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The paper presents experimental data recorded by Fourier Transform Infrared Spectroscopy regarding the influence of the 

antimicrobial peptide gramicidin (GS) concentration on the thermotropic phase transition of dipalmitoylphosphatidylglycerol 

(DPPG) lipid bilayer membrane in DPPG/GS systems, as reflected in the change of the bandwidth of the symmetric 

stretching band of CH2. The samples were investigated cyclically in a temperature range between 26.5° and 61.1°C 

which includes the gel to liquid crystal thermotropic phase transition. A computer model based on the influence of the 

GS concentration on the damping parameter of a linear oscillator modeling the CH2 symmetric stretching band is 

considered. The results of the computation are in good agreement with the observed behavior. 

INTRODUCTION 

A considerable number of studies are devoted to the effects of various agents on the lipid phase state, 

particularly concerning the lipid-protein interactions.1–4 The results of these works emphasize that in the 

case of antimicrobial peptides that possess membranotropic properties, the action of these molecules is 

determined more by their geometrical shape, dipole moment, localization of charges moieties and the 

membrane microviscosity rather than by the chemical structures. 

The nature of phospholipid-peptide interactions influences the mechanism of membrane penetration by 

some peptides, like antibiotics. When these interactions have an electrostatic nature,5 as in the case of 

dipalmitoylphosphatidylglycerol (DPPG) and gramicidin S (GS), membrane destabilization can occur by 

pores formation or by a detergent-like mechanism,1,6 favoring the leakage of the cellular contents.7 

In the amphionic phospholipid DPPG, the two hydrophobic fatty acid chains are separated from a 

charged head group by a glycerol backbone. The DPPG model-membranes are structured as bilayers, with 

the interior fatty acid chains oriented in parallel to each other and the phospholipid heads facing out in 

contact with water. The stability of the DPPG model membranes is assured by minimization of the 

hydrophobic interactions and by maximization of the hydrophilic ones. 

Temperature variation induces changes in the order degree of the model-membrane.8 At low 

temperature, the DPPG model-membranes are structured in lamellar symmetric bilayers, forming a gel phase 

with a high degree of order, while at high temperatures, they transform into a less ordered, liquid crystalline 

phase. The transition of the model-membrane from the gel phase to the liquid crystalline phase is a sudden 
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process, characterized by a main phase transition temperature, Tm. The value of Tm depends on the nature of 

the constituents and on their concentration in the model-membrane. For decreasing temperature, the system's 

behavior is different and DPPG exhibits hysteresis phenomena. 

Gramicidin S is a very active antimicrobial and hemolytic peptide with a plated β-sheet structure, 

cyclo{(Val-Orn-Leu-D-Phe-Pro)2} stabilized by four intra-molecular hydrogen bonds in the non-aqueous 

solvents.9 The positive Orn residues of GS interact with the negative part of the phospholipid backbone, 

inducing a curvature stress modification in the hydrophobic part of the model-membrane which changes the 

order degree parameter influencing on the membrane destabilization. It was suggested that the ability of the 

GS to induce localized regions of high curvature stress in the lipid bilayers may be relevant to the 

mechanism by which this peptide disrupts the cell membrane.8 Using the same method of FTIR, Lewis 

et al.10 find that GS is completely or partially excluded from the gel states of lipid bilayers but strongly 

partitioned into lipid micelles, monolayers or bilayers in the liquid-crystalline state. Also they find that in 

the liquid crystal phase the polarity of the environment of the GS indicate that this peptide is located 

primarily at the polar/apolar interfacial region of the bilayer, near the glycerol backbone region of the lipid 

molecule. 

The model-membrane study in the neighborhood of Tm through different methods such as measurement 

of the membrane potential, differential scanning calorimetry,6,8 atomic force microscopy,11 FTIR offer 

substantial information on the membrane organization, as well as on the membrane destabilization 

mechanism by addition of GS.12 

In this work we have studied, using FTIR, the influence of GS on DPPG/GS model membrane for a 

large interval of temperature covering the thermotropic phase transition between gel and liquid crystal. 

Our interpretation of the experimental results is based on the hypothesis that the influence of GS 

concentration on the behavior of the damped harmonic oscillator modeling the CH2 symmetric stretching 

mode is different in the gel and in the liquid crystal phases of the DPPG/GS system. We consider this 

influence as globally reflected on the damping constant. The temperature dependence of the damping is very 

strong in the transition interval and is only slightly changed by the addition of gramicidin. 

EXPERIMENTAL 

DPPG membranes and gramicidin S purchased from Sigma Chemical Co St. Louis were stored at temperatures below 0°C and 

used without purification. 

Multilamellar DPPG liposomes were obtained13,14 by vortexing DPPG thin films in excess Na2HPO4 buffer for 20 minutes at 

66°C. The liposomes were incubated in a shaking water bath for 1 hour at a temperature around 45°C. 

DPPG/GS systems were obtained from a stock solution of GS in ethanol. Multilamellar GS containing vesicles were obtained 

using the same procedure followed for the DPPG vesicle preparation, proposed by Akinoglu et al.14 

Fourier Transform Infrared (FTIR) spectra were registered using a Bomem 157 FTIR spectrometer. The interferograms were 

averaged for 100 scans. The samples were investigated in a large temperature range with increasing temperature from 26.5° to 61.1°C 

and with its decreasing from 61.1° to 26.5°C. 

A Unicam Specac Digital Temperature Controller unit with a thermocouple located around the edge of the cell window was 

used for temperature monitoring. Each spectrum was recorded after 5 minutes of temperature stabilization to make sure that the 

sample temperature is that displayed by the digital controller. 

Aqueous absorption caused by the added buffer in the samples was subtracted from the digitally observed spectra of the 

investigated samples before performing any analysis. 

The bandwidth of the CH2 symmetric stretching band was measured using the subtracted FTIR spectra. This is an important 

indicator of the dynamics of the acyl chains in the model-membrane. 

RESULTS 

Fig. 1 shows the change of the bandwidths of CH2 symmetric stretching band versus temperature. For 

increasing temperature the plot of the experimental bandwidth presents a jump in the neighborhood of 41°C 
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characteristic of a phase transition. For decreasing temperature a similar jump is observed at values below 

37°C generating hysteresis cycles. The two hysteresis cycles in Fig. 1 represent this behavior for 0% 

GS  

 

 

Fig. 1 – Hysteresis cycles in bandwidth versus tempera-

ture curves for zero GS concentration (solid marks) and  

                10% GS concentration (open marks). 

 
Fig. 2 – Numerical derivative of the experimental curves on Fig. 1. 

The curves (a) on the right having the same FWHM and the same posi-

tion of the maximum correspond to the increasing temperature, while 

the curves (b) on the left correspond to the decreasing temperature. 

The curve with larger FWHM and lower temperature maximum (dot 

line) is for 10% GS and the heavy line curve is for 0% GS concentration. 

concentration (solid marks) and for 10% GS concentration, the highest considered in the present work (open 

marks). The curves for intermediate values are omitted for clarity sake. 

The temperature at which the phase transition takes place is given by the maximum of the derivative of 

the bandwidth versus temperature curve. These curves have been computed by numerical differentiation of 

the experimental data on Fig. 1 and are shown on Fig. 2. 

They correspond to 0% (continuous line) and 10% (broken line) GS concentration. The curves (a) on 

the right side of Fig. 2, corresponding to the increasing temperature, have the maximum at approximately the 

same temperature (Tm = 40.9°C) and the same full width at half maximum (FWHM). The curves (b) on the 

left side of Fig. 2 corresponding to the decreasing temperature have different maximums and different 

FWHM. The ratio of the FWHM for these last curves is 1.35. An asymmetry in the transition curves is 

observed. It is larger for the decreasing temperature than for the increasing temperature. This asymmetry is 

visible on the dotted line curve. 

Within the range of experimental errors, for all the values of the GS concentration between 0% and 

10%, the bandwidth jumps for the increasing temperature are taking place at the same temperature Tm and  
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Fig. 3 – Magnitude of the bandwidth increasing/ transla-

tion (square marks) and of γ0 (circle marks) versus GS  

                                 concentration. 

 Fig. 4 – The area of the hysteresis loop: (a) experimental 

data (square marks) and (b) computational fitting (solid  

                   line curve) versus GS concentration. 

they have the same value as demonstrated by the curves marked with squares in Fig. 1. For all GS 

concentrations in this study, the jumps in the plot of the bandwidth for the decreasing temperature are taking 

place at different values, the higher the concentration, the lower the temperature of the transition. Also, we 

observe a decreasing in the magnitude of the jump as measured by the length of the linear portion of the 

transition, with the increasing concentration. 

Another clear change induced by the presence of GS is the translation of the bandwidth versus temperature 

curves towards higher values of the bandwidth with the increasing GS concentration. The GS presence 

induces a linear increasing in the bandwidth with the concentration as shown by the upper curve (a) in Fig. 

3. 

Globally, these effects are clearly visible in the dependence of the area of the hysteresis loop on the GS 

concentration shown by the square marks in Fig. 4. The experimental points are well fitted by the theoretical 

curve written on the top of Fig. 4 (see next section). 

These results are in agreement with the measurements on the thermotropic phase behavior of similar 

systems using differential scanning calorimetry.6,8,15 

COMPUTATIONAL  MODEL 

For the low temperature considered in studies of this kind (T < 60°C) the harmonic approximation for 

the vibration of molecular oscillators is justified. Consequently, we consider the equation: 

 ẍ + γẋ + ω0x = cos ωt (1) 

to correctly model the CH2 symmetric stretching mode having a resonant response. 

The damping constant γ is responsible for the bandwidth of the oscillator and according to the classical 

theory the FWHM ∆ω is just γ. The structure of lipid bilayers, liposoms and the nature of the phase 

transition is covered in a wide literature.5,15–17 The gel to liquid crystal transition involves a partial melting 

of the acyl chains while the spherical liposoms remain intact. In the liquid crystal states, the acyl chains 

become mobile within the hydrophobic region of the liposoms while the anchoring of the polar head groups 

prevents complete freedom of movement. 

According to the above considerations, we propose a model based on the hypothesis that the influence 

of the GS concentration on the behavior of a damped oscillator modeling the CH2 symmetric stretching 

mode is different in the gel and in the liquid crystal phases of the DPPG/GS system. 
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These changes will influence the value of the damping constant and the fitting of the experimental data 

suggest a dependence of the form: 

 ( )
( )0( , ) ( ) 1

1 exp
m

m

bc T c a T T
g T T

 γ = γ + − +
 + − −   

 (2) 

where a = 0.004, b = 0.43 and where the parameter g is different in the gel and liquid crystal phases. The γ0 

(c) represents the value of the damping coefficient for temperatures well below the transition values. 

The hysteresis loop area calculated using this model is shown as a continuous line on Fig. 4. The 

agreement with the experimental data (the square marks) is good. 

The fitting of the data using equation (2) is clear from Fig. 5 that shows the experimental data for 4% 

concentration of GS by triangle marks and the best fitting curve as solid line. This was obtained by a least 

square fitting method. The computation was performed in the direction of the increasing temperature 

starting from M using the parameter values corresponding to the gel phase. Then the computation was 

carried on in the direction of the decreasing temperature with the values of the parameters corresponding to 

the liquid crystal phase and using the values in N as initial condition. 

The theoretical dependence of γ0 on GS concentration is linear and is shown by the lower line (b) in 

Fig. 3. This result represents a validation of the harmonic oscillator model (showing that indeed ).∆ω ≅ γ  

 

 

 

Fig. 5 – Fitting of the experimental data (triangles) by the 

computational model given by equation (2). 

 
Fig. 6 – Dependence of the transition temperature Tm on the GS 

concentration in the gel phase (solid triangles) and in the liquid 

crystal phase (open triangles). The fitting parameter g as function 

of the GS concentration in the gel phase (solid squares) and in the 

                           liquid crystal phase (open squares). 

The fitting parameter g is independent of the GS concentration as shown by the line marked with solid 

squares on Fig. 6 for the gel phase, while in the liquid crystal phase it is linearly dependent on the 

concentration, as shown by the open square marked line on the same figure. Fig. 6 also shows the behavior of 

the transition temperature Tm obtained by this fitting procedure. In the gel phase Tm is practically independent 

of GS concentration while in the liquid crystal phase it linearly decreases as the GS concentation increases. 

One of the main results of this model is a better estimation of the transition temperature Tm that makes 

the numeric derivative method (see Fig. 2) useless. 
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CONCLUSIONS 

The experiments and the results obtained by the processing using the method presented in this paper 

show that FTIR measurements of the bandwidth of the CH2 symmetric stretching band can give precise and 

reliable results. 

It is observed that the influence of gramicidin S on the dipalmitoylphosphatidylglycerol phase 

transitions in DPPG/GS systems, for concentration up to 10%, is more visible on the decreasing branch of 

the bandwidth versus temperature hysteresis loop. It mainly consists in three effects: a gradual decreasing in 

the magnitude of the bandwidth jump with increasing concentration, a translation of the whole hysteresis 

loop towards higher values of the bandwidth and an asymmetry of the decreasing temperature branch of the 

hysteresis loop. 

The increasing of the GS concentration results in the induction of a change in the memory of the 

DPPG/GS system consisting in the persistence of the liquid crystal phase at lower temperature than in the 

case of the absence of GS. 

The computational model proposed is based on the modification in the damping parameter of a linear 

harmonic oscillator induced by increasing GS concentration and by temperature. The results are in good 

agreement with our experimental data. 

The mathematical form of the nonlinear term in equation (2) is reminiscent of the Fermi-Dirac 

distribution.18 This suggests the possibility of a definition of an “activation energy” associated to a chemical 

potential. 
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