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a b s t r a c t

The aqueous channel size of lipidic cubic phases can be a limiting factor for certain applications. For this
reason, additives have been used to exquisitely control their nanostructure. In this study, two families of
primary phosphoesters have been designed, synthesised and utilised to determine the effect of the posi-
tioning of the guest additive at the interface of the host mesophase, and to contrast the effect of head-
group ionisation and protonation. A general methodology has been developed to produce primary
phosphoesters, and a unique use of 31P NMR has been used in order to systematically investigate the
influence of these additives on monoolein- and phytantriol-based bulk lipidic cubic phases and dispersed
cubosomes. In general, di-phosphorylated additives exhibit a greater effect upon lipid packing than the
mono- and tri-phosphorylated molecules due to their optimal positioning. In dispersion, the protonation
state of the phosphate headgroups was manipulated by altering the pH, where shifts in pKa determined
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by 31P NMR were used as a fluorescent label-free method to identify the location and ionisation state of
the phosphate additives. This study systematically evaluates the influence of the positioning of the addi-
tive, headgroup size and charge of phosphorylated lipids on the behaviour of lipidic mesophases.

1. Introduction

Lipidic cubic phases (LCPs) are nanomaterials that have poten-
tial for utilisation in various applications such as catalysis, drug
delivery and membrane protein crystallisation or reconstitution
[1–6]. These applications are dependent on intermolecular interac-
tions at the lipid-water interface. The maximal diameter of the
aqueous channels in LCPs composed of monoolein (MO) and water
is around 40 Å, and can be a limiting factor [7]. There is ongoing
research on the effect of additives on the lipid-water systems that
form LCPs in order to control the size of the aqueous channels and
phase transitions. A plethora of hydrophobic and amphiphilic guest
molecules have been introduced into host liquid crystalline matri-
ces, where the influence of additives on the swelling and phase
transitions of lipidic mesophases is determined by the impact of
the additives on the curvature of the bilayer [2,7–17]. For LCPs,
and inverted liquid crystalline mesophases in general, the trun-
cated conical shape of the lipid molecule results in the formation
of negatively curved structures. The addition of amphiphilic guest
molecules that have a larger head to tail group ratio forces a
decrease in the overall curvature of the lipidic membrane. This
has been demonstrated with amphiphilic additives, such as sugar
surfactants and phospholipids, which preferentially affect the
headgroup region [2,9,13,15]. In contrast, hydrophobic additives
such as cholesterol, vitamin E acetate and oleic acid, influence
the lipidic portion of the cubic nanostructure, thereby increasing
the overall curvature of the membrane [11,18,19]. As can be seen,
the molecular features of the additives that change the ratio of
headgroup to hydrophobic tail volume, can dramatically influence
the packing of lipids in the cubic phase.

In addition to the molecular features of the additives, inter-
molecular phenomena play a major role in affecting headgroup
interactions, specifically: hydrogen bonding, where headgroups
can form a network of interactions with adjoining headgroups
and bound water; and hydration, where the amount of water coor-
dinated around the headgroup affects the surface interaction of
molecules at the interface [8,20–22].

Lipids that contain multiple charges are particularly adept at
manipulating lipid curvature. One of the most commonly utilised
have been phospholipids, which usually have a single charge or
are zwitterionic [8,11,13,23,24]. Minimal amounts of these ubiqui-
tous charged phospholipids can introduce a phase transition and
drastically increase the lattice parameter of LCPs [11,25]. However,
it is unclear from these studieswhich component of the additive has
the greatest influence upon the membrane curvature: the function-
alisation of the headgroup or the ionisation state of the headgroup.

In this study, a series of primary phosphorylated lipids have
been designed and synthesised, and their influence on the lipidic
cubic mesophase investigated. The phosphorylated lipids possess
a single lipidic tail to anchor the molecule to the lipid-water inter-
face, and a headgroup containing between one and three phos-
phates. The lipidic tails comprise of either a relatively short C12

chain or a more complex phytol-based chain, chosen based upon
previous studies which suggested that amphiphiles with these tails
have the greatest influence on a cubic phase bilayer [26]. With this
small library of phosphate surfactants, this study aims to under-
stand the effect of the molecular properties of the headgroup of
the additives on the ensuing lipidic mesophase by investigating

the effect of the number of primary phosphates attached to the
headgroup as well as the ionisation state of the headgroup. Thus,
this report provides a systematic study into the effects of head-
group size and protonation state upon the bilayer curvature in a
monoacylglycerol- or phytantriol-based cubic phase.

2. Materials & methods

2.1. General information related to synthesis and pH-measurements

All chemicals were used as received unless otherwise stated. All
solvents were of technical grade and distilled prior to their use.
Solvents were removed from the products in vacuo at standard
bath temperatures and pressures [27]. Column chromatography
was performed using silica gel Merck 60 (particle size 40–63 mm)
or Q-Sepharose� Fast Flow (preswollen, 45–165 mm) (Sigma–
Aldrich) with the indicated solvent system. Analytical thin-layer
chromatography (TLC) was performed using Merck pre-coated sil-
ica gel plates 60 F254, visualisation was performed by UV light
(254 nm and 366 nm) and stains if indicated. Medium Pressure Liq-
uid Chromatography (MPLC) was performed by CombiFlash�

Rf + LumenTM (TELEDYNE ISCO) with indicated column size, solvents,
time and flow rate. Freeze-drying of aqueous samples was per-
formed at a CHRIST alpha 1–4 LD plus after freezing the samples
in liquid nitrogen. 1H NMR, 13C NMR, 31P NMR and 31P[1H]-NMR
spectra were recorded on the following machines: Bruker AV-300
(300 MHz), Bruker AV-400 (400 MHz) or Bruker AV-500
(500 MHz). Chemical shifts are given in parts per million (ppm) rel-
ative to the internal standard. Representative spectra can be found
in the SI. Coupling constants, J, are expressed in Hz and multiplic-
ities are abbreviated as follows: s (singlet), br (broad), d (doublet), t
(triplet), q (quadruplet), quint (quintet), m (multiplet). Peaks in 13C
NMR that were not completely separated are named 2p for two
peaks and mp for more. Mass spectra were recorded by the Mass
Spectroscopy Service of UZH on Finnigan MAT95 MS, Bruker LC
MS and Finnigan TSQ700 MS machines.

For all synthesised molecules, phosphorylation was followed by
the deprotection of the phosphate-protecting group resulting in
the final product (Fig. 1).

2.2. Formation of bulk and dispersed cubic phases (Cubosomes)

For the bulk studies, monoolein (MO, >99%) was purchased
from NU-CHEK Prep. (MN, USA) and phytantriol (PHYT) was
sourced from DSM (Netherlands). All measurements were per-
formed in excess of water. For the dispersed samples Dimodan, a
commercial product containing > 98 wt% monoacylglycerols (the
major component being monolinolein, MLO) was used as received
from Danisco. The same batch of Dimodan was used throughout the
work. Pluronic F127 was purchased from Sigma Aldrich. The phos-
phorylated lipids, C12P1 and C12P2, were mixed at predetermined
concentrations into the bulk lipid by three cycles of heating to
60 �C and vortexing until becoming homogeneously viscous.
Homogenisation of C12P3, PhyP2 and PhyP3 into bulk lipids (MO,
MLO and PHYT) required dissolving the pre-weighed mixtures in
methanol containing 0.001% formic acid and subsequent removal
of the solvent under vacuum at 50 �C for > 24 h.
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For the bulk phases, the lipids were subsequently hydrated in
Tris buffer (50 mM, pH 6 or 8) or citric acid buffer (50 mM, pH 3).
The lipidic and aqueous components were thoroughly mixed by
passing the mixture through a coupled syringe mixing device (For-
mulatrix, MA, USA), between two 100 ml gas-tight syringes (Hamil-
ton CA, USA). Lipid dispersions were formed by hydrating lipids in
a solution of Pluronic F127 (0.5 wt% F127, 5 wt% lipid, pH 7.4)
before being dispersed by probe ultrasonication (3 min pulsed,
30% amplitude) to reduce and homogenise the particle size. The
pH of the samples was adjusted by addition of appropriate
amounts of HNO3 (0.1 or 0.001 M) and KOH (0.1 or 0.001 M). Sam-
ples were left to equilibrate for �12 h.

2.3. Small angle X-ray scattering (SAXS) measurements

SAXS measurements were carried out on a NanoMAX-IQ instru-
ment (Rigaku) with a Pilatus 100 K detector (Dectris), a Cu target
sealed tube source (MicroMax-003, Rigaku) in vacuum and at con-
trolled temperature (Julabo). An effective scattering-vector range of
0.008 Å�1 < q < 0.6 Å�1 was investigated and scattering images
were integrated into the one-dimensional scattering function I(q).
The scattering intensity is shown as a function of the momentum
transfer q = 4pk–1sin(h/2), where k is the photon wavelength of
1.524 Å and h is the scattering angle. Samples were filled into a
1.5 mm internal diameter quartz capillary and sealed with epoxy
glue. The q-range was calibrated using silver behenate as the stan-
dard. The liquid crystalline space groups and lattice parameters (a)
were determined by the relative positions of the Bragg peaks in the
scattering curves, which correspond to the reflections on planes
defined by their (hkl) Miller indices [28].

2.4. Dynamic light scattering

Particle size were obtained by dynamic light scattering (DLS)
measurements (Brookhaven 90 Plus Particle Size Analyzer, Broo-
khaven, Holtsville, USA). Briefly, dilute solutions of the as-made
lipid particles were placed into a plastic cuvette; each had a pH
of ~6. Each analysis to obtain the z-average and polydispersity
index (PDI) was based on a repetition of eight measurements.

2.5. pKa measurements – Titration and 31P nuclear magnetic resonance
(NMR) spectroscopy

The synthesised phosphorylated lipids were sparingly soluble in
water, except for C12P1, which was insoluble except in basic con-
ditions at pH > 8. Phosphorylated lipids (0.01 mM) were dissolved
in H2O (0.4 mL) and D2O (0.05 mL) in Eppendorf tubes. Lipid disper-
sions were diluted with 10% D2O for NMR analysis. The pH of the
samples was adjusted with solutions of NaOH (0.25 M to 1 M) and
HCl (0.25 M to 1 M) and measured with a pH meter (CyberScan
500, microelectrode). The measured NMR spectra showed a clear
pH dependence, enabling titration curves to be plotted. Represen-
tative spectra can be found in the SI. Spectra were processed with
Mestrenova and subsequently plotted with Origin 8.0, using a
recently published fitting Eq. (1) [29].

Ptotal ¼
PA2�
� �þ PAH�ð Þ10n pKa2�pHð Þ

1þ 10nðpKa2�pHÞ
ð1Þ

The used parameters are: PA2� , the chemical shift of the depro-
tonated phosphate; PAH� , the chemical shift of the singly proto-
nated phosphate; and n, the slope of the curve.

3. Results and discussion

3.1. Synthesis of phosphorylated lipids

Synthesis of three phosphorylated lipids is depicted in
Scheme 1, in which commercially available precursors are phos-
phorylated with subsequent deprotection. Purification of the syn-
thesised multiphosphorylated lipids (6 (C12P2) and 9 (PhyP3))
was achieved by ion exchange chromatography using Q-
Sepharose� columns, resulting in the target lipids with yields of
around 90%.

In Scheme 2 the three-step synthesis of the two additional
phosphorylated lipids is depicted. To prepare the two desired start-
ing materials, a SHARPLESS dihydroxylation was required on the path-
way to 13 (C12P3) and in the case of 17 (PhyP2), a hydroxyl group
was introduced via hydroboration at the double bond of 14.

3.2. Mesophases containing phosphorylated lipids

3.2.1. Phase behaviour of bulk LCP with phosphorylated lipidic
additives

In order to establish the effects of the guest synthetic phospho-
rylated lipids on the host lipidic cubic phases, they were incorpo-
rated into both monoolein (MO)- and phytantriol (PHYT)-based
bulk and dispersed mesophases. Initially, bulk systems were inves-
tigated to determine the effect of different concentrations and
heating behaviour of the formed mesophase.

3.2.1.1. Phase behaviour of MO bulk phase with C12 and phytol
phosphorylated lipids. The effect of incorporating various phospho-
rylated additives into MO mesophases was investigated via SAXS
(Fig. 2A-F, changes in lattice parameters and raw SAXS data are
reported in the Supplementary Information, Fig. SI1-5 and
Fig. SI9). In the temperature and hydration range investigated,
MO displays a double diamond bicontinuous cubic symmetry (V2

Pn3m). The lipids with the lowest number of phosphate groups
per molecule (C12P1 and PhyP2) influence the phase behaviour
in a way similar to that of typical hydrophobic additives. In the
case of PhyP2, both an increase in additive concentration and tem-
perature leads to the formation of inverted hexagonal phase (H2)
indicating that the C12P1 and PhyP2 additives are swelling the
hydrophobic volume of the mesophase. Interestingly, increasing
the temperature of 0.5 mol% C12P1 at pH 3 avoids the formation
of the H2 phase and the formation of inverse micelles (L2) was
observed. Upon increasing the number of phosphates per molecule
an opposite behaviour is observed: the C12P2, C12P3 and PhyP3
additives promote swelling of the V2 Pn3m unit cells, whereby this
effect is pH dependent, and is greatest at pH 3 > 6 > 8, and transi-

Fig. 1. Schematic overview of the lipid syntheses. Left: Phosphorylation and deprotection of the C12-chain; Right: Phosphorylation and deprotection of the phytol chain. The
full synthetic route can be found in the Supporting Information.
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tion to the primitive bicontinuous cubic phase (V2 Im3m) was
observed at higher concentrations and only at pH 3 due to the pro-
tonation of the phosphate headgroups.

It is proposed that the effect of the C12 phosphorylated addi-
tives on MO is dependent on the location of the additive within
the lipid bilayer. As the C12 phosphorylated additives are smaller
than the bulk MO lipids, they can easily move within the lipid
bilayer, as dictated by their amphiphilic properties. Thus, it is
hypothesised that the headgroup of the C12P1 remains below the
lipid-water interface; the C12P3 headgroup above the interface,
and C12P2 headgroup at the interface. Positioning of the phospho-
rylated additives is thus further investigated through the determi-
nation of its pKa in the following section.

Due to the hydrophobic mismatch between the tails of the phy-
tol additives and the bulk MO, there is a substantial difference
between the phase behaviour of the di- and tri- phosphorylated
phytol surfactants (Fig. 2D–E). At concentrations as low as
0.5 mol% of PhyP2, MO cannot form the cubic phase due to the con-
siderable influence of the additive on the hydrophobic portion of
the mesophase. PhyP3 on the other hand, slightly swells the lattice

parameter of the V2 Pn3m (Fig. SI5) such that formation of V2 Im3m

and vesicles are observed at 2.5 mol%. In the case of the phytol sub-
stituted phosphorylated additives, it is hypothesised that PhyP2
remains hidden below the lipid-water interface, while the PhyP3
is above the interface. As can be seen, the mismatch between the
tails in terms of length and substitution influences the positioning
of the phosphorylated additives within the mesophase.

3.2.1.2. Phase behaviour of phytantriol (PHYT) V2 Pn3m bulk phase with
phytol phosphorylated lipids. The phosphorylated phytol additives
were introduced into a PHYT bulk phase to investigate the effect
of matching the hydrophobic portion of the additive to the bulk
lipid (Fig. 2G–I). Because the length and substitutions of the lipidic
tail were identical to those of PHYT, the additives were expected to
be arranged such that the phosphate headgroups are aligned at the
bilayer-water interface. The effect of both PhyP2 and PhyP3 on the
lattice parameter (Fig. SI5 and SI6) of the PHYT V2 Pn3m are similar
to the effect of the C12 additives in MO; there is a swelling of the
unit cells at low concentrations, and the effect is greatest at pH
3 > 8 > 6. The transition to V2 Im3m was only observed at pH 3 at

Scheme 1. Synthesis of phosphorylated lipids. Reagents and conditions: (a) i. bis(2-cyanoethyl)diisopropylphosphoramidite, tetrazole, MeCN, r.t., 4 h; ii. tBuOOH, 0 �C ,
20 min; (b) 25% NH4OH/H2O, MeOH, 60 �C, o.n.; (c) i. bis(2-cyanoethyl)diisopropylphosphoramidite, 5-(phenyl)1H-tetrazole, DMF, r.t., 6 h.; ii. tBuOOH, 0 �C , 20 min; (d) bis(2-
cyanoethyl)diisopropylphosphoramidite, 5-(phenyl)1H-tetrazole, DMF, r.t., 6 h; ii. tBuOOH, decane, 0 �C, 20 min.

Scheme 2. Reaction pathways towards the additional phosphorylated lipids to complete the library. Reagents and conditions: (a) i. MD-mix-a, iPrOH, H2O, 0 �C to r.t., o.n.; ii)
NaSO3, 0 �C, 1 h; (b) i. bis(Fm)diisopropylphosphoramidite, tetrazole, THF, r.t., 6 h; ii. tBuOOH, 0 �C, 20 min; (c) Piperidine, CH2Cl2, r.t., 2.5 h; (d) i. Me2S.BH3, THF, r.t., 4 h; ii.
NaOH, H2O2, H2O, 0 �C, 30 min; (e) i. bis(2-cyanoethyl)diisopropylphosphoramidite, 5–(phenyl)1H-tetrazole, DMF, r.t., 4 h.; ii. tBuOOH, 0 �C, 20 min; (f) 25% NH4OH/H2O,
MeOH, 60 �C, 3 h.
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2 mol% PhyP2 and at 1 mol% PhyP3. The unusual observation of V2

Ia3d at high temperatures at 0.5 mol% PhyP3 and at pH 3 further
demonstrates the influence of protonation over the bilayer
curvature.

3.2.2. The effect of phosphorylated lipids on cubosomes
The pH-dependent effect of phosphorylated additives on dis-

persed bicontinuous cubic phases (cubosomes) was subsequently
investigated (temperature dependent phase behaviour is reported
in Fig. SI8 and raw SAXS data in Fig. SI9). The differences in phase
behaviour between the cubosomes with and without added phos-
phorylated lipids were used an indication of their effect on the

lipid-water interface. The guest phosphorylated lipids were added
at a ratio of 0.5 mol% to the main host lipid, as this was determined
to be the concentration at which cubic phase architecture could be
maintained across all MLO and PHYT formulations. Sharp 31P NMR
signals could be obtained with dispersed lipid particles, while this
could not be achieved in preliminary experiments with bulk LCPs.
The 31P NMR spectra were used to determine the pKa of the phos-
phorylated molecules in solution and incorporated into cubo-
somes, which, in turn, was utilised as an indirect method of
determining the location of the additive at the hydrophobic-
hydrophilic interface of MLO V2 Im3m and PHYT V2 Pn3m cubosomes,
respectively.

Fig. 2. Composition, temperature and pH- dependent phase behaviour of the phosphorylated lipid additives in monoolein bulk phase formulations in excess water as
determined by SAXS. Blue: V2 Pn3m; navy: V2 Pn3m + L2; cyan: L2; purple: V2 Pn3m + H2; red: H2; yellow: V2 Im3m; green: V2 Im3m + V2 Pn3m; orange: vesicles and dark yellow: V2

Pn3m + V2 Ia3d + H2. Changes in lattice parameter are reported in Fig. SI1-7. A: Increasing amounts of C12P1 additives results in the formation of inverse hexagonal phase (H2) at
lower temperatures at various pH values. B: Increasing amounts of C12P2 additives results in the swelling of the unit cells, followed by the formation of V2 Im3m upon at
<1 mol% at pH 3 only. C: Increasing amounts of C12P3 additives results in swelling of the unit cells, followed by formation of V2 Im3m at 2 mol% at pH 3 only. D: Increasing
amounts of PhyP2 additive results in formation of H2 from 0.5 mol%, and at all pH values. E: Increasing amounts of the PhyP3 additive results in swelling of the unit cells. No
phase transitions were observed until 2.5 mol% where formation of V2 Im3m and of vesicles was observed. F: Schematic drawing showing the effect of increased additive
concentration on MO bilayer curvature. The hydrophilic and hydrophobic regions of the V2 phase are denoted by blue and yellow respectively. The hydrophilic and
hydrophobic regions of the H2 phase are denoted by blue and red respectively. G: Increasing amounts of PhyP2 additive results in swelling of the unit cells, followed by the
formation of V2 Im3m at 2 mol% and pH 3 only. H: Increasing amounts of the PhyP3 additive results in swelling of the unit cells, followed by formation of V2 Im3m at 1 mol% and
pH 3 only. Note that PhyP3 could not be incorporated into phytantriol at 2 mol% due to its limited miscibility with the lipid. I: Schematic drawing showing the effect of
increased additive concentration on PHYT lipid bilayer curvature. Schematics are . reproduced with permission from [30,31]
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It is noted that the pH range of MLO cubosomes was restricted
to 2–10 due to susceptibility of the host monoacylglycerol to
hydrolysis; glycerol and linoleic acid, the two cleavage products
were found at pH values outside this range. Additionally, no phos-
phorylated additive was found in the supernatant of the lipid dis-
persions, thus, manipulating the hydrophilicity of the
phosphorylated molecules did not lead to an accumulation of free
additive in the aqueous phase. The phase behaviour of the
monoacylglycerol-based cubosomes was different from the bulk
phase behaviour due to addition of the polymeric stabiliser, Pluro-
nic F127 [32,33]. Particle size of the samples are shown in Table 1.

3.2.2.1. Phase behaviour of MLO V2 Im3m cubosomes with C12 phospho-
rylated lipids. The mono- and di-phosphorylated lipids (C12P1 and
C12P2) swell the lattice parameters of the MLO V2 Im3m cubosomes
more than the tri-phosphorylated lipid, C12P3 (Fig. 3A). The pres-
ence of lamellar structures was observed in C12P1, C12P2 and
C12P3 dispersions at pH 5–9, where the phosphate groups are
more likely ionised. Lamellar phase was also observed at pH 2.5
in the C12P3 dispersion, where it is hypothesised that protonation
of the headgroup increases the hydrophobicity of the additive,
forcing the additive into the bilayer at the interface. The measured
phase behaviour supports the hypothesis that the C12P1 and
C12P2 additives are located at the interface, whereas the relative
hydrophilicity of the C12P3 draws its headgroup further into the
confined water layer.

3.2.2.2. Phase behaviour of MLO V2 Im3m cubosomes with phytol-based
phosphorylated lipids (Fig. 3B). The pH dependent phase behaviour
of cubosomes doped with PhyP2 reveal coexistence with lamellar
phases at low pH. In this case, protonation of the PhyP2 head-
groups presumably affects a reduction in membrane curvature
due to charge neutralisation and consequent insertion of the lipid
into the interface. Little difference could be observed between for-
mulations with PhyP3 and pure MLO cubosomes over the mea-
sured pH range.

3.2.2.3. Phase behaviour of phytantriol V2 Pn3m cubosomes with phytol-
based phosphorylated lipids. At basic pH, the ionisation and the
resulting hydration of the headgroups of both PhyP2 and PhyP3
results in the formation of V2 Im3m at pH 8.5 and 7.1 respectively
(Fig. 3C). Thus, in contrast to the observed behaviour of the bulk
phase, where V2 Im3m only occurred at low pH, here ionisation
results in a partial order-order phase transition to V2 Im3m. This is
attributed primarily to the additional degrees of freedom that have
been introduced into the system by addition of the polymeric sta-
biliser, Pluronic F127 [32,33], and secondly the increase in surface
area and curvature of the particles compared to the bulk [34].

3.2.3. pKa determination of phosphorylated lipids in cubosomes
The pKa of a molecule at the lipid-water interface is determined

by the interplay between the energetic costs for burying a charged
moiety into the apolar bilayer and the hydrophobic interactions
between the free and lipid-bound fatty acid chains [35]. Addition-
ally, H-bonds can form between charged and protonated forms,
where the formed H-bonds stabilise the charged form at the
water-oil interface [35]. Thus, the extent of the pKa shift between
micellar solution and cubosomes was used as an indirect method
to determine the positioning of the additive in the lipid bilayer.

31P NMR spectroscopy was used in an innovative way in order
to establish pKa titration curves. Diffusion NMR and solid-state
NMR spectroscopy have previously been utilised to identify the
movement and location of additives in bulk lipid bilayers [21,36–
38]. However, instead of using these advanced NMR techniques
which directly measure the diffusion of molecules in the meso-
phase, solution state 31P NMRwas utilised to detect chemical shifts

of a phosphate group, which are dependent on the degree of proto-
nation [39–41]. Using these chemical shifts, pKa titration curves
were constructed. Although disruptive effects of salts upon 31P
NMR measurements have been reported, for example Mg2+ and
K+ in biological probes [42], problems were not encountered in
investigating these self-assembled matrices as concentration and
other conditions were kept constant within the series of measure-
ments. The measured pKa values of each phosphate of the lipid
headgroup are in good agreement with those predicted by WES-

THEIMER, where pKa(1) and pKa(2) are approximately 2 and 7, respec-
tively [43]. In this study, the focus is upon a shift in pKa(2) of the
phosphates on each headgroup as it occurs at a more accessible
and physiologically relevant pH, and avoids the extreme pH values
at which hydrolysis of the main host lipid can occur.

3.2.3.1. MLO cubosomes + phosphorylated lipids. The pKa values of
the lipid additives in micellar solution and MLO cubosomes are
tabulated in Table 2. Titration curves and molecular annotations
are reported in Fig. SI9-11, where phosphate groups are labelled
starting from primary phosphoester linkage (①) moving along
the molecule increasing the number for the secondary or tertiary
group (②, ③).

Clear shifts in pKa2 values of almost all phosphate groups were
observed when comparing the micellar solution and the MLO
cubosomes, demonstrating an altered environment for the phos-
phates in the headgroups. For both the C12 and phytol phosphory-
lated lipids, the overall observed change of each pKa is dependent
on the number of phosphates on the headgroup. The shift in pKa2 of
the diphosphates (C12P2 and PhyP2) was found to be two to three
times greater than that observed for the triphosphates (C12P3 and
PhyP3). This larger shift demonstrates that the diphosphates expe-
rience a larger protection from deprotonation as they are preferen-
tially arranged at the interface where they exert more influence on
the lipid packing. This agrees with the changes in bulk phase beha-
viour upon changes in pH; the triphosphorylated lipids protrude
out of the interface into the confined aqueous layer as they are
more hydrophilic, where they promote the increased hydration
of the lipid bilayer and consequently the formation of V2 Im3m or
lamellar phase.

The magnitude of shift to higher pKa values was observed to be
in the order of PhyP2 > C12P2 > C12P3, where a larger shift was
observed for② and③ than for①. This is due to a larger difference
in the environment of the individual phosphate groups. The pri-
mary phosphate,①, exists in an environment in which it is closer
to its state when in micellar solution. Whereas the larger change in
pKa of② and③ indicates their interactions with the headgroups of
other surfactants at the lipid-water interface. In comparison, the
shift in pKa2 of the phosphate groups in PhyP3 demonstrates a dif-
ferent behaviour as both positive and negative shifts were
observed. The primary phosphate, ①, exhibits a positive shift,
whereas the ② a negative shift in pKa. No change was observed
for③. This unexpected behaviour could be caused by a hydropho-

Table 1
Particle size of the as-made lipid particles determined by dynamic light scattering.

Sample name z-ave (d.nm) PDI

MLO 196.9 0.147
MLO + 0.5C12P1 121.1 0.114
MLO + 0.5C12P2 190.2 0.255
MLO + 0.5C12P3 203.7 0.259
MLO + 0.5phyP2 187.5 0.233
MLO + 0.5phyP3 181.3 0.124
phyt 238.4 0.239
phyt + 0.5phyP2 257.4 0.279
phyt + 0.5phyP3 237.5 0.292
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bic mismatch between the bulk MLO and the phytol chain where
the incompatibility in chain length can increase intermolecular
distance, leading to a decrease in apparent pKa [44,45].

3.2.3.2. Phytantriol-based cubosomes. The overall shift in pKa2 val-
ues of both PhyP2 and PhyP3 in PHYT-based cubosomes was
greater than that of the MLO-based cubosomes. This is attributed
to matching of the phytol tails of the guest and host PHYT lipid
(Fig. SI12 and Table 3). The shifts in pKa2 values of ① and ② in
PhyP2 were almost identical, indicating that both phosphate
groups experience a similar environment at the bilayer interface.
A shift in the pKa of the phosphorylated lipid additives in PHYT
cubosomes was observed in all three phosphates on the PhyP3
headgroup, where the positive shift in pKa was greatest for the pri-
mary① >③ >②phosphate groups. These values support the phase
transitions observed with increasing pH, as the deprotonation and
subsequent hydration of the phosphate headgroups occur at the
bilayer interface.

4. Discussion

4.1. Location is the key to influence lipid packing

The position of an amphiphilic guest additive in the host bilayer
influences bilayer curvature. In this study, it was determined that
the headgroup of the surfactant positions itself below, at or above

the lipid-water interface, as determined by the balance of hydro-
philic and hydrophobic properties of the molecules.

The concentration and pH dependent phase behaviour of the
C12 phosphorylated lipids afforded insight into the preferred loca-
tion of the phosphate groups at the interface. As the chains of the
guest C12 phosphorylated lipids are shorter than those of the host
monoacylglycerols, the molecules acquire a degree of mobility that
was dictated by the size and protonation state of the phosphory-
lated headgroup. C12P1 is more likely to reside in the hydrophobic
region, thus promoting the formation of mesophases with increas-
ing negative curvature [14]. C12P3, the most hydrophilic additive
tested, appeared to be located with its headgroup protruding out
of the bilayer into the aqueous domain. C12P2 has a more ideal
hydrophilic-hydrophobic balance and is thus positioned at the
interface such that it can exert maximal influence upon lipid
packing.

The hydrophobic mismatch and acyl-chain stretching of amphi-
philic molecules in membranes can result in phase separation of
lipids, ordering and disordering of the acyl chains, local deforma-
tion or phase transitions, albeit little is known about which is
favoured under certain conditions [46,47]. The hydrophobic mis-
match between the phytol-containing guest additives and the host
monoacylglycerols appears to have resulted in the phosphorylated
additives assembling either with their headgroups below the inter-
face, or entirely outside of the lipid bilayer regardless of the pH, as
they have less degrees of freedom. When the tails of the phospho-
rylated lipids match those of the phytantriol mesophases, the
phosphorylated additives appear to follow the same trend in head-

Table 2
pKa2 values of the phosphate headgroups of phosphorylated additives in micellar solution (left three columns), upon incorporation into MLO-based cubosomes (central three
columns) and their difference (right three columns).

Micellar solution MLO-based cubosomes Difference

pKa2 (1) pKa2 (2) pKa2 (3) pKa2 (1) pKa2 (2) pKa2 (3) pKa2 (1) pKa2 (2) pKa2 (3)

C12P1 (3) – – – 8.55 ± 0.15 – – – – –
C12P2 (6) 6.89 ± 0.06 7.62 ± 0.04 – 7.62 ± 0.11 8.51 ± 0.10 – 0.79 0.89 –
C12P3 (13) 7.23 ± 0.07 7.69 ± 0.06 8.41 ± 0.04 7.33 ± 0.11 7.94 ± 0.08 8.62 ± 0.11 0.10 0.25 0.21
PhyP2 (17) 6.97 ± 0.03 7.94 ± 0.02 – 7.79 ± 0.16 9.32 ± 0.43 – 0.82 1.38 –
PhyP3 (9) 6.86 ± 0.01 8.20 ± 0.06 8.80 ± 0.04 7.34 ± 0.01 7.93 ± 0.11 8.79 ± 0.20 0.48 �0.27 �0.01

Fig. 3. pH dependent phase behaviour of host-guest cubosomes as determined by SAXS at 23 �C. The phase boundaries are indicated by dotted lines and annotated
accordingly. All formulations contained 0.5% of phosphorylated lipid as additive. The temperature dependent phase behaviour is reported in Fig. SI8. Each panel contains a
schematic drawing demonstrating the effect of increased additive concentration on lipid bilayer curvature. The hydrophilic and hydrophobic regions of the V2 phase are
denoted by blue and yellow respectively. The hydrophilic and hydrophobic regions of the H2 phase are denoted by blue and red respectively. Schematics are . reproduced with
permission from [21,31]
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group position as the C12 additives. Of all the systems investigated
in this study, the diphosphorylated additives show an ideal posi-
tioning in the lipid bilayer, provided there is no mismatch in the
hydrophobic groups. As can be seen, the size of the headgroups
constitutes the main influence on lipid packing, while it is the tail
group that determines its ultimate position.

4.2. Ionisation vs protonation

The balance between hydrophobic and hydrophilic forces is
easily manipulated via changes in pH. At pH < pKa, protonation
appears to increase hydrophobicity of the phosphorylated lipidic
acids, which can result in two effects: firstly, an increase the for-
mation of hydrogen bonds with neighbouring headgroups or water
molecules [48]; and secondly, desolvation of the ionisable group
that forces the neutral species into the interface and further into
the bilayer. At pH ~ pKa, a partial deprotonation step takes place
resulting in the decreased likelihood of the phosphate headgroup
to form H-bonds, which leads to a smaller overall headgroup size.
At pH > pKa, the phosphate groups are more likely to be fully
deprotonated, thereby increasing the charge density at the phos-
phate headgroup and increasing hydration. In turn, this can lead
to two outcomes: swelling of the unit cells, as seen with the
diphosphorylated additives, and/or protrusion of the headgroup
of the guest molecule from the interface into the aqueous layer
where it is less able to influence the curvature of the lipid bilayer,
as was observed with the triphosphorylated additives [49].

5. Conclusions

Previously reported studies have demonstrated that incorpora-
tion of amphiphilic additives can swell the lipidic cubic phase by
influencing the overall curvature of the lipid bilayer [2,9,13,15].
This study demonstrates the effect of headgroup size and charge
upon bulk and dispersed lipidic cubic phases. A library of mono-,
di- and triphosphorylated lipidic molecules was designed, synthe-
sised and incorporated into monoglyceride- and phytantriol-based
mesophases, and the ensuing phase behaviour was determined by
SAXS. The pKa(2) of the phosphorylated lipids at the interface was
determined by 31P NMR as a unique, label-free indication of their
positioning at the lipid-water interface. The positioning of the
additives at the interface was found to be the main determinant
of their influence on lipid curvature. In agreement with literature,
the position of the additive at the lipid-water interface is mostly
determined by the compatibility of its hydrophobic portion with
the bulk lipid [46,47]. Most importantly, however, is the location
of the headgroup relative to the interface which was manipulated
by altering the number of phosphates substituted into the head-
group and their ionisation state. In bulk mesophases, the influence
of protonation was found to be greater than ionisation, whereas in
dispersed phases, the opposite was observed; ionisation had a
greater effect upon lipid curvature than protonation. The presented
results constitute a considerable step towards elucidating the fac-
tors that influence the packing of amphiphilic molecules at inter-
faces, thus directing the formulation of lipidic cubic phases for

application in various fields such as catalysis, drug delivery and
membrane protein crystallisation or reconstitution.
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