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Lipodisks are nanosized flat, circular, phospholipid bilayers that are edge-stabilized by polyethylene
glycol-conjugated lipids (PEG-lipids). Over the last decade, lipodisks stabilized with PEG of molecular
weight 2000 or 5000 have been shown to hold high potential as both biomimetic membranes and drug
carriers. In this study we investigate the possibilities to optimize the properties of the lipodisks, and
widen their applicability, by reducing the PEG molecular weight and/or the density of the PEG corona.
Results obtained by cryo-transmission electron microscopy and dynamic light scattering show that

stable, well-defined lipodisks can be produced from mixtures of distearoylphosphatidylcholine (DSPC)
and distearoylphosphatidylethanolamine conjugated to PEG of molecular weight 1000 (DSPE-PEG1000).
Preparations based on the use of DSPE-PEG750 tend, in contrast, to be polydisperse in size and structure.
By comparing immobilization of lipodisks stabilized with DSPE-PEG1000, DSPE-PEG2000, and DSPE-PEG5000

to porous and smooth silica surfaces, we show that the amount of surface bound disks can be consider-
ably improved by the use of PEG-lipids with reduced molecular weight. Further, a modified preparation
protocol that enables production of lipodisks with very low PEG-lipid content is described. The reduced
PEG density, which facilitates the incorporation of externally added ligand-linked PEG-lipids, is shown to
be beneficial for the production of targeting lipodisks.
� 2016 The Authors. Published by Elsevier Inc. This is anopenaccess article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over the recent decades considerable attention has been
focused on the development of new lipid based particles and
systems for applications in the field of drug delivery and for use
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as biomimetic membranes [1–4]. Some lipid structures have found
important use in both areas, and among these the liposomes are
the perhaps best-known example. Another nanosized lipid bilayer
structure that has received significant attention is the lipodisk.
Lipodisks, which were first described almost twenty years ago
[5], form in aqueous mixtures of bilayer-forming phospholipids
and micelle-forming PEG-lipids. The latter lipids have a long poly-
meric polyethylene glycol (PEG) moiety covalently attached to the
lipid head-group. Under certain conditions the phospholipids and
PEG-lipids partially segregate within the aggregates, resulting in
a disk-like structure where the bilayer forming lipids constitute
the flat part and the PEG-lipids reside predominantly at the highly
curved rim. The accumulation of PEG-lipids at the lipodisk edge,
which has been verified experimentally by, e.g., SANS measure-
ments, can be understood in terms of the segregation promoting
effects caused by the different spontaneous curvature, microme-
chanical properties, and limited miscibility of the lipodisk compo-
nents [6–8]. A schematic illustration of the lipodisk structure is
shown in Fig. 1. Similar to phospholipid liposomes, the lipodisks
are very stable to dilution. In addition, the dense PEG polymer coat
offers efficient steric stabilization that ensures excellent long-term
stability of the lipodisks. By varying the lipid constituents and
methods of preparation, the disks can be tuned in size and adapted
to fit various pharmaceutical, biomedical and analytical
applications.

Lipodisks have properties that render them interesting as carri-
ers for several different classes of drugs. Investigations by Zetter-
berg et al. [9] have for example confirmed that the cationic
amphiphilic peptide melittin can be formulated in lipodisks with
maintained antibacterial effect. Results of the study show that,
apart from allowing for a sustained peptide release, the lipodisks
efficiently protect the peptide against enzymatic degradation. This
finding has been further verified in recent studies by Gao et al.,
who, in addition, present in vitro and in vivo data suggesting that
formulation in lipodisks leads to reduced hemolysis and increased
anti-tumor activity of melittin [10] A study by Zhang et al. [11]
suggests, moreover, that lipodisks hold potential for formulation
and delivery of the anthracycline drug doxorubicin.

Several studies also support the applicability of lipodisks as
model membranes in drug partition studies [12–20]. When used
for this purpose, the disks have been immobilized to chromato-
graphic media either passively, through the swelling of cross-
linked gels in lipodisks suspensions [12–14], or actively via the
use of functionalized PEG-lipids [15–17]. Drug partitioning studies
have also been performed using lipodisks as a pseudo-stationary
phase in capillary electrophoresis [18], and as model membranes
in studies based on quartz crystal microbalance technique [19].
The possibility of incorporating membrane proteins in biomimetic
lipodisks has, furhermore, been shown by Johansson et al. [13] and
Duong-Thi et al. [21].

Lipodisks are known to readily form in lipid mixtures contain-
ing 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-PEG with
polymer molecular weight 2000, as well as 5000 Da (DSPE-
PEG2000 and DSPE-PEG5000). [6,7] Several advantages can be fore-
seen, however, if lipodisks could be produced using polymers of
Fig. 1. Schematic illustration of a lipodisk. Bilayer-forming lipids are shown in light
green and PEG-lipids are shown in dark green.
lower molecular weight. It has recently been shown that the tar-
geting efficiency of liposomes can be improved by the use of
shorter PEG-chains, probably due to improved exposure of the tar-
geting agents [22]. It is plausible that targeting lipodisks would
benefit from a shortening of the PEG-chains in a similar way. More-
over, for a given size of the bilayer part of the disk, shorter PEG-
chains would reduce the total disk volume, and the smaller PEG
corona could potentially enable a significantly tighter packing of
the lipodisks upon immobilization to solid surfaces. The resultant
increase in total membrane surface area is desirable, for instance,
in order to increase the sensitivity of partition and interaction
studies.

There are, however, some concerns involved with the use of
PEG-lipids with shorter PEG-chains, since a shortening of the poly-
mer chain-length will affect the molecular geometry of the PEG-
lipid. A reduction in the PEG length tends to reduce the lipid spon-
taneous curvature and PEG-lipids with short polymer chains may
therefore aggregate into non-micellar structures. Thus, DSPE-
PEG350 is known to form lamellar structures [23] and structures
of lamellar character have been reported to coexist with globular
micelles in aqueous samples of DSPE-PEG750 [23,24]. Since produc-
tion of lipodisks normally require addition of micelle-forming
molecules to lipid bilayers [25,26], inclusion of PEG-lipids with
short polymers may fail to induce lipodisk formation. One impor-
tant aim of the present study was to investigate and, if possible,
identify the lower limit for the PEG molecular weight that can be
used for production of well-defined lipodisk samples.

The PEG-lipid content is another lipodisk parameter that can
potentially be optimized to further improve the disks for different
applications. Production of pure lipodisk samples typically requires
inclusion of about 20 mol% PEG-lipid in the lipid mixtures [5,6].
Possible benefits can be foreseen, however, if the amount of PEG-
lipid in the disks could be reduced. One such benefit is an increased
range of possible disk sizes. Inclusion of large proportions of PEG-
lipids leads to formation of small structures with high mean curva-
ture [6], that is, lipodisks with a high amount of edge area. The
edge-to-bilayer area ratio is inversely proportional to the lipodisk
diameter and the highest value is therefore found in small disks.
Consequently, if lipodisks can form in mixtures with low PEG-
lipid content their total edge area should be small, and the disks
are therefore expected to be large. One major obstacle needs to
be overcome, however, in order to produce large lipodisks from
mixtures containing low PEG-lipid amounts, i.e., the formation of
liposomes must somehow be circumvented. It is well documented
that unless the PEG-lipid content in the mixtures corresponds to at
least 20 mol%, the preparations always contain a fraction of lipo-
somes [6]. In mixtures containing 10 mol%, or less, PEG-lipid, lipo-
somes are the completely dominating aggregate structure. A
second objective with the present study was therefore to explore
if liposome formation can be prevented by modifications of the
standard protocols used for lipodisk preparation. As will be
described, our attempts were successful and by means of a method
based on low-temperature sonication of the lipid/PEG-lipid mix-
tures we managed to obtain liposome-free lipodisk preparations
with PEG-lipid content as low as 2 mol%. Finally, with the aim of
highlighting the unique and advantageous properties of the soni-
cated disks, we investigate and verify their ability to incorporate
externally added PEG-lipids modified with a targeting ligand.
2. Materials and methods

2.1. Materials

Dry powder of 1,2-distearoyl-sn-grycero-3-phosphocholine
(DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[met
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hoxy(polyethylene glycol)-750] (DSPE-PEG750), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
1000] (DSPE-PEG1000), 1,2-distearoyl-sn-glycero-3-phosphoethano
lamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[meth
oxy(polyethylene glycol)-5000] (DSPE-PEG5000) was purchased
from Avanti Polar Lipids (Alabaster, AL). The N-hydroxysuccin-
imide ester of DSPE-PEG3400 (DSPE-PEG3400-NHS) was purchased
from Shearwater Polymers (Huntsville, AL). Octyl b-d-
glucopyranoside (OG), chloramine-T and sodium metabisulfite
was purchased from Sigma-Aldrich Chemical (Steinheim,
Germany). 125I was purchased from Perkin Elmer (Wellesley,
MA). Epidermal growth factor (EGF) from mouse was obtained
fromMillipore (Molsheim, France). Sephadex G-150 and Sepharose
CL-4B medium was purchased from GE Healthcare Lifescience
(Uppsala, Sweden). Kromasil� porous silica particles with a
diameter of 10 lm and 300 Å pore size was a kind gift from Akzo
Nobel (Bohus, Sweden).

2.2. Lipid film preparation

The lipid samples used in this study were mixtures of DSPC and
DSPE-PEG of varying polymer chain length. The PEG-lipids used
were DSPE-PEG750, DSPE-PEG1000, DSPE-PEG2000 and DSPE-
PEG5000. Regardless of the preparation technique used the desired
lipids were initially co-dissolved in chloroform and thereafter
dried under a gentle stream of nitrogen gas. Remaining chloroform
was then removed under vacuum overnight. Dry lipid films were
stored in a nitrogen atmosphere at �20 �C until used.

2.3. Extrusion

The lipid film was dissolved in HEPES buffered saline (HBS,
20 mM HEPES, 150 mM NaCl pH = 7.40) to 10 mM and hydrated
at 70 �C for 3 h with intermittent mixing. The dispersions were
kept at 70 �C and extruded 20 times through a Whatman� polycar-
bonate filter with a pore size of 100 nm (GE Healthcare, Uppsala,
Sweden) using a Mini-Extruder (Avanti Polar Lipids, Alabaster, AL).

2.4. Sonication

The lipid film was dissolved in HBS giving a 10 mM lipid solu-
tion. The solution was hydrated at 70 �C for 3 h with intermittent
mixing. A 1 mL aliquot was then transferred into a glass vial and
the sample was sonicated at 0 �C for 45 min using a Soniprep
150 sonicator (MSE, London, England). Finally metal residues from
the sonicator tip were removed by centrifuging the samples for
2 min at 268g.

2.5. Characterization of lipid samples

2.5.1. Cryo-transmission electron microscopy
Cryogenic transmission electron microscopy (cryo-TEM) was

used to characterize the lipid samples. Cryo-TEM specimens were
prepared by depositing a small drop (�1 lL) of the lipid sample
on a copper grid covered with a holey polymer film. Thin liquid
films (10–500 nm) were prepared by blotting the grid with a filter
paper in a custom built climate chamber at 25 �C and close to 100%
relative humidity (RH). The grid was then immediately plunged
into liquid ethane held at a temperature just above its freezing
point (�183 �C), resulting in vitrification of the liquid films. The
specimens were kept at a temperature below �165 �C and pro-
tected against atmospheric conditions both during transfer from
the climate chamber to the microscope and throughout the entire
sample examination. A detailed description of the technique has
been presented by Almgren et al. [27]. Cryo-TEM investigations
were performed using a Zeiss TEM Libra 120 Transmission Electron
Microscope (Carl Zeiss AG, Oberkochen, Germany). Observations
were made in zero loss bright-field mode at an accelerating voltage
of 80 kV. Digital images were recorded under the low dose condi-
tions with a TRS slow scan CCD camera system (TRS GmbH, Ger-
many) and iTEM software (Olympus Soft Imaging Solutions
GmbH, Germany). An underfocus of 1–2 lm was used to enhance
the image contrast. For all samples a large number images were
studied to qualitatively determine the aggregate structures and
the micrographs presented in this article are representative images
for each sample. Quantitative size determinations were made by
manually measuring more than 600 randomly selected disks in
the micrographs by use of the measuring tool built into the iTEM
software.

2.5.2. Dynamic light scattering
The aggregate size distributions in the lipid samples were ana-

lyzed using dynamic light scattering (DLS). The experimental setup
consisted of a Uniphase He-Ne laser (Milpitas, CA) emitting verti-
cally polarized light with a wavelength of 632.8 nm operating at
25 mW. The scattered light was detected at 90� scattering angle
using a Perkin Elmer (Quebec, Canada) diode detector connected
to an ALV-5000 multiple digital autocorrelator (ALV-laser, Ver-
triebsgesellschaft, Germany).

2.6. Lipodisk immobilization on silica

In order to determine the effects caused by changes in the PEG
molecular weight, lipodisks were immobilized on different silica
surfaces. Immobilization was in all cases performed using lipodisks
composed of DSPC supplemented with 20 mol% DSPE-PEG1000,
DSPE-PEG2000 or DSPE-PEG5000 respectively.

2.7. Porous silica particles

For lipodisk immobilization to porous silica, 200 lL aliquots of
disk suspensions (10 mM lipid concentration) were added to
25 mg of Kromasil� silica in Eppendorf tubes. Immobilization
was performed passively under stirring at room temperature
(approximately 21 �C) for 19 h. The silica samples were thereafter
centrifuged (2 min at 268g) and washed five times with 1 mL MQ
water. In a next step the lipodisks were removed from the silica
beads by addition of 1 mL 120 mM OG, and subsequently stirred
for 24 h to ensure complete lipodisk solubilization. The phospho-
lipid content in the solution was thereafter determined from the
amount of phosphorous using a method previously described by
Paraskova et al. [28].

2.8. QCM-D measurements

The passive immobilization of lipodisks on smooth silica sen-
sors was followed using a Quartz Crystal Microbalance with Dissi-
pation monitoring (QCM-D). A QCM-D E1 (Q-Sense, Gothenburg,
Sweden) instrument thermostated at 21 �C and with a controlled
sample flow of 150 lL min�1 was employed for all experiments.
Frequency and dissipation data was collected from the fundamen-
tal sensor frequency (5 MHz) as well as the 3rd, 5th, 7th, 9th, 11th
and 13th overtones. Prior to use, the silica QCM-D sensors were
cleaned according to the procedure recommended by the supplier.
Briefly, the sensors were treated for 10 min in an UV/Ozone cham-
ber (BioForce Nanosciences Inc, Ames, Iowa), followed by 30 min
rinsing in SDS 2%. The sensors were then rinsed with MilliQ water,
dried with a nitrogen stream and, finally, treated again for 10 min
in the UV/ozone chamber. After cleaning, the sensors were directly
mounted in the QCM-D instrument. The system was then
equilibrated with the same buffer as the one used for lipodisk
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preparation. Once a stable baseline was obtained, a 0.25 mM
lipodisk suspension was loaded onto the system, and left to react
with the surface until a stable signal was obtained. The system
was then rinsed with buffer to remove any unbound material.
The immobilized mass was calculated from the values obtained
after rinsing.

Quantitative determinations of the immobilized mass were
based on the approach proposed by Agmo Hernández et al., [17]
which is, in turn, a linearization of the model by Voinova et al.
[29]. for the formation of thin viscoelastic films on QCM-D sensors.
The linearization is based on the following relationship:

Df
n

¼ �mdf 0
tqqq

þ pg1ðf 0Þ2
l1

ðnDDÞ ð1Þ

where md is the adsorbed mass surface density, n is the overtone
number, f0 is the fundamental oscillation frequency, tq and qq are,
respectively, the thickness and density of the quartz crystal, and
g1 and l1 are the viscosity and elastic modulus of the adsorbed
layer. A plot of Df n�1 vs. nDD at different values of n is therefore
a line with a y-intercept equal to �(mdf0) (tqqq)�1. All reported val-
ues were calculated from Eq. (1) and the Df n�1 and nDD values
obtained from at least four overtones.

2.9. MP-SPR

Multi-parametric surface plasmon resonance (MP-SPR) mea-
surements were performed with a SPR Navi 220A (BioNavis, Fin-
land) using the SPR Navi control software. The used sensors were
silica coated gold plasmon surfaces on glass substrates. The sensors
were cleaned by first thorough washing with 10 mM SDS solution
for at least 10 min, followed by thorough rinsing with millipore
water. The sensors were then dried and kept in UV-Ozone chamber
for 10 min. Measurements were performed at 21 �C. The surface
plasmon resonance was monitored at wavelengths 670 nm and
785 nm for a scanning interval between 39� and 78�. The chips
were first equilibrated with a phosphate buffered saline (PBS) at
50 lL min�1. The lipodisk suspensions (0.25 mM in PBS) were then
injected at the same flow rate for 8 min to two parallel surface
areas of the sensor. After 10 min, the sensors were rinsed with
PBS. The bound mass was calculated from the following equation
[30],

md ¼ d
Sðdn=dCÞDdeg ð2Þ

where d is the decay length of the intensity of the evanescent field
associated with the SPR excitation (109 nm and 154 nm for wave-
lengths 670 nm and 785 nm, respectively), S is the bulk sensitivity
parameter, dn/dC is the refractive index increment (0.14 mL/g, as
calculated from reported values for lipids and PEG [31,32]), and
Ddeg is the measurement response. Sensitivity parameter values
(109.6785 degree/ RIU at 670 nm and 91.42605 deg/RIU at
785 nm) were estimated from a calibration curve plotting Ddeg
vs. the independently determined refractive index of five glycerol-
water mixtures with varying glycerol concentration. Eq. (2) applies
only for films much thinner than the decay wavelength d, a condi-
tion that is fulfilled if adsorption of a lipodisk monolayer is
assumed.

2.10. Post-insertion of targeting agents into lipodisks

The amount of targeting agent that could be incorporated into
preformed lipodisks was quantified using PEG-lipids conjugated
with 125I-labelled EGF. The radiolabeling of EGF has been described
in detail by Kullberg et al., [33] and the conjugation of EGF to
PEG-lipids by Kullberg et al. [34] In short, 25 lg epidermal growth
factor (EGF) was first labelled with 125I by mixing the two
components with chloramine-T in PBS at room temperature. The
reaction was terminated after 60 s by addition of sodium
metabisulfite. The 125I-labelled EGF was then incubated with
300 lg DSPE-PEG3400-NHS at room temperature overnight, result-
ing in a fraction (5%) of DSPE-PEG3400 lipids with radiolabeled
EGF molecules covalently bound to the distal end of the polymer
chain (125I-EGF-PEG-lipids). The EGF-PEG-lipids were thereafter
separated from unconjugated EGF using a small (PD-10 size)
column, packed with Sephadex G-150. Incorporation of the
EGF-PEG-lipids into the lipodisks was performed by mixing
preformed disks with EGF-PEG-lipids in a 4–1 lipid molar ratio
and incubating the samples at 37 �C for 24 h. The lipodisks were
then separated from unincorporated EGF-PEG-lipids by running
the sample on three consecutive Sepharose CL-4B columns
(PD-10 size). 500 lL fractions were collected and the 125I distribu-
tion in the fractions was determined with an automatic gamma
counter (1480 Wallac Wizard, Perkin Elmer, Wellesley, MA). From
the 125I-distribution after separation the post-insertion yield could
then be calculated. To ensure that no structural rearrangements
occurred in the lipodisks, all samples were analyzed with
cryo-TEM before and after the post-insertion step.
2.11. In vitro cell studies

In vitro binding specificity of 125I-labelled EGF-targeted lipo-
disks was studied on cultured A-431 cells (squamous cell carci-
noma cell line, CLR 1555, ATCC, Rocksville, MD, USA),
overexpressing the human epidermal growth factor receptor
(EGFR). To avoid internalization of the receptor, the experiment
was performed at 4 �C. All procedures were performed on ice.
Two groups of cell dishes (3 dishes/time point; diameter, 3.5 cm;
�3 � 105 cells/dish) were incubated with lipodisks (1.5 lM total
lipid amount) in cell media. In one group, the EGFRs were pre-
saturated for 5 min with 100 nM EGF. The total volume in all dishes
was 1 mL. Cells were incubated for 4 or 8 h at 4 �C before incuba-
tion medium was collected. The cells were washed three times
with cold serum-free medium followed by treatment with 0.5 mL
trypsin-EDTA solution for 10 min at 37 �C. When cells were
detached, 0.5 mL cell media was added to each dish, and the cells
were re-suspended and collected. The radioactivity associated with
the cells and medium, respectively, was measured in the gamma
counter. To distinguish statistical differences, data from cell assays
were analyzed using an un-paired, two tailed t-test (p < 0.05).
3. Results and discussion

3.1. Lipodisks with reduced PEG corona volume

In order to investigate the possibility to prepare lipodisks by use
of PEG-lipids with reduced polymer chain length, three series of
samples based on DSPE-PEG2000, DSPE-PEG1000 and DSPE-PEG750,
respectively, were prepared by extrusion (see Materials and Meth-
ods for details) and analyzed by cryogenic transmission electron
microscopy (cryo-TEM) and dynamic light scattering (DLS). When
evaluating and comparing data obtained with cryo-TEM and DLS
it is important to keep in mind that these two techniques, although
complementary, give information about different sample parame-
ters. Thus, while both methods report on the particle size, the col-
lected data are not directly comparable. In cryo-TEM the PEG
chains are, due to the poor contrast between the polymer and
the vitrified water, invisible to the electron beam. As a result, the
cryo-TEM micrographs only display the lipid core of the disks
and the measured size does not include the PEG-corona (see
Fig. 1 for a schematic picture of the lipodisk structure). In case of
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DLS, on the other hand, the apparent hydrodynamic radius
retrieved from the measurements corresponds to the ‘‘equivalent
sphere radius” and should not be mistaken for the actual disk
radius. By use of, e.g., the model described by Mazer et al. [35] it
is in principle possible to convert the apparent hydrodynamic
radius into a disk radius. This operation requires, however, knowl-
edge about the disk thickness (including the contribution from the
PEG corona) and, since reliable data concerning this parameter is
largely lacking for our systems, we refrain from any such attempts.

Keeping the above-mentioned limitations in mind, some inter-
esting conclusions about the aggregate size and structure in the
different systems can be drawn from the cryo-TEM and DLS inves-
tigations. The micrographs shown in Fig. 2 display the structures
observed by cryo-TEM in extruded samples composed of DSPC
and DSPE-PEG1000. As seen in Fig. 2a, the aggregate structure in
samples containing 5 mol% PEG-lipid is completely dominated by
liposomes. Since the cryo-TEM sample preparation was performed
at 25 �C, i.e. well below the gel-to-liquid crystalline phase transi-
tion temperature of DSPC (55 �C), the bilayers are in the gel phase
state and the liposomes display an uneven, almost polygonal,
shape [36]. Apart from liposomes, a small number of lipodisks
can be observed in the samples (inset Fig. 2a). The number of lipo-
disks gradually increases with increasing PEG-lipid concentration,
while at the same time the population of liposomes becomes smal-
ler and eventually disappears. Moreover, as the PEG-lipid content
increases, the lipodisk radii progressively decrease (Fig. 2b–d). In
line with previously published data [6], the cryo-TEM investiga-
tions revealed a very similar structural behavior in samples where
DSPE-PEG1000 was replaced with DSPE-PEG2000 (see Supplemen-
tary Data). A deviating behavior is displayed, however, by samples
containing the shortest PEG-lipid, DSPE-PEG750. As shown in Fig. 3,
DSPE-PEG750 is, similar to DSPE-PEG2000 and DSPE-PEG1000, clearly
able to induce lipodisk formation. The samples appear, however,
less homogeneous in both size and structure. Thus, structures that
may be classified neither as liposomes nor lipodisks were fre-
quently observed (see, e.g., the presence of a thick band-like struc-
ture in Fig. 3a). Further, keeping in mind that large lipodisk, in
contrast to small ones, tend to be observed mostly face-on (see
note in legend to Fig. 2), it is obvious that the lipodisks shown in
Fig. 3b display a great variation in size. In addition, micrographs
Fig. 2. Cryo-TEM micrographs of 10 mM DSPC/DSPE-PEG1000 dispersions prepared by ext
The arrow in (a) indicates a lipodisk. Note that the image of a lipodisk depends on its or
lipodisks appear as circular objects, while they give the impression of short rods when
obtained from samples containing 30 mol%, or more,
DSPE-PEG750 disclose a population of large, undefined, structures
not seen in systems containing the two other PEG-lipids. These
structures (marked with arrows in Fig. 3c) are most likely related
to the lamellar fragments previously reported by Johnsson et al.
[24] to coexist with globular micelles in dilute aqueous dispersions
of DSPE-PEG750. The presence of the fragments, together with the
overall inhomogeneous nature of the samples indicates that
DSPE-PEG750 is not an ideal PEG-lipid for the production of
lipodisks.

The results of the DLS measurements support the conclusions
drawn from the cryo-TEM investigations. Thus, data displayed in
Fig. 4 indicate that two distinct populations of particles, i.e. lipo-
somes and lipodisks, coexist in the samples when the PEG-lipid
concentration corresponds to 5 and 10 mol%. The monomodal size
distributions found at 20 mol% PEG-lipid suggest, in line with the
cryo-TEM results, that the liposomes have essentially disappeared
at this concentration. Further, the shift of the lipodisk peaks
towards smaller apparent hydrodynamic radii seen with increasing
PEG-lipid concentration corresponds with the lipodisk size reduc-
tion observed in the cryo-TEM analysis. The data shown in
Fig. 4c confirm moreover the existence of a population of large
structures (>200 nm), presumably identical to the lamellar frag-
ments shown in Fig. 3c, that is unique to samples containing
30 mol% DSPE-PEG750.

One important parameter that might be affected by the choice
of PEG-lipids is the colloidal stability of the lipodisks. Stable sys-
tems are for example crucial for the development of pharmaceuti-
cal formulations with long shelf-lives, and also of high importance
in analytical applications that require measurements over long
periods of time. The colloidal stability of lipodisks is largely gov-
erned by the magnitude of the steric repulsion provided by the
PEG-polymers, and changes in the PEG molecular weight will affect
the range and magnitude of the steric barrier [37]. Previous studies
have verified excellent long-term stability of lipodisks stabilized by
DSPE-PEG5000 [12] and measurements carried out in the present
study show that efficient steric stabilization is obtained also with
PEGs of considerably lower molecular weight. Thus, by repeatedly
characterizing lipodisk samples containing 20 and 30 mol% of
DSPE-PEG1000 and DSPE-PEG2000, respectively, by cryo-TEM and
rusion. The lipid/PEG-lipid molar ratio is 95:5 (a), 90:10 (b), 80:20 (c) and 70:30 (d).
ientation with respect to the incoming electron beam. Thus, as viewed face-on the
observed edge-on. Scalebar = 100 nm.



Fig. 3. Cryo-TEM micrographs of 10 mM DSPC/DSPE-PEG750 dispersions prepared by extrusion. The lipid/PEG-lipid molar ratio is 90:10 (a), 80:20 (b) and 70:30 (c). The
arrows in (c) indicate the large undefined structures found in samples containing 30 mol% DSPE-PEG750. Scalebar = 100 nm.
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DLS, we could confirm that no structural rearrangement occurred
in any of these samples within the 2 month time period of our
study (a comparison of DLS data obtained for fresh and stored sam-
ples can be found as Supplementary material).

3.2. Effect of chain-length on lipodisk immobilization

Apart from controlling the colloidal stability, the extent of the
steric barrier provided by the PEG-polymers can be expected to
influence also other aspects of lipodisk behavior. It is for instance
plausible that changes in the thickness of the PEG layer could affect
the immobilization of lipodisks to solid surfaces. More specifically,
reduced PEG molecular weight might allow for tighter packing of
the lipodisks on the surface, which, in turn, could promote immo-
bilization of a larger number of disks. As mentioned in the intro-
duction, immobilized lipodisks and proteolipodisks can be used,
e.g., in partition studies and fragment screening. Increasing the
amount of immobilized disks would increase the sensitivity in
these, and other applications. In order to test the hypothesis that
the PEG molecular weight affects the immobilization behavior
we investigated and compared the passive immobilization of lipo-
disks stabilized by 20 mol% DSPE-PEG5000, DSPE-PEG2000, and
DSPE-PEG1000, respectively, to silica surfaces. These experiments
are based on the rather surprising observation that lipodisks spon-
taneously bind to clean silica surfaces at room temperature. The
reason for this behavior is an interesting subject for future
research. Relevant for this report is the fact that the binding was
reproducible and irreversible at the working conditions.

Prior to the immobilization experiments the particle size in the
three different lipodisk preparations was determined from cryo-
TEM analyses. The lipodisks used are shown in Figs. 2c and 5.
The measurements suggest that the diameter of the lipid part of
the lipodisks stabilized by DSPE-PEG5000, DSPE-PEG2000, and
DSPE-PEG1000 correspond to 23.1 ± 7.3 nm, 26.0 ± 10.4, and
25.4 ± 6.6 respectively. The similar size of the bulk lipid part of
the disks is advantageous, since it means that possible differences
in the immobilization behavior confidently can be traced back to
differences in the size or properties of the PEG corona.

The effect of the PEG-length on the amount of disks adsorbed
onto silica substrates was determined with three independent
approaches. First, the binding of lipodisks to porous silica particles
was determined with the help of phosphorous analysis to deter-
mine lipid concentration. Secondly, the binding of lipodisks to flat
and smooth silica surfaces was followed with multi-parametric
surface plasmon resonance (MP-SPR), as well as with quartz crystal
microbalance with dissipation monitoring (QCM-D). As shown in
Fig. 6, changing the length of the PEG-lipid used for the lipodisk
preparation dramatically affected the lipodisk binding to silica,
regardless of how the binding was determined.

The effect is particularly obvious in the case of immobilization
of the disks to porous silica. As can be seen in Fig. 6a, the amount
of lipid associated with the particles is tripled upon reduction of
the PEG molecular weight from 5000 to 2000. Moreover, immobi-
lization of disks stabilized by the even shorter DSPE-PEG1000

results in an amount of bound lipid that is almost six times higher
than observed in the case of disks stabilized with DSPE-PEG5000.
These results are clearly in line with the suggestion that a less
extended PEG corona should enable a more condensed packing of
the lipodisks on the surface. It cannot be excluded, however, that
disks with smaller overall size also have a higher probability of
penetrating the small particle pores (c.a. 30 nm) and therefore
have access to a larger fraction of the total silica surface. This issue
is avoided in the QCM-D and MP-SPR experiments measuring lipo-
disk binding to smooth flat surfaces.

As observed in Fig. 6b and c, both MP-SPR and QCM-D data
unequivocally show that a larger number of lipid molecules (and
therefore, of lipodisks) binds to the surface when the PEG chains
are shorter. Furthermore, the relative difference in the amount of
immobilized lipodisks containing PEG1000 and PEG2000 is similar
when determined on smooth silica with MP-SPR and in porous
silica particles using phosphorous analysis. This suggests that
the accessibility to the pores is not a limiting condition for the
binding of these two types of lipodisks to the porous silica used.
Lipodisks containing PEG5000, on the other hand, are underrepre-
sented in the porous silica, suggesting that they have limited
access to the pores.

An increase in the amount of immobilized lipodisks with
decreasing polymer length could be observed also with QCM-D.
However, in this case the relative difference in the amount of
bound lipodisks was smaller. This is due to the fact that the
response from QCM-D, in contrast to the data received from MP-
SPR and phosphorous analysis, also includes the coupled water in



Fig. 4. Apparent hydrodynamic radii distribution (volume weighted) obtained from
DSPC/DSPE-PEG2000 (a), DSPC/DSPE-PEG1000 (b) and DSPC/DSPE-PEG750 (c) disper-
sions with increasing PEG-lipid amount. The total PEG-lipid contents in the samples
are listed to the left.
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the immobilized film. Since the amount of coupled water increases
with the length of the PEG chains [38], the apparent weight of the
lipodisks increases accordingly.

Taken together, the results obtained strongly support the
hypothesis that surface immobilization of lipodisks can be
improved by reducing the polymer chain length of the PEG-lipid
used for disks stabilization.
Fig. 5. Cryo-TEM micrographs of 10 mM DSPC/DSPE-PEG2000 (80:20) (a) and DSPC/D
3.3. Lipodisks with low PEG-lipid amounts

Although lipodisk formation usually starts already in the range
of 5–10 mol% PEG-lipid, a considerable amount of liposomes is also
present in these samples (see, e.g., Fig. 2b) [5,6,12]. In order to pro-
duce pure, essentially liposome-free, lipodisk samples, the PEG-
lipid concentration typically needs to be increased to about
20 mol%. As mentioned in the introduction, several situations can
be envisioned where lipodisks with lower PEG-lipid content could
prove advantageous.

A commonly used method in lipodisk production is ultrasonic
probe sonication. When performed at a temperature above the
main transition temperature for the bilayer forming lipid, this
method tends to produce lipodisks that are slightly smaller than
those obtained by extrusion [39]. The general structural behavior
in the lipid/PEG-lipid dispersions is not changed, however, and
sonicated samples containing 10 mol%, or less, PEG-lipid are dom-
inated by liposomes (see Fig. 7a). During our investigation of alter-
native liposome preparation protocols, we made the interesting
discovery that sonication of DSPC/PEG-lipid mixtures at 0 �C, i.e.
well below the transition temperature of DSPC, resulted in pure
lipodisk samples already at a PEG-lipid content as low as 2 mol%.

Figs. 7 and 8 show the aggregate structure found by cryo-TEM
in mixtures of DSPC and DSPE-PEG2000 and DSPE-PEG1000, respec-
tively, after sonication at 0 �C. As can be deduced from the micro-
graphs, inclusion of 2 or 5 mol% PEG-lipid results in liposome-free
samples containing large lipodisks. The cryo-TEM micrographs
indicate that the disks are larger in samples containing 2 mol%
PEG-lipid (121 ± 52 nm and 77 ± 33 nm for lipodisks containing
DSPE-PEG1000 and DSPE-PEG2000, respectively) than in samples
containing 5 mol% PEG-lipid (72 ± 33 nm and 65 ± 30 nm for lipo-
disks containing DSPE-PEG1000 and DSPE-PEG2000, respectively).
Moreover, the disks were found to be larger when the shorter
DSPE-PEG1000 was used as edge-stabilizer. Importantly, sonication
of pure DSPC samples resulted in optically clear solutions that
rapidly became opaque, and cryo-TEM characterization of the tur-
bid samples revealed the existence of large bilayer sheets (Fig. 7d).
It can therefore be concluded that inclusion of PEG-lipid is required
in order to obtain lipodisks. Moreover, for mixtures containing
DSPC and 5 mol% DSPE-PEG2000, control experiments were carried
out in which the sonication time was reduced from 45 to 10 min.
Cryo-TEM investigation confirmed that these samples were struc-
turally identical to the samples shown in Fig. 7b. The possibility
of disk formation as a result of lipid degradation induced by the
sonication process can thus be ruled out.

A likely explanation for the formation of the large lipodisks can
be found if we consider the fact that the samples, at the start of the
sonication procedure, consist of dispersed lipid bilayers in the gel
phase state. Upon sonication the bilayers are shattered into small
fragments, which, due to the high bending rigidity of bilayers in
the gel phase state [40], cannot close up on themselves to form
liposomes. Because of the exposed hydrophobic edges, the small
SPE-PEG5000 (80:20) (b) dispersions prepared by extrusion. Scalebar = 100 nm.



Fig. 6. Total phospholipid amount (both DSPC and DSPE-PEGn) immobilized on silica surfaces determined by multiple techniques. The graphs represent the amount of
lipodisks immobilized on porous Kromasil� silica (a) and on smooth silica surfaces using MP-SPR (b) and QCM-D (c). The lipodisks used were composed of DSPC/DSPE-PEGn

(80:20) with n = 1000, 2000 and 5000 respectively. The data in (c) are not corrected for coupled water.

Fig. 7. Cryo-TEMmicrographs of 10 mM DSPC/DSPE-PEG2000 mixtures prepared by sonication. The lipid molar ratio and sonication temperature was 95:5/70 �C (a), 95:5/0 �C
(b) and 98:2/0 �C (c), respectively. The image in (d) shows a pure DSPC sample sonicated at 0 �C. Scalebar = 100 nm.

Fig. 8. Cryo-TEM micrographs of 10 mM DSPC/DSPE-PEG1000 dispersions prepared by sonication at 0 �C. The lipid/PEG-lipid molar ratio is 95:5 (a) and 98:2 (b).
Scalebar = 100 nm.
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bilayer pieces are highly energetically unfavorable. Subsequent to
the sonication, and in the absence of PEG-lipids, the bilayer frag-
ments therefore fuse into the bilayer sheets shown in Fig. 7d. In
the presence of PEG-lipids, which preferentially accumulate at
the fragment edges, fusion is sterically hindered, however. Thus,
after a small, and likely PEG-lipid concentration dependent, num-
ber of fusion events the sterically stabilized fragments become
‘‘trapped” into the lipodisks shown in Figs. 7 and 8. The mechanism
described above infers that the lipodisks formed as a consequence
of low temperature sonication are far from equilibrium structures,
and this justifies questions about their stability.

Hence, the stability of lipodisks containing 2 and 5 mol% of
DSPE-PEG2000 and DSPE-PEG1000, respectively, was investigated
over time. As expected, the disks were found to be less stable than
conventional lipodisks prepared with high amounts of PEG-lipids,
and storing them for long periods eventually led to fusion and for-
mation of bilayer sheets. Characterization using cryo-TEM and DLS
showed no structural change of the lipodisks containing 2 mol%



Fig. 9. Distribution of 125I-EGF-PEG-lipids after post-insertion in lipodisks com-
posed of DSPC/DSPE-PEG2000 in molar ratio 95:5 (solid line) and 80:20 (dashed line).
Depending on disk size lipodisks elute approximately between fraction 20 and 33.
Unincorporated PEG-lipids elute as micelles in the large peaks centered at
fraction 41.
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PEG-lipids after 24 h storage at 0 �C, but reinvestigation of the sam-
ples after one week revealed the existence of large bilayer sheets.
As can be anticipated, the lipodisks containing 5 mol% PEG-lipid
were considerable more stable and no change in size or structure
was noted during the first two weeks following preparation. Anal-
ysis carried out a further four weeks later showed, however, that
bilayer sheets had begun to form also in this sample. Noteworthy,
the stability of the lipodisks was found to be similar irrespective of
whether DSPE-PEG2000 or DSPE-PEG1000 was employed in the sam-
ple preparation.

The fact that the sonicated lipodisks with time slowly fuse into
larger structures implies that the disk rim is not fully saturated
with PEG-lipids. This may at first seem suboptimal but could for
certain lipodisk applications actually prove to be beneficial. It is
for instance plausible that the low PEG-lipid density would be an
advantage in applications that require, or benefit from, insertion
of functionalized PEG-lipids into preformed lipodisks. The experi-
ments described in the following section were carried out in order
to verify this hypothesis.

3.4. Post-insertion of functionalized PEG-lipids into preformed
lipodisks

During the last decades significant attention has been focused
on the possibilities to increase drug efficacy and reduce the risk
of unwanted side effects by use of nanocarriers that are able to
specifically target selected tissue or cells. Nanocarriers with cell-
targeting capacity can be achieved by linking targeting agents,
e.g., ligands with high specificity for selected receptors, to the
surface of the carrier. In case of liposomes, the drug carriers
are usually provided with targeting ligands by utilization of the
‘‘post-insertion” technique [41–43]. In this technique, micelles
formed from PEG-lipid-linked ligands are incubated with pre-
formed liposomes to convert them into ligand-targeted liposomes.
A major advantage of this approach is that the ligands, which are
often delicate, need not be subjected to the rather harsh conditions
used during liposome production (e.g. exposure to organic solvents
or high temperature, freeze-thawing, sonication, etc.). The post-
insertion technique is unfortunately not readily compatible with
conventional lipodisks, since the high PEG-lipid content prevents
the incorporation of satisfactory amounts of the externally added
ligand-linked PEG-lipids. As discussed in the previous section,
there is reason to believe that lipodisks prepared by low tempera-
ture sonication are more sparsely decorated with PEG and
therefore able to incorporate higher amounts of externally added
PEG-lipids. This could potentially open up for the production of
targeting lipodisks by means of the ‘‘post-insertion” technique.

In order to test if the low temperature sonicated lipodisks pos-
sess properties that promote ‘‘post-insertion” of PEG-lipid-linked
targeting agents, we performed studies based on the use of
PEG-lipids conjugated to epidermal growth factor (EGF). EGF was
chosen as targeting agent since it has been well established that
liposomes provided with EGF-linked PEG-lipids are able to
efficiently target tumor cells that express the epidermal growth
factor receptor [44,45]. In order to allow for high sensitivity
quantification, the PEG-lipid-linked EGF was radiolabelled with
125I (see Methods section for details).

The amount of EGF-PEG-lipids that can be added to preformed
lipodisks was investigated and compared using lipodisks com-
posed of DSPC/DSPE-PEG2000 with 5 and 20 mol% PEG-lipid, respec-
tively. The former lipodisks were prepared by low temperature
sonication, whereas the latter were produced by extrusion (cryo-
TEM micrographs of the lipodisks are shown in Figs. 5a and 7b,
respectively). The lipodisks were allowed to incubate with exter-
nally added 125I-labelled EGF-PEG-lipid for 24 h at 37 �C and the
material was then run through a gel filtration column. As seen in
Fig. 9, which shows the distribution of 125I in the different fractions
collected after the separation, the material was eluted in two
peaks. The lipodisks, being the biggest aggregate structure in the
samples, elute first and the signal in the first peak corresponds to
the fraction of radiolabeled 125I-EGF-PEG-lipids that have inserted
into the disks. Due to their larger size, lipodisks produced with
5 mol% PEG-lipid elute slightly earlier (peak centered around frac-
tion 22) than the disks with 20 mol% PEG-lipid (peak centered
around fraction 27). The second peak in the chromatograms, which
originates from non-inserted 125I-EGF-PEG-lipids in the form of
PEG-lipid micelles, is for both lipodisk preparations centered
around fraction 41. After compensating for the peak overlap,
assuming two normally distributed populations, the post-
insertion yield was calculated from the relative signal between
the peaks corresponding to lipodisks and PEG-lipid micelles,
respectively. The results confirm that incorporation indeed is facil-
itated by the much lower PEG polymer density in the lipodisks
with 5 mol% PEG-lipid. Considering the fact that the lipid bilayers
are in the gel phase state at 37 �C, is it reasonable to assume that
the PEG-lipids added by post-insertion will distribute preferen-
tially to the disk rim, rather than to the highly condensed flat part
of the disks. Since the disks with low amount of PEG-lipid are much
larger than the disks with high amounts of PEG-lipid (diameter
�64 nm and �26 nm, respectively, as determined by cryo-TEM),
the edge/planar area ratio will be lower for the lower PEG-lipid
content disks. An estimation of the amount of post-inserted EGF-
PEG-lipids per lipid disk was carried out based on the determined
lipid bilayer mean diameter, the headgroup area of the DSPC lipids,
and the total DSPC and incorporated EGF-PEG-lipids concentra-
tions. These calculations show that approximately 35 EGF-PEG-
lipids per disk are incorporated in the 5%-PEG samples, while only
an average of 2.3 EGF-PEG-lipids per disk are incorporated into the
20%-PEG samples. The amount of edge area per disk, on the other
hand, is approximately 2.5 times larger for the 5%-PEG samples.
This gives a density of post-inserted molecules (defined as the
number of EGF-PEG-lipid molecules per edge area unit) 6 times
higher in the larger lipodisks found in the 5%-PEG samples.

To verify that the ‘‘post-insertion” technique resulted in lipo-
disks capable of active targeting, the in vitro binding specificity of
the large EGF-targeted lipodisks, i.e., those produced from 5%-
PEG samples, was tested on EGFR-expressing A431 tumor cells.
Data displayed in Fig. 10 indicate that the EGF-targeted disks inter-
act with and bind to the tumor cells in a time-dependent manner
(p = 0.0003). Importantly, the fact that binding of the disks is
almost completely suppressed upon pre-blocking of the cells with
an excess of free EGF confirms that the binding is EGFR specific
(4 h: p < 1.82 � 10�5, 8 h: p < 2.8 � 10�5).



Fig. 10. Binding specificity of 125I-labelled EGF-targeted lipodisks to A431 tumor
cells. One group of cells (blocked cells) was pre-treated with saturating amounts of
non-labelled EGF before the addition of 125I-labelled EGF-targeted lipodisks. To
avoid internalization of EGFR, the experiments were performed at 4 �C. Cell-
associated radioactivity was calculated as percentage of total added radioactivity.
Data are presented as mean ± range (n = 3).
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4. Conclusions

The results of this study show that DSPE-PEG1000 and DSPE-
PEG750, similar to the closely related PEG-lipids DSPE-PEG5000

and DSPE-PEG2000, can be used to produce lipodisks. Utilization
of DSPE-PEG750 results, however, in preparations that tend to be
inhomogeneous in terms of both aggregate size and structure.
Lipodisks based on DSPE-PEG1000 display, on the other hand, a
structural behavior very similar to that observed with DSPE-
PEG5000 and DSPE-PEG2000. Comparative studies of lipodisk adsorp-
tion behavior on silica surfaces confirmed a negative correlation
between the PEG molecular weight and the amount of disks immo-
bilized on the surface. This finding implies that the number of
immobilized lipodisks can be increased and optimized by utiliza-
tion of lipodisks stabilized by DSPE-PEG1000, rather than by DSPE-
PEG2000 or DSPE-PEG5000.

The data collected show, moreover, that it is possible to produce
lipodisks with very low PEG-lipid content. Thus, by modification of
the preparation protocols, lipodisks can be prepared with as little
as 2 mol% PEG-lipid. Importantly, the disk preparations are
liposome-free and lipodisks with 2 or 5 mol% PEG-lipid are sub-
stantially larger than those prepared with higher concentrations
of PEG-lipid using conventional methods. As expected, the low
PEG lipid content impairs the long-term stability of the disks.
The sub-saturating PEG-lipid concentrations enable, on the other
hand, incorporation of increased amounts of externally added
ligand-linked PEG-lipids. Results from cell studies show that large
EGF-targeted lipodisks can be successfully produced by this tech-
nique. The feasibility of the ‘‘post-insertion” technique could prove
important not only for the production of cell- or tissue-targeting
lipodisks, but also for other applications where addition of func-
tionalized PEG-lipids to preformed lipodisks is necessary or
desirable.

Taken together, the findings of the present study show that
it is possible to influence several important properties of
PEG-stabilized lipodisks by means of variations in the volume
and density of the PEG corona. Thus, by a deliberate choice of
PEG molecular weight and lipodisk preparation protocol the
lipodisks can be optimized and tailored for various applications
as model membranes and drug delivery vehicles. The flexibility
in size and lipid composition, as well as the protein-free nature
of the disks, opens up for the use of PEG-stabilized lipodisks as
an advantageous alternative to other frequently used discoidal
lipid nanostructures, such as bicelles [46], Nanodiscs [47] and
SMALPs [48].
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