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A B S T R A C T

We use phase contrast microscopy of red blood cells to observe the transition between the initial discocyte shape
and a spiculated echinocyte form. During the early stages of this change, spicules can move across the surface of
the cell; individual spicules can also split apart into pairs. One possible explanation of this behaviour is that the
membrane forms large scale domains in association with the spicules. The spicules are formed initially at the rim
of the cell and then move at speeds of up to 3 μm/min towards the centre of the disc. Spicule formation that was
reversed and then allowed to proceed a second time resulted in spicules at reproducible places, a shape memory
effect that implies that the cytoskeleton contributes towards stopping the spicule movement. The splitting of the
spicules produces a well-defined shape change with an increase in membrane curvature associated with for-
mation of the daughter pair of spicules; the total boundary length around the spicules also increases. Following
the model in which the spicules are associated with lipid domains, these observations suggest an experimental
procedure that could potentially be applied to the calculation of the line tension of lipid domains in living cells.

1. Introduction

Red blood cells (RBCs) exhibit a range of different cell shapes that
are associated with changes in the relative areas of the inner and outer
leaflets of the cell membrane [1,2]. The familiar biconcave disc shape of
healthy red blood cells is lost as the outer leaflet of the membrane
expands relative to the inner leaflet: the excess area is accommodated
by the formation of convex bumps on the surface of the cell. The re
sulting spiculated form is called an echinocyte.

As RBCs age during storage, the bumps appear first as ripples
around the rim of disc shaped cells [3]; spicules then appear on the top
and bottom surfaces of the disc; the cells become rounder, and the
spicules become more numerous and finer (Fig. 1). The discocyte to
echinocyte transition can be driven by multiple factors, including the
decrease of ATP levels during storage [4], as well as increased pH levels
associated with proximity to soda lime glass, and multiple other factors
[5].

Models that reproduce the shapes of discocytes can be created by
considering the energetic contributions of the bilayer alone [6]: the

shape with the energetic minimum matches well with the observed
shape of the discocyte [6,7]. The spiculated echinocyte forms can be
described accurately using models in which the relative area difference
of the inner and outer leaflets of the bilayer is varied, but only if the
contributions of the cytoskeleton are also considered [2,3,7,8]. For area
differences that are relatively low (i.e., for positive curvatures that are
fairly low), it is possible to find minima in the membrane energy
without considering the cytoskeleton, but these do not correspond to
the familiar echinocyte shapes [8].

Echinocyte and discocyte shapes can both be modeled using uni
form values for the membrane mechanical properties: single values are
used for parameters such as the bending modulus or the resistance to
shear stretching. The models thus produced can describe the different
cell shapes and can also explain the formation of vesicles, an event
which is predicted if the positive curvature is sufficiently high and if the
cytoskeleton is not considered, or if it has detached from the bilayer. In
this case, there is no energy minimum to provide a stable shape, and an
increasing area difference between the inner and outer leaflets causes
the membrane to proceed in the direction of budding [9].
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Events such as fusion or fission of features within the plane of the
cell surface are, however, not as readily explained by membranes with
uniform properties. Such events are seen in giant vesicle model systems
composed of ternary lipid mixtures, where large scale lipid domains
have been observed to form, coalesce, and localise according to cur
vature [10,11]. The large scale domains seen in these cases have che
mically distinct compositions, with domain specific mechanical prop
erties that can affect the overall vesicle shape [12].

One of the features that controls the behaviour of lipid domains in
model systems is the line tension, which results from differences in the
bilayer thickness at the domain boundaries, and the molecular distor
tions that occur to correct this mismatch [13]. If the line tension is
sufficiently high, it leads to the formation of circular domains that
minimise the boundary length and thus minimise the line energy. Do
mains that are sufficiently large and that have a low enough resistance
to out of plane bending (i.e. low bending modulus) can reduce the line
length to zero by budding to form a vesicle composed of one of the lipid
domains. The shapes of the domains will therefore be a result of a
balance of the line tension and the bending modulus [12].

In the work presented here, we observe the shape changes asso
ciated with the early stages of the transition between the initial bi
concave discocyte form of RBCs and the spiculated echinocyte forms.
We use phase contrast microscopy of unlabeled cells, which enables us
to observe dynamic events on cells with minimal interference of ex
ternal agents that could affect the cell behaviour. The goals here are to
characterise the nature of the spicules and the spicule behaviour, and
also to use the spicule splitting events to demonstrate an approach to
investigate membrane energetics.

2. Materials and methods

2.1. Red blood cells

Blood was collected from donors that had provided informed con
sent and the experiments were approved by the Medical Ethics
Committee of the university. The RBCs were washed 3× in phosphate
buffered saline (PBS) prepared from tablets (VWR; PBS solution was
137 mmol/l sodium chloride, 2.7 mmol/l potassium chloride, and
10 mmol/l phosphate pH 7.4). All RBCs were refrigerated before use, in
accordance with the standard Red Cross procedures for transportation
and storage of blood samples. Samples were stored for a maximum of
four days before use. The storage times for the individual samples are
given in the figure legends below the image sequences in the supporting
information.

2.2. Adhesive substrate

Glass slides with a depression (häberle, Lonsee Ettlenschieß,
Germany) were modified with poly(allylamine hydrochloride) (PAH) as
described previously [7,14]. Slides that had been cleaned with a solu
tion of ammonium hydroxide and H2O2 at 70 °C were incubated for
30 min in a 0.1 g/ml solution of PAH (Aldrich, average Mw 15,000 Da)
in 0.5 mol/l NaCl. The slides were then rinsed and stored in water. The
adhesive layer serves to hold RBCs in place and also covers the glass of

the slide.

2.3. Microscopy

The RBCs were observed under phase contrast, using a Zeiss
Axiovert A1 microscope (40× objective, NA = 0.55) with a Zeiss
AxioCam ICc1 camera, (Zeiss, Oberkochen, Germany). Images were
acquired with a 100 ms exposure time. Images are shown here with no
modification other than conversion from RGB to greyscale. A sample
unmodified image is shown in the supporting information as Fig. S1. No
anti vibration table was used.

2.4. Video files in the supporting material

The figures in the results typically show six frames from the se
quences in which RBCs changed shape. The full sequences with all
available images are included in the video files. The frame rate was kept
constant and the videos therefore do not show the event times, which
may be obtained from the figures. The final five frames from each se
quence were held constant in the video sequences. Links to the video
sequences may be found with the associated figures.

2.5. Formation of echinocytes

Up to 80 μl of PBS was added to the depression in the PAH modified
slide. A suspension of RBCs was added to the slide and the RBCs were
allowed to settle to the surface. One field of view was selected and then
monitored at room temperature over a period of less than 2 h. Images
were acquired at intervals of about 1 min, or more frequently if an
event was detected in progress. Formation of echinocytes was induced
by incubation for sufficient periods of time in PBS or by addition of a
coverslip, which increases the pH immediately adjacent to the cover
slip, thus leading to the echinocyte formation through the “glass effect”
[5]. One experiment was done with RBCs that had been incubated in a
mixture of diethylhexylphthalate (DEHP) in PBS (Fig. 2d), and addi
tional experiments were done in high salt conditions (Figs. 4, 5b).

Full details for each image sequence are given in the supporting
information, including storage time in plasma and PBS suspension prior
to the experiment. Figures in the supporting information show a
50 × 50 μm region around the cell of interest, as well as the initial
appearance of the cells, or, if relevant, the appearance prior to addition
of a coverslip.

2.6. Spicule circumferences and boundary lengths

The boundary length around the circumference of the spicules was
determined using the Kappa plug in of ImageJ (http://rsb.info.nih.gov/
ij/). Images of spicules before and after splitting events were acquired
as described above; spicules were identified as circular regions that
were brighter than the dark halo surrounding them. Splined curves
produced from a set of manually selected control points on the images
were then used to identify the spicule boundary. The boundary lengths
were calculated as the average values of 3 5 such curves.

Fig. 1. Typical sequence of shapes observed as RBCs are stored for increasing lengths of time (scale bar 2.5 μm). The initial biconcave disc of the RBC discocyte (a)
develops bumps around the rim (b), then over the top and bottom surfaces (c); the overall disc shape is lost as the cells become round (d); spicules become more
prominent and then become finer (e, f).



3. Results

3.1. Spicule movement

In order to demonstrate spicule movement, it is necessary to be able
to distinguish between the movement across the surface of the RBCs
and the movement of spicules that occurs as the RBCs change from the
flattened shape of the early stage echinocytes (Fig. 1b and c) to the
rounded form of the later stage echinocytes (Fig. 1d f). One experi
mental requirement is therefore to have RBCs that change shape rela
tively slowly, so that the overall cell profile shows little change during
the period of observation.

The shape of RBCs is relatively stable on PAH surfaces. Previous
experiments have shown that freshly collected and washed discocytes
can maintain their smooth shape for at least 2 h [7]. For the experi
ments described here, the process of echinocyte formation was ac
celerated by a combination of storage of RBCs in plasma or buffer prior
to use, and some degree of evaporation, which would increase the salt
concentration in the medium; additionally, for some experiments, a
glass coverslip was added, which increases the pH. All of these factors
can contribute to driving echinocyte formation [5]. The effect of high
salt concentration is described separately, below.

Typically, between 50 and 100 cells were visible within the field of

view. Under the experimental conditions used here, RBCs were largely
discocytes or early stage echinocytes at the start of the experiments.
Most of the cells adsorbed flat on the surface, presenting a circular
profile; some cells adsorbed on edge; a small number adsorbed at a
slight angle because they were resting on a second cell (see Fig. S1 in
the supporting information showing a sample field of view). The cells
were observed over some time, either with or without the addition of a
coverslip. Without a coverslip, the observation of moving spicules was
relatively infrequent, so that it was possible to follow two or three sets
of deposited RBCs without capturing a moving spicule event. With the
addition of a coverslip, examples of moving spicules were reliably
generated within a single observation period.

The examples showing the greatest extent of spicule movement
(sequences 2c and 2e) are shown in Fig. 2. Additional figures in the
supporting information (Figs. S2 S5) show 50 × 50 μm regions around
the cropped selections here, and some earlier time points. Fig. 2a shows
a cartoon with the typical pattern of movement, which was from the
edge of the cell towards the centre. The unusually large degree of
movement in sequence 2c is summarised by the spicule track in Fig. 2b.
Sequence 2d is more typical of the extent of movement, with the spi
cules ending up on the region of the cell that would correspond to the
high point of the discocyte as it lies flat, and also to the region with the
lowest convex curvature. Sequence 2e again shows a large movement,

Fig. 2. Movement of spicules across the surface of RBCs. The typical pattern of movement is from the edge of the cell towards the centre, as indicated in the cartoon in
2a, and in the spicule track shown in the circled region in 2b. Selected images from the series of 2b are shown in row 2c. Row d shows a similar example; row e shows
spicule movement in an RBC that had spontaneously deformed on the surface, as shown in the sequence in the supporting information; row f shows the spicule
movement in a cell that is resting on another cell in the lower left corner of the images, giving it a slight tilt. The numbers show the time in minutes relative to the
initial images, the scale bars show 5 μm, and the asterisks on the initial images mark the positions of the moving spicules. Supporting information: video Fig. 2c 3c;
video Fig. 2d; video Fig. 2e; video Fig. 2f.



on a one of a kind example of a cell that had spontaneously distorted
prior to the spicule movement. The distortion of the cell is shown in Fig.
S4 of the supporting information, and is presumably due to an in
homogeneity of the adhesive layer. This cell appears to be stretched,
unlike the other cells in these experiments. The rate of spicule move
ment in this sequence was up to 2.7 μm/min (average
0.94 ± 0.12 μm/min), similar to the rates for the sequence in Fig. 2c,
but faster than that seen in sequence 2d, which was a relatively steady
average velocity of 0.1 ± 0.01 μm/min. The spicule velocities for the
cells in Fig. 2c, d and e are shown in the supporting information as Fig.
S6.

The tracks for the spicules in sequence 2d are shown in Fig. S7. In
contrast to the straight line path in Fig. 2b, the spicules follow a path
seemingly closer to a random walk. The rms distance cannot be cal
culated with sufficient precision to determine if the spicules are moving
at the rate that would be expected for diffusion. In contrast, the track of
the spicule movement for sequence 2e is shown in the supporting in
formation, as Fig. S8; as for the track in Fig. 2c, the path follows a
straight line. The tilted cell in sequence 2f is of interest because it
provides a different angle for viewing the spicule shape. The spicule
appears to have a shape similar to that of the spicules that can be seen
in profile at the rim or the cell.

3.2. Spicule splitting

In addition to the formation and movement of spicules, we also
observed spicules that spontaneously split into daughter pairs. Fig. 3
shows three examples of cells with spicules that split apart. Criteria for
identifying splitting events are that a second spicule appeared at the
same time that an initially present spicule decreased in size. In the
sequence in 3c, the second spicule moves away from an initially present
spicule which remains at a fixed position, as shown in the track in
Fig. 3b. The sequence in 3d shows two daughter spicules that move

away from each other, after which one undergoes a second split. The
sequence in 3e appears to show an intermediate shape between the
single spicule that was present up to 7.1 min, and the clearly defined
pair that is present at 7.8 min, implying that the splitting event takes
place over a period of some seconds.

3.3. RBC behaviour in high salt; ruffles vs. moving spicules

The sequences in Fig. 4 and Fig. 5a were acquired in high salt. A
small volume of the cell suspension was added to the dips in the PAH
coated slides and allowed to evaporate. Addition of PBS caused the cells
to lyse, as illustrated in Fig. S11 of the supporting information; this
implies that the salt concentration inside the cells has increased,
making the PBS hypotonic to the cells under these conditions. Under
these conditions, the cells formed ruffled edges but no individual spi
cules. The side view of the cells in Fig. 5 shows a comparison of the
behaviour in high and isotonic salt: in high salt, it is clear that the cells
have a continuous ruffled edge, while in isotonic buffer, the spicule that
forms at the edge separates into daughter spicules that move towards
opposite faces of the cell.

3.4. Reversibility and reproducibility of spicule formation

The top two rows of Fig. 6 show the reversibility of spicules that are
formed in association with hypertonic buffer. Buffer tonicity was varied
here by allowing the buffer to evaporate, leading to the echinocyte
formation as seen in the top row of Fig. 6. Addition of more of the initial
isotonic PBS diluted the medium in the well of the slide and reversed
the process, as illustrated in the middle row of Fig. 6; continued eva
poration from the open slide led to a second formation of the echino
cyte, as shown in the bottom row of Fig. 6. The spicules formed re
producibly at the same positions, but in a different order.

Fig. S15 in the supporting information shows additional images

Fig. 3. Examples of spicules that split, as indicated in the cartoon in Fig. 3a. The track circled in 3b shows the movement of the daughter spicule that splits off from
the spicule shown in Fig. 2b. The numbers show the time in minutes relative to the initial images and the scale bars show 5 μm. Additional figures in the supporting
information (Figs. S2, S9, S10) show 50 × 50 μm regions around the cropped selections here. Supporting information: video Fig. 2c 3c; video Fig. 3d; video Fig. 3e.



from the sequence in which the echinocyte reverses, from time points
between 54 and 63 min; the spicule visible at 54 min remains constant
until 62 min. Fig. S16 shows a 50 × 50 μm region around selected
cropped selections. In this, it can be seen that there is a diversity of cell
responses; some cells show little change in shape over the whole time
course, while others undergo shape changes that are not reversed. In
vivo, RBCs will circulate for about 120 days; at the time of collection,
RBCs will have a range of ages, which can lead to diverse responses.

4. Discussion

4.1. Spicule behaviour: a summary

The question of interest is whether the results presented here de
monstrate that there is lateral segregation in the RBC membrane during
echinocyte formation, and, if so, whether that lateral segregation is
associated with the cytoskeleton or with domains in the lipid bilayer.

Fig. 4. Example of a cell forming a ruffled edge in high salt but no regular spicules. An additional figure in the supporting information (Fig. S12) shows a 50 × 50 μm
region around the cropped selection here. The numbers show the time in minutes relative to the initial images and the scale bars show 5 μm. Supporting information:
video Fig. 4.

Fig. 5. Side views of cells, showing formation of a ruffled edge in high salt conditions (a, top), and formation of spicules (see arrows) after addition of a coverslip (b,
bottom). The numbers show the time in minutes relative to the initial images and the scale bars show 5 μm. Additional figures in the supporting information (Figs.
S13 and S14) show a 50 × 50 μm region around the cropped selections here. Supporting information: video Fig. 5a; video Fig. 5b.

Fig. 6. Formation of spicules in an uncovered slide in association with evaporation of PBS (top row, a), followed by reversal of the process on addition of more PBS at
46 min (middle row, b; the images are shown in reverse order of acquisition, for comparison to rows a and c), and formation of spicules a second time as the
evaporation continued (bottom row, c). The numbers show the time in minutes relative to the initial image and the scale bars show 5 μm. The final positions of the
spicules are similar both times the echinocyte shape is formed, as can be seen by comparing the images at 18 and 99 min. The differences in the sequences are
highlighted by the arrows at min 10 and 93, which indicate a difference in curvature at the rim of the cell, and also by the boxed region at min 16 and 97, which
shows differences in spicule formation at one point in the sequence. Supporting information: video Fig. 6.



The early stage spicules formed during echinocytosis have diameters of
up to 2 μm; if they are associated with chemically distinct regions, this
would then correspond to large scale lipid domains. The starting point
of the discussion is a summary of the observations given in Table 1,
together with comments comparing the observed behaviour to that
noted elsewhere for lipid domains or for the cytoskeleton.

Spicule formation is always a balance of energetic contributions of
the lipid bilayer and the cytoskeleton. Increasing area difference be
tween the leaflets of the bilayer drives the membrane curvature; the
cytoskeleton, which is attached to the bilayer at regular points, be
comes distorted as the bilayer bends. The shape that the RBC reaches
will be an energetic minimum that is determined by the area difference
between the inner and outer leaflets of the lipid bilayer, the ability of
the lipid bilayer to bend to accommodate this, and the resistance of the
cytoskeleton to stretching and shear. If the area difference between the
inner and outer leaflets increases, then this will lead to a new energy
minimum shape, and the cell can change shape accordingly.

4.2. Cytoskeleton contributions to spicule behaviour

If we look at the cytoskeleton contributions that are summarised in
Table 1, the initial position of the spicule is determined by the cytos
keleton, which is more readily distorted at the rim of the cell [3], a
result that can be obtained by considering a cytoskeleton with uniform
mechanical properties and a surface that does not have a uniform
curvature. The end position of the spicules may also be affected by the
surface curvature (Fig. 2d). In the examples where greater spicule
movement is seen, it is possible that the cells have lost the central
dimple of the discocyte; this is certainly apparent in Fig. 2e, in which
the cell stretches itself on the surface prior to the spicule movement. It
is therefore possible that the predominant spicule movement pattern is
from the region of greatest curvature at the rim to the region of least
curvature at the thickest point of the cell. As the echinocytosis pro
gresses, and the central dimple is lost, this driving force for localisation
would disappear, leading to the observed result that the spicules be
come uniformly distributed in later stage echinocytes.

The results of Fig. 6 imply that the cell has a shape memory with
regards to the spicule positions: after the cell is restored to the initial
discocyte position, the echinocyte spicules form a second time at re
producible positions. Lipids within the bilayer are able to diffuse

laterally, so that features that remain at fixed positions can be attrib
uted to the cytoskeleton. Shape memory has been observed previously
in discocytes, with markers that are attached to the rim returning to the
rim after the cell is distorted [27]. This effect may be due to the fact
that the cytoskeleton is not, in fact, a uniform two dimensional regular
mesh, but rather a less regular mesh [28,29] in which the rim region
differs from the central region [29]. It has also been suggested that the
echinocyte spicules are associated with localised cytoskeleton defects
[30], one possible explanation for the results that we see here. Detailed
analysis of the membrane surface has revealed dimples with a diameter
of up to 500 nm and a depth of 100 nm [28]; if the spicule locations are
determined by surface curvature details, perhaps this is sufficient to
stop spicule movement.

If we consider the spicule movement, the initial and the end posi
tions seem to be affected by the cytoskeleton, which can be explained
through relatively straightforward mechanisms as described above. We
then come to the question of how the spicule can move while retaining
its well defined circular base. If the spicule is associated with a che
mically distinct lipid domain, then the possibility of movement is easier
to understand: the domains would be expected to be able to move
within the fluid lipid bilayer. The direction of movement for the spi
cules is from the highly curved rim towards the regions with lower
curvature. Small patches of lipids that separate would be expected to
localise on the surface region with the highest Gauss curvature: this
result has been found for ellipsoids [15,16], as well as for shapes more
closely resembling discocytes, with regions of positive, zero and nega
tive Gauss curvature [17]. For the RBCs, the region of highest Gauss
curvature is on the rim, where the spicules are formed initially. These
results would therefore support the initial formation of defined domains
at the rim of the cell, but would not explain the movement of the spi
cules.

The depletion of lipid domains on curved surfaces has been ob
served previously in model systems [21,22]. In both these examples,
domains with higher rigidity move to regions with lower curvature,
suggesting that the bending energy of the membrane could contribute
to the direction of domain movement.

Although lipid domains have the potential to move, the cytoskeleton
is a fixed mesh: cytoskeleton driven spicule movement would not imply
that a section of the cytoskeleton moves across the cell, but instead that
a regular deformation moves across the cytoskeleton. We would have to

Table 1
A summary of our observations about spicule behaviour, together with explanatory comments or implications with regards to the bilayer and the cytoskeleton.

Observation Comment

Spicules form initially at rim of cells Lower energetic barrier to spicule formation at rim due to geometry of cytoskeleton
deformations [3]; lipid domains would be expected to form at rim, where Gaussian curvature is
greatest [15–17]

Spicules can move (Fig. 2) Lipid domains in model systems can move and fuse in vesicles [10,11,18,19]; lipid domain
fusion in RBCs under tension [20] implies ability of domains in RBCs to move

Spicule movement is away from rim (Fig. 2, 5b) Lipid domains can be specifically depleted on highly bent regions [21,22] but there is no
obvious mechanism to drive the movement of a cytoskeletal deformation away from the
energetic minimum at the rim

The most typical movement pattern is from rim to location corresponding
approximately to the thickest point of the discocyte (Fig. 2d)

Typical movement is from the highly curved rim to the position of lowest convex curvature,
which would be consistent domains moving away from more highly curved regions [21,22]

Spicule movement can approximate diffusion control (Fig. S7) but can also
follow straight line (Figs. 2b, S8)

Diffusion control would be expected for domain diffusing in bilayer; directional control implies
energy gradient associated with RBC shape or membrane inhomogeneity

Movement of the spicules stops at reproducible positions (Fig. 6) Implies that the end location of spicules is affected by local features in the cytoskeleton
Spicules can split (Fig. 3) With fixed conditions, lipid domains would be expected to fuse to minimise line tension,

although multiple stable domains can exist on single vesicles [11]. Cytoskeleton-based models
of RBCs can predict the numbers of echinocyte spicules but not dynamics of formation [9].

No spicule formation in high salt; ruffles formed instead (Fig. 4, 5a) Increased rigidity of the cytoskeleton that has been reported in association with high salt
[23,24] may prevent the formation of the circular spicules. Lowering the shear resistance of the
cytoskeleton makes it easier for spicules to form in response to added lysolipids [25].

Spicules form in response to many factors [1,4,5] If the spicules are associated with a single defined lipid composition that differs from the
surroundings, then the relevant lipid(s) must be able to respond after RBC exposure to different
echinocytic agents

Spicules remain when cell appears to be stretched (Fig. 2e) Lipid domains on RBCs may disappear on stretching [25] or may coalesce [20]
Spicules have a curvature that differs from the surroundings Lipid domains can sort by curvature [11,21,26]



postulate a deformation that occurs initially at the energy minimum,
and then reverses itself and moves away from the energy minimum
position, something for which there is not an obvious mechanism. We
may also note, in passing, that the spicules do not move around the rim,
even if the cells maintain the early stage echinocyte shape (ellipsoidal
with ripples around the rim) for an extended period of time.

We also demonstrate the spicule splitting events of Fig. 3. As men
tioned above, the formation of echinocytes is associated with a change
in the relative areas of the inner and outer leaflets, and it seems
probable that the spicule splitting event is also driven by an increase in
the area difference. If the spicules are associated with lipid domains,
then the area difference could be localised rather than being evenly
distributed over the cell surface; this would then provide a ready ex
planation for the localised splitting event. Lipid domains within a bi
layer can certainly fuse, so the shape transition between a single spicule
and a pair can be plausibly linked to the association of the spicules with
lipid domains.

If we assume that the bilayer is uniform, we can then consider the
spicule splitting event in terms of the cytoskeleton. It is possible to
obtain an estimate of the total spicule number on the end stage echi
nocyte, based on the ratio of the bending to shear moduli for the
membrane [9]. The mechanism by which the spicule numbers increase
is not addressed by this model, but the transition to an increasingly
spiculated state is expected to happen when the relative area difference
between the leaflets passes a threshold value. If this is the case, then the
sudden appearance of spicules would be expected, but it is not clear
why a second spicule would form at a location that is already distorted,
so that the cytoskeleton is already at increased energy relative to the
unstressed areas with no spicules.

In summary, although we are unable to say that we have conclusive
evidence for the existence of lipid domains on the spicules, our results
can certainly be more readily explained if this is the case. A model of
the possible events leading to the formation and movement of the
spicules is given below, together with additional discussion of points
listed in Table 1.

4.3. Spicule splitting and membrane energy changes

As noted in Section 3.2, the spicule splitting proceeds as a sponta
neous event. We can therefore consider the associated membrane en
ergy changes and the possible factors driving the splitting process.
Segregated lipid domains within a membrane have a line tension as
sociated with the mismatch between the domain and the surrounding
membrane [13]. The total line energy will then be a product of the line
tension value and the boundary length. For the spicule splitting events,
we have a well defined shape change: the spicule splits apart into two
daughter spicules, which changes the boundary length, the curvature of
the surface, and the relative areas of the inner and outer membrane
leaflets, as illustrated in Fig. 7.

The boundary length associated with the spicules can be measured
directly for top viewed spicules. The border of the bright region de
tected by phase contrast microscopy is assumed here to be the boundary
at the base of the spicule. The spicule splitting proceeds spontaneously,
indicating that it is energetically favourable; the increase in the line
energy that would be associated with the increased boundary length
must therefore be balanced by an energy decrease. The next step is
therefore to consider the possible factors that could decrease the
membrane energy.

The preferred (or relaxed) area difference ΔA0 between the inner
and outer membrane leaflets can change as a result of chemical changes
to the cell membrane, leading to changes in the cell shape. The range of
RBC morphologies from discocyte to echinocyte can be obtained as the
minimum energy shapes for the varying values of ΔA0 [2]. The effect of
changing ΔA0 is illustrated in Fig. 8 below: the membrane in its initial
state (a) undergoes a chemical change that leads to state (b) with a new
ΔA0; this is then followed by the transition to state (c) as the cell

morphology adjusts to a new minimum energy shape. In the transition
from (a) to (b), ΔA0 has changed, but the observed area difference ΔA
has not. The bending energy of the membrane is a function of the dif
ference between the observed and preferred states, so that state (b) will
be at a higher energy than (c). The change from (b) to (c) therefore
represents a decrease in the membrane bending energy. The extent of
this decrease can be estimated from observed changes in the membrane
shape. For the spicule splitting events, these calculations are described
in Appendix A. In terms of membrane physiology, the preferred area
difference associated with the discocyte shape is the highest energy
state, requiring continual energy in the form of ATP in order to main
tain the required membrane asymmetry [31].

The changing curvature of the surface associated with the formation
of smaller daughter spicules will affect both the cytoskeleton and the
bilayer. Early stage echinocyte spicules with shapes similar to the spi
cules found here have been modeled using modified Gaussian functions.
This leads to the result that the stress energy density associated with the
cytoskeleton is highest around the boundary of the spicule, where the
membrane surface bends away from the surrounding area [3]. For a
fixed spicule height, increasing the boundary length would therefore be
expected to contribute to an increase the energy associated with the
cytoskeleton, which means that the energetic changes associated with
the cytoskeleton are not driving the splitting event.

If spicules are modeled as regular ripples around the rim of the cell
rather than as defined bumps with a circular base, doubling the number
of spicules while decreasing the spicule height to 70% of the initial
value (the number obtained if we assume a constant bilayer area for a
hemisphere that splits into identical daughter hemispheres) would de
crease the cytoskeletal energy [7]. This case, however, does not appear
to be a good match to the shape changes in the spicule splitting events
in Fig. 3, although it could apply to events such as that in Fig. 6

Fig. 7. The cell membrane has an inner and an outer leaflet, which are both
affected as the spicules split (a; lipid molecules are not drawn to scale). The
total circumference around the base of the spicules can change, along with the
surface curvature (b). As the membrane becomes more highly curved, the area
of the outer leaflet will increase relative to the area of the inner leaflet.

Fig. 8. Sequence of events associated with RBC shape changes. The membrane
is initially in state (a). There is then a chemical change in the membrane, re-
sulting in state (b), for example a reduction in ATP levels affecting the ATP-
dependent systems that maintain lipid asymmetry. In response to the chemical
changes, the membrane then changes shape, resulting in state (c). The change
from (b) to (c) is associated with a change in cell shape and also with a decrease
in membrane bending energy (see text).



between minutes 16 and 17, showing spicule splitting at the rim of the
cell.

The decrease in bilayer bending energy remains as the most likely
possible driver for the spicule splitting events, after the line energy
associated with the boundary and the energy associated with the cy
toskeleton are both eliminated. The bilayer bending energy Eb includes
a contribution from the intrinsic curvature and a second contribution
from the area difference between the inner and outer leaflets. We can
then compare this value to the change in line energy, done in Appendix
A by calculating a line tension value that would be associated with the
observed change in ΔA, together with the energy associated with the
cytoskeleton.

4.4. Lipid domains, the echinocyte spicules and cholesterol

Red blood cells have been studied extensively: the lipid composition
has been analysed [32 34], phase diagrams have been prepared for
model systems [35 37], and whole red blood cells and RBC ghosts have
been characterized using fluorescent markers, atomic force microscopy
and other techniques. It is well established that the RBC membranes are
not homogeneous, and that lateral segregation exists on at least some
length scale: Fourier transform infra red spectroscopy has identified
membrane phase transitions indicative of domain formation [38,39];
fluorescence studies have shown RBC membranes to be more ordered
around the cell perimeter [40]; fluorescent markers have been used to
identify localised lipid domains [20,41 49]. Lateral segregation of li
pids in the RBC membrane has been identified in discocytes that are
native, apart from added fluorophores [20,41,43 45,48,49], and in
response to added calcium [31], cell deformation [43], toxins that af
fect the cells or induce the formation of echinocytes [42,50] and after
storage to age the cells [43]. Membrane proteins may have an im
portant role in the stabilisation of any lipid domains: regions identified
by lipid specific markers have been found to correspond to lateral
segregation of mobile membrane proteins [46], domains have been
shown to be linked to the cytoskeleton [41], and domains identified in
intact membranes have been found to be not present in vesicles pre
pared from membrane lipids [45].

Cholesterol makes up 40 45% of the lipid portion of the RBC
membrane, with sphingomyelin making up about 25% of the phos
pholipids [32,33]; palmitoyloleoyl phosphatidylcholine (POPC) is one
of the single most common phosphatidylcholines [32]. Ternary phase
diagrams for cholesterol, sphingomyelin and POPC show that at 40%
cholesterol and 15% sphingomyelin, phase separation into liquid or
dered and liquid disordered domains may occur [35]. Other work has
suggested that only one phase will be present at this particular com
position [36], so that the phase separation observed in vesicles pre
pared from whole cell membranes may be associated with the inter
actions between membrane lipids and membrane proteins [51]. An
additional point to consider is that the RBCs in the experiments pre
sented here were all cooled prior to use, which can result in phase
separated regions that are not at a thermodynamic equilibrium [52].

Phospholipids have an asymmetric distribution between the inner
and outer leaflets of the membrane, actively maintained by ATP de
pendent enzymes [33,53]. As RBCs age during storage, the decreasing
ATP content of RBCs affects the cell shape [4], possibly by affecting the
ATP dependent transport systems [53]. Lipids that are predominantly
in the inner leaflet appear in the outer leaflet as the cells age: one ex
ample of this is phosphatidylserine (PS), which appears externally in
increasing amounts during ageing of RBCs [54]. Due to the correlation
between PS appearance and RBC ageing, PS has been a candidate for
association with the spicule formation; however, large scale PS domains
that have been identified on RBCs using fluorescent labels do not co
localise on the spicules [42].

Unlike phospholipids, cholesterol can flip flop readily between the
lipid leaflets in the absence of an active transport system, because the
small size of the hydroxyl head group leads to a relatively low energy

barrier for movement through the hydrophobic bilayer [34]. Choles
terol would therefore meet the criterion listed in Table 1, in that it
could respond readily to different echinocytic agents: it would be able
to flip between leaflets, in addition to lateral movement. There is little
agreement about the distribution of cholesterol between the inner and
outer leaflets of RBCs, with measured values from different experiments
showing an excess in either the outer or the inner leaflets, as well as
others suggesting equal concentrations [34]. Cholesterol is associated
with strongly curved regions due to its shape and small hydrophilic
head group [11]; in addition, its rigid ring structure can affect the bi
layer mechanical properties, increasing the bending modulus [55].

In model systems, cholesterol rich domains have demonstrated a
variety of interesting behaviours: in supported bilayers, they have been
shown to sort by substrate curvature, becoming depleted on curved
regions [21]; they have also been shown to undergo spontaneous out
of plane budding after reaching a sufficiently large size, followed by
expulsion of the cholesterol rich liquid ordered domains from the
highly curved region [22]. In a system with a mixed continuous mono
and bilayer, the cholesterol rich domains have been shown to form
preferentially in the monolayer regions of system [56], which serves as
a reminder that the typical assumption of bilayer symmetry during
modeling is not necessarily valid. Cholesterol distributes asymme
trically in the leaflets of bilayer vesicles, although the technique used to
measure this was unable to determine whether the inner or the outer
leaflet had the higher cholesterol concentration [57].

In RBCs, large scale domains enriched with cholesterol have been
identified using fluorescent markers [43,44] and have been found to be
associated with regions having induced convex curvature, or that are
forming vesicles [43]. Exposure of RBCs to cholesterol attached to poly
(ethylene glycol) (PEG) so that it remained confined to the outer leaflet
produced echinocytes in which the labeled cholesterol PEG was shown
to be localised on the spicules [58]. Cholesterol by itself would tend to
impart a negative rather than a positive curvature due to the small size
of the hydrophilic head group, but an asymmetric distribution with an
excess in the outer leaflet could be associated with the observed effect.
Measuring the relative amounts of cholesterol in the inner and outer
leaflets of RBC membranes has produced a wide range of results (re
viewed in [34]).

Additional evidence for the segregation of lipids on the echinocyte
spicules comes from the fact that vesicles that are shed from the ends of
the spicules after the spicules elongate have been shown to have a lipid
composition that differs from the whole cell [59], and also to include
proteins associated with lipid rafts [60], which would be consistent
with the enrichment of cholesterol and sphingomyelin on the spicules.

Removal of cholesterol from RBCs results in a shape change oppo
site to the effect seen with echinocyte formation: the cells form sto
matocytes, [61 63], cup shaped cell forms associated with the expan
sion of the inner membrane leaflet relative to the outer leaflet [2]. This
effect is, however, not straightforward, and is probably due to a com
plex combination of effects that membrane cholesterol content has on
the membrane bound enzymes [63].

4.5. Line tension values

The spicule splitting events were used to estimate an upper range for
line tension value of approximately 0.4 pN in association with the pu
tative lipid domains localised on the spicules, as described in Appendix
A. The calculations are based on the assumption that the decrease in
membrane bending energy is sufficient to counteract the increase in
membrane energy associated with the increased domain boundary
length as the spicules split. Fig. 8 shows how the increased curvature on
splitting is associated with a decrease in membrane bending energy.
The calculations are a simplification that do not include consideration
of the cytoskeletal contribution. This would mean that we are calcu
lating an upper limit for the line tension, not including other possible
factors that could affect the calculated value. This does, however,



provide a value that can be compared to other reported line tension
values, and a procedure that could be applied in future and more de
tailed analyses.

Values for line tension have been measured for monolayers and
bilayers of different compositions, and have also been estimated theo
retically. The theoretical calculations suggest a value as high as 10 pN
[64]. The expected value will depend on the height mismatch between
lipids at the domain boundary [13], and will be reduced if one com
ponent of the system can adsorb to the boundary line [64]; it will also
drop to 0 as the pressure increases to the critical point at which the
domains merge. A theoretical consideration of the kinetics of lipid do
main growth has suggested that a line tension of 0.4 pN is sufficient to
drive the formation of micrometre scale domains [65]. Line tension
values of 0.67 [66] and 1.2 pN [67] have been reported for systems
with phospholipid, sphingomyelin and cholesterol, similar to values
reported for other lipids [68]. We can therefore see that the values in
Table A1 are consistent with both theoretical and measured values
given elsewhere.

Numerous factors other than the cytoskeletal contributions could
affect the calculated line tension value, starting with the fact that our
calculation is proportional to the bilayer bending modulus, and is
therefore reliant on values that have been measured elsewhere
[55,69 74]. Additional shape changes in the cell distal from the split
ting spicules were not considered, which could have resulted in an
underestimation of the area difference energy stored in the membrane
prior to the split; we also assume that a fixed change in the area dif
ference between the membrane leaflets corresponds directly to an ob
served shape change. This will not necessarily be true: calculations
including the curvature preference, the relative area difference and an
assumed shape for the spicules have suggested previously that there are
relatively broad energy minima that would allow RBCs to retain their
shape as the relative area difference changes, until threshold values are
reached [69].

4.6. A model for events during spicule formation

One possible model for the sequence of events that occur during the
formation and movement of spicules is as follows; some of the listed
points are well established, as indicated by the cited references, and
some are speculation. The lipid composition of the RBC membrane al
lows the formation of liquid ordered domains [35]; in whole cells, se
parate domains have been noted under multiple conditions [20,38 49].
Larger scale domains enriched in cholesterol may form, possibly at
fixed positions but with mobility of the individual cholesterol molecules
[44]. If the RBCs age during storage [4], or if they are exposed to other
echinocytic agents [5], the outer leaflet of the membrane expands re
lative to the inner leaflet. The increasing difference in the relative areas
of the inner and outer leaflets drives the formation of convex bumps
[1,2]; these form initially at the rim of the cell, due to energetic con
siderations relating to the geometry of the cytoskeleton deformations
[3]. The changing surface curvature at the rim of the cell may allow
nanoscale lipid domains to sort by curvature [26]; additionally, the
cholesterol in the membrane can flip flop readily between leaflets [34],
which could form domains with an asymmetric distribution of choles
terol, and a membrane region with an intrinsic curvature. In order to
form spicules with a circular base, the lipid associated curvature and
bending driven by the line tension would have to overcome the re
sistance of the cytoskeleton; if the cytoskeleton is too rigid, as appears
to be the case in the high salt conditions of Fig. 4 and 5a [24], then the

RBCs form a ruffled edge rather than separate spicules, a pattern that is
also seen under some conditions for cells from species with a higher
ratio of protein to lipid than in human RBCs [75]. Cholesterol enriched
domains would have a higher bending modulus [55], and could, pos
sibly because of the increasing size of the relatively rigid domain, move
away from the highly curved rim, a pattern that has been seen in model
systems [21,22]. The spicules in this suggestion would be curved but
rigid, so that individual spicules of sufficient size would have to distort
in order to be accommodated on the rim, and would therefore move to
region that would provide a flatter base. This would produce the cho
lesterol enriched spicules of the early stage echinocyte, as identified by
specific labels [43,58]. The spicule movement directed by the curvature
of the underlying surface could then be stopped by changing curvature
associated with dimples, which are known to occur on the RBC surface
[28]. Increasing area difference between the leaflets would then in
crease the number of spicules on the surface [76], in some cases as seen
here by splitting existing spicules.

4.7. Conclusions

The spicule behaviour in the early stages of the echinocyte forma
tion can be explained more readily if the spicules are associated with
the lipid domains that have been identified elsewhere as being asso
ciated with the spicules [43,58]. The observations presented here have
been made under label free conditions, supporting the idea that large
scale lipid domains can exist in cells without the presence of a label.
The reproducibility of the spicule positions after the echinocyte for
mation is reversed suggests that there are also heterogeneities in the
cytoskeleton, and that these can affect the spicules position. We also
demonstrate an approach to measuring line tension in early stage
echinocytes, based on well defined shape changes that occur in RBCs as
the echinocyte spicules spontaneously split.

Author contributions

KAM designed and carried out experiments and wrote the paper;
KAM and SMF did the calculations; SMF analysed images and prepared
computing algorithms; KB provided samples and arranged ethics vote.
All authors read the manuscript and contributed towards the final draft.

Funding

This work was supported by the German Research Foundation DFG
[KAM: ME 4648/2 1; KB: BI 1308/5 1].

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ
ence the work reported in this paper.

Acknowledgements

The authors thank the blood donors of Baden Württemberg
Hessen.

Appendix A

A.1. Calculations relating to line tension

The spicule splitting proceeds as a spontaneous event, so that it can be seen that the overall membrane energy changes are negative. The increase
in boundary length on splitting will lead to an increase in line energy; this must therefore be balanced by a decrease in other aspects of the membrane



energy. As illustrated in Fig. 8, the increase in bending is a response to chemical changes in the cell membrane and represents a relaxation to a lower
energy state. In other words, the contribution associated with the bending energy is negative. We can estimate the extent of this contribution from
the known shape changes that occur as spicules split apart into daughter pairs. The line tension is estimated here by equating the absolute value of
the line energy change with the absolute value of the bending energy change, or ΔEline = ΔEb, written here without the notation for absolute value.
Since this calculation ignores the cytoskeletal and other contributions to the membrane bending energy, we are only estimating a possible upper limit
to the line tension.

Part 1 of the calculation procedure is to determine the boundary lengths of the spicules before and after the splitting events. This was done as
described in Section 2.6 of the Materials and Methods; results are summarised in Table A1.

Part 2 is to determine the spicule profiles. Since the spicules are viewed directly from above, this can only be estimated. We follow two different
procedures: in one (summarised as procedure a in Table A1), we treat the spicules as if they are hemispheres, and in the second (procedure b) we
assume that the spicules on the top surface of the cell have the same shape as the spicules that can be seen in profile.

For calculation b, the shape of top view spicules was assumed to be axisymmetric and characterized by a shape function, z(r) of the form [3]:
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where Rb and h are, respectively, the spicule radius at its base and the spicule height at its centre. The coordinate r is the distance from the centre of
the spicule to the spicule edge, and A, c and α are shape parameters.

These shape parameters were assumed to be constant and equal to the average values of those obtained for edge spicules, according to the
following procedure: (x,y) profiles of edge spicules were obtained from spline curves of cell contours, which were in turn determined by the same
procedure described above. These data sets were then converted into (r,z) profiles by rotating the axes and shifting the origin of the coordinate
system to the centre of the spicule base. The profiles were then divided with respect to the symmetry axis, for each of which shape parameters were
determined from best (NLSF) fits to the shape function. The average values of the fitting parameters for 14 such half profiles were as follows: A:
0.30 ± 0.05; α: 2.08 ± 0.07; c: 0.75 ± 0.07; all values in μm; h/Rb: 0.80 ± 0.09. The Rb values were obtained from boundary lengths by
calculating the radius of a circle with equivalent circumference.

Part 3 of the calculation is then to estimate the energy difference associated with the change in bending during the spicule splitting. The initial
calculation (a) is based on a simplified version of expression for Eb given by the area difference elasticity or ADE model in Eq. (A2) [2,3]. In this
expression, the first term arises from the difference between the sum of the principal curvatures (twice the mean curvature, or 2H) and the preferred
curvature C0 of the spicule surface S; κ is the local bending modulus. The second term is due to the non local curvature, which arises from the relative
area difference of the inner and outer leaflets [69]. There is an energetic penalty if the actual area difference between the leaflets is not equal to the
preferred area difference: in this term, A is the area, κA is the non local bending constant, and D is the separation distance between the leaflets.
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The change in membrane bending energy is attributed entirely to the change in the area difference, so that the absolute value of ΔEb = ((κAπ)/
(AD2))(ΔAsplit)2, where κA = κ/π [2,3]; we also assume that the spicule area A is the area of the initial parent spicule; D is the separation distance
between the membrane leaflets, and ΔAsplit is the change in the relative areas of the inner and outer leaflets assuming a separation distance D and
hemispherical spicule shapes. We use a bending modulus value of 1 × 10−19 J, discussed below in the section on assumptions and limitations in the
calculations. Calculations were done in a stepwise fashion using a value of 3 nm for the separation distance D [3], but this value is eliminated in a
general mathematical derivation and therefore does not affect the results.

In the second procedure employed here for calculating the line tension (calculation b), we assume that the preferred curvature C0 is 0, leading to
Eq. (A3). This assumption would not be valid for RBC membranes because of the asymmetry between the membrane leaflets, but we face the
limitation that the preferred curvature C0 is an unknown value, and we therefore employ this as an approximation. As for the calculation procedure
a, it can be shown that this value does not affect the final outcome of the calculations.
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The spicule's mean curvature as a function of r was determined from the first and second fundamental forms [3] and the shape function z(r) in
polar co ordinates according to the expression:
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where the first and second derivatives of z(r) were the analytically calculated from the shape function given above. The area difference of the spicule
was calculated from the mean curvature as follows [3]:
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Table A1 summarises the calculations made using the two different approaches described above, both of which assume that ΔEline = −ΔEb.
Results from both calculation procedures are similar for all three splitting events, ranging from 0.22 to 0.66 pN. The average of all the line tension
values in Table A1 is 0.41 ± 0.05 pN (standard error of the average).

Table A1



Changes in measured and calculated values associated with spicule splitting events, assuming that κA = 1× 10−19/π J. Calculation (a) uses ΔEline = ((κAπ)/(AD2))
(ΔAsplit)2 and assumes hemispherical spicules; calculation (b) includes a term for the intrinsic curvature as described above and assumes that the spicules conform to
the shape function in Eq. > (A1).

Splitting event and associated images Boundary length before split (μm) Total boundary length after split
(μm)

Line tension calculation a
(pN)

Line tension calculation b
(pN)

Fig. 3c between 0.6 and 0.9 min 6.7 11.9 0.29 0.39
Fig. 3d between 0.7 and 1.7 min 6.1 9.3 0.22 0.66
Fig. 3d between 4.6 and 8.7 min 4.7 8.5 0.42 0.51
Fig. 3e between 7.1 and 7.8 min 6.2 10.5 0.28 0.49

A.2. Assumptions and limitations in the calculations

In the calculations, we have used a value of 1 × 10−19 J for the local bending modulus κ. The non local bending constant κA in Eq. (A2) and in
calculations a and b of Table A1 is assumed here to be related to κ according to κA = κ/π, following calculations used elsewhere (2, 3; note that κA is
defined differently, but the expressions for the bending energy also differ, so that the calculations are equivalent). The non local bending modulus
refers to the redistribution of the lipid density in the inner and outer leaflets of the RBC membrane. Ratios other than the one used here have been
assumed elsewhere, but this may be due to the associated experiments, in which membrane tethers were drawn out from the RBCs and the value for
the non local bending constant was attributed to the difference in material that is drawn up from the inner and outer leaflets [70]. Literature values
for the bending modulus κ range from 0.2 × 10−19 J to 9 × 10−19 J [55,69 74]. The value that we calculate is directly proportional to the bending
modulus, giving us an associated wide range of possible values. The local bending contribution to the membrane energy has some effect on our
calculations, as seen by the difference between the line tension energies calculated by the two different procedures used here, but this difference is
relatively minor compared to the other possible factors listed here.

As mentioned, we did not include the cytoskeletal contributions to the energetic changes associated with the spicule splitting events, so that we
are effectively estimating a limiting value, where |ΔEline| ≤ |ΔEb|. The resistance of the membrane to changes in bending has been attributed mostly
to the lipid bilayer [77], but the cytoskeleton appears to become significant under some conditions.

The spicule splitting events are accompanied by other changes to the cell shape, which are not taken into account during the calculations. Some
changes may be seen on close inspection; for example, in sequence 3d, the spicule at the 6 o'clock position becomes more curved between the 0.7 and
1.7 min time points that bracket the spicule splitting. The stored energy in the membrane prior to the splitting event therefore appears to be greater
than the value calculated from the area difference term, which would lead to underestimation of the line tension value.

It is possible to calculate the energetic contributions of the cytoskeleton for single spicules [3], but this is based on the assumption that the
membrane has uniform properties. One limitation here is that the cytoskeleton itself is not uniform [27,29], a fact that should be considered when
explicitly investigating the movement of spicules across the RBC surface. A second limitation is that the shape at the spicule boundary, in the region
that contributes most strongly to the cytoskeleton energy, is unknown: if the lipids do separate into domains associated with the spicules, then the
shape at the domain boundary will be determined by the relative values of the bending moduli for the two different compositions [66]. More
precisely, the shape at the neck between two separated phases would be determined by the differences in the Gauss moduli that describe the response
to changes in the Gaussian curvature [66] (the Gaussian curvature is intrinsic to the surface; a flat surface can be wrapped around a cylinder, and
thus the flat surface and the cylinder have the same Gaussian curvature).

A more complete treatment of the spicule splitting events could include a term for the Gaussian curvature, which may be relevant, due to the fact
that we are considering events in which the Gaussian curvature changes, plus we make calculations for a region with a defined boundary [78]; terms
relating to the demixing could be included, since the distribution of the lipids will contribute to the membrane energetics [79]; it would also be
possible to consider local changes to the intrinsic curvature, if the cholesterol has an asymmetric distribution in areas of specific curvature. In
summary, if we have an irregular surface with changing curvature and multiple components, it would be challenging to calculate all aspects of the
membrane energy [79].
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