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1. Introduction

Planar confined water organisation in lipid
bilayer stacks of phosphatidylcholine and
phosphatidylethanolaminer

Gerome Vancuylenberg, Amin Sadeghpour, and

Michael Rappolt 2 *

Arwen . |. Tyler

Phospholipid-based liposomes are abundantly studied in biomembrane research and used in numerous
medical and biotechnological applications. Despite current extensive knowledge on membrane
nanostructure and its mechanical properties under various environmental conditions, there is still a lack
of understanding on interfacial lipid—water interactions. In this work, the nature of the confined water
layer for L-a-phosphatidylcholine (egg-PC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine (DMPE) in the fluid lamellar phase of multilamellar vesicles was investigated. A new model for
describing three different water regions is proposed, which have been characterised using a
combination of small angle X-ray scattering (SAXS) and densitometry. The three regions concern (i) ‘the
headgroup water’, (i) ‘perturbed water’ near the membrane/water interface and (iii) a core layer of ‘free
water’ (unperturbed water). The behaviour of all three layers is discussed as a function of temperature,
concerning influences of chain saturation and headgroup type. While the overall water layer and
perturbed water layer thickness increase with temperature, the free water layer displays the opposite
trend for PCs, and in PEs is completely absent. Furthermore, an estimate of the temperature dependent
headgroup orientation is given for both, PCs and PEs. The newly presented structural data deduced
from the three-water region model will be useful for future refined molecular dynamics simulations and
allow a better theoretical understanding of the attractive van der Waals force between adjacent
membranes.

formation and fusion processes.’>™® Further to this, their
importance is fundamental in the design of nanoparticles for

Amphiphilic lipid self-assemblies belong to the class of lyotro-
pic liquid crystals, and as such, they display a variety of
complex mesophases and nanostructures, depending on the
environmental conditions, lipid type and molecular shape.'”
In this study, we focus on the biologically most significant fluid
lamellar phase of phospholipids, which form the core matrix of
plasma cell membranes.*™® In particular, we investigated the
hydration behaviour of phosphatidylethanolamine (PEs) and
phosphatidylcholine (PCs) multilamellar vesicles (MLVs); two
very prominent biomimetic model membrane systems.” '
Generally, liposomes of multilamellar and unilamellar vesicles
are widely studied as model systems for understanding the
role of the biomembrane matrix in solute interactions, raft
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drug delivery,"®™* due to their low toxicity, compatibility
with cellular membranes as well as tuneable functionality.
More recently, membrane research is focussing on the under-
standing of essential processes of life through modular recon-
stitution of artificial and minimal cells,*>*" and the use of giant
unilamellar vesicles (GUVs) as bioreactors for artificial cell
replication to take place.”” All these applications have been
bolstered by the information extracted from studying the fluid
lamellar phase.

Biomembranes exist in excess of water and the extent of
membrane hydration is primarily dictated by the propensity of
the headgroup to form hydrogen bonds with interfacial water
molecules.”® Elevated temperatures increase the area per lipid
due to enhanced chain splay,>* which increases the hydration
as the headgroup occupies a larger volume. Another factor
influencing chain splay is the number of double bonds along
the chain, which dictates the chain disorder, and thus influ-
ences in turn the area per lipid. Considering the membrane
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hydration in each case, PCs are known to hydrate well, display-
ing a full hydration limit at around 43 wt% of water,”*
compared to about 25 wt% in PEs.>®*” Further, molecular
dynamics (MD) simulations on PC membranes indicate, that
a clathrate shell forms around the choline moiety due to the
hydrophobicity of the methyl groups,?*™° allowing a greater
number of water molecules to become associated with the
headgroup of PCs. Additionally, the PC headgroup’s greater
volume and larger area per lipid provide a greater physical
space for interfacial hydration to take place.” Hydrogen bond-
ing at the lipid/water interface primarily occurs at the oxygen
atoms associated with the phosphate of the lipid headgroup as
well as at the carbonyl group of the ester linkage in both PCs
and PEs.”®*"?? It has also been put forward that inter-bilayer
hydrogen bond bridges between adjacent PE membranes pre-
vents the MLVs from swelling.**3*

Our understanding of membrane properties is based on
several theoretical aspects. Firstly, the formation of a lipid
bilayer is driven by the hydrophobic effect,>> whereby it is
energetically more favourable for the polar headgroup to aggre-
gate in an aqueous environment, while the hydrophobic chains
will prefer to aggregate among each other.*® Thus, the head-
group interface forms protective layers largely excluding water
molecules from the hydrophobic core of the bilayer.>” The first
membrane model was suggested by Luzzati,*® dividing the
lattice spacing (d-spacing) into a bilayer thickness d;, and
water layer thickness dy. This model describes the lipid/water
interface as a sharp boundary, also known as the ‘Gibbs-
Dividing Surface’.* In the fluid phase of PCs and PEs this
boundary is close to the position of the phosphate atom of the
headgroup.” Whilst this model is a reasonable approximation,
and works well for PCs and PEs to derive structural parameters
such as the membrane thickness, it does not reflect the true
interfacial details of the distribution of water at the polar/
apolar lipid water interface. The next membrane models to
gain popularity were bilayer strip models and Gaussian-based
bilayer models, which simulate the electron density profiles
across the bilayer (Fig. S1, ESIt).">*' The simplest Gaussian
bilayer model describes the electron density profile across the
bilayer with three Gaussian distributions, two positive electron
density contrasts for each headgroup, and one negative for
the chain region.** From well-ordered fluid membrane stacks
(as a rule of thumb, at least four diffraction orders need to be
recorded*®), the electron density profile (EDP) is directly obtain-
able from small angle X-ray diffraction experiments,** while for
less-ordered fluid lamellar systems their bilayer structure is
commonly analysed by applying global fitting procedures.*>*®
Once the refined bilayer EDP is obtained, it is possible to
determine the head-to-head distance, dyy, from the positions
of the two positive electron density maxima. In order to take
into account not only the form factor scattering contributions
(arising from bilayer scattering), but also the structure factor
contributions (lattice scattering contributions), we applied a
global fitting method in this study described in more detail in
the Material and methods section and works of Georg Pabst
and colleagues.*™*” Importantly, it allows us to additionally
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evaluate membrane fluctuations in the MLVs, and hence gets
hold onto the mechanical behaviour of the bilayers.

As outlined above, great knowledge on the nanostructure of
lipid self-assemblies has been accumulated, however, there is
still a lack of understanding of membrane behaviour in con-
junction with its confined water. Studies are scarce which
investigate how the lipid and the confined water layer interact,
and rarely a holistic view is applied, treating the lipid/water
systems as a single inseparable unit. Exceptions concern the
work of Mezzenga and co-workers, who have focussed on the
confinement of water in various lipid self-assemblies.*® They
have shown that low-temperature crystallisation of molecules
into a hexagonal structure is prevented and only amorphous ice
forms. Pabst and colleagues included in their latest bilayer
modelling also a fixed number of headgroup-bound waters next
to an unbound water distribution.”” And more specifically,
Kasson et al. have shown that water ordering takes place at
the membrane interfaces, when simulating the fusion of two
vesicles. This surprisingly leads to a form of hydrophilic con-
finement of non-bulk-like water behaviour.’® More generally,
in terms of the waters’ behaviour relative to the planar lipid
bilayer, McIntosh and co-workers have published several
studies on membrane hydration and water depth penetration,
which suggest vastly differing hydration processes between PCs
and PEs.******? within confined water research, Wurpel et al.
used coherent anti-Stokes Raman (CARS) techniques, showing
some evidence suggesting weakened hydrogen-bonds (H-bonds),
when interlamellar waters were confined in MLVs.>® These
weakened H-bonds among interlamellar waters was confirmed
again with attenuated total reflection Fourier transform infra-
red (TR-FTIR).>* More recently it has been suggested in a NMR
study that ‘bound water’ near the region of the lipid headgroup
is more stable than bulk water, having a more restricted
motion and longer stability than that of the bulk.>® This study
also supports the idea of distinct water species within the
confinement. In all these works, however, there is a lack of
discussion on what consequences these observations might
have on the bilayer in return.

There remain many open questions regarding membrane
behaviour, for which it might be possible that water structuring
around the bilayer could give some answers. For example,
the incorporation of cholesterol into the bilayer can induce
cholesterol-rich domains, so-called liquid ordered (L,) mem-
brane rafts, which align in radial direction of MLVs or supported
lipid films, i.e., L,-membrane domains register in stacking
direction, and are observed as a distinct set of diffraction peaks
next to the diffraction peaks of the liquid disordered phase
(L4).>® Cholesterol imbeds itself along the hydrocarbon chain,
reducing its degrees of freedom,”” reducing the area per lipid
and increasing the membrane thickness, which in turn dis-
rupts the homogeneity of hydration across the membrane, in
which Ly and L, stacked domains coexist.”® To this end, it
remains an open question,’ if these confined water differences
may have any effect on the stacking alignment of L, and Lgq
membranes, respectively. The effect of interfacial water struc-
ture might be of great importance for solving this poorly

This journal is © The Royal Society of Chemistry 2023
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understood phenomenon. Secondly, whilst it is fairly well
understood that PEs hydrate poorer than PCs, it is compara-
tively less understood why this should bring the adjacent
bilayers in PEs into such a close separation distance of 0.4-
0.5 nm only.® It seems an additional attractive force contribu-
tion is missing to fully understand the thin interlamellar water
spacing. Hopefully, these and other open questions can be
better understood from more in-depth studies on the confined
water structure.

In this study, using a combination of small angle X-ray
scattering (SAXS) and densitometry, we are proposing a new
distinctive description of individual water regions. Our model
accounts for three water layers, namely concerning ‘headgroup
water’, ‘perturbed water’ and ‘free water’.

2. Materials and methods

2.1. Materials

L-a-phosphatidylcholine (egg-PC), 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC), dipalmitoyl-sn-glycerol-3-phosphocholine
(DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE)
were purchased from Avanti Polar Lipids (Alabaster, AJ, USA) and
used without further purification. All lipids had a purity of
>99%, except egg-PC >95%. All lipids were studied exclusively
in their fluid phase, therefore all measurements were carried out
above their melting temperature T,,. The experimental tempera-
tures ranged from a few degrees above T,,, (note, melting points
are given in Section 3.1) up to 80 °C.

2.2. Densitometry measurements

Samples were prepared in concentrations of 10 mg mL™* using
ultrapure, distilled water (resistance 18 MQ cm) and vortexed
for at least 5 minutes until the lipid was fully dispersed forming
MLVs. Density measurements were taken using an Anton-Paar
DMA-4500M densitometer (Graz, Austria). The apparatus mea-
sures density via the vibrating tube principal.®* We note that
the formation of air bubbles within the tube can affect
the densitometry measurements quite significantly. Thus, air
bubbles were removed by placing the sample in a shaking water
bath for 5 minutes and then stirring it on a hot plate at 80 °C for
another 5 minutes.

Eqn (1) converts the measured density values into the partial
specific volume per lipid,*>*

e -5 g

where py is the partial specific volume of the lipid, ¢ is the
measured density of the dispersion, ¢s is the density of
the solvent (water), and ¢ is the concentration of lipids. The
densities of water at each temperature were taken from the
calibration charts of the operating manual for the machine.
Eqn (2) is used to calculate the volume per lipid,

My,
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where M;, and N, are the molecular weight of the lipid and
Avogadro’s number, respectively. It is important to note that
DMPE proved to be problematic to measure with this technique,
often a sedimentation of the DMPE liposomes was observed
inside the oscillating tube. Since we were not able to verify the
exact reason for this particular behaviour, the volumetric data
for DMPE was taken from literature®® and used for further data
analysis.

2.3. Small angle X-ray scattering (SAXS)

All samples were prepared by suspending lipids in ultrapure
water at differing weight percentages (wt% of lipid) (egg-PC
at 40 wt%, DOPC at 40 wt%, DMPC at 25 wt% and DMPE at
20 wt%), and vortexing them at room temperature for 5 minutes
until a homogenous dispersion formed. We note that all
samples were prepared in excess of water; in order to optimise
the SAXS counting statistics of egg-PC and DOPC MLVs, higher
weight percentages were chosen for these less ordered systems.
Owing to the PEs poorer hydration properties compared to PCs,
the DMPE sample was kept at 80 °C for 2-3 minutes in order to
facilitate full lipid hydration; upon cooling a homogenous
dispersion formed. The samples were then transferred by
pipette into 1 mm reusable quartz capillary holder and inserted
into a temperature-controlled stage on the SAXSpace instru-
ment (Anton Paar, Graz, Austria).

The scattering intensity is a function of the form and
structure factors of the sample, expressed with the equation:

_ 5 |;<q>|2 5

1(q)
where S(q) and F(q) are the structure and form factor contribu-
tions, respectively, and q is the scattering wave vector modulus
expressed as:

4msin 6
4= (4)

where A is the wavelength of incoming X-rays and 20 is the
scattering angle.

All scattering curves were normalised by the sample trans-
mission and incoming flux, which was achieved by dividing
each SAXS curve with the recorded attenuated direct beam
intensity. Secondly, the normalised scattering contribution of
the empty capillary was subtracted from all other normalised
data sets. Thirdly, the pure water SAXS pattern was subtracted
from the dispersion SAXS pattern. In this last data reduction
step, the excluded water volume was considered.®*

All fully corrected scattering patterns were analysed accord-
ing to the modified Caille theory (MCT),**®® considering both
the bilayer nanostructure and membrane fluctuation. The exact
analysis model and underlying grounds have been described
elsewhere®” (for an in depth review see Rappolt’®). Parameters
such as the lamellar repeat distance, d, and the bilayer head-to-
head distance, dyy, are directly obtainable from the global fits.
The key mechanical fitting parameter, 5, known as Caillé
parameter or fluctuation parameter, defines the extent of
membrane fluctuation. This parameter is directly related to
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the mean membrane fluctuation distance, ¢, via the equation:*’
d
o= Vi 5)

where d is the lamellar repeat distance. Global fitting examples
of DMPC, egg-PC and DOPC sample are shown in the ESI}
(Fig. S2).

We note that this global fitting procedure worked well for
fully hydrated PC samples, however, it was difficult to obtain
satisfactory global fits for DMPE without applying stronger
fitting constraints, most probably due to the less suitable
structure factor description in this case. Thus, a model free
approach was applied. That is, a Fourier analysis was used to
obtain the EDPs for DMPE. For centrosymmetric structures
such as bilayer stacks, the Fourier summation reduces to only
the cosine terms,** given by the equation:

Nmax
p(x) = 3 +Fcos (@) ©)

where 7 is the order of the Bragg-reflection, x is the distance is
real-space, d is the d-spacing, obtained from the peak positions,
q(h), (q(h) = 2mh/d) by linear regression, and F;, are the form
factor values derived for each peak. dy; was deduced from the
positions of the two positive maxima in the EDP. 7 values for
DMPE were taken from previous synchrotron SAXS studies.®
Fy, coefficients were obtained by measuring the height of each
peak relative to the baseline and performing the Lorentz
correction. We note that for the SAXS instrument used with a
beam size of 0.2 x 20 mm (this beam profile can neither be
considered a perfect point nor ideal line focus), the Lorentz
correction was given by the empirical value of ¢g"* (this specific
correction was derived from reproducing as close as possible
published EDPs of DPPC in the gel-phase;**°®°® note powers of
1, 1.25, 1.5, 1.75 and 2 were tested). The corrected intensities
were square rooted. All F(h)/F(1) values are reported in the ESI}
(Table S1).
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2.4. Definition of three distinct water layers

For our study, we introduce three different regions of water.
Fig. 1 shows a schematic of a single lipid and outlines thick-
nesses of each of its water regions: (i) the ‘headgroup water’
(blue), (ii) ‘perturbed water’ (light blue), and (iii) the ‘free water’
regions (light green). Note, that these highlighted regions are
shown per lipid. The overall lipid length is divided into the
chain length, d¢ (the occupied chain volume is shown in light
orange in Fig. 1) and the headgroup thickness, Dy. The partial
headgroup thickness, Dyy;, measures the distance between the
phosphate and the average hydrocarbon chain boundary. An
experimentally scrutinized value was published by Nagle and
co-workers, reporting Dyy; = 0.49 nm for both PCs and PEs,”**”°
which enables the deduction of the lipid chain length from the
experimentally obtainable head-to-head distance, dyy (ie.,
the phosphate to phosphate distance). Finally, introducing a
second partial headgroup length, Dy,, the Luzzati bilayer
thickness can be expressed as a function of dyy:

dyz = dyn + 2(Duz — D) )

For clarity, all parameters of eqn (7) are defined schemati-
cally in Fig. 1 (note, since we display one lipid molecule only,
di1z/2 and dyy/2 are shown). The three water layer thicknesses
per lipid, concerning the headgroup, perturbed and free water
regions are referred to as (i) Dy, (ii) d3, and (iii) d’,/2. Note, d5 is
defined to be equal to o (eqn (5)) and appears on either side of
the free water core, d,. Finally, the total water layer thickness
can be written as:

dw =d — dyy = 2dS + 2(Dyy — Dyp) + d, (8)

We note, that dyy and d;, for PCs and PEs are not far off,
i.e., they are equal to each other within 0.1-0.2 nm,” and for a
first approach estimation can be set equal. However, there is
simple way to estimate this deviation 2(Dy,-Dyy;). Since the
water volume in the headgroup region, Vi, can be described

Fig.1 The three-water region model. A simplified lipid model is depicted in grey/black together with the distinct water layers associated with the
(i) headgroup (blue), (ii) perturbed (light blue), and (iii) free waters (light green). The chain region is shown in light orange.
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by the Luzzati method as well as by using the excluded head-
group volumes, Vy, approach, we can write:

(DH - DHZ)AL =DpAL — Vi (9)

where 4y, is the headgroup area per lipid. From volumetric data
and the EDPs it is possible to determine the area per lipid, A;.
Using the deviation of dyy from dy; one arrives at the equation:

L 2w
Y dyuy + 2 - (Du2 — Duy)

(10)

Finally, inserting 4; from eqn (10) into eqn (9), we are able to
estimate Dy, (see ESIT).

Vi - (dun — 2Dm)

Dy =
H2 2(VL — Vi)

(11)

We note that this ansatz can be used as an alternative
approach for carrying out tedious and long-lasting gravimetric
measurements. Exemplary values on dyy, diz and 4y, of this
study are listed together with literature values in Table S2 (ESIt)
and show very good agreement.

Specific numbers of waters per water region were calculated,
dividing the partial water volumes (4; d$ and A,-d%/2) by the
volume of a single water molecule (Vig,o = 0.03 nm®”"). The
headgroup thickness Dy, was taken from literature to be 0.9 or
0.85 nm for PCs and PEs, respectively,” and the headgroup
volumes derived from the gel-phase to be Vi; = 0.319 nm*” and
0.252 nm*? for PCs and PEs, respectively.
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3. Results and discussion

3.1. Volumetric data

The volume per lipid, Vi, was determined from the density
measurements and are summarised in Fig. 2. In all cases, a
linear increase in the volume per lipid is observed as the
temperature increases. The behaviour of the membrane in
the fluid phase is relevant to this study, thus for egg-PC and
DOPC data were measured from 10 to 80 °C, whereas DMPC
was investigated from 25 to 80 °C and DMPE from 57 to 80 °C.
We note, that the melting points, Ty, for egg-PC, DOPC, DMPC
and DMPE, are —15 °C, —17 °C,”>”* 24 °C’*”% and 50 °C,”>"?
respectively. A higher transition temperature for DMPE of 55 °C
was reported by Koynova and Hinz.®® Similarly, we observed in
our SAXS experiments an abrupt lattice spacing change at 55 °C
(in the heating direction the d-spacing decreases from 5.5 to
5.0 nm), which is in agreement with previous X-ray scattering
measurements.’* In order to ensure that all samples were fully
in the fluid phase, we have only included data above the main
transition.

3.2. Overview of the bilayer and the three water regions

Data from the SAXS curves were analysed to decipher the
thicknesses of the different sub-layers of the interstitial water
by using eqn (8). The behaviour of the different layers with
temperature is summarised in Fig. 3 in schematic diagrams,
showing two opposed lipid monolayer leaflets. From top to
bottom the layers of the hydrocarbon chains, d¢, the headgroup
extension layer, Dy, the perturbed water layer thickness, d,
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Fig. 2 Volumetric data per lipid for each of the samples measured. Our results are in good agreement with previous studies on egg-PC,”®> DOPC’® and

DMPC.”” Data for DMPE was taken from ref. 63.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Diagrams showing the structural changes of the three water layers and two opposed lipid leaflets (light orange) as a function of temperature. The
solid black lines indicate the position of the methyl trough region and the dashed black lines the position of the phosphates. The blue lines indicate inner
and outer headgroup boundaries, and the light green lines indicate the boundaries between perturbed and free water regions. The three water layers are
colour-coded blue (headgroup water), light blue (perturbed water) and light green (free water).

and the free water layer thickness, dt,, are depicted. In all cases,
a thinning of the bilayer is observed with increasing tempera-
ture, reflecting the extent of chain disorder. As the temperature
increases, so does the thermal energy available to the chains,
which undergo increasingly trans to gauche conformations,”®”°
thinning the bilayer monotonously with temperature. Whilst
the bilayer itself thins, the overall d-spacing increases due to
the dominant water layer increase, reflecting the swelling of
MLVs for all PCs measured. Remarkably, for DMPE the water
layer thickness slightly shrinks. That is, the water uptake is
greatly reduced, when compared to the PC MLVs (the water
uptake will be further discussed in Section 3.5). Membrane
fluctuations also tend to increase with temperature as seen by
the increase in dy, (its boundaries are given by green and blue
lines). Interestingly as the fluctuations increase, d., shrinks.
This was observed in all PCs investigated. The case is very
different for DMPE, where the membranes are in such close
registry that the opposed perturbed water layers in fact slightly
overlap; consequently, there is no free water layer apparent. For
this reason, the free water boundaries (green) have been
omitted in the DMPE structural data-based schematic. We note
that for now we have taken the headgroup thicknesses, Dy,
to be constant over the entire temperature regime; this

5184 | Soft Matter, 2023, 19, 5179-5192

simplification will be dropped in Section 3.6 and temperature
dependent estimates for Dy will be discussed.

3.3. Headgroup influence on the interlamellar water regions

For a better understanding of the influence of the headgroup
onto the planar-confined water regions, we compare DMPE vs.
DMPC in detail. Fig. 4 summarises the overall behaviour of the
membrane and water layers as a function of temperature. The
difference between these two lipids is the presence of a choline
group for DMPC and an ethanolamine group for DMPE, both
conjugated to the phosphate group. Both lipids form hydrogen
bonds around the phosphate group, but the hydration level in
DMPC is clearly enhanced due to the three methyl groups being
associated to water clathrate shells.*”®! Cleary, the behaviour of
dy is the most apparent difference between these two lipids,
and the influence of the hydrogen bonding and hydration
propensity influence this. Membrane fluctuations further
increase the water layer thickness in DMPC, as the repulsion
between bilayers, due to the Helfrich undulations,®* does
increase with the mean membrane fluctuation distance, o
(eqn (5)). As seen in Fig. 4b (middle panel), the perturbed water
layer thickness, dy,, of DMPE instead is very constrained, not
changing by more than tenth of a nanometre over the entire

This journal is © The Royal Society of Chemistry 2023
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(bottom).

temperature range. That is, the membrane fluctuations are far
less noticeable, when compared to DMPC. This is coupled with
the diminished ability to retain water between the bilayer and
near the headgroup.®" Further to this, the perturbed water layer
is relatively small, leaving very little interstitial water between
adjacent membranes, leading to an extreme close registry of
adjacent membranes. Most remarkably, is the apparent absence
of a free water layer in DMPE. This is markedly different for the
case of PCs; coupled to a greater repulsion force acting on
DMPC membranes, the MLVs do swell significantly at higher
temperature. Nonetheless, the free water layer thickness
(Fig. 4b, top panel) decreases with temperature for DMPC,
since the water up-take is greatly dominated by the ‘perturbed
water’ layer increase.

Taking a closer look to Fig. 4a, we can clearly see that the
bilayer, dyu, shrinks upon heating in both cases. This is
expected as this is mainly dominated by the hydrocarbon
chains, which become more disordered as the temperature
increases, transferring from trans to gauche states.”® Both lipids
have the same fully extended, all-trans state chain length of
1.63 nm, as outlined by Seelig and Seelig”® (note, here dc is
defined as (Ng — 1) x 0.125 nm, with N¢ being the number of
hydrocarbons and 0.125 nm being the chain-projected C-C
bond length). At 80 °C this value reduces by 0.39 nm and
0.53 nm for DMPE and DMPC, respectively, which would
amount to four effective gauche states per chain for DMPC
and three effective gauche states for DMPE. We note, as
described in the common brush model,®® the membrane

This journal is © The Royal Society of Chemistry 2023

bending modulus, Kg, is proportional to the squared membrane
core thickness, (2dc)?, as well to the area compression
modulus, Kj:

K¢ = Ka(2dc)*/24 (12)

Hence the influence of the bending modulus on the mean
fluctuation distance, ¢, is inversely proportional to the
‘deformable’ membrane thickness (note, ¢ ocnocl/
VK¢ o« 1/(2dc)"%). In simple words, thicker membranes are
expected to fluctuate less, leading to a thinner perturbed water
layer d,. The results obtained for DMPE are understood
through the brush model, where the membrane is thicker
compared to DMPC, therefore the fluctuation distance is
shorter. Studies to experimentally measure the bending mod-
ulus in DMPE and DMPC have produced varying results,**"®”
but a recent simulation study®® determined the bending
modules, K¢, for DMPE at a value of 22 kT compared to 14
kT for DMPC, implying stiffer DMPE membranes. Considering
the d-spacing, we see that PC MLVs swell, whilst PEs slightly
shrink as a function of temperature, which is in this picture is
generally understood on the basis of the differing mechanical
properties of the membranes.

The Helfrich undulation force depends on the membrane
bending modulus as well as the interstitial water layer thick-
ness. However, at small water layer distances (0.4 to 0.8 nm)
the repulsive hydration force is dominant, which decays
exponentially with dw.*°° Across all bilayer separations, the

Soft Matter, 2023,19, 5179-5192 | 5185


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00387f

Open Access Article. Published on 06 June 2023. Downloaded on 5/4/2026 9:43:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

van der Waals (VdW) attractive force competes with the two
aforementioned repulsive forces, and ultimately, this balance
of forces determines the adjacent membrane distance, dy,. The
attractive VAW force is proportional to the Hamaker constant,
which is related to the static dielectric permittivity of the
aqueous medium. Changes in the density across the aqueous
medium will influence the dielectric permittivity and therefore
influences the strength of attraction between adjacent mem-
branes. In general, a decrease in water density decreases the
permittivity, causing an increase in the Hamaker constant (for a
review see Chapter 13 in Israelachvili’s book on ‘Intermolecular
and surface forces’). Considering the density changes
across the water layer, it is plausible that the water density
is slightly different in each of the defined sub-layers (Fig. 1),
due to the influence of the membrane undulations and
the degree of headgroup hydration. These supposed water
density differences mean that the permittivity is non-uniform
across dw, and therefore, in a refined description of the
VdW force, the Hamaker constant should be considered to
change as a function of distance from the polar/apolar inter-
face. The area per lipid also needs to be considered in the
strength of the Hamaker constant. For instance, an increase in
the area per lipid decreases the effective surface charge
density in the headgroup region, and consequently increases
the dielectric permittivity in the interstitial water region.>**
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This increase in permittivity will produce a reduction in
the strength of the VAW interaction and allow the water
spacing to increase, which is observed in the swelling of
PC MLVs.

Similar arguments, but with opposite effect, apply for vdw
force in DMPE. In the absence of a free water layer (when only
the perturbed, less dense water is apparent) a relative decrease
in dielectric permittivity of its interstitial water is expected, and
hence a greater overall Hamaker constant. In contrast to PCs,
the dominant repulsive force is not given by the Helfrich
membrane undulation force, but the water hydration force is
dominant at such small membrane to membrane distances.®"*>
Remarkably, the very low dy in PE systems has long puzzled the
scientific community.***° In 1982, Lis et al. considered an increase
in the attractive VAW pressure explaining the smaller equilibrium
spacings in PE systems but actually reported on too large dw
values. This led to other research groups assuming other addi-
tional attractive forces in order to overcome the repulsive hydra-
tion force in PE membrane stacks. The idea of a solvent-mediated
attraction force found some attraction (see ref. 60 and 81 and
therein). It has been argued that a small fraction of direct electro-
static and/or indirect hydrogen-bonded water interactions between
the NH;" group in one membrane and the PO,” group in the
opposing membrane could account for the additional interaction
in PE bilayers.
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5186 | Soft Matter, 2023, 19, 5179-5192

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00387f

Open Access Article. Published on 06 June 2023. Downloaded on 5/4/2026 9:43:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

3.4. Hydrocarbon chain saturation influence on the
interlamellar water regions

Fig. 5 compares the effect of the hydrocarbon chain and degree
of saturation for DMPC, DOPC and egg-PC. All lipids possess
the same choline-tipped headgroup. DMPC is fully saturated
(C14:0 chains), DOPC has monounsaturated chains (C18:1)
and egg-PC is a mixture of lecithins, both with saturated and
unsaturated PCs (mostly C16:0 and C18:1).® In general,
across all the parameters described, the hydration behaviour
is the same, in that water layer thicknesses increase with
temperature as the liposomes swell under the influence of
the increasing Helfrich undulation force. The unsaturated
chains in DOPC and egg-PC make them more susceptible to
chain splay and hence chain disorder, however, their effective
chain length is bigger than for DMPC. Hence, the DMPC
bilayers are actually thinner, while DOPC and egg-PC bilayers
display similar dyy values (Fig. 5a, bottom). According to the
brush model (see eqn (12)), the membrane rigidity is not only
influenced by the chain fluidity and hence its lateral compres-
sibility modulus, K,, but more strongly to variations in the
‘mechanical’ membrane thickness. We note, that K, does not
vary much among PCs containing C14:0, C18:0, C18:1 and
C18:2 hydrocarbon chains,”” which are predominantly also
found in eggPC. Thus, with eggPC and DOPC having signifi-
cantly bigger bilayer thicknesses than DMPC (Fig. 5a, top), one
would expect this to be reflected in a lower membrane rigidity
of DMPC bilayers. However, Doktorova et al. pointed out that
the classical brush model is not equally applicable to fully
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saturated lipids, when compared to lipids with unsaturated
chains.”® Evidence is put forward that the ‘mechanical’ or
‘deformable’ thickness is relatively bigger for saturated lipids
(coming close to dyy), whilst being close to 2d for unsaturated
lipids. Thus, similar ‘mechanical’ membrane thicknesses
among eggPC, DOPC and DMPC would explain similar values
in dy. Indeed, our determined # values (Caillé fluctuation
parameter) for the studied PCs do not vary much and are in
good agreement to literature values, when comparing identical
hydration conditions at 30 °C (DMPC: 0.080 compares to
0.077;* DOPC: 0.081 to 0.095”° and eggPC: 0.073 to 0.088%").
Finally, the deviation from a linear water layer thickness trend
in DMPC (see 25-30 °C interval), is explained by the effect of
anomalous swelling just above the melting point of DMPC,*>*°
where the coexistence of gel-like domains in the fluid lamellar
bilayer lead to a drop in both the bending rigidity and the bulk
compression modulus. The anomalous swelling regime in
DMPC also explains the local minima in the recorded d-spacing
of DMPC at about 40 °C; while the bilayer thickness monotonously
decreases, the MLVs do swell near the melting point as well as at
high temperature.

As mentioned before for DMPC, the trend in the free water
layer spacing (Fig. 5b top panel), is opposite to the dominant
increase in the perturbed water layer for all PC samples.
At lower temperatures the equilibrium distance between adja-
cent bilayers, dy, ranks in the order of DMPC > egg-PC >
DOPC, most probably reflecting the reverse order of deformable
membrane thickness, which in turn dominates the strength of
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Fig. 6 Hydration properties of DMPC, egg-PC, DOPC and DMPE. (a) Area per lipid. (b) Number of waters in the headgroup region. (c) Number of waters

within the perturbed water region, and (d) number of free waters.
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the Helfrich undulation forces. The same ranking in thickness
is found for the free water layer thickness.

3.5. Number of water molecules in the three water regions

The area per lipid shows a general increase with temperature
(Fig. 6a). DOPC obtained the largest area, owing to the relatively
highest disorder in the hydrocarbon chain, arising from the two
monounsaturated oleic acid chains (C18:9). DMPE has the
lowest area per lipid, which is understood due to its relatively
small headgroup, and coupled to it, the relatively lowest
disorder in the hydrocarbon chain region caused by the lowest
number of gauche conformers per saturated myristic acid
chains (see discussion in Section 3.3). Another major difference
of DMPE MLVs is the fact that they do not swell as compared to
PC MLVs. An entirely different balance of forces and poor
hydration does explain this exceptional behaviour of the fluid
lamellar phase of PEs (see discussion in Section 3.4). In this
section, we take a closer look onto the number of waters in the
different water regions.

First, the total number of waters per lipid for DOPC, egg-PC,
DMPC (nw = 33, 32 and 24 at 30 °C, respectively) and DMPE
(nw = 12 at 60 °C) are in excellent agreement with literature
values”'® (see Table S2, ESIf). Second, a recent small angle
scattering model, introducing a fixed hydration shell to the
headgroup for improving the quality of fits at lower scattering
angles, report on waters per headgroup to be 10-13 of saturated
PCs and 16 for loosely-packed monounsaturated PCs.*® More
specific values are reported by John Nagle’s lab (see ref. 25 and
therein) for DMPC (nfy = 7 at 30 °C), egg-PC (n{y = 10 at 30 °C),
DOPC (niy = 11 at 30 °C), and for dilauroyl phosphatidyletha-
nolamine, DLPE (njy = 6 at 35 °C). Note, to the best of our
knowledge, there is no published literature value of nyy for
DMPE available, but having the same headgroup and being only
two hydrocarbon chains shorter, DLPE iy values are expected to
very similar to those of DMPE. Thus, all published n{y values are
in excellent agreement with obtained values in this study (Fig. 6b).
In further detail, the (i) number of headgroup waters, the (ii)
number of perturbed waters, and the (iii) number of free waters all
depend on the trend of A;, and their layer thicknesses, Dy—Dyp,,
dS and d./2 (Fig. 6b-d). Noteworthy, the number of total water
molecules per lipid, the water molecules per headgroup and per
perturbed regions do display all the same trend, i.e., DOPC > egg-
PC > DMPC > DMPE. That is, they are dominantly influenced by
the area per lipid, A;. However, the number of free waters displays
the opposite order and are - as noted above — dominated by their
extension, d.,/2, which decreases from DMPC > egg-PC > DOPC.
For DOPC, the free layer does not change its number of water
molecules by a significant amount (less than 1), when compared
to egg-PC and DMPC. DOPC also has the lowest gradient for n,,
against temperature; —0.0048 °C™' compared to —0.011 and
—0.025 °C™* for egg-PC and DMPC, respectively. These observa-
tions may imply that the free layer of DOPC remains essentially
constant over the whole temperature range. This interpretation, as
well as the apparent lack of a free layer in DMPE, are used in the
next section to roughly estimate the temperature dependent
headgroup extension Dy.
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A final remark shall be given with respect to confined water
in non-planar lipid self-assemblies. While this study focusses
on planar confined water, the three-water layer model is also
applicable to confined water near curved membranes inter-
faces. Indeed, we have completed a study on the inverse
hexagonal phase in greater detail (manuscript in preparation),
and would like to herald that it is feasible to introduce the
distinction between ‘perturbed’ and ‘free’ water regions in this
case. Nonetheless, the situation is more complex, since the
mechanical behaviour along the membrane/water interface is
not constant in the inverse hexagonal phase, but depends on
the locally varying membrane stress (compression vs. decom-
pression zones), which do induce local changes in the thick-
ness of the perturbed water layer.

3.6. Refining the headgroup extension

From the estimation of the number of water molecules present
in each sub-layer of the confined water strip, a picture of each
sub-layers behaviour begins to form. Eqn (8) can be further
utilised for the cases of DMPE and DOPC. Here we actually
observe that the free water layer thickness in DMPE is practi-
cally zero (we note, occurring negative values make no physical
sense), and in DOPC the free water layer thickness is constant
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Fig. 7 Estimation of the temperature dependent headgroup extension Dy,
for (a) DOPC and (b) DMPE, respectively.
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within error. Thus, our hypothesis is that the apparent trend
seen in d&/2 may actually be caused by a temperature depen-
dent headgroup extension, Dy, instead. Our reasoning for this
is that the glycerol backbone of the headgroup is commonly
assumed to be of constant thickness,'**'°* however, the region
between the phosphate and tip of the headgroup is more
likely to flex and reorient as demonstrated with NMR
measurements'®>'% as well as shown theoretically and by MD
simulations.®*'”

Starting with DMPE after setting the free water layer to 0
(indicative of the results from SAXS, Fig. 3) and rearranging
eqn (8) for Dy, we can see that the vertical headgroup
extension thins as the temperature increases due to an
increase in the tilt angle of phosphate to tip of the headgroup
moiety (see Fig. 8). At the onset of the melting temperature,
Dy is equal to 0.86 nm, which is in good agreement with
previously reported values.” This value then decreases to
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0.82 nm at 80 °C. This thinning of the headgroup extension
is understandable, when considering the trend of A4; that
increases with temperature, meaning the headgroup would
need to occupy a larger surface area. The headgroup there-
fore reduces the apparent thickness of Dy—-Dyy; by reorienta-
tion of the phosphate to tip of the headgroup extension
towards the membrane plane.

In a similar manner, we have set the free water layer for
DOPC to a constant value, averaged from high temperature data
values obtained in Fig. 5b (top panel). The first values for Dy are
slightly higher than 0.9 nm, but this is never the less in good
agreement with the previously reported values.” The reduction
of headgroup thickness is explained in the same way as for
DMPE, whereby the increase in area per lipid is compensated
with a thinning of the apparent headgroup thickness, Dy. The
assumed temperature dependence of Dy, slightly alters the
number of headgroup waters, which in this scenario do not
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change by more than a single water molecule. The refined
hydration changes are summarised in the ESI{ (Fig. S3).

3.7. Estimation of the headgroup tilt

Having obtained a linear regression for the headgroup exten-
sion, we can now attempt to estimate its tilt angle. Note, we
follow the same assumption as before that the glycerol back-
bone thickness, Dy, is constant, leaving the portion between
the phosphate and the tip of the headgroup to flex and
re-orientate. The headgroup thickness, Dy, is a projection of
the physical extension of the headgroup to the bilayer normal.
Thus, to calculate the headgroup tilt angle, it requires the
knowledge of the reference length given by the physical dis-
tance from the phosphate to the tip of the headgroup, Dy e
For PC and PE we use the literature value of 0.47 nm as the
phosphate to nitrogen distance'®® and known bond lengths'%®
as well as bond angles,'"® concerning the N-C, C-H and N-H
bonds found in the choline and ethanolamine headgroups.
This results in Dy = 0.68 nm and 0.63 nm for PC and PE,
respectively (Fig. 8b). The tilt angle, Oy, is then given by:

Dy — DHI)

Duget

Utilising the obtained headgroup thickness, Dy(T) (Fig. 7),
we are able to calculate the tilt angle as a function of tempera-
ture, and further able to illustrate how much of the area per
lipid, Ay, is occupied from the precession of the headgroup. The
results are summarised in Fig. 8.

From Fig. 8a, it is clear that the tilt angle increases with
temperature, implying that the headgroup tends towards a
more horizontal position relative to the bilayer. This result is
unsurprising, considering that the area is expanding, whilst
the bilayer is thinning and the volume per lipid increases.
Theoretical studies and MD simulations confirm that the
lipid headgroups tend to a more horizontal position due to
thermal movements (rotation), which is more intense at higher
temperatures.”®'®” The pink line in Fig. 8a represents the
averaged linear regression from all the PCs studied; note, all
the data points display the same linear trend, since only one
linear regression of Dy was applied. DMPE displays a stronger
tilt angle, which is to be expected, when considering the
proximity of adjacent PE bilayers. Fig. 8b, illustrates how the
headgroup tilt angle goes hand in hand with the trend in 4;.
The planar projection of the headgroup length, Dy ef, super-
imposes well with the lateral radius per lipid, \/(A/7).

Oriie = cos™! ( (13)

4. Conclusions

We have introduced a three-water region model, while com-
monly only two water regions are considered, i.e., headgroup
and interlamellar water. In our model, the interlamellar water
region is further divided into free and perturbed water regions,
which can be forthrightly determined, when the bilayer nano-
structure as well as membrane fluctuations are known. Applying
this approach, we have revisited the fluid lamellar phase of PCs
and PEs, and particularly chosen these two key lipid species,

5190 | Soft Matter, 2023, 19, 5179-5192

View Article Online

Soft Matter

since they are displaying an extremely different hydration
behaviour. Applying this new three-water region model, the
following achievements have been made:

e We are able to estimate the ‘Gibbs dividing surface’ with-
out the need of gravimetric measurements. That is, we are able
to estimate the Luzzati bilayer thickness, dz.

e We are providing all standard structural membrane para-
meters, such as dyy, dc, Ar, and Vi.

e We give a detailed description of three-water layers and the
water numbers per region.

e We provide a rough estimate of the temperature depen-
dent headgroup extension, Dy, and its tilt angle.

The presented three-water region model will help to refine
existing membrane force descriptions, in particular when revi-
siting existing models on the attractive van der Waals forces.
Note, we expect that the Hamaker constant, H, to be different in
the perturbed and free water layer extensions, with Hperturbed
being greater as Hy.c.. The latter notion is in agreement with the
extreme differences found for the equilibrium distance of
adjacent membranes in PC and PE MLVs, respectively. Finally,
due to the refined description of the confined water regions
and their temperature behaviour, (‘headgroup’ and ‘perturbed’
water numbers increase with 7, while ‘free’ water numbers
display a small decreasing temperature dependence), we are
able to provide more detailed lipid/water data sets for future
refined molecular dynamics simulations.
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