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Cellular membranes are complex systems that consist of hundreds of different lipid species. Their investigation 
often relies on simple bilayer models including few synthetic lipid species. Glycerophospholipids (GPLs) extracted 
from cells are a valuable resource to produce advanced models of biological membranes. Here, we present 
the optimisation of a method previously reported by our team for the extraction and purification of various 
GPL mixtures from Pichia pastoris. The implementation of an additional purification step by High Performance 
Liquid Chromatography-Evaporative Light Scattering Detector (HPLC-ELSD) enabled for a better separation of 
the GPL mixtures from the neutral lipid fraction that includes sterols, and also allowed for the GPLs to be 
purified according to their different polar headgroups. Pure GPL mixtures at significantly high yields were 
produced through this approach. For this study, we utilised phoshatidylcholine (PC), phosphatidylserine (PS) 
and phosphatidylglycerol (PG) mixtures. These exhibit a single composition of the polar head, i.e., PC, PS or PG, 
but contain several molecular species consisting of acyl chains of varying length and unsaturation, which were 
determined by Gas Chromatography (GC). The lipid mixtures were produced both in their hydrogenous (H) and 
deuterated (D) versions and were used to form lipid bilayers both on solid substrates and as vesicles in solution. 
The supported lipid bilayers were characterised by quartz crystal microbalance with dissipation monitoring 
(QCM-D) and neutron reflectometry (NR), whereas the vesicles by small angle X-ray (SAXS) and neutron 
scattering (SANS). Our results show that despite differences in the acyl chain composition, the hydrogenous 
and deuterated extracts produced bilayers with very comparable structures, which makes them valuable to 
design experiments involving selective deuteration with techniques such as NMR, neutron scattering or infrared 

spectroscopy.
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1. Introduction

Cellular membranes act as natural barriers in separating the ex-
tracellular environment from the array of discrete cellular organelles. 
They also provide the interfaces wherein chemical reactions and other 
biological processes occur. Glycerophospholipids (GPLs), glycolipids, 
sphingolipids and sterols are the main components of cellular mem-
branes [1,2]. In particular, GPLs are the most abundant and not only 
act as key architectural components of the membrane, but also partake 
in a host of biological functions. Typically, a GPL molecule consists of 
two hydrophobic acyl chains coupled to the polar head-bound phos-
phate through a glycerol backbone. Classification of GPLs is based on 
the chemical nature of the polar head; with it being zwitterionic in 
the case of phosphatidylcholine (PC) and phosphatidylethanolamine 
(PE), whereas it is anionic in phosphatidylserine (PS), phosphatidyli-
nositol (PI) and phosphatidylgycerol (PG). Further, each of these classes 
comprises a multitude of molecular species through variations in the hy-
drocarbon chain length as well as in their extent of unsaturation. The 
possibility of having all such combinations has led to the existence of 
thousands of structurally distinct GPLs, each potentially contributing to 
the properties of cellular membranes and the biological processes oc-
curring within them [3].

Because of the high level of compositional complexity of cellular 
membranes, their biophysical investigation often reduces to the use of 
simple model systems composed of only one to three synthetic GPL 
species [4–7]. While such membrane models have been insightful in 
helping to understand the fundamental aspects of membrane structure 
and function, they are far from real biological systems. On the other 
hand, developing biochemical protocols for the extraction of GPLs from 
natural membranes enables the production of more complex lipid mem-
branes, which can be used to establish a closer link between the model 
and native systems [5]. Specifically, eukaryotic or bacterial cells can 
be used to extract physiologically relevant GPL mixtures containing 
numerous unsaturations in their acyl chains, which, at present, are im-
possible to be chemically synthesized with existing strategies, especially 
in the deuterated form [8–10]. Nevertheless, the main challenges in the 
production of GPL mixtures from natural sources concern their isolation 
from other chemical species, the experimental reproducibility, the de-
tailed characterisation of the chemical composition of the extracts, and 
the final amounts that are often in the microgram scale while for many 
structural characterisation studies milligrams are needed.

Here we report an optimised experimental protocol for the isolation 
and purification of GPLs from the yeast Picha Pastoris. We demonstrate 
that such GPLs are suitable for the production of more advanced mem-
brane models compared to state-of-the art systems including synthetic 
lipids. The produced lipids were characterised with biophysical meth-
ods both in solution and deposited onto solid substrates. Furthermore, 
we discuss the production and characterisation of the same membrane 
models with deuterated GPLs obtained from P. pastoris cells grown in a 
deuterated culture media. Such deuterated membrane models are cru-
cial for enhancing the amount of information that can be obtained with 
techniques such as NMR, IR and neutron scattering, and are therefore 
relevant for a broad range of scientific cases [11–14]. In addition, a 
membrane system composed of adequately deuterated natural GPL mix-
tures can act as a single invisible support for protein or peptide studies, 
thus helping understand molecular interplays within such membranes. 
Currently existing deuteration approaches consist of expensive synthetic 
routes, primarily with the ability of producing only fully saturated or 
mono-unsaturated molecules [15]. In contrast, ‘biological deuteration’ 
is based on enzymatically-synthetised perdeuterated GPLs, which can 
be extracted from living cells, and hence represent a more promis-
ing approach for the production of perdeuterated lipids at large scales. 
[16–19]. Recently, it has been shown that the methylotrophic yeast P. 
pastoris can be adapted to grow in D2O supplemented media, there-
fore being a valuable source for deuterated GPL species [17]. Although 
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it has not been extensively employed as a cellular factory for produc-
ing lipids, in spite of its ability to synthetise the full range of biological 
lipids representative of the mammalian phospholipidome [20].

Our team pioneered the characterisation of lipid membranes pre-
pared with hydrogenous and deuterated lipids extracted from P. pas-
toris both in solution (vesicles) or in the proximity of a solid substrate 
(supported lipid bilayers, SLBs) [21–27]. In these previous studies, we 
mainly used the total lipid extract and the total GPL extract, which in-
clude different lipid species, in the first case, and different phospholipid 
classes, in the second case. We therefore relied on the natural abun-
dance of the different lipid and GPL species within the P.pastoris cellular 
membranes. However, controlling the membrane composition is a de-
sirable aspect in the design of membrane models as it allows to tune 
the membrane lipid composition depending on the kind of membrane 
to be mimicked. We also reported that the GPL biosynthetic processes 
in P. pastoris and E. coli are significantly affected upon deuteration re-
sulting in alterations in the molecular compositions of the lipid extracts 
[17,22], although the underlying mechanism behind this phenomenon 
has not been well understood.

In this study, we describe an optimised purification method which 
allows to better separate the GPL mixtures from the other lipid classes 
and obtain better yields when compared to the approach previously em-
ployed [17]. Briefly, the introduction of an additional purification step 
consisting of an HPLC-ELSD coupled to a normal phase silica column 
setup enables for a better separation of the GPL mixtures from other 
neutral lipids, such as sterols, as well as to differentiate them according 
to the different head groups. Such an approach allowed us to produce 
natural GPL mixtures that were very pure at significantly high yields as 
compared to what has been achieved previously [22,21]. More specif-
ically, from the P. pastoris GPL extract: PC, PS and PG mixtures were 
produced both in their hydrogenous (hPC, hPS, hPG) and deuterated 
(dPC, dPS, dPG) forms. Each of these mixtures consisted of a single po-
lar head species bound to different kinds of acyl chains, of which the 
chemical composition and relative abundance were determined. In this 
study, hPC and dPC membranes were used as a reference, and PC, PS 
and PG lipid mixtures were combined to produce dPC/dPS, hPC/hPS 
and dPC/dPG, hPC/hPG bilayers with 20% w/w of either PS or PG. Such 
PC/PS and PC/PG mixtures are particularly relevant membrane models 
as they enable tuneable content of negatively charged lipids while hav-
ing a biologically relevant composition of the acyl chains. The produced 
lipid mixtures were used to form membranes in the form of vesicles, 
SLBs and lipid monolayers, which were structurally investigated with 
solution scattering techniques, i.e., small angle X-ray and neutron scat-
tering, and surface sensitive techniques, i.e., quartz crystal microbalance 
with dissipation monitoring (QCM-D) and neutron reflectometry (NR). 
In contrast to previous studies [22,24,21], here we suggest that the 
higher purity of the produced GPL extracts enables the formation of hy-
drogenous and deuterated SLBs by vesicle fusion at room temperature.

Altogether, we show how natural GPL mixtures extracted from P. 
pastoris can be purified according to the different polar headgroups 
and used to produce advanced models of biological membranes both 
in their hydrogenous and deuterated forms. These model membranes 
show great promises towards a better understanding of the structure 
and function of biological membranes as well as their mechanisms of 
interaction with biomolecules like proteins and peptides, or drugs.

2. Materials and methods

2.1. Chemicals and reagents

Hydrogenous and deuterated extracts (H or D-total extracts) were 
obtained from P. pastoris yeast cells grown in H2O or D2O media as 
described below. Synthetic GPL standards [POPC, POPS, POPI, POPE 
and POPG where PO corresponds to 1-palmitoyl-2-oléoyl-sn-glycéro] 
(≥ 99% purity) were purchased from Avanti Polar Lipids, Inc. (Al-

abaster, AL) and used as supplied. Heavy water (D2O 99.9% purity) and 
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all the HPLC-grade solvents including CHCl3 (≥ 99.5% purity), C2H5OH 
(98% purity), C3H6O (98% purity), C6H14 (98% purity) and CH3OH 
(99.8% purity), were purchased from Sigma-Aldrich and used with-
out any further purification. d8-Glycerol was obtained from Euriso-Top, 
France. Stationary phase silica columns for solid phase extraction and 
a semi-preparative Nucleosil 100-5 OH column were purchased from 
Macherey-Nagel, France. All other chemicals and cell culture media 
components were obtained (in the highest commercially available pu-
rity) from Sigma Aldrich, France.

2.2. Natural GPL mixtures preparation

2.2.1. Cultivation of P. pastoris
P. pastoris GS115 HSA (𝐼𝑛𝑣𝑖𝑡𝑟𝑜𝑔𝑒𝑛) cells were cultured in the deuter-

ation facility of the Institut Laue-Langevin (D-Lab, ILL), Grenoble, 
France, using the protocol described earlier [17]. In brief, cells were 
grown at 30 °C in 10 mL of BMGY medium (10 g/L yeast extract, 20 g/L 
peptone, 5.96 g/L KH2PO4, 1.07 g/L K2HPO4, 13.4 g/L yeast nitrogen 
base with ammonium sulphate without amino acids, 4 mg/L biotin, 10 
g/L glycerol) in a 100 mL Erlenmeyer flask (Corning) using vent caps 
for continuous gas exchange with shaking at 250 rpm. After 4 days, 
1 mL of this pre-culture was diluted into 100 mL of minimal medium 
(38.1 g/L H3PO4, 0.93 g/L MgSO4, 4.13 g/L KOH, 20 g/L glycerol, 0.4 
mg/L biotin, 40 mg/L histidine, 26 mg/L cupric sulphate pentahydrate, 
0.35 mg/L sodium iodide, 13 mg/L manganese sulphate monohydrate, 
0.87 mg/L sodium molybdate dehydrate, 0.09 mg/L boric acid, 2.17 
mg/L cobalt chloride, 87 mg/L zinc chloride, 0.28 g/L ferrous sul-
phate heptahydrate, 87 mg/L biotin, 40 mg/L sulphuric acid; the pH 
was adjusted to 6.0 using NH4OH) and incubated at 30 °C for 2-3 days 
with shaking at 250 rpm. For the adaptation of perdeuterated P. pas-
toris, 1 mL of the culture in minimum medium was diluted into 100 
mL of perdeuterated basal salt medium (d-BSM) and incubated at 30 °C 
for 5–6 days. The deuterated medium was prepared as follows: 1 L of 
hydrogenated basal salt medium (h-BSM) without glycerol was flash 
evaporated, the powder re-suspended in 250 mL of 99.85% D2O (Euriso-
top) and flash evaporated again. This process was repeated twice to get 
rid of H2O traces. Finally, the powder was re-suspended in 1 L D2O (pu-
rity >99.9%, Euriso-top) containing 20 g d8-glycerol (Euriso-top). The 
deuterated culture was diluted again in D-minimal medium and grown 
for 2–3 days and used as inoculum for the final deuterated culture. 1 
mL of each H- or D-pre-culture was taken to inoculate 150 mL of h-
BSM and d-BSM and incubated at 30 °C. The initial optical cell density 
(OD600) was approximately 0.3 for all the cultures. Cells upon entering 
the exponential phase were harvested by centrifugation and frozen at 
-80 °C.

2.2.2. Total lipid extraction
GPL mixtures were extracted and purified from perdeuterated and 

hydrogenous P. pastoris biomasses. Harvested cells were suspended into 
10 mL Milli-Q H2O (18 MΩ cm at 25 °C, Millipore) and lysed by tip-
sonication (Bandelin SONOLPULS HD 3100 ultrasonic homogenizer) on 
an ice bath for 3 × 5 min with 30 s intervals, 20% duty cycle. The cell 
lysate was poured into boiling C2H5OH (at 95 ◦C) containing 1% buty-
lated hydroxytoluene (BHT) followed by vigorous stirring in order to 
denature lipases. The total lipid mixtures were then extracted accord-
ing to the method of Bligh and Dyer [28], followed by evaporation of 
the organic phase using a rotovapor and their final reconstitution in 
C6H14.

2.2.3. Separation of GPL mixtures by preparative HPLC
Separation of the various classes of GPL mixtures was achieved 

through sequential purification steps: first by passing the sample 
through an amino-bonded solid-phase extraction (SPE) column; fol-
lowed by the evaporation of the eluate fractions (containing the polar 
lipid mixtures) using a rotovapor and their subsequent reconstitution 
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a diol-modified silica stationary phase column (semi-preparative Nu-
cleosil 100-5 OH column [10 x 250 mm] (Macherey-Nagel, France)) 
coupled to an Agilent chromatographic system (1260 Infinity II se-
ries, Agilent Technologies, France), with SEDEX 90 ELSD as a detector 
(Sedex Sedere, France).

An HPLC-gradient was performed in order to elute the GPLs. The 
gradient method utilised solvent mixture A [CHCl3 - CH3OH] (70:25 
v/v) containing 1% NH4OH and solvent mixture B [CHCl3 - CH3OH -
H2O] (60:40:5.5 v/v/v) that contained 0.5% NH4OH that was run at 
a flow rate of 1.0 mL/min. A method was programmed such that at 
time zero, the proportion of solvent mixture B was 5% and gradually 
increased to 40% at 40 min, then to 100% at 60 min and stayed at 
this value until 95 min after which it was again decreased to 5% at 96 
min and kept there until the end of the gradient at 105 min. During 
all the measurements, the column temperature was maintained at room 
temperature, whereas the ELSD temperature was set at 60 ◦C where N2
was used as a carrier gas at 3.5 bars inlet pressure. Data were analysed 
by the Open Lab chromatographic workstation (Agilent Technologies, 
France).

2.3. Molecular compositional analysis of the purified GPL mixtures

2.3.1. GPL mixture analysis by High-Performance Thin Layer 
Chromatography (HPTLC)

In order to assess the identity and purity of each of the purified 
classes, 5.0 - 10.0 𝜇 g of the fractionated samples (evaporated under 
Argon (Ar) and reconstituted in 1 mL of CHCl3/CH3OH [2:1]) and stan-
dards were applied to a silica gel 60 (F254) pre-coated TLC plate of 0.2 
mm layer thickness, with a CAMAG LINOMAT5 sample applicator (CA-
MAG, Mutten, Switzerland) fitted to a 100 𝜇 L micro-syringe. Samples 
were applied at a constant application velocity of 150 nL/s under a 
continuous stream of N2 gas. The TLC plate was next preconditioned 
and then developed in a CAMAG twin-trough-chamber filled-in with a 
mobile phase, [CHCl3-CH3OH-CH3COOH] (65:28:8 v/v/v). Finally, the 
developed plate was derivatised using a 1.5% CuSO4 solution sprayed 
over it in the CAMAG derivatiser chamber following which, it was dried 
on a hot plate at 120 °C for 10 min for the development of spots. Fur-
ther, the developed spots were visualized and analyzed in a CAMAG 
TLC scanner 3 using the winsCATS software (version 1.4.6).

2.4. FAMEs analysis by Gas Chromatography (GC)

Global acyl chain composition of both the hydrogenous and deuter-
ated total lipid extracts from P. pastoris were initially determined by 
Gas Chromatography-Mass Spectrometry (GC-MS), [Agilent, 5977A-
7890B] and that of the purified mixtures were carried out by Gas 
Chromatography-Flame Ionization Detection (GC-FID), [GC 2010 Plus, 
Shimadzu], after methanolysis to release the fatty acids as their corre-
sponding fatty acid methyl esters (FAMEs). The total fatty acid analyses 
by GC-MS were carried out by first drying 50 μL of the samples using 
a vacuum pump and then derivatised using trimethyl sulfonium hy-
droxide (TMSH) (Machery-Nagel) to obtain the corresponding FAMEs. 
The samples were next injected into a GC-MS, according to the method 
described by [29] and [30] followed by their identification based on 
their retention times and mass spectra compared to authentic fatty acid 
standards (Sigma). FAMEs were identified from their mass spectra and 
retention times and quantified by Mass Hunter Quantification Software 
(Agilent) and normalised by PC-21:0/21:0 as an internal standard. The 
mass spectra of each fatty acid species were obtained from its peak in 
the total ion chromatogram (TIC) and compared between the hydroge-
nous and deuterated lipid extracts.

In order to run GC-FID measurements, the samples were derivatised 
upon adding about 3 mL of methanolic-HCl to glass vials containing 
0.1 mg to 1 mg of the lipids extracts. The vial tubes were then bub-

bled with Ar, vortexed and sealed tightly with a Teflon-lined cap and 
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incubated at 85 °C for 1 h. After cooling down the vials to room temper-
ature (≈ 10 min), 3 mL of H2O were added and the solution vortexed, 
following which 3 mL of C6H14 were added and again vortexed vigor-
ously to create an emulsion. Slow centrifugation (≈ 500 g for 5 min) at 
room temperature was carried out to break the emulsion and produce 
an upper C6H14-rich phase containing FAMEs. The supernatant phase 
of ≈ 2.8 mL was then transferred into a fresh vial, evaporated under a 
stream of N2 and the resulting dried film was reconstituted in 250 𝜇 L 
C6H14 and transferred into a GC auto sampler vial that was then loaded 
into the GC’s automatic liquid sampler. The GC instrument (GC 2010 
Plus, Shimadzu) was equipped with a split/splitless injector and a SGE 
BPX70 70% Cyanopropyl Polysilphenylene-siloxane column (25 m by 
0.22 mm ID and 0.25 μm film thickness). Helium (He) was used as a 
carrier gas at a flow rate of 1.04 mL/min with a linear velocity of 35 
cm/sec and a purge flow rate of 1 mL/min. The column was allowed to 
equilibrate for 3 minutes at 155 °C before injection and then the tem-
perature was ramped up to 180 °C at a rate of 2 °C/minute and then to 
220 °C at a rate of 4 °C/minute and finally held at 220 °C for 5 minutes 
resulting in a 27.5-minute total run time. Samples (5 μL) were injected 
into the column at 250 °C using an AOC-20i auto injector. Detection 
was done using an FID operating at 260 °C with 40 mL/min H2, 400 
mL/min compressed air and 30 mL/min He make-up flow. Data analy-
ses of the FAMEs obtained from the purified GPL mixtures were carried 
out by LabSolutions software (Shimadzu), which was used to assign and 
integrate the total ion chromatogram peaks from which the total mole 
fraction amount of each of the FAMEs were obtained.

2.5. Sample preparation

2.5.1. Vesicle preparation for SANS/SAXS and NR
Large unilamellar vesicles (LUVs) were produced by rehydration of 

a GPL film in a glass vial. The film was produced by first dissolving 
natural GPL mixtures in CHCl3, and subsequently drying the desired 
amount of lipids under a gentle Ar flow. The film was then stored in 
vacuum overnight to ensure a complete evaporation of the solvent. The 
film was rehydrated at room temperature in degassed H2O (or salt solu-
tion for the samples used for NR experiments, see next paragraph) with 
a final lipid concentration of 1 mg⋅mL−1. The vials containing the lipid 
solution were filled up with Ar to limit the presence of O2 and then 
vortexed to fully suspend the lipid film. Immediately before use for sup-
ported lipid bilayer (SLB) formation, the suspension was tip-sonicated 
(Bandelin SONOLPULS HD 3100 ultrasonic homogenizer) for 5 min at 
pulses of 1-second ON and 6-seconds OFF, 20% amplitude on ice, to 
produce a visually clear solution of LUVs. For SANS/SAXS measure-
ments, each solution was extruded at room temperature using an Avanti 
mini-extruder for at least 31 times across a 100 nm pore membrane, in 
order to favour the formation of monodisperse LUVs. The samples were 
measured with DLS to confirm the absence of large multilamellar ag-
gregates.

2.5.2. Vesicle fusion protocol - for NR and QCM-D
The LUV suspension used to produce the SLBs were prepared by dis-

solving the GPL composed film with a 0.5 M NaCl solution, thereafter 
following the protocol as described above. Immediately after sonica-
tion, the LUV suspension (with a final volume of 1.5 mL at 1 mg⋅mL−1) 
was injected into the NR/QCM-D cells. About 1.5 mL of solution was 
sufficient to fill entirely one NR cell and 4 QCM-D cells. Upon equili-
bration of the LUV suspension in the NR/QCM-D cell (approx. 20 min), 
the cells were rinsed with Milli-Q H2O. An osmotic shock produced by 
replacing the salt solution with Milli-Q H2O favours the fusion of the 
vesicles at the solid support surface and the formation of an SLB.

2.6. Physico-chemical characterisation

2.6.1. QCM-D
QCM-D measurements were performed with a E4 instrument (Q-
873

Sense, Biolin Scientific AB, Sweden), using SiO2-coated 5 MHz quartz 
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sensors in the PSCM labs at the ILL. Crystals were cleaned using CHCl3, 
C3H6O, C2H5OH and Milli-Q H2O (18 MΩ cm at 25 °C, Millipore) in a 
bath sonicator for 15 minutes per solvent. Immediately before use, the 
crystals were treated with a UV ozone cleaner (BioForce Nanosciences, 
Inc., Ames, IA) for 30 min. The fundamental frequency and six higher 
overtones (3𝑟𝑑 , 5𝑡ℎ, 7𝑡ℎ, 9𝑡ℎ, 11𝑡ℎ and 13𝑡ℎ) were recorded in Milli-Q 
H2O until a stable baseline was obtained. After exchange with 0.5 M 
NaCl solution, the samples were injected in the flow cell at 0.1 mL/min, 
following the vesicle fusion protocol described above. The real-time 
shifts in the resonance frequency (Δ𝐹𝑛) with respect to the calibra-
tion value (bare crystal in Milli-Q H2O) were measured for different 
overtones indicated as 𝐹𝑛, with 𝑛 representing the overtone number. Si-
multaneously, also the energy dissipation factor (𝐷) was monitored for 
all the measured overtones.

2.6.2. SANS
SANS measurements were carried out on the instrument D22 

(https://www .ill .eu /users /instruments /instruments -list /d22 /description
instrument -layout) at the ILL, using Hellma quartz 120-QS cells of 1 
mm pathway. Samples were measured over a q-range of 2.5 ⋅ 10−3–0.6
Å−1 at a single wavelength of 6.0 Å (FWHM 10%) with 3 sample-to-
detector distances of 1.5 m, 5.6 m and 17.6 m. Absolute scale was ob-
tained from the flux using the attenuated direct beam. Data correction 
was performed using the software GRASP: (https://www .ill .eu /users /
support -labs -infrastructure /software -scientific -tools /grasp), accounting 
for transmission, flat field, detector noise (measurement of boron car-
bide absorber); the contribution from the solvent was subtracted.

2.6.3. Neutron Reflectometry (NR)
NR experiments on Langmuir monolayers at the air/liquid interface 

and on SLBs at the solid/liquid interface were performed on FIGARO 
[31], a time-of-flight reflectometer at the ILL. Two different angles of 
incidence, i.e., Θ1 = 0.6° and Θ2 = 3.7° for the air/liquid setup, and Θ1
= 0.8° and Θ2 = 3.2° for the solid/liquid setup, were used in order to 
cover a momentum transfer (𝑞𝑧) range from about 3⋅ 10−3 Å−1 to 0.25 
Å−1 in combination with a wavelength range of 2-20 Å for both setups 
and wavelength resolution of 7% 𝑑𝜆/𝜆. The momentum transfer 𝑞𝑧 is 
defined as shown in equation (1).

𝑞𝑧 =
4𝜋
𝜆

⋅ sin𝜃 (1)

where 𝜆 is the wavelength of the neutron beam. Slits were set in order 
to have the same surface (under)illumination for the two used angles.

The reflectivity R(𝑞𝑧), which is defined as the ratio of the reflected 
intensity over the incident beam intensity (direct beam), was calculated 
using the software COSMOS [32]. Briefly, the background was mea-
sured on the left and right side of the reflectivity signal and directly 
subtracted from it. The reflected intensity was divided by the direct 
beam intensity measured using the same slit configuration and overall 
settings as in reflectivity, but in transmission mode through the incom-
ing media (air or silicon). Measurements on the SLBs at the solid/liquid 
interface were performed using silicon (111) single crystals as solid sub-
strate (8 × 5 cm2 surface and 2 cm thickness), polished on one face 
(≤ 5 Å roughness). The substrates were cleaned by 15 min ultrasound 
sonication in the following solvents: CHCl3, C3H6O and C2H5OH, and 
at the end Milli-Q H2O. Subsequently, the substrates were dried using 
N2 and treated for 2 min with air plasma cleaner in order to make 
their surface hydrophilic and remove any remaining trace of organic 
molecules. Finally, the cleaned substrates were rinsed with Milli-Q H2O, 
and assembled into solid/liquid cells. Each of the investigated SLBs 
was measured in 3 or 4 different contrasts, composed by mixtures of 
D2O and H2O at different ratios: 100% D2O, 4MW (Four Matched Water
66:34 D2O:H2O v/v), SMW (Silicon Matched Water 38:62 D2O:H2O) and 
100% H2O. The scattering length density (SLD) (𝜌) of the SMW equals 
that of the silicon crystal (𝜌 = 2.07 ⋅ 10−6 Å−2), while 𝜌 for the 4MW is 

𝜌 = 4.00 ⋅ 10−6 Å−2. For the monolayer measurements, NR experiments 

https://www.ill.eu/users/instruments/instruments-list/d22/description/instrument-layout
https://www.ill.eu/users/instruments/instruments-list/d22/description/instrument-layout
https://www.ill.eu/users/support-labs-infrastructure/software-scientific-tools/grasp
https://www.ill.eu/users/support-labs-infrastructure/software-scientific-tools/grasp
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were performed using two mixtures as subphase: 100% D2O and 8:92 
v/v of D2O:H2O, known as ACMW (air contrast matched water) since its 
SLD is equal to that of air, i.e., zero.

NR data analysis. The analysis of the reflectivity data was done us-
ing a home-developed code, CoruxFit. The samples, were modelled as 
a series of layers (from now on named “components”), with different 
chemical composition stacked along the direction normal to the sup-
port surface (𝑧) and corresponding, in our case, to different portions 
of the lipid molecules, i.e., lipid polar head and acyl chains. The fol-
lowing components were used to describe the SLBs under examination: 
(1) bulk silicon, (2) silicon oxide, (3) inner polar head, (4) hydropho-
bic chains, (5) outer polar head; and for the monolayer model: (1) polar 
head, (2) hydrophobic chains, (3) air. A component volume fraction dis-
tribution (𝜓(z)) was assigned to each of the identified components (see 
the equation (2)).

𝜓(𝑧) = 1
2
⋅

(
𝑒𝑟𝑓

𝑧− 𝑧𝜇 +
𝑑

2√
2𝜎

− 𝑒𝑟𝑓
𝑧− 𝑧𝜇 −

𝑑

2√
2𝜎

)
⋅ (1 − 𝜙𝑠𝑜𝑙𝑣) (2)

where erf is defined as follows:

𝑒𝑟𝑓 (𝑥) = 2√
𝜋

𝑥

∫
0

𝑒−𝑡
2
𝑑𝑡 (3)

In equation (2), 𝑧𝜇 describes the position of the component along 𝑧; 𝑑
describes its thickness and 𝜎 is the roughness of the interface between 
two consecutive components. Each component is scaled by its amount of 
water, through the parameter 𝜙𝑠𝑜𝑙𝑣. Next, the water profile is calculated, 
adding up to 1 every component, if the component itself does not reach 
1 (see equation (4)).

Ψ𝑠𝑜𝑙𝑣(𝑧) = 1 −
𝑛𝑐𝑜𝑚𝑝𝑠∑
𝑖=1

𝜓𝑖(𝑧) (4)

where Ψ𝑠𝑜𝑙𝑣(z) is the total fraction of water along 𝑧 and 𝑛𝑐𝑜𝑚𝑝𝑠 is the 
total number of components of the model. The thicknesses associated 
to each lipid component are calculated using the lipid volumes and the 
topological area per lipid (𝐴𝑙𝑖𝑝𝑖𝑑 ). Mono-unsaturated lipids are expected 
to have a cylindrical shape. Although the characterisation of the lipid 
mixture composition showed also the presence of lipids with 2-3 unsat-
urations, which imply a non-cylindrical shape, because of the largest 
abundance of the mono-unsaturated lipids, in the used model the polar 
head (PH) and the acyl chains (CH) are constrained to have the same 
area per lipid (equation (5)).

𝑡𝑃𝐻 =
𝑃𝐻𝑣𝑜𝑙

𝐴𝑙𝑖𝑝𝑖𝑑 ⋅ (1 − 𝜙𝑃𝐻ℎ𝑦𝑑𝑟 )
and 𝑡𝐶𝐻 =

𝐶𝐻𝑣𝑜𝑙

𝐴𝑙𝑖𝑝𝑖𝑑
(5)

𝑡𝑃𝐻 and 𝑡𝐶𝐻 are the thicknesses of the layers for the polar head and 
chains respectively, 𝑉𝑃𝐻 and 𝑉𝐶𝐻 are the polar head and acyl chain re-
gion volumes, the 𝐴𝑙𝑖𝑝𝑖𝑑 is the topological area per lipid and 𝜙𝑃𝐻𝐻𝑦𝑑𝑟 is 
the hydration water of the polar head. The average molecular volumes 
of the hydrophobic tails were calculated using the data provided by 
the GC-FID analysis (see Fig. 2), and by considering the following vol-

umes for lipids in the fluid phase (22 ◦C and 37 ◦C): 𝑉 𝑜𝑙𝐶𝐻2
= 27.5 Å

3
, 

𝑉 𝑜𝑙𝐶𝐻3
= 55.1 Å

3
, 𝑉 𝑜𝑙𝐶𝐻 = 22.2 Å

3
[33]. The volumes for the differ-

ent polar heads were calculated from the relative mass density (PC-

V𝑃𝐻 = 318 Å
3
, PS-V𝑃𝐻 = 263 Å

3
, PG-V𝑃𝐻 = 288 Å

3
). The 𝑉𝑃𝐻 are left 

varying in a small range during the fit. The polar head and acyl chain 
SLDs for the hydrogenous lipids were calculated summing all the scat-
tering lenghts of each atom in the polar head or acyl chain region and by 
dividing up for their corresponding volumes. For the deuterated lipids, 
the SLDs were fitted, since such natural mixtures are not exactly 100% 
deuterated. From these fits, we were able to calculate the percentage of 
deuteration for each lipid class (PC, PS and PG). In summary, the fit-
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ted parameters are the following: (1) 𝐴𝑙𝑖𝑝𝑖𝑑 ; (2) 𝜙𝐶𝐻 ; (3) 𝜙𝑃𝐻𝐻𝑦𝑑𝑟 ; (4) 𝜎
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and (5) 𝜙𝑜𝑥; where the parameter (2) corresponds to the amount of wa-
ter through the bilayer (defects in the bilayer) and the complement to 
1 of 𝜙𝐶𝐻 (1 - 𝜙𝐶𝐻 ) is the coverage of the bilayer on the surface of the 
silicon crystal; (3) is the amount of hydration water in the polar head re-
gion, whereas 𝜙𝑃𝐻 (amount of water in polar head region including the 
water fraction related to the presence of defects in the bilayer, which 
corresponds to 𝜙𝐶𝐻 , as no water is expected among the acyl chains un-
less the bilayer is not fully covering the supporting surface) calculated 
as: 𝜙𝑃𝐻𝐻𝑦𝑑𝑟 + 𝜙𝐶𝐻 ; (4) is the interface roughness and (5) is the amount 
of water in the oxide layer of the silicon crystal. In addition, the SLD of 
the solvent was fitted to the experimental data with a fixed range cor-
responding to ±10% the expected value based on the solvent nominal 
composition (i.e. % v/v of D2O in the mixture).

For the bilayer measurements, the parameters describing the oxide 
layer were previously fitted using the data collected on the bare sur-
faces in two contrasts, and were kept constant during the fit of the 
bilayer parameters (except the 𝜙𝑜𝑥, that can be different between bare 
and occupied surfaces). This approach decreases the number of fitted 
parameters and leads to an improvement in the accuracy of the final 
result.

The total SLD profile is calculated by multiplying each error function 
of the final model for the corresponding SLD value, and by summing 
them all together to have the complete SLD profile. The theoretical re-
flectivity curve is calculated using the Parrat algorithm [34], with the 
SLAB method.

The minimization routine has two algorithms in series based 
on the chi square minimisation; the first one is the simulated an-
nealing, useful to test the whole parameter range avoiding relative 
minimums; once the best solution is found, the second algorithm 
is used, based on the steepest descent (link to the python library: 
https://docs .scipy .org /doc /scipy /reference /generated /scipy .optimize .
least _squares .html), that cools down the system, and finds the best pa-
rameter combination with the lowest chi square. Errors for the fitted 
parameters were calculated as the square root of the diagonal elements 
in the inverse Hessian matrix. From the non-diagonal element of this 
matrix it is also possible to obtain the correlation (positive, negative or 
neutral) between the fitted parameters. These are useful to assess the 
accuracy of the used model. The errors for the derived parameters, such 
as the bilayer thicknesses, are calculated with the standard error prop-
agation. The q resolution of the instrument is also taken into account 
during the calculation of the theoretical reflectivity profiles.

2.6.4. Small Angle X-ray Scattering (SAXS)
SAXS experiments were performed on the beamline BM29, ESRF, 

Grenoble, France (Pernot et al. [35]), using a Pilatus3 2M detector at 
a sample-detector distance of 2.867 m. 20 frames each for 2 s were 
recorded at 22 °C, a sample concentration of 2 mg⋅mL−1 in a 1 mm 
flow-through quartz capillary and a photon energy of 15 keV. Data re-
duction and normalisation were done by the automated ExiSAXS user 
interface. Solvent and capillary contributions were subtracted by using 
SAXSutilities 2 (www .saxsutilities .eu accessed on 21 October 2021).

SAXS data analysis. SAXS data were analysed using a simple smeared 
3-slab model [36], the slabs representing lipid polar heads (PH), acyl 
chains (CH) and the terminal methyl groups (T). Error-functions of 
widths 𝑑𝑘 (𝑘 ∈ {PH, CH, T}) and standard deviations 𝜎𝑘 were used to 
mathematically describe the slabs. Additionally, we included an acyl 
chain thickness polydispersity by averaging over a Gaussian distribu-
tion  with mean 𝑑CH and standard deviation 𝜎𝑝𝑜𝑙𝑦 (see also [37]). 
The model does not include specific lipid compositions and therefore 
all scattering length densities 𝜌𝑘 are provided in arbitrary units. Δ𝜌𝑘 = 
𝜌𝑘 - 𝜌0 designates the contrast to the H2O-background. The vesicle form 
factor is approximated by the Lorentz-factor 𝑞−2. The full model for the 

scattering intensity I(q), including a uniform background I0 is given by:

https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.least_squares.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.least_squares.html
http://www.saxsutilities.eu


G. Corucci, K.C. Batchu, A. Luchini et al.

Table 1

Yields of each purified class of GPL molecules, starting 
from 5 g of Pichia pastoris cell paste.

GPL class Hydrogenous [mg] Deuterated [mg]

PC 65 69
PS 32 20
PG 17 11

Fig. 1. TLC analysis of the HPLC-purified GPL mixtures from P.pastoris. Image 
(a) shows the purified ‘H’ [Lane 1] and ‘D’ [Lane 2] PC mixtures and [Lane 3] 
corresponds to the standard mixture containing a single molecular species each 
that of PC, PS and PG. [Lane 4 and 5] in image (b) show the purified ‘H’ and ‘D’-
PS mixtures and their corresponding ladder in [Lane6]. Similarly, [Lane 7 and 
8] in image (c) correspond to the purified ‘H’ and ‘D’-PG mixtures respectively 
and the marker lane in [Lane 9].

𝐼(𝑞) ∝ 2𝑞−4
∑
𝑖

 (𝑑CH,𝑖 ∨ 𝑑CH, 𝜎𝑝𝑜𝑙𝑦) ∣ 2Δ𝜌PH𝑒
−𝜎2PH𝑞

2
𝑠𝑖𝑛(𝑞𝑑PH∕2)

× 𝑐𝑜𝑠[𝑞(𝑑𝐶𝐻,𝑖 + 𝑑PH∕2)]

+ 2Δ𝜌CH𝑒
−𝜎2CH𝑞

2
𝑠𝑖𝑛(𝑞𝑑CH,𝑖∕2)𝑐𝑜𝑠[𝑞(𝑑T + 𝑑CH,𝑖∕2)]

+ Δ𝜌𝑇 𝑒
−𝜎2T𝑞

2
𝑠𝑖𝑛(𝑞𝑑T∕2) ∣2 +𝐼0

(6)

The model was constrained by the assumptions 𝜎PH = 𝜎CH and 𝜎T =
2.5 Å. Parameter optimization was by a Trust Region Reflective algo-
rithm from the SciPy 1.6.2 package [38].

3. Results

3.1. Purification and composition of the deuterated and hydrogenous GPL 
mixtures

Compared to previous preparations of P. pastoris-GPL mixtures re-
ported by our team [22,21], an additional improvised purification step 
by HPLC-ELSD was included in the sample preparation protocol (see 
Materials and Methods and Supplementary Materials paragraph S1.1). This 
additional purification step, enabled us to increase the purity of the 
GPL mixtures, as well as to separate them according to their differ-
ent classes, e.g. PC, PS and PG, at significantly high yields as listed in 
Table 1. It also allowed us to observe that the deuterated extract exhib-
ited a higher content (approx. by a factor of 1.7) of neutral lipid (e.g. 
sterols, steryl esters) compared to their hydrogenous counterpart (see 
further details in Supplementary Material Fig. S1). Separation of the GPL 
mixtures by HPLC-ELSD was followed by High Performance Thin Layer 
Chromatography (HPTLC) analysis of the fractions collected to confirm 
their identity and purity (see Figs. 1a, 1b and 1c).

Once the PC, PS and PG-GPL mixtures were isolated, we deter-
mined the composition of their corresponding acyl chains by GC-FID 
analysis (Supplementary Material, Table S1). Fig. 2: shows the relative 
abundance of the different acyl chain species that are present in both 
the deuterated and hydrogenous purified GPL mixtures. In all cases, 
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and in agreement with previously reported results [23,24], C18 acyl 
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chains mono-unsaturated were the most predominant species. Never-
theless, some differences in the relative amount of the different acyl 
chains emerged between PC, PS and PG mixtures. As an example, the 
content of C16:0 is much larger in the PS mixture compared to PC and 
PG. This suggests that the acyl chain composition exhibits some level of 
specificity depending on the polar head. Also in agreement with our pre-
vious findings [21,22], the composition of the acyl chain was affected 
by the presence of D2O in the culture media. The most remarkable ef-
fect is the higher concentration of the C18:1 acyl chain compared to the 
corresponding hydrogenous lipid extract (as shown in Fig. 3). This effect 
is systematically observed in all the investigated GPL classes, although 
further analysis is needed to deeply understand how D2O promotes this 
different abundance of the acyl chains (as seen from Fig. 2). The analy-
sis of the acyl chain composition was repeated for all GPL mixtures post 
preparation of the lipid vesicles (Supplementary Material, Fig. S3), which 
were either used for the formation of the SLBs or directly characterised 
in solution. No difference in composition was observed, therefore sug-
gesting that the used sample preparation protocol allowed a uniform 
solubilisation of the lipids (For further details see Materials and Meth-
ods).

3.2. Physico-chemical characterisation

3.2.1. Phosphatidylcholine (PC) bilayers
Hydrogenous (hPC) and deuterated (dPC) PC bilayers were pro-

duced as SLBs, vesicles, and lipid monolayers. A preliminary charac-
terisation of the dPC SLB was performed with QCM-D. The main goal 
of this initial measurement was to test whether vesicle fusion could be 
implemented to produce an SLB at room temperature. Fig. 4: shows 
the collected QCM-D measurements. After calibration of the sensor in 
Milli-Q H2O (ΔF = 0) followed by injection of 0.5 M NaCl solution (ΔF 
approx. -10 Hz), that was used for the vesicle preparation, the dPC vesi-
cle solution was introduced into the cell. Adsorption of the vesicles on 
the sensor surface is clearly detected by the large decrease of ΔF and 
parallel increase of ΔD. After approximately 10 min, Milli-Q H2O was 
reintroduced into the cell. The osmotic shock induced by the transition 
from the salt solution to the Milli-Q water favoured the rupture of the 
initially adsorbed vesicles and the formation of an SLB as indicated by 
the stable ΔF value of -26 Hz and the dissipation ΔD ≈ 0. The SLB signal 
was monitored over a large time-range and no further variation was ob-
served. Altogether the collected data validate the vesicle fusion method 
for the production of SLBs with PC lipids. The structural characteri-
sation of the hPC and dPC-SLBs was performed by NR measurements. 
Fig. 5: shows the NR experimental data together with the corresponding 
fitting curves for hPC (Panel 5a) and dPC (Panel 5c). Data were analysed 
as described in the Materials and Methods section and by implementing a 
standard model representing the SLB as a stack of the following compo-
nents: (i) inner lipid polar heads; (ii) acyl chains; (iii) outer lipid polar 
heads. Preliminary data analysis showed that the SLB exhibited a sym-
metric structure with similar structural parameters associated with the 
inner and outer lipid polar heads. Therefore, in the final data analysis 
these components were constrained to have the same structure. In or-
der to further reduce the amount of fitted parameters, the area per lipid 
associated to the polar heads and the acyl chains was constrained to be 
the same, as expected for PC lipids [39].

NR confirmed the successful formation of an SLB both in the case of 
hPC and dPC (Fig. 5, Panels b and d). The structure of the two SLBs was 
very similar, despite the slightly different acyl chain composition of the 
hPC and dPC lipids (Table 2). The scattering length density associated 
to the dPC polar heads and acyl chain was optimised to the experimen-
tal data in order to extract information on the deuteration level of these 
lipids. As a result, a deuteration level of 95.4 ± 0.5% for both the polar 
heads and the acyl chains was estimated. This result was also confirmed 
by the analysis of the match point performed on dPC vesicles by means 
of small angle neutron scattering (SANS) measurements (Supplementary 

Material Fig. S4). In such an experiment, dPC vesicles were suspended in 
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Fig. 2. GC-FID analysis of the fatty acid distribution for the investigated GPL classes. Data are mean ± S.D. of three technical repeats. A complete table with all the 
values can be found in Supplementary Material Table S1.
Fig. 3. GC-MS analysis of the fatty acid distribution for the ‘H’ and ‘D’ total lipid 
extracts. Data are mean ± S.D. of three independent experiments.

solutions prepared with increasing D2O content. The match point cor-
responds to the D2O percentage at which the scattered intensity from 
the vesicles was identical to that of the solvent. The scattering length 
density of the lipids was calculated from the composition of the solvent 
at the match point. In case of the dPC lipids, the match point was ex-
trapolated at 109 ± 2% of D2O (see in Supplementary Materials Fig. S4 
and Table S2), which corresponds to a deuteration of 97 ± 1%, in good 
agreement with the NR result.

Vesicles consisting of the PC lipids were also produced for fur-
ther structural investigation by means of small angle X-ray scattering 
(SAXS) measurements. The formation of multilamellar vesicles was ob-
served as suggested by the presence of Bragg peaks in the collected 
data (see Supplementary Material, Fig. S5). This is most likely related 
to the lack of net charges in the lipid polar heads, which favours the 
stacking of different lamellae. The presence of multilamellar vesicles 
prevents a good estimation of the bilayer structure and therefore for 
the PC lipids we rely on the more accurate structural information pro-
vided by NR, where multilamellarity was not found in any of the SLB 
examinated.

Finally, lipid monolayers of purely hPC and dPC were also pre-
pared at the air/water interface. Their structure was found to be as 
shown in Supplementary Material, Fig. S6. The structure of the mono-
layer was characterised by means of NR measurements and resulted 
in reasonable agreement with the hPC and dPC-SLBs (Table 1 and Ta-
ble S3).

3.2.2. Phospatidylcholine - Phosphatidylserine (PC/PS) bilayers
Lipid bilayers in the form of SLBs and vesicles in solution were anal-

ysed also in the case of the hydrogenous and deuterated mixtures of 
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PC and PS lipids (80/20 w/w). Such mixtures were produced by first 
purifying the PC and PS lipids from the total GPL extract from P. pas-
toris, and subsequently recombining them at the desired ratio. Initial 
formation of the SLB in case of the dPC/dPS mixture was monitored 
by QCM-D (Supplementary Material, Fig. S7). The data showed a simi-
lar trend as reported in Fig. 4 and indicated a successful formation of 
an SLB by vesicle fusion. Structural information on both the hPC/hPS 
and dPC/dPS bilayers was obtained from the analysis of the NR data 
(Fig. 6a and 6c). The experimental data were analysed with a similar 
model compared to the one described above for the PC lipids, but in this 
case the SLD values were estimated by taking into account the chemi-
cal composition of the PC and PS mixtures for acyl chains (Fig. 2) and 
for the polar head region.

Mixing PS lipids with PC did not produce a significant change in 
the structure of the SLB compared to the pure PC containing SLB. Both 
in the case of the hPC/hPS and dPC/dPS SLBs, the bilayer exhibited 
a high surface coverage, i.e., ≥ 98%. This confirms the vesicle fusion 
method with the experimental conditions described in the Materials and 
Methods section as suitable for producing high quality SLBs also for lipid 
mixtures containing negatively charged lipids.

As for the PC-SLB, deuteration of the PS did not significantly affect 
the bilayer structure, despite the fact that the chemical composition of 
the acyl chains for both PC and PS was slightly different in the hy-
drogenous versus deuterated extract. Indeed, both the hPC/hPS and 
the dPC/dPS bilayers exhibited very similar structural parameters (Ta-
ble 2). This result was confirmed by the SAXS characterisation of the 
vesicles prepared from the hPC/hPS and dPC/dPS mixtures (Fig. 6e). 
The experimental data exhibited the characteristic trend corresponding 
to unilamellar vesicles and were analysed with a standard bilayer model 
(see further details in Materials and Methods and Table 2). The structure 
of the bilayer, also represented in the SLD profile (Fig. 6f), is in good 
agreement with the NR results, and therefore suggests a very similar 
structural organisation of these lipid mixtures both in solution and in 
the proximity of a solid substrate.

3.2.3. Phospatidylcholine - Phosphatidylglycerol (PC/PG) bilayers
Alongside with PS, PG is among the most abundant negatively 

charged lipid in biological membranes [1]. Therefore, binary mixtures 
of PC and PG lipids are considered simple, but biologically relevant for 
the production of membrane biomimics. PG lipid mixtures were also 
purified from the P. pastoris GPL extract and produced in their hydroge-
nous and deuterated version. The same protocol used for the pure PC 
and the PC/PS mixtures, was used in this case to produce SLBs. Figs. 7a 
and 7c show the NR experimental data collected for the hPC/hPG and 
dPC/dPG mixtures respectively. As in the case of the PC/PS mixtures, 
the content of PG lipids in the mixture was 20% w/w. The collected ex-
perimental data were analysed with the bilayer model described above. 
In addition, the good agreement between the fits and the experimen-

tal data suggested the successful formation of an SLB with high sur-
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Fig. 4. QCM-D data collected during the formation of the dPC SLB via vesicle fusion. The inset shows the region of the curve corresponding to the SLB being formed 
at the sensor surface. The measurement was performed in parallel in 4 cells, with analogous results.

Fig. 5. Structural characterization of PC containing SLBs. (a) and (c) NR experimental data together with the corresponding fitting curves for hPC and dPC, 
respectively. Volume fraction distribution for the different sample components obtained from the NR data analysis for hPC (b) and dPC (d).
face coverage (≥ 99%). The structural parameters for the hPC/hPG and 
dPC/dPG-SLBs are reported in Table 2. The obtained values are compa-

rable to those obtained for the PC and PC/PS-SLBs. Interestingly, also in 
this case, the structure of the hPC/hPG-SLB resulted to be comparable 
to the dPC/dPG, therefore confirming the low impact of deuteration on 
the SLB structure, despite the slightly different acyl chain composition 
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between the hydrogenous and deuterated extracts.
SAXS data were collected also on vesicles produced with the 
hPC/hPG and dPC/dPG mixtures (Fig. 7e). Analysis of the collected 
curves indicated the formation of unilamellar vesicles with a very sim-
ilar bilayer structure in case of hPC/hPG compared to dPC/dPG. The 
structural parameters obtained from the SAXS data analysis are compa-
rable to those obtained by NR (Table 2). SAXS data also confirmed the 
similar structure exhibited by the PC/PG bilayers compared to PC and 

PC/PS.
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Fig. 6. Structural characterisation of PC/PS bilayers in SLBs and vesicles. (a) and (c) NR experimental data together with the corresponding fitting curves for the 
hPC/hPS and dPC/dPS mixtures, respectively. The volume fraction distributions for the different sample components were obtained from the NR data analysis for 
hPC/hPS (b) and dPC/dPS (d). SAXS experimental data for the hPC/hPS and dPC/dPS vesicles (e) and the corresponding scattering length density profiles obtained 
from data analysis (f).
4. Discussion

Natural lipid extracts are valuable assets for producing more bi-
ologically relevant models of cellular membranes. Having access to 
these lipids both in their hydrogenous and deuterated form enables the 
design of experiments with techniques such as NMR, NR or infrared 
spectroscopy, which can be used for a detailed characterisation of the 
membrane structure and dynamics.

We have previously reported the production and characterisation 
of hydrogenous and deuterated lipid membranes composed of the total 
lipid extracts and the GPL mixtures from the yeast P. pastoris [22,24,21]. 
Here, we report an improvised protocol for the purification of the GPL 
mixtures that includes the use of an HPLC-ELSD setup. This enabled the 
obtainment of GPL mixtures, that were very pure at significantly high 
yields. In addition, such an approach allowed for the separation of the 
GPL mixtures according to the different composition of the polar heads. 
The compositional analysis of the produced GPL mixtures showed that 
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this purification step by HPLC-ELSD right after the SPE step, was fun-
damental to efficiently remove residual neutral lipids, e.g., sterols and 
steryl esters.

In this work, we used this optimised purification protocol to produce 
PC, PS and PG lipid mixtures from P. pastoris both in their hydrogenous 
and deuterated versions. The composition of the acyl chains determined 
by GC was in agreement with previous results that confirmed the pres-
ence of C18 as the predominant species [21], with the monounsaturated 
C18 chain being more abundant in the deuterated extract compared to 
the hydrogenous one.

We used the hPC, dPC and mixtures of PC and 20% w/w of either PS 
or PG (i.e., hPC/hPS, dPC/dPS, hPC/hPG and dPC/dPG) to produce lipid 
bilayers both in the proximity of a solid substrate (SLBs) or in solution 
(vesicles). The performed characterisation confirmed the obtainment of 
high surface coverage SLBs by vesicle fusion at room temperature. Both 
the structure of the SLBs and the vesicles were in good agreement with 
each other and indicated that the hydrogenous and deuterated bilayers 
have a very similar structure and that the addition of PS and PG to PC 

does not significantly affect the structural parameters. In the case of the 
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Fig. 7. Structural characterization of PC/PG bilayers in SLBs and vesicles. Structural characterization of PC/PS bilayers in SLBs and vesicles. (a) and (c) NR 
experimental data together with the corresponding fitting curves for the hPC/hPG and dPC/dPG, respectively. The volume fraction distributions for the different 
sample components were obtained from the NR data analysis for hPC/hPG (b) and dPC/dPG (d). SAXS experimental data for the hPC/hPG and dPC/dPG vesicles (e) 
and the corresponding scattering length density profiles obtained from data analysis (f).
deuterated bilayers, we also experimentally determined the deuteration 
level of the lipids, which resulted to be approximately 95%.

The structure of the PC, PC/PS, PC/PG bilayers resulted to be alto-
gether very similar to that previously reported for pure POPC [25,40], 
POPC/POPG [41] and POPC/POPS[25] bilayers produced with syn-
thetic GPLs. Nevertheless, despite being structurally similar to the corre-
sponding synthetic analogs, lipid bilayers produced with the P. pastoris
GPL mixtures, showed a different behaviour when it comes to the in-
teraction with soluble proteins, as recently reported [26]. This different 
behaviour was hypothesised to be associated to the more complex com-
position of the acyl chains, which could affect membrane properties 
other then its structure, e.g. membrane fluidity, lipid lateral diffusion, 
local lipid dynamics.

In our previous studies [22,24,21,25], we observed that the total 
GPL extract (containing a mixture of different lipid polar heads and 
acyl chains) as well as the PC extract produced bilayers with slightly 
different structural properties depending on whether hydrogenous or 
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deuterated lipids were used. In particular, the deuterated bilayers re-
sulted to be thicker than the hydrogenous ones. We suggested that this 
difference in structure was the result of the different composition of 
the acyl chains in the deuterated extracts compared to the hydroge-
nous one. Indeed, as also reported here, the deuterated extracts exhibit 
a higher content of monounsaturated C18 chains. However, the char-
acterisation by NR and SAXS discussed in this work, did not highlight 
the same structural difference between hydrogenous and deuterated bi-
layers, but instead suggested that deuteration has no significant impact 
on the bilayer structure, despite the composition of the acyl chain be-
ing different in the hydrogenous and deuterated extracts. As mentioned 
above, the lipid extract characterised in this work were produced with 
a different protocol including an additional purification step by HPLC-
ELSD. The analysis of the HLPC chromatograms (Supplementary Material
Fig. S1), indicated that without this purification step, the deuterated 
GPL extract is characterised by a much higher (approx. by a factor 
1.7) content of neutral lipids, including sterols (which are known to 
increase membrane thickness) compared to the hydrogenous extract. 

We therefore suggest, that the previously reported structural differences 
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Table 2

Bilayer structural parameters obtained from NR and SAXS data analysis: thick-
ness (𝑡), scattering length density (SLD, shown in table as 𝜌). Surface roughness 
estimated from NR was in the range of 2-4 Å. ∗ these parameters were not 
optimised to the experimental data, but calculated according to the GPL mix-
ture composition. ∗∗ and ∗∗∗ in the SAXS column are the 𝜌 of the CH2 and CH3
respectively. The subscript PH indicates the parameters corresponding to the 
polar headgroups, whereas CH indicates acyl chains.

PC bilayer

Parameters NR

𝑡ℎ−𝑃𝐻 [Å] 9 ± 1
𝜌ℎ−𝑃𝐻 ⋅ 10−6 [Å−2] 1.88∗

𝑡ℎ−𝐶𝐻 [Å] 29 ± 1
𝜌ℎ−𝐶𝐻 ⋅ 10−6 [Å−2] −0.16∗

𝑡𝑑−𝑃𝐻 [Å] 10 ± 1
𝜌𝑑−𝑃𝐻 ⋅ 10−6 [Å−2] 7.40 ± 0.05
𝑡𝑑−𝐶𝐻 [Å] 29 ± 1
𝜌𝑑−𝐶𝐻 ⋅ 10−6 [Å−2] 6.60 ± 0.03

PC/PS bilayer

Parameters NR SAXS

𝑡ℎ−𝑃𝐻 [Å] 10 ± 1 10 ± 2
𝜌ℎ−𝑃𝐻 ⋅ 10−6 [Å−2] 2.12∗ 14.9
𝑡ℎ−𝐶𝐻 [Å] 29 ± 1 24 ± 2
𝜌ℎ−𝐶𝐻 ⋅ 10−6 [Å−2] −0.17∗ 8.3∗∗; 4.6∗∗∗

𝑡𝑑−𝑃𝐻 [Å] 9 ± 1 8 ± 2
𝜌𝑑−𝑃𝐻 ⋅ 10−6 [Å−2] 7.24 ± 0.03 14.9
𝑡𝑑−𝐶𝐻 [Å] 30 ± 1 27 ± 2
𝜌𝑑−𝐶𝐻 ⋅ 10−6 [Å−2] 6.53 ± 0.03 8.3∗∗; 4.6∗∗∗

PC/PG bilayer

Parameters NR SAXS

𝑡ℎ−𝑃𝐻 [Å] 9 ± 1 6 ± 2
𝜌ℎ−𝑃𝐻 ⋅ 10−6 [Å−2] 2.06∗ 14.7
𝑡ℎ−𝐶𝐻 [Å] 30 ± 1 29 ± 2
𝜌ℎ−𝐶𝐻 ⋅ 10−6 [Å−2] −0.15∗ 8.3∗∗; 4.6∗∗∗

𝑡𝑑−𝑃𝐻 [Å] 10 ± 1 5 ± 2
𝜌𝑑−𝑃𝐻 ⋅ 10−6 [Å−2] 7.39 ± 0.03 14.7
𝑡𝑑−𝐶𝐻 [Å] 30 ± 1 29 ± 2
𝜌𝑑−𝐶𝐻 ⋅ 10−6 [Å−2] 6.80 ± 0.03 8.3∗∗; 4.6∗∗∗

between deuterated and hydrogenous bilayers produced with P. pastoris
lipids were not to ascribe to the larger content of monounsaturated C18 
chains, but rather to the higher content of impurities, i.e., neutral lipids, 
in the deuterated lipid extract compared to the hydrogenous one.

5. Conclusions

Altogether, we report an improved method to produce pure hy-
drogenous and deuterated GPL extracts from P. pastoris in abundant 
quantities. Further, we show that the GPL extract can also be sepa-
rated according to the different GPL classes. The developed purification 
method has a general applicability and it can be extended to other lipid 
extracts obtained from various cellular systems (such as bacterial or 
mammalian) without any substantial modification.

We demonstrate that because of the efficient removal of neutral 
lipids from the investigated extracts, they can be used to produce SLBs 
by vesicle fusion, as well as lipid monolayers or vesicles at room tem-
perature. In addition, the performed characterisations provide relevant 
information for future applications of these lipids for producing ad-
vanced models of biological membranes to be used as platforms for 
investigating interactions with biomolecules or drugs.
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