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Abstract We have studied the effect of a novel stigmasterol-based mesogen (4-mercaptoalkyl benzoate
of stigmasterol or 4MBS) and phytosphingosine (PHS molecules) on the Langmuir monolayer of 1,
2 dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) using the surface manometry technique. The mixed
monolayers of 4AMBS/DPPC and PHS/DPPC in different compositions are investigated using surface
manometry. The surface pressure—area per molecule isotherms were analysed to determine the mechanical
and thermodynamical aspects like phase transitions and stability of the mixed Langmuir monolayer. The
Brewster angle microscope (BAM) was used for visualising the monolayer morphology. Our studies show
that PHS and 4MBS molecules stabilise the liquid expanded (LE)-liquid condensed (LC) phase coexistence
region of the DPPC monolayer.

1 Introduction

The lipid bilayer membrane enclosing the biological cell and organelles plays a vital role in many physiological
processes like signal transduction and cross-membrane transport [1]. The biological cell membrane comprises
several components like phospholipids, sphingolipids, sterols, sugar and proteins. The relative composition of these
components decides the properties of the cell membrane. Due to the complexity in terms of variety of components
and their relative composition, it is challenging to study the role of each component towards the properties of cell
membrane. Hence, the model membranes are preferred over cell membranes for controlled study [2].

Langmuir monolayer is a model system which mimics one of the two leaflets of a bilayer cell membrane. Langmuir
monolayer can be described as a monomolecular thick film of amphiphilic molecules spontaneously formed at the
air—water interface. Several studies have been carried out to understand the Langmuir monolayers of biological
lipids [3-5]. Phospholipid molecules, considered to be the building blocks of a cell membrane, can form a stable
monolayer[6]. 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is one of such molecules and an important
component of the cell membrane.[7, 8] It is an important constituent of the lung surfactants that plays a vital role
in avoiding the alveolar collapse[9, 10]. The characteristic feature of the DPPC Langmuir monolayer is the presence
of coexistence region of the liquid expanded (LE) and liquid condensed (LC) phases [11, 12]. In this coexistence
region, the ordered LC domain is dispersed in a disordered LE phase. The LE-LC coexistence region in the
monolayer of DPPC has attracted many studies and the effect of other lipid molecules on the coexistence region of
DPPC monolayer is of interest. The structure and the stability of coexistence of the ordered and disordered phases
in a cell membrane depend on the membrane lipid composition. Studies have been carried out to understand the
order—disorder phases and their stability using phosphatidylcholine lipids like DPPCJ[13].

The LE-LC transition is expected to be a first-order phase transition, where the m — A,, isotherm shows a
plateau region with a zero slope in the coexistence region. In the DPPC monolayer, interestingly, the LE-LC
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coexistence regions have a non-zero slope in the m — A,,, isotherm. Several studies were conducted to explain the
nature and the genesis of the non-horizontal curve with a non-zero slope. Mohwald [6] et al. claimed the LE-to-LC
transition to be a second order or “diffuse first order” phase transition and the transition region is characterised
by a long-range orientational and short-range positional order of the molecules. Pallas et al. [14] and Hifeda et al.
[15] attributed the non-horizontal slope to the presence of surface active impurities. Other studies attribute the
non-horizontal coexistence curve to the consequence of formation of molecular aggregates like surface micelles [16,
17]. Arriga et al. [18] explained the observed mechanical properties of the monolayer by considering the energetics
of phase transition and the mechanical properties of the coexisting phases. Eiji Hatta et al. [13] attributed the
non-horizontal curve between LE and LC phases in the the m — A,,, isotherm to the coupling between the lateral
molecular density (p)-2D strain (e5) and to the collective chain tilt (¢). Raghavendra et al.[19] have studied the
role of this coupling in the mixed monolayer of y—Oryzanol and DPPC. The thermodynamic analysis would help
in understanding the factors affecting the stability of the coexistence of order—disorder phases of multi-component
monolayers. The effect of other lipids on the LE-LC coexistence region in the Langmuir monolayer of DPPC is
not well understood and requires further investigations. Such studies may help in understanding the formation of
ordered domains from the disordered region and the stability of their coexistence at higher composition of sterols[3,
20, 21].

In this article, the effects of a 4-mercaptododecyl benzoate of stigmasterol (4MBS) and the effect of sphin-
golipid phytosphingosine (PSP) on the DPPC monolayer and its LE-LC coexistence region in 7 — A,, isotherm
are studied using the surface manometry technique. The stigmasterols are plant sterols[22], well known for their
anti-carcinogenic properties[23]. These molecules have a hydrophobic rigid core compared to DPPC[24]. Phytosph-
ingosine is known for preventing moisture loss and protecting the skin from environmental damage and also for
anti-inflammatory and anti-microbial activities[25-28]. In order to understand the effect of stigmasterol derivative
and sphingolipid on coexistence of the order and disordered phases in thin films containing phosphatidylcholine
(PC) lipids, we have carried out experiments on mixed monolayers of DPPC-4MBS and DPPC-PHS using surface
manometry technique. Our studies help in understanding the role of coupling between the lateral molecular density
(p)—2D strain (e;) and to collective tilt (¢) on the stable coexistence of disordered LE-ordered LC phase in the
Langmuir monolayer. Such studies may also help in understanding the properties of vesicle membranes formed by
these mixtures.

2 Experimental details

2.1 Materials

DPPC was purchased from Avanti polar lipids and used without any further processing. The 4MBS was synthesised
and characterised as described elsewhere[29, 30]. PHS was purchased from the Tokyo chemical industry (TCI).
The stock solution of DPPC (1 mg/ml) and 4MBS (0.5 mg/ml) was prepared in HPLC-grade chloroform. The
stock solution of PHS (0.9 mg/ml) was prepared in HPLC grade chloroform/methanol (9:1) methanol. The stock
solutions of DPPC/4MBS and DPPC/PHS were prepared to get different mole fractions of 4MBS and PHS in
DPPC, respectively, for further studies.

2.2 Methods

The surface manometry technique is employed for studying the m — A,, isotherms obtained using the KSV Nima
trough (Fig. 1). Langmuir monolayers were formed by spreading the stock solutions using Hamilton micro-syringe
on the subphase of ultra-pure deionised water (Evaqua; model: W3T324496). The isotherms were recorded at a
temperature of 24.0+0.5 °C. All the experiments were carried out for atleast three times to check the reproducibility
of the isotherms. The sensitivity of the tensiometer was 0.01 mNm~! and the accuracy in area per molecule
calculation was 0.5 A2, The Brewster angle microscopy (BAM) images having a resolution of 12 um, are taken
using the KSV Nima (Model: MicroBAM), equipped with a 50 mW laser source emitting a p-polarized light beam
of wavelength 659 nm. The BAM images for surface pressure (7) values taken at an interval of every 0.5 mNm™*
are analysed along with the 7 — A,,, isotherms.

3 Results and discussion

The 4MBS/DPPC and PHS/DPPC mixtures do not form a stable monolayer at composition greater than 0.3 mole
fraction of 4MBS and PHS in DPPC. For relative mole fractions of 0.1, 0.2 and 0.3, the mixed monolayer exhibits
reproducible isotherms and BAM images. Figure 2 shows 7 - A,,, isotherms of the mixed Langmuir monolayers of
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Fig. 1 Schematic
representation of surface
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DPPC/4MBS and DPPC/PHS systems. The mixed monolayers of 4MBS/DPPC have 7 - A,, isotherms shifted
towards the lower A,, as compared to pure DPPC monolayer, irrespective of the relative composition. In the case
of PHS/DPPC mixed monolayer (Fig. 2), the isotherms shift towards lower area per molecule and the extent of
shift increases with the increasing PHS mole fraction.

The compression modulus of the monolayer can be obtained from the 7 — A4, isotherms using the equation [31]

dm

El= Ay ——
|E| T4

(1)

Smaller values of compression modulus correspond to the higher compressibility of the monolayer, indicating a less
rigid phase. Similarly, the value of the modulus is higher for the condensed state of the monolayer and will have
lower compressibility [32]. Figure 3 shows the variation of compression modulus as a function of area per molecule
for different mole fraction of 4MBS and PHS in DPPC. The maximum of compression modulus (|E|prq.) which
corresponds to uniform LC phase shifts towards the lower A,, value as composition of 4MBS or PHS increases.
It can be noted that the |E|pzq, values decrease with the increasing 4MBS or PHS relative composition in the
DPPC monolayer (Fig. 4). The variation of the collapse pressure 7. (the maximum surface pressure up to which
the monolayer remains stable [33]) for different relative composition of 4MBS or PHS in the monolayer is shown
in Fig. 4. The decrease in m, with the increase in 4MBS composition up to 0.2 mole fraction indicates the decrease
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in monolayer stability against the collapse state [34]. For PHS/DPPC mixture, the collapse pressure 7. decreases
with increase in the PHS composition for 0.1 PHS mole fraction and it increases for x pgs—o.2 and xXprs—o0.3-

In the case of AMBS/DPPC monolayer with x4aps=0.1, the range of LE-LC phase coexistence region decreases
with respect to that of the pure DPPC monolayer. The liquid expanded phase is a low density phase where the
average area per molecule is larger than the size of the hydrophilic head group [35]. On compressing the monolayer
transforms to a more ordered liquid condensed (LC) phase and the liquid expanded to liquid condensed phase
is characterised by a coexistence region. It is also observed that for higher compositions of 4MBS, the range
of coexistence region increases with the increase in the 4MBS relative composition. This indicates that adding
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4MBS stabilises the LE-LC coexistence region of DPPC monolayer. Addition of sterols like cholesterol to the
phospholipid monolayer causes the reduction of LE-LC coexistence region [3, 36]. This difference can be due
to the steric hindrance caused by the additional double bond in the hydrophobic side chain and the aromatic
hydrophobic core in the sterol moiety [36, 37]. In the case of PHS/DPPC monolayer, the range of LE-LC phase
coexistence is found to be decreasing as the mole fraction of PHS (xpgms) increases, showing a major difference of
the effect of 4MBS from that of stigmasterol on DPPC monolayer. Our analysis shows that the isotherms are less
reproducible for 4AMBS or PHS mole fractions of more than 0.3 in the DPPC monolayer.

The visualisation of the phase transitions in the mixed monolayers is carried out using Brewster angle microscopy
(BAM). The BAM images were recorded for every 0.5 mNm™! interval of the surface pressure along with the
isotherms. The reflectivity of a monolayer is a function of refractive index and is hence affected by the molecular
packing and orientation of the molecules on the subphase. This change in reflectivity produces contrast in the
images recorded. The BAM images of pure DPPC show a low reflecting homogeneous region corresponding to
low surface density phases like gaseous (G) and LE phase[12]. On compression, bright multilobed LC domains
of DPPC appear in the low reflecting LE phase when the monolayer starts transition from the low density LE
phase to the high density LC phase. The appearance of curls in the same direction in the multilobed domains
is attributed to the chirality of DPPC molecules[5, 38]. For higher surface pressures, the size of the multilobed
LC domains increases on compression and at collapse the homogeneous condensed phase transforms to small 3D
crystalline structures [39)].

Different phases exhibited by the mixed monolayers of 4MBS/DPPC and PHS/DPPC can be characterised
from BAM images (Fig. 5) and |E|—A,, isotherms (Fig. 3). For mixed monolayer with 4MBS mole fraction of
xamBs = 0.1 in DPPC, the monolayer exhibited gaseous phase for area per molecule greater than 91 A? and LE
phase from 91 A2 to 61 A2, The coexistence of LE-LC phases was between 61 A2 and 50.5 A2. In this region
BAM shows the existence of bright irregular LC domain in the dark LE region (Fig. 5a). On further compression
the homogeneous bright LC region is observed from 50.5 A% to 36 A2. The monolayer collapsed at 36 A2 with
collapse pressure of 48 mNm~!. For the mixed monolayer of DPPC with PHS mole fraction of xpgg = 0.1 in
DPPC (Fig. 2), the gaseous phase was observed for the area per molecule greater than 94 A? and the LE phase
from 94 A? to 71.5 A2, The LE-LC coexistence region was found to be between A,, of 71.5 A? and 58 A? (Fig. 5d).

Further compression showed the uniform LC phase till 38 A2. The monolayer collapsed at 38 A2 with a collapse
pressure of 7 = 57.5 mNm~!. The BAM images of the pure DPPC monolayer show the growth of bean shaped
LC domains to S —-shaped, multi-lobed structures and finally circles [40].

For mixed monolayer having yaarps = 0.2 (Fig. 2), the homogeneous gaseous phase is found above the mean
molecular area 88 A% and G - LE coexistence is observed from 88 A2 to 85.5 A2. The monolayer was in the
homogeneous LE phase from 85.5 A% to 62.5 A2, From 62.5 A% to 50 A2, the monolayer is found to be in the

Fig. 5 a, b and ¢ show the BAM images for 4AMBS/DPPC mixed monolayers in LE - LC coexistence region for xamps = 0.1,
0.2 and 0.3, respectively. d, e and f show the BAM images for PHS/DPPC mixed monolayers in LE-LC coexistence region
for xpuws = 0.1, 0.2 and 0.3, respectively. The size of the images is 3.6 mm X 4 mm
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LE-LC coexistence phase with the increased number of multilobed LC domains (Fig. 5b). The multilobed domain
are found to be persistent even in the uniform LC phase at 50 A2 to 34 A2. The appearance of bright 3D crystallites
signifies the collapse of the monolayer at 34 A2. For mixed monolayer having x pgs = 0.2 (Fig. 2), the homogeneous
gaseous phase is found above 80 A2 and LE phase is found from 80 A2 to 66.5 A2. The LE-LC coexistence region
(Fig. 5e) was observed from 66.5 A? to 52 A%, The uniform LC phase was exhibited from 52 A2 to 32 A2 and the
monolayer finally collapsed at 34 A2 with a collapse pressure of 50 mNm~!.

Similarly, for x4arps = 0.3 (Fig. 2), the homogeneous gaseous phase was observed above 93 A% and G - LE
coexistence phase from 93 A2 to 91 A2. The boundaries of the LE phase in the G-LE coexistence region were found
to be more sharper than that in the G-LE coexistence phase of x4aps = 0.2 mixed monolayer. This suggests
that the 4MBS molecules in the mixed monolayer increases the density of the condensed phase. The monolayer
was in the LE phase from 91 A2 to 78 A% and from 78 A2 to 60 A? the monolayer exhibited LE-LC coexistence
region. BAM images of the coexistence region show the increased number of multilobed domains (Fig. 5¢). The
monolayer was in the LC phase from 60 A2 to 33.5 A2 before collapsing with the collapse pressure of 47 mNm™!.
For xpus = 0.3 (Fig. 2), the homogeneous gaseous phase is observed above the mean molecular area of 66 A2
and LE phase from 66 A2 to 54.5 A2, Further compression leads to LE-LC coexistence region from 54.5 A2 to 40
A2 (Fig. 5f). The monolayer exhibits LC phase from 40 A2 t0 26.1 A2. The monolayer collapsed at 26 A? with a
collapse pressure of 7 ~ 55 mNm ™.

In earlier studies, the bean shaped structures or bilobed structures in the BAM images are ascribed to more
stable domain shape for DPPC molecules[41, 42]. The rise of multilobed structure is explained by considering the
line tension and repulsive interactions between the DPPC molecules[43]. Monte Carlo simulation studies attributed
these metastable multilobed structures to the thermal fluctuations in the system[44]. Analysing the BAM images
of all the mixed monolayers (Fig. 5), it is found that the addition of 4MBS enhances the formation of multilobed
DPPC domains while that of PHS inhibits its formation, indicating that both the molecules are present in the
monolayer.

The width of the LE-LC coexistence region increases with the increase in the stigmasterol derivative 4MBS
and sphingolipid PHS in the DPPC monolayer. On the other hand for 4MBS/DPPC monolayer, the range of A,,
for LC phase increases and for LE phases decreases with increase in x4pps. In the case of PHS/DPPC mixed
monolayers, the range of A,, for the coexistence region marginally increases with the increase in x pgys. The range
of mean molecular area corresponding to LE phase decreases with the increase in xpgg, however, in contrast to
the 4MBS/DPPC monolayer, the LC phase decreases. PHS molecules with strong polar head group are expected
to be located with its head group in subphase. The presence of PHS molecules results in repulsive interactions
between head groups and may result in increased A,, range for gas phase and reduced A,, range for LE phase.

To further understand the behaviour of the mixed monolayers, we have studied the miscibility and stability
of the monolayer from the excess area (A.;) and excess Gibbs free energy (AG,;) calculations. An ideal mixed
monolayer or a monolayer having completely immiscible components follows the additivity rule described by the
equation [45],

Aideat = XDPPC ADPPC + X2 Aa (2)

where, A;geq is the area per molecule of the mixed monolayer at the given surface pressure, 7, Ypppc and .
are the mole fractions of the components DPPC and z respectively, and Apppc and A, are the area per molecule
of the DPPC and z at the surface pressure 7 respectively. The deviation of mean molecular area from the A;geq:
is known as the excess area A., of the mixed monolayer is given by the equation [37, 45],

Aew - A12 - Aideal (3)

Here, Ay, is the mean molecular area of the mixed monolayer at the surface pressure 7’. For an ideal mixed
monolayer, the A, will be zero. The inter-molecular interactions in any mixed monolayer are determined by the
chemical structure of its component molecules. The strength of these interactions determine the value of A, [32].
4MBS and PHS do not form monolayer, hence A, remains zero. Figure 6 shows the variation of A, as a function of
surface pressure for mixed monolayer of 4AMBS/DPPC and PHS/DPPC. The negative value of A, indicates that
the components are having an attractive force between them [45]. That is, the binary monolayer is condensing.
From the plots, it is clear that the mixed Langmuir monolayer is more miscible for 0.1 mole fraction of 4MBS and
0.3 mole fraction of PHS (Fig. 6) in DPPC. At higher surface pressure, the A., decreases for AMBS/DPPC mixed
monolayer indicating proper mixing of 4MBS in DPPC. In the case of PHS/DPPC mixed monolayer, A, is large
for lower surface pressure and decreases for higher surface pressures. The A., for the mixed Langmuir monolayer
corresponding to xpps = 0.3 had minimum A., indicating that is more stable as compared to monolayer with
XPHS — 0.1 and 0.2.

Variation of excess area and excess Gibb’s energy as a function of surface pressure for 4AMBS and PHS. Solid
line is cue to eye
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Fig. 6 Variation of excess
area and excess Gibb’s
energy as a function of
surface pressure for 4AMBS
and PHS. Solid line is cue
to eye
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To further understand the monolayer stability, the excess Gibbs free energy is calculated using the equation [45],

AGey =Ny /(Au — Xxpprrc Apppc — Xo Ag ) dm (4)

where, N4 is the Avogadro number. Figure 6 shows the variation of AG,, as a function of surface pressure. The
negative value of AG,, correspond to a stable state [46]. The AG., value was minimum for 0.1 mole fraction
of 4MBS in DPPC. As the composition of 4MBS in the DPPC monolayer increases, the AG,, values increase,

indicating that the stability of the binary monolayer is decreasing.
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Fig. 7 Variation of surface pressure as a function of area fraction v for different compositions of 4MBS/DPPC and
PS/DPPC mixed monolayers in the LE-LC coexistence region. The solid line is the linear fit to the data
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On the other hand for the mixed monolayer of PHS/DPPC, AG., decreases with the increase in the relative
mole fraction of PHS (see the Fig. 6). This indicates that, at this 0.3 mole fraction, the monolayer is highly stable
compared to monolayers with xppgg of 0.1 and 0.2.

The transition of a monolayer from a disordered LE phase to an ordered LC phase is expected to be a first order
phase transition. The w — A,,, isotherm of pure and mixed monolayers of DPPC shows a non horizontal slope in the
coexistence region. Eiji Hatta et al. explained the non-horizontal slope as a consequence of the lateral molecular
density (p)—2D strain (e;) coupling and the lateral molecular density (p) — collective chain tilt (f) contribution
to the excess energy [13]. They analysed the phenomenological Landau free energy described by the equation [13],

1 1 1 1 Koe?\ [ 1+
AG (v, T) = 5a(T = To)p* + 7 Bp' + Cp° + S Kob? + ( ;6 ) ( - _%) + dp*0 + ep?e, (5)

where a, B, and C are coefficients which are assumed to be independent of temperature and surface pressure. T is
the equilibrium transition temperature, Ky and Ky are the elastic modulus of the LE phase and orientational elastic

constant, respectively, vg = (é)( }‘(‘[’)) where g is the shear modulus of LE phase. The area fraction corresponding

to the LC phase with respect to the total area is given by v = . Thus v varies from 0 to 1, where v = 0

ALc—ALE

corresponds to the pure LE phase and v = 1 corresponds to the pure LC phase. Raghavendra et al. [19] have
derived an equation for surface pressure 7 as linear function of area fraction v given by

T =m v+ constant (6)

2
Here, m = 2 5T ; where 3 = 5 BI 7 [19]. The variation of surface pressure in the LE-LC coexistence region is

plotted as a functlon of area fraction v (Fig. 7) and is fitted with Eq. 6. For all the compositions of 4MBS and
PHS, we find that in coexistence region the surface pressure () linearly varies as a function of v. The slope of the
curve is related to the p — €5 coupling constant (e) and is found to be different for various relative composition

of 4MBS and PHS. The slope is evaluated from the fit parameters and the value of % is calculated for the mixed
Langmuir monolayers with different compositions using the equation [19],

dTrZ
T g

where the value of ¢ = 2.35 mNm~'K~! for DPPC monolayer [17], Ko is the compression modulus in the LE
phase and the lateral molecular density, p = pr.c — prE- The values of Ky and p obtained from fit parameters are
tabulated in Table 1.

The < values for different composition of 4MBS and PHS in DPPC are shown in Fig. 8. From this, it can be
noted that the p— e, coupling constant (e) depends on the composition of the binary monolayer. It is observed that
the coupling strength is less for x4pps = 0.1 and then increases slightly for higher concentrations. In the case of
PHS/DPPC monolayer, the coupling constant decreases for x prrs = 0.3. The lower value of % indicates increased
molecular packing[19]. This supports the increased miscibility and stability of the mixed Langmuir monolayer for
higher mole fraction of PHS compositions (Fig. 8).

Table 1 Calculated values of Ky and p for various compositions of 4MBS and PHS in the mixed monolayer

X AMBS PSP
Ko (mNm™1) p (x107% A=2) Ko (mNm™1) p (x107% A=2)
0.1 30.97 3.59 37.79 2.36
0.2 29.56 4.07 29.51 2.14
0.3 26.49 3.84 34.26 3.58

For the monolayer of pure DPPC, Ky = 39.05mNm ™! and p = 2.52 x 1073 A?
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Fig. 8 Variation of % 1
values of LE-LC
coexistence region of mixed
monolayers for mole
fraction (x) of 4MBS and
PHS in DPPC monolayer.
Solid line is a cue to eye
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4 Conclusions

We have studied the effect of the stigmasterol-based mesogen 4MBS and phytosphingosine (PHS) on the Langmuir
monolayer of DPPC using surface manometry technique. The analysis of the thermodynamical quantities like
excess area Ag, and excess Gibbs free energy AG,, show that the increased composition of 4MBS in the binary
monolayer decreases the miscibility and stability of the monolayer but for PHS, increase in composition of PHS
(till 0.3 mole fraction) in DPPC increases the miscibility and stability of the mixed monolayer. The analysis of the
BAM images of 4MBS/DPPC mixed monolayers have shown that the addition of 4MBS enhances the formation
of bright multilobed domains of DPPC. From the analysis of LE-LC coexistence region, it is found that 4MBS
increases the coexistence region of DPPC monolayer, unlike other stigmasterol derivatives[47]. Our studies also
show that the p — €5 coupling strength is less for the DPPC monolayer having 0.1 mole fraction of 4MBS and for
0.3 mole fraction of PHS, which again confirms the increased miscibility and stability for this composition.
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