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TITLE 
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Membranes 

 

ABSTRACT 

The structural and dynamic organization and basic physicochemical features of 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayers were characterized upon the 

presence of two OxPLs, 1-palmitoyl-2-(9’-oxo-nonanoyl)-sn-glycero-3-phosphocholine 

(PoxnoPC) and 1-palmitoyl-2-glutaryyl-sn-glycero-3-phosphocholine (PGPC). The hydration 

behaviour of these systems was also studied by using the isotope effect of heavy water. The 

characterization of these systems was therefore performed by a combined biophysical 

approach of Differential Scanning Calorimetry (DSC) and Solid State 
31

P, 
2
H Nuclear 

Magnetic Resonance (NMR) to unravel in atomic detail the complex interactions between 

different types of lipids and the impact of water on these lipid bilayers. 
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1. INTRODUCTION 

1.1. Background 

1.1.1. Membrane, lipids and oxidation 

Cell membranes play significant roles in biology not only because of their structural roles as 

the boundaries and compartments of cells and of the eukaryotic organelles but also due to 

their essential involvement in transport, catalysis and receptor activities (1). Consequently, 

cell membranes are of great interest to researchers. 

 

Fig. 1. Membrane structure (courtesy by Gerhard Gröbner). 

The main building blocks of biological membranes (Fig. 1) are lipid molecules  which arrange 

into membranes in a type of bilayer structure. There, the lipid polar head groups are in contact 

with the aqueous interior and exterior while the lipids’ nonpolar tails are in contact with each 

other in the hydrophobic interior of the bilayer. The three-dimensional structure of these 

bilayers is often  in the form of liposomes (lipid vesicles) which are frequently used as model 

system for biological membranes (1) (2). Lipids are known to be the most diverse 

biomolecules which can now be estimated to exist in thousands different types in cells (3). To 

study the structure-function relationship of lipids, researchers use often biological model 

membranes, where the constituting components are well-defined. 

Glycerophospholipid is one of the most common membrane lipids and plays a key role in both 

the structure and function of eukaryotic cellular membranes (2). A member of this class are 

Phosphatidylcholine (PC) lipids which predominate in the mammalian cell (4). These lipids 

are zwitterionic with the ionized phosphate group and a positively charged amino group at 

neutral pH. In this study, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Fig. 1) was 

used as the main component of the liposomes investigated. 

Oxidized lipids (OxPLs) are the oxidation products of (poly)unsaturated diacyl- and 

alk(en)ylacyl glycerophospholipids under conditions of oxidative stress. Their differences in 

the structure, polarity and shape from their parent molecules can change the biophysical 

properties and function of membranes. Simultaneously changes in the lipid-protein 

interactions migth result in the alternation of protein functions. As mentioned above, in 

mammalian cells PC is the main phospholipid; as a consequence, the most detected oxidized 

phospholipids contain the choline moiety (4). 1-palmitoyl-2-(9’-oxo-nonanoyl)-sn-glycero-3-

phosphocholine (PoxnoPC) and 1-palmitoyl-2-glutaryyl-sn-glycero-3-phosphocholine 

(PGPC) (Fig. 2) are the oxidized phospholipids used in this report to characterize the basic 
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physiochemical features of lipid membrane containing oxidized lipids on a molecular level. 

Both PoxnoPC and PGPC are zwitterionic; while PoxnoPC bears an aldehyde moiety, PGPC 

contains a carboxylic moiety at the end of their truncated sn-2 acyl chain. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Chemical structures of used phospholipids: DMPC, PoxnoPC and PGPC. 

1.1.2. Membrane hydration  

Membrane lipids can exist in a variety of different types of organized structures. The 

morphology of a lipid membrane depends not only on the lipid structure but also on the 

hydration degree (lyotropic phase behavior) (Fig. 3), temperature (thermotropic phase 

behavior), ionic strength, pressure (barotropic phase behavior) and pH (2). The lyotropic 

phase behavior under physiologically relevant conditions is of interest to understand the 

basics biophysics behind membrane function. In order to provide a molecular view into the 

impact of water location and dynamics on the phase behavior, heavy water has been used ad 

its behaviour monitored by 
2
H NMR spectroscopy (5). The properties of D2O differ slightly 

from H2O (6). Consequently, it is interesting to investigate how the substitution of H2O by 

D2O as a solvent affects the behaviour of lipid bilayers. 

 

 

 

 

 

 

 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 

 

1-palmitoyl-2-(9’-oxo-nonanoyl)-sn-glycero-3-phosphocholine (PoxnoPC) 

 

1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC) 
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Fig. 3. Temperature-composition phase diagram of hydrated dimyristoyl lecithin. Lα, Pβ’ and 

Lβ’ correspond to liquid crystalline phase, ripple phase and gel phase, respectively (Adapted 

from reference (7)). 

1.2. Techniques 

1.2.1. Differential scanning calorimetry (DSC)  

DSC is an experimental technique used to measure the thermal transition behaviour of a 

sample to obtain thermodynamic information in a direct and non-invasive way. The obtained 

phase behavior as a function of temperature can provide information on phospholipid 

conformation, bilayer fluidity, drug-liposome interactions and rate of drug release. 

The DSC output is a thermogram of the heat capacity (Cp, sample minus reference) as a 

function of temperature with respect to the reference solvent which corresponds to the heat 

energy uptaken by the sample to maintain equal temperature between the sample and the 

reference cells (Fig. 4). 

The temperature at which the excess specific heat reaches a maximum is the phase transition 

temperature Tm. The integrated peak area is the enthalpy ΔH of the process involved, which is 

the energy associated with the atomic and molecular motions and inter- and intra-molecular 

interaction. The cooperativity (sharpness) of the phase transition is often expressed as the 

temperature width at half-height T1/2 (8). 
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A  B  

C  

Fig. 4. DSC principle: DSC apparatus (A), principle of DSC measurement (B) and DSC 

thermogram of a phospholipid bilayer with phase transitions between different phases (C).  

1.2.2. Solid State Nuclear Magnetic Resonance (NMR) 

31
P and 

2
H NMR are widely used to study the orientation, structure and dynamics of lipid 

bilayers. The information obtained origins from the highly anisotropic nature of the bilayer 

and the non-vanishing averaged orientation of the bound waters, resulting in the orientational 

dependence of anisotropic NMR parameters like chemical shifts and quadrupolar interactions 

(9). 

 

Fig. 5. NMR machine: Chemagnetics/Varian Infinity 400 MHz solid-state NMR spectrometer 

at Umeå University. 
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31
P NMR is a powerful method, to exploit the non-perturbing and sensitive phosphorus 

nucleus in the phospholipid headgroup, to examine the structure and dynamics of membranes 

and its individual phospholipid components. It can measure directly the properties of 

membrane interfaces because it senses the behavior and environment of phosphate in the 

phospholipid headgroup. The shape of 
31

P NMR spectra of multilamellar vesicles is 

dominated by chemical shift anisotropy, resulting in the powder pattern. Spectra from 

powdered samples are sums over individual crystallite orientations with shape reflecting the 

probability of particular orientation. The typical spectrum of a lamellar phase has a low 

frequency peak corresponding to bilayers where the normal is perpendicular to the external 

field and a high frequency shoulder where the normal is aligned parallel to the field (Fig. 6) 

(9). 

 

Fig. 6. 
31

P NMR powder pattern for a spherical distribution of bilayer orientations as observed 

for nonoriented multilamellar liposomes (9). σiso is the isotropic chemical shift while σ|| and 

σ  are the chemical shifts of lipid bilayers which orient with their bilayer normal parallel and 

perpendicular to the magnetic field, respectively. 

Due to spin I=1 of 
2
H nucleus, the line shape of 

2
H NMR is dominated by the quadrupolar 

interaction. The 
2
H NMR resonance consists of a doublet whose splitting depends on the fast 

local anisotropic reorientation and diffusion of water molecules. The spectrum is a 

superposition of spectra of different fractions of water molecules. The 
2
H NMR line shape 

analysis can give information about both the phase present and the hydration process (5). 

1.3. Aim of the project 

The aim of this project was the characterization of the structural and dynamic organization 

and basic physicochemical features of DMPC lipid bilayers upon the presence of different 

OxPLs. The hydration behaviour of these systems was studied by using the isotope effect of 

heavy water. The characterization of these systems was therefore performed by a combined 

biophysical approach of Differential Scanning Calorimetry (DSC) and Solid State 
31

P, 
2
H 

Nuclear Magnetic Resonance (NMR) to unravel in atomic detail the complex interactions 

between different types of lipids and the impact of water on these lipid bilayers. 
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2. EXPERIMENTAL PROCEDURES 

2.1. MATERIALS 

DMPC, PoxnoPC and PGPC were purchased from Avanti Polar Lipids, Inc (Alabaster, USA). 

Methanol was purchased from VWR and chloroform was from Fisher Chemical, Fisher 

Scientific. Deuterium oxide (99.9% incl.) was obtained from Cambridge Isotope Laboratories, 

Inc. All chemicals were of analytical grade and used without further purification. 

2.2. SAMPLE PREPARATION 

The mixture of DMPC and OxPL at different molar ratios was dissolved in chloroform in a 

round bottom flask to assure a homogeneous mixture of lipids and the solvent was then 

removed by rotary evaporation to yield a thin lipid film on the sides of a round bottom flask. 

The lipid film was hydrated in pure water (Millipore) by sonication. The resulting lipid 

solution was frozen in a liquid nitrogen bath and subsequently lyophilized overnight. The 

collected dry, white powder was stored frozen prior further use (10).  

Lipid vesicle samples were prepared by dispersing appropriate amounts of the dried lipid 

powder in buffer A (pH 7.4, 100mM Tris, 10mM KCl, 140mM NaCl, 0.5mM EDTA) 

followed by several freeze-thaw-vortexing cycles to homogenize the samples. This liposome 

preparation protocol produces multilamellar lipid vesicles (MLVs) as reported by Torchilin et 

al. (11). MLVs are used in this report because these systems with relatively large radius are 

more closely mimic the lipid bilayers found in most biological membranes (2). The buffer A 

at different solvent concentrations of D2O was prepared by mixing the buffer A made with 

100% H2O with aliquots of buffer A prepared with 100% D2O. The samples for DSC 

measurements were prepared at the lipid concentration of 3mM in buffer A with varying D2O/ 

H2O rations, and underwent degassing for 10 min at 25
0
C while the samples for NMR 

measurement were prepared at a lipid concentration of 70 w%. 

2.3. DIFFERENTIAL SCANNING CALORIMETRY 

DSC measurements were carried out on a VP-DSC calorimeter (MicroCal, INC., Northamton, 

MA, USA) with the degassed samples under the pressure of 22 psi. To ensure the thermal 

equilibrium was reached, three thermograms were recorded: the first heating from 5
0
C to 
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45
0
C at a scanning rate of 60

0
C/h, the second  a cooling down from 45

0
C to 5

0
C at a scanning 

rate of 60
0
C/h and the third heating from 5

0
C to 45

0
C at a scanning rate of 2

0
C/h. Only the 

results from the last up-scan were used. The transition temperatures and enthalpies of phase 

transitions were obtained from endothermic peaks in the DSC thermograms by the use of a 

software Origin from MicroCal by integration of the area under the normalized, baseline 

corrected thermograms. If the DSC thermograms appeared to be a summation of overlapping 

components, the peaks were deconvoluted by using the “Non 2-state: Cursor Init fitting” 

model. Equations 1 and 2 with the Levenberg-Marquardt non-linear least-square method were 

used in this model to deconvolute DSC data.  

(Eq 1) (Eq 2) 

Cp, K, ΔH*, ΔH and Tm are heat capacity, equilibrium constant, van’t Hoff heat change, 

enthalpy changes and the thermal midpoint of a transition, respectively.  

2.4. SOLID STATE NUCLEAR MAGNETIC RESONANCE EXPERIMENTS  

All NMR experiments were performed on a Chemagnetics/Varian Infinity 400 MHz solid-

state NMR spectrometer with a 4 mm Varian/Chemagnetics double resonance MAS probe. 

The isotropic chemical shift of DMPC vesicles at 308 K were used as an external reference (-

0.9 ppm). Sample temperature was controlled and maintained using a temperature controller 

unit (Varian/Chemagnetics). 

The static 
31

P NMR measurements was performed using a Hahn echo pulse sequence with a 

single π/2 pulse with 5.5 µs pulse length, an inter-pulse delay of 50 µs and CW proton 

decoupling during acquisition. The spectrometer was operated at resonance frequencies of 

400.495 and 162.122 MHz for 
1
H and 

31
P nuclei, respectively. 

All 
2
H NMR spectra of heavy water in the liposome samples were acquired at 61.47 MHz 

using a quadrupole echo pulse sequence (90
0
-τ-90

0
-τ-acquire) with a 

2
H 90

0 
pulse length of 6 

μs. The pulse delay was 2 s and the spectral width was 20 kHz.  
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3. RESULTS 

In this study, DSC and 
31

P and 
2
H Solid state NMR were used to study the effects of two 

types of OxPL, PoxnoPC and PGPC, on the structure and phase behavior of DMPC bilayers 

and also to monitor the effect of heavy water on the behaviour of these bilayers. 

3.1. Thermotrophic phase behavior of pure DMPC vesicles 

DSC is used to study the phase behavior of DMPC bilayers by scanning from 5
0
C to 45

0
C. As 

can be seen in Fig. 7A, DSC thermograms of aqueous dispersions of the DMPC at different 

concentrations of D2O always exhibit two thermo-tropic events. The broad, endothermic event 

corresponds to the pre-transition from the gel Lβ’ phase to the ripple Pβ’ (Fig. 7B) and the 

sharp, highly cooperative and more endothermic event at higher temperature is the main 

transition from the ripple Pβ’ phase to the liquid-crystalline Lα phase (Fig. 7C) (12). 

 

  

Fig. 7. DSC thermograms of aqueous dispersions of the DMPC at different D2O solvent 

concentration in buffer A (pH 7.4, 100mM Tris, 10mM KCl, 140mM NaCl, 0.5mM EDTA) 

(Fig. 7A) and the expanded regions (Fig. 7B and Fig. 7C) as drawn in the dash box in Fig. 7A. 
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 3.2. The effect of the presence OxPL on the phase behaviour of DMPC bilayers 

In order to understand the effect of OxPL on DMPC bilayers, lipid vesicles made of DMPC 

with varying concentrations of different OxPLs were examined by DSC under the same 

conditions as for DMPC bilayer. Fig. 8 shows the effects of PoxnoPC and PGPC at different 

concentrations on both the pre-transition and main transition of DMPC. The effect on each 

transition is similar at different concentration of D2O solvent (Fig. 9) and will be shown 

separately. 

 

Fig. 8. DSC thermograms of aqueous dispersions of OxPL-containing DMPC vesicles at 

different OxPL concentrations at 0% D2O solvent concentration in buffer A. Y-axis scaling 

factors are indicated on the left hand side of each thermogram. 
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Fig. 9. DSC thermograms of aqueous dispersions of OxPL-containing DMPC vesicles at 

different OxPL concentration at different D2O/H2O ratios in buffer A. Y-axis scaling factors 

are indicated on the right hand side of each thermogram. 
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3.2.1. The effect of OxPL on the pretransition of DMPC bilayers 

As can be seen in Fig. 8 and Fig. 9, incorporation of PoxnoPC into DMPC bilayers at the 

concentration of 2% PoxnoPC can eliminate the phospholipid pretransition. Although in some 

cases at the concentration of 2% PoxnoPC, a very broad and small pretransition can be 

observed.  

In PGPC containing samples, the pretransition still persists at the PGPC concentration of 5% 

(Fig. 8 and Fig. 9). It can be concluded that PoxnoPC is more efficient than PGPC in 

abolishing the pretransition. Increasing the PGPC concentration can gradually shift the 

pretransition to lower temperatures and reduces its enthalpy (Fig. 10 and Fig. 11). 

 

Fig. 10. The effect of PGPC concentrations on the pretransition temperature of DMPC at 

different D2O solvent concentrations. 

 

Fig. 11. The effect of OxPL concentrations on the pretransition and main transition enthalpy 

of DMPC at different D2O solvent concentration in buffer A. The solid, dash and dot line 

represent the enthalpy of the main transition of PoxnoPC- and PGPC- and pretransition of 

PGPC- containing samples, respectively. , , ,   and  represent the heavy water 

solvent concentrations of 0%, 25%, 50%, 75% and 100%, respectively. 
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3.2.2. The effect of OxPL on the main transition of DMPC bilayers 

In the case of the main phase transition, increasing the OxPL concentration can broaden the 

main transition (Fig. 8 and Fig. 9). PGPC is more effective than PoxnoPC in broadening the 

main transition. Moreover, PGPC can markedly decrease the enthalpy of the main transition 

while PoxnoPC causes a slight increase in the enthalpy of the main transition (Fig. 11). Thus, 

in contrast to the behavior to the pretransition, PoxnoPC is less effective in abolishing the 

main transition. 

The DSC data shown in Fig. 8 and Fig. 9 indicate that OxPL-containing DMPC bilayers 

exhibit asymmetric and multi-component DSC thermograms which can be deconvoluted to 

reveal different thermal events. As can be seen in Fig. 12, the main endothermic transition 

peak for DMPC liposomes containing between 2-10 % PoxnoPC can be deconvoluted into 

three peaks, while the observed main transition of PGPC can be stimulated to be the 

summation of three, four and two components at the PGPC concentration of 2%, 5% and 

10%, respectively.  

  

  

 
 

Fig. 12. Peak-fitting deconvolution of the main transition in PoxnoPC- and PGPC-containing 

DMPC bilayers at different OxPL concentrations in buffer A. All thermograms are obtained 

on samples where no D2O was present. The red lines are fitted curves and deconvoluted 

peaks. 
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At the OxPL concentration of 2%, the behavior of the main transitions in both PoxnoPC- and 

PGPC-containing DMPC are quite similar, consisting of the first and the third broad peaks 

and a second sharp peak (Fig. 12).  

Upon increasing the PoxnoPC concentration, the second sharp component is progressively 

reduced in transition temperature, enthalpy and cooperativity (increase in half-height peak 

width T1/2) while both the first and third broad peaks increase in both enthalpy and T1/2 with 

a more pronounced increase in the third peak. The first peak was shifted to lower temperature 

while the transition temperature of the third peak is higher (Fig. 13). 

Although the DSC thermogram of Poxno-containing DMPC is quite similar to that of PGPC-

containing DMPC at the OxPL concentration of 2%, the behavior of the latter upon addition 

of PGPC is quite different and more complex. When the concentration of PGPC increases 

from 2% to 5%, there is a presence of a new broad peak, and the contribution of the broad 

peaks to the main transition increases while the one of the sharp peak decreases. When the 

concentration of PGPC increases up to 10%, the main transition only contains two broad 

components (Fig. 12).  

Thus, it can be concluded that with increasing OxPL concentrations, the sharp component 

gradually disappears as the broad components grow. 

  

 

Fig. 13. Thermodynamic parameters for the deconvoluted components obtained from the 

main transition of PoxnoPC-containing DMPC samples in buffer A. The solid, dash and dot 

line represent the first, second and third peak of the main transition, respectively; ■, ●, ▲, ▼ 

and ♦ represent represent the D2O concentration of 0%, 25%, 50%, 75% and 100%, 

respectively.  
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3.3. The effect of heavy water on DMPC and OxPL-containing DMPC bilayers studied 

by DSC. 

In order to inspect the effect of water on DMPC bilayer, the DMPC and OxPL-containing 

samples with different deuterium solvent concentrations were examined by DSC. As can be 

seen in Fig. 7 and Fig. 14, increasing the deuterium solvent concentration results in a shift of 

the transition peaks to higher temperature without any changes in the pattern of the relevant 

thermograms. Upon an increase in heavy water content, almost all thermotropic events 

progressively increase in the transition temperature with a marked increase in pretransition 

temperature (Fig. 15) while there is also a tendency to decrease the enthalpy of the transition 

(Fig. 16). 

  

  

  

Fig. 14. DSC thermograms of aqueous dispersions of DMPC containing different OxPL 

concentration at different D2O solvent concentration in buffer A. Y-axis scaling factors are 

indicated on the right hand side of each thermogram. 
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Fig. 15. Transition temperature obtained from the thermal events of DMPC, PoxnoPC- and 

PGPC-containing DMPC samples as a function of D2O solvent concentration in buffer A. In 

the pretransition graph, the solid and the dash line represent the transition of DMPC and 

PGPC-containing DMPC, respectively; whereas in the main transition graph, the solid, dash, 

dot and dash dot line represent the transition of DMPC, the first, second and third peak of 

PoxnoPC-containing DMPC, respectively. , ,  and  represent the OxPL concentration 

of 0%, 2%, 5% and 10%, respectively. 

  

Fig. 16. Enthalpy of thermal events in DMPC, PoxnoPC- and PGPC-containing DMPC 

samples upon the change of D2O solvent concentration in buffer A. The solid, dash and dot 

line represent the pure DMPC, PoxnoPC- and PGPC-containing DMPC samples, respectively. 

, ,  and  represent the OxPL concentration of 0%, 2%, 5% and 10%, respectively. 
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As shown in Fig. 17, upon addition of PGPC, the increase in the pretransiton temperature will 

decrease while the decrease in pretransition’s enthalpy increases. There is no concluded 

comparison between the changes of transition temperature of different thermal events of 

PoxnoPC- and PGPC-containing sample because there is no clear trend visible in the change 

of temperature (data not shown). In contrast with the pretransition, the addition of OxPL will 

decrease the effect of the D2O substitution in decreasing the enthalpy of the main transition. A 

stronger decrease in enthalpy of the main transition of PoxnoPC- than PGPC-containing 

samples is observed. 

 
 

 

Fig. 17. Differences in transition temperature and enthalpy of thermal events in DMPC, 

PoxnoPC- and PGPC-containing DMPC samples upon the change of D2O solvent 

concentration in buffer A. The differences were obtained by subtraction the values in H2O 

from those in D2O. The solid, dash and dot line represent the pure DMPC, PoxnoPC- and 

PGPC-containing DMPC samples, respectively. , ,  and  represent the OxPL 

concentration of 0%, 2%, 5% and 10%, respectively. 
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3.4. NMR studies of the effect of OxPL on DMPC bilayers 

3.4.1. 
31

P NMR line shape analysis of lipid headgroups in OxPL-containing DMPC 

bilayers 

31
P solid state NMR was used to characterize different phases existing in the OxPL-containing 

DMPC bilayers at different temperatures. As can be seen in Fig. 18, 
31

P NMR spectra of 

multilamellar OxPL-DMPC vesicles display typical powder patterns which change upon 

increase in temperature. Fig. 18 shows the temperature dependence of the chemical shift at 

90
0 

 edges of 10% OxPL-containing DMPC vesicles with a tendency of decreasing the 

chemical shift at 90
0
 to a more negative value as the temperature increases.  

In PoxnoPC-containing bilayer, from 10
0
C to 21

0
C, there is only one lamellar phase labeled A 

be observed (Fig. 18). From 10
0
C to 20

0
C, its chemical shift values at 90

0
 decreases to a more 

negative value corresponding to an increase in the spectral width (Fig. 19) while at 21
0
C, the 

chemical shift increases and then decreases again at 22
0
C. At 22

0
C, there is a presence of a 

new lamellar phase labeled B coexisting with the phase A. From 23
0
C, the phase A disappears 

while the chemical shift at 90
0
 of the phase B decreases upon increasing temperature.  

In PGPC-containing DMPC sample, from 10
0
C to 22

0
C, there is only one lamellar phase 

named A, while at 23
0
C, there are two more lamellar phases named B and C as seen in Fig. 

18.  At 24
0
C, the phase A is abolished while at 26

0
C, the phase C disappears. All three phases 

showed a decrease in chemical shift at 90
0
 to a more negative value as the temperature 

increases (Fig. 19). The chemical shift values at 90
0
 of PGPC-containing samples are always 

higher than the one of PoxnoPC-containing samples. 
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Fig. 18. 
31

P NMR spectra of multilamellar DMPC:PoxnoPC (9:1) (top) and DMPC:PGPC 

(9:1) (bottom) vesicles in buffer A with 100% D2O at the proton frequency of 400MHz at 

different temperatures. The sample was prepared at a lipid concentration of 70 w%, 

corresponding to water-to-lipid molar ratio of 14.46. Different lamellar phases were named A, 

B and C. 
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Fig. 19. The temperature dependence of chemical shifts (high-field edge) in 
31

P NMR spectra 

of multilamellar DMPC:PoxnoPC (9:1) and DMPC:PGPC (9:1) vesicles in buffer A with 

100% D2O at the proton frequency of 400MHz at different temperatures. The water-to-lipid 

molar ratio is 14.46. 

3.4.2. 
2
H NMR line shape analysis of heavy water in OxPL-containing DMPC bilayers 

2
H solid state NMR was used to characterize the water molecules in the bilayers based on the 

line shape analysis.  

As shown in Fig. 20, the 
2
H2O spectra of the DMPC:PazePC (9:1 molar ratio) sample shows 

asymmetrical line shape. The spectra from 10
0
C to 24

0
C contain a doublet of splitting 

measured between the two maximum values of the doublet. Especially, from 25
0
C to 45

0
C, 

there is the presence of new peaks in the spectra. At 24
0
C, there are two more peaks at -0.111 

and -0.130 kHZ while at 35
0
C and 45

0
C, there is one new peak at -0.11 and -0.108, 

respectively. There is an increase in the water quadrupole splitting as a result of temperature 

increase from 15
0
C to 35

0
C with a marked increase at 23

0
C and 24

0
C (Fig. 21). After that, the 

splitting decreases when the temperature increases from 35
0
C to 45

0
C.  

From 10
0
C to 25

0
C, the PGPC-containing sample does not show the splitting while at 26

0
C, 

there is a marked change in the spectra pattern with a splitting coexisting with the isotropic 

peak. The quadrupole splitting also increases as the temperature increases. The observed 

splitting in PGPC-containing sample is always lower than the one in PoxnoPC-containing 

sample. 
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Fig. 20. 
2
H NMR spectra of multilamellar DMPC:PoxnoPC (9:1) (left) and DMPC:PGPC 

(9:1) (right) vesicles in buffer A with 100% D2O solvent concentration at the proton 

frequency of 400MHz at different temperatures. The water-to-lipid molar ratio is 14.46. 

 

 

Fig. 21. The temperature dependence of deuterium water quadrupole splitting in 
2
H NMR 

spectra of multilamellar DMPC:PoxnoPC (9:1) and DMPC:PGPC (9:1) vesicles in buffer A 

with 100% D2O solvent concentration at the proton frequency of 400MHz at different 

temperatures. The water-to-lipid molar ratio is 14.46. Only the maximum splitting is shown. 
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4. DISCUSSION 

4.1. The effect of the presence of OxPL on the structure of DMPC bilayers 

4.1.1. The impact of OxPL on the phase transitions  

OxPL is known to change the properties and functions of the membrane and also the protein 

functions with potential consequences such as developing several chronic diseases, triggering 

immune response, inflammation and apoptosis (4).  

The results in this report show the significant effects of OxPL on the physical behavior of 

DMPC bilayer especially at high concentration of OxPL. As can be seen in Fig.8, OxPL can 

broaden and reduce the enthalpy of both the main and pretransition of pure DMPC lipid 

bilayer. From molecular simulations, Khandelia et al. reported that oxidized lipid chain can 

undergo chain reversal (Fig. 22A), which has a disordering effect on the bilayer (13). The 

reason for chain reversal is the energy penalty of embedding a charged group on the 

hydrophobic core of the membrane. The sn-2 acyl chain of PGPC can reorient to point the 

carboxyl group out into the aqueous phase, while the carbonyl group of PoxnoPC, due to 

being less hydrophilic, can only reorient nearly perpendicular to the bilayer normal, 

intercalating into the headgroup region and disturbing the bilayer packing (13) (14). The 

reversal of the sn-2 acyl chains towards the interface decreases its effective length, thereby 

increasing the free volume available for the sn-1 chains, with their long axis remaining 

perpendicular to the membrane plane (14) (15). Consequently, the OxPL-containing DMPC 

bilayer is less ordered compared to pure DMPC. This effect is also seen in the 
31

P NMR 

which will be discussed later and is compatible with a progressive disappearance of the liquid 

expanded-liquid condensed transition with an increase in the liquid expanded region when the 

content of the oxidized phospholipids in mixed monolayers is increased (15). 
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Fig. 22. Illustration of the reorientation of the sn-2 acyl chain of OxPLs (A) and the effect of 

OxPLs on the area per lipid of bilayer with and without sodium ions (adapted from reference 

(13)) 

However, the behaviors of DMPC under the effect of PoxnoPC and PGPC are quite different 

as can be seen in Fig. 8. Our DSC studies indicate that the incorporation of PoxnoPC is more 

efficient than PGPC in abolishing the pretransition (Fig. 8). However, PoxnoPC is less 

effective at reducing the enthalpy of the main phase transition (Fig. 11). It was reported that 

the pretransition involves the changes in headgroup orientation and hydration while the main 

transition reflects the chain melting process (2) (5). This can show that PoxnoPC has a more 

profound effect on the headgroup region while the extent of inducing chain disorder is larger 

for PGPC.  

Previous studies investigated and compared the effect of PoxnoPC and PazePC (13) (15) or of 

PGPC and POVPC (14), which differ only in groups terminating their sn-2 acyl chains. 

However, in this report, PoxnoPC and PGPC were studied, which are different not only in 

their terminating functional groups but also in their sn-2 acyl chain lengths. It can be 

ambiguous to evaluate and compare the contribution of the aldehyde and carboxylic functions 

to their properties. Although the hydrophobic mismatch can affect the bilayer as reported with 

shorter acyl chain will form more fluid and expanded monolayers (15), the effect of these 

OxPLs was explained based on the sn-2 acyl chain reversal. It is expected that the differences 

in the length of the sn-2 acyl chain of two OxPLs which have the same functional group will 

not cause a big difference in their effect on the bilayer. This hypothesis can result in similar 

effect between PoxnoPC and POVPC or between PazePC and PGPC. The behaviors of 

PoxnoPC and POVPC, or PazePC and PGPC from previous studies are quite similar (13) (14) 
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(15) (16) which can support this hypothesis. This hypothesis will be used to rationalize the 

difference in the effects of PoxnoPC and PGPC on DMPC bilayer in this report because most 

of the explanations are based on the results of comparative studies of the effect of PoxnoPC 

and PazePC or of POVPC and PGPC. 

The reason why PoxnoPC is more efficient than PGPC in abolishing the pretransition can be 

explained due to the difference in the reorientation of these OxPLs. When the sn-2 acyl chain 

of PGPC loops back into aqueous phase, it can create a void space below the glycerol level, 

which can cause compression of membrane and decrease the area per lipid compared to 

PoxnoPC (14) (16). In PoxnoPC, the sn-2 acyl chain reorients nearly parallel to the membrane 

surface, intercalating into the headgroup region, resulting in a disruption of the polar 

headgroup-headgroup interaction, a higher area per lipid and elimination the driving force for 

the formation of a ripple phase (Fig. 22A) (14) (17). 

However, the effect of sodium cations is also an important factor which can affect the 

membrane and should be addressed because the samples used here, were prepared in the 

presence of sodium chloride. Himanshu et al. reported that PazePC with sodium ions can 

decrease the area per lipid; however, in the absence of sodium ions, PazePC can increase the 

area per lipid (13) (Fig. 22). This change can be rationalized by the effect of sodium cations 

which bind strongly to the interfacial glycerol region of the bilayer, compressing the 

membrane (13) (18) (19). It is very interesting that in the presence or absence of sodium ions, 

PoxnoPC also showed an increase in the area per lipid but the area per lipid in PoxnoPC-

containing sample is always lower than in PazePC-containing sample in the absence of 

sodium ion (Fig. 22B) (13). It indicates a difference in the extent of sodium ion effect on 

PoxnoPC and PazePC. Juha-Pekka reported that the interaction of PoxnoPC with 

antimicrobial membrane peptide is insensitive to the ionic strength or sodium ions (20). It is 

expected that the preserved interaction upon addition of salt is due to the unchanged structural 

bilayer. Gurtovenko et al. reported that a more densely packed lipid – water interface of 

bilayer will be less influenced by sodium ions due to the hindering the binding of ions (19). 

The lower area per lipid of PoxnoPC than that of PazePC in the absence of sodium ion results 

in the significantly less effect of sodium ions on PoxnoPC than on PazePC.  

Furthermore, the lower area per lipid of PoxnoPC than PazePC in the absence of sodium ion 

shows that the acyl chain reorientation cannot explain the difference between area per lipid of 

PoxnoPC and PazePC. The tilt angle of the sn-2 acyl chain of PazePC with and without 

sodium ions were reported to be unaffected by the sodium ions (13). Consequently, it proved 

that the larger increase in hydration of the bilayer and the more effect in abolishing the 

pretransition of PoxnoPC-containing sample than of PGPC-containing sample are mostly due 

to the more ordering and condensing effect of sodium ions on PGPC than PoxnoPC. And the 

reason for the lower area per lipid of PoxnoPC than PazePC in the absence of sodium ions is 

still a question. 

Sabatini et al. observed a film expansion of monolayers in mixtures of DPPC and OxPL in the 

presence of NaCl with increasing content of OxPL (15). The film expansion was especially 

more pronounced for PazePC than PoxnoPC, which is in conflict with my result. The Karen’s 

explanation is also due to the looping back of the carboxylic functional group into the lipid-

water interfacial, which can lead to the repulsion of the lipid headgroup phosphate and the 

deprotonated carboxyl group and to the larger hydration size of the carboxyl group compared 

to the aldehyde group (15). The conflict between the findings here and Karen’s result can be 

resolved by taking into account the difference in structure of the monolayer and the liposomes 

used here. Liposomes have a multibilayer structure, which is more difficult to expand just by 



24 
 

the electrostatic repulsion force. Moreover, the expansion explained by the size of the 

functional group is not correct because of their different reorientation discussed above. The 

reorientation nearly perpendicular to the bilayer normal of PoxnoPC should be more effective 

in expansion than the bigger hydrated carboxyl group of PazePC which is pointed toward the 

aqueous phase. 

The abolishment of the pretransition is reported as a replacement of Lβ’ and Pβ’ phase by a 

slightly disordered Lβ-like gel phase with non-tilted hydrocarbon chains (21). The 

pretransition is very sensitive to the impurities or incorporated materials in the bilayer (11); 

consequently, the loss of the pretransition does not indicate serious disturbances in structure 

(17). The main transition is more important because it preferentially reflects the integrity of 

the membrane. The reason to explain why PGPC is more effective than PoxnoPC in 

abolishing the main phase transition (Fig. 11) is the larger extent of inducing chain disorder of 

PGPC than PoxnoPC. The reorientation and the effect of sodium ion are not the explanation 

because both of them will cause a more compressed structure in PGPC. My result is also not 

in agreement with previous studies. Beranova et al. reported a more packed structure in 

PGPC-containing membrane than the one with POVPC in the presence of sodium ions (14). 

Khandelia et al. reported a more reduce in the extent of disorder with PazePC with sodium 

ions than with PoxnoPC without sodium ions (13). Due to the small effect of sodium ion on 

PoxnoPC, we can expect in the presence of sodium ions PazePC is still more ordered than 

PoxnoPC.  

 

4.1.2. The impact of OxPL on the lateral phase separation  

The multipeak deconvolution (Fig. 12) in the OxPL-containing DMPC bilayers is an 

indication of lateral phase separation into different micro domains within the bilayer. This 

behavior has been observed previously in OxPL-containing DPPC monolayers (15) (22). 

Biological membranes are known to be heterogeneous in their lateral organization due to the 

formation of micro-domains caused by hydrophobic mismatch and non-ideal mixing of the 

constituent phospholipids. If the membrane contains lipids with large variations in 

hydrophobic chains, the enrichment of short- and long-chain lipid into micro-domains is 

required to avoid the exposure of hydrocarbons to water and minimize the length of domain 

boundaries (11) (22).  

With increasing OxPL concentrations, the sharp component of the main transition gradually 

disappears as the broad components grow (Fig. 12). Consequently, these sharp and broad 

components can be assigned to the differential melting of OxPL-poor and OxPL-rich lipid 

domains, respectively, which melt independently. This pattern of OxPL-dependent 

concentration is similar to the effect observed in cholesterol (Chol)- and ergosterol (Erg)-

containing dipalmitoylphosphatidycholine (DPPC) bilayer membranes (23). However, it is 

very interesting that the transition temperature of OxPL-rich domains can be higher and lower 

than OxPL-poor domain because the same trend in change upon addition of these OxPL is 

expected. Mannock et al. reported that a reversible solid-phase mixing/demixing of Erg with 

DPPC due to low miscibility can cause a broad, weakly endothermic event at lower 

temperature (23). It should be noted that the analysis is based on the deconvolution and the 

determination of the number, position and area of the deconvoluted peaks is subjective and 

intuitively. Moreover, there is inevitable variation in the thermogram that can affect both the 

apparent shape and area under the transition as mentioned above. A further study is necessary 

to determine the origin of these thermotropic events. 
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As can be seen in Fig. 12, at the OxPL concentration of 5%, there are one sharp peak and two 

broad peaks in PoxnoPC-containing sample while in PGPC-containing sample, there are one 

sharp peak and up to three broad peaks. This means that there are more broad thermotropic 

events, which can correspond to the OxPL-rich domains, in PGPC- than PoxnoPC-containing 

sample. At the OxPL concentration of 10%, although in PGPC-containing sample there are 

two broad peaks, these peaks are very broad that is difficult to deconvolute how many peaks 

are in these two broad peaks. The main transition of the PGPC-containing DMPC sample is 

also broader than the one of PoxnoPC-containing sample (Fig. 8). The broader peak is the 

evidence of a wider diversity in size in the PGPC-containing sample. Moreover, PGPC is 

more effective than PoxnoPC in abolishing the sharp transition (OxPL-poor domain) in Fig. 9, 

which can be the result of a more equally distribution of PGPC. These differences probably 

arise from the differences in the miscibility and packing of these OxPLs in DMPC bilayer, 

which are originated from their structural differences. However, these results conflict with 

previous studies. Sabatini et al. reported a more attraction between PazePC molecules than 

PoxnoPC ones due to the carboxylic-containing of PazePC pointed out into the aqueous 

phase, resulting hydrogen bonding between acyl chains and between the latter and waters. 

Consequently, PazePC can create a diminished number and larger size of domains while 

PoxnoPC is more equally distributed in the monolayer leading to smaller and more numerous 

domains (15). This result can be supported by the dynamics of the bilayer with the more 

hindered lateral diffusion in POVPC-containing sample than PGPC sample (14) due to the 90
0
 

orientation of the former’s sn-2 acyl chain, which can interact with neighboring lipid. The 

more ability to diffuse laterally of PGPC will facilitate the formation larger size and less 

numerous OxPL-rich domain.  

 

4.2. The effect of heavy water on DMPC and OxPL-containing DMPC bilayers  

The shift of the DSC thermogram traces towards higher temperatures (Fig. 7 and Fig. 14) 

upon increasing the concentration of D2O can reveal the different solvent effect of D2O and 

H2O on the phase behavior and thermodynamics properties of the bilayer membrane. The 

atomic vibration in D2O is more restricted than in H2O, resulting in a reduction of van der 

Waals repulsion and an increase in the binding energy via hydrogen bonds. There are a lot of 

hydrogen bonds between lipid headgroups and water molecules and between one water 

molecule and two lipid oxygen atoms (24). The substitution effect is originated from the 

stronger deuterium bond in D2O than the hydrogen bond in H2O, which can cause a shrinkage 

of the molecular area of phospholipid at membrane interface, resulting in the increase in the 

transition temperature (24) (25). This influence is known to be effective at the bilayer- or non-

bilayer-water interface rather than at the hydrocarbon chain domain and inversely 

proportional to the molecular area of phospholipid (25).  

The main transition is known to be the chain melting process with the similar headgroup 

hydration in the Pβ’ and Lβ’ phases (5). This can show that although the D2O substitution can 

affect the headgroup directly, it also has an indirect effect on the hydrocarbon chain domain. 

When the bilayer is hydrated by D2O, the decreased surface area will cause its core towards a 

more compact, denser acyl chain packing and a higher degree of acyl chain order (24). This 

indirect effect is similar to the increase in the main transition temperature upon decreasing the 

water content (2). Conversely, the change in the chain also affects the headgroup. The longer 

chain can shift both the main and pretransition to higher temperature (12). 

Due to the order of an increasing molecular area of a phospholipid in the bilayer:  Lβ’ < Pβ’ < 

Lα, the D2O substitution effect will enhance the stabilization in reverse order Lα < Pβ’ < Lβ’ 
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(25). This means that the increase in main transition temperature (Pβ’  Lα) is due to the more 

stabilization of Pβ’ than Lα, while the more stabilization of Lβ’ than Pβ’ results in the increased 

pretransition temperature (Fig. 7 and Fig. 14) . It also explains the change in the pretransition 

(Lβ’  Pβ’) is more pronounced than in the main transition (Pβ’  Lα) (Fig. 15).  

It is expected that there are differences between PoxnoPC- and PGPC-containing samples 

and/or between OxPL-poor and OxPL-rich domains due to the differences in molecular area. 

Due to the increase in hydration upon addition of OxPL (14) and the lower are per lipid of 

PGPC- compared to PoxnoPC-containing sample in the presence of sodium ions, the 

substitution effective order can be expected: No OxPL > PGPC > PoxnoPC. This can result in 

the observed lower effect in increasing the pretransition temperature upon addition of PGPC 

(Fig. 17) compared to pure DMPC. If the effect of the OxPLs on the area per lipid is assumed 

to be proportional to the concentration of OxPLs, this will result in the smaller area of OxPL-

poor domain and then larger D2O substitution effect on this domain than OxPL-rich domain. 

However, there is no clear trend in the change of transition temperature of different thermal 

events of PoxnoPC- and PGPC-containing sample (Fig. 15).  

Due to higher stability of the hydrogen bond network and stronger lipid-water interaction in 

D2O (24), the substitution is expected to increase the enthalpy of the transition. Matsuki et al. 

reported that the elevated transition temperature and the extra heat are required to expand the 

suppressed area (25). However, in this report, enthalpies of most of the thermal events are 

reduced (Fig. 17). This can be explained in terms of structured water as Dzwolak et al. 

reported (26). D2O cause a shrinkage in the molecular area of phospholipid at membrane 

interface. Moreover, the number of hydrogen-bonded water molecules per lipid in H2O is 

higher than in the case of D2O (24). Consequently, there will be less water can access the 

bilayer surface in deuterated water, resulting in a smaller amount of structured water and less 

heat to melt the structured solvent. This explanation also shows that the effect of less number 

of structured water predominates the competing effect of stronger hydrogen bond in 

deuterated solvent.  

The order of D2O substitution effect mentioned above can explain the most decrease in main 

transition’s enthalpy of DMPC (Fig.17). However, it cannot rationalize the less decrease in 

pretransition’s enthalpy of DMPC compared to PGPC-containing sample and the least 

decrease in main transition’s enthalpy of PGPC-containing sample. It has been reported that 

the electrostatic interaction can be more persistent in heavy water than in light water (24). At 

pH 7.4, the carboxylic functional group of PGPC is ionized, resulting in the anionic group 

COO- while the aldehyde group of PoxnoPC is intact. Consequently, in the PGPC-containing 

sample, among the competing effects like less number of structured water or stronger 

hydrogen bond in deuterated solvent, the stronger interaction of carboxylic group and the 

cationic nitrogen of the choline group should be taken into account, leading to the least 

decrease in main transition’s enthalpy. 

 

4.3. NMR studies of the effect of OxPL on DMPC bilayers 

Solid state NMR was used to inspect the impact of different OxPLs on the structural and 

dynamic organization of DMPC bilayers. The samples used for NMR measurement were 

prepared at a lipid concentrations of 70 w%, corresponding to water-to-lipid molar ration of 

14.46. This lipid concentration is much higher than the one used for DSC studies. Using 
2
H 

NMR in combination with the use of heavy water for the hydration of lipid bilayer, one can 
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probe different water environments by exploiting the occurences of specific spectral features. 

In the excess water, the spectra will be averaged toward the isotropic lineshape of free water 

which is difficult to measure (5) (27). This is the reason why the samples for NMR 

measurements were prepared at much lower water concentrations than DSC samples. 

4.3.1. 
31

P NMR line shape analysis of lipid headgroups in OxPL-containing DMPC 

bilayers 

Under proton decoupling conditions, the predominant source of line broadening for 

phosphorous NMR is the anisotropic chemical shift. Static 
31

P NMR spectra show the powder 

pattern which is the sum of individual crystallite orientations with a dominated normal bilayer 

orientation of MLVs perpendicular to the external field as seen in Fig. 6 (9). The presence of 

different peaks in the 
31

P spectra is an indication of different phase because the P nucleus in 

different phase may experience different environments with different dynamics.  

In the phosphorous NMR, the chemical shift value at 90
0
 of pure DMPC obtained from 

previous report in my group (28) is more negative than the ones of Poxno- and PGPC-

containing samples at different temperatures. This is an indication of a more restricted motion 

of the P nucleus in the headgroup of DMPC, reflecting a more ordered structure in DMPC 

sample and being consistent with DSC results. 

In PoxnoPC-containing bilayers, between 10
0
C to 21

0
C, there is only one lamellar phase 

labeled A to be visible in the corresponding NMR lineshapes (Fig. 18) which corresponds to 

the gel phase and is in agreement with the DSC thermogram. The coexistence of two lamellar 

phases at 22
0
C is a probe for the presence of one OxPL-poor and one OxPL-rich domain as 

discussed above in the DSC results. This result can support the idea that the first broad peak at 

lowest temperature observed in DSC thermogram in Fig.12 is not the chain melting transition 

of OxPL-rich domain. Due to the trend for an increase in the chemical shift anisotropy as the 

temperature increases, the peak at higher chemical shift labeled B in Fig. 18 is a new peak 

present at 22
0
C. The spectral width obtained in the liquid‐crystalline phase is known to be 

smaller than in the gel phase due to additional wobbling motions of the polar head group (29). 

This new peak is ascribed to the chain melting transition of the OxPL-poor domain due to its 

lower temperature transition than OxPL-rich domain as observed in Fig. 12. From 23
0
C, in the 

spectra, there is only one lamellar phase that can be observed, corresponding to the liquid 

crystalline phase. It indicates that this temperature is also the chain melting transition 

temperature of OxPL-rich domain and that the P nucleus in the headgroup of OxPL-rich and 

OxPL-poor domains behave similar at this temperature.  

In PGPC-containing DMPC samples, from 10
0
C to 22

0
C, there is only one lamellar phase 

corresponding to the gel phase, which was labeled A in Fig. 18. At 23
0
C, there are two more 

lamellar phases named B and C at higher chemical shift values than the remaining phase A as 

seen in Fig. 18. This indicates that there are phase transitions from the gel phase to the liquid 

crystalline phase of two lamellar phases while there is still one phase in the gel phase. 

However, the peak fitting of the corresponding DSC traces of 10% PGPC-containing sample 

in Fig. 12 reveals only two sub peaks. This difference between DSC and NMR result may be 

due to the superposition of the peaks, which cannot be deconvoluted. Based on the DSC 

results in Fig.12, it is expected that two new liquid crystalline phases are due to the OxPL-

poor domain and one OxPL-rich domain and the remaining phase A is due to another OxPL-

rich domain. Due to the increased headgroup mobility upon addition of OxPL (14), the 

lamellar phase labeled C at higher chemical shift at 90
0
 can be ascribed to the OxPL-rich 

domain while the lamellar phase named B at the more negative chemical shift value at 90
0
 is 
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from the OxPL-poor domain. At 24
0
C, the phase A is abolished, indicating the chain melting 

phase transition of the remaining OxPL-rich domain at 23
0
C. At 26

0
C, there is only one 

lamellar phase, corresponding the liquid crystalline phase. This shows that the behaviors of 

the P nucleus in the headgroup of OxPL-rich and OxPL-poor domains at this temperature are 

similar, maybe due to the fast exchange between different domains. 

Based on these discussions, the phase diagram of DMPC in the presence of 10% incorporated 

PoxnoPC respectively PGPC as a function of temperature is constructed and shown in Fig. 23. 

 

Fig. 23. Phase diagram of 10% PoxnoPC- and PGPC-containing DMPC vesicles as a function 

of temperature. 

The higher chemical shift values of PGPC-containing samples relative to the one obtained for 

PoxnoPC-containing samples as seen in Fig. 19, suggests that the molecular motional freedom 

of the P nucleus in the headgroup of PoxnoPC is more restricted than the one of the PGPC 

sample due to a reduction in motional averaging. It conflicts with the higher local mobility in 

PoxnoPC-containing sample due to higher area per lipid (14). However, the increased 

chemical shift anisotropy (CSA) in PoxnoPC-containing sample can be explained due to the 

electrostatic interaction of the carboxyl group of PGPC and the choline group of 

phospholipid. The attraction between theses group can increase the tilt of the –N
+
(CH3) 

choline and PO4
-
 segment with respect to the membrane normal, which can decrease the CSA 

(30). Moreover, the less equally distributed of PoxnoPC observed in this report can be the 

result of a more attraction between lipid molecules in PoxnoPC- compared to PGPC-

containing sample, which can restrict the motion of the P nucleus and increase CSA. 

All phases in both PoxnoPC- and PGPC-containing DMPC showed a decrease in chemical 

shift at 90
0
 to a more negative value (or increase in CSA) as the temperature increases (Fig. 

19). The explanation for this event is still a question. 

The transition temperature observed in NMR measurement is higher than in DSC 

measurement. This can be explained due to the lower hydration in NMR samples. The 
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increase in hydration can result in the progressive adsorption of water molecules, which can 

disrupt the polar headgroup-headgroup interaction, decreasing the strength of the interactions 

of adjacent lipid molecules in the bilayer. As a result, Tm will increase upon decreasing 

hydration (2). Moreover, DSC measures the chain melting process while 
31

P NMR senses the 

change of the P nucleus in the headgroup. Consequently, the DSC and 
31

P NMR results may 

not be well correlated. 

4.3.2. 
2
H NMR line shape analysis of heavy water in OxPL-containing DMPC bilayers 

In deuterium NMR the main information in the NMR spectra is the quadrupolar splitting 

which reflects the population weighted sum of quadrupolar splitting at different sites on the 

surface. Yan et al. reported little exchange of the deuterium of D2O used to hydrate the 

sample and hydrogen in phosphatidylcholine lipid (31). Therefore, this possibility is not 

considered in the interpretation of 
2
H spectra in this study. 

The marked changes in the spectra pattern of PoxnoPC-containing sample at 23
0
C and of 

PGPC-containing sample at 26
0
C (Fig. 20) can correspond to the sense of water to the bilayer 

transition from the gel phase to the liquid crystalline phase.  

All samples exhibit an increase in the water quadrupole splitting as a result of temperature 

increase (Fig. 20 and Fig. 21), which can be rationalized by the reorganization of waters 

among the water binding sites on the lipid polar headgroup. The increase in the temperature 

will cause an increase in the motion of the headgroup and in the complicated water motion 

among different sites including chemical exchange processes among different sites and the 

lateral diffusion along the water-lipid interface. It was assumed that there are two kinds of 

bound water with the positive order parameter from the water around the choline group and 

the negative order parameter from the water hydrating the phosphate group. Due to the 

negative value of total order parameter of bound water, if the fraction with negative order 

parameter increases, the splitting will increase. Upon an increasing in temperature, the 

phosphate group at the interface will become more exposed and accessible to water, resulting 

in the splitting increase (5). However, Olzynska et al. also reported two kinds of water in fast 

exchange with each other but with the positive order parameter from the water near the 

headgroup region and the negative order parameter from the water situated at the glycerol and 

upper fatty acid region (32). The increase in splitting is due to the more water accessible into 

the hydrophobic part as temperature increases. 

The observed splitting in PGPC-containing sample is always smaller than the one in a 

PoxnoPC-containing sample (Fig. 21). This can be explained by the smaller area per lipid of 

PGPC than PoxnoPC, resulting in less water molecules interacting with PGPC and less water 

penetrate into the glycerol and fatty acid region of PGPC-containing sample compared to 

PoxnoPC-containing sample. As a result, the number of water molecules with negative order 

parameter decreases, which is reflected in a decreased NMR quadrupole splitting. 

In PGPC-containing sample, from 10
0
C to 25

0
C, the peak is very narrow and the splitting is 

not observed. When the sample is in the liquid crystalline phase, there are more waters 

interacting with the lipid, resulting in the occurence of a splitting. The remaining isotropic 

peak always observed in the Lα phase may be originated from the free waters due to low area 

per lipid in PGPC-containing sample. However, in PoxnoPC-containing sample, together with 

the splitting observed in the Lα phase, from 25
0
C to 45

0
C, there are other peaks shifted to 

lower chemical shift than the isotropic position (Fig. 20). This event has not been clearly 

understood. 
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In comparison to the transitions observed in 
31

P NMR, this can suggest that water senses a 

bilayer phase at a higher temperature compared with the P nucleus in the phosphate 

headgroup. And the transition temperature observed in 
31

P NMR measurement is higher than 

in DSC measurement due to some explanation above. However, Lee et al. reported that during 

the transition from liquid crystalline phase to gel phase, the hydrocarbon chains changes first 

and then the bulk water molecules between lipid bilayers. If the temperature continuously 

decreases, phospholipid headgroups will freeze and finally water molecules bound to the 

headgroup freeze (33). This inconsistence may indicate an irreversible process, which needs 

further study. 

It should be noted that there are some conflicts between my result and Sparrman et al. (5) 

when determining the gel phase in PoxnoPC-containing sample from 10
0
C to 23

0
C (Fig. 20). 

The 
2
H2O NMR spectra observed in this region display an asymmetrical powder line shape. 

Sparrman et al. reported that this asymmetry is not present in the gel phase Lβ’ (5). Moreover, 

the splitting in this region also shows an increase upon temperature increase. Sparrman et al. 

also reported that in the Lβ’ phase, the temperature increase will cause an increase in the local 

reorientational mobility of the water, which can decrease the local order parameter, 

consequently decreasing the quadrupole splitting (5). 
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5. CONCLUSIONS  

The results from this report demonstrated OxPLs can exert a profound influence on the 

structure and dynamics of lipid bilayers, which leads to more disordered structure and lateral 

phase separation. Moreover, these changes depend on the concentration of OxPL, the 

chemical nature of the oxidized chain and also the presence of sodium cations. The sn-2 acyl 

chain reorientation of OxPLs will introduce their potent reactive functional groups into the 

aqueous phase which will not only alter the structure and function of membrane proteins but 

also affect the binding of others peptides, ions, drugs and hormones. These effects can bring 

some insights into the mechanisms of membrane-related diseases such as atherosclerosis, 

inflammation, cancer, infection, type 2 diabetes and Alzheimer’s disease. In contrast to the 

effect of OxPL, heavy water can cause a more ordered structure in bilayer which should be 

taken into account in using procedure with substituting of light water by heavy water as 

solvent. 

However, there are still many non-understood features in the physico-chemical behaviour of 

lipid membrane in the presence of OxPLs. Further studies between OxPLs which have the 

same length or the same functional groups can unravel more details about the effect of OxPL 

on the bilayer. 
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