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Hypothesis: Phospholipids are widely used in food and pharmacological formulations. However, these typically 
suffer from limitations such as low colloidal stability. Promising stability has been observed for vesicles based on 
phosphatidylglucose (P-Glu), but fundamental knowledge on this lipid is missing and those observations were 
made using P-Glu containing mixed acyl groups. The acyl groups are expected to influence the properties of 
phosphatidylglucose to a large extent.
Experiments: Using an enzyme-based method, P-Glu containing either palmitic (DPP-Glu), stearic (DSP-Glu) or 
oleic (DOP-Glu) acid were synthesized. The morphology of the lipid dispersions was studied using small angle x- 
ray scattering and cryogenic transmission electron microscopy and the data was modelled to extract bilayer 
structural parameters. Phosphatidylcholine lipids containing the same fatty acids were studied for comparison.
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Findings: All phosphatidylcholine lipids formed mainly multilamellar vesicles. DOP-Glu formed unilamellar 
vesicles (ULVs), while disc like objects were observed in the case of DPP-Glu and DSP-Glu formed predominantly 
bilayer stacks. In the 1:1 mixture of the DOPC and DOP-Glu, ULVs were formed. The bilayer thickness increased 
as follows: DOP-Glu < DPP-Glu < DSP-Glu and in the PC series the same trend was seen for the lamellar spacing. 
DSP-Glu had similar lamellar spacing as DSPC.

1. Introduction

Phospholipids (PLs) are amphiphilic molecules that are highly 
abundant in nature and constitute one of the major components of cell 
membranes of all living organisms. The most abundant class of PLs from 
natural origin is phosphatidylcholine (PC), also referred to as lecithin, 
and the most utilized sources for PC isolation are from vegetable sources 
and egg yolk. PCs are zwitterionic at physiological pH and normally self- 
assemble into bilayer structures, forming vesicles upon dispersion in 
excess aqueous solution. PC based liposomal formulations are good drug 
delivery systems and have been extensively researched for several de-
cades [1,2,3] with several examples of successful formulations in clinical 
use and even more in clinical studies [4].

Purification of PL can be achieved to some extent via the selection 
and optimisation of extraction, precipitation and chromatography pro-
tocols. These products are useful for a limited number of applications. 
Mainly because, the isolation of high purity fractions, that constitute a 
single, well-defined chemical structure of PC, or fractions of PLs other 
than PC, from natural sources is demanding and the yields are very 
limited [5,6]. Formulations made from solely PC often suffer from 
limited colloidal stability (vesicle aggregation and fusion), chemical 
instability (oxidation and hydrolysis), complicated release mechanisms 
at the target site and long-term stability issues (phase separation and 
leakage of cargo) [7,8]. Both stability and release properties are highly 
dependent on environmental conditions. These challenges are usually 
circumvented by more complicated excipient formulations, where PC 
constitutes the carrier lipid, and other components such as cholesterol 
[9], polyethylene glycol (PEG) [10], targeting ligands [11] and stimuli 
sensitive lipids or polymers [12] are introduced for better liposome 
stability, longer circulation time in vivo, and better retention and 
controlled release of cargo. As all of these mechanisms take place in an 
aqueous environment, these challenges could be circumvented by dry-
ing or lyophilisation of liposome based formulations, but these processes 
usually require stabilizing excipients such as carbohydrates [13]. An 
alternative approach could be the use of PLs other than PC, with 
modified head groups, that improve their properties as excipients.

For the isolation of high purity, non-natural PLs with well-defined 
chemical structures, a synthetic approach must be applied [5,14]. 
Most research regarding enzymatic modification of PLs is focused on 
modifications of the hydrophobic part, where typically lipases or 
phospholipases are utilized for transesterification reactions in order to 
synthesise a PC with a single well-defined fatty acid composition. The 
research on modification of the hydrophilic head is more limited and 
only one family of enzymes is available with the appropriate catalytic 
activity, namely phospholipase D (PLD). The enzymatic trans-
phosphatidylation reaction is most preferably done in a biphasic reac-
tion system where a donor phospholipid (PC or lecithin) is incubated 
together with a high excess of acceptor alcohol [15]. The conjugated 
head group is released by cleavage of the phosphodiester bond between 
the phosphate group and the head, and the new acceptor alcohol is 
introduced in its place. This approach has been used on a large scale for 
the production of well-defined PCs and other industrially relevant nat-
ural PLs, such as phosphatidylserine (PS) and phosphatidylglycerol 
(PG). Considerable attention has also been paid to the synthesis of de 
novo PLs with modified head groups for various purposes, such as pro- 
drug functionalization of the PL by introduction of terpenes [16] or 
doxorubicin [17], targeted delivery [18] or improved vesicle stability 
[19,20]. Usually, this research remains at a lab scale, and very few de 

novo PLs have been produced in high enough quantities to do any 
physicochemical characterization, and therefore not much is known 
about their potential as formulation excipients.

In our previous study, we developed an enzyme catalysed reaction 
system for the synthesis of glycophospholipids with various saccharide 
conjugates replacing the choline head group [21]. One of the saccha-
rides we used was glucose, which upon conjugation with the PL, con-
verts the previously zwitterionic PC into the negatively charged 
phosphatidylglucose (P-Glu). The chemical structures of the commercial 
unmodified PC and the modified P-Glu are shown in Fig. 1. The new 
head group with glucose is highly hydroxylated and possesses the ability 
to form multiple hydrogen bonds with closely located PLs and the sur-
rounding water. In addition, the net charge also becomes negative upon 
the modification. Song et al. and Wu et al. have shown that vesicles 
formed with glycophospholipids have higher colloidal stability and the 
leakage of enclosed cargo is lower compared to PC vesicles [19,20]. Due 
to the large fraction of hydroxyl groups, saccharides and other carbo-
hydrates are commonly used as cryoprotective agents during freezing 
and dehydration [13]. This could potentially give phospholipids con-
jugated with saccharides beneficial properties for use in dehydrated or 
lyophilized liposomal formulations, and therefore make them inter-
esting as a new class of PL formulation ingredients.

The self-assembly behaviour of PC has been extensively studied using 
small angle x-ray scattering (SAXS), cryogenic transmission electron 
microscopy (cryo-TEM) and other techniques, giving information about 
which structures are formed as well as fine details of these structures, 
such as bilayer thickness, etc. This knowledge forms the basis for 
existing practical use of PC in pharmaceutical and other applications. 
Unfortunately, the corresponding fundamental information on P-Glu 
and its self assembly structures is lacking. Although PLs with mixed fatty 
acids are used in several applications, and promising stability has been 
observed for mixed chain P-Glu, further possibilities to modulate the 
lipid properties can be obtained by proper selection of single fatty acids 
as building blocks of the lipids. The influence of the fatty acids on the self 
assembly behaviour of the lipids is thus of considerable interest for all 
PLs including P-Glu.

In this study we have synthesized and isolated a series of three 
phosphatidylglucose (P-Glu) species with well-defined fatty acid com-
positions: Saturated DPP-Glu (C16:0), saturated DSP-Glu (C18:0) and 
unsaturated DOP-Glu (C18:1). We have used cryo-TEM and SAXS to 
study vesicle morphology and structural features, such as bilayer 
thickness both in pure water and physiological PBS solutions at 25 ◦C 
and 37 ◦C. Special attention was dedicated to differences between the 
non-modified PC and the corresponding P-Glu as well as the effect of the 
length and degree of saturation of the hydrophobic chain on structures 
formed by the modified lipids. These characterisation studies are 
important to achieve a basic understanding of the physicochemical 
properties of de novo PLs and expand the number and functionality of 
available ingredients for more diverse and better formulations for future 
clinical applications.

2. Materials and methods

2.1. Materials

1,2-Dioleoyl-sn-Glycero-3-Phosphatidylcholine (DOPC) > 98 % pu-
rity was purchased from Larodan (Solna, Sweden), 1,2-Dipalmitoyl-sn- 
Glycero-3-Phosphatidylcholine (DPPC) from Lipoid GmbH 

N. Barchan et al.                                                                                                                                                                                                                                Journal of Colloid And Interface Science 682 (2025) 94–103 

95 



(Ludwigshafen, Germany) and 1,2-Distearoyl-sn-Glycero-3-Phosphati-
dylcholine (DSPC) > 99 % purity from Avanti polar lipids (Birmingham, 
AL, USA). Chloroform and methanol (99 %) were purchased from VWR 
Chemicals. NaCl, KH2PO4 and Na2HPO4 (99.9 %) were purchased from 
VWR Chemicals. Milli Q purified water (18 MΩ cm) was used for all 
experiments.

2.2. Synthesis of modified phospholipids

The modified phospholipids were prepared as described by Barchan 
et al. [21]. In short, the donor phospholipid (DOPC, DPPC or DSPC) was 
dissolved in chloroform and exposed to the transphosphatidylation re-
action by addition of acetate/phosphate buffer pH 5.6, containing the 
saccharide acceptor substrate and PLD enzyme. The reactions were 
typically run for 24 h at 30 ◦C, 400 rpm, with a high excess (25–50 
times) of acceptor substrate to supress hydrolysis. After the reaction was 
complete, the modified phospholipids were isolated and excess sugar 
was removed by a simple extraction procedure with chloroform. After 
centrifugation, the organic phase was recovered, and the solvent was 
removed by evaporation. The lipids were then re-dissolved in CHCl3: 
MeOH (93:7, v/v) and purified by flash chromatography on a silica 
column. The lipids were eluted with a gradient of CHCl3:MeOH:HAc 
(8:3:1, v/v). Fractions containing the purified lipid were pooled and 
concentrated by evaporation before lyophilization.

2.3. Preparation of vesicles

A protocol adapted from Dabkowska et al. [22] was used to prepare 
the vesicles. In summary, stock solutions of each lipid in 2:1 (v/v) ratio 
of CHCl3:MeOH were prepared and vortexed until the lipid was fully 
dissolved. From each stock solution, a lipid film was prepared by 
evaporation of the solvent using a gentle N2 flow. An additional lipid 
film of a 1:1 (w/w) mixture of DOPC:DOP-Glu was prepared by mixing 
the stock solutions of the relevant lipids. The lipid films were then hy-
drated with Milli Q water to a final nominal concentration of 10 mg/mL 
(see final concentration of each lipid in Table 1) and vortexed until the 
lipid was fully suspended. The coarse suspensions were then sonicated 
with a tip sonicator (Vibra-Cell VCX 130, Sonics & Materials Inc., 
Newton, CT, USA) in a water bath with the following settings: 7.5 min 
total sonication time, divided in pulses of 10 s sonication and 10 s 
cooling time at 50 % amplitude with 3 mm stepped sonication tip. 
Samples of lipids containing palmitic acid residues (DPPC and DPP-Glu) 
were heated to 46 ◦C, and samples containing stearic acid residues 
(DSPC and DSP-Glu) were heated to 60 ◦C prior to sonication. All other 
lipid samples were handled at ambient temperature of 25 ◦C.

Effect of salt: A stock solution of 20X PBS was prepared and added to 
the vesicle samples in order to study the effect of salt on the vesicle 
morphology. The small dilution of the samples caused upon addition of 
the PBS stock solution (5 % v/v) was neglected. The final concentration 
of PBS in the samples was 155 mM NaCl, 1.06 mM KH2PO4, 2.97 mM 
Na2HPO4, pH 7.3.

2.4. Synchrotron SAXS

SAXS measurements were performed at the CoSAXS beamline, MAX 
IV (Lund, Sweden) using the sample autoloader into a quartz capillary 
(diameter = 1.5 mm) and an Eiger2 4 M SAXS detector placed 5 m from 
the sample. Measurements were performed at 25 ◦C and 37 ◦C, 
controlled by setting the sample temperature in the loading plate to 
25 ◦C (actual = 25.5 ± 0.1 ◦C) and 37 ◦C (actual = 36.8 ± 0.3 ◦C) for the 
temperature scan. For each sample, 400 frames were collected with an 
exposure time of 20 ms per frame over a q range of 0.0024–0.36 Å− 1. 
The 2D SAXS data were reduced, frame averaged, normalised and the 
background subtracted using the MatFRAIA algorithm provided by MAX 
IV [23].

2.5. Data modelling

SAXS data were fitted using the procedure described by Pal et al. 
[24]. The form factor is given by the square of the Fourier transform of 
the bilayer (electron density profile, EDP) according to Eq. (1) and 
illustrated by the theoretical EDP in Fig. 2. The EDP is described by two 
Gaussians of width σH, centered at z = ±zH, that represent the head 
groups, which are assumed to be similar, and a third Gaussian at the 
bilayer center (z = 0), representing the terminal methyl groups. 
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The electron densities are defined relative to the methylene electron 
density. The bilayer thickness dB = 2(zh + σh) and the water layer 
thickness dw = (d − dB) can be estimated from the values of the model 
parameters obtained from the fits. For the structure factor in the mul-
tilamellar systems we have used a modified Caillé structure factor. 

Fig. 1. Conversion of the natural lipid phosphatidylcholine (PC) to the modified one phosphatidylglucose (P-Glu). Glucose is used in excess as a second substrate and 
the reaction is catalysed by phospholipase D.

Table 1 
Final lipid concentration in vesicles.

Lipid Concentration in SAXS 
experiments

Concentration in DLS 
experiments

DOPC 10 mg/mL 0.10 mg/mL
DPPC 10 mg/mL 0.10 mg/mL
DSPC 10 mg/mL 0.10 mg/mL
DOP-Glu 10 mg/mL 0.10 mg/mL
DPP-Glu <20 mg/mL* <0.20 mg/mL
DSP-Glu 5 mg/mL** 0.05 mg/mL
DOPC/DOP-Glu 1:1 

(w/w)
10 mg/mL 0.10 mg/mL

*Estimated concentration. Lipid sample was not completely dry when the lipid 
films were made.
** Not enough lipid sample to prepare higher concentration.
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S(q) = N+2
∑N− 1

k=1
(N − k)cos(kqd) × e− (d/2π)2q2ηγ(πk)− (d/2π)2q2η (2) 

Here N is the mean number of bilayers in the stack, while γ is the Euler’s 
constant and d is the lamellar periodicity. The Caillé parameter is given 
by 

η =
q2kBT

8π
̅̅̅̅̅̅̅
KB

√ (3) 

where K (= κ/d) and B are the bending and bulk moduli of the bilayer 
stack respectively.

2.6. In house WAXS measurements

Vesicle samples dispersed in Milli Q, used for synchrotron SAXS 
measurements, were additionally measured using wide angle x-ray 
scattering (WAXS) in order to study the fluidity of the bilayer. Mea-
surements were performed on a SAXSLab Ganesha 300XL (SAXSLAB 
ApS, Skovlunde, Denmark) with a 2D 300 K Pilatus detector (Dectris) 
and Genix 3D x-ray source (λx− ray = 1.54 Å). The vesicle samples were 
sealed in reusable quartz capillaries and mounted in a temperature 
controlled sample holder, where the temperature is regulated by an 
external water bath. WAXS data were collected for 20 min at 25 ◦C over 
a q range of 0.6–2.8 Å− 1. The 2D data was reduced to the 1D radially 
averaged scattering pattern using the SAXSGui software and the solvent 
background was manually subtracted using MATLAB R2020b.

For data with sharp peaks (DPP-Glu, DPPC and DSPC), the position of 
the peak was determined using SasView (version 5.05, https://www. 
sasview.org/) by fitting with a Lorentzian peak (model name: pea-
k_lorentz) in a limited q range around the peak. For each sample, all 
parameters were manually estimated, then allowed to fit 
simultaneously.

2.7. Cryo-TEM

The morphology of the vesicles was studied with a JEM-2200FS 
transmission electron microscope (nCHREM at Lund University), oper-
ated at 200 kV. The images were recorded with a TemCam-F416 camera 
(TVIPS) using SerialEM software. Cu grids coated with a lacey-carbon 
film (Ted Pella) were plasma cleaned and hydrophilized (GloCube 
Quorum), before 4 µl sample was applied and the sample was blotted for 
three seconds on the non-coated side to remove excess liquid. The grids 
were then plunged into liquid ethane (− 184 ◦C) using an automatic 
plunge freeze system (Leica EM GP) for rapid vitrification. The plunged 

grids were stored in liquid nitrogen (− 196 ◦C) until transferred by a 
cryotransfer tomography holder (Fischione Model 2550) for imaging 
under the microscope.

3. Results and discussion

3.1. Single component lipid vesicle dispersions in water

The phospholipid derivative DOP-Glu, which has not previously 
been fully characterised, as well as the novel analogues with palmitic 
acid or stearic acid acyl chains were for the first time synthesized and 
isolated in high enough quantities to prepare and physicochemically 
characterize aqueous vesicle dispersions. These lipids were compared 
with the three corresponding commercially available unmodified 
phosphatidylcholines. All lipid preparations, as well as the 1:1 (w/w) 
mixture of DOP-Glu/DOPC, were dispersed in water and sonicated to 
prepare vesicles. The vesicle sizes and morphologies were studied by 
dynamic light scattering (DLS, presented in SI), cryo-TEM and SAXS. The 
SAXS data were modelled to extract more detailed information 
regarding the type of structures formed and the effect of lipid modifi-
cation on the bilayer parameters.

3.2. Vesicles prepared from PC lipids: morphology and bilayer properties

Lipid vesicles prepared from PC lipids were studied by SAXS and 
cryo-TEM and the data are shown in Fig. 3 and Table 2. Fitting of the 
SAXS data at 25 ◦C revealed that all lipids in the PC series formed pri-
marily multilamellar vesicular (MLV) structures in excess aqueous sol-
vent (Fig. 3A–F), as expected from previous studies [25–27]. The vesicle 
morphologies were studied by cryo-TEM imaging, as well, and the ob-
servations were in good agreement with the SAXS data. From cryo-TEM, 
DOPC vesicles were mostly present as spherical MLVs with a low number 
of correlated bilayers and a sub-population of smaller unilamellar ves-
icles (ULVs) (Fig. 3G). This agrees well with the broad peak visible in the 
SAXS data, corresponding to the bilayer form factor, which has a small 
but sharp peak visible at q ≈ 0.1 Å− 1, corresponding to correlated bi-
layers (Fig. 3A).

In the cryo-TEM images for DPPC vesicles, MLVs were also observed, 
but with a higher number of bilayers in the MLV. In addition, the MLVs 
appear faceted (Fig. 3H), due to the crystalline state of the lipid chains at 
temperatures below their chain melting temperature (Tm = 41 ◦C[28]). 
The crystalline state of the lipid chains was further observed in WAXS 
data for this sample (Fig. 4A), in which a sharp peak at q = 1.50 ± 0.01 
Å− 1 (Table 3) was observed, corresponding to a repeat distance of 4.19 
± 0.03 Å as previously observed in the literature [29].

Fig. 2. Representation of a typical electron density profile, EDP, or ρ versus distance from the bilayer centre, z, of a symmetric lipid bilayer. The zero value of z is set 
to the midplane of the bilayer. The EDP is described by two Gaussians with full width at half maximum (FWHM) dH = 2σH, centered at z = ±zH, that represent the 
head groups, which are assumed to be similar, and a third Gaussian at the bilayer center (z = 0), representing the terminal methyl groups. The bilayer is described by 
the hydrocarbon chain length dC, the head group thickness dH, the bilayer thickness dB, the bilayer repeat distance d in multilayer systems/MLVs and the distance 
between the minimum and maxima of the electron density profile zH. Particularly well defined is the peak to peak distance, 2zH as discussed in the text. The bilayer 
thickness is defined as dB = 2(zH + σH).
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Cryo-TEM imaging of stearic acid containing lipids (DSPC and DSP- 
Glu) was challenging due to the high viscosity of those samples, pre-
venting proper blotting during sample preparation. For those lipids the 
structural analysis is based on SAXS data only. The SAXS data for DSPC 
and DPPC are very similar, indicating that MLVs with a high number of 
coordinated bilayers are also present for DSPC (Fig. 3B,C). In the WAXS 
data for DSPC (Fig. 4B), a sharp peak was observed (Table 3), indicating 
the expected crystalline state of the lipid chains for DSPC at this tem-
perature (Tm = 55 ◦C) [28].

Due to the high contrast between phosphate groups in the lipid head 
group and the acyl chains, the bilayer thickness in terms of 2zH can be 
calculated with high accuracy from the electron density profiles (EDP) 
based on the method described by Pabst et al. [30]. The value of 2zH was 
directly extracted from the EDP as indicated in Fig. 2. The head-head 
spacing of PC esterified with different fatty acids increased in the 

order of oleic acid (18:1) < palmitic acid (16:0) < stearic acid (18:0), 
which is in agreement with their increasing effective chain-length and 
correlates well with results presented by Nagle and Tristan-Nagle [31].

In addition to the head-head spacing, the EDP can in principle be 
used to extract other bilayer parameters such as the thickness of the head 
group and acyl chain regions. The challenge is that for some systems the 
contrast between heads and tails is not high, as is the case here, and the 
modelling is not accurate enough to give such detailed insights into the 
bilayer structures [31].

In the case of multilamellar vesicles (MLVs), the lamellar repeat 
distance, d, can also be estimated from the SAXS data. In the PC series, 
d increased in the same manner as the bilayer thickness; oleic acid 
(18:1) < palmitic acid (16:0) < stearic acid (18:1) (Table 2).

Fig. 3. SAXS and cryo-TEM data of unmodified PC lipids, DOPC (left), DPPC (middle) and DSPC (right). Top: SAXS scattering profiles (A-C), Middle: Electron density 
profiles (EDP, D-F)), Bottom: Cryo-TEM images (G-H).
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3.3. Vesicles prepared from P-Glu lipids: morphology and bilayer 
properties

The structure of vesicles formed from the modified lipids in the P-Glu 
series varied depending on the acyl chain, and also had different mor-
phologies compared to their unmodified analogues as shown in Table 2
and Fig. 5. Fig. 5 shows the SAXS curves for the P-Glu series (Fig. 5A–C) 
and the corresponding electron density profiles for the P-Glu series 
compared with the analogous PC lipids (Fig. 5D–F).

The extracted electron density profiles show differences in the 
bilayer structure as well as in the thickness of the lipid bilayer. The head- 
head spacing increased in the order of oleic acid (18:1) < palmitic acid 
(16:0) < stearic acid (18:0), which is similar to the observations for the 
unmodified lipids (Table 2). Comparison of the head-head spacing be-
tween the modified glucophospholipids and their corresponding PC 
analogues showed that the P-Glu lipids had a larger distance between 
the head groups in the lipids with the saturated chains, i.e. DPPC/DPP- 
Glu and DSPC/DSP-Glu (Table 2), resulting in thicker bilayers compared 
to their PC analogues. In the case of DOPC/DOP-Glu, there was no sig-
nificant difference.

When comparing the morphology of the dispersions it is interesting 
to note that a dominant MLV structure was not observed for any of the 

glucophospholipids in contrast to their choline analogues, where MLVs 
were dominant for all lipids.

DOP-Glu vesicles are well-described by only the bilayer form factor, 
indicating that the dominant morphology is that of ULVs. Although 
there is possibly a minor contribution from MLVs, as the broad peak 
shape is not entirely symmetric, the sharp peak at q ≈ 0.1 Å− 1 visible for 
DOPC is no longer present. This agrees well with the cryo-TEM data, 
where smaller and more uniformly sized ULVs are visible (Fig. 5G). This 
change from MLVs to ULVs can be attributed to the structurally larger 
and more bulky hydrophilic part of the P-Glu, due to both the intro-
duction of glucose and the net negative charge in the P-Glu lipids, in 
contrast to the choline head group and zwitterionic net neutral of the PC 
lipids.

The broad peak visible in the SAXS data for DPP-Glu can also be 
described well by the bilayer form factor, indicating there are no or only 
a low number of correlated bilayers present in the sample, unlike those 
observed for DPPC. However, the bilayers are not present as ULVs in this 
sample. In the cryo-TEM images, disc-like structures with a diameter of 
approx. 15–20 nm can be observed (Fig. 5H) and the lower q (q < 0.045 
Å− 1) region of the data is well-described by fitting with an ellipsoidal 
model with polar radius of 61.14 ± 0.04 Å and equatorial radius of 
175.89 ± 0.06 Å (Figure S1, Table S1). Such disc-like structures have 
been reported previously for ganglioside containing lipid samples [32]. 
These types of nanosized bilayer disc have been observed in mixed 
systems where the PLs form a bilayer and the other components accu-
mulate around the high curvature edges [33]. Interestingly, similar 
types of non-vesicular structures was also observed for cryo-TEM of 
DPPC vesicles containing 5 mol % DOPE-PEG2000 together with highly 

Table 2 
Properties of vesicles formed from PC and P-Glu lipids based on the SAXS and 
Cryo-TEM data.

Lipid sample Dominant Morphology 2 zH [Å] d [Å]

Unmodified PC Lipids
DOPC (18:1) MLVs 35.8 ± 1.3 53.7 ± 0.5
DPPC (16:0) MLVs 38.3 ± 1.1 65.1 ± 0.1
DSPC (18:0) MLVs 42.8 ± 1.2 71.1 ± 0.1

Modified Lipids
DOP-Glu (18:1) ULVs 36.2 ± 1.3 
DPP-Glu (16:0) Discs 48.8 ± 0.1 
DSP-Glu (18:0) Stacks 52.6 ± 0.7 67.3 ± 0.1

Lipid Mixture 1:1 (w/w)
DOP-Glu/DOPC ULVs 33.8 ± 2.3 

Fig. 4. WAXS data measured for vesicle samples at 25 ◦C. (A) DPPX and (B) DSPX where X =C or Glu.

Table 3 
Peak position and calculated d spacing for the gel phase vesicle samples. The 
error in peak position is from the instrument resolution (as the fit error was 
lower) and in d spacing was from propagation of the peak position error.

Sample Peak position/Å− 1 d spacing/Å

DPP-Glu 1.51 ± 0.01 4.16 ± 0.03
DPPC 1.50 ± 0.01 4.19 ± 0.03
DSP-Glu N/A
DSPC 1.51 ± 0.02 4.16 ± 0.06
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faceted vesicular structures [34]. The sharp peak observed in the WAXS 
data for DPPC is also present for this sample at the same position 
(Fig. 4A, Table 3), indicating that the lipid chains are crystalline.

Unlike the other glucose-based lipids, DSP-Glu is the only modified 
lipid with correlated bilayers, present mostly as bilayer stacks with a 
minor sub-population of MLVs. Interestingly the d spacing for DSP-Glu 
was similar to that of DSPC, although the bilayer is thicker. This could 
possibly be a result of the difference in curvature between the different 
morphologies, DSPC formed MLVs, whereas DSP-Glu formed more 
bilayer stacks. No peak was visible in the WAXS of the DSP-Glu sample 
(Fig. 4B). This was most likely due to insufficient concentration of lipid, 
as the sample data matched the buffer background. For this sample, 
there were also considerable issues with precipitation and sedimentation 
leading to loss of sample.

3.4. Mixed DOPC/DOP-Glu lipid vesicle dispersion in water

From the studies of single component lipid vesicles, it is clear that the 
exchange of choline with glucose in the phospholipid head group 
changes the lipid bilayer. One interesting question is to determine how 
the degree of glycosylation affects the bilayer properties. For this pur-
pose, we investigated vesicles prepared from a 1:1 (w/w) mixture of 
DOP-Glu and DOPC, which corresponds to a molar ratio of 1.1:1 DOPC/ 
DOP-Glu and the results are shown in Fig. 6.

Although there is no clear sharp peak indicating the presence of 
correlated bilayers, there is a plateau on the top of the bilayer form 
factor peak, indicating the contribution of another structure (Fig. 6A). 
This shows that the addition of DOP-Glu to DOPC changed the vesicle 
morphology from mostly MLVs to mostly ULVs, although a small num-
ber of MLVs were still observed by cryo-TEM imaging. The ULVs were 
similar in appearance, and size compared to the vesicles observed for the 

Fig. 5. SAXS data and cryo-TEM profile of vesicles formed from glucose modified lipids: DOP-Glu, DPP-Glu, DSP-Glu. Top: SAXS scattering profiles (A-C); Middle: 
Electron density profiles (EDPs, D-F)) comparing the glucose modified lipids with the corresponding phosphatidylcholine lipids; Bottom: Cryo-TEM image of DOP-Glu 
(G) and DPP-Glu (H) dispersions.
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pure DOP-Glu sample (Fig. 5G). This shows that also a smaller fraction of 
glycosylated/negatively charged lipid alters the vesicle morphology 
towards ULVs. This can be compared to a similar change from MLV to 
ULV observed due to the presence of another negatively charged lipid, 
phosphatidyl serine (PS), to PC [35]. A transition from MLVs towards 
ULVs can be beneficial, since MLVs usually have a limited loading ca-
pacity and have a shorter circulation time in vivo compared to ULVs due 
to their rapid clearance from circulation.

3.5. Effect of ionic strength on vesicle structure

As discussed above, glycosylation introduces a negative net charge to 
the lipid. In order to investigate the effect of the charge screening, the 
vesicle samples were also studied in PBS.

For all PC lipids, a minor increase in definition of the correlation 
peak, indicating more ordered bilayers, was observed for the samples in 
PBS compared to Milli Q. This effect was more pronounced for DOPC 
and DPPC than DSPC (Figure S5). We also note that for DPPC two sharp 
peaks are now clearly visible in the presence of PBS. The bilayer thick-
nesses did not change significantly within the limits of errors as judged 
from the peak position in the scattering curves with the increased ionic 
strength, indicating that the changes are due to interbilayer interactions.

A shift to higher q of the bilayer correlation peak from 0.0995 ±
0.0003 Å− 1 in MQ to 0.113 ± 0.0003 Å− 1 in PBS can be observed for 
DOPC, corresponding to a decrease in inter-bilayer distance.

The effect of ionic strength on bilayers from zwitterionic phospha-
tidylcholine lipids of varying chain length has previously been investi-
gated by Petrache et al. [36]. Their x-ray diffraction data showed that 
there were no changes with added salt for the membrane structure, as we 
also observed, or bending rigidity. However, their data on lamellar 
stacks and multilamellar vesicles showed that they swell in 100 mM KBr 
and KCl, primarily due to weakening of the van der Waals attraction 
between neighbouring bilayers.

However for DOPC vesicles, del Mel et al. observed an increase in 
bending rigidity with increasing salt concentration from 0 to 450 mM 
NaCl based on data from neutron spin echo (NSE) spectroscopy, 
accompanied by an increase in bilayer thickness at intermediate salt 
concentrations as observed by SAXS [37].

For DOP-Glu (Figure S5A), for which there were no correlated bi-
layers in the sample, there was no significant difference in the data 
between the samples in PBS or Milli Q. For DSP-Glu, however, there was 
a minor broadening of the bilayer correlation peak in PBS indicating a 
decrease in order of the bilayer stack (Figure S5C).

The limited salt effects show that the major effect on bilayer prop-
erties is due to the glucose modification rather than the net negative 
charge of the modified lipids.

3.6. Effect of temperature

The SAXS experiments were carried out at 25 ⁰C and 37 ⁰C, and the 
results are shown in Fig. S6. Based on the scattering profiles, no clear 
difference could be detected for either the PC or the modified glucose 
conjugated lipids at the different temperatures.

Kucerka et al. [38] have studied the effect of temperature on bilayer 
thickness of many of the most common PCs and found that the bilayer 
thickness decreases linearly with increased temperature (20-60 ⁰C). This 
effect was most noticeable for saturated lipids (up to − 0.083 Å/⁰C) and a 
weaker, but still noticeable correlation (up to − 0.056 Å/⁰C) was seen for 
monounsaturated lipids. Szekely et al, 2011 [39] observed a similar 
trend when they studied bilayer thickness of charged PL (PS) as function 
of temperature (10–80 ⁰C) with − 0.049 Å/⁰C for saturated DLPS and 
− 0.038 Å/⁰C for monounsaturated DOPS. Due to the limited tempera-
ture range in the present study, no clear temperature effects were to be 
expected and this is also what the results showed.

4. Conclusions

Phospholipids are used for a variety of applications, including being 
key components of pharmaceutical formulations, often having the 
function to form vesicles (liposomes). In the vast majority of the appli-
cations, the phospholipid used is PC and, in a few cases, other common 
and commercially available phospholipids, such as phosphatidyletha-
nolamine or phosphatidylglycerol [14]. Relatively poor stability to 
storage and various types of handling constitutes a severe limitation [7]. 
The methodology used to stabilize the formulations is to use additives 
such as cholesterol or polyethylene glycol modified lipids [9,10], but the 
use of a more well-defined phospholipid with more favorable intrinsic 
properties would be highly attractive. We here note that polyethylene 
glycol lipids can be rather polydisperse and cannot be synthesized with 
mild enzymatic methods. The promising observation has been made that 
vesicles prepared from P-Glu have better storage stability than the cor-
responding PC based vesicles [19]. Furthermore, they had excellent 
stability towards dehydration/rehydration cycles. However, the P-Glu 
product used in that study was synthesized from technical grade soybean 
PC and contained a complex mixture of fatty acids (originating from 
soybean) and thus the influence of the nature of the acyl groups could 

Fig. 6. SAXS (A) and cryo-TEM (B) data of a mixture of DOP-Glu/DOPC (1:1 w/w) at 25 ◦C in water.
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not be deduced. Furthermore, the vesicles prepared were just superfi-
cially characterized. The wealth of applications of PC is made possible 
by the numerous studies of the fundamental properties of vesicles pre-
pared from PC using methods such as SAXS and cryo-TEM [26,27,37]. 
For most other phospholipids, information from such studies is scarce 
and in the case of P-Glu, it is totally lacking.

In the present study, for the first time, P-Glu with three different acyl 
chains was synthesized and purified in sufficient amounts to properly 
characterize them and the vesicles prepared thereof. The corresponding 
PCs containing the same acyl groups were studied for comparison. For 
the first time, vesicles prepared of P-Glu were studied using SAXS, 
WAXS, and cryo-TEM. The introduction of glucose in the phospholipid 
head group to replace choline had a large effect on vesicle morphology. 
The vesicles got smaller in size and the typical MLVs of DOPC trans-
formed to smaller ULVs with DOP-Glu. The same trend was observed 
when mixing DOPC with DOP-Glu in a 1:1 (w/w) mixture. The transition 
from MLV to ULV can be regarded as a consequence of the swelling limit 
of bilayer microstructures as discussed in the review of Dubois and Zemb 
[40], where they discuss the transformation between different micro-
structures formed by bilayers. In MLVs, as in lamellar liquid crystalline 
phases, the bilayers of phosphatidylcholine are stacked together at a 
certain separation that can be regarded as a balance between attractive 
van der Waals forces and the repulsion through the entropy gain from 
fluctuation of the membrane [41]. The shift from MLVs to ULVs has been 
observed previously by addition of anionic phospholipids to PC [34], 
which suggests that electrostatic repulsion can also contribute. In the 
present study, the ULV forming lipid P-Glu carries a net charge and 
hence electrostatics contribute to repulsive forces that decouple the bi-
layers in the MLV. However, we saw a limited effect of increasing the 
ionic strength that would screen the electrostatic repulsion. Instead, it is 
likely that the introduction of the more hydrated sugar group might 
increase the flexibility of the bilayer, which in turn increases the un-
dulation forces preventing the formation of multilayer structures. It is 
also possible that the attractive van der Waals forces are weaker between 
DOP-Glu bilayers. The acyl groups had dramatic effects on vesicle 
morphology and bilayer thickness of vesicles prepared from the glucose 
conjugated lipids. DOP-Glu formed ULVs while DPP-Glu formed thin 
disc-like structures and DSP-Glu formed an increased portion of bilayer 
stacks rather than MLVs. This dramatic change in the morphology of the 
lipid assemblies can most probably be attributed to a balance of in-
teractions from the increased size of the head group that follows from 
the conjugation with glucose as well as the change in head-head in-
teractions with the increased hydrogen bonding capacity of the glucose 
head group. Effects of the fatty acid component of P-Glu on the self 
assembly behaviour has not been studied before, and it is interesting to 
note that the fatty acids have a much larger impact on the morphology of 
structures formed by P-Glu than in the case of PC. Only minute effects of 
ionic strength and temperature were observed for P-Glu vesicles, which 
indicates robustness and can make them valuable in future applications.

Further detailed studies of phospholipids with various carbohydrates 
in their polar head group are warranted since even slight changes in 
hydrogen bonding patterns can influence the self-assembly behaviour. 
Already variation of the acyl groups produced a variety of structures and 
variation of the carbohydrate part is expected to induce even larger 
structural diversity. It is also highly motivated to study the colloidal 
stability of the vesicles based on various carbohydrate-containing 
phospholipids with well-defined fatty acid parts, as well as their appli-
cability in the formulation of pharmacologically relevant cargos.
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