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Complementary biophysical approaches were used to study the structural organization of plasma mem-
brane lipids obtained from fibroblasts cultured as two-dimensional (2D) monolayer and in tissue-like
three-dimensional (3D) conditions. Fluorescence microscopy experiments demonstrated different
domain patterns for 2D and 3D plasma membrane lipid extracts. ESR demonstrated that 3D lipid extract
is characterized with lower order parameter than 2D in the deep hydrophobic core of the lipid bilayer.
Higher cholesterol and sphingomyelin content in 3D extract, known to increase the order in the glycer-
ophospholipid matrix, was not able to compensate higher fatty acid polyunsaturation of the phospholip-
ids. The interfacial region of the bilayer was probed by the fluorescent probe Laurdan. A higher general
polarization value for 3D extract was measured. It is assigned to the increased content of sphingomyelin,
cholesterol, phosphatidylethanolamine and phosphatidylserine in the 3D membranes. These results dem-
onstrate that cells cultured under different conditions exhibit compositional heterogeneity of the constit-
uent lipids which determine different structural organization of the membranes.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Cell cultures are a widely used convenient model for investiga-
tion of a large number of processes in living cells. The conventional
culture method (two-dimensional (2D) monolayer cultures), com-
pared to the model using three-dimensional (3D) extracellular ma-
trix, has some disadvantages coming from the highly unnatural
geometric and mechanical constraints imposed on cells [1,2]. Thus
2D cell cultures only approximate properties of normal tissues and
this approximation is always limited to single cell types and does
not take into account the impact of the other cells and the environ-
ment. Some reports in the literature have demonstrated that the
adaptive processes of the cells in two-dimensional culture condi-
tions cause dramatic changes in their functional and structural
properties [3,4]. Since the cellular plasma membrane plays a key
role in essential processes such as transmembrane signal transduc-
tion, it is likely that any alterations in its composition and struc-
tural organization would affect certain cellular functions. In
addition, the impact of the extracellular environment and culturing
conditions on the plasma membrane lateral heterogeneity and par-
ticularly on the formation of raft-microdomains which are recog-
ll rights reserved.

taneva).
nized as membrane signaling platforms [5], represents a great
interest in this context. The great variety in the structure of the na-
tive membrane phospholipids is a prerequisite for a marked mem-
brane heterogeneity and coexistence of different types of
membrane domains induced by the non-ideal miscibility of lipids.

The investigations on multi-component bilayers composed of
plasma membrane lipids are still rare because, on one hand, it is
difficult to isolate enough quantities and, on the other hand, to as-
cribe the observed physicochemical properties to specific mem-
brane lipids, or to particular lipid interactions. For this reason we
have addressed this question by combining three complementary
biophysical methods to characterize and visualize the heteroge-
neous structure of the plasma membrane lipids obtained from cells
cultured under well-controlled conditions. Fluorescence micros-
copy of giant unilamellar vesicles (GUVs), Laurdan fluorescence
spectroscopy, and electron paramagnetic resonance were used.
Usually, studies with GUVs are performed on definite lipid mix-
tures and there are very few reports on GUVs composed of natural
lipid extracts [6–9]. While micrometer domain formation in giant
vesicle is based on long-range ordering of the phospholipids, spec-
troscopic methods such as electron spin resonance are sensitive to
short-range interactions and are appropriate for measurement of
the molecular order and dynamics of the membrane bilayer at dif-
ferent levels. In addition to this structural information concerning
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the hydrophobic core of the bilayer, the monitoring of the polar
part of the bilayer was also necessary because of the large variety
of polar groups in the used types of plasma membrane lipids. Such
a useful fluorescent probe is Laurdan, known to be located at the
hydrophilic–hydrophobic interface of the bilayer with the lauric
acid tail anchored in the phospholipids acyl-chain region.

In the present study we used the above mentioned biophysical
approaches to characterize and visualize the lipid organization of
plasma membranes isolated from cells cultured in different condi-
tions: as a monolayer (2D) and in three-dimensional matrix (3D).
2. Materials and methods

2.1. Cell culture

Fibroblast cell line GD25b1 [10] was grown in DMEM contain-
ing 10% fetal bovine serum (FBS) and a mixture of antibiotics –
antimycotics: penicillin (100 U/ml), streptomycin (100 lg/ml)
and amphotericin B (0.25 lg/ml). The GD25b1 cells were chosen
because they lack contact inhibition and can be cultured either
as a monolayer, or grown beyond confluency – as a multilayered
three-dimensional culture. The stock culture was propagated as
conventional monolayer and the cells were split and passaged after
reaching 80–90% confluency. To obtain monolayer 2D and 3D cell
cultures for plasma membrane preparation, fibroblasts were
seeded at a concentration of 0.7 � 105 cells per cm2. 2D cells were
collected after 24 h when fibroblasts have reached 100% conflu-
ency and had cell density of about 1 � 105 cells per cm2. Three-
dimensional cultures were obtained as described elsewhere [4].
Briefly, the cells were cultured for five consecutive days after seed-
ing which allowed them to produce their own matrix and form
multilayered culture with cell density of about 9 � 105 cells per
cm2.

2.2. Isolation of plasma membrane fractions

Plasma membranes were obtained according to the procedure
described elsewhere [11] which involves differential centrifuga-
tion. Briefly, the post – nuclear supernatant was loaded on a dis-
continuous sucrose gradient and centrifuged at 100,000g for
2,5 h. The plasma membrane fraction was obtained at a density
of 45% (w/v) suspended in ice-cold 100 mM Tris buffer, pH 7.4
and used immediately for lipid analysis.

2.3. Lipid extraction and analysis

Lipid extraction was performed with chloroform/methanol
according to the method of Bligh and Dyer [12]. The organic phase
obtained after extraction was concentrated and phospholipid frac-
tions were separated on silica gel G60 plates (Merck) in a solvent
system chloroform/methanol/2-propanol/triethylamine/0.25%KCl
(30/9/25/18/6 v/v). The location of different phospholipid species
was determined by iodine staining and by standards run in paral-
lel. The spots were scraped and quantified by determination of the
inorganic phosphorus [13]. Cholesterol content was assayed by gas
chromatography using a medium polarity RTX-65 capillary column
(0.32 mm internal diameter, length 30 m). Calibration was
achieved by a weighted standard of cholestane.

2.4. Laurdan fluorescence measurements

Multilamellar vesicles (MLV) were prepared by mixing the
appropriate amounts of stock solutions (in chloroform) of plasma
membrane lipid extracts and Laurdan (Molecular Probes Inc., Eu-
gene, OR) in a glass tube and then the solvent was evaporated un-
der nitrogen. The dried samples were resuspended in PBS (pH 7.4).
The final concentration of the probe and phospholipids were
0.8 lM and 0.4 mM, respectively (probe/phospholipids = 1/50).
Multilamellar vesicles suspensions were heated at 37 �C and vor-
texed. The samples containing the fluorescent probe were pro-
tected from light during all steps. The emission spectra were
recorded between 390 nm and 500 nm, whereas the samples were
excited at 360 nm. In the other case the excitation spectra were re-
corded from 300 nm and the emission – at 440 nm. The excitation
generalized polarization (GP) at 340 nm was calculated using fixed
emission wavelengths of 435 nm and 470 nm.

GPex ¼ ðI435 � I470Þ=ðI435 þ I470Þ

where I435 and I470 are emission intensities at the characteristic
wavelength of the gel phase (435 nm) and the liquid crystalline
phase (470 nm), respectively.

The fluorescence measurements were performed on Perkin El-
mer spectrofluorimeter at room temperature.

2.5. Fluorescence microscopy

2.5.1. Preparation of giant unilamellar vesicles
The traditional electroformation method (AC field, 1 V, 10 Hz)

[14] was used for preparation of giant unilamellar vesicles (GUVs)
from cell plasma membrane lipid extracts. The vesicles were al-
ways formed at 45 �C at which a high yield was consistently ob-
tained. The vesicles were prepared in a temperature – controlled
chamber in 1 mM Hepes buffer, 2 mM NaCl, pH 7.4. The higher
NaCl concentration caused aggregation of the lipids on the elec-
trodes and the GUVs yield was significantly reduced. At 3 mM
NaCl, GUVs formation was completely impeded. As alternative
was used a protocol (2 V, 500 Hz) for high salinity GUV formation
reported by Montes et al. [9] and Pott et al. [15] by achieving up to
10 mM NaCl. Although the lipid aggregation on the electrodes was
expressed at lower degree, the yield of giant vesicles was not high
enough and the mean vesicle diameter was largely reduced (5 lm).
The formation of domains in the presence of 10 mM NaCl appeared
at slightly lower temperatures (Dt � �4 �C) than those at low salt
concentration. This fact might be rather ascribed to smaller vesicle
size which hinders accurate detecting of the temperature of do-
main formation than the salinity effect. Other possibility might
be the exclusion of some lipid species from the plasma membrane
extract and their aggregation on the electrodes caused by the salt
presence. That is why we chose to mark the average temperature
of domain formation in the presented data.

2.5.2. Imaging of GUV
The vesicles were observed using a Zeiss Axiovert 135 micro-

scope equipped with 40� and 63� long working distance objective
lens (LD Achroplan Ph2). Observations were recorded using Zeiss
AxioCam HSm CCD camera connected to an image recording and
processing system (Axiovision, Zeiss). The phase morphology
transformation of the heterogeneous GUV membranes were fol-
lowed in phase contrast and in fluorescence by Zeiss filter set 15
(Ex/Em = 546/590 nm). The headgroup-labeled lipid analog egg
PE–Rhodamine (0.8 mol%) (Avanti Polar Lipids) was used as a fluo-
rescent marker.

2.5.3. Microinjection of methyl-b-cyclodextrin
The microinjection was carried out with an Eppendorf FemtoJet.

The micro-capillary for performing local microinjection to a GUV
had 0.8–1 lm inner diameter. Injection was performed from a
distance of about 50 lm from the GUV. Injected volumes of
methyl-b-cyclodextrin stock solution were of the order of a few
picoliters and required the use of very concentrated stock solution.
Methyl-b-cyclodextrin (50 mM) was prepared in 1 mM Hepes
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buffer, pH 7.4, identical to the buffer in which the vesicles were
formed. All experiments were carried out at 24 �C (room tempera-
ture). The observations presented below are based on at least 5–10
experiments of the same kind.

2.5.4. ESR measurements
The ESR experiments have been performed at 9.3 GHz (Bruker,

ER200D ESR, Wissembourg, France) using the doxyl-16-stearic
spin-probe denoted hereafter as 16NS. In the whole temperature
range of our experiments (7–47�), the reorientation of this probe
is under the fast motional regime with reorientation correlation
times s� 2 ns [16].

Plasma membranes lipid extracts were doped with 0.1 mol% of
16NS (Avanti Polar Lipids). After evaporation of the solvent the dry
lipid extracts were hydrated with a large excess 500 ll of a buffer
consisting of 25 mM Hepes, 150 mM NaCl, pH 7.4 at 45 �C. The lipid
dispersion was centrifuged and 20 ll of the pelleted liposomes was
transferred to an ESR measurement capillary cell and sealed. The
ESR spectra were recorded after an equilibration time of 10 min
at each temperature set by the variable temperature device (Bruker
ER4111VT). The signal was digitized by the EPRWARE software
(Scientific Software Service, Bloomington, IL61701, USA).

The least-squares fittings of simulated spectra to experimental
ones (Fig. 1) have been performed by methods reported in Cha-
chaty and Soulie [17] (see also www.esr-spectsim-softw.fr), yield-
ing two parameters of interest in the present study: the order
parameter Szz and the reorientation correlation time s of the Z-axis
of the nitrogen hyperfine coupling tensor parallel to the C15–C17

vector of the hydrocarbon chain of the probe.
3. Results and discussion

The functions of cellular membranes depend significantly on
the membrane bilayer structure and physicochemical properties
which in turn can be affected extensively by the extracellular envi-
ronment. The GD25b1 fibroblast cells lack contact inhibition,
which allows them to grow as a conventional monolayer cell cul-
ture (2D), or, if left to grow beyond confluency, they can form a
three-dimensional, multilayered culture, embedded in naturally-
synthesized extracellular matrix (3D). Plasma membranes were
isolated from fibroblasts, cultured as a monolayer and in three-
dimensional matrix and used for phospholipid extraction.
3280 3290 3300 3310 3320 3330 3340 3350

Magnetic Field (0.1 mT)

Experimental spectrum
Calculated spectrum
Difference

Fig. 1. Experimental and simulated spectra of the 16NS probe in the 3D plasma
membrane extract at 37 �C. The fitting yields SZZ = 0.082 and s = 0.76 ns.
2D plasma membranes contained higher levels of phosphatidyl-
choline (PC) and lower levels of sphingomyelin (SM), phosphati-
dylserine (PS) and phosphatidiylethanolamine (PE) compared to
3D (Fig. 2A). Besides the lipid identification according to their
head-groups, another factor for complete understanding of the li-
pid structural organization and phase state is the level of satura-
tion of their acyl chains (Fig. 2B).

The analysis of the fatty acid composition of the separate plas-
ma membrane phospholipids demonstrated differences in the ratio
between saturated and unsaturated fatty acids in 2D and 3D fibro-
blasts (Fig. 2B). It should be pointed out that SM which was in-
creased about two fold in 3D cells, exhibited twice as a high level
of fatty acid saturation compared to 2D fibroblasts. This was due
mainly to the presence of long C20:0 and C22:0 saturated fatty
acids (Fig. 2E). On the other hand, as evident from Fig. 2A the most
abundant plasma membrane phospholipid fractions were PC, PE
and PS + PI and their sum amounted to about 70 mol% from the to-
tal plasma membrane phospholipids. These phospholipids showed
a higher level of saturation in 2D plasma membranes (Fig. 2B)
which could be attributed to the lower content of polyunsaturated
fatty acids than monounsaturated ones (Fig. 2C and D). Overall, the
lipid analysis predicted a more ordered lipid bilayer in the hydro-
phobic core of the lipid bilayer composed of 2D plasma membranes
compared to 3D. The cholesterol/total phospholipids ratio was also
different in 3D and 2D cells. The amount of CHOL was increased up
to about 34 mol% in 3D plasma membrane lipid extract vs. 21 mol%
in 2D. Our previous studies revealed a similar trend for SM [18]. All
these results suggest that the differences in structural components
of 2D and 3D plasma membranes as well as in their ratios could
underlie eventual specificities in their phase behavior.

Thus, studies were performed to analyze the processes of phase
separation of membrane phospholipids extracted from plasma
membranes of fibroblasts cultured as a monolayer (2D) and in a
3D matrix. For this purpose, we used as an experimental model
GUVs to visualize the phase behavior and ability of plasma mem-
brane lipids to form domains in the temperature range from
37 �C to 4 �C (Fig. 3). GUV bilayers were composed of cellular plas-
ma membrane lipid extracts. The visualization of the phase behav-
ior of 2D and 3D lipid extracts was achieved by different
fluorescent probe partition into the coexisting phases. Egg PE–Rho-
damine exhibits a greater partition coefficient for the fluid phase.
Thus, the bright vesicle area represents the more fluid phase and
the microdomains with more ordered structure occur as dark re-
gions. In the 37–22 �C temperature interval two lipid extracts
exhibited homogeneous appearance (Fig. 3A (a and b)) and no for-
mation of dark domains in the micron-scale were observed for
both types of plasma membranes. Especially for 3D plasma mem-
branes, a population of multilamellar giant vesicles was observed
as shown in Fig. 3A (b and c). The indication of multilamellarity
was the brighter vesicle contour in fluorescence as well as darker
and thicker vesicle contour in phase contrast (data not shown)
compared to the majority of vesicles. The presence of twice as high
levels of negatively charged lipids such as PS in 3D plasma mem-
branes could be a reason for the increased multilamellarity in 3D
lipid extracts. The increasing proportions of PS in simple binary
mixtures of phosphatidylcholine/phosphatidylserine confirms this
tendency to form multilamellar giant vesicles which was verified
by us (data not shown) and other authors [19]. It is quite likely that
the presence of negative charges prevents the hydration and the
separation of the lamellas in the deposited lipid film.

Below 22 �C, in the temperature interval 22–10 �C, the plasma
membrane lipids of 2D fibroblasts exhibited a clear bi-phasic
behavior, demonstrated by the presence of bright and dark regions
(Fig. 3B (a and b)). Two coexisting phases were identified as fluid
ones since the observed domains had always a round shape. When
fluid domains are embedded in a fluid environment, circular

http://www.esr-spectsim-softw.fr
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Fig. 2. Identified phospholipid species (mol% of the total lipids) in plasma membranes of fibroblasts cultured as a monolayer (2D conditions, white bars) and in 3D matrix
(black bars) (A). PMLE: plasma membrane lipid extract. Coefficient of saturation of fatty acids (B); percentage of polyunsaturated species from total plasma membrane fatty
acids in the major phospholipids (C); percentage of monounsaturated species from total plasma membrane fatty acids in the major phospholipids (D); fatty acid composition
of sphingomyelin (mol%) in plasma membranes of 2D and 3D fibroblasts (E). The presented values are averages of three independent determinations.
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domains will form because both phases are isotropic and the line
tension associated with the interface of the two demixed phases
is minimized by the optimizing area-to perimeter ratio [20]. These
domains showed a tendency to merge and to form larger round-
shaped structures moving within a light background (Video S1).
Poor Rhodamine–PE spots appearing as dark domains correspond
to the liquid-ordered phase mimicking the lipid matrix of cellular
‘‘lipid rafts’’ whereas the light background represents the liquid-
disordered phase.

The plasma membrane lipids of 3D fibroblasts in contrast to 2D,
exhibited a homogenous appearance in this temperature interval.
Such phase behavior is not surprising in view of the cholesterol
content in both samples. Studies on model membranes with artifi-
cial lipids (unsaturated phosphatidylcholine/sphingomyelin or sat-
urated phosphatidylcholine/cholesterol) demonstrated single
phase existence in liquid-ordered state at cholesterol mole fraction
0.35–0.4 [21]. Indeed, if cholesterol was gradually removed from
GUVs, composed of 3D lipid extracts, by using methyl-b-cyclodex-
trin (local microinjection around target vesicle), formation of
round-shaped domains in GUV was initiated at 24 �C (Fig. 4 (a–
e)). Thus, cholesterol concentration of 3D plasma membrane lipid
extract (34 mol%) would approach that of 2D extract (21 mol%)
which correlates with the observed bi-phasic behavior for these
extracts. At lower temperatures (below 15 �C) formation of more
structured regions was detected. The clusters of dark domains with
irregular shape were observed in 3D lipid extract (Fig. 3B (c–e)).
These domains did not fuse to yield a larger domain which is an
intrinsic property of gel-like phases (Video S2). At 4 �C the plasma
membranes of 2D lipid extract exhibited three-phasic behavior as
the dark fraction became dominant. Within this background bright
round-shaped and darker irregular domains (marked by white ar-
rows) were visible (Fig. 3C (a–c)) (Video S3). The fraction of irreg-
ular domains in 3D lipid extract, however, was larger compared to
2D (Fig. 3C (d and e)) (Video S4). The composition of these domains
is not known and could be assigned to the greater content of satu-
rated species of the charged lipid PS.



Fig. 3. Domains pattern of plasma membrane lipids from cells cultured in 2D and 3D conditions. Giant vesicles were composed of lipid extracts and observed in 37–4 �C
temperature range. Homogeneous appearance was observed for both types of plasma membranes (A (a and b)) in 37–22 �C range. Population from multilamellar giant
vesicles was noticed for 3D plasma membranes (A (b and c)). Well resolved bi-phasic behavior in 22–10 �C temperature interval: liquid/liquid coexistence (bright regions-Ld

phase and dark domains-Lo phase) for 2D plasma membranes (B (a and b)) and liquid/gel for 3D (dark domains-Lb phase) (B (c–e)). In 10–4 �C temperature range, the plasma
membranes of 2D lipid extracts exhibit three-phasic behavior (Lb-denoted by arrows, Lo, and Ld) as the dark fraction became dominant (C (a–c)). Liquid/liquid coexistence was
not observed for 3D plasma membranes (C (d and e)). The fraction of irregular gel domains in 3D (C (d and e)) was larger compared with 2D plasma membranes (Fig. 2C (a and
c)). Bar 20 lm.
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Fig. 4. Time series of cholesterol depletion by methyl-b-cyclodextrin from GUV composed of plasma membrane lipids, extracted from cells cultured in 3D conditions, at 24 �C.
Bar 20 lm.
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Fluorescence microscopy experiments demonstrated different
domain patterns for 2D and 3D plasma membranes lipids. The
growth, shape and size of the domains depend critically on varia-
tions in the lipid composition, especially the cholesterol content,
and the ability of lipids to mix. Macroscopic Lo/Ld phase separation
in plasma membrane lipids has never been visualized at physiolog-
ical temperature but this does not preclude the existence of do-
mains in the sub-micron region. These findings do not contradict
with the current definition of ‘‘lipid rafts’’ at cellular level – nano-
meter-range in size, highly dynamic sphingolipid–cholesterol en-
riched domains [22]. In addition, the majority of the studies
using plasma membrane extracts detected macroscopic domain
formation of the type Lo/Ld [8,23] or Lb/Ld [7] at room temperature
rather than physiological.

It is noteworthy that the observed phase behavior of the plasma
membrane lipid extracts in this model system might be different
compared to physiological conditions not only because the natural
lipid asymmetry is not preserved in the membrane bilayer but also
because the natural membranes are not in thermodynamic equilib-
rium as it is in biomimetic systems. Another major factor which
governs the intrinsic membrane organization in cell plasma mem-
brane is the presence of proteins. Even though, the ability of these
plasma membrane lipid extracts to form domains in liquid-ordered
phase (lipid model of cell rafts) was tested taking into account the
found differences in the lipid composition between two extracts.
Currently, there are no proofs in the literature demonstrating that
PS, PE, PI (the main lipids in the inner leaflet of the plasma mem-
brane) and cholesterol are able to form micron-scale liquid do-
mains in model systems. The raft-like domains are micron-scale
sphingomyelin–cholesterol domains exhibiting round shape and
growing by fusion. Therefore, the ability to form micron-scale do-
mains with such properties in the given lipid extract might be
mainly attributed to the SM/CHOL ratio. Of course, the presence
of other lipids modulates the fraction of Lo domains. For example,
recently, Wassall and Stillwell [24] have shown that polyunsatu-
rated PE and CHOL possess a mutual aversion that drives the lateral
segregation of polyunsaturated phospholipids into highly disor-
dered domains away from CHOL. Thus more CHOL would be avail-
able to interact with SM and to form raft-like lipid domains. Hence,
when the lipid asymmetry is not available in the membrane bilayer
as it is in our case, the presence of more polyunsaturated PE than
the natural levels in the outer leaflet would lead to the some over-
estimation of the fraction of Lo domains. The rest of the lipids, such
as PS and PI might have similar or opposite effect but at present
there is no information of their impact on the raft-like domain for-
mation. That is why we state that the demonstrated phase behav-
ior of 2D and 3D plasma membrane lipids mimics to certain degree
the ability of present lipids to form raft-like domains.

To describe in more detail the changes in the plasma membrane
structure of cells cultured in 2D and 3D conditions, we performed
investigations with spin-labeled stearic fatty acid, the polar car-
boxyl group of which positions spontaneously at the water inter-
face and the reporter group positions at the deepest hydrophobic
part of the bilayer. 2D lipid extract was more ordered than the
3D at the level of the doxyl probe in the whole investigated tem-
perature range (Fig. 5A). However, the difference was more pro-
nounced at lower temperatures between 5 �C and 20 �C. Such
behavior of molecular order for the two types of plasma membrane
lipid extracts is predictable in view of the fact that the major frac-
tion (about 70 mol%) from total phospholipids, composed of PC, PE
and PS + PI, contained less polyunsaturated fatty acids in 2D lipid
extract compared to 3D. Even higher CHOL and SM content in 3D
extract, which are known to increase the order in the glycerophos-
pholipid matrix, were not able to compensate the higher order im-
posed by higher fatty acid saturation of phospholipids in 2D
extract. These results are consistent with some reports in the liter-
ature and correspond to the conception of homeoviscous adapta-
tion [25]. This concept implies that the membrane lipid
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composition varies in response to conditions that perturb the
phospholipid acyl chain conformational mobility in such a way
as to maintain this conformational mobility constant.

Lipid extracts from 3D plasma membranes were richer in cho-
lesterol which would suggest higher values of the order of the bi-
layer compared to 2D which, unexpectedly, was not the case. Thus,
adaptive changes in the phospholipid composition would be these
which produce a decrease in the order parameter of acyl chains.
One possible reason for the observed order of the ESR probe is most
probably due to the increased fatty acids unsaturation in the major
phospholipid species (Fig. 2C). Similar results were observed in
mycoplasma and in Chinese hamster ovary cells, where the in-
crease of the cholesterol/phospholipid ratio is related to a decrease
in SAT/UNSAT ratio [26,27]. Another possible factor, related to the
cell homeoviscous adaptation, could be the higher levels of PE in
CHOL-enriched 3D lipid extract, generally known to comprise of
polyunsaturated species. These in vitro studies are consistent with
in vivo conditions in which a deep DPH fluorescent probe was used.
The fluidity of the outer and the inner plasma membrane monolay-
ers was lower in 3D (outer 0.2351 ± 0.0025; inner 0.2229 ± 0.0017)
than 2D cells (outer 0.2423 ± 0.0019, inner 0.2208 ± 0.0021) [18].
Overall, these data demonstrate a generally lower order of the
ESR spin-probe in 3D plasma membrane lipids in the deep hydro-
phobic core of the bilayer compared to 2D. The reorientation corre-
lation time obtained from a spectral fitting is an effective
parameter, function of the overall tumbling of the probe and of
segmental motions. The latter involving some hundred thousand
transient conformers give rise to the motionally averaged order
parameter Szz.

As S2D
ZZ > S3D

ZZ (Fig. 5A), it is expected that the interactions of the
doxyl chain of the probe with the substrate molecules are more re-
stricted in the 2D lipid extract than in the 3D one. However, the
reorientation correlation times exhibited a tendency to be a bit
shorter in the 2D extract than in the 3D extract (Fig. 5B). The higher
levels of long C20:0 and C22:0 saturated fatty acids of SM in 3D
plasma membranes lipid extract (Fig. 2E) may induce length asym-
metry in the lipid hydrocarbon chains. Thus, partial monolayers
interdigitation would be a reason for the restricted movements
(rotations) of the nitroxide radical in the middle of the bilayer in
3D membranes compared to 2D.

Native membranes exhibit a large compositional heterogeneity
of the constituent lipids. As showed in Fig. 2 the alterations
observed in the lipid composition between 2D and 3D plasma
membrane extracts were related to differences in the percentage
ratio of the studied fatty acids, the degree of saturation as well
as percentage ratio of the polar residues. The acyl-chain region
was probed using the doxyl ESR spin-probe attached to the carbon
Fig. 6. Normalized excitation (A) and emission spectra (B) of Laurdan obtained at 20 �C fo
Open circles correspond to 2D and filled to 3D conditions.
16 of stearic acid. This probe undergoes a fast motional regime
allowing an unambiguous determination of correlation times and
order parameters in contrast with reporter groups located at more
shallow and thus more ordered depths (C5 through C12) than the
center of the bilayer (C16). For the latter reporter groups indeed,
the apparent order parameter depends both on the ‘‘true’’ order
parameter SZZ and on the reorientation correlation time (see for in-
stance [16] and references therein). That is why another opportu-
nity to examine the interfacial properties of the phospholipid
bilayer of plasma membrane lipid extracts is to use the fluorescent
marker 6-dodecanoyl-2-dimethyl-aminonaphthalene (Laurdan).
Whereas spin-labeled fatty acids report on different packing prop-
erties in the deep hydrophobic core of the membrane bilayer, Laur-
dan is sensitive to polarity in the interfacial region of the
membrane bilayer [28]. Laurdan is negligibly soluble in water,
homogeneously distributed into the solid and liquid lipid phases
and it shows a lipid phase-dependent emission spectral shift. The
spectra are blue-shifted when the membrane bilayer is in ordered
phase state and red-shifted in the liquid-disordered state. This ef-
fect is attributed to the reorientation of water molecules present at
the lipid interface near the fluorescent moiety of Laurdan [29]. All
these properties offer a great advantage over other fluorescent
probes which show preferential localization in particular mem-
brane regions.

Fluorescence excitation and emission spectra of Laurdan in
multilamellar vesicles prepared from plasma membrane lipid ex-
tracts of fibroblasts, cultured in 2D and 3D conditions were re-
corded at intervals of 10 nm at room temperature (Fig. 6).

The excitation spectrum of 2D lipid extract showed two peaks
at 340 nm and 370 nm, the latter being of lower intensity
(Fig. 6A). The spectrum of 3D lipid extract is characterized with
one well pronounced peak at 355 nm (Fig. 6A). The Laurdan emis-
sion spectrum of 2D extract showed two well resolved peaks at
415 nm and 470 nm (Fig. 6B). The emission spectrum of 3D is char-
acterized with one peak at 430 nm (Fig. 6B). Both spectra are broad
as the 2D plasma membrane lipid extract exhibited clearly two,
differing in polarity, environments (blue- and red-shifted peaks)
unlike 3D extract, where a blue-shifted pick is preponderant. Such
peak is typical for lipid mixtures enriched in CHOL (30–40 mol%),
forming membranes in liquid-ordered state, where the presence
of CHOL noticeably reduces the dipolar relaxation effect [30]. As
discussed above, such phase behavior would be consistent with
the fact that the 3D lipid extracts are comprised of higher amount
of SM and cholesterol (34 mol%). The extent of water dipolar relax-
ation, which is related to the phase state of lipid membranes, is
also characterized by the parameter general polarization (GP)
which is defined by analogy to the fluorescence polarization
r plasma membrane lipid extracts from fibroblasts cultured at 2D and 3D conditions.
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function [31]. GP varies between �1.0 and 1.0 and has been inter-
preted to reflect the degree to which lipid molecules are ordered
within the membrane. The calculation of GP showed values of
0.263 ± 0.016 for 2D and 0.330 ± 0.020 for 3D at room temperature.
The higher GP value for 3D lipid extract means a lower hydration of
the bilayer, which suggests stronger interactions between the
neighboring phospholipids in the interfacial region of the mem-
brane bilayer. The increased content of cholesterol and sphingomy-
elin in the 3D plasma membrane lipid bilayer as well the higher PE
(low hydrated polar headgroup) and PS (charged polar headgroup)
levels are factors which determine an increased GP value. The
changes in GP are clearly correlated with the amount of cholesterol
in the range of 0.2–0.4 mol% [32,33] as it is consistent with our
data. In addition, the presence of anionic phospholipids leads also
to blue-shifted specters and increased GP values as a function of
the charged lipids concentration [34]. The higher order in the inter-
facial region of 3D extract is consistent with previously measured,
by our group, surface properties of the lipid extracts cultured in 2D
and 3D conditions [35]. These Langmuir monolayers studies stated
that the elevated content of sphingomyelin in the plasma mem-
branes of 3D fibroblasts is responsible for an increased rigidity
and possibly reduced permeability of cells cultured in 3D
environment.

It is well to emphasize that the interpretation of the results in
Laurdan measurements using multilamellar vesicles (MLV) is not
straightforward compared to Laurdan measurements in giant uni-
lamellar vesicles (GUV, fluorescence of single vesicle), because in
the bulk fluorescence measurements (cuvette technique), the addi-
tive property of the Laurdan GP function masks phase identifica-
tion if more than one phase exist in membrane bilayer. An
experimental obstacle emerged for using Laurdan measurements
in GUV [36,37]. Giant multilamellar vesicles were systematically
observed in the 3D plasma membrane lipid extracts contrary to
2D where mainly unilamellar ones were observed by epifluores-
cence as it was mentioned above. Despite the fact that the method
of GUV electroformation is considered as the method with highest
yields of unilamellar vesicles [38], the presence of charged lipids in
the membrane bilayer changes this perception [19]. In order to
interpret correctly the results, reliable method for evaluation of
the unilamellarity of giant vesicles is required in case of use of lipid
extracts. We therefore considered that MLVs are a compromise
biomimetic system that is able to give an assessment of the aver-
age order in the interfacial region of bilayer composed of each lipid
extract.
4. Conclusions

Our results indicate that cell culture conditions could influence
various membrane functions which are supported by the observed
changes in the membrane lipid composition, molecular order in
the deep hydrophobic core and in the interfacial region of the
membrane bilayer, and lateral membrane organization. The pres-
ent studies also demonstrate how changes in the levels of two ma-
jor microdomain-forming lipids (sphingomyelin and cholesterol)
were able to induce formation of different domain patterns in
the lipid bilayer of biomimetic systems. The organization of the li-
pid molecules in domains is considered as an important factor for
protein sorting, dynamically regulating the association of protein
targeting and so would support different biochemical functions
and regulate whole cell physiology. Indeed, our group was able
to establish differences in the chemical activity of cholesterol, as-
sessed by its susceptibility to cholesterol oxidase in conventional
and ‘‘matrix’’ cell cultures [18]. Thus, the reported differences in
the physicochemical properties of plasma membranes in 2D and
3D cells imply that investigations of any membrane-related pro-
cesses should be cautiously interpreted when using cells cultured
as conventional monolayers.

Acknowledgments

The authors are grateful to Dr. C. Wolf (Université Paris 6, IN-
SERM U893) for providing experimental ESR set up.

Financial assistance was provided from Bulgarian Fund for Sci-
entific Research (DTK 02/5-2009, D002-212/2008) and Operational
Program ‘‘Human Resources Development’’ (BG 051PO001-3.3.04/
42) co-financed by the European Social Fund of the European
Union.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jcis.2011.03.085.

References

[1] D. Edelman, E. Keefer, Exp. Neurol. 192 (2005) 1–6.
[2] O. Ishikawa, A. Kondo, K. Okada, Y. Miyachi, M. Furumura, Br. J. Dermatol. 136

(1997) 6–11.
[3] E. Cukierman, R. Pankov, D. Stevens, K. Yamada, Science 294 (2001) 1707–

1712.
[4] E. Cukierman, R. Pankov, K.M. Yamada, Curr. Opin. Cell Biol. 14 (2002) 633–

639.
[5] D.A. Brown, E. London, J. Biol. Chem. 275 (2000) 17221–17224.
[6] I. Plasencia, L. Norlen, L.A. Bagatolli, Biophys. J. 93 (2007) 3142–3155.
[7] R. Bali, L. Savino, D.A. Ramirez, N.M. Tsvetkova, L. Bagatolli, F. Tablin, J.H.

Crowe, C. Leidy, Biochim. Biophys. Acta 1788 (2009) 1229–1237.
[8] T. Baumgart, A.T. Hammond, P. Sengupta, S.T. Hess, D. Holowka, B. Baird, W.W.

Webb, PNAS 104 (2007) 3165–3170.
[9] L.R. Montes, A. Alonso, F.M. Goni, L.M. Bagatolli, Biophys. J. 93 (2007) 3548–

3554.
[10] R. Pankov, E. Cukierman, K. Clark, K. Matsumoto, C. Hahn, B. Poulin, K.M.

Yamada, J. Biol. Chem. 278 (2003) 18671–18681.
[11] R. Pankov, T. Markovska, P. Antonov, L. Ivanova, A. Momchilova, Arch.

Biochem. Biophys. 442 (2005) 160–168.
[12] E. Bligh, W. Dyer, Can. J. Biochem. Physiol. 37 (1959) 911–917.
[13] J. Kahovcova, R. Odavic, J. Chromatogr. 40 (1969) 90–96.
[14] M. Angelova, D. Dimitrov, Faraday Discuss. Chem. Soc. 81 (1986) 303–311.
[15] T. Pott, H. Bouvrais, P. Meleard, Chem. Phys. Lipids 154 (2008) 115–119.
[16] C. Wolf, C. Chachaty, Biophys. Chem. 84 (2000) 269–279.
[17] C. Chachaty, E.J. Soulie, J. Phys. III 5 (1995) 1927–1952.
[18] N. Stefanova, G. Staneva, D. Petkova, T. Lupanova, R. Pankov, A. Momchilova,

Cell Biol. Int. 33 (2009) 1079–1086.
[19] N. Rodriguez, F. Pincet, S. Cribier, Colloids Surf., B 42 (2005) 125–130.
[20] T. Baumgart, S.T. Hess, W.W. Webb, Nature 425 (2003) 821–824.
[21] C. Nicolini, J. Kraineva, M. Khurana, N. Periasamy, S.S. Funari, R. Winter,

Biochim. Biophys. Acta 1758 (2006) 248–258.
[22] L.J. Pike, J. Lipid Res. 47 (2006) 1597–1598.
[23] C. Dietrich, L.A. Bagatolli, Z.N. Volovyk, N.L. Tompson, M. Levi, K. Jacobson, E.

Gratton, Biophys. J. 80 (2001) 1417–1428.
[24] S. Wassall, W. Stillwell, Biochem. Biophys. Acta 1788 (2009) 24–32.
[25] M. Sinensky, PNAS 71 (1974) 522–525.
[26] M. Sinensky, J. Cell Biol. 85 (1980) 166–169.
[27] S. Rottem, J. Yashouv, Z. Ne’eman, S. Razin, Biochim. Biophys. Acta 323 (1973)

495–508.
[28] T. Parasassi, M. Loiero, M. Raimondi, G. Ravagnan, E. Gratton, Biochim. Biophys.

Acta 1153 (1993) 143–154.
[29] T. Parasassi, E.K. Krasnowska, L. Bagatolli, E. Gratton, J. Fluorescence 8 (1998)

365–373.
[30] T. Nyholm, M. Nylund, A. Soderholm, J.P. Slotte, Biophys. J. 84 (2003) 987–997.
[31] T. Parasassi, G. De Stasio, G. Ravagnan, R.M. Rusch, E. Gratton, Biophys. J. 60

(1991) 179–180.
[32] S.A. Sanchez, M.A. Tricerri, E. Gratton, J. Lipid Res. 48 (2007) 1689–1700.
[33] B.M. Stott, M.P. Vu, C.O. McLemore, M.S. Lund, E. Gibbons, T.J. Brueseke, H.A.

Wilson-Ashworth, J.D. Bell, J. Lipid Res. 49 (2008) 1202–1215.
[34] A.S. Klymchenko, G. Duportail, A. Demchenko, Y. Mely, Biophys. J. 86 (2004)

2929–2941.
[35] A. Jordanova, N. Stefanova, G. Staneva, R. Pankov, A. Momchilova, Z. Lalchev,

Cell Biochem. Biophys. 54 (2009) 47–55.
[36] M. Fidorra, L. Duelund, C. Leidy, A.C. Simonsen, L.A. Bagatolli, Biophys. J. 90

(2006) 4437–4451.
[37] S. Sanchez, M.A. Tricerri, G. Gunther, E. Gratton, in: A. Mendez-Vilas, J. Dıaz

(Eds.), Modern Research and Educational Topics in Microscopy: Applications in
Physical/Chemical Sciences, Formatex Research Center, Badajoz, Spain, 2007,
pp. 1007–1014.

[38] L.A. Bagatolli, T. Parasassi, E. Gratton, Chem. Phys. Lipids 105 (2000) 135–147.

http://dx.doi.org/10.1016/j.jcis.2011.03.085

	Structural organization of plasma membrane lipids isolated from cells cultured as a monolayer and in tissue-like conditions
	Introduction
	Materials and methods
	Cell culture
	Isolation of plasma membrane fractions
	Lipid extraction and analysis
	Laurdan fluorescence measurements
	Fluorescence microscopy
	Preparation of giant unilamellar vesicles
	Imaging of GUV
	Microinjection of methyl-β-cyclodextrin
	ESR measurements


	Results and discussion
	Conclusions
	Acknowledgments
	Supplementary material
	References


