins are very important structural and functional components in the cell and have 

well known importance as part of nutrition. Besides the nutritional benefit, proteins, and 

peptides within the protein´s structure, have been found to have functional properties for the 

food industry like foaming, emulsifying, and film forming capacity due to their physicochemical 
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properties (Kylara & Panyam, 2003). Moreover, the physiologically active (bioactive) properties 

of many proteins and peptides from different sources, vegetal and animal, have been receiving 

an increasing interest (Korhonen & Pihlanto, 2006; Hartmann & Meisel, 2007).     

 The bioactivity of peptides can be described as a physiological effect in addition to the 

nutritional benefit; however this description is very broad. According to Owusu-Apenten  (2010), 

the bioactivity of any peptide, of animal or vegetal source, is an effect which exerts a benefit in 

health not related with its nutritional function. 

 According to Korhonen & Pihlanto (2006), bioactive peptides can be defined as specific 

parts of proteins which provide a positive effect on body functions and results in a health 

benefit. Some bioactive peptides are produced naturally by the human body to exert a specific 

physiological action in different sites such as the gastrointestinal tract and the brain (Sewald & 

Jakubke, 2002; Owusu-Apenten, 2010).  

 The bioactive peptides from food sources are not active within the protein structure, 

but as the peptides are released, they can exert their functionality. The peptides in general can 

be released by enzymatic hydrolysis during digestion, proteolysis by microorganisms during 

fermentation or the ripening process; and proteolysis by enzymes from microorganisms or 

plants (Meissel, 1998; Korhonen & Pihlanto, 2006; Erdmann et al., 2008; Tidona et al., 2009). 

 The bioactive peptide sizes can vary from di-peptides to quite large and complex 

structures that can include glycol, propryl and acyl groups, whole bioactive peptides can also 

exert one or multiple effects (Gill et al., 1996; Korhonen & Pihlanto, 2006). Depending on the 

amino acid sequence, these peptides can exert different physiological actions which comprise 

multiple effects (Guilloteau et al., 2009). 
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2.2.2.1. Dairy Bioactive Peptides 

 The interest about the physiological benefits of dairy proteins, beyond their nutritional 

value, and especially about bioactive peptides within dairy protein structures, has been rising in 

the past number of years. Several studies have been performed in order to test their different 

physiological functionalities (Gill et al., 1996; Chabance et al., 1998; Meissel, 1998; Korhonen & 

Pihlanto, 2006; Hartmann & Meisel, 2007; Erdmann et al., 2008; Guilloteau et al., 2009, Jäkälä et 

al., 2009; Korhonen, 2009; López-Expósito & Recio, 2009; Kamau et al., 2010; Phelan et al., 

2009). 

 Bioactive peptides have been isolated from different fractions of dairy proteins, such as 

caseins and whey protein and several different effects have been reported (Hartmann & Meisel, 

2007; Korhonen, 2009).  

 A dairy bioactive peptide of a given sequence can exert several functions depending on 

different segments of that sequence. This is contrary to the endogenous bioactive peptides 

which are usually very specific and have only one function. Casein bioactive peptides, that exert 

several effects, have been reported. These effects can be associated with different segments 

within the amino acid sequence of the peptides, and these segments can be overlapped within 

the whole structure of the bioactive peptide (Meisel, 1997; Hartman & Meisel, 2007). 

 Because the bioactive peptides need to be released from their protein source to exert 

their effects and these releases have different pathways, like human digestion, food 

fermentation or ripening and microbial proteolysis, it is important to know if these peptides can 

resist the process and finally be absorbed and transported to the blood stream. Several studies 

have been made in order to understand the resistance of bioactive peptides to human digestion. 

The results of these studies have been varied, but have shown that some peptides actually can 
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reach the blood stream (Chabance et al., 1998; Quirós et al., 2009; Phelan et al., 2009; Picarriello 

et al., 2010). However, according to Möller et al. (2008), it is also known that not all bioactive 

peptides are absorbed during digestion, and some of them can act directly to produce a 

physiological effect via receptors in the gut. 

 

2.2.2.1.1. Bioactivity Reported 

 The bioactivity reported from dairy peptides is quite large. In Fig 2.1. is shown some of 

the main effects reported from bioactive dairy peptides. 

 Opioid peptides were the first bioactive peptides isolated, and they are also called 

“exorphins” due to them having certain similarity with hormones like endorphins and 

enkephalins.  Casomorphins are an important group of opioid peptides; they are isolated from 

caseins and have different agonist effects like gut regulation of electrolyte absorption and the 

effects derived from this absorption (Hartmann & Meisel, 2007). 

 Dairy bioactive peptides with inhibitory effects over the Angiotensin I-converting 

enzyme (ACE) have been isolated.  Peptides with different amino acid sequence have been 

reported with this inhibitory effect that in general helps in regulation of blood pressure. Several 

of these dairy bioactive peptides that have been found are short, between 2 or 3 amino acids 

residues, which make them more resistant to digestive enzymes, and easily absorbed to exert 

their effect. Also it has been found that these peptides frequently contain polar amino acids 

(Meisel, 1997; Meisel, 1998; Hartmann & Meisel, 2007; Saito, 2008; Madureira et al., 2010). 
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Fig 2.1. Main effect associated with dairy bioactive peptides (Korhonen & Pihlanto, 2006).  
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 The immunomodultory effects of dairy peptides varied from lymphocyte proliferation, 

natural killer cell activity, antibody synthesis and cytokine regulation.  Casokins are one example 

of bioactive peptides which have some effects like enhancement of the immune response, and 

regulation of the cytokine or antibody synthesis (Meisel 1997; Hartmann & Miesel, 2007). 

 The absorption of the bioactive peptides in order that they exert a physiological effect is 

very important and there is still not too much understanding yet. Several pathways are involved 

in absorption of these peptides; these pathways vary depending on the size, the amino acid 

structure, charge and hydrophobicity (Lipka et al., 1996; Walter et al., 1996; Daniel, 2004; 

Poliwoda et al., 2007, Guang & Phillips, 2009; Phelan et al., 2009). According to Phelan et al. 

(2009), small di- and tri- bioactive peptides can be transported via a specific transporter named 

PepT1, and larger oligopeptides can be transported via a paracellular route which allows the 
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peptides to cross within the intercellular space between the cells. Furthermore, bioactive 

peptides can also be transported by a vesicle-mediated transporter in a process named 

transcytosis. 

 The stability and resistance of bioactive peptides during digestion is critical in order to 

exert their effects in the intestinal tract or to be absorbed. The resistance of bioactive peptides 

to the digestion process varies a lot, so it is necessary to determine individually the resistance of 

any bioactive in order to understand its ability to exert an effect. Bioactive peptides that have 

been isolated and shown to have a proven physiological effect in studies in vitro, have been 

found with further analysis to not resist gastrointestinal conditions (Chabance et al., 1998; 

Madureira et al., 2010).   

 

2.2.2.2. Plant Origin Bioactive Peptides 

 Plant proteins are a source of bioactive peptides. Although milk and egg are two of the 

most important sources of bioactive peptides, plant proteins from pea, wheat, soy and hemp 

seed and amaranth have been found to exert physiological effects (Silva-Sanchez et al., 2008; 

Yoshie-Stark et al., 2008; Guang & Phillips, 2009; Tang et al., 2009; Tiengo et al., 2009; 

Orlovskaya et al., 2010; Roy et al., 2010; Lico et al., 2012). 

 

2.2.2.2.1. Bioactivity Reported 

 The bioactivity reported in peptides from plant sources is not as abundant as it is for 

dairy bioactive peptides, however effects like opioid agonist, immudolatory, anti-hypertensive 

and antioxidant effects have been reported for peptides from different plant sources like wheat, 
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rice, peas, hemp proteins and other (Gill et al., 1996; Hartmann & Meisel 2007; Erdmann et al., 

2008, Tang et al., 2009; Orlovskaya et al., 2010). 

 ACE inhibitor peptides are some of the peptides that can be isolated from plants.   These 

bioactive peptides have been found in several different plant sources such as soybean, wheat, 

sunflower, rice, corn, broccoli and garlic (Guang & Phillips, 2009) and also ACE inhibitory 

properties have been found in bioactive peptides from pulse crops (Roy et al., 2010). Bioactive 

peptides isolated from amaranth have shown ACE inhibitory, antithrombotic, antioxidant 

immunostimulatory properties as well as effects against cancer and hypertension (Silva-Sanchez 

et al., 2008; Tiengo et al., 2009). Nevertheless more in vivo studies are necessary to confirm 

bioactivity in amaranth and pulse crop peptides (Silva-Sanchez et al., 2008; Roy et al., 2010). 

Studies that have been made already suggest that ACE inhibitor peptides from plants are small, 

with 2 to 5 amino acids, that also help them to be more resistant and more easily absorbed, and 

they typically contain proline, lysine and arginine amino residues (Erdman et al., 2008, Roy et al., 

2010). Some ACE inhibitor peptides from plants have also shown additional antioxidant effects 

(Roy et al., 2010). 

  Hemp seed protein hydrolysates, obtained by different enzymes, have shown 

antioxidant effects. This suggests that it is important to conduct more studies on peptides 

isolated from hemp seed proteins in order to find if they can produce other effects (Tang et al., 

2009). Girgih et al. (2011) also found antioxidant effects in vitro of hemp seed protein 

hydrolysates. 
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2.3. Model Membranes 

The basic unit of the cell membrane is a bilayer formed by phospholipids and 

sphingolipids organized in two layers with their polar head groups along the two surfaces and 

their acyl chains forming the non-polar domain in between (Luckey, 2008). Other important 

components in the cell membrane are proteins which are in the lipid bilayer and these proteins 

cannot be removed without disrupting the membrane. These proteins can be integral proteins 

or peripheral proteins. The integral proteins have two segments, one is a transmembrane 

segment which is hydrophobic and interacts with the lipids in the interior of the membrane and 

the other segment, which is hydrophilic, is in contact with the aqueous exterior or interior of the 

lipid bilayer. The peripheral proteins are connected with the membrane surface by short 

hydrophobic segments and electrostatic forces (Hianik, 2006). 

Cellular membranes are very complex heterogeneous systems modulated by many 

components; therefore, studies of molecular interaction of different compounds with the cell 

membrane are very difficult (Baginski et al., 2006; Peetla et al., 2009). Results coming from 

experiments with cells are usually susceptible to several interpretations. Hence other simpler 

systems such as model membranes can be used. Model membranes such as lipid vesicles, lipid 

monolayer and bilayers are good representatives of cellular membranes (Baginski et al., 2006; 

Peetla et al., 2009). These systems usually contain only one or two types of lipids being much 

simpler than regular cellular membranes (Baginski et al., 2006). 
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2.3.1. Lipids in the Cell Membrane 

The cell membranes are constituted by lipids, proteins and carbohydrates. The lipid 

component includes phospholipids, sphingolipids and sterols. Membranes are responsible for 

the selective permeability that regulates the transport of many nutrients and exclusion of 

harmful agents (Hianik, 2006; Luckey, 2008). 

 Lipids are a group of heterogeneous organic compounds which are defined as biological 

substances that are generally hydrophobic in nature and in many cases soluble in organic 

solvents (Baum, 1987). 

Phospholipids are the most abundant lipids in the cell membrane. Due to their 

amphipathic nature, they play an important role in the structure of the cell membrane; as a 

result of the hydrophobic effect phospholipids are able to self assemble into a bilayer, having an 

arrangement where the non polar section is in the middle of the cell membrane and at both side 

ends are the polar sections in contact with the aqueous solvent (Hianik, 2006; Luckey 2008). 

 Sphingolipids are another lipid component of the cell membrane; these compounds are 

not built on a glycerol backbone but on sphingosine, a long chain amino alcohol, to which a fatty 

acyl chain is attached in an amide linkage. The most common sphingolipids are the 

sphingomyelins, which are sphingophospholipids with phosphocholine or phosphoethanolamine 

head groups (Baum, 1987; Luckey, 2008). 

 The third main lipid components are the linear isoprenoids and the sterols, of which the 

most abundant compound in animal cell membranes is cholesterol. The linear isoprenoids 

include compounds derived from five-carbon units called isoprene (2-methyl-1, 3-butadiene) 

(Baum, 1987; Luckey, 2008). 
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2.3.2. Phospholipids in the Cell Membrane 

Phospholipids are lipid compounds found in all living organisms; they are particularly 

abundant in the biological membranes that surround cells. Phospholipids are any lipid that 

contains a phosphate group. Phospholipids play vital roles within the organism, from taking part 

in fat metabolism to being involved in the transport of certain molecules across the cell 

membranes (Hianki, 2006; Luckey 2008). 

There are different classifications in the literature for phospholipids; one common way 

is to classify phospholipids in two groups: phosphoglycerides and sphingolipids (Baum, 1987; 

Hianik, 2006). Fahy et al. (2005) proposed that phospholipids also can be classified as a different 

category that only covers the molecules of glycerides with a phosphate group, classifying them 

in a different group from compounds such as sphingolipids which are commonly found 

associated within the phospholipids category. 

Phospholipids are the most polar of lipids, and they contain both hydrophilic and 

hydrophobic groups. Therefore phospholipids are amphipathic molecules in whose structure the 

polar region (hydrophilic) and the non-polar region (hydrophobic) can be readily distinguished. 

The glycerolphosphocholine moiety and the two carboxyl ester groups constitute the polar 

region, while the acyl chains, that extend away from the plane of the head group, constitute the 

non-polar region (Jain, 1988). In many phospholipids in biological membranes, the acyl chain C1 

is saturated and is 16 or 18 carbons long while the C2 is frequently unsaturated and usually 

longer (Luckey, 2008). 

 In the phospholipids that form the cell membrane the phosphate group is usually 

associated with choline in phosphatidyl choline (PC), ethanolamine in phosphatidyl 

ethanolamine (PE), serine in phosphatidyl serine (PS), glycerol in phosphatidyl glycerol (PG), 
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glycerol phosphate, threonine and inositol in phosphatidyl inositol (PI, Jain, 1988; Hianik, 2006). 

In animal cell membranes phosphatidylcholine (PC) is the most abundant class of lipid. 

Phospholipids pack preferentially in bilayer form in aqueous dispersions (Jain, 1988).    

The spontaneous self association of some lipids such as phospholipids is a very 

important effect which is present in biologically important components like the cell membrane 

(Jain, 1988; Hianik, 2006). The hydrophobic effect is the preference of the non-polar molecules 

to interact with each other instead of interacting with water molecules. It is the driving force for 

the self-association of amphipaths, that include the phospholipids, but as Luckey (2008) pointed 

out, the spontaneous formation of each type of lipidic aggregate is also driven by the structure 

of water. Hydrophobic compounds cannot interact favorably with water via ionic, polar, or 

hydrogen bonding interactions. Amphipathic molecules aggregate in water to maximize 

favorable interactions, for example, the interactions that maximize orientational and 

configurational entropy. The most important factors involved are: 

I. The change of free energy when a methylene group is removed from water to a non-

polar environment. Even though changes depend also on the nature of the non-polar 

environment, this change is always negative. The gain in free energy arising from the 

hydrophobic effect increases linearly with the chain length (Jain, 1988).  

II. The change of electrostatic energy for the removal of a charged group from water to a 

non-polar environment. Then, the overall free energy needed is about 6.28 kJ/mol (Jain, 

1988), which means that energy within the system is needed to drive this change. 

 

 The overall gain in free energy when transferring a phospholipid molecule from water or 

from a hydrocarbon medium to a polar-non-polar interface is over –6.28 kJ/mol (Jain, 1988). 
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 The insertion of a non-polar molecule such as a lipid, with a long acyl chain, into the 

water creates a reordering of the water molecules around the hydrocarbon chain to form a 

hydrogen-bonded cage. When the water molecules rearrange to form the cage around the non-

polar chain, their mobility is drastically reduced, resulting in a large loss of entropy. The best 

way to lower this entropic cost is to rearrange the non-polar section into large aggregates, 

which reduces the total surface area of the non-polar material exposed to the water and hence 

reduces the amount of immobilized water molecules (Jain, 1988). 

  The bilayer is only one of the possible lipid aggregates that spontaneously form when 

amphipathic lipids are mixed with water (Chatterjee & Agarwal, 1988, Luckey, 2008). Generally, 

amphipathic molecules such as lipids aggregate in aqueous solution and can form a variety of 

phases, including monolayers, micelles, hexagonal, cubic and lamellar phases (Fig. 2.2.), among 

which the predominant phase in a given system depends on the structure and conformation of 

the amphipathic molecules, and the water content and environmental factors, such as ionic 

strength, pH, and the temperature of the system. 

  Most amphipaths with a long polymethylene chain form a thin film at the air-water 

interface (Jain, 1988; Hianik, 2006). Such an arrangement avoids energetically unfavorable 

interactions between acyl chains and polar solvents like water, and also avoids unbalanced 

cohesive forces between the water molecules at the interface. Due to the difference of polarity, 

amphipathic molecules localize the polar groups to the water and the acyl chains extend into 

the air (Jain, 1988; Hianik, 2006). An interface of water with another non-polar solvent also 

offers an ideal environment for the formation of a monolayer; here the acyl chains are in the 

non-polar medium. If the hydrophobic effect is dominant, as is the case with most of the 
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phospholipids, amphipathic molecules tend to segregate at the air-water interface to form 

insoluble monolayers (Jain, 1988).  

 Amphipaths with relatively large head groups form aggregated structures called 

micelles, in which polar groups are on the surface and the chains are segregated from the 

aqueous phase. In organic phases containing small amounts of water, the energetically 

favorable organization is inverted; where the polar groups are oriented toward the center and 

enclose a small drop of water (Jain, 1988). 

 A hexagonal phase (Fig. 2.2.) occurs when lipid molecules are organized into long tubes 

(5-12 nm). These tubes are arranged with hexagonal symmetry. Compared with other phases 

formed in a lipid-water system, this polymorph is characterized by a hydrophobic surface and 

low water content. Some lipids, such as phosphatidylethanolamine, can form hexagonal phases 

when they are dispersed alone in water. The transition from hexagonal phase to a bilayer is 

thermotropic, because it depends on temperature. This transition is rapid, cooperative, and 

occurs without significant change in hydration or a major reorganization or exposure of 

hydrocarbon chains (Jain, 1988; Luckey, 2008).  

 The lamellar phase (Fig. 2.2.) is the most naturally occurring phase for phospholipids 

when they are dispersed in excess water, and this is observed in biological systems as a lipid 

bilayer (Jain, 1988; Lewis et al., 1989; Hianik, 2006).  

  Phospholipid bilayers can either exist in a liquid form phase or in a gel solid phase. 

Phospholipids are in an ordered gel phase at low temperature. Above a melting temperature 

(Tm) that is a characteristic for each lipid, the bilayer is present in a phase, termed liquid-

crystalline (lq) or liquid disordered (lo), in which the lipid acyl chains are liquid and disordered 
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(Baginski et al., 2006). The phase behavior of the lipid bilayer is largely determined by the 

strength of the van der Waals interactions between the adjacent lipid molecules (Jain, 1988). 

 

Fig. 2.2. Schematic representation of different lipid aggregates. 

 

The gel-to-fluid phase transition temperature (Tm) of a variety of phospholipids is 

determined by different factors such as the chain length, degree of unsaturation, and structure 

of the head group. Generally Tm changes not only with the chain length but with the state of 

ionization and the extent of hydrogen bonding. The hydrogen bonding and ion binding effects 

are much more pronounced in liposome structures that contain phosphatidic acid. Thus, an 

isothermal chain melting can be induced in bilayers by changing pH (Jain, 1988). 
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In the gel phase of the bilayer, acyl chains are tilted relative to the plane of the 

membrane, and in the fluid phase, chains lie perpendicular to the surface. A fluid phase bilayer 

is about 15% thinner than in the gel phase. An increase in the acyl chain length is accompanied 

by an increase in the thickness of the fluid bilayer (Jain, 1988). 

  In the gel phase, lipid chains are rigid, but NMR (Nuclear Magnetic Spectroscopy) has 

shown that in a fluid membrane the acyl chains are not rigid. Lipid molecules move within the 

bilayer in three different modes: rotational, lateral, and transverse (Luckey, 2008). 

 

2.3.3. Bilayers and Liposomes 

  Different types of model membranes can be used in order to study different 

phenomena related with the cell membrane (Baginski et al., 2006; Hianik, 2006; Peetla et al., 

2009).    

 Planar bilayer models which separate two aqueous compartments are used to study 

electrical properties. Pure lipid bilayers are not permeable to ions, so introduction of molecules 

that form ion channels can be closely monitored (Luckey, 2008; Peetla et al., 2009). Peptides, 

small proteins, and other lipids will diffuse into the bilayer when added to one of the aqueous 

compartments (Luckey, 2008). 

Supported bilayer models, which are planar lipid bilayers that sit on a glass, quartz or 

gold support, allow direct observation of their surface using atomic force microscopy and 

fluorescence. Supported bilayers can be a fusion of lipid vesicles of the desired composition on 

the surface of the support in an aqueous environment or by sequential deposition of 

monolayers, which allows asymmetric bilayers to be formed (Luckey, 2008). 
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  Liposomes result when bilayers forming lipids are mechanically dispersed in aqueous 

suspensions due to the tendency for bilayer edges to seal so the acyl chains are not exposed to 

the water. Depending on the method used it is possible to have unilamellar or multilamelar 

liposomes. Liposomes also can be classified by size (Fig. 2.3.). (Ostro, 1983; Chatterjee & 

Agarwal, 1988; Luckey, 2008; Peetla et al., 2009). 

 The multilamellar liposomes (MLV) contain concentric spheres of lipid bilayers, and may 

be made by simple shaking of a thoroughly dried lipid film into an aqueous solution. 

Multilamellar liposomes are usually polydisperse, having different diameters that can be 

from 0.2 to 50 µm, and could have different amounts of concentric layers, usually as 

many as 20. These model membranes usually are used in studies of lipid phase 

transitions and in studies of binding of proteins or peptides (Luckey, 2008; Peetla et al., 

2009). 

 The unilamellar liposomes (UV) could be classified as:   

o Small unilamellar (SUV) vesicles that are usually with diameters between 20 and 

50 nm. Due to the small size of the SUVs they have an extreme curvature and 

they are very asymmetric. For example a SUV of phosphatidylcoholine of 22 nm 

diameter has 1900 and 1100 molecules in the outer and inner leaflet 

(phospholipids layer) of the lipid bilayer, respectively (Luckey, 2008; Peetla et 

al., 2009).  

o Large unilamellar Vesicles (LUV) usually have diameters from 100 nm to 5 µm. 

LUVs have the advantage of large encapsulated volumes, up to 50 L/mol of lipid, 

but also have disadvantages that include heterogeneous size distributions and 

fragility of larger vesicles (Luckey, 2008; Peetla et al., 2009). 
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o The giant unilamellar vesicles (GUV) are usually from 5 to 300 µm in diameter. 

These GUV are the size of a cell and they are large enough to insert 

microelectrodes or visualize the surface in optical microscopy (Luckey, 2008; 

Peetla et al., 2009). 

 

 
Fig. 2.3. Schematic representation of different types of liposomes. 

 

 

 

2.3.3.1. Preparation of Model Membranes 

   SUVs can be obtained by exposing MLV to extensive sonication, or they can be made 

also by extrusion of MLV through polycarbonate filters of defined pore size, after which they can 

be sized by gel filtration or gradient centrifugation. SUVs are also formed by injection of lipids in 

organic solvent into aqueous media, followed by removal of the organic solvent (Ostro, 1983; 

Luckey, 2008; Peetla et al., 2009). 

According to Peetla et al. (2009), SUVs and LUVs are typically prepared by dissolving 

lipids in organic solvents (a 2:1 mixture of chloroform: ethanol) and then the solvents are 

evaporated under vacuum conditions to form thin films of lipids at the bottom of a round-
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bottom flask. The dried lipids are rehydrated in a desired buffer to form liposomes. The 

liposome suspension is subjected to vortexing until complete dissolution of the lipid film, 

followed by ultrasonication. This procedure usually results in multilamellar liposomes which 

normally are subjected to cycles of freeze/thawing in order to improve the uniformity of 

liposome size. 

Large unilamellar vesicles (LUV) can be obtained using extruders with polycarbonate 

filters; nowadays extruders have been used under nitrogen pressures that help attain more 

uniformly sized LUVs, especially during repeated extrusions (Hope et al., 1985, MacDonald et al., 

1991). 

GUVs can be obtained by slow hydration of lipids, at low ionic strength and high lipid 

concentration, followed by sedimentation through sucrose to eliminate multilamellar vesicles 

and amorphous material. According to Peetla et al. (2009), GUVs can be prepared by 

electroformation. In this method the lipid film is dried under an oscillating electric field. Typically 

a standard wave generator is used to apply 1 V at 10 Hz between electrodes onto which a thin 

film of lipids has been dried in the presence of water to form GUVs. 

 

2.3.4. Studies with Liposomes and Peptides  

The interactions between peptides and a lipid membrane is an area of research where 

there are still many questions to be resolved. The complexity of these interactions arises first 

due to the mixed nature of the lipids in the membrane and second due to the variety of 

peptides that can be involved in these interactions. Khandelia et al. (2008) pointed out that the 

association of peptides or proteins with the membrane affected the structural and dynamical 
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properties of the lipid bilayer on different length and time scales. Many peptides exert a 

biological effect (antimicrobial, antifungal, antiviral, etc.) when they interact with the 

membrane. These effects are, in many cases, mediated by structural changes in the lipid bilayer. 

The associations of peptides with the lipid bilayer have different mechanisms. Most 

often, the peptides have an amphiphilic character, and the hydrophobic effect acts to locate the 

peptide in the hydrophilic-hydrophobic interfacial layer of the membrane. Electrostatic effects 

may also be involved. Upon association with the membrane, the peptides often change their 

conformation (Khandelia et al., 2008). 

   Electrostatic interactions between peptides and lipid membranes are very important in 

order to define which kind of interaction mechanism occurs with different charged peptides. 

Tang & Deber (2004) pointed out that peptides with charged amino acids in both termini can 

affect the peptide-membrane interactions. The positive charged residues can bind strongly to 

anionic lipid surfaces via electrostatic interactions, which may prevent the transbilayer insertion 

of the peptides and/or prevent their transport across a cellular membrane if binding is strong 

enough. In a study conducted by Tang & Deber (2004), Lys was replaced in a peptide in order to 

reduce the charges on the peptide; the resulting peptide molecule was then more hydrophobic 

while retaining acceptable water solubility and was able to readily penetrate the membrane 

even with a charged group at both termini. 

An important interaction of peptides with model membranes is related to passive 

transport across a membrane. The concept of membrane as a barrier implies that at least some 

substances can pass across it (Jain, 1988). The permeability properties of the cell membrane are 

determined by the lipid and protein components, and in general the lipid bilayer is readily 

penetrated by non-polar substances while proteins in the membrane make channels and 
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transporters for ions and hydrophilic substances. Romanowski et al. (2002) pointed out that the 

total flow across the membrane is related to the product of the water-membrane partition 

coefficient, and the diffusion coefficient of the permeant molecules. 

 Due to the forces related to the interaction and permeability of molecules across the 

membrane, the composition of peptides can affect this permeability, as pointed out by 

Ramaswami et al. (1992) in a study of water soluble peptides that have limited permeability 

from the bloodstream into the brain. According to Ramaswami et al. (1992), lipophilicity did not 

play an important role in the ability of a particular peptide to cross the blood-brain barrier.  

 The driving force for the net movement of solutes by diffusion across the membrane is 

the concentration gradient. Permeation across the bilayers may also be viewed as a process that 

tends to equalize the electrostatic interactions of an amphipathic molecule between the two 

phases (Jain, 1988). 

  According to Romanowski et al. (2002) the permeability coefficient is proportional to 

the diffusion coefficient of the permeant, D, and the water-membrane partition coefficient as:  

                                                                                  
  

 
                                                                        [17] 

where X is the membrane thickness, and the water-membrane partition is defined as 

              where Cmem and     are the concentration of the solute in the membrane and 

in the bulk solvent, respectively. 

 This permeability of a specific solute can be enhanced by: increasing water-membrane 

partitioning, increasing the diffusion coefficient constant within a membrane interior, and/or by 

controlling the interfacial resistance of the membrane. 
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 According to the results of a study related to the permeability of a cyclic bioactive 

peptide, conducted by Romanowski et al. (2002), the ionic character of peptides and the 

hydrophobicity of peptides, which plays an important role in the diffusion within the model 

membrane, influences the permeability coefficient. That suggests the peptide permeability is 

mediated by both attraction and repulsion forces. 

 In another study conducted also with cyclic bioactive peptides (enkephalines), 

Ramaswami et al. (1992) found that cyclic enkephalines had only weak interactions with neutral 

lipid model bilayers, and that the conversion of cyclic peptides to acyclic peptides increased the 

number of low energy conformations available for the peptides, increasing the extent of 

interactions with the lipid bilayer. 

 Measures of the volumetric properties of lipid bilayers have been used in order to 

analyse the mechanical properties and structural dynamics of lipid bilayers, as well as examine 

the effect of the composition and phase transition temperature on the physical properties of the 

lipid bilayer. Additionally the volumetric properties also have been used to analyse the effect of 

the interactions of lipid bilayers with protein and peptides on the physical properties of lipid 

bilayers (Strom-Jensen et al., 1984; Colotto et al., 1993; Hianik et al., 1997; Hianik et al., 1998, 

Hianik et al., 1999; Krivanek et al., 2001; Krivanek et al., 2002; Rybar et al., 2007; Uhríková et al., 

2007; Hianik, 2011; Hianik et al., 2011). 

 Determination of the volumetric properties of lipid bilayers has shown that changes in 

the chain length and degree of saturation of the lipids cause changes in their mechanical 

properties, due to a change in the packing of the lipid structure (Hianik et al., 1998; Uhríková et 

al., 2007). Hianik (2011) pointed out that measurements of the mechanical properties of the 

lipid bilayers give information about the stability and shape of the lipid bilayers used as model 
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membranes and can provide better understanding about the mechanics of membrane 

interactions with proteins.    

 Determination of the changes in the volumetric properties of model membranes (lipid 

bilayers) as they interact with proteins or peptides can help us to understand the disturbance of 

the lipid structure caused by their interaction with proteins, particularly how this disturbance 

affects the physical properties of the model membranes (Hianik et al., 1997; Hianik et al., 1999; 

Krivanek et al., 2001; Krivanek et al., 2002; Rybar et al., 2007; Uhríková et al., 2007). Interactions 

between proteins or peptides with cell membranes play an important role in the stability and 

functioning of a cell membrane. Therefore, understanding the mechanical properties of the 

model membranes as they interact with proteins or peptides can help us to increase knowledge 

about the mechanism involved in the dynamics of cell membranes (Hianik, 2011).  
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3. Materials and Methods 

3.1. Materials 

3.1.1. Bioactive peptides 

Hemp seed peptides with antioxidant activity were received from Abraham Girgih, Ph.D 

candidate at University of Manitoba, who obtained the peptides by enzyme digestion and 

separated by filtration as explained in Girgh et al. (2011). Two fractions were selected, the 

fraction which passed through a 1 kDa filter (1 kDa), and the peptides that passed through a 3 

kDa filter (3 kDa), but from which the fraction that had passed through the 1 kDa filter had been 

filtered out.    

Dairy peptides were produced by Glanbia Nutritionals Inc. (Fitchburg, WI, USA) from 

whey milk protein and identified by the letters A, C, and D. The main composition of these 

peptides is shown in Table 3.1. 

Table 3.1. Dairy peptides main composition. 

 Amount 

Protein, dry basis >90% 

Moisture <5.0% 

Fat <0.7% 

Minerals <3.5% 

Lactose <1.0% 
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3.1.2. Chemicals and Reagents 

 The chemicals and reagents used in this study are listed in Table 3.2. 

 

Table 3.2. Chemicals and Reagents 

Chemicals Manufacturer 

Ethanol 95% Commercial Alcohol, Brampton, ON, Canada. 

Phosphatidylcholine Alfa Aesar, Ward Hill, MA, USA.  

Acetone 95% Sigma-Aldrich, St. Louis, MO, USA. 

Potassium chloride Sigma-Aldrich, St. Louis, MO, USA. 

Mucasol Merz Hygiene GmbH, Germany. 
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3.1.3. Instruments and Supplies 

 The chemicals and reagents used in this study are listed in Table 3.3. 

Table 3.3. Instruments and Supplies 

Instruments and Supplies Manufacturer 

0.1 mL, 1 mL mechanical pipettes Fisher Scientific Inc., Nepean, ON, Canada. 

250 μL syringe Hamilton Company, Switzerland. 

3.0 mL PP/PE syringe without needle,luer tip Sigma-Aldrich, St. Louis, MO, USA. 

DMA 5000 Density meter Anton Paar, Austria. 

ResoScan System TF Instruments Inc., Germany. 

Vacuum pump RV8 BOC Edwards, Germany. 

Analytic Balance d=0.1 mg Denver Instruments, USA. 

Direct Q UV3 Ultrafiltration system EDM Millipore, USA. 

Water Bath Thermo Fisher Scientific, USA. 

Mini-Extruder Avanti Polar Lipids Inc., USA 

Rotary Shaker  Fermentation Design Inc., Allentown, PA, USA 

Rotary Shaker 

Mastersizer 2000 

New Brunswick Scientific Co., Edison, NJ, USA 

Malvern Instruments Ltd., UK 
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3.2. Methods 

3.2.1. Preliminary Analysis 

Preliminary analyses using potassium chloride (KCl) serial dilutions were made to 

determine the variation of the ultrasonic measurements and the error inherent to the 

preparation of serial dilutions. Ultrapure degassed water (UDWater) and KCl, a highly soluble 

material, were used to prepare serial dilutions according to the procedure shown in Figure 3.1. 

The ultrapure water was obtained from a Millipure system “Direct-Q 3” and degassed using a 

vacuum pump at a pressure between 25 and 30 mmHg for 1 h-25min.  

The solutions were made up gravimetrically and the molal concentration of each sample 

was calculated from the corresponding weight of the KCl and UDWater used (KCl  g  UDWater g-1). 

Two stock solutions (of different initial concentration) were made up to prepare the serial 

dilutions with 3 replicates for each stock solution. The ultrasound velocity and attenuation 

measurements were done using the procedure of section 3.2.3.  

 

3.2.2. Serial Dilution Preparation of Hemp Seed and Dairy Peptides  

Hemp seed peptide fractions 1 kDa and 3 kDa as well as dairy peptides A, C and D (whey 

protein peptides) were used to prepare serial dilutions. Two different stock solutions 

concentrations, 20 mg UDWater g-1 and 15 mg UDWater g-1, were used for each peptide to 

prepare the serial dilutions in triplicate.  

Serial dilutions were made with ultrapure and degassed water (UDWater). The serial 

dilutions were made gravimetrically.   
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The stock solution was prepared using a 50 mL clean beaker which was set on an 

analytical balance; the peptide was weighed and, using a mechanical pipette set at 1mL, 

UDWater was added carefully over the walls of the beaker to avoid air incorporation.  The stock 

solution beaker was immediately covered with parafilm to avoid water evaporation which can 

affect solution concentration. The solution was gently shaken for a specific period of time for 

each peptide. A rotary shaker (New Brunswick Scientific Company, Edison, NJ, USA) set at 

velocity 5 was used in all preparations. The mixing time was decided based on the solubility of 

each peptide. Solubility trials were done previously with the dairy peptides A, C and D, defining 

the time for peptide dissolution, which was the time where no suspended particles were 

observed or no change happened in more than 2 hrs. The procedure used to prepare the serial 

dilutions is shown in Figures 3.2. and 3.3. and detailed as follows: 

1. Weigh corresponding peptide sample in a 50 mL clean beaker.  

2. Add:   

a. 5 g of UDWater for the hemp seed peptides, using a mechanical pipette. 

b. 20 g of UDWater for the dairy peptides, using a mechanical pipette. 

3. Gently shake the sample for:  

a. 5 hr for the 1kDa hemp seed peptide. 

b. 1 hr for the 3kDa hemp seed peptide. 

c. 1 hr for dairy peptides A and C. 

d. 2 hr for dairy peptide D. 

4. Extract half of the stock solution (around 2.5 g for hemp seed peptides and 10 g for 

dairy peptides) using a mechanical pipette, and deposit it in another clean beaker set on 

the analytical balance. The stock solution beaker is sealed again with parafilm. 

5. Add the same weight of UDWater as the weight extracted from the stock solution. 
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6. Cover and seal the beaker with parafilm. 

7. The solution is gently shaken for 10 min (for both hemp seed peptides and dairy 

peptides). 

8. Extract half of the first dilution using a mechanical pipette, and deposit in another clean 

beaker set on the analytical balance.  The first dilution solution beaker is sealed again 

with parafilm. 

9. Add the same weight of UDWater as the weight extracted from the first dilution 

solution.   

10. Cover and seal the beaker with parafilm. 

11. The solution is gently shaken for 10 min. 

12. The process is repeated from step 4 until one gets to the fifth dilution. 
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Fig. 3.1. The procedure to make KCl serial dilutions for preliminary analysis. 

 

 

 

 

 

(1) 6g of 
Stock Solution [20 mg g-1] 

   (1) 6g of 
Stock Solution [15 mg g-1] 

(1) 

(2) 6g of 
Dilution 1 (1/2) 

6 g (2)

 mL 

 2.5 mL of (1)  +  2.5 mL of water 

3 g of (1) + 3 g of UDWater 

(2) 6g of 
Dilution 1 (1/2) 

(3) 6g of  
Dilution 2 (1/4) 

(3) 6g of  
Dilution 2 (1/4) 

3 g of (3) + 3 g of UDWater 3 g of (3) + 3 g of UDWater 

(4) 6g of 
Dilution 3 (1/8) 

(4) 6g of 
Dilution 3 (1/8) 

 

     3 g of (4) + 3 g of UDWater      3 g of (4) + 3 g of UDWater 

(5) 6g of 
Dilution 4 (1/16) 

 

(5) 6g of 
Dilution 4 (1/16) 

 

6g of 
Dilution 5 (1/32) 

 

6g of  
Dilution 5 (1/32) 

3 g of (1) + 3 g of UDWater 

3 g of (2) + 3 g of UDWater 3 g of (2) + 3 g of UDWater 

3 g of (5) + 3 g of UDWater 3 g of (5) + 3 g of UDWater 
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Fig. 3.2. The procedure used to make hemp seed peptide (1 kDa, 3 kDa) serial dilutions. 

 

 

 

 

 

  (1) 5g of 
Stock Solution [20 mg g-1] 

   (1) 5g of  
Stock Solution [15 mg g-1] 

 

(2) 5g of 
Dilution 1 (1/2) 

2.5 g of (1) + 2.5 g of UDWater 2.5 g of (1) + 2.5 g of UDWater 

(2) 5g of 
Dilution 1 (1/2) 

2.5 g of (2) + 2.5 g of UDWater 2.5 g of (2) + 2.5 g of UDWater 

(3) 5g of  
Dilution 2 (1/4) 

 

 (3) 5g of 
Dilution 2 (1/4) 

(4) 5g of 
Dilution 3 (1/8) 

(4) 5g of 
Dilution 3 (1/8) 

(5) 5g of 
Dilution 4 (1/16) 

(5) 5g of 
Dilution 4 (1/16) 

 

2.5 g of (5) + 2.5 g of UDWater 2.5 g  of (5) + 2.5 g of UDWater 

5g of 
Dilution 5 (1/32) 

 

5g of 
Dilution 5 (1/32) 

 

2.5 g of (3) + 2.5 g of UDWater 2.5 g of (3) + 2.5 g of UDWater 

     2.5 g of (4) + 2.5 g of UDWater      2.5 g of (4) + 2.5 g of UDWater 
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Fig. 3.3. The procedure used to make dairy peptides (A, C and D) serial dilutions. 

 

 

 

 

 (1) 20 g of 
Stock Solution [20 mg g-1] 

 

 (1) 20 g of 
Stock Solution [15 mg g-1] 

 

(2) 20 g of 
Dilution 1 (1/2) 

10 g of (1) + 10 g of UDWater 10 g of (1) + 10 g of UDWater 

(2) 20 g of 
Dilution 1 (1/2) 

10 g of (2) + 10 g of UDWater 10 g of (2) + 10 g of UDWater 

 (3) 20 g of 
Dilution 2 (1/4) 

(3) 20g of  
Dilution 2 (1/4) 

 

(4) 20 g of 
Dilution 3 (1/8) 

 

(4) 20 g of 
Dilution 3 (1/8) 

(5) 20 g of 
Dilution 4 (1/16) 

 

(5) 20 g of 
Dilution 4 (1/16) 

10 g of (5) + 10 g of UDWater 10 g of (5) + 10 g of UDWater 

20 g of 
Dilution 5 (1/32) 

20 g of 
Dilution 5 (1/32) 

10 g of (3) + 10 g of UDWater 10 g of (3) + 10 g of UDWater 

     10 g of (4) + 10 g of UDWater      10 g of (4) + 10 g of UDWater 
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3.2.3. Ultrasound Velocity and Attenuation Measurements of KCl, Hemp Seed Peptide and Dairy 

Peptide Solutions 

 Ultrasound velocity and attenuation measurements were performed on all serial 

dilutions (KCl, hemp seed peptides and dairy peptides). These measurements consist in 

measuring the velocity and the attenuation of ultrasonic waves passing through a liquid sample.  

In order to measure this, a ResoScan System (TF Instruments Inc, Germany) was used. The 

system includes a resonator unit with two cells, with a maximum volume of 250 μL for each cell, 

to measure the velocity of the ultrasonic waves passing through liquid samples and the 

attenuation of the ultrasonic waves. The resonator unit works at a frequency range between 7 

and 8.5 MHz. The resonator unit is in a metal block thermostat that provides temperature 

control with a precision of ±0.005°C. 

 

3.2.3.1. Initial Cleaning 

The equipment was cleaned at the beginning of all measurements with UDWater.  Both 

cell cavities were rinsed thoroughly with UDWater several times. After the initial cleaning 

procedure UDWater was added in both cell cavities and a “Resoscan Check” was performed to 

assure that the cells were properly cleaned from the previous use and that the ultrasonic 

velocity difference between the two cells was less than 0.025 m s-1. If the difference was higher, 

a cleaning procedure was applied to both cavities and a “Resoscan Check” was then performed, 

repeating this cleaning procedure until the ultrasonic velocity difference requirement between 

the two cells (less than 0.025 m s-1) was fulfilled.   
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3.2.3.2 Measurement 

The measurements were performed from the lowest to highest concentration solution 

of the corresponding serial dilution, starting with the fifth serial dilution (1/32).  Three replicates 

were measured for each serial dilution and three subsamples were measured for each replicate. 

The ultrasound velocity and attenuation measurements were carried out at 24.985°C and a glass 

Hamilton syringe (250 μL) was used to fill the cells according to the procedure described below: 

1. Fill cell 1 with 200 μL of UDWater. 

2. Extract 200 μL from the fifth dilution beaker to wash cell 2; repeat this step two more 

times. 

3. Extract another 200 μL from the fifth dilution beaker, reseal the beaker with parafilm. 

4. Fill cell 2.   It was important to add the solution slowly to assure that there were no air 

bubbles in the syringe before filling the cell. Place the metal cap back on to seal cell 2. 

5. Wait until the screen shows the temperature is stable. 

6. Wait another 2.5 min or until set temperature (24.985°C) is reached. 

7. Start measurement. 

8. Stop measurement after 10 readings were obtained. 

9. Drain cell 2 with the Resopump and repeat steps 3,4,5,6 for the second and third 

subsample. 

10. Drain cell 2 with the Resopump and repeat steps 2 to 9 with the next sample. 
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3.2.4. Density Measurements of Hemp Seed Peptide and Dairy Peptide Solutions 

 Density measurements were performed on all the serial dilutions of hemp seed peptides 

(1 kDa, 3 kDa) and dairy peptides (A, C and D) serial dilutions. A density meter DMA 5000 (Anton 

Paar, Austria) was used for all density measurements. This equipment uses the principle based 

on the dependence of the oscillation rate of a borosilicate glass U-tube on the density of the 

liquid present within the tube, giving highly accurate density measurements. Two platinum 

thermometers were used to control the temperature with a precision of 0.001°C.  

 

3.2.4.1. Initial and Final Check 

At the beginning and at the end of the day it was necessary to perform an “Air Check” 

and a “Water Check”. 

The “Air Check” was done to prove the equipment was properly cleaned after previous 

use. The cell must be cleaned and dry. If the “Check Air” didn’t pass, a cleaning procedure was 

performed as follows: 

1. Using a syringe (3 mL), rinse the cell thoroughly with 20-30 mL of UDWater. 

a. If necessary, using a 3 mL syringe, wash the cell with 5-10 mL of 1% Mucasol 

solution, and repeat step 1.  

2. Using another syringe, rinse the cell with around 9 mL of ethanol (95%) or acetone 

(95%).  

3. Connect the rubber pipe and turn on the fan for about 5 min, and perform a “Check 

Air“. 
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After the “Air Check” is passed, it is necessary to perform a “Water Check”, in order to 

prove the equipment is properly calibrated. Using a syringe used just for UDWater, fill the cell 

with UDWater and press OK.  If the water Check did not pass, a cleaning procedure (as above) 

was performed. 

 

3.2.4.2. Measurements 

The measurements were performed for all samples from the lowest to highest 

concentration solution of the corresponding serial dilution, starting with the fifth serial dilution 

(1/32). Three replicates were done for each serial dilution. Two subsamples were measured for 

each hemp seed peptide solution and 3 subsamples for each dairy peptide solution. The density 

measurements were done using a new polypropylene/polyethylene (PP/PE) syringe (3 mL) for 

each sample. The density measurements were conducted at 24.985°C with the procedure as 

follows: 

1. Extract between 2 and 3 mL of sample (for the hemp peptide solution, just between 

1 and 2 mL was used). 

2. Fill the cell with the sample, leaving the syringe attached.  The cell needs around 1 

mL of sample to be filled; the other 1 or 2 mL were used to wash the cell with the 

sample. 

3. Check on the screen for the absence of air bubbles in the cell. 

4. Start the analysis. 

5. After the analysis, using the same syringe, repeat steps 1 to 4 for the subsamples (2 

for hemp seed peptides, and 3 for dairy peptides).   
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6. After finishing analyses of the subsamples, wash the cell thoroughly with UDWater, 

using between 20 and 30 mL. 

7. Wash the cell with ethanol (95%) or acetone (95%) and dry it by connecting the 

rubber pipe and turning on the fan for about 5 min. 

8. Repeat steps 1 to 7 for the rest of the serial dilutions. 

   

3.2.5. Unilamellar and Multilamellar Vesicles (Model Membranes) Preparation 

Phosphatidylcholine (PC) was used to create multilamellar and unilamellar vesicles as 

model membranes in order to analyse the interaction of bioactive peptides with model 

membranes. 

 

3.2.5.1. Multilamellar Vesicles (MLV)  

Phosphatidylcholine (PC) was used.  PC was weighed in a test tube, dispersed in 

UDWater, and vortexed for about 20 s, using a molal concentration of 20 mg UDWater g-1.  The 

PC suspension in UDWater was left for 30 min in order to hydrate the PC, then vortexed again 

for about 20 s, and transferred to a beaker. 

 

3.2.5.2. Unilamellar Vesicles (UV) 

Phosphatidylcholine (PC), was used.  PC was weighed in a test tube, dispersed in 

UDWater, and vortexed for about 20 s, using a molal concentration of 20 mg UDWater g-1.  The 

PC suspension was hydrated for about 30 min, and then it was placed in a water bath at 42 °C 
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for another 30 min to ensure temperature homogenization, and then vortexed again for about 

20 s. 

An extrusion device from Avanti Polar was used in order to create the unilamellar 

vesicles. The extrusion device consists of a mini-extruder, a heating block and two 1 mL 

Hamilton gas-tight glass syringes. The PC suspension was extruded at 42°C to obtain unilamellar 

vesicles using the following procedure: 

1. Place the heating block on a hot plate at 45°C. 

2. The extrusion device was assembled with a polycarbonate membrane with 0.2 μm pores 

and placed on the heating block. 

3. One syringe is filled with UDWater and placed on the extrusion device at one of its ends; 

on the other end, an empty syringe is placed. 

4. First extrusion was made just with UDWater to pre-wet the extrusion device parts, 

including the membrane, and increase the efficiency of the extrusion. 

5. Extract 1 mL of PC suspension from the test tube with one syringe and place it at one 

end of the extrusion device; the empty syringe is placed at the other end.  

6. Wait 3 min for temperature stabilization. 

7. Extrude the sample by using the syringe filled with PC suspension to push the liquid 

through the extrusion device, so that the extruded sample fills the other syringe.  

Repeat this process 20 times. 

8. Transfer the extruded sample to a beaker and repeat the procedure until the amount of 

sample required is obtained. 

9. At the end, remove and dispose of the polycarbonate membrane and clean the syringes 

and all the parts of the extrusion device with a dishwasher detergent and UDWater.   

10. Finally, rinse the syringes and all the parts of the extrusion device with isopropyl alcohol.  



70 
 

3.2.6. Particle Size Measurements of Unilamellar (UV) and Multilamellar Vesicles (MLV) 

 Particle size measurements of the UV and MLV liposomes were conducted in the 

Mastersizer 2000 (Malvern Instruments Ltd., UK), equipment that measures the size of a particle 

based on the way the sample particles scattered light of a laser beam directed at them. The 

measurements were done using the following procedure: 

1. Enter a specific standard operation procedure (SOP) for your sample, including the 

general description of the kind of sample and its refractive index. 

2. Conduct a standard cleaning procedure twice in order to ensure the correct cleanliness 

of the dispersion unit. 

3. Conduct a cleaning check; if it is not passed, conduct a new standard cleaning procedure 

and repeat the cleaning check until it is passed. 

4. Select the specific standard operation procedure (SOP) for your sample that was 

entered previously.  

5. Extract the liposome suspension from the test tube with a plastic Pasteur pipette. 

6. Add the sample into the sample dispersion unit by drop until the obscuration rate, 

which is the parameter used by the equipment to determine the requisite sample 

amount, is between 10 and 15. 

7. Start the measurement. 

8. Save the result. 

9. Conduct a standard cleaning procedure twice. 

10. Conduct a cleaning check; if it is not passed, conduct a new cleaning procedure and 

repeat the cleaning check until it is passed.  

11. Continue with the next sample. 
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3.2.7. Unilamellar (UV) and Multilamellar (MLV) Serial Dilutions Preparation 

 The UV and MLV stock solutions were prepared at 20 mg UDWater g-1 molal 

concentration in triplicate, following the procedure in section 3.2.5.  Rotary shaker equipment 

set at velocity 4 was used in all serial dilutions. The procedure used to prepare the serial 

dilutions is shown in Figure 3.4 and detailed as follows: 

1. Transfer, using a mechanical pipette set at 1000 μL, between 15-20 g of the 

corresponding UV or MLV suspension, to a 50 mL clean beaker. Seal the beaker with 

parafilm. 

2. Extract half (about 7.5-10 g) of the stock solution using a mechanical pipette and deposit 

it in another clean beaker set on the analytical balance. The stock solution beaker is 

sealed again with parafilm. 

3. Add the same weight of UDWater as the weight extracted from the stock solution. Cover 

and seal the beaker with parafilm. 

4. The solution is gently shaken for 10 min to homogenise it. 

5. Extract half of the first dilution using a mechanical pipette, and deposit in another clean 

beaker set on the analytical balance. The first dilution solution beaker is sealed again 

with parafilm. 

6. Add the same weight of UDWater as the weight extracted from the first dilution 

solution. Cover and seal the beaker with parafilm. 

7. The solution is gently shaken for 10 min. 

8. The process is repeated from step 2 until one gets to the fifth dilution. 

 



72 
 

3.2.8. Ultrasound Velocity and Attenuation Measurements of Unilamellar (UV) and Multilamellar 

(MLV) Serial Dilutions 

Ultrasound velocity and attenuation measurements were performed on UV and MLV 

serial dilutions following the procedure of section 3.2.3.   

 

3.2.9. Density Measurements of Unilamellar (UV) and Multilamellar (MLV) Serial Dilutions 

 Density measurements were performed on UV and MLV serial dilutions following the 

procedure of section 3.2.4. Three replicates were measured for each serial dilution and three 

subsamples were measured for each solution.  
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Fig. 3.4. The procedure used to make UV and MLV serial dilutions. 

 

 

 

 

(1) 20 g of MLV  
Stock Solution [20 mg g-1] 

 

 (1) 15 g of UV 
Stock Solution [20 mg g-1] 

 

(2) 15 g of 
Dilution 1 (1/2) 

10 g of (1) + 10 g of UDWater 7.5 g of (1) + 7.5 g of UDWater 

(2) 10 g of 
Dilution 1 (1/2) 

10 g of (2) + 10 g of UDWater 7.5 g of (2) + 7.5 g of UDWater 

 (3) 20g of 
Dilution 2 (1/4) 

(3) 15 g of  
Dilution 2 (1/4) 

 

(4) 15 g of 
Dilution 3 (1/8) 

 

(4) 20g of 
Dilution 3 (1/8) 

(5) 15 g of 
Dilution 4 (1/16) 

 

(5) 20g of 
Dilution 4 (1/16) 

10 g of (5) + 10 g of UDWater 7.5 g of (5) + 7.5 g of UDWater 

15 g of 
Dilution 5 (1/32) 

20g of 
Dilution 5 (1/32) 

7.5 g of (3) + 7.5 g of UDWater 10 g of (3) + 10 g of UDWater 

     7.5 g of (4) + 7.5 g of UDWater      10 g of (4)  + 10 g of UDWater 
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3.2.10. Sample Preparation and Measurements of Liposome Vesicles and Dairy Peptide Mixes 

3.2.10.1. Preparation of Unilamellar and Multilamellar Vesicles 

1. Prepare multilamellar vesicles (MLV) by mixing PC and UDWater with molal 

concentration of 20 mg UDWater g-1 following the procedure in section 3.2.5.1. 

2. Prepare unillamelar vesicles (UV) by mixing PC and UDWater with molal concentration 

of 20 mg UDWater g-1 following the procedure in section 3.2.5.2.   

 

3.2.10.2. Dairy Peptide Solution Preparation 

1. Prepare solutions of dairy peptides A, C & D with UDWater at two final concentrations 

for each peptide, as follows: 

a. Weigh 300 mg of the dairy peptide (A, C or D) in a beaker and add 40 g 

UDWater, getting 15 mg g-1 concentration. Seal the beaker with parafilm. 

b. Weigh 400 mg of the dairy peptide (A, C or D) in a beaker and add 40 g 

UDWater, getting 20 mg g-1 concentration. Seal the beaker with parafilm.    

2. Place each beaker on a rotary shaker set at velocity 4 for 1 hr for dairy peptides A and C, 

and 2 hrs for dairy peptide D. Mixing times were the same as those used for the stock 

solutions prepared for the dairy peptide serial dilutions as shown in section 3.2.2.  

 

3.2.10.3. Preparation of the Samples to Analyse the Interaction between Liposome Vesicles and 

Dairy Peptides 

In order to analyse the interaction between vesicles (both UV and MLV) with the dairy 

peptides using ultrasonic velocity and densitometry techniques, the UV and MLV were prepared 
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at a molal concentration of 20mg UDWater g-1 and mixed with the 3 dairy peptides (A, C and D). 

These mixes were prepared at 2 molal concentrations (i.e., 20 mg UDWater g-1 and 15 mg 

UDWater g-1) by using the following procedure: 

1. Weigh in a beaker 7.5g of liposome vesicle (UV, MLV) suspension using a mechanical 

pipette set at 1000 μL. 

2. Add 2.5g of dairy peptide solution using a mechanical pipette set at 1 mL.  

3. Seal the beaker with parafilm. 

4. Place the beaker on the rotary shaker set at velocity 4. The moment when the beaker 

was placed on the shaker was defined as “time 0”. 

5. Measure ultrasound velocity and attenuation, and density of all samples. The 

measurements of ultrasound velocity and density were conducted as a function of time.   

 

 Each mix was prepared adding 2.5 g of the corresponding dairy peptide solution to 7.5 g 

of liposome suspension. The final concentrations of all liposome vesicle-dairy peptide mixes are 

shown in Table 3.4. 

Table 3.4. Final concentration of UV, MLV and dairy peptide components in each liposome 
vesicle-dairy peptide mix. 

 

UV-dairy 
peptide 

(A,C or D) 

UV-dairy 
peptide 

(A,C or D) 

MLV-dairy 
peptide 

(A,C or D) 

MLV-dairy 
peptide 

(A,C or D) 

MLV   15 mg g-1 15 mg g-1 

UV 15 mg g-1 15 mg g-1   

Dairy peptide 

(A,C or D) 
3.5 mg g-1 5 mg g-1 3.5 mg g-1 5 mg g-1 
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3.2.11. Measurement of Ultrasound Velocity and Attenuation, and Density of Mixes 

The measurements of ultrasound velocity and density were conducted over time as the 

interaction between peptide and vesicles happened. 

 

3.2.11.1. Ultrasound Velocity and Attenuation Measurements for the Liposome  Vesicle-Dairy 

Peptide Mixes 

  The measurements were done over time at 5, 15, 30, 45 and 60 min from the moment 

the dairy peptide solution was added to the beaker with the liposome suspension and placed on 

the rotary shaker (Fermentation Design Inc., Allentown PA, USA). Three replicates were done 

and measured for each mix. The ultrasound velocity and attenuation measurements were 

carried out at 24.985°C and a glass Hamilton syringe (250 μL) was used to fill the cells using the 

following procedure. An initial cleaning of the ResoScan was performed before the 

measurements as described in section 3.2.3. 

1. Fill cell 1 with 200 μL of UDWater. 

2. Take the beaker with the liposome vesicle-dairy peptide mix 5 min after it was placed on 

the rotary shaker. 

3. Extract 200 μL from the beaker with the liposome vesicle-dairy peptide mix to wash cell 

2; repeat this step one more time. 

4. Extract another 200 μL from the beaker, reseal the beaker with parafilm. 

5. Fill cell 2.   It was important to add the solution slowly and to assure the absence of air 

bubbles in the syringe before filling the cell.  Place the metal cap back to cover cell 2. 

6. Place the beaker back on the shaker. 
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7. Wait until the screen shows the temperature is stable. 

8. Start measurement. Record the time at the first reading. 

9. Stop measurement after 10 readings are obtained. 

10. Take the beaker 15 min after it was initially placed on the shaker. 

11. Drain cell 2 with the Resopump and repeat steps 3 to 9. 

12. Take the beaker 30, 45 and 60 min after it was initially placed on the shaker, drain cell 2 

with the Resopump and repeat steps 3 to 9. 

 

3.2.11.2. Density Measurements of the Liposome Vesicle-Dairy Peptide Mixes 

The measurements of density were done over time as the interaction between peptide 

and vesicles happened. The measurements were done after 5, 15, 30, 45 and 60 min from when 

the beaker was placed on the shaker. Three replicates were done and measured for each mix. 

The density measurements were done using a new polypropylene/polyethylene syringe (3 mL) 

for each sample, and done at 24.985°C with the following procedure. An initial and final check 

was performed as described in section 3.2.4. 

1. Take the beaker with the liposome vesicle-dairy peptide mix 5 min after it was 

placed on the rotary shaker. 

2. Extract between 1 and 1.5 mL of sample from the beaker; reseal the beaker with 

parafilm.   

3. Fill the cell with the sample, leaving the syringe attached. The cell needs around 1 

mL of sample to be filled; the residual amount of sample was used to wash the cell. 

4. Check on the screen for the absence of air bubbles in the cell. 

5. Start the analysis. 
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6. Record the time when the measurement was done. 

7. Use the same syringe to push out the sample from the cell. 

8. Take the beaker 15 min after it was initially placed on the shaker. 

9. Repeat steps 2 to 7. 

10. Repeat steps 1 to 7 for reading at 30, 45, and 60 min 

11. After finishing analyses, wash the cell thoroughly with UDWater, using between 20 

and 30 mL. 

12. Wash the cell with ethanol (95%) or acetone (95%) and dry it by connecting rubber 

pipe and turning on the fan for about 5 min. 
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4. Preliminary Analyses Results and Discussion 

 The preliminary analyses involve ultrasonic velocity measurements of potassium 

chloride (KCl) solutions and further determination of the partial specific volume and apparent 

specific adiabatic compressibility. The ultrasonic measurements of potassium chloride (KCl) 

serial dilutions were performed in order to know the range of precision of the ResoScan System 

(TF Instruments Inc., Germany). Potassium chloride was chosen due to its highly hydrophilic 

properties. The determination of the partial specific volume and partial specific compressibility 

was done in order to evaluate these two parameters, which are highly sensitive to very small 

changes in the volumetric properties of the molecules caused by solute hydration, with a highly 

soluble molecule such as KCl in aqueous solution. Potassium chloride serial dilutions were 

carefully prepared as explained in 3.2.1. 

 

4.1. Ultrasonic Velocity Results    

 Ultrasonic velocity measurements of potassium chloride serial dilutions were performed 

as explained in 3.2.3. The ultrasonic velocity was measured as a function of KCl concentration. A 

linear relationship between ultrasonic velocity and concentration was found for KCl serial 

dilutions (Fig. 4.1.). The serial dilutions were made using ultra pure water at two initial stock 

solutions with different concentration, 20 mg g-1 and 15 mg g-1. Three replicates and three 

subsamples were used for the analysis. Due to the preparation procedure, dilutions were done 

gravimetrically and the exact weight of the solute and water added was recorded, and hence the 

concentration of the replicates was slightly different.  
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 In order to assure the precision in both cells of the resonator, measurements were 

performed in both cells, first filling cell 1 of the resonator with water and cell 2 with KCl solution, 

and second filling cell 1 with KCl solution  and cell 2 with water. The ultrasonic velocity results 

showed very small variation between readings obtained from the different cells (1 or 2), 

showing the resonator provides high precision readings of ultrasonic velocity in both cells.   

 The linear regressions calculated for the ultrasonic velocity had very good R2 values for 

measurements of KCl solution in both cells, with equal values of 0.9999. The variation between 

the slope and the intercept of both linear regressions was  0.09 % and  0.003%, respectively, 

confirming the similarity of the results obtained in both cells and similar precision achieved in 

the measurements in both cells too. In order to confirm the linear relation including the whole 

concentration range of the serial dilutions, linear regressions were calculated for the ultrasonic 

velocity within the lower concentration range (0.45-2.5 mg g-1, Fig. 4.2.) and the higher 

concentration range (3.75-20 mg g-1, Fig. 4.3.). Although the ultrasonic velocity values at the 

lower concentrations range had R2 values, 0.9998 and 0.9991, for cell 1 and cell 2, respectively; 

which is a slightly lower than from the R2 values at the higher concentration range, all fits of 

velocity against concentration were very good and confirm the good linear fit for all the 

concentrations used.    
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Fig. 4.1. Ultrasonic velocity of serial dilutions of KCl measured in both cells (Cell 1 & Cell 2) of the 

Resoscan System, KCl cell 1 (◆)  and KCl cell 2 ().     

 

Fig. 4.2. Ultrasonic velocity of serial dilutions of KCl, at low concentrations, measured in both 

cells (Cell 1 & Cell 2) of the Resoscan System, KCl cell 1 (◆)  and KCl cell 2 ().     
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Fig. 4.3. Ultrasonic velocity of serial dilutions of KCl, at high concentrations, measured in both 

cells (Cell 1 & Cell 2) of the Resoscan System, KCl cell 1 (◆)  and KCl cell 2 ().     

 

 The coefficient of variation (CV) of the three replicates and three subsamples made for 

each serial dilution was calculated for the ultrasonic velocity results. The CV values between 

subsamples describe the variation mainly caused by the equipment, and the CV between 

replicates describes the variation mainly caused by errors in the preparation of the solutions. CV 

values between subsamples of KCl serial dilutions (Fig. 4.4.) were very small, with the highest 

value  0.005%, and with most of the values  0.002%. However, there is a difference between 

the variability of the subsample measurements done in cell 1 and in cell 2. In the cell 1 

subsamples, the CV was  0.0005%, showing outstanding precision between subsamples, while 

subsample CV values in cell 2 were still excellent, but varied from 0.0005% to 0.005%. 
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Fig. 4.4. Ultrasonic velocity CV between subsamples of the serial dilutions of KCl measured in 

both cells of the Resoscan System, KCl cell 1 (◆)  and KCl cell 2 (). 

 

Fig. 4.5. Ultrasonic velocity  CV between replicates  of the serial dilutions of KCl measured  in 

both cells of the Resoscan System, KCl cell 1 (◆)  and KCl cell 2 ().   
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 CV values between the replicates of the KCl serial dilutions (Fig. 4.5) were very small in 

both cells, with the highest values  0.0035%, confirming the high precision of the 

measurements in both cells. One point that should be emphasized about the replicate CV is its 

manner of calculation. According to the procedure used to prepare the serial dilutions 

gravimetrically, the exact concentration of each solution was recorded, so that there are slight 

differences between the concentrations of the three replicates at any given dilution; therefore 

the CV measured for the “replicates“ was done using the average concentration of each dilution. 

As a result, CV values reported in Fig. 4.5. are an overestimation of the variability between 

replicates.  

 

4.2. Density Results 

 The density data of KCl solutions were obtained from Perven (2012). The experimental 

density measurements were performed on a DMA 5000 (Anton Paar, Austria) density meter at 

25°C. Three different concentration KCl solutions with three subsamples were used to derive a 

linear regression which was used to interpolate values for the corresponding density values to 

the same concentrations used in the serial dilution made for the ultrasonic velocity 

measurements. The linear regression had a very good R2 with a value of 1.0000, providing great 

confidence in the density values interpolated from the linear regression equation. 

 

4.3. Specific Volume 

  The apparent specific volume,   , was calculated from the corresponding density  

interpolated from the linear regression equation of the density values to the concentration used 
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in the serial dilution for the ultrasonic velocity measurements.  In order to maintain confidence 

in the data, only the concentration values within the range used by Perven (2012) were 

calculated (3.7276 – 14.9103 mg mL-1). The apparent specific volume was calculated as 

   
          

 
 and is shown in Fig. 4.6. A rapid decrease in the apparent specific volume 

occurred starting at about a concentration of 10 mg mL-1. The reduction in the apparent specific 

volume can be caused by electrostriction of the water molecules around the KCl molecules 

(Marcus, 2011).  

 

Fig. 4.6. Apparent specific volume of serial dilutions of KCl.   
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equation to describe the behavior of the experimental data was not found. In order to approach 

as much as possible to the correct value, the extrapolation to zero was done using just the two 

smallest concentration values (Fig. 4.7.). It is recognized that even this value is an overestimate 

of the partial specific volume of KCl. The partial specific volume obtained (Table 4.1.) is 

comparable with results obtained by Zen (1957), 0.354 cm3 g-1, and with other cited results 

reported in the same paper, 0.354- 0.360 cm3 g-1. 

 

Fig. 4.7. Linear regression of the two lowest concentration values of the apparent specific 

volume of serial dilutions of KCl.   

 

 

Table 4.1. Partial specific volume of KCl. 
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4.4. Compressibility 

 The adiabatic compressibility coefficient,   , was calculated according to the Newton-

Laplace equation     
 

    , where     is a function of the density () and ultrasonic velocity (u). 

The relative adiabatic compressibility coefficient,        which expresses the relation between 

the adiabatic compressibility coefficient of the solution,   , against the adiabatic compressibility 

coefficient of the solvent    , had a linear relation. 

 The apparent adiabatic specific compressibility,     , which expresses the change in the 

apparent specific volume as a function of a change of pressure, was calculated as     

   
               

 
 (Fig. 4.8.). 

 

Fig. 4.8. Apparent specific adiabatic compressibility of KCl serial dilutions of KCl measured in 

both cells of the Resoscan System, KCl cell 1 (◆)  and KCl cell 2 ().   
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 The partial specific adiabatic compressibility coefficient,    
 , which describes the relation 

between the partial specific adiabatic compressibility,    
 , and partial specific volume,    , was 

calculated as     
  

   
 

    
   

             
               

 
, where the term  

               

 
  is 

extrapolated to zero while      and     are constant values. However, as with the apparent 

specific volume, because the term 
               

 
 had a rapid decrease from concentrations 

below 5 mg mL-1, a proper equation to describe this behavior of the experimental data was not 

found, and in order to approach as much as possible to the correct value, the extrapolation to 

zero was done using just the two smallest concentration values (Fig. 4.9), although it is likely 

that even this value is overestimated. The partial specific adiabatic compressibility coefficient    
  

values are shown in Table 4.2. 

 

Fig. 4.9. Linear regression of the two lowest concentration values of 
               

 
 of KCl serial 

dilutions measured  in both cells (Cell 1 & Cell 2) of the Resoscan System, KCl cell 1 (◆)  and KCl 

cell 2 ().   
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Table 4.2. Partial specific adiabatic compressibility coefficient of KCl. 

 
   
  (x10-6 bar-1) 

KCl cell 1 -165.91 

KCl cell 2 -161.0 

 

4.5. Discussion 

 KCl serial dilutions showed a linear relationship between ultrasonic velocity (Fig. 4.1.) 

and concentration and according to Pavlovskaya et al. (1992) we can treat them as ideal 

solutions. The propagation of the ultrasonic waves is related with the cycles of compression and 

expansion of the molecules in the solution, and so the velocity of the propagation is related to 

the elasticity, density and composition of the molecules of the solvent (ultrapure water) and the 

solute (KCl) (McClements, 1991). Therefore, the linear relationship between the ultrasonic 

velocity and concentration showed that the addition of a solute, which has a different density 

and elasticity to the solvent, affects the ultrasonic velocity of the solution, increasing the 

ultrasonic velocity of the solution linearly as the solute is added. 

 The ultrasonic velocity of the pure solvent (ultrapure water) and the solution are 

different due to three main reasons: 1) the water molecules in the pure solvent have a hydrogen 

bonded network which is more less compressible during the propagation of ultrasound waves 

by the cycles of compression and expansion, 2) in the solution, the solute added occupies space 

and has a less compressible structure than the water molecules, causing a different velocity for 

the propagation of the ultrasonic waves, 3) additionally, the water molecules that interact with 

the solute are affected by the electric field of the ions, and so their structure becomes dipolar 

and this also changes the way that the ultrasound waves propagate.   
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  The apparent specific volume of the KCl serial dilution (Fig. 4.6.) was seen to 

continuously decrease starting at about 7.5 mg mL-1.  The effect was seen to become more 

pronounced as the concentration diminished.   The rapid change in the specific volume as the 

concentration diminished did not allow us to have certainty about the behavior at lower 

concentrations.    

 The change in the apparent specific volume for this concentration range, which was 

about 0.057 cm3 g-1 if the mean value at the lowest concentration is subtracted from the mean 

value at the highest concentration, can be caused by the electrostriction effect.  According to 

Desnoyers et al. (1965), electrostriction is defined as an apparent reduction in the volume of an 

ion when it is dissolved. Electrostriction is an effect caused by ion-solvent interactions and it is 

the compression of the solvent caused by its exposure to an electric field. The charge of an 

electrolyte in aqueous solution causes water molecules around the electrolyte to be affected by 

the electric field and the hydrogen bond network breaks, reducing the space between the water 

molecules and the ion, causing a compression of the solvent volume.  The electrostriction effect 

affects the water molecules around the ion reducing its volume, but seems to not affect the 

volume of the ion itself (Marcus, 2011). The solvation of ions in aqueous solution is dynamic and 

the ion interactions with water molecules and with other ions is influenced by the nature of the 

ion but also by the concentration, so that at higher concentrations ion pairing is a common 

occurrence (Marcus, 2005). The interactions between ions in aqueous solutions include the 

pairing of two ions (association) or the disassociation of them; the pairing of two ions reduces 

the surface exposed to the water, and hence causes a reduction of the number of water 

molecules on the water shell that are affected by the electrostriction effect (Marcus 2005). 

Therefore, ion dissociation has the opposite effect, the disassociated ions have a larger surface 

exposed to the water than the paired ions, causing an increase in the number of water 
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molecules in the hydration shell exposed to the electrostriction effect. The dilution of the KCl 

solutions reduces the number of ion-ion interactions, because a greater number of ions are 

disassociated. The reorganization of water increases the number of water molecules in the 

water shell around the ions, which are affected by the electrostriction effect, and produces a 

lower apparent specific volume than that of the water molecule in the bulk water. This increase 

of water shell molecules affected by electrostriction as the solution is diluted decreases the 

apparent specific volume (Fig. 4.6.).   

 The partial specific volume (Table 4.1.), calculated as the value of the apparent specific 

volume at infinite dilution, was  0.359 cm3 g-1, which is comparable with the result obtained by 

Zen (1957), of 0.354 cm3 g-1 , and it is in the range of other values referred to in the same paper, 

0.354 cm3 g-1 - 0.360 cm3 g-1. However as was remarked previously, density measurements at 

lower concentrations are needed to confirm this value, because as remarked by Marcus (2011), 

highly accurate density values, at least at a concentration as low as 0.01 mol dm-3 (0.7455 g dm-3 

for KCl), are needed to avoid inaccurate determination of partial specific volume values.  

 The apparent specific adiabatic compressibility of the serial dilution (Fig. 4.8.) was seen, 

as was the apparent specific volume, to continuously decrease starting at the highest 

concentration, 15 mg mL-1; the total decrease, between the highest and the lowest 

concentration was about 1.7-1.9 x 10-6 cm3 g-1 bar-1. The apparent compressibility of electrolytes 

solutions is also affected by the electrostriction effect of the water molecules in the hydration 

shell around the electrolytes (Afanas’ev & Tyunina, 2001). Therefore, the decrease of the 

apparent specific adiabatic compressibility of the KCl solutions might be caused by an increase in 

the number of water molecules affected by electrostriction as the concentration decreases. As 

explained with the apparent specific volume, the reduction in the concentration of the KCl 



92 
 

solutions leads to a decrease of the ion-ion interactions causing a higher amount of ions to 

disassociate, and these dissociated ions allow more water molecules in the hydration shell than 

the paired ion (Marcus, 2005; Marcus, 2006; Marcus, 2011). The concentration dependence of 

the compressibility of KCl solutions caused by the electrostriction effect has already been 

reported by Afanas’ev & Tyunina (2001). 

 The partial specific adiabatic compressibility coefficient (Table 4.2.) calculated at infinite 

dilution allows analysis of the apparent compressibility influenced only by the ion-solvent 

interaction and not the ion-ion interactions (Marcus, 2011). However, as explained previously, 

the value obtained (-164 x 10-6 bar-1) could be overestimated. Afanas’ev &  Tyunina (2001), 

Afanas’ev & Ustinov (2009) and Afanas’ev (2011) have already studied the adiabatic 

compressibility of KCl solutions but at higher concentrations than the ones used in this study. In 

these papers, a concentration dependence of the compressibility of electrolyte solutions was 

found, as well as a concentration dependence of the hydration number which influenced the 

solvent-solute interaction of electrolytes in aqueous solution. Afanas’ev & Tyunina (2001) 

reported values for the apparent specific compressibility of potassium chloride in the range 

between -3.1 cm3 g-1 bar-1 to -6.7 x10-6 cm3 g-1 bar-1. However, these values are apparent values 

and not the partial specific compressibility coefficient, and were obtained at a much higher 

concentration range than analysed in this study between (45 mg g-1 and 300 mg g-1).  
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5. Hemp Seeds Peptides Results and Discussion 

  Characterization of the volumetric properties of hemp seed bioactive peptides in 

aqueous solutions involves ultrasonic and density measurements and determination of the 

apparent specific volume and partial specific volume as well as the apparent specific adiabatic 

compressibility and partial specific adiabatic compressibility. Hemp seed peptides, 1 kDa and 3 

kDa fractions, used to prepare serial dilutions made up gravimetrically (section 3.2.2.) were 

obtained from Girgih et al. (2011). Both peptides were analysed in the same study investigating 

their biological activity as antioxidants. These peptides were obtained by enzymatic hydrolysis 

and separated by filtration. In this study, the 1 kDa fraction, size  1 kDa, and the 3 kDa fraction, 

 3kDa and  1kDa, were used.  Because the fractions used were just ultrafiltered but not 

dialyzed, the fractions are not pure protein and also contain other components, such as salts 

and sugars, which were not determined. According to Girgih et al. (2011) the 3 kDa fraction was 

85% protein and the 1 kDa fraction was 64% protein.  Density and ultrasonic velocity 

measurements were measured as a function of peptide concentration at 24.985°C; this 

temperature was set because it was the most stable temperature reached close to 25°C in the 

ResoScan system, and the same temperature was used with the density meter DMA 5000 which 

has accurate temperature control. Temperature stability is very important for the precision of 

ultrasonic measurements (Sarvazyan, 1991).  

 

5.1. Ultrasonic Velocity Results    

  Ultrasonic velocity (u) of hemp seed peptide serial dilutions was found to have a linear 

relationship between ultrasonic velocity and concentration (Fig. 5.1.).  
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Fig. 5.1. Ultrasonic velocity of hemp seed peptide serial dilutions, 1 kDa (◆) and 3 kDa ().     

 

 The R2 for the linear regressions calculated for the ultrasonic velocity of both hemp seed 

peptides serial dilutions, 1 kDa and 3 kDa, were very good, with values of 1.0000 and 0.9999 

respectively. In order to confirm a linear relationship, including all of the concentration range of 

the serial dilutions, linear regressions were calculated for the ultrasonic velocity in the lower 

concentration range (0.45-2.5 mg g-1, Fig. 5.2.) and in the higher concentration range (3.75-20 

mg g-1, Fig. 5.3.). The R2 values for 1 kDa and 3 kDa peptides in the lower concentration range, 

with values of 0.9990 and 0.9993, respectively, were slightly lower than R2 values for 1 kDa and 

3 kDa peptides in the higher concentration range, with values of 0.9999 and 0.9998 respectively. 

The very good fit over both concentrations confirms the good linear fit over all the 

concentrations range used.    
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Fig. 5.2. Ultrasonic velocity of hemp seed peptide serial dilutions in the low concentration range, 

1 kDa (◆) and 3 kDa ().     

 

Fig. 5.3. Ultrasonic velocity of hemp seed peptide serial dilutions in the high concentration 

range, 1 kDa (◆) and 3 kDa ().     
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  Serial dilutions were made using ultrapure water and two initial stock solutions with 

different concentration, 20 mg g-1 and 15 mg g-1. Three replicates and two subsamples were 

used for the analysis, but due to the preparation being done gravimetrically, the exact weight of 

the solute and the water added was recorded, and so the concentration of the replicates at a 

given dilution was slightly different. 

  The coefficient of variation (CV) of the ultrasonic velocity from serial dilutions of both 

hemp seed peptides, 1 kDa and 3 kDa, was calculated between the three replicates and the two 

subsamples. Subsample CV (Fig 5.4.) values were low in both peptides, 1 kDa and 3 kDa, with 

values  0.0045% and  0.0035%, respectively, with most of the values  0.0035% for both 

peptides. 

 

Fig. 5.4. CV of ultrasonic velocity for subsamples of hemp seed peptide at different serial 

dilutions, 1 kDa (◆) and 3 kDa ().     
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 CV values for replicates were also low for both peptide solutions, with values  0.002% 

and  0.0065%, respectively. Although 3 kDa peptide solutions had a higher CV than those of 1 

kDa, most of the values were  0.004% except for one value at the highest concentration. 

Nevertheless, according to the procedure used to prepare the serial dilution gravimetrically, the 

exact concentration of each solution was recorded leading to slight differences between the 

concentration of each of the three replicates; therefore, the CV measured for the “replicates“ 

that uses the average concentration of each dilution leads to an overestimated CV. 

 

 

Fig. 5.5. CV of ultrasonic velocity for replicates of hemp seed peptide at different serial dilutions, 

1 kDa (◆) and 3 kDa ().     
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peptide serials dilutions presented considerable variation of ultrasonic attenuation values within 

the concentration range used.   

 

Fig. 5.6. Ultrasonic attenuation of hemp seed peptide serial dilutions, 1 kDa (◆) and 3 kDa (). 
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mg g-1, Fig. 5.8.) and the higher concentration range (3.75-20 mg g-1, Fig. 5.9.). The linear relation 

between density and concentration had an R2 closer to 1 in the higher concentration range, with 

values of 0.9995 and 0.9994 for 1 kDa and 3 kDa peptides, respectively. A lower R2 in the lower 

concentration range was found, with values of 0.9986 and 0.9982 for 1 kDa and 3 kDa, 

respectively. The slight decrease in R2 values can be caused by a diminution in precision of the 

density measurements as the concentration diminished due to limitations of the equipment and 

experimental errors. This increase in the variation of volumetric determination as the 

concentration diminishes has been also reported in ionic solutions by Marcus (2006).    

 

 

Fig. 5.7. Density of hemp seeds peptide serial dilutions, 1 kDa (◆) and 3 kDa ().    
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Fig. 5.8. Density of hemp seed peptide serial dilutions at low concentrations, 1 kDa (◆) and 3 

kDa ().     

 

Fig. 5.9. Density of hemp seed peptide serial dilutions at high concentrations, 1 kDa (◆) and 3 

kDa ().     
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 The coefficient of variation (CV) was calculated for all density results of serial dilutions 

of both hemp seed peptides, and it was calculated between the two subsamples and three 

replicates. Subsample CV (Fig. 5.10.) values were low in hemp seed peptides, 1 kDa and 3 kDa, 

with values  0.009% and  0.0015%, respectively. Although the subsample CV of 3 kDa peptide 

solutions includes 2 points with values quite higher than the average, most of the values were 

lower than 0.0026%. The two values of subsample CV for the 3 kDa peptide solutions out of the 

average range could possibly be caused by the use of just two subsamples, negatively affecting 

the precision of the measurement.   

 

Fig. 5.10. CV of density for subsamples of hemp seed peptide taken at different serial dilutions, 1 

kDa (◆) and 3 kDa ().     

 

 Replicate CV values were low for both peptides, with values  0.0012% and 0.0011%, 

respectively (Fig.5.11.). Although the CV for the stock solutions for both hemp seed peptides 

0.000 

0.001 

0.002 

0.003 

0.004 

0.005 

0.006 

0.007 

0.008 

0.009 

0 5 10 15 20 

D
e

n
si

ty
 C

V
 s

u
b

sa
m

p
le

s 

Concentration (mg g-1) 



102 
 

was a little bit high, most of the values for both peptides were under 0.006%. Nevertheless, as 

with ultrasonic velocity analyses, the procedure to prepare the serial dilution gravimetrically 

causes slight differences between the concentrations of the three replicates; therefore, the CV 

measured for the “replicates “ was done using the average of the concentration of each dilution 

leading to overestimation of the replicate CV. 

 

Fig. 5.11. CV of density for replicates of hemp seed peptides taken at different serial dilutions, 1 

kDa (◆) and 3 kDa ().     
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Fig. 5.12. Apparent specific volume of hemp seed peptide serial dilutions, 1 kDa (◆) and 3 kDa 

().     
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smallest concentration values (as in section 4.3.), although, given the curvature for both 

peptides, it is possible that even this value would be overestimated. The partial specific volume 

values are shown in Table 5.1. 

 

 

 

0.54 

0.56 

0.58 

0.6 

0.62 

0.64 

0.66 

0.68 

0.7 

0 5 10 15 20 

A
p

p
ar

en
t 

sp
ec

if
ic

 v
o

lu
m

e
 (

cm
3

 g
-1

) 

Concentration (mg g-1) 



104 
 

Table 5.1. Partial specific volume of hemp seed peptides. 

     (cm3 g-1) 

Hemp seed peptides  1 kDa 0.516 

Hemp seed peptides  3 kDa 0.712 

 

5.4. Compressibility 

 The adiabatic compressibility coefficient,   , was calculated according to the Newton-

Laplace equation     
 

    , where     is calculated as a function of the density and ultrasonic 

velocity.  The relative adiabatic compressibility coefficient,       , which expresses the relation 

between the adiabatic compressibility coefficient of the solution,   , against the adiabatic 

compressibility coefficient of the solvent    , ultra pure water (UPW) for this study, had a linear 

relationship against concentration.  

 The apparent adiabatic specific compressibility,     , which express the change in the 

apparent specific volume as a function of a change of pressure, was  calculated as     

   
               

 
 (Fig. 5.13.) 
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Fig. 5.13. Apparent adiabatic specific compressibility of hemp seed peptide serial dilutions, 1 

kDa (◆) and 3 kDa ().     
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Table 5.2. Partial specific adiabatic compressibility coefficient of hemp seed peptides. 

    
  (x10-6 bar-1) 

Hemp seed peptide 1 kDa -86.2 

Hemp seed peptide 3 kDa -22.0 

 

5.5. Discussion 

 Serial dilutions of hemp seed peptides of molecular weights of 1 kDa and 3 kDa had 

experimental results of density and ultrasonic velocity exhibiting linear relationships against 

concentration (Fig. 5.1. & 5.7.). According to Pavlovskaya et al. (1992), it is possible to treat the 

peptide solutions as ideal solutions. However, Murphy et al. (1998) and Sirotkin et al. (2012) 

pointed out that the protein-solvent interactions in solutions are not ideal and the volumetric 

properties can help to measure their changes.    

 Ultrasonic attenuation of both hemp seed peptide serial dilutions had a more or less 

linear relationship against concentration. However the variation of the ultrasonic attenuation 

values was considerable within the whole concentration range used. In addition, the values for 

the 1 kDa hemp seed peptides only slightly changed over the concentration range used, which 

could be due to the limitation of the attenuation measurements with very small particles 

(McClements, 1991). Ultrasound attenuation is dependent on the ultrasound frequency and 

concentration, and is affected by the particle size and conformation transitions, increasing its 

values as the particle size is bigger (Bryant & McClements, 1999; Corredig et al., 2004; Povey et 

al., 2011). This is compatible with the ultrasound attenuation values seen for the 1 kDa hemp 

seed peptides which were lower compared to the values of the 3 kDa hemp seed peptides which 

have a bigger particle size.  
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 The determination of the volumetric properties of a solute can provide information 

about the hydration process of the molecule and therefore the solute-solvent interactions 

(Murphy et al., 1998; Taulier & Chalikian, 2002; Chalikian, 2003; Sirotkin et al., 2012). The solute-

solvent interactions between peptides and ultra pure water, can cause the water molecules 

located in the water shell surrounding the peptide, as well as the water molecules adjacent to 

this water shell, to have different volumetric properties than bulk water molecules (Chalikian, 

2003). 

  The apparent specific volume of the 1 kDa peptides (Fig.5.12.) was seen to be 

independent of the concentration in the higher concentration range.  Some studies pointed out 

by Chalikian et al. (1998) showed that the apparent specific volume of very short peptides was 

independent of the concentration. However, in this study, starting at concentrations between 5 

and 3.75 mg mL-1, the apparent specific volume was seen to continuously decrease as the 

concentration diminished. The total decrease between the highest and the lowest concentration 

was about 0.044 cm3 g-1. In the 1 kDa hemp seed peptides, the proportion of protein was only 

about 65%, with another 35% of other components. The high proportion of components like 

salts and sugars in the 1 kDa hemp seed peptides might contribute to the decrease of the 

apparent specific volume as the solutions were diluted. As explained in section 4.5. for the KCl 

solutions, an increase in the electrostriction effect of water molecules that surround electrolytes 

like salts, as the solution is diluted, might be caused by the reduction of the solute–solute 

interactions which leads to an increase in disassociation of electrolytes and therefore an 

increase of water molecules affected by the electrostriction effect. The electrostriction effect is 

the contraction in the volume of molecules exposed an electric field and in solutions can be 

caused by solute-solvent interactions (Desnoyers et al., 1965; Marcus, 2011). The charge of 

solutes, like electrolytes, in aqueous solution causes the water molecules around the electrolyte 
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to be affected by the electric field of the charge, and the hydrogen bond network breaks, losing 

the void spaces and causing a compression of the solvent, but not in the electrolyte molecule 

(Marcus, 2011). The reduction of the apparent specific volume of protein solutions caused by 

solvation of salts or sugars has been reported by Durchschlag & Jaenicke (1982). Bernhardt & 

Pauly (1977) reported changes in the apparent specific volume of proteins caused by the 

electrostriction effect as a result of addition of salts. Another possibility that cannot be 

excluded, is the possibility that salts bonded to the peptide could dissociate as the solution was 

diluted, releasing new electrolytes to the solution that enhance the electrostriction effect; in 

addition, the side chains of peptide where the salts were bonded can then interact with water 

molecules enhancing as well the electrostriction effect in the peptide solution. 

 A contrary effect was seen for the change in the apparent specific volume of the 3 kDa 

peptide which was seen to continuously increase as the solution was diluted. The reason for 

such a change has not been completely clarified. Bernhardt & Pauly (1975) reported an increase 

in the apparent specific volume of bovine serum albumin (BSA) and bovine hemoglobin (Hb) as 

the concentration diminishes in serial dilutions, giving an interpretation related to the moisture 

of the dry sample and changes in “free” water molecules and water molecules bonded to the 

protein. In addition, pH changes in the solution as it was diluted were suggested as an 

explanation. Bull & Bresse (1979) also reported an increase in the apparent specific volume of 

BSA as the concentration diminished within a certain concentration range. However, the studies 

have been conducted in proteins, not peptides, at higher concentrations than those used in this 

study, but all have reported concentration dependence of the apparent specific volume under 

certain circumstances (Bernhardt & Pauly, 1975; Bull & Bresse, 1979; Durchschlag & Jaenicke, 

1982; Apenten et al., 2000; Sirotkin et al., 2012). It is important to point out the impurity of the 

3 kDa peptide, which according to Girgih et al. (2011) was 85% protein with 15 % of other 
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undetermined components, which could include salts and sugars. The increase in the apparent 

specific volume of the 3 kDa peptide in a serial dilution starting from the first dilution, could 

have happened as a result of a restructuring of the peptide as the solution was diluted, which 

could lead to changes in the interaction between the molecules of water and the peptide. For 

example, changes in the proportion of water molecules in the water shell around the peptide. A 

decrease in the number of water molecules in the water shell which have a lower specific 

volume than the water molecules in the bulk water (Murphy et al. 1998; Sirotkin et al. 2012) 

could cause an increase in the apparent specific volume.  Possible slight changes in the pH of the 

solution as it was diluted could also affect the apparent specific volume (Bernhardt & Pauly, 

1975; Sarvazyan et al., 1979; Chalikian et al., 1995).   

 The partial specific volume of both hemp seed peptides (Table 5.1.) was calculated by 

extrapolation to zero of the apparent specific volume with values of 0.516 cm3 g-1 and 0.712 cm3 

g-1 for the 1 kDa and 3 kDa hemp seed peptides, respectively. However, as explained previously, 

due to the curvature seen in apparent specific volume for both peptides the values could be 

overestimated and underestimated for the 1 kDa and 3 kDa hemp seed peptides, respectively. It 

is important to point out that due to the impurity of both peptides, the values correspond to a 

mixture of peptides and other components like salts and sugars. Compared with other results 

found in the literature, the partial specific volume of the 1 kDa peptides is lower than the 

apparent specific volume values obtained by Chalikian et al. (1994) for the amino acids glycine 

and alanine at 25°C with values of 0.578 cm3 g-1 and 0.679 cm3 g-1. The lower values for the 1 kDa 

peptides might be caused by the influence on the partial specific volume of the non-protein 

components, whose electrostriction effect on the water molecules reduces the partial specific 

volume as shown in chapter 4 for the partial specific volume of KCl. In the case of the 3 kDa 

hemp seed peptides, which have a higher protein content than the 1 kDa hemp seed peptide, 
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the value of the partial specific volume is higher than the values for amino acids like alanine and 

glycine, and in the range of values obtained for most globular proteins, at 25°C: 0.70 cm3 g-1 to 

0.75 cm3 g-1 (Bernhardt & Pauly, 1975; Bull & Bresse, 1979; Durchschlag & Jaenicke, 1982; Gekko 

& Hasegawa, 1986; Chalikian et al., 1996; Sitorkin et al., 2012).   

 The apparent specific adiabatic compressibility of both hemp seed peptides (Fig. 5.13.) 

was seen to follow more or less the same trend seen with the apparent specific volume. The 

compressibility of proteins and peptides is related with the hydration of the molecules and 

therefore the electrostriction effect should be taken into account (Pfeiffer et al., 2008; Marcus, 

2011). Peptides are chains of amino acids that are related with the primary and secondary (such 

as α-helix and β-sheets) structure of proteins (Creighton, 1993), and according to Taulier & 

Chalikian (2002), for small peptides the intrinsic compressibility is usually small. In addition, the 

content in both hemp seed peptides of other components like salts, whose negative 

compressibility is caused by the electrostriction effect (Afanas’ev & Tyunina, 2001), as explained 

in section 4.5. for KCl, contribute negatively to the compressibility of both hemp seed peptides. 

Therefore, the reduction in the specific compressibility might be caused, as in the apparent 

specific volume, by an increase of the electrostriction effect as the solution was diluted as 

explained previously. However, because the compressibility values are more sensitive to 

intermolecular interaction than the partial specific volume (Kharakoz, 1997), the apparent 

compressibility could also be influenced by void spaces within the peptide structure, and 

therefore small changes in the peptide conformation as the solutions were diluted could also 

influence the decrease or increase in compressibility, specially for the 3 kDa hemp seed peptide.  

 The partial specific adiabatic compressibility coefficient of both hemp seed peptides 

(Table 5.2.) was calculated at infinite dilution because, according to Chalikian et al. (1994), the 
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solute-solute interactions decrease as the concentration is reduced, so that at infinite dilution 

the partial compressibility is only influenced by the intrinsic compressibility of the solute and its 

associated solvent molecules. However, as explained previously, the value obtained for the 1 

kDa (-86.2 x10-6 bar-1), and 3 kDa (-22.0 x10-6 bar-1) hemp seed peptides could be overestimated 

and underestimated, respectively. Chalikian et al. (1996) and Gekko & Hasegawa (1986) 

obtained the partial compressibility coefficient of several globular proteins which were all 

positive and in a range of about 1 x10-6 bar-1 and 11 x10-6 bar-1, which confirms, according to 

Gekko & Hasegawa (1986), that the positive compressibility values indicate a highly 

compressible interior, and negative compressibility values indicate an incompressible interior 

like in fibrous proteins and amino acids where the compressibility values are driven specially by 

the negative compressibility contribution of the hydration of the solute caused by the solute-

solvent interactions (Kharakoz & Sarvazyan, 1993; Apenten et al., 2000). This negative 

compressibility was seen on the confirmed partial specific adiabatic compressibility coefficient 

values obtained by Chalikian et al. (1998) for tripeptides which were in a range of -1.7 x10-6 bar-1 

and -6.69 x10-6 bar-1. In this study, both hemp peptides had negative partial specific adiabatic 

compressibility coefficients, which therefore indicates both hemp seeds do not have a highly 

compressible interior and their compressibility is mainly influenced by the hydration. This is 

compatible with a similar tendency observed between the apparent specific volume and the 

apparent specific adiabatic compressibility in both hemp seed peptides. However, it is important 

to mention that all the experimental results describe the volumetric properties of mixtures of 

hemp seed peptides and other components like salts which could influence importantly the 

negative compressibility especially in the 1 kDa hemp seed peptides.   
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6. Dairy Peptides Results and Discussion 

  The volumetric properties in aqueous solutions of dairy bioactive peptides were 

characterized by determination of the apparent specific volume and partial specific volume as 

well as the apparent specific adiabatic compressibility and partial specific adiabatic 

compressibility based on high precision measurements of the density and ultrasonic velocity of 

dairy bioactive peptides in aqueous solutions. Three different dairy bioactive peptides, received 

from Glanbia Nutritionals (Fitchburg, WI, USA), were used to prepare serial dilutions 

gravimetrically (section 3.2.2.). Dairy peptides A, C and D were obtained by enzymatic hydrolysis 

of whey protein and were dialyzed. However the protein content is about 90%, and so they 

contain small amounts of other components like sugars and salts (Table 3.1.). Density and 

ultrasonic velocity measurements were conducted as a function of peptide concentration at 

24.985°C, as explained in section 5.   

  

6.1. Ultrasonic Velocity Results    

  Ultrasonic velocity (u) of serial dilutions of all dairy peptides A, C and D, were found to 

have a linear relationship against concentration (Fig. 6.1.).   

 The R2 values for the linear regression of the ultrasonic velocity of all dairy peptides, A, C 

and D, were very good, with values of 0.9999, 1.0000, and 0.9998, respectively. In order to 

confirm the linear relation over the full concentration range of the serial dilutions, linear 

regressions were calculated for the ultrasonic velocity within the lower concentration range 

(0.45-2.5 mg g-1, Fig. 6.2.) and the higher concentration range (3.75-20 mg g-1, Fig. 6.3.). The 

linear relation between ultrasonic velocity and concentration had R2 values closer to 1 in the 
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higher concentration range, with values of 0.9998, 1.0000 and 0.9998 for A, C, and D peptides, 

respectively. This is somewhat higher than the lower concentration range with R2 values of 

0.9980, 0.9977 and 0.9919 for A, C and D peptides, respectively; however, all R2 values were 

very good. The slight decrease in R2 values can be caused by a diminution in precision of the 

ultrasonic velocity measurements due to a limitation of equipment precision and experimental 

errors associated with very low concentration solutions. 

 

Fig. 6.1. Ultrasonic velocity of dairy peptide serial dilutions, A (◆), C (), D ().     
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Fig. 6.2. Ultrasonic velocity of dairy peptide serial dilutions at low concentrations, A (◆), C (), D 
().     

 

Fig. 6.3. Ultrasonic velocity of dairy peptide serial dilutions at high concentrations, A (◆), C (), 
D ().    
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 The coefficient of variation (CV) was calculated for the ultrasonic velocity from serial 

dilutions of all dairy peptides. The CV was calculated for the three subsamples and the three 

replicates measured. Subsample CV (Fig. 6.4.) values were low for all dairy peptides, with values 

of  0.0025%,  0.0026% and  0.0014%, for A, C and D, respectively. 

 Replicate CV values were also low for the dairy peptides, with values of  0.004%,           

 0.003% and  0.004%, for A, C and D, respectively. Nevertheless, as explained for the hemp 

seed peptides in section 5.1., according to the procedure for preparing the serial dilutions 

gravimetrically, the exact concentration of each solution was slightly different between the 

three replicates; therefore, the CV measured for the “replicates” was overestimated. 

 

  

 Fig. 6.4. CV for subsamples of ultrasonic velocity of dairy peptide serial dilutions. A (◆), C (), D 
().    
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Fig. 6.5. CV for replicates of ultrasonic velocity of dairy peptide serial dilutions. A (◆), C (), D 
().     
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Fig. 6.6. Ultrasonic attenuation of dairy peptide serial dilutions, A (◆), C (), D ().     
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respectively, compared to the lower concentration range with R2 values of  0.9969, 0.9830 and 

0.9846 for dairy peptide A, C and D, respectively. The diminution in the linearity of density 

values for the lower concentration range was more evident than for the ultrasonic velocity 

results, although the R2 values were still good. This increase in the variation of volumetric 

determination as the concentration diminishes has been also reported in ionic solution by 

Marcus (2006). The slight decrease in R2 values can be caused by a diminution in precision of the 

density measurements due to limitations of equipment precision and experimental errors 

associated with working with very low concentration solutions.     

 

Fig. 6.7. Density of dairy peptide serial dilutions, A (◆), C (), D ().    
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Fig. 6.8. Density of dairy peptide serial dilutions at low concentrations, A (◆), C (), D ().     

 

Fig. 6.9. Density of dairy peptide serial dilutions at high concentrations, A (◆), C (), D ().   
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 Serial dilutions were made using ultrapure water for two initial stock solutions at 

different concentration, 20 mg g-1 and 15 mg g-1. Three replicates and three subsamples were 

used for the analysis; however, as with ultrasonic analyses, due to the preparation being done 

gravimetrically and the exact weight of the solute and water added being recorded, the 

concentration of the replicates was slightly different. 

  The coefficient of variation (CV) was calculated for density results from serial dilutions of 

all dairy peptides. The CV was calculated between the three subsamples and three replicates.   

Subsample CV (Fig 6.10.) was generally low for all dairy peptides with values  0.0064%,              

 0.0052% and  0.004%, respectively, for peptides A, C and D, but with most of the CV values 

for dairy peptides A and D being lower than 0.004%. 

 

Fig. 6.10. CV of density for subsamples of dairy peptide serial dilutions, A (◆), C (), D ().     
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 CV for replicates (Fig 6.11.) was low for all dairy peptides, with values  0.006% for A 

and C, and  0.0045% for the dairy peptide D. Nevertheless, like in the ultrasonic velocity 

analyses, the procedure for preparation of the serial dilution was gravimetrically, so that there 

are slight differences between the concentrations of the three replicates; therefore, the CV 

measured for the “replicates “ is likely an overestimation. 

 

Fig. 6.11. CV of density for replicates of dairy peptide serial dilutions, A (◆), C (), D (). 
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 The partial specific volume,    , was calculated by the extrapolation of the apparent 

specific volume to zero concentration as             . In order to approach as much as 

possible to the correct value, the extrapolation to zero was done just using the two smallest 

concentration values (as conducted for hemp seed peptides, Chapter 5). As with those peptides, 

it is possible that these values for the dairy peptides are overestimated. The partial specific 

volume values are shown in Table 6.1. 

 

Fig. 6.12. Apparent specific volume of dairy peptides, A, C and D , A (◆), C (), D ().     
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6.4. Compressibility 

 The adiabatic compressibility coefficient,   , was calculated according to the Newton-

Laplace equation    
 

    , where     is calculated as a function of the density and the 

ultrasonic velocity. The relative adiabatic compressibility coefficient,       , which expresses 

the relation between the adiabatic compressibility coefficient of the solution,   , against the 

adiabatic compressibility coefficient of the solvent    , ultra pure water (UPW) for this study, 

had a linear relationship against concentration. 

 The apparent adiabatic specific compressibility,     , which express the change in the 

apparent specific volume as a function of a change of pressure, was calculated as     

   
               

 
 (Fig. 6.13.). 

 
Fig. 6.13. Apparent adiabatic specific compressibility of dairy peptide, A, C and D , A (◆), C (), 
D (). 
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 The partial specific adiabatic compressibility coefficient,    
 , which describes the relation 

between the partial specific adiabatic compressibility,    
 , and partial specific volume,    , was 

calculated as     
  

   
 

    
   

             
               

 
, where the term 

               

 
 is 

extrapolated to zero while      and     are constant values. In order to approach as much as 

possible to the correct value for    
 , the extrapolation to zero was done using just the two 

smallest concentration values, although it is likely that even this value is overestimated. The 

partial specific adiabatic compressibility coefficient     
  values are shown in Table 6.2.  

Table 6.2. Partial specific adiabatic compressibility coefficient of dairy peptides. 

     
  (x10-6 bar-1) 

Dairy peptide A -21.9 

Dairy peptide C -59.0 

Dairy peptide D -20.7 

 

6.5. Discussion 

 The dairy bioactive peptide A, C and D serial dilutions analysed in this study showed a 

linear relationship between density and concentration and between ultrasonic velocity and 

concentration. According to Pavlovskaya et al. (1992) it is possible to treat them as ideal 

solutions. However as pointed out by Murphy et al. (1998) and Sirotkin et al. (2012) protein 

solutions cannot be considered ideal because of the dynamics of interactions involved between 

water molecules and the protein structure; the volumetric properties of these solutions can help 

to measure the changes of the solute-solvent interactions.   
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  Ultrasonic attenuation of the three dairy peptide serial dilutions had a more or less 

linear relationship against concentration. However the variation of the ultrasonic attenuation 

values increased at low concentration, especially of dairy peptide D, which was seen to have an 

increase of attenuation as the solution was diluted below 2.5 mg g-1. Additionally the 

attenuation values for dairy peptide C presented just a slight change over the concentration 

range used, which could be due to the limitation of the attenuation measurements with very 

small particles (McClements, 1991). The ultrasonic attenuation values can be used to analyse 

the particle size in suspension as well as the aggregation phenomena, because changes in the 

organization of the particles affect the way the ultrasound is dissipated (McClements, 1991; 

Nelson et al., 2001; Mougin et al., 2003; Corredig et al., 2004; Yuno-Ohta & Corredig, 2007; 

Povey et al., 2011; Wrobel & Time, 2012). The ultrasound attenuation is dependent on the 

frequency of the ultrasound wave, and on the concentration and the particle size (Mougin et al, 

2003). Generally ultrasonic attenuation can be divided into the ultrasound attenuation caused 

by molecular or chemical relaxation, and the attenuation caused by scattering of ultrasonic 

waves (Nelson et al., 2001; Mougin et al., 2003; Corredig et al., 2004; Yuno-Ohta & Corredig, 

2007; Povey et al., 2011). Ultrasound attenuation is affected by the particle size and any 

conformation transitions, increasing its value as the particle size is bigger (Bryant & 

McClements, 1999; Corredig et al., 2004; Povey et al., 2011). The linear decrease of the 

ultrasonic attenuation of the three dairy peptides as the solutions were diluted might suggest 

that no aggregation process, which would change the ultrasonic attenuation trend, occurred. 

Nevertheless, the change in the tendency of dairy peptide D, might indicate certain 

conformation change in the peptide at concentrations below 2.5 mg g-1, but the variation in the 

values at these lower concentrations did not permit certainty. In addition, the difference in the 
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attenuation values between the three diary peptides, might suggest dairy peptides A and D have 

a similar size while dairy peptide C has a smaller size.  

 The apparent specific volume of the three dairy peptides A, C and D (Fig. 6.12.), was 

seen to be independent of concentration in the high concentration range (7.5 – 20 mg mL-1), 

with just slight changes. However, starting at 5 mg mL-1, a continuous decrease in apparent 

specific volume was seen, the total decrease between the highest and the lowest concentration 

solution was about 0.035 cm3 g-1 0.095 cm3 g-1 0.050 cm3 g-1 for dairy peptide A, C and D, 

respectively. The dairy peptides used were dialyzed with a final protein content of about 90% 

(Table 3.1.), but containing small amounts of salts and sugars “bound” to the peptides. 

According to Vegarud et al. (2000), the mineral content of milk is present in equilibrium 

between free ions and complexes with different milk components like proteins, carbohydrates 

and lipids. Moreover, different whey proteins, like -lactoglobulin, -lactalbumin and 

lactoferrin, and peptides derived from these proteins, have been found to possess mineral 

binding properties (Vegarud et al., 2000; Thompson et al., 2009), and also the ability to bind 

small hydrophobic molecules (Creamer & MacGibbon, 1996). Finally, conformational changes in 

lactoferrin have been reported that are related to the binding and release of iron ions (Chung & 

Raymond, 1993). The dissociation of these salt complexes has been found to be related with pH 

and concentration of the solutions (Vegarud et al., 2000; Dalgleish et al., 2005). Therefore, a 

dissociation of the salt complexes between peptides and salts and sugars as a consequence of 

the dilution of the dairy peptides solutions to very low concentrations, could lead to an increase 

in the electrostriction effect due to the increase of water molecules in the water shell 

surrounding the dissociated salts and peptides.  
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 A second effect might also be involved, this one related with dissociation of the salts 

that were released from the peptide complexes as the solutions were diluted; this effect is 

similar to that commented on in section 4.5. and section 5.5. for the KCl serial dilutions and for 

the 1 kDa hemp seed peptide serial dilutions, in which as the solutions were diluted the solute-

solute interactions diminished promoting the dissociation of salt molecules (Marcus, 2005; 

Marcus, 2006).  

 A third effect related with the dissociation of peptide-salt complexes might also 

contribute to the decrease of apparent specific volume. The dissociation of peptide-salt 

complexes could allow side chains of the amino acids within the peptide structure, where salts 

had been bound, to interact with water molecules; in addition this dissociation could lead to 

certain conformational changes in the peptide as has been reported for the lactoferrin protein 

(Chung & Raymond, 1993).  

 In summary, the three effects above could lead to an increase in the electrostriction 

effect and as a consequence a decrease in the apparent specific volume. As was commented in 

chapters 4 and 5, the electrostriction effect is the contraction in the volume of molecules 

exposed to an electric field and in solutions can be caused by solute-solvent interactions 

(Desnoyers et al., 1965; Marcus, 2011). This decrease in the apparent specific volume of protein 

solutions caused by solvation of salts or sugars has been reported by Durchschlag & Jaenicke 

(1982). In addition, Bernhardt and Pauly (1977) have also reported on the electrostriction effect 

causing changes in apparent specific volume as a result of addition of salts to protein solutions. 

The difference between water molecules involved in the hydration shell and water molecules in 

the bulk water have been already reported in several papers (Apenten et al., 2000; Chalikian 

2003; Chalikian & Filfil, 2003; Bano & Marek 2006; Pfeiffer et al., 2008). Finally, possible slight 
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changes in the pH of the solution as it was diluted could also affect the apparent specific volume 

(Bernhardt & Pauly, 1975; Sarvazyan et al., 1979; Chalikian et al., 1995; Vogl et al., 1995).   

 The partial specific volume of all dairy peptides (Table 6.1.) was calculated by 

extrapolation to zero of the apparent specific volume with values of 0.635 cm3 g-1, 0.515 cm3 g-1 

and 0.636 cm3 g-1 for dairy peptides A, C and D, respectively. However, as explained previously 

due to the curvature seen in apparent specific volume for all dairy peptides the values could be 

overestimated. It is important to point out that the values obtained correspond to a mixture of 

dairy peptides and others components like salts, lactose and lipids that were also present (Table 

3.1.). Comparing the values between the three peptides it is possible to see that dairy peptide C 

showed the lowest partial specific volume, and this could be related to its amino acids 

sequence. In this case, probably more polar amino acids are exposed to the water molecules, an 

outcome that also is compatible with the solubility observed for the dairy peptide C which was 

the most soluble of the three dairy peptides. According to Sirotkin et al. (2012) the hydration of 

polar amino acids causes a reduction in the specific volume while exposed hydrophobic groups 

are usually associated with small negative to positive changes in the specific volume. Therefore 

the dairy peptides D and A, which present similar partial specific volume, should have a similar 

proportion of polar and hydrophobic groups exposed to the water at infinite dilution. 

Nevertheless, at higher concentration the difference between the apparent specific volume of 

peptide A and D was clearly higher (Fig. 6.12.). It is important to mention that the difference in 

the amino acids content between the three dairy peptides might also affect the amount of salt-

peptide complexes formed and dissociated in each dairy peptide, and hence influence the effect 

associated with these complexes on the partial specific volume. Chalikian et al. (1994) obtained 

apparent specific values for two amino acids, glycine and alanine, at 25°C with values of 0.578 

cm3 g-1 and 0.679 cm3 g-1, observing no concentration dependence on the specific volume. 
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Nevertheless, the influence of the type of amino acids on the partial specific volume, especially 

of small peptides was seen by Schwitzer & Hedwig (2005) who calculated the partial specific 

volume of two tripeptides (Gly-Asp-Gly and Gly-Glu-Gly) obtaining values of 0.509 cm3 g-1 and 

0.537 cm3 g-1. They also found dissociation of the glutamic acid affected the partial specific 

volume of one of the tripeptides. Hedwig (1994) and Chalikian et al. (1998) have reported the 

partial specific volume of various glycine tripeptides  (Gly-X-Gly) in the ranges of 0.497 cm3 g-1 to 

0.630 cm3 g-1, and 0.567 cm3 g-1 to 689 cm3 g-1, respectively. The large difference in the partial 

specific volume between the two amino acids and between various tripeptides, which are strong 

electrolytes, shows the important influence of the amino acid content and charged groups on 

the partial specific volume, complicating a direct comparison of experimental values with those 

in the literature. Compared with the literature, the three dairy peptides had lower values than 

the partial specific volume values obtained for most globular proteins, that at 25°C are in the 

range between 0.70 cm3 g-1 and 0.75 cm3 g-1 (Bernhardt & Pauly, 1975; Bull & Bresse, 1979; 

Durchschlag & Jaenicke, 1982; Gekko & Hasegawa, 1986; Chalikian et al., 1996; Sitorkin et al., 

2012). However, the apparent specific volume values, at the highest concentration (20 mg g-1) 

for the three dairy peptides (0.699 cm3 g-1, 0.687 cm3 g-1, 0.729 cm3 g-1 respectively for A, C and 

D) were closer to values reported for globular proteins. 

  The apparent specific adiabatic compressibility was different between the three dairy 

peptides. Dairy peptide D was the only one that had a positive compressibility which suggests 

that it has the higher amount of hydrophobic amino acids that would cause a less extended 

structure in solution and hence more void spaces and a more compressible interior. According 

to Gekko & Hasegawa (1986), positive compressibility values indicate a highly compressible 

interior, and negative compressibility values indicate an incompressible interior, like in fibrous 

proteins and amino acids, where the compressibility values are driven primarily by the negative 
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compressibility contribution of the hydration of the solute caused by solute-solvent interactions 

(Kharakoz & Sarvazyan, 1993; Apenten et al., 2000). However, the apparent specific 

compressibility of dairy peptide D becomes negative as the concentration decreased. The 

apparent specific adiabatic compressibility was seen to have negative values for dairy peptides A 

and C, suggesting these two peptides have a higher amount of hydrophilic amino acids exposed 

to the water and an incompressible interior. The compressibility results were compatible with 

the solubility seen for these two peptides, since the dairy peptide C was the one with the 

highest solubility, while dairy peptide A was slightly less soluble than dairy peptide C but clearly 

more soluble than dairy peptide D. Hydrophobic amino acids (non-polar) can cause an imperfect 

packing and a highly compressible interior, and also the hydration contribution decreased when 

they are exposed to water, while polar amino acids cause a negative hydration contribution to 

the compressibility (Gekko & Hasegawa, 1986; Chalikian et al., 1996). Therefore, the differences 

in compressibility suggest differences in amino acid sequence and conformation. 

 The apparent specific adiabatic compressibility of the three dairy peptides A, C and D, 

was independent of the peptide concentration in the higher concentration range 5 – 20 mg mL-1. 

However at a concentration between about 1.875 and 2.5 mg mL-1 a decrease of apparent 

specific adiabatic compressibility started, becoming more pronounced as concentration 

diminished. The total decrease between the highest and the lowest concentration was about 

3.1, 6.1, and 6.9 x 10-6 cm3 g-1 bar for dairy peptides A, C and D. The apparent specific adiabatic 

compressibility of all dairy peptides was seen to follow a similar trend as was seen with the 

apparent specific volume. The compressibility of proteins and peptides is related with the 

hydration of the molecules and therefore electrostriction effects should be considered (Pfeiffer 

et al., 2008; Marcus, 2011). Because peptides have more extended structures than proteins, due 

to peptides being generally comprised of primary and secondary conformations (such as α-helix 
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and β-sheets) (Creighton, 1993), they tend to have less void interior spaces than proteins. 

According to Gekko et al. (2004), compressibility of the void spaces contributes a positive value 

while the compressibility of the water molecules around the surface contributes a negative 

value to the partial specific adiabatic compressibility. Therefore, because of the importance of 

the hydration contribution to compressibility in peptides, the reduction in the specific 

compressibility might be caused, as in the apparent specific volume, by an increase of the 

electrostriction effect caused by the three effects described for the apparent specific volume: 1) 

the presence of peptide-salt complexes (Vegarud et al., 2000) and the dissociation of them as 

the solution was diluted that caused an increase in the number of water molecules around the 

dissociated salts which are affected by the electrostriction effect (Afanas’ev & Tyunina, 2001); 2) 

dissociation of the salt molecules released from the peptides to the solution caused by a 

decrease of the solute-solute interactions as the solution was diluted (Marcus 2005; Marcus, 

2006); 3) the dissociation of peptide-salt complexes could allow side chains of amino acids 

within the peptide structure, where salts had been bound, to interact with water molecules, as 

explained previously. In addition, possible conformational changes driven by the release of salts 

have been reported with the lactoferrin protein (Chung & Raymond, 1993). Therefore, the 

partial specific adiabatic compressibility is mainly influenced by properties of the water in shell 

around the solutes as it happened with the apparent specific volume.    

    Gekko & Hasegawa (1986), Kharakoz & Sarvazyan (1993) and Chalikian et al. (1996) 

obtained the partial specific adiabatic compressibility coefficient of several globular proteins, 

which were all positive and in a range from about 1 x10-6 bar-1 to 11 x10-6 bar-1, which according 

to Gekko & Hasegawa (1986) indicates that these proteins have a highly compressible interior. 

Pfeiffer et al. (2008) calculated the apparent specific compressibility coefficient of several 

globular proteins, obtaining positive values between 3 x10-6 bar-1 and  9 x10-6 bar-1, and 
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obtaining negative values for sugars (glucose -15 x10-6 bar-1 , sucrose -5.3 x10-6 bar-1 and 

raffinose -18.9 x10-6 bar-1) and amino acids (glycine -61.2 x10-6 bar-1). Kharakoz (1991) and 

Chalikian et al. (1992) calculated the partial specific adiabatic compressibility of several amino 

acids, obtaining negative values in a range between -23 x10-6 bar-1 and -33 x10-6 bar-1. Finally, 

Chalikian et al. (1998) reported the partial specific adiabatic compressibility coefficient for 

tripeptides which were in a range of -1.7 x10-6 bar-1 and -6.69 x10-6 bar-1, with negative values 

where the compressibility values are driven primarily by the negative compressibility 

contribution of the hydration of the solute caused by solute-solvent interactions (Kharakoz & 

Sarvazyan, 1993; Apenten et al., 2000). Therefore, the partial specific compressibility of the 

three dairy peptides, at values of A (- 31.9 x10-6 bar-1), C (-59.0 x10-6 bar-1) and D (-20.7 x10-6 bar-1), 

were below the values of small peptides and about the values of amino acids in solution. Since 

the, values are, far from the values for globular proteins, I conclude that at infinite dilution 

conditions, for the three dairy peptides, intrinsic compressibility is small values and the values of 

the partial specific adiabatic compressibility are driven mainly by the hydration contribution. 

Although it is important to remember that the partial specific adiabatic compressibility 

calculated in this study corresponds to a solution of the dairy peptide A, C and D and the 

dissociated salts and some lactose. 
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7. Liposomes Results and Discussion 

  Phosphatidylcholine (PC) liposomes were prepared as model membranes with refined 

lecithin dispersed in ultrapure water as explained in section 3.2.5. Volumetric properties of 

liposomes prepared in ultrapure water were characterized by determination of the apparent 

specific volume and partial specific volume as well as the apparent specific adiabatic 

compressibility and partial specific adiabatic compressibility based on high precision density and 

ultrasonic velocity measurements of liposome serial dilutions at 24.985°C. Multilamellar vesicles 

(MLV) were produced by dispersion of phosphatidylcholine in ultrapure water and further 

extrusion was performed to create unilamellar vesicles (UV). UV and MLV serial dilutions were 

prepared as explained in section 3.2.6.   

 

7.1. Particle Size Results 

  Particle size measurements were applied to suspensions of UV and MLV liposomes to 

know the particle size and the distribution in order to understand the efficiency of the extrusion 

method explained in section 3.2.5. in producing homogeneous suspensions of unilamellar 

vesicles from a multilamellar vesicle suspension. There are several studies which have probed 

the convenience of the extrusion technique in order to create homogenous suspensions of 

unilamellar vesicles (Hope et al., 1985; Ramaswami et al., 1992; Hianik et al., 1997; Romanowski 

et al., 2002; Rybar et al. 2007; Almeida & Pokorny, 2010).  

 The particle size measured by mean diameter of the UV was 128 nm and 270 nm for 

MLV (Table 7.1.), confirming the important reduction in size achieved by the extrusion method.  
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Table 7.1. Liposome particle size. 

 Replicate Particle size 

Mean diameter 
(nm) 

 
MLV UV 

R1 279 125 

R2 281 131 

R3 249 135 

Mean 270 128 

STD 17.9 4.2 

CV 6.7 3.3 

 

  The particle size distribution for the MLV (Fig. 7.1.) was seen to be more variable and 

heterogeneous with a wider particle size range distribution. The particle size distribution for UV 

liposomes (Fig. 7.2.) was seen to follow a normal distribution as expected, according to 

MacDonald et al. (1991), who worked with the same kind of extruder.  
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Fig. 7.1. Multilamellar vesicles (MLV) particle size distribution. Replicate 1 (R1), replicate 2 (R2) 
and replicate 3 (R3). 

 

 R1 

 R2

   R1 

 R3 
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Fig. 7.2. Unilamellar vesicles (UV) particle size distribution. Replicate 1 (R1), replicate 2 (R2) and 
replicate 3 (R3). 

 

 

 

 

 R2 

 R3 
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7.2. Ultrasonic Velocity Results    

  Ultrasonic velocity (u) of serial dilutions of both liposomes, UV and MLV, were found to 

have a linear relationship between ultrasonic velocity and concentration (Fig. 7.3.).   

 

Fig. 7.3. Ultrasonic velocity of serial dilutions of liposomes, UV (), MLV ().    

  

 The R2 values for the linear regression of the ultrasonic velocity of both liposomes, UV 

and MLV, were very good, with values of 0.9998 and 0.9994, respectively.  In order to confirm 

the linear relation over all the concentration range of the serial dilutions, linear regressions were 

calculated for the ultrasonic velocity in the lower concentration range (0.45-2.5 mg g-1, Fig. 7.4.) 

and the higher concentration range (3.75-20 mg g-1, Fig. 7.5.).  The linear regression calculated in 

the high concentration range of the ultrasonic velocity of both liposome serial dilutions, UV and 

MLV, had R2 values close to 1 with values of 0.9998 and 0.9991 respectively. The R2 values 

corresponding to the lower concentration range (Fig. 7.4.) were not as close to 1, with values of 
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0.9953 and 0.9875, respectively; however, fits at lower concentrations were also good, 

confirming the good linear fit over all the concentrations used. The nature of the multilamellar 

vesicles, which have a wide particle size range due to the preparation method used, could 

influence the reduction in the linearity of the relationship of ultrasonic velocity and 

concentration of the MLV.       

 

Fig. 7.4. Ultrasonic velocity of serial dilutions of liposomes at low concentrations, UV (), MLV 

().    

 Serial dilutions were made using ultrapure water with an initial stock solution at 20 mg 

g-1 concentration. Three replicates and three subsamples were used for the analysis; however, 

due to the preparation being done gravimetrically, so that the exact weight of the solute and the 

water added was recorded, the concentration of each replicate was slightly different. 
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Fig. 7.5. Ultrasonic velocity of serial dilutions of liposomes at high concentrations, UV (), MLV 

().     

 Coefficient of variation (CV) values were calculated for the ultrasonic velocity results 

from the subsamples and replicates of the serial dilutions of both liposomes. The CV was 

calculated between subsamples and between replicates.   Subsample CV (Fig. 7.6.) values were 

very low in both liposomes with values of  0.0007%, and  0.0009% for UV and MLV, 

respectively. 

 Replicate CV (Fig. 7.7.) values were very low as well in both liposomes with values of      

 0.0004% and  0.0009% for UV and MLV, respectively.   
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 Fig. 7.6. Ultrasonic velocity CV for serial dilutions of subsamples of liposomes, UV (), MLV ().     

 

Fig. 7.7. Ultrasonic velocity CV for serial dilutions of replicates of liposomes, UV (), MLV ().     

0 

0.0001 

0.0002 

0.0003 

0.0004 

0.0005 

0.0006 

0.0007 

0.0008 

0.0009 

0 5 10 15 20 

U
lt

ra
so

n
ic

  v
el

o
ci

ty
 C

V
 s

u
b

sa
m

p
le

s 

Concentration  (mg g-1) 

0 

0.0001 

0.0002 

0.0003 

0.0004 

0.0005 

0.0006 

0.0007 

0.0008 

0.0009 

0.001 

0 5 10 15 20 

U
lt

ra
so

n
ic

  v
el

o
ci

ty
 C

V
 r

e
p

lic
at

e
s 

Concentration (mg g-1) 



141 
 

 Ultrasonic attenuation of serial dilutions of both liposomes, UV and MLV, were found to 

have a more or less linear relationship between ultrasonic attenuation and concentration (Fig. 

7.8.).   

 

Fig. 7.8. Ultrasonic attenuation of serial dilutions of liposomes, UV (), MLV ().     

 

 

7.3. Density Results 
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Fig. 7.9. Density of serial dilutions of liposomes, UV (), MLV ().     

 R2 values for the linear regression of the density of both liposomes, UV and MLV, were 

very good, at 0.9998 and 0.9994, respectively. As was done with ultrasonic velocity 

measurements, in order to confirm the linear relation over the full concentration range of the 

serial dilutions, linear regressions were calculated for the ultrasonic velocity in the lower 

concentration range (0.45-2.5 mg g-1, Fig. 7.10.) and the higher concentration range (3.75-20 mg 

g-1, Fig. 7.11.). The linear relation between density and concentration in the higher 

concentration range had R2 values of 0.9999 and 0.9989 for the liposomes UV and MLV, 

respectively. The R2 values in the lower concentration range (0.9865 and 0.9782 for liposomes 

UV and MLV respectively) were not as close to 1, but were still good.  The slight decrease in R2 

values can be caused by a diminution in precision of the density measurements due to a 

limitation of the equipment and experimental errors associated with the use of very low 

concentration suspensions.    
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Fig. 7.10. Density of serial dilutions of liposomes at low concentrations, UV (), MLV ().     

 

Fig. 7.11. Density of serial dilutions of liposomes at high concentrations, UV (), MLV ().     
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  The coefficient of variation (CV) was calculated for the density results from serial 

dilutions of both liposomes. Subsample CV (Fig. 7.12.) values were low in suspensions of both 

liposomes with values  0.0015% and  0.0027%, for UV and MLV, respectively, but with most of 

the CV values for both liposomes being lower than 0.0015%. 

 

Fig. 7.12. Density CV for serial dilutions of subsamples of liposomes, UV (), MLV ().     

 Replicate CV (Fig. 7.13.) values were also low in both liposomes, with values 0.0045%. 

Although the replicate CV values for the stock solutions for both liposomes were a little bit high, 

most of the values for both liposomes were under 0.0025%. Nevertheless, according to the 

procedure used to prepare the serial dilution gravimetrically, so that there are slight differences 

between the concentrations of the three replicates, the CV measured for the “replicates“ was 

done using the average of the concentration of each dilution, leading to overestimation of this 

value. 
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Fig. 7.13. Density CV for serial dilutions of replicates of liposomes, UV (), MLV ().     

  

7.4. Specific Volume 

 The apparent specific volume,   , of the liposomes serial dilutions was calculated from 

the density measurements of the serial dilution as     
          

 
 (Fig. 7.14.). 
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specific volume to zero concentration as              . However, because the apparent 

specific volume had a rapid decrease to concentration values below approximately 5 mg mL-1, 
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values are shown in Table 7.2. 
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Fig. 7.14. Apparent specific volume of liposomes, UV  () and MLV ().     

 

Table 7.2. Partial specific volume of liposomes. 

     (cm3 g-1) 

Unilamellar vesicles (UV) 0.846 

Multilamellar vesicles (MLV)  0.860 

 

7.5. Compressibility 

 The adiabatic compressibility coefficient,   , was calculated according to the Newton-

Laplace equation     
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compressibility coefficient of the solvent    , ultra pure water (UPW) for this study, had a linear 

relationship against concentration. 

 The apparent adiabatic specific compressibility,    , which expresses the change in the 

apparent specific volume as a function of a change in pressure, was calculated as     

   
               

 
 (Fig. 7.15.).   

 

Fig. 7.15. Apparent adiabatic specific compressibility of liposomes,  UV () and MLV (). 

 The partial specific adiabatic compressibility coefficient,    
 , which describes the relation 

between the partial specific adiabatic compressibility,    
 , and partial specific volume,    , was 

calculated as     
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was done using just the two smallest concentration values, although it is likely that even this 

value is overestimated. The partial specific adiabatic compressibility coefficient    
  values are 

shown in Table 7.3.  

Table 7.3. Partial specific adiabatic compressibility coefficient of liposomes. 

    
      (x 10-6 bar-1) 

Unilamellar vesicles (UV) 34.6 

Multilamellar vesicles (MLV) 36.4 

 

 

7.6. Discussion 

 Particle size measurements of the unilamellar vesicle (UV) and multilamellar vesicle 

(MLV) suspensions were done in order to confirm the effectiveness of the extrusion method 

(MacDonald et al., 1991) for producing unilamellar vesicles (Hope et al., 1984). The use of light 

scattering methods, like the one used in this study, to measure the particle size of extruded 

liposomes has already been reported (Ramaswami et al., 1992; Romanowski et al., 2002; Joanne 

et al., 2009).  The results confirmed the extrusion method was able to reduce the particle size in 

order to get a homogeneous unilamellar vesicle suspension. 

 The size distribution for the UV suspension was seen to have a normal distribution (Fig.  

7.2.) with an average value of about 0.128 μm (Table 7.1.) with particle size varying mainly in the 

range of 0.05 μm to 0.3 μm compared to the size distribution of the MLV suspension that was 

seen with a tri-modal distribution (Fig. 7.1.), which had a noticeable heterogeneous particle size 

varying in the range of 0.05 μm to 100 μm. 



149 
 

 Unilamellar vesicles (UV) and multilamelar vesicles serial dilutions analysed in this study 

were seen to have a linear relationship between density and concentration (Fig. 7.9.) and 

ultrasonic velocity and concentration (Fig. 7.3.). Density and ultrasonic velocity as well as the 

volumetric properties, such as the specific volume and the compressibility, have been used to 

analyse the physical properties of lipid liposomes in aqueous suspensions as well as their 

interaction with other molecules like proteins or peptides (Colotto et al., 1993; Hianik et al., 

1998; Hianik et al., 1999; Krivanek et al., 2000; Koenig & Gawrisch, 2005; Rybar et al., 2007; 

Uhríková et al., 2007). 

 Both types of liposome serial dilutions also were found to have a more or less linear 

relationship between ultrasonic attenuation and concentration with similar ultrasonic 

attenuation values for both liposomes (Fig. 7.8). The ultrasonic attenuation values can be used 

to analyse the aggregation phenomena in particle suspensions, because the change in the 

organization of the particles affects the way the ultrasound is dissipated (McClements, 1991; 

Nelson et al., 2001; Mougin et al., 2003; Corredig et al., 2004; Yuno-Ohta & Corredig, 2007; 

Povey et al., 2011; Wrobel & Time, 2012). Generally ultrasonic attenuation can be divided into 

the ultrasound attenuation caused by molecular or chemical relaxation, and the attenuation 

caused by scattering of ultrasound (Nelson et al., 2001; Mougin et al., 2003; Corredig et al., 

2004; Yuno-Ohta & Corredig, 2007; Povey et al., 2011).  The less linear decrease of the ultrasonic 

attenuation for both liposome as the solution were diluted might suggest there were not any 

aggregation processes that changed the ultrasonic attenuation trend. 

 The apparent specific volume of UV and MLV liposome serial dilutions was seen to be 

independent of concentration at the higher concentration range, but between 5 mg mL-1 and 2.5 

mg mL-1, a continuous decrease in apparent specific volume was seen; the total decrease 
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between the highest and the lowest concentration was about 0.030 cm3 g-1 and 0.020 cm3 g-1 for 

UV and MLV liposomes, respectively. The specific volume of phosphatidylcholine in aqueous 

suspension has been described as the sum of different contributions (Koenig & Gawrisch, 2005; 

Uhríková et al., 2007). It is generally subdivided into two segments with different contributions, 

first the hydration volume, VH, which is the volume associated with the polar head, and second, 

the hydrophobic volume, VC, which is the volume associated with the acyl chains that generally 

are not in contact with the water (Koenig & Gawrisch, 2005; Uhríková et al., 2007). The specific 

volume of phosphatidylcholine vesicles is influenced by the anhydrous component, the water 

enclosed in the vesicles, and the solvated regions of the vesicles where the polar head groups 

are in contact with the water (Huang & Charlton, 1971). Finally, according to Huang & Charlton 

(1971), the diffusion of water between the interior and exterior of the vesicles tends to find 

equilibrium, and hence the authors assumed that the density of water in the interior of the 

vesicles and the bulk water have the same density. There are several studies in the literature 

(Hianik et al., 1998; Hianik et al., 1999; Krivanek et al., 2001; Koenig & Gawrisch, 2005; Rybar et 

al., 2007; Uhríková et al., 2007) where the use of the specific volume has been reported in order 

to measure the variation in the physical properties of lipid bilayers caused by lipid composition, 

changes in temperature (associated with the liquid and crystalline phase transition) and 

interactions with other molecules such as proteins or peptides.  

 According to Nagle & Wilkinson (1978), the changes in specific volume associated with 

the hydration of head groups is usually small compared with the change in the specific volume 

of the hydrophobic segment, VM, associated with temperature or composition changes. 

However, in this study, because the composition and temperature were maintained constant, 

and just the concentration was varied as the suspensions were diluted, the decrease in the 

apparent specific volume of the UV and MLV liposomes appears to be caused by the increase in 
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the hydration number of the polar head groups of the liposomes. The dependence of the 

specific volume on the hydration of phospholipids has been reported by White et al. (1987) and 

Bechinger & Seelig (1991). Additionally, the reduction in the apparent specific volume was 

noticeably lower in the MLV liposomes. This smaller reduction can be the result of the 

multilamellar nature of the MLV liposomes which have a smaller exposed surface to the water 

compared with the UV liposomes at the same concentration, and therefore a lower amount of 

head groups exposed to the effect of increased hydration as the suspension was diluted.  

 The partial specific volume of UV and MLV lipsosmes (Table 7.2.) was calculated by 

extrapolation to zero of the apparent specific volume with values of 0.846 cm3 g-1 and 0.860 cm3 

g-1, respectively. However, as explained previously, due to the curvature seen in apparent 

specific volume for all dairy peptides, the values could be overestimated. Hianik et al. (1998) 

reported the partial specific volumes at 23°C of planar lipid bilayers composed of different 

phospholipids to be between 0.92 cm3 g-1 and 0.98 cm3 g-1. The large difference of 0.06 cm3 g-1 

between the different bilayers may exemplify the complexity in comparing the values of this 

study with the literature values due to the sensitivity of the specific volume to difference in the 

composition of lipid bilayers as well as the temperature of the experiment.  Moreover, the 

phosphatidylcholine used in my study was a mixture of different acyl chains lengths. 

  The apparent specific adiabatic compressibility of UV and MLV liposomes serial 

dilutions was seen to be independent of the concentration at the higher concentration range, 5-

20 mg mL-1, but between 5 and 2.5 mg mL-1, a continuous decrease in apparent specific 

compressibility was seen for the UV liposomes while the MLV liposomes had a small decrease. 

The total decrease between the highest and lowest concentration was about 2.1x10-6 cm3 g-1 

bar-1 and 0.58x10-6 cm3 g-1 bar-1 for UV and MLV liposomes, respectively. According to Gekko et 
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al. (2004), the compressibility of the void spaces contributes positive values while the 

compressibility of the water molecules around the surface contributes negative values to the 

partial specific adiabatic compressibility. Therefore, the positive values indicate a highly 

compressible interior which is compatible with the highly hydrophobic interior of the liposomes 

(Gekko et al., 2004; Krivanek et al., 2001). According to Krivanek et al. (2001) the compressibility 

of phospholipid liposomes is caused by the sum of two contributions, the compressibility of the 

water inaccessible interior between the two phospholipids layers of the liposome and the 

compressibility of the water shell that surrounds, in the interior and exterior, the bilayer of the 

liposome and is affected by the interaction with the polar head groups. The compressibility 

changes in the liposomes themselves can be caused by changes in the asymmetry of the acyl 

chains in the interior (Krivanek et al., 2001). Because in this study the composition and 

temperature were maintained constant, and just the concentrations varied as the suspensions 

were diluted, the decrease in the apparent specific adiabatic compressibility is likely caused by 

an increase in hydration of the head groups of the liposomes. According to Rybar et al. (2007), 

increase in the hydration of liposomes should produce a decrease in the compressibility. Finally 

an increase of hydration as the cause of the reduction of apparent specific adiabatic 

compressibility of both types of liposomes is also compatible with the difference in the 

reduction in compressibility between the MLV and UV liposomes due to the greater exposed 

surface to the water in the UV liposomes as explained previously with the apparent specific 

volume.   

 The partial specific adiabatic compressibility coefficient of UV and MLV lipsosmes (Table 

7.3.) was calculated at infinite dilution because at infinite dilution the partial compressibility is 

only influenced by the hydration and the intrinsic compressibility of the solute (Chalikian et al., 

1994). However, as explained previously, the values obtained for the UV (34.6 x10-6 bar-1) and 
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MLV (36.4 x10-6 bar-1) could be overestimated. Hianik et al. (1998) reported the partial specific 

adiabatic compressibility coefficient at 23 °C of liposomes composed of different phospholipids 

between 57 x10-6 bar-1 and 82 x10-6 bar-1; the large difference of 25 x10-6 bar-1 between the 

different bilayers may exemplify, as with the partial specific volume, the complexity in 

comparing the values of this study with the literature values due to the sensitivity of the 

compressibility to difference in the composition of lipid bilayers as well as the temperature of 

the experiment.  Moreover, the phosphatidylcholine used in my study was a mixture of different 

acyl chains lengths. Different acyl lengths affect the phase transition temperature between the 

liquid form phase and the gel solid phase. 
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8. Liposomes-Dairy Peptides Results and Discussion 

  High precision ultrasonic velocity and density measurements were used to analyse 

interactions between dairy bioactive peptides in solution and liposomes, unilamellar vesicles 

(UV) and multilamellar vesicles (MLV), that were used as model membranes. Dairy bioactive 

peptides A, C and D were used to prepare solutions at two different concentrations, 20 mg g-1 

and 15 mg g-1, as explained in section 3.2.10. 

 Refined Lecithin was used to produce phosphatidylcholine (PC) liposomes as described 

in section 3.2.10. The liposomes were prepared at 20 mg g-1 concentration.   

  Density and ultrasonic measurements were performed at 24.985°C, as explained in 

section 3. The temperature was set to maintain the same conditions that had been used in the 

characterization of the volumetric properties of dairy peptides and liposomes individually. 

Density and ultrasonic velocity were performed in liposome-dairy peptide mixes over time, in 

order to understand if the interactions between liposomes and dairy peptides differ over time.   

 Solutions of liposomes, UV and MLV, and dairy peptides, A, C and D, were prepared with 

ultrapure water as explained in section 3.2.10.3., and are going to be referred to as “mixes”. 

 Liposome-dairy peptide mixes were prepared gravimetrically, and the exact 

concentrations were recorded.  Three replicates were used for the analysis, but because the 

preparation was done gravimetrically and the exact weight was recorded, the concentration of 

each replicate was slightly different. The mixes had a final concentration of liposomes of 15 mg 

g-1 in all mixes, and 3.75 mg g-1 or 5 mg g-1 of dairy peptide in order to have a 3-1 and 4-1 ratio 

between liposomes and dairy peptides. The liposomes-peptides ratio that has been used varies 

a lot between different interaction studies, but generally a ratio is used where the liposome is in 
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a higher proportion than the peptide (Ramaswami et al., 1992; Colotto et al., 1993; Creuzenet et 

al., 1997; Hianik et al., 1997; Krivanek et al., 2001; Romanowski et al., 2002; Hunter et al., 2005; 

Rybar et al., 2007; Hianik et al., 2011).  

  Density and ultrasonic velocity were measured as a function of time at 5, 15, 30, 45 and 

60 min from the moment the dairy peptide solution was added to the liposome suspension. 

However because the density and ultrasonic measurements need temperature stabilization 

within the cell of each equipment prior to the measurement acquisition, this process slightly 

delays acquisition at a given time. As a result, the exact moment of the measurements varied 

slightly between samples. Exact times of the measurements were carefully recorded. Mixes 

were kept in agitation during the whole experiment. 

 

8.1. Ultrasonic Velocity Results    

  Ultrasonic velocity (u) of the mixes of UV liposomes at 15 mg g-1 with dairy peptides A, C 

and D at 3.75 mg g-1, and with dairy peptides A, C and D at 5 mg g-1, as a function of time are 

shown in Fig. 8.1. and 8.2.      

 Ultrasonic velocity of mixes of UV liposomes at 15 mg g-1 and dairy peptides A, C and D 

at 3.75 mg g-1 (Fig. 8.1.) didn’t show a noticeable change over time.  The same behavior without 

noticeable change over time was seen in the mixes of UV liposomes and dairy peptides C and D 

at 5 mg g-1 (Fig. 8.2.), but the mixes with dairy peptide A at 5 mg g-1 showed that ultrasonic 

velocity had a tendency to increase over time, although the increase was small. 
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Fig. 8.1. Ultrasonic velocity of mixed solutions of UV liposomes at 15 mg g-1 and dairy peptide, A, 

C and D at 3.75 mg g-1 concentration. UV-A (◆), UV-C () and UV-D ().    
 

 

Fig. 8.2. Ultrasonic velocity of mixed solutions of UV liposomes at 15 mg g-1 and dairy peptide, A, 

C and D at 5 mg g-1 concentration. UV-A (◆), UV-C () and UV-D ().     
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 The ultrasonic velocity of each replicate was independently graphed to analyse 

differences between replicates, because the three replicates prepared for each mix had slightly 

different concentration, and also because the measurements were done at slightly different 

times.    

 The ultrasonic velocity by replicates graphed independently (Fig. 8.3. and 8.4.) showed 

no noticeable change over time for mixes of the UV and dairy peptide A, C and D at both 

concentrations. Although small increases and decreases were seen, the changes were small and 

it was not possible to have certainty if they were caused by slight differences in the mixes or 

inherent variation in the measurements. However, for UV and dairy peptide C at 5 mg g-1 mixes, 

a constant increase over time was seen, although this change was also small and within the 

error limit of the equipment.    

 

 
Fig. 8.3. Time dependency of ultrasonic velocity of the three replicates mixes of UV liposomes at 

15 mg  g-1 and dairy peptide, A, C and D at 3.75 mg g-1 concentration. UV-A (◆), UV-C () and 
UV-D ().          
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Fig. 8.4. Time dependency of ultrasonic velocity of the three replicates mixes of UV liposomes at 

15 mg g-1 and dairy peptide, A, C and D at 5 mg g-1 concentration. UV-A (◆), UV-C () aUV-D 
().          
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noticeable change over time, was seen in the mixes of MLV liposomes and dairy peptides at 5 

mg g-1 (Fig. 8.6.).  
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Fig. 8.5. Ultrasonic velocity of mixed solutions of MLV liposomes at 15 mg g-1 and dairy peptide, 

A, C and D at 3.75 mg g-1 concentration. MLV-A (◆), MLV-C () and MLV-D ().       

 

Fig. 8.6. Ultrasonic velocity of mixed solutions of MLV liposomes at 15 mg g-1 and dairy peptide, 

A, C and D at 5 mg g-1 concentration. MLV-A (◆), MLV-C () and MLV-D ().         
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 As it was done with UV-dairy peptide mixes, because the three replicates prepared for 

each mix had slightly different concentration and slightly different acquisition times, the 

behavior of each replicate was independently graphed to analyse for difference between 

replicates.    

 The ultrasonic velocity by replicates graphed independently (Fig. 8.7. and 8.8.) showed 

no noticeable change over time for the mixes of MLV and dairy peptide at both concentrations. 

Although small increases and decreases were seen, the changes were quite small and it was not 

possible to be certain if they were caused by changes in the mixes or inherent variation in the 

ultrasonic velocity measurements.   

 

 

 

Fig. 8.7. Time dependency of ultrasonic velocity of the three replicates of mixed solutions of 
MLV liposomes at 15 mg g-1 and dairy peptide, A, C and D at 3.75 mg g-1 concentration. MLV-A 

(◆), MLV-C () and MLV-D ().              
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Fig. 8.8. Time dependency of ultrasonic velocity of the three replicates of mixed solutions of 

MLV liposomes at 15 mg g-1 and dairy peptide, A, C and D at 5 mg g-1 concentration. MLV-A (◆), 
MLV-C () and MLV-D ().          
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addition of the ultrasonic velocity corresponding to the concentration of each material in the 

mixes (from sections 6. and 7).  

 Because of slightly different concentrations, and the almost perfect linearity between 

ultrasonic velocity and concentration, the ultrasonic velocity of the liposomes in solution and 

dairy peptides in solution were calculated using the linear regression obtained from ultrasonic 

velocity measurements of serial dilutions of the liposomes and dairy peptides. The sum of values 

from the liposomes and peptides is going to be called the “additive value”. Hianik et al. (2011) 

pointed out that the ultrasonic velocity, specific volume and compressibility are additive 

parameters. 

 Because the ultrasonic velocity of the mixes was measured as a function of time, and no 

real differences were apparent, the lowest and the highest values obtained were compared with 

the theoretical additive value. Error bars, based on the variability of the ultrasonic velocity 

measurements of ultrapure water in both cells of the Resoscan System (TF Instruments Inc., 

Germany) (Fig. 8.9.), were assigned to the additive value. 



163 
 

 

Fig. 8.9. Variation of ultrasonic velocity measurements of ultrapure water in both cells of the 
ResoScan System (TF Instruments Inc., Germany). Cell 1 (), cell 2 ().              
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Fig. 8.10. Additive value compared with the experimental lowest and highest values of ultrasonic 
velocity difference of the three replicates mixes of UV liposomes at 15 mg g-1 and dairy peptide, 

A, C and D at 3.75 mg g-1. UV-A (◆), UV-C () and UV-D ().          

 

 

Fig. 8.11. Additive value compared with the experimental lowest and highest values of ultrasonic 
velocity difference of the three replicates mixes of UV liposomes at 15 mg g-1 and dairy peptide, 

A, C and D at 5 mg g-1. UV-A (◆), UV-C () and UV-D ().          
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 The additive values of ultrasonic velocity of mixes of MLV liposomes and dairy peptide A 

and D at 3.75 mg g-1 and 5 mg g-1 (Fig. 8.12.) were higher than the experimental values (lowest 

and highest), therefore, dairy peptides A and D interact with MLV liposomes. For the mixes of 

MLV liposomes and dairy peptide C, the additive values were higher than the experimental 

values (lowest and highest) in one replicate at 3.75 mg g-1, and in two replicates at 5 mg g-1 (Fig. 

8.13.), suggesting that there might be a certain interaction, but this was not clear from the 

ultrasonic velocity results.    

 

 

 

Fig. 8.12. Additive value compared with the experimental lowest and highest values of ultrasonic 
velocity difference of the three replicates of MLV liposomes at 15 mg g-1 and dairy peptide, A, C 

and D at 3.75 mg g-1. MLV-A (◆), MLV-C () and MLV-D ().              
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Fig. 8.13. Additive value compared with the experimental lowest and highest values of ultrasonic 
velocity difference of the three replicates of MLV liposomes at 15 mg g-1 and dairy peptide, A, C 

and D at 5mg g-1. MLV-A (◆), MLV-C () and MLV-D ().              

 

 

8.2. Density Results 

  Density () of the mixes of UV liposomes at 15 mg g-1 with dairy peptides A, C and D at 

3.75 mg g-1, and with dairy peptides A, C and D 5 mg g-1, as a function of time are shown in Fig. 

8.14. and 8.15., respectively. In the case of the mixes of UV liposomes and dairy peptide A just 

two replicates were analysed.      

 Density of UV liposomes at 15 mg g-1 and dairy peptides A, C and D at 3.75 mg g-1 mixes 

(Fig. 8.14.) was seen to increase over time, especially with dairy peptide D. Nevertheless, 

variability in the density results did not allow a good determination for a value of the specific 

increase. The same tendency of increase over time was seen in the mixes of UV liposomes and 

dairy peptides A, C and D at 5 mg g-1 (Fig. 8.15.), although the increase was a little bit smaller. 
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 Because the three replicates prepared for each mixed solution had slightly different 

concentration, as explained previously, and also because the measurements were done at 

slightly different times, the behavior of each replicate was independently graphed in order to 

analyse the difference according to a given replicate.    

 Density by replicates graphed independently (Fig. 8.16. and 8.17.) showed a small 

tendency to increase over time for the UV and dairy peptide A, C and D at 3.75 mg g-1. Although 

a tendency to increase was evident over the whole time, 65 min, the change included variation 

in density within the 65 min of measurements that did not allow certainty in concluding whether 

the tendency to increase is real or just caused by the inherent variability of the measurements. 

A similar conclusion could be drawn for the mixes of UV with dairy peptides at a concentration 

of 5 mg g-1 (Fig. 8.17.). 

 

Fig. 8.14. Density of mixes of UV liposomes at 15 mg g-1 and dairy peptide, A, C and D at 3.75 mg 

g-1 concentration. UV-A (◆), UV-C () and UV-D ().     
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Fig. 8.15. Density of mixed solutions of UV liposomes at 15 mg g-1 and dairy peptide, A, C and D 

at 5 mg g-1 concentration. UV-A (◆), UV-C () and UV-D ().     

 

 

Fig. 8.16. Time dependency of density of the three replicate mixes of UV liposomes at 15 mg g-1 

and dairy peptide, A, C and D at 3.75 mg g-1 concentration. UV-A (◆), UV-C () and UV-D ().          
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Fig. 8.17. Time dependency of density of the three replicate mixes of UV liposomes at 15 mg g-1 

and dairy peptide, A, C and D at 5 mg g-1 concentration. UV-A (◆), UV-C () and UV-D ().        

  Density () of the mixes of MLV liposomes at 15 mg g-1 with dairy peptides A, C and D at 

3.75 mg g-1 and with dairy peptides A, C and D at 5 mg g-1, as a function of time are shown in Fig. 

8.18. and 8.19.      

 Density of mixed solutions of MLV liposomes at 15 mg g-1 and dairy peptides A, C and D 

at 3.75 mg g-1 (Fig. 8.18.) was seen to have an increasing-decreasing tendency through the 65 

min of the experiment.  Increase tendency was seen after the first measurement and changing 

to opposite tendency for the final two measurements. The behavior was more evident for the 

mix with dairy peptide D. Variability in the density results did not allow a reliable determination 

of the value of the specific increase. The same increasing tendency over time was seen in the 

mixes of MLV liposomes and dairy peptides D at 5 mg g-1 (Fig. 8.19.). However, MLV liposomes 

and dairy peptide A and C at 5 mg g-1 mixes were seen with increasing tendency of density over 

time, a tendency which was more evident for the mix with dairy peptide A.  
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Fig. 8.18. Density of mixes of MLV liposomes at 15 mg g-1 and dairy peptide, A, C and D at 3.75 

mg g-1 concentration. MLV-A (◆), MLV-C () and MLV-D ().     

 

Fig. 8.19. Density of mixes of MLV liposomes at 15 mg g-1 and dairy peptide, A, C and D at 5 mg g-1 

concentration. MLV-A (◆), MLV-C () and MLV-D ().         
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 As has been done with previous experiments, because the three replicates prepared for 

each mixed solution had slightly different concentration and also because the measurements 

were done at slightly different times, the behavior of each replicate was graphed independently.    

 Density of the mixes of MLV and dairy peptide A, C and D at 3.75 mg g-1 by replicates 

graphed independently (Fig. 8.20.) showed the same increase-decrease tendency through time 

for dairy peptides C and D, but a rising tendency for replicates was seen for dairy peptide A. 

    Density of the MLV and dairy peptide A, C and D at 5 mg g-1 mixes by replicates 

graphed independently (Fig. 8.21.) showed again an increase-decrease tendency in one replicate 

of dairy peptide C, but it didn´t showed any constant tendency between replicates for dairy 

peptides A and D. 

 

 

Fig. 8.20. Density of the three replicate mixes of MLV liposomes at 15 mg g-1 and dairy peptide, 

A, C and D at 3.75 mg g-1. MLV-A (◆), MLV-C () and MLV-D ().         
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Fig. 8.21. Density of the three replicate mixes of MLV liposomes at 15 mg g-1 and dairy peptide, 

A, C and D at 5 mg g-1. MLV-A (◆), MLV-C () and MLV-D ().          

 As was done with ultrasonic velocity results, density of the mixes of liposomes and dairy 

peptides were compared with density results obtained from liposome serial dilutions and dairy 

peptide serial dilutions, the results shown in sections 6. and 7. The density difference () is 

calculated by the subtraction of the density of the solvent (0) from the density of the solution 

(S) as         . The density difference is the value corresponding to the change in density 

of the water caused by addition of the solutes and their interactions with the water molecules in 

the solution. This assumes that the volumetric properties of the liposomes and dairy peptide in 

the mixes should be additive if they don’t have any interaction. Density of the liposomes-dairy 

peptide mixes was compared with the mathematical simple addition of the density 

corresponding to the concentration of each component in the mixes. 
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 Density of liposomes in solution and dairy peptides in solution was calculated using the 

linear regression obtained from the density measurements conducted on serial dilutions of the 

liposomes and dairy peptides and is going to be called the “additive value”.  Error bars, based on 

the variability of density measurements of ultrapure water in the DMA 5000 density meter (Fig. 

8.22.), were added to the means of the additive value.  

 

 
Fig. 8.22. Variation of density measurements of ultrapure water in the density meter DMA 5000 
(Anton Paar, Austria).              

 

 Because density of the mixed solutions was measured as a function of time, the lowest 

and the highest values obtained were selected to be compared with the additive value. 

 Density additive values of mixes of UV-dairy peptide A, C and D at 3.75 mg g-1 (Fig. 8.23.) 

were between the lowest and highest values measured, although for dairy peptide A and C the 

additive values of density were closer to the lowest values. Similar behavior was seen for density 

additive values of UV-dairy peptide A, C and D at 5 mg g-1 mixes (Fig. 8.24.).   
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Fig. 8.23. Additive value compared with the experimental lowest and highest values of density 
difference of the three replicate mixes of UV liposomes at 15 mg g-1 and dairy peptide, A, C and 

D at 3.75 mg g-1. MLV-A (◆), MLV-C () and MLV-D ().               

 

 

Fig. 8.24. Additive value compared with the experimental lowest and highest values of density 
difference of the three replicate mixes of UV liposomes at 15 mg g-1 and dairy peptide, A, C and 

D  at 5mg g-1. MLV-A (◆), MLV-C () and MLV-D ().               
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 Density additive values of mixes of MLV-dairy peptide A and D at 3.75 mg g-1 (Fig. 8.25.) 

were between lowest and highest values measured in two of the three replicates, but density 

additive values for dairy peptide C were higher than the lowest and highest values in two 

replicates. 

  Density additive values of mixes at 5 mg g-1 dairy peptide concentration (Fig. 8.26.) 

were between the highest and the lowest densities. 

 

 

 

Fig. 8.25. Additive value compared with the experimental lowest and highest values of density 
difference of the three replicate mixes of MLV liposomes at 15 mg g-1 and dairy peptide, A, C and 

D at 3.75 mg g-1. MLV-A (◆), MLV-C () and MLV-D ().              
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Fig. 8.26. Additive value compared with the experimental lowest and highest values of density 
difference of the three replicate mixes of MLV liposomes at 15 mg g-1 and dairy peptide, A, C and 

D at 5 mg g-1. MLV-A (◆), MLV-C () and MLV-D ().              

 

 

8.3. Discussion 

 The interactions between cell membrane and peptides are very important regarding the 

physiological function of peptides (Mozsolits et al., 1999; Hohlweg et al., 2012). Many bioactive 

peptides interact with the cell membrane as part of their mechanism of exerting their function 

or in getting transported across the cell membrane (Ramaswami et al., 1992; Creuzenet et al., 

1997; Hianik et al., 1997; Krivanek et al., 2001, Romanowski et al., 2002; Hunter et al., 2005; 

Matos et al., 2008; Orioni et al., 2009). Ultrasonic velocity and density measurements and 

determination of compressibility has been reported to be very sensitive to the changes involved 

in protein–liposome and peptide-liposome interactions (Hianik et al., 1997; Hianik et al., 1999; 

Krivanek et al., 2001; Krivanek et al., 2002; Rybar et al., 2007; Hianik et al., 2011).    
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8.3.1. Ultrasonic Velocity and Density over Time 

 

 Ultrasonic velocity of UV liposomes and dairy peptide mixed solutions did not show any 

clear change or tendency through the time of the experiment, but a slight tendency to increase 

in UV-dairy peptide A at 5 mg g-1 mixes was observed. Generally, ultrasonic velocity variation 

over time was small and it was not possible to clearly differentiate time dependent changes 

from inherent variation in the measurements. Kinetics of peptide-liposome interactions have 

been reported to be related to the amino acid sequence of the peptide, which is related to 

peptide hydrophobicity; other important factors that influenced the peptide-liposome 

interactions are the length of the peptide and the nature of the lipid bilayers (Creuzenet et al., 

1997). Mozsolits et al. (1999) reported interaction times for different bioactive peptides 

interacting with a phosphatidylcholine monolayer to be in the range between 5 and 40 min. 

Zorko & Langel (2005) reported times between 5 to 60 min for different peptides to penetrate 

the cell membrane.  

  Ultrasonic velocity of MLV liposomes and dairy peptides mixes showed similar results to 

UV-dairy peptides mixes, without any clear change or tendency over time. Analysis of the 

ultrasonic velocity by replicate also didn´t show any clear change or tendency over time. 

  Density of the UV liposome-dairy peptide mixes showed a slight tendency to increase 

over time for UV-dairy peptide mixes at 3.75 and 5 mg g-1, and this tendency was more evident 

for UV-dairy peptides at 3.75 mg g-1. Density changes over time for MLV liposome-dairy peptide 

mixes at 3.75 mg g-1 showed an increase after the first measurement and the opposite behavior 

in the last two measurements. The same behavior was seen for the density of MLV liposome-

dairy peptide D mixes at 5 mg g-1, while the density of MLV liposome-dairy peptide A mixes and 

liposome-dairy peptide C mixes at 5 mg g-1 showed an increasing tendency. Density of 
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liposomes-dairy peptide mixes had several results that suggest density could change over time, 

and additionally that changes in density over time showed a different tendency depending on 

the unilamellar (UV) or multilamellar (MLV) nature of the liposomes. However, it was not 

possible to determine with certainty how much of the change was due to inherent variability of 

the measurements.   

     

8.3.2. Comparison of Ultrasonic Velocity and Density Additive Values with Experimental Values 

of the Liposomes-Dairy Peptide Mixes  

 The comparison between lowest and highest experimental ultrasonic velocity values of 

UV-dairy peptide mixes with the ultrasonic velocity additive value, showed that for dairy peptide 

A and C the additive values were higher than all ultrasonic measurements of the mixes, 

suggesting certain interactions between the liposomes and dairy peptides A and C. Krivanek et 

al. (2002) studied the protein-liposome interactions and reported that the interaction caused a 

decrease in the ultrasonic velocity, caused by a decreased hydration shell of the peptides and 

liposomes due to their interaction causing water molecules to reorder. Hianik et al. (1997) found 

that bioactive peptides that interact with liposomes caused a decrease in ultrasonic velocity at 

24°C, but also found that the change in the ultrasonic velocity is influenced by the structural 

order of the liposomes, which is disrupted by the peptides and affected by the temperature. The 

mixes of UV liposomes and dairy peptide D showed the additive values of ultrasonic velocity 

were within the range of the experimental ultrasonic velocity measured for the mixes, implying 

that there is no evidence of interaction between UV liposomes and dairy peptide D. Depending 

on the peptide amino acid sequence and the charge of the peptides, the interactions between 

peptides and liposomes can be caused by hydrophobic effects or electrostatic forces (Creuzenet 

et al., 1997; Seelig, 2004; Khandelia et al., 2008; Yu et al., 2009). Conformational changes in the 
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peptides, which can change the hydration of the peptides, as a result of the interaction with 

lipid bilayer have been reported (Seelig, 2004; Sabaté et al., 2005; Hianik et al., 2011). 

 Comparison of MLV-dairy peptide mixes showed that additive ultrasonic velocity values 

were generally higher than ultrasonic velocity measured for the mixes of the three dairy 

peptides, which suggests that interactions between MLV liposomes and dairy peptides A, C and 

D cause a decrease in the extent of the water shell around the liposome and dairy peptide as a 

consequence of the interaction between them. A similar decrease in ultrasonic velocity was 

reported by Krivanek et al. (2002), who also suggested an aggregation effect between the 

liposomes could be involved as a consequence of the interaction between liposomes and 

peptides. Disturbance in the lipid bilayer as a consequence of the interaction with peptides has 

been reported (Colotto et al., 1993; Hianik et al., 1997, Krivanek et al., 2001; Rybar et al., 2007; 

Matos et al., 2008; Orioni et al., 2009) and might be also related with changes in the physical 

properties of the liposomes.    

 Contrary to what was seen with ultrasonic velocity, density additive values of UV-dairy 

peptides and MLV-dairy peptides mixes were generally within the range of density values 

measured for the mixes, giving no evidence, based on density changes, of interaction between 

liposomes and peptides.  

 Based on the comparison between the additive values of ultrasonic velocity and the 

experimental values of the mixed solutions it is possible to suggest that certain interactions take 

place between UV and MLV liposomes and dairy peptides in aqueous solution, except for UV 

and dairy peptide D. Additionally, differences in amino acid sequence and structural differences 

between dairy peptides A, C and D, that have been commented on in section 6.5., will affect 

their interactions with liposomes. However assessments of density differences of liposome-dairy 

peptide mixes did not show differences between the peptides.   
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9. Conclusions and Recommendations 

 9.1. Conclusions 

 The volumetric properties of three dairy bioactive peptides and two hemp seed 

bioactive peptides and two types of liposomes were determined and discussed.  Based on the 

ultrasonic velocity and density measurements, the apparent specific volume and apparent 

specific adiabatic compressibility were determined, as well as the partial specific volume and 

partial specific adiabatic compressibility from extrapolation to zero concentration. 

 The preliminary analysis conducted with KCl serial dilutions showed the good precision 

achievable in the ultrasonic velocity measurements with the ResoScan System (TF Instruments 

Inc., Germany) and employing a gravimetrical method to prepare the solutions, which has the 

advantage of providing high accuracy for the concentration of the solutions. The coefficient of 

variation of the ultrasonic velocity measurements between subsamples was very low, varying 

between  0.0005% and  0.005%. The coefficient of variation of replicates, which assesses 

mainly the precision in the preparation of the samples, was  0.0035%. The apparent specific 

volume and apparent specific adiabatic compressibility of KCl was seen to have a continuous 

decrease from the highest to the lowest concentration used. This decrease was attributed to an 

increase of the electrostriction effect as the KCl ions were diluted. The electrostriction effect 

might have increased due to a decrease in ion-ion interactions that promoted greater 

dissociation of the K+ and Cl- ions and hence increased the number of water molecules located in 

the water shell around the ions which are exposed to the ions’ charge. The partial specific 

volume calculated for KCl was 0.359 cm3 g-1, which is within the range reported in the literature, 

0.354 -0.360 cm3 g-1 (Zen, 1957, Monnin, 1989).  
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 The ultrasonic velocity and density were both seen to have linear relationships against 

concentration in the hemp seed peptide serial dilutions. The apparent specific volume and 

apparent specific adiabatic compressibility of the 1 kDa peptides was seen to be independent of 

the concentration in the higher concentration range, but starting at concentrations between 5 

and 3.75 mg mL-1 the apparent specific volume was seen to continuously decrease as the 

concentration diminished. The decrease was attributed to the high amount of salts and sugars 

associated with the peptides (up to 35%) that might increase the electrostriction effect as the 

solution was diluted. A similar effect perhaps at play, as was commented on for the KCl serial 

dilutions, was that greater electrostriction occurred with the disassociation of salt from the 

peptide molecules as the solution was diluted. A contrary effect, an increase in the apparent 

specific volume and apparent specific adiabatic compressibility was seen for the 3 kDa hemp 

seed peptides as the solution was diluted. A mechanism for this effect was not completely 

clarified, but was associated with a similar concentration dependence that has been reported by 

Benhardt & Pauly (1975) and Bull & Bresse (1979) and which was attributed to changes in the 

hydration of the peptides and changes in the pH as the solution was diluted. 

 The three dairy bioactive peptides were seen to have strong linear relationships 

between ultrasonic velocity and concentration and between density and concentration. The 

apparent specific volume and the apparent specific adiabatic compressibility of the dairy 

peptides were seen to be independent of concentration in the high concentration range, but 

starting at 5 mg mL-1, a continuous decrease was seen in both parameters as the concentration 

diminished. This effect was attributed to three factors: 1) the dissociation of the salts “bonded“ 

to the peptide structures, 2) disassociation of the salt molecules that have disassociated from 

the peptide-salt complexes, and 3) an increase in the number of water molecules interacting 

with the peptide. These three factors might cause an increase in the degree of electrostriction 
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as the solution was diluted. The difference in specific volume and compressibility between the 

three dairy peptides was attributed to differences in amino acid sequence; these differences 

were compatible with the variation in solubility observed for the three dairy peptides. 

Therefore, I am concluding that between the three dairy peptides, dairy peptide C should have 

the higher amount of polar amino acids and the dairy peptide D the higher amount of non-polar 

amino acids. The partial specific volume was determined, with values of 0.635 cm3 g-1, 0.515 cm3 

g-1 and 0.636 cm3 g-1 for dairy peptides A, C and D, respectively; these values were similar to the 

partial specific volume values of small peptides reported by different authors, 0.497 cm3 g-1 and 

0.630 cm3 g-1 (Hedwig, 1994), 0.567 cm3 g-1 and 0.689 cm3 g-1 (Chalikian et al., 1998), 0.507 cm3 

g-1 and 0.547 cm3 g-1 (Schwitzer & Hedwig, 2004), or in between the values of small peptides and 

globular proteins, 0.70 cm3 g-1 to 0.75 cm3 g-1 (Bernhardt & Pauly, 1975; Bull & Bresse, 1979; 

Durchschlag, 1982; Gekko & Hasegawa, 1986; Chalikian et al., 1996; Sitorkin et al., 2012).        

The partial specific adiabatic compressibility values obtained in this study for the dairy peptides 

A (-21.9 x10-6 bar-1), C (-59.0 x10-6 bar-1) and D (-20.7 x10-6 bar-1) were below the values of small 

peptides, -1.7 x10-6 bar-1 and -6.69 x10-6 bar-1 (Chalikian et al., 1998) and the values of globular 

proteins, 1 x10-6 bar-1 to 11 x10-6 bar-1 (Gekko & Hasegawa, 1986; Kharakoz & Sarvazyan, 1993; 

Chalikian et al., 1996). However, the vales reported by Chalikian et al. (1998) for tri-peptides 

were assessed with synthesized peptides containing no salts or other impurities and at higher 

concentrations than was reported for the dairy peptides here. 

 The UV and MLV liposomes were both seen to have linear relationships between 

ultrasonic velocity and concentration and between density and concentration. The apparent 

specific volume and the apparent specific compressibility was seen to be independent of 

concentration at the higher concentration range, but between 5 and 2.5 mg mL-1, a continuous 
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decrease in apparent specific volume was seen; this decrease was attributed to an increase in 

hydration of the liposomes as the solutions were diluted.   

 On the basis of the assessments of the volumetric properties of the KCl, various 

bioactive peptides and the liposomes, some conclusions on the structuring of water can be 

drawn. The partial specific volume and partial specific adiabatic compressibility coefficient 

obtained for the different materials are shown in Table 9.1. The differences in the partial specific 

adiabatic compressibility coefficient between the KCl, bioactive peptides and liposomes were 

compatible with the differences observed for the partial specific volume. KCl and the five 

bioactive peptides were seen to have a negative compressibility at infinite dilution, which 

indicates an incompressible interior and a reduction in the compressibility of the water 

molecules located in the hydration shell around the solutes compared with the water molecules 

of bulk water. The reduction of the size of the water molecules in the hydration shell was likely 

caused by contraction of the volume of these water molecules caused by the electrostriction 

effect produced by the charges on the solute surface that is in contact with the water. The most 

negative compressibility at infinite dilution was seen for the KCl, suggesting that the solvated K+ 

and Cl-  ions in aqueous solution have an incompressible interior, and had a more negative value 

compared with the bioactive peptides because it had the higher amount of water molecules 

affected by the electrostriction caused by the solute-solvent interactions. The negative 

compressibility at infinite dilution of the five bioactive peptides was similar to the 

compressibility values reported for small peptides and amino acids in the literature (Hedwig, 

1994; Chalikian et al., 1994; Chalikian et al., 1998; Pfeiffer et al., 2008). The content of salts of 

the bioactive peptides was seen to be directly related with the amount of electrostriction at 

infinite dilution and therefore with the magnitude of the negative compressibility of each 

bioactive peptide. However, dairy peptide D showed a rapid increase in compressibility as the 
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concentration increased, having a positive compressibility at 1.25 mg mL-1 and higher 

concentrations implying a hydrophobic association as concentration increased. Finally, the 

compressibility of both liposomes (UV and MLV) at infinite dilution was seen to be positive, 

which indicates that both have a compressible interior, and is also compatible with a larger 

partial specific volume of both liposomes compared with the KCl and the bioactive peptides. The 

partial compressibility coefficient of both liposomes was within the range reported for 

liposomes by Hianik et al. (1998).  

Table 9.1. Partial specific volume and partial specific adiabatic compressibility of all materials 
analysed. 

    
   (x10-6 bar-1)     (cm3 g-1) 

KCl -164.0    0.359 

1 kDa hemp seed peptide -86.2 0.516 

Dairy peptide C -59.0 0.515 

3 kDa hemp seed peptide -22.0 0.712 

Dairy peptide A -21.9 0.635 

Dairy peptide D -20.7 0.636 

Unilamellar vesicles (UV) 34.6 0.846 

Multilamellar vesicles (MLV) 36.4 0.860 

 

 The ultrasonic velocity of the liposome-dairy peptides mixes over time did not show any 

clear change or tendency to change that was differentiated from the inherent variation of the 

measurements. The density of the liposome-dairy peptide mixes showed slight changes over 

time that could be caused by time-dependent changes in the volumetric properties due to 

interaction between liposomes and dairy peptides.   
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 The comparison of the ultrasonic velocity experimental values with the calculated 

additive values, based on additive behavior of the volumetric properties (Hianik et al., 2011), 

showed that the experimental values of the liposomes-dairy peptides were lower than the 

additive values, except for the UV liposomes-dairy peptide D mixes. The lowered experimental 

ultrasonic velocity compared to the calculated additive value suggests that the decrease in the 

ultrasonic velocity is a consequence of the interaction between liposomes and the dairy 

peptides. A similar decrease of the ultrasonic velocity caused by interaction of liposomes with 

proteins and peptides has been reported by Hianik et al. (1997) and Krivanek et al. (2002). This 

result supports the value of the use of ultrasonic velocity measurements in order to assess 

interactions between liposomes and peptides. The comparison of the density experimental 

values of the liposomes-dairy peptides mixes with the density additive values did not show any 

differences associated with liposome-peptide interactions. 

 The use of ultrasonic velocity and density measurements was shown to be a useful 

method in order to analyse the interaction between bioactive peptides and liposomes used as 

model membranes. According to changes in ultrasonic velocity of the mixed suspension that are 

reported in this thesis it was possible to conclude that the liposomes and bioactive peptides 

interact. These changes are caused by changes in the amount of water molecules located in the 

hydration shell around the liposomes and bioactive peptides. The results suggest a potential use 

of ultrasonic and density measurements to determine the permeability of bioactive peptides 

through liposomes. 

 Ultrasonic velocity and density measurements can be then a useful tool for 

understanding the peptide-liposome interaction and liposomes permeability to bioactive 

peptides, with the advantage that is possible to use commercial products that contains some 
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impurities (e.g., salts, sugars) in order to understand how these impurities affect the interaction. 

Additionally, knowing the amino acid sequence of the peptides, ultrasonic velocity and density 

measurements could be also used to understand how the amino acid composition affects the 

interaction and permeability of bioactive peptides. 

  

9.2. Recommendations 

 Analysis of the volumetric properties of the hemp seed peptides and dairy peptides 

showed the important influence of components like salts and sugars. Therefore, in future 

studies it would be useful to determine the exact nature of these components to have more 

information on the components of the system analysed.  Also, knowledge about the sequence of 

the peptides might allow us to understand better the changes in the volumetric properties. 

 The use of the extrusion method to prepare unilamellar vesicles had good results, 

achieving a reduction in the size of the vesicles and allowing us to obtain a homogeneous size 

distribution. However the use of refined lecithin, which is a mixture of phosphatidylcholine with 

different acyl chains lengths, did not allow us to know the exact phase transition temperature.  

The use of more specialized phospholipids with a known phase transition temperature can help 

to improve the results of the extrusion method which is recommended to be conducted above 

the gel-liquid crystal transition temperature of the phospholipid (Hope et al., 1984).   

 Additionally the use of liposomes that also include cholesterol within the phospholipids 

bilayer, which is another component in cell membranes, can help us to understand the physical 

properties of liposomes with two components, as well as the effect of cholesterol on the 

interaction between bioactive peptides and liposomes.  
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