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 Abstract
 
 Intermolecular interactions between lipid molecules are important when designing lipid bilayer interfaces, which have many biomedical applications such as in drug delivery vehicles and biosensors. Phosphatidylcholine, a naturally occurring lipid, is the most common lipid found in organisms. Its chemical structure has a negatively charged phosphate linkage, adjacent to an ester linkage in a glycerol moiety, and a positively charged choline group, placed at the terminus of the molecule. Recently, several types of synthetic lipids that have headgroups with the opposite charge to that of phosphatidylcholine have emerged, i.e., a positively charged ammonium group is present adjacent to the ester linkage in their glycerol moiety and a negatively charged group is placed at their terminus. These types of lipids constitute a new class of soft material. The aim of this study was to determine how such lipids, with antiparallel arranged headgroup charge, interact with naturally occurring phosphatidylcholines. We synthesized 1,2-dipalmitoyl-sn-glycero-3-sulfobetaine (DPSB) to represent a reversed-head lipid; 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) was used to represent a naturally occurring phospholipid. The intermolecular interaction between these lipids was investigated using surface pressure-area (π-A) isotherms of the lipid monolayer at the air/water interface. We found that the extrapolated area and excess free energy of the mixed monolayer deviated negatively when compared with the ideal values from additivity. Moreover, differential scanning calorimetry of the lipid mixture in aqueous dispersion showed that the gel-to-liquid crystal
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 transition temperature increased compared with that of each pure lipid composition. These results clearly indicate that DPSB preferably interacts with DPPC in the mixture. We believe that the attraction between the oppositely charged headgroups of these lipids reinforces the intermolecular interaction. Our results provide insight into the intermolecular interaction between phospholipids and reversed-head lipids, which may prove useful for the design of lipidbased materials in the future.
 
 1. Introduction
 
 Phosphatidylcholines are naturally occurring molecules that constitute the main component of the plasma membrane of biological cells in the form of the lipid bilayer. Lipid-based materials have many potential applications such as the surface modification of biosensors1–3 and microfluidic devices,1,4 drug delivery vehicles in the form of vesicles,5–8 scaffolds for membranebound proteins,9,10 and templates for biomineralization.11 1,2-Dipalmitoyl-sn-glycero-3phosphatidylcholine (DPPC) is one of the most common phospholipids observed in biological organisms, and has been used as a drug carrier. In terms of structural features, DPPC is a waterinsoluble amphiphilic molecule composed of a hydrophilic headgroup and two hydrophobic palmitoyl tailgroups (Fig. 1). The zwitterionic headgroup of DPPC comprises a positively charged trimethyl ammonium moiety and a negatively charged phosphate ester. When designing lipid-based materials, it is important to understand the intermolecular interaction between the lipids, which is greatly affected by the characteristics of their functional groups.
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 Recently, a series of lipid molecules with headgroups containing moieties that are oppositely charged to those of the associated phosphatidylcholines have been synthesized.12–16 In this paper, we have called such lipid groups “reversed-head lipids.” A characteristic feature of reversedhead lipids is that the cationic moiety of the headgroup is usually composed of a quaternary ammonium group. However, the anionic moiety may be one of several groups such as phosphate (-PO4--), sulfonate (-SO3-), or carboxylate (-CO2-) groups, which correspond to the headgroups of choline phosphate (CP), sulfobetaine (SB), and carboxybetaine (CB), respectively. For example, Szoka et al. synthesized reversed-head lipids with SB or CB headgroups.12–16 They also reported the thermotropic phase transition behavior of a bilayer composed of SB lipids,12 and described the intermolecular interaction between the lipid molecules. In their report, the gel-to-liquid crystal phase transition temperature (Tc) of the SB lipids was higher than that of DPPC. This increase in Tc for the SB lipids should be attributed to strong ionic headgroup interaction because an increase in Tc normally indicates enhancement of intermolecular interaction between the lipids in the bilayer membrane.12,16,17 However, the intermolecular interaction between phosphatidylcholines and reversed-head lipids with oppositely charged headgroups has not been studied. In this study, we hypothesized that intermolecular interaction between the phosphatidylcholines and the reversed-head lipids is due Coulombic interaction and/or dipole–dipole interaction between the headgroups (Fig. 1). In a closely related study, Schmuck et al. reported that guanidiniocarbonyl pyrrole carboxylate zwitterions undergo molecular self-assembly, even in polar solvents.18–21 The equilibrium constant for the dimerization of zwitterions is estimated to be > 1010 M-1 in dimethyl sulfoxide. Even in pure water, the equilibrium constant is 170 M-1. In general, most intermolecular
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 interactions except for hydrophobic interaction are likely to be hindered in polar solvents.22 The ability of zwitterions to form interactions even in polar solvents is expected to be useful in developing biomaterials, because they could be used as “binders” in physiological environments. As another example in polymer aggregates, Muthukumar et al. investigated the self-assembly of a polyzwitterionic diblock polymer comprising side chains of phosphatidylcholine (PC) and nbutyl-substituted choline phosphate (CP).23 The oppositely charged moieties in the PC and CP side chains were arranged adjacent to each other. The researchers anticipated that the driving force for aggregation in the polymers would intermolecular interaction arising from the dipole moments. As described above, there have been reports on intermolecular interactions between zwitterionic polar groups in which oppositely charged groups complement each other. To the best of our knowledge, there have been no reports on the intermolecular interactions between lipids that have polar head groups comprising oppositely charged groups that are arranged adjacent to each other. To clarify the above hypothesis, we employed a combination of lipids, 1,2-dipalmitoyl-snglycero-3-sulfobetaine (DPSB) and 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), which have the same acyl groups but have antiparallel arranged headgroup charges. Figure 1 illustrates the intermolecular interaction we attempted to clarify in this work. Intermolecular interaction between DPPC and DPSB was investigated using the surface pressure-area (π-A) isotherms of the binary lipid monolayer formed at the air/water interface, and by differential scanning calorimetry (DSC) of the lipid dispersion. Because the tailgroups of the lipids have the same structure, the intermolecular association can only be explained by the interaction between their headgroups. This study may provide significant insight into the effect of betaine compounds
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 on the structure of molecular aggregates composed of phospholipid bilayers. Especially, for designing lipid-based materials, physicochemical properties of the lipid membrane should be appropriately controlled (e.g., packing density, fluidity, and solute permeability). Therefore, it is important to study how betaine compounds influence on intermolecular interaction in the phospholipid membrane and modulate physicochemical properties of the lipid membrane.
 
 2. Materials and Methods
 
 2.1. Materials
 
 DPPC (> 99%) was purchased from Yuka Sangyo (Tokyo, Japan) and used without further purification. DPSB was synthesized according to a previously published method,12 and the synthesis and structural confirmation information are provided in the Supporting Information. Ultrapure water was obtained using the Milli-Q system (resistivity: 18.2 MΩ·cm at 25°C; Merck-Millipore, USA).
 
 2.2. Acquisition of π-A isotherms
 
 Surface pressure-area (π-A) isotherms were acquired using a trough equipped with a Wilhelmy plate (HBM 700LB; Kyowa Interface Science, Niiza, Japan). To form monolayers at the air/water interface, lipids were first dissolved in chloroform/methanol (8:2 volume ratio), and 70 µL of the lipid solution was then spread on the subphase filled with ultrapure water using a microsyringe. After spreading the lipid, the monolayer was equilibrated on the subphase for 15
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 min at 20°C. The isotherms were acquired under the following conditions: the barrier speed was 28 cm2/min and the temperature of the subphase was maintained at 20°C. The extrapolated area (AL) represents the cross-sectional area of a single lipid molecule, which is free from external pressure from surrounding lipids in the condensed lipid monolayer (please see Supporting Information for the definition of AL). The compressibility modulus of the lipid monolayers was calculated using equation (1):24
 
 CS−1 = −A(d π / dA)
 
 (1)
 
 Where: π is the surface pressure of the lipid monolayer at the air/water interface; A is the occupied molecular area per single molecule constituting in the lipid monolayer. The miscibility of lipids in the mixed monolayer and the interactions between lipid components were analyzed quantitatively on the basis of the excess free energy of mixing (∆GExc) calculated for the obtained π-A isotherms, as defined in equation (2):
 
 π
 
 ∆G Exc = N A ∫ A12 − ( A1Χ1 + A2 Χ 2 ) d π 0
 
 (2)
 
 Where: A12 is the occupied molecular area for a particular composition of a mixed monolayer at a given surface pressure; A1 and A2 are the occupied molecular areas for pure monolayers of components 1 and 2 at the same surface pressure, respectively; X1 and X2 indicate molar fractions of the components in the mixed monolayer; and NA is Avogadro’s number.25
 
 2.3. Differential scanning calorimetry (DSC)
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 To determine the gel-to-liquid crystal phase transition temperature (Tc) of the aqueous dispersion composed of pure or mixed lipids, DSC was carried out using a calorimeter (DSC 1, Mettler Toledo, Switzerland). The lipid dispersions for DSC were prepared as follows. The lipid mixture was dissolved in CHCl3/methanol (8:2 volume ratio) and placed in a 10-mL round bottom flask. The solvent was then rotary evaporated to form a thin lipid layer on the bottom. The obtained lipid film was hydrated in ultrapure water for 2 min at 80°C with gentle agitation. The hydrated lipid was agitated with a bath-type sonicator (AZU-6D, As One, Osaka, Japan) for 1 min at 80°C. The obtained lipid dispersion (40 µL) was added to a 100-µL aluminum pan and sealed tightly with a lid. The scan rate was 2°C/min during the heating and cooling process. Tc was defined as the onset temperature of the endothermic peaks.
 
 2.4. Statistical analysis
 
 Results of AL, Cs-1, ∆GExc, and Tc as a function of molar fraction of DPSB in DPPC (ΧDPSB) were represented as mean ± standard deviation (SD). Statistical analysis of these data was carried out using one-way analysis of variance (ANOVA) using Excel 2016 software (Microsoft). Significant difference was defined as p 250 mN/m.24 Although there was no significant difference in the addition of DPSB slightly increased
 
 Max
 
 Max
 
 Cs-1 values (p > 0.05), the
 
 Cs-1 of the monolayer. The mixed monolayer remained
 
 in the solid phase (Max Cs-1 > 250 mN/m) at the compressed state. Interestingly, pure DPSB monolayer exhibited the lowest Max Cs-1 but the mixing DPSB with DPPC could increase Max Cs-1 of the monolayer, suggesting that there was intermolecular interaction between DPSB and DPPC in the monolayer. This fact can also be characterized by data from the extrapolated area, excess free energy, and a shift in the gel-to-liquid crystal phase transition temperature of the mixed system, as discussed below.
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 3.4. Excess free energy of mixing lipids in the monolayer
 
 To evaluate the thermodynamic stability of the mixed monolayer at the air/water interface, we calculated the excess free energy of mixing (∆GExc) between the DPPC and DPSB at a given
 
 ΧDPSB (Fig. 5). The values of ∆GExc for the mixed monolayer became negative at all ranges of ΧDPSB, indicating that mixing DPSB and DPPC in the monolayer is thermodynamically favored regardless of the composition. Moreover, we noticed that the minimum value of ∆GExc occurred at ΧDPSB = 0.5 at any surface pressure range. Thus, the most stable film should be formed at the air/water interface when the film is composed of an equimolar mixture of DPPC and DPSB. In the present system, it was assumed that Coulombic and/or dipole–dipole interactions between the PC and SB headgroups may contribute to the thermodynamically favored mixing and the formation of the stable monolayer. However, there was an indication that binary hydrocarbon mixtures with anti-paralleled dipole moments do not contribute to thermodynamically favored mixing. Petrov et al. reported on the miscibility of a mixed monolayer comprising two hydrocarbon-containing compounds: CH3(CH2)21-O-CH2CH3 and CH3(CH2)21-O-CH2CF3.32 The dipole moments of their headgroups (ethyl ether and trifluoroethyl ether) were directly opposed. In their binary system, the value of ∆GExc for mixing these compounds in the monolayer at the air/water interface was positive. This suggests that these compounds favored phase separation in the monolayer. In contrast to that study, although the dipole moments of the lipids were also directly opposed in our study, ∆GExc was negative, indicating that the lipids could be spontaneously mixed in the monolayer. Therefore, this spontaneous mixing observed in this study may be attributed to Coulombic interaction between the PC and SB headgroups rather than dipole-dipole interaction between the headgroups.
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 3.5. Effect of mixing DPSB on gel-to-liquid crystal phase transition temperature of lipid dispersion
 
 The gel-to-liquid crystal phase transition temperature (Tc) reflects the strength of the intermolecular interaction between the lipid molecules in the bilayered membrane. The representative DSC thermograms and mean values of Tc of the DPPC aqueous dispersion containing different mole fractions of DPSB is shown in Figure 6. The Tc of the pure DPPC dispersion was consistent with that previously published.33 For the mixed lipid system, the Tc significantly increased with increasing ΧDPSB until it reached a maximum at ΧDPSB = 0.5 (Fig. 6b). At ΧDPSB > 0.5, the Tc significantly decreased with increasing ΧDPSB. This suggests that the intermolecular interaction between DPSB and DPPC was greatest in an equimolar composition of these lipids. Because the tailgroups of the two lipids in the mixture were the same, the changes in Tc should be attributed to interaction between their headgroups. We assumed that Coulombic interaction and/or dipole–dipole interaction between the headgroups is related to the enhanced lipid interaction. Controversially, the Tc value for pure DPSB in the present study was slightly smaller than that reported by Szoka et al.12 The reason for this reduced Tc has not yet been identified. Although the extrapolated area (AL) of pure DPSB was larger than that of pure DPPC, as discussed in the previous section, the size of the lipid should not affect the Tc.17
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 DSC thermograms can also provide information on the mixing state of the lipid bilayer. In Figure 6a, relatively sharp endothermic peaks were observed at 0.4–0.6 of ΧDPSB, suggesting that the lipid molecules were homogeneously mixed in the bilayer. In contrast, at 0.1–0.3 and 0.7–0.9 of ΧDPSB, the endothermic peaks were broadened, indicating that the lipid molecules are heterogeneously mixed in the bilayer when containing 10–30 mol% of either DPPC or DPSB. Considering these results, DPPC and DPSB are likely to form a lipid complex with an equimolar composition. Therefore, when the lipid bilayer contains 10–30 mol% of either DPPC or DPSB, two types of lipid domains might exist; one domain should be a pure component of either DPPC or DPSB and the other should be composed of the equimolar complex of both lipids. Nevertheless, it can be assumed that the heterogeneity of the mixed state is slight. Given that a distinct peak separation was not observed in the thermogram, even at 0.1–0.3 and 0.7–0.9 of
 
 ΧDPSB, remarkable phase separation should not occur in the lipid bilayer. This assumption can also be supported by the negative values of ∆GExc, which negates the possibility of a phase separation in the monolayer (Fig. 5).
 
 
 
 As shown in Figure 6a, two endothermic peaks were observed for pure DPSB (ΧDPSB = 1), which was similar to that previously reported by Szoka et al.12 In addition to these endothermic peaks, an exothermic peak was observed just after the first endothermic peak at the lower temperature. Reproducibility of such thermotropic behavior for DPSB was confirmed in an additional experiment independently repeated. Our interpretation about the thermotropic
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 behavior for DPSB is illustrated in Scheme 1. The interaction between headgroups contributes to the increased gel-to-liquid crystal phase transition temperature.17 Therefore, the endothermic peaks at higher (56.8°C) and lower (40.8°C) temperatures can be assigned to gel-to-liquid crystal phase transitions of DPSB that have headgroups with and without an intermolecular interaction between the neighboring headgroups, respectively. Notably, the Tc value at the first endothermic peak was close to that of pure DPPC (41.4°C). Thus, it can be assumed that phosphorylcholine does not interact with the neighboring headgroups. Previous literature described that sulfobetaine lipid forms intramolecular salt formation in the headgroup, which is a so-called inner-salt formation.12 However, we assumed that there is little possibility for inner-salt formation to occur in DPSB, because if DPSB formed an inner-salt, the hydrophobic tailgroup packing should be increased, resulting in a reduction of the surface area per single molecule in the lipid monolayer. However, the relatively large AL value for DPSB minimizes the possibility for inner-salt formation (Fig. 3, ΧDPSB = 1). The exothermic peak was also observed just after the first endothermic peak, which was reproducibly exhibited in experiments independently repeated. As shown in Scheme 1 (from state 2 to state 3), DPSB molecules in liquid crystal phase, which are located in a site close to the lipid domain composed of DPSB interacting with the neighboring headgroups, may return to the gel phase with reconstructing an interaction with neighboring headgroups. It was also interesting that the second endothermic peak at the higher temperature disappeared by addition of the small amount of DPPC (Fig. 6a, ΧDPSB =0.9). This fact indicates that SB headgroups dissociate their interaction with the neighboring SB headgroups, and then interact with the PC groups even in the presence of small amounts of DPPC (e.g., 10 mol%). It is predicted that the antiparallel charge arrangement of each headgroup may be contribute to this exchanging of interaction from SB–SB to SB–PC. Although results of the π-A isotherms and the
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 DSC in the present study strongly indicate intermolecular interaction between DPPC and DPSB, the detailed mechanism underlying the interaction between both headgroups requires further examination.
 
 4. Conclusions
 
 In the present work, we revealed that a phosphatidylcholine can interact with a sulfobetaine lipid, which has an oppositely charged headgroup to that of the phosphatidylcholine. Intermolecular interaction was indicated by the data obtained from the π-A isotherm and the DSC. The extrapolated area of the mixed monolayer exhibited negative deviation from the ideal additivity, indicating that attractive interaction was taking place between the lipids in the monolayer. Excess free energy of mixing of the lipid also deviated negatively, which indicates that mixing DPPC and DPSB is thermodynamically favored. The DSC of the binary lipid dispersion revealed that the increment of gel-to-liquid crystal phase transition temperature occurred in the equimolar composition. This supports reinforcement of intermolecular interaction by mixing DPPC and DPSB. We supposed that the enhanced intermolecular interaction could be attributed to Coulombic interaction rather than dipole–dipole interaction, caused by antiparallel arranged charges in each headgroup. At this stage, we have not identified the detailed mechanism underlying the intermolecular interaction between DPPC and DPSB. Therefore, further investigation of the mechanism should be needed. To date, several types of reversed-head lipid have been synthesized. Our results give an insight into how reversed-head lipids interact with naturally occurring lipids (phosphatidylcholines), and form the molecular aggregates of the binary lipid system.
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 Figure captions Figure 1. Hypothesized intermolecular interaction between 1,2-dipalmitoyl-sn-glycero-3phosphatidylcholine (DPPC) and the reversed-head lipid (1,2-dipalmitoyl-sn-glycero-3sulfobetaine (DPSB)). As a counterpart to DPSB, DPPC was employed as a typical phospholipid widely observed in physiological environments. Figure 2. Surface pressure-area (π-A) isotherms of lipid monolayers of (1,2-dipalmitoyl-snglycero-3-phosphatidylcholine (DPPC) in the presence of (1,2-dipalmitoyl-sn-glycero-3sulfobetaine (DPSB) with different molar fraction (ΧDPSB). The subphase contained ultrapure water. The temperature of the subphase was 20°C. The isotherms were from twice or more independent measurement. Figure 3. The extrapolated molecular area (AL) of the lipids as a function of ΧDPSB, as determined using the isotherms. The dashed line represents the ideal additivity for the binary system composed of DPPC and DSPB. p < 0.01 (one-way ANOVA, n ≥ 2). Figure 4. Representative plots of compressibility modulus (CS-1) as a function of the occupied molecular area (a). Plots of the maximum CS-1 values as a function of ΧDPSB (b). p > 0.05 (oneway ANOVA, n ≥ 2). Figure 5. The excess free energy of mixing (∆GExc) as a function of ΧDPSB at various surface pressure region; 0–5 (open circles), 0–10 (filled circles), 0–20 (open triangles) , 0–30 (filled triangles), and 0–40 mN/m (diamonds)). The dashed line represents the ideal ∆GExc value for the binary system composed of DPPC and DPSB. P-values for the surface pressure ranges, 0–10, 0–
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 20, 0–30, 0–40 mN/m, were < 0.01 (one-way ANOVA, n ≥ 2). For the surface pressure range, 0– 5 mN, p > 0.05 (one-way ANOVA, n ≥ 2). Figure 6. Representative DSC thermograms of an aqueous dispersion of DPPC in the presence of DPSB with various molar fraction (a). The thermograms for pure DPPC and DPSB were shown with downsized intensity (× 0.5). Plots of onset temperature of gel-to-liquid crystal phase transition (Tc) as a function of ΧDPSB (b). p < 0.01 (one-way ANOVA, n ≥ 2). Triangle symbol represents Tc of DPSB having interaction between neighboring headgroups. Scheme 1. Schematic illustration of the thermotropic behavior of a lipid membrane composed of pure DPSB during the heating process in the DSC. The thermogram of pure DPSB in aqueous dispersion, which is classified into four different phase states of the lipid membrane, is depicted at the top of the scheme. In state 1, there are two different domains where the lipids have interaction or non-interaction between the neighboring headgroups. At this state, all DPSB in both domains are in the gel phase. In state 2, DPSB that do not have an intermolecular interaction are in the liquid crystal phase. In contrast, DPSB that have an intermolecular interaction remain in the gel phase. In state 3, DPSB that are located in a site close to the domain composed of the DPSB with the intermolecular interaction return to the gel phase and interact with the DPSB in the headgroup. In state 4, all DPSB are in the liquid crystal phase. Table Table 1. Experimental conditions for isotherm measurement of (1,2-dipalmitoyl-sn-glycero-3phosphatidylcholine (DPPC) Spreading solvent
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 Figure 1. Hypothesized intermolecular interaction between 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) and the reversed head lipid (1,2-dipalmitoyl-sn-glycero-3-sulfobetaine (DPSB)). As a counterpart to DPSB, DPPC was employed as a typical phospholipid widely observed in physiological environments. 73x80mm (300 x 300 DPI)
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 Figure 2. Surface pressure-area (-A) isotherms of lipid monolayers of (1,2-dipalmitoyl-sn-glycero-3phosphatidylcholine (DPPC) in the presence of (1,2-dipalmitoyl-sn-glycero-3-sulfobetaine (DPSB) with different molar fraction (DPSB). The subphase contained ultrapure water. The temperature of the subphase was 20°C. The isotherms were from twice or more independent measurement. 219x176mm (300 x 300 DPI)
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 Figure 3. The extrapolated molecular area (AL) of the lipids as a function of DPSB, as determined using the isotherms. The dashed line represents the ideal additivity for the binary system composed of DPPC and DSPB. p < 0.01 (one-way ANOVA, n ≥ 2). 84x82mm (300 x 300 DPI)
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 Figure 4. Representative plots of compressibility modulus (CS-1) as a function of the occupied molecular area (a). Plots of the maximum CS-1 values as a function of DPSB (b). p > 0.05 (one-way ANOVA, n ≥ 2). 178x234mm (300 x 300 DPI)
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 Figure 5. The excess free energy of mixing (∆GExc) as a function of DPSB at various surface pressure region; 0–5 (open circles), 0–10 (filled circles), 0–20 (open triangles) , 0–30 (filled triangles), and 0–40 mN/m (diamonds)). The dashed line represents the ideal ∆GExc value for the binary system composed of DPPC and DPSB. P-values for the surface pressure ranges, 0–10, 0–20, 0–30, 0–40 mN/m, were < 0.01 (one-way ANOVA, n ≥ 2). For the surface pressure range, 0–5 mN, p > 0.05 (one-way ANOVA, n ≥ 2). 85x81mm (300 x 300 DPI)
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 Figure 6. Representative DSC thermograms of an aqueous dispersion of DPPC in the presence of DPSB with various molar fraction (a). The thermograms for pure DPPC and DPSB were shown with downsized intensity (× 0.5). Plots of onset temperature of gel-to-liquid crystal phase transition (Tc) as a function of DPSB (b). p < 0.01 (one-way ANOVA, n ≥ 2). Triangle symbol represents Tc of DPSB having interaction between neighboring headgroups. 84x243mm (300 x 300 DPI)
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 Scheme 1. Schematic illustration of the thermotropic behavior of a lipid membrane composed of pure DPSB during the heating process in the DSC. The thermogram of pure DPSB in aqueous dispersion, which is classified into four different phase states of the lipid membrane, is depicted at the top of the scheme. In state 1, there are two different domains where the lipids have interaction or non-interaction between the neighboring headgroups. At this state, all DPSB in both domains are in the gel phase. In state 2, DPSB that do not have an intermolecular interaction are in the liquid crystal phase. In contrast, DPSB that have an intermolecular interaction remain in the gel phase. In state 3, DPSB that are located in a site close to the domain composed of the DPSB with the intermolecular interaction return to the gel phase and interact with the DPSB in the headgroup. In state 4, all DPSB are in the liquid crystal phase. 73x165mm (300 x 300 DPI)
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