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Insights into dynamic properties of water in lipidic cubic phases by 2D 
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A B S T R A C T   

Two-dimensional NOE (nuclear Overhauser effect) NMR spectroscopy was employed to investigate the dynamic 
properties of water within lyotropic bicontinuous lipidic cubic phases (LCPs) formed by monoolein (MO). Ex
periments observed categorically different effective residence times of water molecules: (i) in proximity to the 
glycerol moiety of MO, and (ii) adjacent to the hydrophobic chain towards the hydrocarbon tail of MO, as 
evidenced by the opposite signs of intermolecular NOE cross peaks between protons of water and those of MO in 
2D 1H–1H NOESY spectra. Spectroscopic data delineating the different effective residence times of water mol
ecules within both the gyroid (QII

G) and diamond (QII
D) phase groups corresponding to hydration levels of 35 and 

40 wt%, respectively, are presented. Additionally, an increase in effective residence time of water molecules in 
proximity to the glycerol moiety of MO in LCPs was observed upon storage at ambient temperature and in the 
presence of an additive lipid, cholesterol. Atom-specific NOE build-up curves for protons of water and those of 
MO are also given. The results presented herein provide new insight into the physicochemical properties and 
behaviour of water in LCPs, and demonstrate an additional avenue for experimental study of water–lipid in
teractions and hydration dynamics in model membranes and nanomaterials using 2D NOE NMR spectroscopy.   
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1. Introduction 

In molecular self-assemblies, the dynamic properties of water mol
ecules are considered critical in understanding their biological activity 
and behaviour [1,2]. A variety of spectroscopic methods, including 
fluorescence [3], infrared [4], neutron scattering [5], and Raman scat
tering [6], have sporadically been used to study the properties of hy
dration water in lipid self-assemblies, including lipidic cubic phases 
(LCPs). 

LCPs are formed via the spontaneous self-assembly of certain lipids in 
an aqueous environment and have found a range of applications, 
including as lipid-based membrane mimetics in the crystallization of 
integral membrane proteins for structure determination by X-ray crys
tallography;[7,8] and as potential matrices for drug and nutrient de
livery/release in vivo [9–11]. LCPs are comprised of a single lipid bilayer 
contorted in three-dimensional (3D) space such that their geometry 
approximates that of a triply periodic minimal surface, featuring two 
interpenetrating but unconnected networks of water channels. A 3D 
illustration of a diamond phase 

(
QD

II
)

LCP and a schematic cross- 
sectional view are shown in Fig. 1. 

Previously, the ultrafast dynamics of the water of hydration in LCPs 
have been probed using time-resolved fluorescence spectroscopy, 
following the incorporation of a series of tryptophan alkyl ester probes 
into the lipid bilayer. Three distinct temporal scales of water molecules 
were identified based on their proximity to lipid molecules [3]. 
Recently, a comprehensive study by Fourier-transform infrared spec
troscopy (FTIR) and broadband dielectric spectroscopy (BDS) of water 
state during LCP phase transitions over a range of temperatures has been 
reported [12]. Molecular dynamic simulations have also been used to 
demonstrate the role of nanoconfinement and hydration dynamics in the 
crystallization of small molecules encapsulated within LCPs [13]. 

The nuclear Overhauser effect (NOE), arising from spin-spin cross- 
relaxation in NMR, has long been used to study intra- and intermolecular 
contacts, including solvent exposure and protein hydration dynamics 
[14,15]. In addition to its indispensable role in the structural elucidation 
of macromolecules by NMR, 2D 1H–1H homonuclear NOE spectroscopy 
(NOESY) has been used to probe the molecular disorder of lipid head
groups and hydrocarbon chains [16,17], and molecular interactions 
between dendrimers and surfactants [18]. 2D 1H-19F/7Li heteronuclear 

NOE spectroscopy (HOESY) has also been employed to gain insight into 
inter-ionic interactions in ionic liquids [19,20]. Furthermore, magic 
angle spinning (MAS) NOESY with the application of pulsed field gra
dients has been used to study the interaction of water with 1-palmitoyl- 
2-oleoyl-glycerol-3-phosphocholine bilayers in the fluid phase [21]. 
Notably, the observation of interactions between the protons of water 
molecules and the non-exchangeable protons of the MO glycerol moiety 
in LCPs, detected via MAS 2D 1H–1H ROESY (NOE in the rotating frame), 
has been reported previously [22]. Recently, intermolecular interactions 
in phytantriol-based lyotropic liquid crystals detected by 2D 1H–1H 
NOESY spectra have also been reported [23]. 

In the present study, 2D 1H–1H NOESY spectra were used to explore 
the dynamic properties of water in LCPs formed by MO. Initially, we 
present experimental evidence of categorically different effective resi
dence times of water molecules in proximity to the glycerol moiety of 
MO and those in the region adjacent to the hydrocarbon chain of MO. 
Secondly, we report experimental observation of an increase in the 
effective residence time for water molecules in the proximity of the 
glycerol moiety of MO in LCPs over time and in the presence of an ad
ditive lipid, cholesterol, at 20 mol% lipid content. Finally, cross- 
relaxation rates for water and non-exchangeable protons of MO in 
LCPs, obtained from NOE build-up curves, are also included. 

The results presented herein provide new insight into the physico
chemical properties of water molecules in LCPs and demonstrate an 
additional avenue for the study of water–lipid interactions and hydra
tion dynamics in lipid self-assemblies and nanomaterials using 2D NOE 
NMR spectroscopy. They are of particular relevance for the study of 
membrane proteins in LCP systems. Measured changes in the residence 
times of water suggest alteration to the hydration shell at the lipid-water 
interface, with implications for the stability and activity of encapsulated 
proteins. Furthermore, the hydration dynamics of LCPs and similar 
nanomaterials can be expected to play a role in the diffusion and release 
of small molecules, highlighting the importance of understanding these 
processes for the design of drug encapsulation and release matrices [24]. 

Fig. 1. A 3D illustration of the diamond phase 
(
QD

II
)

LCP – showing (A) only the lipid bilayer, with the headgroup region coloured red and the hydrophobic tail region 
coloured green, and (B) a schematic view of the cross section of LCPs highlighting both the lipid bilayer and water channel. (C) The chemical structure of monoolein 
(MO) is depicted with atom names indicated based on their corresponding carbon positions. 
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2. Materials, theory and methods 

2.1. Sample preparation 

Monoolein (MO, ≥99 %) and cholesterol (≥99 %) were purchased 
from Sigma-Aldrich (St Louis, MO). Chloroform-D (CDCl3, 99.8 %) was 
purchased from Cambridge Isotope Laboratories (Tewksbury, MA). LCP 
samples were prepared by mixing 10 mM HEPES buffer solution, pH 7.0, 
with molten MO (with or without cholesterol) using a coupled syringe 
apparatus as detailed previously [25]. A capillary containing the LCP 
was flame sealed and then placed into a standard 5 mm NMR tube filled 
with CDCl3, used to lock the magnetic field. Freshly prepared LCP 
samples were allowed to equilibrate for approximately 12 h prior to 
their first NMR measurements, and stored at 18–22 ◦C for future 
experiments. 

2.2. NMR measurement and spectral analysis 

All NMR spectra were acquired at 298 K on a Bruker AvanceIII 600 
spectrometer, equipped with a Bruker TCI cryoprobe fitted with a single- 
axis field gradient (Gz). Spectral data were subsequently processed and 
analysed using TOPSPIN (Version 3.6, Bruker) with 1H chemical shifts 
referenced to that of residual CHCl3 in CDCl3 at 7.24 ppm. Standard 2D 
NOESY and ROESY pulse sequences (noesygpphpp and roesyphpp, Bruker 
pulse sequence library) were used for spectral acquisition. All 2D spectra 
were acquired with 1024 by 256 complex data points and a recycle 
relaxation delay of 2.0 s. The datasets were linear predicted to 512 
complex points in the indirect (F1) dimension and phase-shifted sine- 
bell window functions were applied for both dimensions before Fourier 
transformation (FT). The final data matrix after FT was 1024 by 1024. 
For the determination of cross-relaxation rates between protons of water 
molecules and those of MO, a series of 2D NOESY spectra with mixing 
times ranging from 50 ms to 1.2 s were acquired for MO LCPs at a hy
dration of 35 wt%. Before the integration of individual cross peaks in 2D 
NOESY, reduction of t1 noise for all 2D NOESY spectra were carried out 
via subtracting each row of the 2D NOESY spectrum from the projection 
of a sub-spectral region containing only the noise ridges [26,27]. The 
analysis of inter-molecular cross-relaxation rates was carried out in 
SigmaPlot (SPSS Inc., Version 12.5). 

2.3. Spin-spin cross-relaxation in the laboratory and rotating frames – 
dependence of the correlation time on intermolecular interactions 

In contrast to 2D ROESY spectra, where cross peaks arising from 
cross-relaxation are always in opposite phase in relation to the diagonal 
peaks, the relative phase of intramolecular cross peaks in 2D NOESY 
spectra depends on the overall rotational correlation time of the mole
cule containing the pair of spins under consideration. At a given field 
strength (Larmor frequency ω0), in general, for small molecules with fast 
rotational correlation times, τc, (ω0τc ≪ 1), NOE cross peaks in 2D 
NOESY spectra appear in opposite phase to the diagonal peaks, whereas 
for large molecules with slow rotational correlation times, τc, (ω0τc ≫ 1), 
NOE cross peaks are in the same phase as the diagonals. A sign change of 
cross-peaks in NOESY then occurs at ω0τc =

̅̅
5

√

2 , corresponding to τc of 
300 ps at a spectrometer frequency of ω0 = 2π × 600 MHz. The same is 
true for intermolecular cross-relaxation where both signs of the inter
molecular cross peaks in relation to the diagonals may be observed in 2D 
NOESY depending on the timescales of motion of the pair of spins 
involved [28]. Depending on the model used for the description of the 
length and orientation of the vector between the two spins involved in 
the dipole–dipole interaction, such as the rigid sphere model, the 
explicit forms of the spectral density function for the intermolecular 
cross-relaxation may vary. In the present context, a spectral density 
function given below is utilized to account for three distinct types of 
motions: (1) the fast vibrational and re-orientational motions of the 

water protons and protons of lipid molecules with which the water in
teracts, (2) diffusion-based water protons into and out of the hydration 
site, and (3) the overall tumbling time of the lipid/water system [29]. 

J(w) = [

(
1 − S2

)
τf

1 +
(
ωτf

)2 +
S2τd

1 + (ωτd)
2] (1)  

where S2 is the order parameter, a measure of the flexibility of the fast 
timescale motion of the vector between the two spins involved under 
consideration, ranging from 0 to 1 for complete disorder and completely 
rigid, respectively. τf and τd are the effective correlation times of fast and 
slow motion, respectively, and are defined by:[29,30] 

τf =

[
1

τres
+

1
τfast

]− 1

(2)  

τd =

[
1

τres
+

1
τc

]− 1

(3)  

where τres is termed the residence time of the water molecules, a mea
sure of the diffusion of water molecules into and out of the hydration 
layer, with an averaged residence time of water being inversely pro
portional to the sum of the lateral/translational diffusion coefficients of 
lipids and water [30]. τfast and τc are the fast timescale correlation time 
of the pair of spins and the overall rotational re-orientational time of the 
lipid molecules (macromolecules), respectively. In the simplest model 
that the water at the hydration site is rigidly bound to the lipid mole
cules (S2 = 1), the first term on the right side of Eq. (1) vanishes and the 
spectral density function is dominated by the remaining correlation time 
of τd (Eq. (3)).[30] 

The cross-relaxation rates in the laboratory frame, σNOE, and in the 
rotating frame, σROE, between two protons as a function of the spectral 
density function given in Eq. (1) are then expressed by:[30,31] 

σNOE = q[6J(2ω) − J(0)] (4)  

σROE = q[3J(ω)+ 2J(0) ] (5)  

where q = 1
10ℏ2γ4( μ0

4π
)2( 1

r6

)
, γis the gyromagnetic ratio of protons, ℏ is the 

reduced Planck’s constant (h/2π), μ0 is the magnetic permeability in 
vacuum, and r is the interproton distance. 

A plot of cross-relaxation rates of σNOE and σROE as a function of 
water residence time, τres calculated using Eqs. (4) & (5), is shown in 
Fig. 2. Here, a change of signs for the cross peaks in the NOESY spectra 
occurs at the water residence time of approximately 380 ps with the 
parameters used in the calculations. 

2.4. Cross-relaxation build-up curves for 2D NOESY 

Quantitative analysis of spin cross-relaxation rate (absolute value) 
for gaining insight into spatial distance/contacts between spins involved 
is commonly carried out under the assumption of two isolated spins, i.e., 
potential spin–spin coupling effects are considered negligible. The (sign- 
sensitive) intensities of cross peaks in 2D NOESY spectra as a function of 
mixing time, τm, i.e., the NOE build up curve, is then described by: 
[28,31,32] 

NOE(τm) =
aAB(τm)

aAA(0)
= ±

(
σ

RC

)

exp( − RLτm)[1 − exp( − RCτm)] (6)  

with the corresponding diagonal or auto-correlations peaks given by: 

aAA(τm)

aAA(0)
=

1
2

exp
[

−

(

R− σ)τm

]

[1 + exp( − 2στm)] (7)  

where the cross-relaxation rate constant RC and the leakage relaxation 

rate constant RL are defined by RC =
[
(RAA − RBB)

2
+ 4σ2

]1
2 and RL =
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1
2 [(RAA + RBB) − RC ], respectively. RAA and RBB are spin–lattice relaxa
tion rates of spin A and B, respectively [28,31]. It is worth noting that a 
simplified form of Eq. (6) assuming both spins in the two-spin system 
having identical spin–lattice relaxation rates, i.e., RAA = RBB = R, has 
also been used in the analysis of NOE cross-relaxation. By substituting 
RC = 2σ (σ > 0) and RL = (R − σ) into Eq. (6), we have:[19,33] 

NOE(τm) =
aAB(τm)

aAA(0)
= ±

1
2

exp[ − (R − σ)τm ][1 − exp( − 2στm)] (8)  

Similarly, for the analysis of intermolecular cross-relaxation, including 
both homo- and hetero-nuclear cross-relaxation, both the simplest 
version Eq. (8) [34] and the original form Eq. (6), accounting for indi
vidual relaxation rates of both spins, have been applied in previous 
studies [19]. In the present study, fitting of cross-relaxation build-up 
curves with Eq. (6) was attempted first, but a satisfactory fitting 
parameter did not converge for RC throughout for individual hydrogens 
of MO. It has been noted previously that errors of fitting for RC tended to 
be high due to multiple parameter dependence and competing pathways 
of magnetization transfer when all three parameters, i.e., σ, RC and RL 
were iterated in the regression [28]. Subsequently, the reduced form of 
Eq. (8) was used in the analysis of build-up curves of cross-relaxation 
rates between protons of water and those of lipids in LCPs formed by 
MO at a hydration of 35 wt%. 

3. Results and discussion 

3.1. 2D NOESY and ROESY spectra of LCPs formed by MO 

A pair of 2D NOESY and ROESY spectra of LCPs of phase QII
D formed 

by MO at a hydration of 40 wt% is given in Fig. 3. As expected, we 
observed not only NOE cross peaks between protons along the hydro
carbon chain of MO, but also strong cross peaks between the water and 
hydroxyl groups of the MO glycerol moiety. The latter indicate the 
presence of chemical exchange between the MO hydroxyl groups and 

the water of hydration. 
The relative phase of the cross peaks arising from intramolecular 

cross-relaxation are in phase with those of the diagonal peaks, indicating 
that ω0τc ≫1, and thus the MO molecules in the LCP can be said to 
behave similarly to macromolecules. This is expected given the tightly 
ordered structure of lipids in the LCP. Also presented in Fig. 3 are cross 
peaks arising from intermolecular cross-relaxation between water and 
the non-exchangeable protons along the MO hydrocarbon chain, 
including those between protons of water molecules and non- 
exchangeable hydrocarbon attached protons, such as G1, G2, and G3 
in the glycerol moiety of MO, which have been previously reported using 
MAS 2D 1H–1H ROESY [22]. 

A close examination of the 2D NOESY reveals that cross peaks be
tween water and G2/G3 are in opposite phase to the majority of those 
observed between water and non-exchangeable protons of MO along the 
hydrocarbon chain, such as G1, C2, C3, etc. (Fig. 3A). The corresponding 
cross peaks between water and G2/G3 in the ROESY spectrum are un
fortunately dominated by the cross peaks arising from the chemical 
exchange between the neighbouring hydroxyl groups, G2-OH/G3-OH, 
and water via the TOCSY mechanism during spinlock, which always 
appear in the same phase as the diagonals (Fig. 3B). 

3.2. Two categorically different effective residence times of water 
molecules in LCPs formed by MO 

The observation that the cross peaks between water and G2/G3 are 
opposite in phase to the majority of cross peaks between water and non- 
exchangeable protons along the entire MO hydrocarbon chain indicates 
the presence of two categorically different effective residence times of 
water molecules: one for those in proximity to the glycerol moiety of 
MO, and another for those in proximity to the hydrocarbon chain. The 
finding of two categorically different effective residence times of water 
molecules in MO-based LCPs, as shown in Fig. 3, was then replicated in 
an LCP sample of the phase group QG

II formed by MO at a hydration of 35 
wt%. A detailed study of intermolecular cross-relaxation between 

Fig. 2. Cross-relaxation rates, σNOE (blue) and σROE (red), as a function of water residence time, τres, on the surface of the host (protein or lipid) molecules calculated 
using Eqs. (4) & (5) with the following parameters: τfast = 10 ps, τc = 12 ns, S2 

= 0.3, r = 3.0 Å, and 1H frequency of 600 MHz. The inset shows an expanded view of 
the changeover of the sign of σNOE at the water residence time of approximately 380 ps for the parameters used. A change of fast timescale of motion, e.g. a shortening 
of τfast and/or an increase in S2 in Eq. (1) will lead to a shift of the change of the sign of σNOE towards the left side of the horizontal axis. In other words, it results in an 
apparent increase in the effective residence time of water. 
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protons of water and those along the entire MO hydrocarbon chain, via 
acquiring a series of NOE spectra at different mixing times, was then 
carried out for the QII

G LCP (MO at 35 wt% H2O) and the outcome is 
summarized in Fig. 4. 

The stack plot of 1D slices across the water resonance along the F1 
dimension of 2D NOESY spectra acquired with mixing times ranging 
from 60 to 750 ms (Fig. 4C) unequivocally confirms the presence of two 
groups of cross-relaxation peaks, where those arising between water and 
G2/G3 are in opposite phase to the majority of cross peaks between 
water and non-exchangeable protons along the lipid hydrocarbon tail. 
Based on the NOE dependence on the residence time of water, as shown 
in Fig. 2, the 2D NOESY spectra confirm two groups of residence times 
for water molecules in the proximity of MO LCPs. This experimental 
result indicates a comparatively fast residence time for water in prox
imity to G2/G3, and is consistent with the location of these spins in close 
proximity to the water channel, in contrast to that of the hydrocarbon 
chain of MO towards its hydrophobic tail (Fig. 1). It is worth noting that 
a change in sign of the cross peaks, normally as a result of contribution 
from relayed magnetization transfer at longer mixing time [21], was not 
observed. 

These observations are likely reflective of the fundamentally distinct 
chemical environments found at different points across the lipid bilayer 
and the hydration gradient that occurs. The polar nature of the lipid 
headgroups and the high degree of hydration appear conducive to 
shorter residence times, wherein water molecules can rapidly exchange 
with bulk water within the channels of the LCP. In contrast, water has 
little affinity for the bilayer hydrophobic core, and this region experi
ences a lower degree of hydration. Water is present here as defects in 

lipid organization, and the steric constraints imposed by the packed 
hydrocarbon chains could result in an apparent longer residence time. 

3.3. Change of effective residence time of water in proximity to G2/G3 
over time 

1D 1H spectra of LCPs formed by MO have been reported previously, 
with notable spectral variations occurring over time [25]. As the sample 
aged, the hydroxyl resonances of the glycerol moiety of MO gradually 
dissipated together with an increase in linewidth for the water reso
nance. This observation is consistent with a change in exchange kinetics 
between the MO hydroxyl groups and water, i.e., a shift from a slow to 
an intermediate exchange regime on the NMR chemical shift scale over 
time. 

Here, we report a new feature of LCPs with time as revealed by 2D 
NOESY spectra, where an increase in effective residence time for water 
in the proximity of G2/G3 is clearly evident, as can be readily identified 
by the relative phase of their corresponding cross peaks with water. 
Fig. 5 shows a pair of 2D NOESY and ROESY spectra of LCPs formed by 
MO at a hydration of 40 wt%. Spectra were acquired after the sample 
was stored for approximately 2.5 months at 18–22 ◦C. Note that the 
cross peaks arising from the chemical exchange between water and 
hydroxyl groups, G2-OH/G3-OH, of glycerol in MO, which are clearly 
present in Fig. 3, are barely visible in Fig. 5 due to line broadening. 
Again, this observation is characteristic of intermediate exchange on the 
NMR chemical shift timescale. Accordingly, the influence of the corre
sponding chemical exchange on cross peaks between water and G2/G3 
in the ROESY spectrum was significantly reduced (Fig. 5B) in 

Fig. 3. Phase sensitive 2D NOESY and ROESY spectra of LCPs formed by MO at a hydration of 40 wt%. (A) 2D NOESY spectrum where the majority of cross peaks 
arising from cross relaxation and those from chemical exchange are negative in phase (black) in relation to the diagonals, except intermolecular cross peaks between 
water and G2/G3, which are positive in phase (red). DQF-COSY type of anti-phase cross peaks between G2 and G3 in the NOESY spectrum (highlighted by orange 
dashed box) originate from zero-quantum artefact commonly seen in NOESY spectra; (B) 2D ROESY where cross peaks arising from cross-relaxation (positive in phase 
and shown in red) appeared in opposite phase to diagonal peaks and those arising from chemical exchange/TOCSY are in the same phase as diagonals (negative in 
phase and shown in black). Additional cross peaks seen between G1/G2/G3 and G2-OH/G3-OH (highlighted by orange dashed box) arise from TOCSY/exchange 
transfer commonly seen in ROESY spectra. Shown above the corresponding 2D spectra are 1D slices across the water resonance along the F1 dimension after scaling 
up as indicated (green dashed lines). Both 2D NOESY and ROESY spectra were acquired with a mixing time of 300 ms. 
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comparison to the corresponding ROESY spectrum shown in Fig. 3B. 
Based on Fig. 2 and Eqs (1)–(5), several factors may be responsible 

for the observed change in effective residence times of water in the 
proximity of G2 and G3 with sample age. Notably, the chemical stability 
of the sample is confirmed as no chemical modification of MO is detected 
over this time. Furthermore, judging from the 1D 1H spectra, the 
isotropic nature of the sample remains, otherwise significant peak 
broadening would be evident [25]. While small angle X-ray scattering 
(SAXS) data was not collected at the 2.5 month timepoint, the effective 
residence time of water in this sample differs from both non-aged QII

G (35 
% H2O) and QII

D (40 % H2O) LCP samples, and so this effect is unlikely 
explained simply by a change in LCP phase group alone. 

Given the lack of significant change in the translational diffusion 
coefficients of either lipid or water during this time, which would sug
gest a direct increase in τres, the observed increase in the effective 
residence time of water likely stems from a reduced fast motion asso
ciated with the spins of lipid and water groups. This is suggestive of 
changes in local dynamics, rather than overall molecular motions. 

One possible mechanistic explanation for this observation of 
increased effective residence time of water proximal to G2 and G3 in
volves change in the ordering or packing of lipid molecules over time. 
States of metastability or long-lived non-equilibrium states have previ
ously been observed in LCP samples [35,36], and thus changes in lipid 
order may occur well beyond the 12 h period of equilibration used for 
initial samples. Reordering of lipids across large timescales may promote 

more stable or extensive hydrogen-bonding networks, increasing effec
tive residence time of water molecules near G2/G3. 

3.4. Increase of effective residence time of water in proximity to G2/G3 in 
the presence of cholesterol 

The 1D 1H spectra of an LCP formed by MO at hydration of 40 wt%, 
in the absence and presence of 20 mol% cholesterol, are given in Fig. 6. 
Using SAXS, addition of cholesterol was observed to induce a phase 
transition from QII

D to QII
G. Like its 1D 13C counterpart previously reported 

[25], the 1D 1H spectrum of a LCP in the presence of cholesterol remains 
dominated by signals from MO with a very minor overall upfield shift 
visible (indicated by dashed red lines, Fig. 6B). Also shown in Fig. 6 is a 
2D NOESY spectrum of MO LCP with cholesterol, where cross peaks 
between water and G2/G3 are in the same phase as those between water 
and other non-exchangeable protons along the MO hydrocarbon chain. 
This phase change for NOE cross peaks between water and G2/G3 in the 
presence of cholesterol likely indicates an increase in the effective 
residence time of water in proximity to G2/G3. 

A possible explanation for the slowdown in residence time of water 
in proximity to G2/G3 in the presence of cholesterol is likely related to 
an alteration in hydrogen bond formation between water, cholesterol, 
and MO [37]. While the translational diffusion of water largely remains 
unchanged, a decrease in lipid translational diffusion in the presence of 
cholesterol in LCPs formed by MO has been reported [38,39]. This 

Fig. 4. Different categorical residence times observed experimentally by 2D NOESY for water molecules near the glycerol head group and those in proximity to the 
hydrocarbon chain, in a QII

G LCP sample comprised of MO at 35 wt% H2O. (A) 1D 1H spectrum of LCPs with resonances labelled based on their corresponding carbon 
atoms; (B) 2D phase sensitive NOESY acquired with a mixing time of 300 ms. Cross peaks between water and G2/G3 are in opposite phase compared to those between 
water and other non-exchangeable protons along the hydrocarbon chain of MO; (C) Stack plot of 1D slices across the water resonance along the F1 dimension in 2D 
NOESY (green dashed lines in B) over a series of mixing times, where cross peaks arising from cross-relaxation between water and G2/G3 are in opposite phase to 
those between water and other non-exchangeable protons along the hydrocarbon chain of MO for the entire range of mixing times of the NOESY spectra recorded. 
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Fig. 5. NMR evidence of an increase in residence time of water in proximity to G2/G3 over time in LCPs: (A) Phase sensitive 2D NOESY, and (B) 2D ROESY of LCPs, 
formed by MO at a hydration of 40 wt%, acquired approximately two and a half months after sample preparation. The sample was stored at ambient temperature 
during this time. Similar to Fig. 3 presented above, the 2D NOESY and ROESY spectra are 1D slices across the water resonance along the F1 dimension (marked by the 
dashed line in green) where a phase change for cross peaks between water and G2/G3 is clearly evident compared to that shown in Fig. 3. 

Fig. 6. NMR evidence of an increase in residence time of water in proximity to G2/G3 due to the presence of cholesterol in LCPs formed by MO. 1D 1H spectrum of 
LCPs of MO at a hydration of 40 wt%: (A) in the absence of cholesterol, and (B) in the presence of 20 mol% cholesterol. (C) 2D phase sensitive NOESY acquired with a 
mixing time of 300 ms. Shown above the 2D NOESY spectrum is the 1D slice across the water resonance along the F1 dimension after scaling up as indicated (green 
dashed lines). 
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suggests a possible source for an increase in τres as the averaged resi
dence time of water is inversely proportional to the sum of the trans
lational diffusion coefficients of lipids and water [30]. The influence of 
cholesterol on hydration water in lipid membranes is of great interest, 
though there has been limited experimental data reported [40]. Based 
primarily on molecular dynamics simulation and some pioneering 
experimental results from Overhauser dynamic nuclear polarization 
(DNP) relaxometry[40] and FTIR [41], an increase in bulk-like water in 
proximity to the interfacial region of lipid membranes in the presence of 
cholesterol, and subsequently an increase of surface water diffusivity, 

has been proposed [41–43]. 

3.5. Cross-relaxation rates between protons of water and those of MO in 
LCPs 

The build-up curves for intermolecular NOEs between protons of 
water and those of lipids in LCPs formed by MO at 35 wt% hydration 
obtained by acquiring a series of NOESY spectra are shown in Fig. 7A. 
The cross-relaxation rates determined by fitting the data with Eq. (8) are 
tabulated in Table 1 and plotted in Fig. 7B at each position along the MO 

Fig. 7. Cross-relaxation rates between protons of water and those of lipids in LCPs formed by MO at a hydration of 35 wt%. (A) NOE build-up curves for protons of 
water and those of MO in an LCP obtained from 2D 1H -1H NOESY spectra (see Fig. 4). Intensities were normalised to the absolute intensities of the corresponding 
diagonal peaks of MO protons. Both solid and dashed lines are from the fitting of Eq. (8). (B) Experimentally determined cross-relaxation rates for individual proton 
pairs along the MO hydrocarbon chain. Grey bars indicate protons giving rise to degenerate 1H chemical shift resonances, as a result an averaged fitting outcome is 
presented. An asterisk indicates measurement was not made due to spectral limitations. The dotted lines are shown to guide the eyes only. 
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hydrocarbon chain. Evaluation of the cross-relaxation between protons 
of water molecules and G1 was not attempted due to the closeness of its 
resonance to that of water. Elucidation of the cross-relaxation between 
protons of water and those of C9/C10 was hampered by the presence of 
nearby resonances of hydroxyl groups undergoing exchange with water. 
The intermolecular cross-relaxation rates along the hydrocarbon chain 
of MO are relatively weak (see scale of Fig. 7B). A general trend for 
weakening of intermolecular cross-relaxation is generally anticipated 
towards the hydrophobic tail of the lipid molecules as less water mole
cules are expected to be entrapped. In addition to hydration dynamics, 
including residence time and density of water molecules in proximity to 
the specific hydrogens of MO, the apparent variation along the MO chain 
could be influenced by molecular configurations and intermolecular 
forces. 

Given the multiple parameter dependence in the fitting of the cross- 
relaxation rate, σ, caution is needed in the interpretation of fitted values, 
particularly where the signal-to-noise of the cross peaks is inadequate. 
For intermolecular NOEs, a decrease in mutual self-diffusion for the 
interacting pairs may cause a decrease in cross-relaxation rates [28]. 

In general, depending on the spectral properties of individual spins, 
quantification of intermolecular cross-relaxation for certain spins, such 
as G1/G2/G3, may be hampered by their closeness to the water reso
nance. In addition, the behaviour of neighbouring spins could hinder the 
quantification of cross-relaxation in certain spins of interest. For 
example, chemical exchange between hydroxyl groups (G2-OH and G3- 
OH) and water complicates the evaluation of cross-relaxation between 
G2/G3 and water, as well as C9/C10 and water, in both NOESY and 
ROESY spectra. Alternative NMR pulse sequences that better handle the 
water resonance than the generic version used in the present study could 
be explored for more optimal outcomes. For example, employing NOESY 
spectra with water suppression prior to acquisition, to eliminate the 
influence of the water resonance ridge along the F1 dimension, will 
allow cross-relaxation transferred from hydrocarbon chain protons to 
hydration water to be evaluated with minimal impact from water ridges 
(the broad foot of water resonance along the F2 dimension) present in 
the conventional NOESY spectra. Furthermore, heteronuclear Over
hauser effect spectroscopy (HOESY), an analogue of NOESY, has been 
used to study intermolecular contacts, such as those between pairs of 1H 
and 19F or 1H and 7Li nuclei. This may avoid the previously mentioned 
limitations in 1H–1H NOESY spectra, depending on the identity of the 
lipids constituting the LCP. For MO LCPs, a 1H–13C HOESY experiment 
would benefit from selective/uniform13C-enriched MO as far as spectral 
sensitivity is concerned since, at natural abundance, sensitivity limita
tions make quantitation untenable. 

Interactions between water and biomolecules, especially protein 
hydration dynamics, are considered to play a critical role in the function 
of all biological systems. Despite this, advances in the experimental 
quantification of such effects at the atomic level have been slow. Solu
tion NMR has been long considered as the leading means for gaining 
insight into site-specific protein hydration dynamics via the measure
ment of NOEs between water and amide protons of proteins. There have 

been successful studies of residue-specific quantitative information 
about hydration water mobility obtained from intermolecular NOEs 
with the aid of a model that explicitly incorporates dynamic heteroge
neity [44]. Additionally, quantitation measurement of water diffusion 
lifetimes at the protein interface has been achieved via the ratio of ROE 
and NOE cross-relaxation rates between water and backbone amides 
[29]. 

The presence of excessive bulk water molecules outside the hydra
tion layer, which contribute to experimentally measured intermolecular 
NOE though long-range dipole–dipole coupling and chemical exchange, 
to a certain extent has limited the use of NOESY based methods for the 
study of protein hydration dynamics. More recently, quantification of 
site-specific protein hydration dynamics by NMR has been revisited with 
the introduction of protein encapsulation in reverse micelles. Encapsu
lation of proteins in the aqueous centre of reverse micelles effectively 
eliminates the excessive bulk water around the protein of interest and 
thus significantly reduces hydrogen exchange chemistry and consider
ably slows down the rapid water dynamics normally present in aqueous 
solutions [45–47]. It also recently has been demonstrated by NMR that 
elimination of excessive water molecules outside the hydration layer 
commonly present with macromolecules in solution similarly can be 
achieved by encapsulation in LCPs [48]. 

In the case of tryptophan dynamics measured by time-resolved 
fluorescence spectroscopy, the solvation dynamics of bulk water, at a 
timescale ca. 1–2 ps, and the “biological water” after considering the 
effects of both water and macromolecule dynamics at a timescale of ca. 
10–20 ps, are well studied [49]. In particular, the ultrafast hydration 
dynamics in LCPs by time-resolved fluorescence spectroscopy using 
amino acid tryptophan-alkyl ester probes, three distinct timescales of 
water measured by relaxation dynamics were identified: (1) bulk water 
near the centre of the channel, (2) water layers adjacent to the lipid 
interface associated with a relaxation dynamics timescale ca. 10–15 ps, 
and (3) well-ordered interfacial water at the lipid surface with a time
scale ca. 100–150 ps. In addition to the well understood bulk-like water 
at the centre of channels, categorically different residence times of water 
molecules in proximity to the lipid-water interface were observed by 2D 
NOESY, with water molecules near the MO glycerol moiety exhibiting 
effective residence time near to 380 ps, a measure of the translational 
diffusion properties of both lipid and water molecules. 

A schematic representation of dynamic properties of water in terms 
of residence time in LCPs based on the present observations is shown in 
Fig. 8. Notably, an apparent increase in water residence time with 
sample age, as well as in the presence of cholesterol, is evident by 2D 
NOESY NMR spectroscopy. 2D NOESY and ROESY spectra of LCPs 
provide experimental validation of water residence time in proximity to 
MO in LCPs in order of tens to hundreds of ps. As expected, water in 
proximity to the glycerol moiety of MO exhibits a faster residence time 
compared to those further from the water channel. The potential for 
studying water dynamics in LCPs by spin–spin cross-relaxation based 
NMR techniques would be further enhanced if isotope-enriched lipids 
were readily available and, thus, heteronuclear NOE (HOESY) could be 
applied [50,51]. 

4. Conclusion 

In the present study, 2D NOESY NMR spectroscopy was used to 
investigate the dynamic properties of water within lyotropic bicontin
uous lipidic cubic phases (LCPs) composed of monoolein (MO). This 
approach yielded several novel observations regarding the hydration 
dynamics of these nanostructured lipid-water systems, illustrating the 
valuable role of this spectroscopic technique in lipid nanomaterial 
research. 

Firstly, the effective residence time of water molecules in proximity 
to the glycerol headgroup has been categorically differentiated experi
mentally from those near the hydrophobic tail. Furthermore, 2D 1H–1H 
NOESY data have demonstrated an increase in effective residence time 

Table 1 
Cross-relaxation rates between protons of water and those of lipids in LCPs 
formed by MO at a hydration of 35 wt%.  

Proton Pairs σ (×10− 3 s− 1) R (s− 1) 

H2O:G3 14.1 ± 1.2 1.62 ± 0.15 
H2O:G2 22.2 ± 2.2 1.97 ± 0.18 
H2O:G1 − −

H2O:C2 − 21.7 ± 0.9 1.34 ± 0.07 
H2O:C3 − 7.8 ± 0.9 0.84 ± 0.16 
H2O:C4-C7 

H2O:C12-C17 
− 4.2 ± 0.6 0.55 ± 0.19 

H2O:C9/C10 − −

H2O:C8/C11 − 2.8 ± 0.5 0.46 ± 0.22 
H2O:C18 − 1.9 ± 0.3 0.15 ± 0.23  

T.G. Meikle et al.                                                                                                                                                                                                                               



Journal of Colloid And Interface Science 666 (2024) 659–669

668

of water in proximity to the glycerol moiety of MO in LCPs, a phe
nomenon that became more pronounced as the sample aged, and with 
the introduction of an additive lipid, cholesterol. Possible explanations 
for these findings include modulation of lipid packing and organization, 
and subsequent changes to hydrogen bonding networks at the lipid- 
water interface influencing water dynamics in this region. 

The analysis of cross-relaxation rates, derived from NOE build-up 
curves for water and the non-exchangeable protons of MO, has 
enhanced our understanding of the distribution and mobility of water in 
LCP systems. This technique opens new possibilities for investigating 
small molecules encapsulated within LCPs. Building on existing NMR 
studies of composition, structure, hydrocarbon chain dynamics and 
translational diffusion [39,52,53], our findings provide new insight into 
the properties of water in LCPs, and demonstrate an additional avenue 
using 2D NOE NMR spectroscopy for the study of water–lipid contact/ 
hydration dynamics in lipid self-assemblies and nanomaterials. 

2D 1H–1H NOESY/ROESY NMR spectroscopy provides a means for 
the quantitation of intermolecular cross-relaxation between water and 
individual spins of lipid molecules in LCPs. Hydration dynamics of other 
lipid self-assemblies, such as planar lipid bilayers or nanoparticles, could 
also be studied to further explore the lifetime of water molecules at the 
interface. Finally, detailed NOE NMR spectroscopic investigations of 
lipid membranes, both with and without cholesterol, could provide 
additional insights into the role of cholesterol in hydration dynamics 
within lipid membranes, with significant implications for our under
standing of biological processes and the design of lipid nanomaterials 
[54]. 
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