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Abstract 

The complex composition of biological membranes, comprising a diverse array of lipids with unique 

moieties, has garnered increased attention due to the recognized roles of lipids in membrane stability and 

biological processes. Even subtle changes in phospholipid headgroups and fatty acyl tails profoundly affect 

the formation and interfacial dynamics of lipid monolayers at the air-water interface. However, the 

molecular-level understanding of their intermolecular forces and interactions during these processes, 

directly relating to the lipid chemical structures is not well-explored. To better understand these complex 

physicochemical phenomena, simplified model monolayers with precise control over lipid types and 

compositions are utilized. In this study, we employ the pendant drop tensiometer technique to investigate 

the formation and interfacial rheology of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) monolayers, with varying amounts of cholesterol 

(CHOL) for the first time. These two phospholipids, with identical C16:0 acyl tails but different 

headgroups, exhibit marked differences in their interfacial interactions with CHOL and water molecules, 

consequently affecting monolayer formation and rheology. In the absence of CHOL, DPPE monolayers 

typically display a lower dilatational modulus than DPPC, attributed to increased headgroup hydration. 

However, introducing CHOL reverses this trend, resulting in stiffer DPPE-CHOL monolayers compared to 

DPPC-CHOL. With CHOL, we observe its well-known condensation effect on DPPC monolayers, yet for 

DPPE monolayers, both condensation and expansion effects are noted, contingent on CHOL amount. We 

anticipate this work will not only deepen our fundamental understanding of the structure-composition-
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property relationships in lipid molecules but also provide a robust foundation for comprehending more 

intricate biological systems. 
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1. Introduction 

Lipids are the primary building blocks of biological membranes. They come in many varieties, with the 

categories of glycerophospholipids, sphingolipids, and sterols [1], and serve important roles in membrane 

structures and functions [2]. Specific combinations of these lipids lead to the formation of nano- and micro-

domains, commonly referred to as “lipid rafts” [3–6], which play key roles in cell signaling, the adsorption 

of specific proteins, membrane stability, and changes in mechanical properties [6,7] in a wide range of 

biological membranes, from the myelin sheath [8,9] to cancer cells [10–12]. 

Glycerophospholipids consist of a glycerol with a phosphoric acid and two fatty acids attached as esters. 

Within this class, phosphatidylcholines (PC) and phosphatidylethanolamines (PE) are the most abundant 

lipids in mammalian cells, making up 45-55% and 15-25%, respectively, of the total lipid composition [13]. 

Sterols are similarly abundant and contribute to the matrix of cellular membranes (mammalian cells contain 

one major type of sterol, i.e., cholesterol, consisting of 10-20% of lipid components) [13]. The molecular 

structures of commonly encountered PC and PE lipids, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), as well as cholesterol (CHOL), 

are shown in Fig. 1. Both DPPC and DPPE have the same hydrocarbon chain length in hydrophobic tails 

(i.e., C16:0 acyl tails) but differ in their zwitterionic headgroups: phosphatidylcholine (PC) versus 

phosphatidylethanolamine (PE), respectively. Cholesterol has a short alkyl side chain and a hydroxy group 

attached to a steroid nucleus ring structure.  
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Fig. 1. Molecular structures of (A) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), (B) 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), and (C) cholesterol (CHOL). 

In bilayers, these lipids arrange themselves with their hydrophilic sides outside the bilayer and their 

hydrophobic sides within. Similarly, in monolayers at an air-water interface, the hydrophilic groups are in 

the aqueous phase, while the hydrophobic portions extend into the air. When placed side by side, these 

lipids exhibit complicated intermolecular forces, including hydrogen bonding, steric, electrostatic, 

hydrophobic, and van der Waals interactions, which, in turn, dictate the formation, structure, and 

mechanical properties of the resulting biomembranes in the form of either bilayers or monolayers [3,14–

16]. Even a subtle change in the structure of hydrophilic headgroups in DPPC and DPPE (See Figs. 1A and 

B) leads to different modes of intermolecular interactions. In addition to attractive interactions (favorable 

van der Waals interactions) and repulsive interactions (steric and electrostatic interactions) laterally arising 

among the headgroup molecules, the PE headgroup is found to serve both as a hydrogen bond acceptor and 

donor, whereas the PC headgroup can only act as an acceptor. This difference leads to DPPE lipids 

exhibiting a higher degree of hydration over DPPC lipids at air-water interfaces [17], as well as stronger 
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hydrogen bonding interactions between neighboring DPPE molecules in lipid membranes [18]. In a study 

comparing the interfacial dilatation rheology of DPPC and DPPE monolayers, the increased hydration of 

DPPE and its reduced monolayer cohesion led to a lower elastic modulus than DPPC lipids when the acyl 

tails were symmetric [19]. 

CHOL exhibits strong interactions with these phospholipids, i.e., DPPC and DPPE when integrated 

into monolayers and bilayers [20,21]. In general, the hydroxy group of CHOL has the capacity to form 

robust hydrogen bonds with adjacent phospholipid headgroups [21–23], and its nonpolar ring structure and 

alkyl tail also favorably interact with the acyl tails of phospholipids [2]. Furthermore, CHOL has been 

demonstrated to impose a dehydrating effect on phospholipid membranes when incorporated [24]. Due to 

the aforementioned differences in chemical structures and resultant intermolecular interactions arising 

between neighboring headgroups in PC and PE lipid molecules, there become noticeable distinctions in 

their respective interactions with CHOL. Stronger inter-headgroup hydrogen bonding in DPPE lipids favors 

phospholipid-phospholipid over phospholipid-cholesterol interactions more prominently than in DPPC-

CHOL films, leading to distinctive alternations in miscibility, phase transition temperature, and, 

consequently, the population and size of nano- and microdomains (rafts) [18]. CHOL has been observed to 

be miscible with DPPC membranes, primarily due to the so-called condensation effect. This effect enhances 

the orientation order of DPPC molecules with respect to the horizontal air-water interface, thereby reducing 

the area per lipid molecule [2,25–33]. In contrast, the miscibility of CHOL with DPPE membranes strongly 

depends on the hydrophobic chain length, degree of (un) saturation in the acyl tails of DPPE lipid molecules, 

and the relative amount of CHOL present. In general, increasing the phospholipid acyl chain length and the 

amount of CHOL tends to favor the formation of CHOL-poor domains in DPPE membranes [18]. 

Although previous studies have heavily highlighted the complex interactions between phospholipids 

involving DPPC and DPPE and cholesterol, corresponding research findings are rather controversial, in 

particular, for the case of DPPE and cholesterol binary mixture. For instance, some of the monolayer studies 

involving DPPE-CHOL films, conducted using a Langmuir trough [28,34], have reported that the addition 

of CHOL to DPPE monolayers results in an expansion effect on the mean molecular areas at low CHOL 
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mole fractions (XCHOL) while a condensation effect is observed at relatively high XCHOL values (e.g., at 

XCHOL ≈ 0.3 or so) with the specific value depending on the degree of compressibility of monolayers. In 

contrast, Korchowiec et.al [35] have found the opposite trend where the condensation effect takes place 

when XCHOL is at or below 0.4 while the expansion effect occurs when XCHOL is greater than 0.5 which are 

consistent with observations from ref. [18]. 

Furthermore, surprisingly, there has been little attention given to the apparent relationships among 

chemical structures, molecular organizations, and physicochemical properties, particularly in the context of 

lipid membrane mechanics and interfacial rheological behaviors. There are some studies reporting how 

CHOL can modulate the elastic modulus and viscosity of DPPC monolayers [36] and their corresponding 

phase transition behaviors as a function of hydrophobic chain lengths [37]. However, no literature is 

available that delineates the effects of CHOL on DPPE monolayers and how it alters DPPE membrane 

interactions and stiffness. Consequently, no systematic studies have been reported to elucidate not only the 

effects of lipid chemical structures (PC vs. PE) but also the qualitative and quantitative effects of CHOL 

on their emerging intermolecular interactions and mechanical properties. 

The aims of this present study are to investigate the effects of PC versus PE headgroups on the 

interfacial rheology of binary mixed phospholipid-CHOL monolayers, and to provide a comprehensive 

comparison of how subtle changes in lipid chemical structures, such as, headgroups, can 

thermodynamically impact the formation of monolayers at the air-water interface, for the first time. To 

achieve these goals, two types of phospholipids, i.e., DPPC and DPPE are studied in the form of monolayers 

in the absence and presence of CHOL using a pendant drop tensiometry [37–41]. Set of surface pressure-

area isotherms is constructed with precise attention to detail to determine whether changes in the amount 

of CHOL on lipid monolayers affect the intramembrane interactions and resulting thermodynamic 

properties including the excess Gibbs free energy of mixing are extracted. We compare the interfacial 

rheological responses of DPPC-CHOL and of DPPE-CHOL binary mixtures in the form of monolayers that 

reflect their chemical structure and composition. This comprehensive approach is expected to shed a light 
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on understanding of how changes on key lipid compositions may affect intra- as well as intermembrane 

interactions, consequently influencing membrane stability and fluidity. 

2. Materials and Methods 

The lipids used were 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (synthetic, Avanti 850355,  

>99%) (MW = 734.039 g/mol), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) (synthetic, 

Avanti 850705,  >99%) (MW = 691.959 g/mol), and cholesterol (CHOL) (ovine wool, >98%) (MW = 

386.654 g/mol), all purchased from Avanti Polar Lipids and used as received. Mixtures of DPPC:CHOL 

with CHOL mole fractions, XCHOL = 0,0.1,0.2,…,1 and concentration 0.1 mg/ml were prepared in HPLC 

grade chloroform (Fisher). Mixtures of DPPE:CHOL with XCHOL = 0,0.1,0.2,…,1 and concentration 0.1 

mg/ml were prepared in 3:1 v/v chloroform : methanol. The aqueous phase for all measurements was 

phosphate buffered saline (PBS) (Sigma) with 10 mM phosphate, 2.7 mM KCl, and 137 mM NaCl and at 

pH 7.4. 

Both surface pressure versus area isotherms and interfacial dilatational rheology were performed using 

an optical pendant drop tensiometer (Attension Theta, Biolin Scientific). The setup used a syringe pump 

with a 1 ml glass syringe (Hamilton) to dispense and suspend a PBS drop from a 1.57 mm outer diameter 

polytetrafluoroethylene (PTFE) capillary. The end of the PTFE capillary was surrounded by air but within 

a quartz cuvette that was partially filled with water, and the opening of the cuvette was sealed with Parafilm. 

This created a saturated atmosphere within the cuvette and limited evaporation of the PBS drop during 

measurements. The liquid path additionally contained a piezoelectric membrane (Attension PD200, Biolin 

Scientific) which could be actuated sinusoidally with specified frequency and amplitude to precisely vary 

the drop volume for dilatational rheology. All measurements were performed at 23 +/- 1 °C. 

For surface pressure versus area isotherms, first an approximately 16 l drop of PBS was suspended 

from the PTFE capillary. The measured PBS surface tension was 72.9 +/- 0.2 mN/m. Then, through a small 

hole in the Parafilm sealing the cuvette, between 0.3-0.4 l (depending on the lipid mixture) of a 0.1 mg/ml 

lipid mixture was very carefully deposited directly onto the drop surface using a 0.5 l glass syringe 

(Hamilton) such that the surface tension was practically unchanged. Five minutes elapsed to allow the 
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spreading solvent to evaporate, and the small hole in the Parafilm seal was sealed. Then using the syringe 

pump, the drop volume was decreased such that the surface area decreased at approximately 0.02 mm2/s 

while recording images of the drop at 1 frame per second. The images were then analyzed in commercial 

software (OneAttension, Biolin Scientific) by fitting the Young-Laplace equation to each drop shape to 

determine  as well as the surface area A. The Bond numbers remained between 
*0.15 < Bo 0.5  during 

volume reduction. Knowing A and the precise volume of lipid mixture added, the mean molecular area a 

was also calculated. 

Interfacial dilatational rheology was performed using the oscillating pendant drop method. Again, an 

approximately 16 l drop of PBS was first suspended from the PTFE capillary, and between 0.3-0.4 l of 

a 0.1 mg/ml lipid mixture was deposited onto the drop surface. After waiting 5 min for the spreading solvent 

to evaporate, the drop volume was decreased using the syringe pump until  = 5 mN/m. At this fixed 

surface pressure, the drop oscillated at frequencies between 0.01-1 Hz for 5-10 periods with amplitude ∆A 

= 1% which was determined to be within the linear viscoelastic region. After completing the frequency 

sweep, the drop volume was decreased again until  = 10 mN/m and another frequency sweep was made. 

A frequency sweep was performed at each surface pressure between 5 to 40 mN/m in increments of 5 

mN/m. After each adjustment of , typically 10-15 min were required to achieve an equilibrium surface 

tension. Images of the oscillating pendant drops were again analyzed in the same commercial software to 

determine   and A. The (t) and A(t) data were analyzed using an in-house MATLAB script to determine 

the dilatational modulus and phase angle as discussed in the Analysis section.  

3. Analysis 

3.1.  Thermodynamic Analysis of Mixed Binary Monolayers 

A fixed number of molecules n1 and n2 of components 1 and 2, respectively, is added to an aqueous-air 

interface, and each component occupies a portion of the total surface area A1 and A2. Each component has 

a corresponding average area per molecule ai = Ai/ ni where the subscript i is either 1 or 2. Initially ai is 

large such that the surface pressure  = o – , where o and  are the surface tensions of the subphase in 
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the absence and presence of monolayers respectively, is approximately zero. As the monolayer is 

compressed,  generally increases. For an ideal monolayer with two non-interacting components, the 

average area per molecule a12, ideal at a fixed  and temperature T is simply additive based on the respective 

areas per molecule of the components and their corresponding mole fractions, X1 and X2: 

12,ideal 1 1 2 2  .a X a X a= +          (1) 

In a real binary monolayer, intermolecular forces between the two components can lead to the 

condensation or expansion of the average area per molecule (a12) relative to the ideal case (i.e., a12, ideal), 

leading to an average excess area per molecule aex: 

ex 12 1 1 2 2  ( ),a a X a X a= − +                       (2) 

which can be easily measured directly from  ‒ a isotherms. A negative aex indicates condensation of the 

monolayer, while a positive aex indicates expansion relative to the ideal monolayer case. 

The corresponding excess free energy of mixing during monolayer formation can be calculated by 

considering the Gibbs free energy per mole, G. As the Gibbs free energy per mole can be defined in terms 

of independent variables temperature T, pressure P, surface tension , and number of moles of the ith 

component ni, the corresponding change in free energy becomes d d d d di iG S T V P a n = − + − +    

where S is entropy, V is volume, and i is the chemical potential of the ith component. For changes only in 

, this becomes d dG a = − , or equivalently in terms of surface pressure, i.e., : 

d d .G a =            (3) 

Similarly, in an ideal monolayer with no interactions between the components of 1 and 2, the 

corresponding free energy (G12, ideal) becomes additive such that 
12,ideal 1 1 2 2  .G X G X G= + In a real 

monolayer, there is some excess energy ex 12 12,ideal  .G G G= −  Eq. (3) can be used to derive an expression 

for Gex which can be calculated directly from  ‒ a isotherms [42]: 

ex ex
0

Δ   d .G a


=                   (4) 
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Details on the derivation of Eq. (4), originally from Ref. [42], are included in the Supplementary 

information. At a given , a negative ∆Gex indicates net attraction between the two interacting components 

while a positive ∆Gex indicates net repulsion and a less stable monolayer. 

3.2.  Surface Tension Measurement 

Surface tension for both  ‒ a isotherms and dilatational rheology is measured using the pendant drop 

method [43,44] from the family of axisymmetric drop shape analysis (ADSA) techniques [45]. Briefly, the 

shape of a pendant drop suspended from a capillary with isotropic surface tension is dictated by the balance 

of gravity deforming the drop surface and surface tension resisting the deformation, as described by the 

Young-Laplace equation, 2 Δ (2 / ),gz R  = −  where H is the mean curvature of the drop surface, 

∆  is the density difference between the drop and surrounding air, z is the elevation height, and R is the 

radius of curvature at the drop apex (Fig. 2A). Using R as a characteristic length scale, the dimensionless 

Young-Laplace equation becomes: 

* * *2 Bo 2,z = −           (5) 

where ‘*’ indicates dimensionless quantities and 
* 2Bo Δ gR = is the Bond number relating the 

influence of gravity (numerator) and surface tension (denominator). In practice, Eq. 5 is parameterized with 

respect to an arc length s in the meridional plane and the surface tangent angle  (see Fig. 2A), resulting in 

three coupled differential equations that are solved numerically, the details of which can be found in many 

references [45–48]. The magnitude of 
*Bo  is important in the fitting of Eq. 5 to the shape of pendant drops. 

When
*Bo is small,  dominates the shape of the pendant drop which tends toward a spherical shape to 

minimize surface area. In such a situation it is difficult for a fitting algorithm to satisfactorily fit the Young-

Laplace equation and substantial errors in  result. Generally, it is necessary for 
*Bo 0.15  for many 

algorithms to properly fit the Young-Laplace equation [46], although some algorithms have been successful 

for 
*Bo 0.1  [47].  
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Fig. 2. The two relevant coordinate systems for axisymmetric drop shape analysis, (x, z, ) and (s, ) are 

shown in (A). In (B), graphical representations of dilatational deformation with area change ∆A ≠ 0 (= ) 

and combined dilatational and shear deformation are shown, where s and  are the strains in the 

meridional and azimuthal directions, respectively. 

3.3.  Interfacial Dilatational Rheology 

With an insoluble monolayer adsorbed onto the pendant drop surface, we modulate the surface area of 

droplet by varying the drop volume sinusoidally. If the surface area deformation is only dilatational, we 

would impose an area change ∆A while preserving the shape of the droplet (see the “left” schematic of Fig. 

2B). However, due to the drop being non-spherical, the surface area will undergo combined dilatation and 

shear as shown in the “right” schematic of Fig. 2B. If the insoluble monolayer is capable of resisting only 

dilatational deformation, the Young-Laplace equation is valid and can be used to measure the instantaneous 

surface tension of the monolayer during deformation [49]. On the other hand, if the monolayer can also 

resist shear deformation along with dilatational deformation, additional in-plane shear stresses will develop 

and invalidate the use of the Young-Laplace equation, although the Young-Laplace equation can still appear 

to fit the drop shape properly in these situations [50]. This is an important note since, in our measurements 

for some monolayers, a negative phase shift between temporal changes in  and A (i.e., (t) and A(t) 

respectively) indeed appears, suggesting that shear resistance phenomena may still take place in some cases 

although the Young-Laplace equation fits well to experimental images as discussed in more detail in the  
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Continuing with the assumption that the monolayer resists only dilatational deformation, and the 

surface area deformation is approximately planar, for small deformations, the change in the surface tension 

corresponding to changes in surface area is characterized by the dilatational modulus E [51,52]: 

e

Δ
.

Δ
E A

A


=                          (6). 

The rationale beyond this equation is that as we vary the volume sinusoidally, the volume changes are small 

such that the area also changes approximately sinusoidally: 

e( ) Δ sin(2 ),A t A A ft= +                       (7) 

where Ae is the surface area at equilibrium before oscillation, ∆A is the (+/-) area change, and f is the 

oscillation frequency. If the corresponding surface tension response is linear, it will likewise be sinusoidal: 

e( ) Δ sin(2 ),t ft    = + +                           (8) 

where e is the surface tension at equilibrium, ∆ is the (+/-) change in , and  is the phase angle. If the 

monolayer is purely elastic, (t) and A(t) will be in phase ( =0), and if the monolayer is viscoelastic there 

will be some positive phase shift 0 <  < 90o, with   = 90o being a purely viscous monolayer.  

The amplitudes ∆ and ∆A and the phase angle  are determined by applying a discrete Fourier 

transform to the (t) and A(t) signals [53]. Additionally, the dilatational modulus can be decomposed into 

a real and imaginary component: 

' ",iE E e E iE= = +                                     (9) 

where the real component E′ is the storage or elastic modulus, and the imaginary component E″ is the loss 

or viscous modulus. The dilatational elasticity and viscosity are then  = E′ and  = E″ /2f, respectively. 

4. Results and Discussion 

 

4.1. Monolayer Formation 
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The surface pressure versus mean molecular area during the constant rate compression of the 

monolayers is shown in Figs. 3A and 3B for DPPC-CHOL and DPPE-CHOL binary mixtures, respectively. 

The DPPC-CHOL isotherms are in approximate agreement with similar measurements made with 

Langmuir troughs in previous studies [25–30]. In these prior studies, the molecular area at which the surface 

pressure first becomes non-zero ranges from near 110 Å2 [25,26] to near 90 Å2 [28,29] as we have observed. 

The collapse pressure for DPPC in Fig. 3A occurs at about  = 60 mN/m and a molecular area near 43 Å2. 

The plateau in our DPPC isotherm is less defined in the vicinity of  = 10 mN/m where liquid expanded 

(LE) and liquid condensed (LC) phases should coexist. The lack of a well-defined plateau has been observed 

in other pendant drop and bubble studies [38,39,41], and A. Jyoti et al. [38] demonstrated the sensitivity of 

the presence of an approximate plateau could depend on how the lipids were deposited onto the drop 

surface. The CHOL isotherm in Fig. 3A shows that the area at which   begins increasing is about 37 Å2, 

and there is a rapid increase in   thereafter, indicative of good agreements with previous results [28,29]. 

In Fig. 3A, the isotherms with mixtures of DPPC and CHOL generally fall between the DPPC (-○-) and 

CHOL (-○-) isotherms according to XCHOL. These mixed monolayers will be further analyzed in more detail 

below, including the aspects of excess areas (aex: Fig. 4) and excess mixing energy (Gex: Fig. 5). 

 

Fig.  3. Surface pressure versus area isotherms are plotted for (A) DPPC-CHOL and (B) DPPE-CHOL 

monolayers. Isotherms for each lipid mixture were performed in duplicate, with the horizontal error bars 
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representing +/- one standard deviation in the mean molecular area for each surface pressure. DPPC : CHOL 

mixtures of 3:7 and 1:9 are omitted from (A) for clarity. 

There are fewer examples of DPPE-CHOL monolayers reported in the literature. The mean molecular 

area at which   becomes nonzero varies considerably in the few studies of DPPE-CHOL binary mixtures, 

from approximately 50 Å2 (on water, 100 mM NaCl, and 33 mM CaCl2 subphases) [35] to 80 Å2 (on water) 

[34]. In our measurement (Fig. 3B), the mean area where   becomes nonzero appears a slightly less at 

about 45 Å2, which may be attributed to the presence of mixtures of salts in our subphase. Our subphase is 

PBS with 10 mM phosphate, 2.7 mM KCl, and 137 mM NaCl and such high ionic strengths contributes to 

decrease net repulsive interactions, possibly arising between zwitterionic PE headgroups, leading to a 

tighter packing. The addition of CHOL to DPPE monolayers has pronounced yet non-monotonic effects on 

the mean molecular areas: interestingly, at higher   values, DPPE-CHOL isotherms with higher XCHOL 

values (indicated by green shades: XCHOL = 0.6 – 0.9) actually exhibit larger molecular areas compared to 

those with lower XCHOL values (indicated by blue shades: XCHOL = 0.1 – 0.5). This notable contrast with 

DPPC-CHOL isotherms can be attributed to the significant impacts of the PE headgroups on interactions 

with CHOL, which we will discuss in more detail next.   

In order to elucidate the fundamental roles of zwitterionic lipid headgroups on their respective 

molecular interactions in the form of monolayers, the excess mean molecular area (aex) shown in Fig. 4 was 

calculated using the isotherms presented in Fig. 3 and Eqs. 1-2. The ratio aex/a12,ideal, representing the 

relative condensation (aex/a12,ideal < 0) or expansion (aex/a12,ideal > 0)  of the molecular area for both binary 

mixtures of DPPC-CHOL and DPPE- CHOL, is plotted as a function of CHOL mole fraction (XCHOL) and 

shown in Fig. 4. In Fig. 4A, the addition of CHOL into DPPC monolayers leads to significant condensation, 

with the maximum effect occurring between 0.4 < XCHOL < 0.7 and the relative magnitude of the 

condensation increasing with decreasing . This condensation effect for all XCHOL is in agreement with 

similar studies where DPPC-CHOL monolayers were investigated [25–30]. In these monolayers, the steroid 

rings and alkyl tail in CHOL can interact with the acyl tails in DPPC, increasing the orientation order of 

lipid molecules which reduces the area occupied by each lipid as a result. Furthermore, the small molecular 
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size of cholesterol enables it to fill voids in the monolayer that otherwise would be too small for DPPC, 

further reducing the effective area per lipid [2]. It is worth noting that our results show some differences 

with some earlier Langmuir monolayer studies, particularly for DPPC/CHOL mixtures. While Langmuir 

studies typically report the minimum excess area (maximum interaction) at XCHOL = 0.25 or 0.5, our data 

shows this occurring at XCHOL = 0.4 [54,55]. This difference could be attributed to our use of PBS buffer 

instead of pure water, which may alter lipid-lipid and lipid-cholesterol interactions due to electrolyte 

screening effects.  

Comparing aex/a12,ideal for DPPE-CHOL (Fig. 4B) with that of DPPC-CHOL demonstrates a significant 

shift in behavior. Notable condensation is observed for XCHOL < 0.5, which remains relatively consistent 

across the range of pressures studied ( = 5 – 40 mN/m). However, for XCHOL > 0.5, a clear expansion 

effect is observed, with the area occupied by each lipid being as 10% greater than that of an ideal monolayer. 

This suggests some unfavorable interactions between CHOL and DPPE at larger XCHOL values, which can 

be further analyzed by calculating the excess Gibbs free energy of mixing. 

 

Fig. 4. The excess mean molecular area divided by the ideal mean molecular area for (A) DPPC-CHOL 

and (B) DPPE-CHOL monolayers are plotted versus CHOL mole fraction for  = 5, 10, 20, 30, and 40 

mN/m. The error bars represent +/- one standard deviation based on the duplicated surface pressure versus 

area isotherms. 

Using the  - a isotherms from Fig. 3 in conjunction with Eq. 4, the excess mixing energy, ∆Gex, was 

calculated using Eq. 4, and is plotted in Fig. 5 as a function of XCHOL. This quantity represents the change 
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in energy required to form the mixed monolayer, relative to ideal mixing between the two lipids present in 

the monolayer. In Fig. 5A, ∆Gex is negative for all values of XCHOL and across all , indicating a reduction 

in the energy required to form the monolayer due to net attraction between DPPC and CHOL. This net 

attraction can arise from a combination of inter-headgroup hydrogen bonding between DPPC and CHOL, 

as well as hydrophobic interactions between the acyl tail of DPPC and the ring structure and alkyl tail of 

CHOL (See Fig. 1) [2,22]. The hydrogen bonding between the two lipids has the additional effect of 

displacing water that was previously hydrating the PC headgroup, further reducing the area per lipid [24]. 

As  increases, the distance between lipids decreases, leading to stronger attractive interactions and a more 

negative ∆Gex. Due to the presence of its amine group, DPPE is capable of being both a hydrogen bond 

donor and acceptor, in contrast to DPPC only being an acceptor. This distinction leads to two major 

implications for the behavior of the PE headgroup compared to the PC headgroup: increased hydration of 

the PE headgroup [17,18] and more favorable phospholipid-phospholipid inter-headgroup interactions. 

These differences aid in interpreting the ∆Gex results for DPPE-CHOL monolayers shown in Fig. 5B. For 

XCHOL < 0.5, ∆Gex is negative indicating net attraction between DPPE and CHOL. Like with DPPC, these 

interactions can include inter-headgroup bonding between DPPE and CHOL and well as hydrophobic 

interactions. However, as XCHOL is approaching 0.5, ∆Gex tends toward zero, which signifies a reduction in 

favorable interactions between DPPE and CHOL with the increasing addition of CHOL. A plausible 

explanation for this behavior is that the stronger inter-headgroup hydrogen bonding and electrostatic 

interactions between DPPE molecules makes DPPE-DPPE interactions more favorable than DPPE-CHOL 

interactions [18,56]. At very low XCHOL, CHOL may be able to induce a degree of dehydration and occupy 

voids in the DPPE-rich monolayer which reduces the area per lipid, but this effect encounters diminishing 

returns as XCHOL increases due to suboptimal interactions between CHOL and DPPE. For XCHOL > 0.5 (See 

Fig. 5B), ∆Gex becomes positive, indicating a net repulsion between CHOL and DPPE and an increase in 

immiscibility, especially in the gel state, i.e., a more positive ∆Gex is observed at higher . In this range, it 

is plausible that distinct DPPE-rich domains exist within an otherwise CHOL-rich monolayer, aligning with 
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previous experimental observations [18,57]. Analogous to how increased packing density amplified net-

attractive interactions between DPPE and CHOL for XCHOL < 0.5, escalating packing (i.e., increasing ) 

intensifies the repulsive interactions between DPPE and CHOL for XCHOL > 0.5.  

 

Fig. 5. The excess Gibbs energy of mixing for (A) DPPC-CHOL and (B) DPPE-CHOL monolayers versus 

CHOL mole fraction are plotted for  = 5, 10, 20, 30, and 40 mN/m. The error bars represent +/- one 

standard deviation based on the duplicated surface pressure versus area isotherms. 

4.2. Interfacial Dilatational Rheology 

Having identified key differences in the formation and thermodynamics of DPPC-CHOL versus DPPE-

CHOL monolayers, which are attributed to variations in phospholipid headgroups, interfacial dilatational 

rheology measurements were conducted to further scrutinize the resultant alterations in the material 

properties of the monolayer. Utilizing oscillating pendant drops, sinusoidal A(t) and resulting (t) data were 

collected for DPPC-CHOL and DPPE-CHOL monolayers at XCHOL = 0, 0.2, 0.5, 0.8 and 1, and at  values 

ranging from 5 to 40 mN/m at increments of 5 mN/m, as detailed in the Materials and Methods section. 

Two representative plots of raw A(t) and (t) are shown in Figs. 6A and 6B for DPPE at  = 30 and 40 

mN/m. Additional plots for other monolayers are available in the supplementary material (Figs. S2-S28). 

In Fig. 6A, it is clear that there is a positive phase shift () between  and A, signifying that the rheological 

response can be described by both an elastic (storage) modulus (E′) and viscous (loss) modulus (E″), where 

the latter can be represented as E″= /2f, with  denoting a dilatational viscosity.  
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Fig 6. Plots of ∆/∆max and ∆A/∆Amax versus t for one period at f = 0.2 Hz for DPPE are shown for (A)  

= 30 mN/m and (B)  = 40 mN/m. The phase shift  is annotated, being negative at  = 30 mN/m and 

positive at  = 40 mN/m. Data shown is from a single period of a total of 5-10 oscillation cycles performed 

for each measurement. 

Interestingly, for both DPPC and DPPE at  = 40 mN/m, a slightly negative  was observed as 

shown in Fig. 6B for DPPE and Fig. S7 for DPPC. Negative  during oscillating dilatational rheology 

measurements has been reported in previous studies [52,58–64], and when applying Eq. 6 to these datasets 

it indicates the dilatational viscosity  is negative. A negative viscosity lacks physical significance, but the 

presence of a negative  between surface area (A) and measured  constitutes an empirical observation that 

demands further discussion.  Due to the non-spherical nature of a pendant drop, the changes in the surface 

area during volumetric oscillation will not be purely dilatational. Similar measurements conducted using 

symmetric oscillating barriers on a Langmuir trough do not result in purely dilatational deformation [65]. 

If we can reasonably assume that the film is unable to resist any shear deformation, then employing the 

Young-Laplace equation (Eq. 5) to measure  and using Eq. 6 to calculate the dilatational moduli would 
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be satisfactory [50]. However, if the film is capable of resisting shear deformation, the application of both 

Eq. 5 and Eq. 6 potentially becomes problematic, as they assume purely dilatational deformation. It is 

known that when a film exhibits strong enough shear resistance, the added stresses produce a drop shape 

that cannot be described by the Young-Laplace equation. In such cases, additional constitutive models [66] 

or a modified experimental apparatus that is capable of directly measuring capillary pressure [67] have been 

used to measure the anisotropic surface tensions. In our measurements, however, the drop shapes did not 

deviate from that of a Young-Laplace drop shape. This does not exclude the possibility of the film having 

some shear resistance, but only means the added stresses are not significant enough to produce a non-

Young-Laplace shape. Indeed, in a study of simulated oscillating pendant drops [50], the authors used films 

that could resist both dilatational and shear deformation and the resulting drop shapes fit well to the Young-

Laplace equation. Thus, the measured surface tension from fitting the Young-Laplace equation in these 

simulations was considered an “apparent surface tension” and denoted as app. When fitting Eq. 6 to the 

simulated app (t) and A(t) results, the authors did in fact observe a negative  when the shear viscosity  

was large enough relative to . Therefore, a plausible explanation for our observation of a negative 𝜙 is 

that the films do have some shear resistance and for DPPC and DPPE at   = 40 mN/m the ratio  / is 

large enough that  becomes negative. 
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Fig. 7. The (A) dilatational modulus |E| and (B) phase angle  are plotted versus surface pressure for DPPC-

CHOL and DPPE-CHOL monolayers. Error bars represent +/- one standard deviation based on moduli 

measured between f = 0.1 and 1 Hz. 

Applying the above reasoning implies that care must be exercised when interpreting dilatational 

interfacial rheology measurements of lipid monolayers on pendant drops. To accommodate this point, Eq. 

6 has been fitted to our  (t) and A(t) experimental data to determine the corresponding dilatational modulus 

|E| and phase angle , which are plotted in Fig. 7, averaged over the frequency range 0.1 ≤ f ≤ 1 Hz. 

Comprehensive results of the moduli versus f are provided in the supplementary material (Figs. S29-S37). 

We begin our interpretation of the rheological results with the single-lipid monolayers, DPPC (-○-), DPPE 

(-●-), and CHOL (-●-), represented by color-coordinated thick solid lines as shown in Fig. 7. In Fig. 7A, 

CHOL monolayers exhibit a significantly higher |E| compared to both DPPC and DPPE ones, owing to its 

rigid molecular structure and ability to form a densely packed film [2]. In a comparative analysis between 

the pure DPPC and DPPE monolayers, DPPC consistently displays a higher |E| than DPPE with the 

exception of the case at   = 15 mN/m. This phenomenon can be attributed to the greater hydration of the 

PE headgroup in DPPE, which results in its increased immersion in the aqueous subphase relative to DPPC, 

thereby diminishing monolayer cohesion [19]. The exception at   = 15 mN/m approximately corresponds 

to the phase transition from a liquid-expanded to liquid-condensed monolayer in DPPC (See Fig. 3), during 

which the monolayer can sustain substantial changes in surface area without a considerable effect on . 

In Fig. 7B, the phase angles for all three single-lipid monolayers when   < 20 mN/m are similar and 

between approximately 5o <  < 10o. While, for CHOL (-●-),  remains roughly constant over the full range 

of ,  starts to drop for both DPPC (-○-) and DPPE (-●-) above  = 20 mN/m, which roughly translates 

to a less fluid monolayer. In the range of 20 mN/m ≤  ≤ 30 mN/m (shaded in light grey in Fig. 7B), DPPE-

CHOL monolayers (solid circles) has a larger  compared to the case of DPPC-CHOL monolayers (blank 

circles), suggesting between the two phospholipids, monolayers with DPPE are more fluid in this range 

which again can be ascribed to the reduced cohesion due to increased hydration of the PE headgroup. Above 

 = 35 mN/m, both monolayers exhibit a negative . As discussed earlier, the negative  strongly suggests 
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these monolayers exhibit some shear resistance at  = 40 mN/m, indicating that Eq. 6 is not suitable to 

describe the interfacial rheology of these monolayers at this pressure. 

 

Fig. 8. Plots of the normalized difference between |E| (∆|E|, See Eqn. 11) for DPPC-CHOL and DPPE-

CHOL monolayers are shown as functions of (A)  and (B) XCHOL. Error bars are based on the standard 

deviations shown in Fig. 7. 

The addition of CHOL to DPPC and DPPE monolayers substantially affects the dilatational 

rheology, and indeed we see that the change in PE versus PC headgroup has a significant effect on the 

resulting moduli. In fact, while DPPC generally exhibited a larger |E| than DPPE, mixed DPPE-CHOL 

monolayers generally exhibit a larger |E| than DPPC-CHOL monolayers (See Fig. 7(A)). To more clearly 

visualize this and to facilitate discussion, we define the relative difference in the dilatational modulus 

between DPPC-CHOL and DPPE-CHOL monolayers, ∆|E|, as: 

PC PE

PE

Δ ,
E E

E
E

−
=          (11) 

where a positive ∆|E| indicates the DPPC-containing monolayer has a larger |E| and vice versa. The quantity 

∆|E| is plotted versus both  (Fig. 8A) and XCHOL (Fig. 8B). For XCHOL > 0, DPPE-CHOL monolayers 

have a significantly larger |E|, in some cases approaching 70% larger. The difference is greatest primarily 

for XCHOL=0.5 (See -★- in Fig. 8A). As discussed throughout, the PE headgroup is more easily hydrated 
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than PC, which explains the reduced |E| in DPPE compared to the case of DPPC. However, CHOL has 

been shown to cause dehydration when present in phospholipid monolayers [24]. For both DPPC-CHOL 

and DPPE-CHOL monolayers, this dehydration coupled with inter-headgroup hydrogen bonding and 

hydrophobic interactions would increase monolayer cohesion, resulting in elevated |E|. In DPPE-CHOL 

monolayers, however, the inter-headgroup hydrogen bonding between the DPPE lipids is stronger, 

attributed to the PE’s dual role as a hydrogen bond donor and acceptor. Consequently, the CHOL-induced 

dehydration of the monolayer amplifies the cohesion between DPPE lipids, leading to the larger |E| 

compared to its DPPC-CHOL counterpart. At XCHOL = 0.8, the difference in |E| for DPPC- CHOL and 

DPPE-CHOL monolayers diminishes, as depicted in Fig. 8. This transition coincides with the CHOL-

induced monolayer expansion (see Fig. 4B) and a shift to positive ∆Gex (refer to Fig. 5B). Despite the 

immiscibility of CHOL in DPPE at these high mole fractions and the probable presence of distinct DPPE-

rich domains, the dilatational modulus surpasses that of DPPC-CHOL monolayers containing the same 

amount of CHOL. 

5. Conclusions 

In the present work, we have compared the monolayer formation and interfacial dilatational rheology 

of two binary lipid systems, DPPC-CHOL and DPPE-CHOL, where the only difference was the 

phospholipid headgroup, phosphatidylcholine (PC) versus phosphatidylethanolamine (PE). Both of these 

headgroups are zwitterionic, with the major differences being the slightly smaller size and increased 

hydration of PE compared to PC. Using pendant drops, both surface pressure-area (-a) isotherms and 

dilatational rheological properties were measured.  

In the realm of monolayer formation, our investigation delineates the distinct behaviors exhibited by 

CHOL in two contrasting environments: DPPC and DPPE monolayers. Notably, when integrated into 

DPPC monolayers, CHOL exerted a condensing effect at all mole fractions studied. In contrast, CHOL had 

a condensing effect in DPPE monolayers only for XCHOL < 0.5, above which CHOL had an expanding effect 

on the monolayer. This more complicated behavior, which has been reported once before [35], agrees with 

observations that increased CHOL in DPPE monolayers tends to produce CHOL-poor domains [18].  An 
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extensive analysis of both the excess mean molecular areas and the Gibbs energy of mixing (∆Gex) 

substantiates the interpretation that the stronger inter-headgroup hydrogen bonding between DPPE lipids 

favors this immiscibility at elevated CHOL concentrations. 

We have also reported, for the first time, interfacial dilatational rheology results for mixed DPPE-

CHOL monolayers, alongside comprehensive comparisons with DPPC-CHOL counterparts, at varying 

XCHOL and . The analyses of the -a isotherm and ∆Gex outcomes reveal significant distinctions in the 

rheological characteristics between DPPC-CHOL and DPPE-CHOL binary systems: (i) The enhanced 

hydration propensity of DPPE headgroups generally fosters less cohesive, softer monolayers compared to 

the case of DPPC. (ii) However, the integration of CHOL leads to stiffer DPPE-CHOL monolayers than 

DPPC-CHOL, particularly at XCHOL= 0.2 and 0.5. We hypothesize that this reversal, where DPPE-

containing monolayers become stiffer than DPPC-containing monolayers, is mediated by the synergistic 

effects of CHOL-induced monolayer dehydration and robust DPPE-DPPE inter-headgroup hydrogen 

bonding. (iii) At high CHOL concentrations (XCHOL ≥ 0.8), the difference in |E| between DPPE-CHOL and 

DPPC-CHOL monolayers diminishes, aligning with the calculated positive ∆Gex, indicative of net repulsion 

in DPPE-CHOL monolayers. In this regime, despite the formation of distinct CHOL-poor domains in 

DPPE-CHOL monolayers, the DPPE-CHOL monolayers still generally maintain a higher rigidity compared 

to the more miscible DPPC-CHOL monolayers. 

For DPPC and DPPE at high , we also measured negative phase shifts between A(t) and (t) at high 

. This unexpected result has been observed by others for different materials [52,58–64], and is plausibly 

explained by the presence of simultaneous dilatation and shear deformation as well as a monolayer that is 

capable of both dilatational and shear resistance [50]. This observation highlights the complex behavior of 

these monolayers and the difficulty in determining these interfacial rheological properties.  

In conclusion, despite the challenges in measuring interfacial rheological properties, clear differences 

in the rheological behavior between DPPC-CHOL and DPPE-CHOL monolayers were established, 

attributable to the differences in the phospholipid headgroup. Our study highlights the importance of 
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investigating the complex interactions between lipids and cholesterol in monolayers and membranes and 

demonstrates the power of combining monolayer formation and interfacial rheology techniques to gain 

insights into these systems. These findings underscore the significant influence of lipid monolayer 

composition on monolayer formation and material properties and highlight the complex interplay between 

lipid-lipid and lipid-cholesterol interactions in determining the structural and mechanical properties of 

biological membranes. Therefore, we believe the insights gained from this work can serve as a foundation 

for future studies exploring a wider range of lipid compositions and environmental conditions, with the 

ultimate goal of developing a comprehensive understanding of the structure-function relationships in 

biological membranes, potentially also leading to the development of novel biomimetic materials and drug 

delivery systems. 
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