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Calcium-induced compaction and clustering of
vesicles tracked with molecular resolution
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ABSTRACT Theory and simulations predict the complex nature of calcium interaction with the lipid membrane. By maintaining
the calcium concentrations at physiological conditions, herein we demonstrate experimentally the effect of Ca2þ in a minimalistic
cell-like model. For this purpose, giant unilamellar vesicles (GUVs) with a neutral lipid DOPC are generated, and the ion-lipid
interaction is observed with attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy providing molecular
resolution. Firstly, Ca2þ encapsulated within the vesicle binds to the phosphate head groups of the inner leaflets and triggers
vesicle compaction. This is tracked by changes in vibrational modes of the lipid groups. As the calcium concentration within
the GUV increases, IR intensities change indicating vesicle dehydration and lateral compression of the membrane. Secondly,
by inducing a calcium gradient across the membrane up to a ratio of 1:20, interaction between several vesicles occurs as Ca2þ

can bind to the outer leaflets leading to vesicle clustering. It is observed that larger calcium gradients induce stronger interac-
tions. These findings with an exemplary biomimetic model reveal that divalent calcium ions not only cause local changes to the
lipid packing but also have macroscopic implications to initiate vesicle-vesicle interaction.
SIGNIFICANCE The role of calcium in cellular processes is manifold. To understand the complex interaction
mechanisms at cell membranes, artificial membrane systems are used to mimic biological cells. Encapsulated calcium
affecting only the inner leaflet of the bilayer and calcium gradients across the membrane are both analyzed. ATR-FTIR
spectroscopy enables the study of calcium-lipid interactions with molecular resolution as vibrational modes of the lipid alkyl
chains, ester, and phosphate head groups monitor the calcium impact on different parts of the membrane. We propose two
effects, vesicle compaction and clustering, when calcium ions interact with the membrane dependent on their location.
Microscopy imaging confirms the calcium-induced membrane changes on a macromolecular scale. Our approach reveals
ion-specific interactions with membranes tunable in complexity.
INTRODUCTION

Cell membranes have a need to be both dynamic yet rigid for
vital molecular and biophysical function. They have to adapt
and cope for processes such as membrane protrusion, fusion,
foreign body-engulfment, cell signaling, and motility (1–5).
For these processes to occur, calcium plays a crucial role
(6–8). Calcium binding is favored by the divalent nature,
and it is known that intracellular calcium concentrations are
maintained at low levels from 100 nM in the cytosol up to
600 mM in the endoplasmic reticulum (9–11). Extracellular
calcium concentrations are normally regulated in the mM
range, at 2.2–2.6 mM and a little lower at 1.1–1.4 mM in
the ionized free calcium form (12).When a cell is under stress
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or damage, concentrations of calcium increase and cause
catalysis of downstream pathways leading the cell into an
acute stress response such as exopher production (13) or
evendeath (14).Additionally, calciumhas an effect on theme-
chanical properties of the lipid bilayer membrane (15). It is
observed that calcium ions bind to the phosphate head groups
and induce conformational changes (16,17) leading to the
reduction of the phospholipid area per molecule within the
membrane (18). Due to calcium ion adsorption to the mem-
brane, the surface charge density of phospholipids is found
to be reduced (19). Loosely coordinated water to the mem-
brane is released when calcium ions interact with the phos-
phate head groups and thus causing localized or partial
dehydration (20). Membrane thickness is found to signifi-
cantly increase upon calcium adsorption as well asmembrane
rigidity (6,21). In the cellular context, calcium ions influence
the changes inmembrane shape that occur during cytokinesis,
which is the last step in the cell cycle (22). Furthermore,
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FIGURE 1 A scheme of the ATR-FTIR experimental setup (not to scale),

where GUVs (Ø ¼ � 50–100 mm) are measured on top of the silicon inter-

nal reflection element (IRE) with the evanescent field of the IR beam pene-

trating (�1–2 mm) into the sample. To see this figure in color, go online.

GUV compaction and clustering
calcium facilitates extracellular fusion in eukaryotic cells dur-
ing sperm-oocyte fusion (23) or formation of syncytia ofmus-
cle cells (24). Therefore, it is of utmost importance to
understand the molecular mechanisms of calcium-membrane
interaction.

Calcium effects have been studied with simplified model
systems such as planar lipid bilayers for membrane rigidifica-
tion in the presence of salts (6), mechanical properties (25),
phase transitions, and effect of substrate hydrophilicity (26).
Liposomes as another simplified model system show cal-
cium-specific binding sites (9), membrane tubulation due to
chemical gradients (27), and generation of interconnected ves-
icles (28). Structurally, cell membranes have a lipid bilayer of
thickness�5 nm (26), consisting of hydrophilic heads (phos-
phate groups) and hydrophobic tails (fatty acids). When long
chain phospholipids are first dried from organic solvent and
then rehydrated, they spontaneously form multilamellar
bilayer sheets. Upon sonification, they are broken down into
unilamellar bilayer sheets, and the ends of these bilayers
seal to forma liposomeor vesicles byminimizing the total sur-
face area. In this context, giant unilamellar vesicles (GUVs)
are closest to mimic biological cells in terms of size as they
are in the order of �50–120 mm in diameter, which can be
generated by various laboratory techniques such as swelling
(29), electroformation (30), microfluidics (31), and others.

In a GUV-based study, membrane remodeling like defor-
mation and generation of curved tubular protrusion occur in
response to calcium ions (27). Vesicles with a mixed lipid
bilayer of phosphatidylcholine (PC) and phosphatidylserine
(PS) are studied as a simple model of the plasma membrane
because calcium ions bind naturally to negatively charged
PS as shown by NMR (32,33). Vibrational sum frequency
spectroscopy shows specific calcium binding sites such as
the carbonyl, phosphate, and carboxylate groups of PS lipids
in Langmuir monolayers (9). Complementary to this obser-
vation, molecular dynamics (MD) simulations predict
lateral reorganization due to calcium ions in mixed lipid bi-
layers. Interestingly, recent studies in a PC/PS vesicle model
show that a Ca2þ gradient initiates the PS lipids to flip from
the outer leaflet to the inner leaflet, thereby inducing a
change in the membrane curvature (34,35). The phenome-
non of lipid-flipping makes mixed lipid bilayers difficult
for understanding calcium gradient effects on the mem-
brane. Hence, studies of model systems with only zwitter-
ionic PC are favorable due to its minimalism. Such simple
PC lipid models have substantial capacity for binding and
clustering (6,36) since calcium primarily binds to the phos-
phate head in all phospholipids independent of their charge
(19). Calcium not only has an effect on the membrane struc-
ture and function but can also mediate formation of GUVs
with a narrow size distribution (37). A transient accumula-
tion of Ca2þ polarized by an AC field occurs at the water-
lipid interface and the resultant spatial-tuned electroosmotic
flow leads to the homogeneous GUV population that is
desirable in experiments (37).
Despite previous studies, understanding the calcium-lipid
interaction with molecular resolution is still inconclusive.
A sensitive analytical technique such as attenuated total
reflection Fourier-transform infrared (ATR-FTIR) spectros-
copy is used to detect vibrational modes of lipid groups in so-
lution. This technique is based on the property of total
internal reflection where a beam of infrared light undergoes
one or several reflections through an internal reflection
element (IRE). This results in the generation of an evanescent
field that extends into the sample placed on the IRE surface.
The penetration depth into the sample is in the range of 0.5–
2 mm dependent on parameters such as wavelength, angle of
incidence, and the refractive indices for the IRE and the me-
dium being probed (38). Owing to these properties, new in-
sights can be gained with respect to specific molecular
changes occurring in a lipid bilayer in response to calcium
ions (39). ATR-FTIR spectroscopy allows to detect molecu-
lar changes at physiological conditions. For this purpose, we
employ a simplistic model system where GUVs are made
with only PC lipids for both leaflets of the bilayer and are
measured on an IRE as depicted in Fig. 1.

We demonstrate that by measuring with calcium concen-
trations similar to physiological ranges of �500 mM up to
10 mM, information on calcium-binding effects at the lipid
surface can be probed with ATR-FTIR spectroscopy to un-
derstand the inter- and intravesicular interaction in the pres-
ence of calcium ions.
MATERIALS AND METHODS

Lipid composition and GUV formation by
electroformation

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, Avanti Lipids, Alabaster,

USA) is dissolved in chloroform (Thermo Fisher Scientific, Belgium) at

10 mg/mL and stored at –20�C. For confocal microscopy, 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamin (DOPE) labeledwithATTO488 dye ismixed

with DOPC in the ratio 1:99. GUVs are formed by electroformation using a

standard protocol by Angelova andDimitrov (30) in a commercially available

chamber that is temperature controlled at 37�C (Vesicle Prep pro, Nanion

Technologies, Munich, Germany) and schematically shown in Fig. S1. The

electroformation chamber consists of two indium tin oxide (ITO) slides, and

20 mL dissolved lipids (pure DOPC for IR studies and DOPC/DOPE-ATTO

488 for confocal microscopy) are pipetted onto the conducting side of one
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ITO slide and dried for 5 min to get a stack of lipid bilayers. After the chloro-

form evaporates, a rubber ring (d¼ 18 mm) is placed around the dried lipid,

and silicon paste is used for sealing. 275 mL of 300 mM sucrose solution are

pipetted onto it before the second ITO slide is placed with the conducting

side down and screwed with a coil plate. Over time an AC field with a given

frequency and amplitude runs through the ITO slides leading to hydration

and swelling of the lipid bilayers. The frequency is set to 10 or 11 Hz, the

amplitude between 1 and 3 V, and the formation time is between 90 and

180 min. The best vesicle homogeneity is achieved with a frequency of

10 Hz, a time of 120 min, and an amplitude of 3 Vas verified by static light

scattering. GUVs are harvested into 500 mL of a 250 mM glucose solution

and stored for up to 2 weeks in the fridge at 4�C until measuredwith spectros-

copy. Static light scattering is used for size characterization of lipid vesicles as

seen in Fig. S2.
Sample preparation for calcium encapsulation
and calcium gradient studies

For the calcium encapsulation studies, CaCl2 is dissolved in 300 mM su-

crose solution to reach the desired final concentration of 500 mM CaCl2
and 1 mM CaCl2 for the two different experiments seen in Fig. 2. The

CaCl2 in sucrose mixture is added to the dried lipid bilayer before electro-

formation starts. Once electroformation is complete, CaCl2-encapsulated

GUVs are harvested and stored in 250 mM glucose solution. The two

sugars—sucrose and glucose—are crucial in the preparation and storage

of GUVs because the osmotic concentration between the sugars is essential

in maintaining membrane stability. It also allows the sucrose-filled GUVs to

settle down in the glucose solution due to the molecular weight difference.

For the calcium gradient studies, all experiments are performed with

500 mM CaCl2 in 300 mM sucrose encapsulated in the GUVs. The gradient

is achieved by externally adding a solution of the desired final concentration

of CaCl2 dissolved in 250 mM glucose (500 mM CaCl2, 2.5 mM CaCl2,

5 mM CaCl2, 7.5 mM CaCl2, and 10 mM CaCl2) for the different experi-

ments shown in Figs. 3 and 4. In order to verify that the vesicle membranes

are impermeable to Ca2þ during the long acquisition times of the experi-

ments, GUVs filled with a calcium-sensitive dye, Fluo-4 dye (Thermo

Fisher Scientific, Belgium), are imaged with transmission light and confocal

microscopy after 10 h. Fluorescence intensity in the interior of the GUVs

with dye is not detected even after the addition of Ca2þ to the external so-

lution, as seen in Fig. S3. Thus no leakage of Ca2þ ions is observed in the

control experiments.
ATR-FTIR spectroscopy

Measurements are performed using a VERTEX 70v spectrometer and a

Bio-ATR II cell (Bruker Optics, Germany). The spectrometer is equipped

with a liquid nitrogen cooled mercury cadmium telluride detector. The

IRE of the ATR cell is made of silicon and has 9–12 internal reflections

and an incidence angle of 45�. As preparation for the measurements, the

interferometer compartment of the setup is evacuated at least for �3 h

to reduce water vapor. The silicon IRE is first cleaned by incubating

anionic surfactant solution of 1% SDS (sodium dodecyl sulfate) for

5 min followed by rinsing with water and isopropanol, finally polishing

using a smooth cloth and Poliamant-R diamant polishing paste (Sommer,

Germany). The crystal is then dried under a gentle stream of nitrogen. For

the calcium encapsulation studies, 20 mL of the GUVs (for both with and

without calcium ions inside) are pipetted onto the polished silicon crystal.

For the calcium gradient studies, 15 mL of the 500 mM CaCl2-filled GUVs

are first pipetted onto the crystal. To achieve the gradient, 5 mL of the

desired concentration of CaCl2 dissolved in 250 mM glucose (500 mM

CaCl2, 2.5 mM CaCl2, 5 mM CaCl2, 7.5 mM CaCl2, and 10 mM CaCl2
for different experiments) are added on top of the GUVs. Background sub-

tractions are done with only 250 mM glucose solution, without GUVs and

without any Ca2þ ions. For each spectrum, 32 scans have been recorded
2648 Biophysical Journal 122, 2646–2654, July 11, 2023
with a resolution of 4 cm�1. Data are acquired immediately after pipetting

the sample onto the IRE and sealing the sample chamber. Although spectra

are recorded from �30 s onward, analysis and characterization are per-

formed after �5 min onward when the water vapor is reduced in the

purged sample chamber.
Confocal microscopy

For visualization of the interaction of GUVs, confocal microscopy is per-

formed on the Zeiss LSM700 microscope equipped with a light source

for fluorescence excitation and laser illumination sources. Before measure-

ments, a thin coverslip (24 � 60 mm, thickness 0.170 mm 5 0.005 mm,

Paul Marienfeld & Co. KG, Germany) is prepared by washing with isopro-

panol and drying with a gentle stream of nitrogen. A double-adhesive

spacer with a chamber diameter of 9 mm and thickness of 0.12 mm (Grace

Bio-labs Secure seal, Sigma Aldrich) is placed onto the coverslip. The har-

vested fluorescent GUVs in glucose are pipetted onto the slide within the

spacer chamber and are covered with the second coverslip finally

sealing with transparent nail paint. Once dried, the sample is imaged with

a 20� dry objective with a laser diode exciting at 405 nm. The images

are processed with the software ZenPro (Carl Zeiss AG, Germany), and

postprocessing is done with FIJI software package (ImageJ, USA).
RESULTS AND DISCUSSION

Calcium binding induces lateral vesicle
compression

Biochemical studies have shown the effect of calcium in the
cell cytoplasm as an essential communicator (40), but the
impact of calcium on the membrane is yet to be fully under-
stood. The lipids that make up the membrane consist of a hy-
drophobic (alkyl –CH3/–CH2) and a hydrophilic part (PO–2,
P-O, ester C¼O), and it is important to monitor the funda-
mental interactionbetween the calciumand these lipid groups.
ATR-FTIR spectroscopy is employed as a tool to track the
respective lipid groups in the presence of calcium in aqueous
medium. For this purpose, GUVs are first generated with cal-
cium ions encapsulated at different concentrations, and the IR
spectra are recorded between 1000 and 4000 cm�1. Thevibra-
tional modes of functional groups in lipids occur in the range
900–3000 cm�1, i.e., between �1200 and 900 cm�1 for the
phosphate head groups, between 2800 and 3000 cm�1 for
the stretching of the alkyl groups, and at �1453 cm�1 for
the bending of the alkyl groups and at�1740 cm�1 for the es-
ters (41,42). The water vibrations are highly sensitive to hy-
dration changes occurring upon calcium interaction with
lipids (43) and are analyzed for hydration-dehydration effects.
The three vibrational modes for water occur as symmetric
stretch at �3280 cm�1, asymmetric stretch at �3490 cm�1,
and bending at�1654 cm�1 (44,45). As a control, IR spectra
of GUVs in aqueous medium without calcium ions are
recorded.

The stored GUVs are pipetted onto the IRE, and spectra
shown are recorded after the sedimentation process is com-
plete. The conditions for recording spectra are kept the same
for all samples (with and without calcium). Before measuring
the spectra for the GUVs, glucose in water is measured, and



FIGURE 2 Vesicle compaction induced by Ca2þ. (a) FTIR spectra of

DOPC GUVs with different calcium concentrations encapsulated within

the core. (b) Alkyl symmetric and asymmetric stretching at 2925 and

2853 cm�1. (c) Carbonyl stretching at 1732 cm�1 changes in the peak in-

tensity for different calcium concentrations. (d) Alkyl bending vibrations

at 1453 cm�1 have lower intensity for 500 mM calcium concentration. (e)

Stretching of phosphate groups between 1200 and 900 cm�1; intensities

are low at higher Ca2þ concentrations. More calcium concentrations are

shown in Fig. S5. To see this figure in color, go online.

FIGURE 3 Exemplary data set of GUVs with a calcium gradient

(500 mM CaCl2 inside and 10 mM CaCl2 outside) measured over 10 h.

(a) Difference spectra show the vibrations of different lipid groups. A

zoomed-in part of (b) shows the symmetric and asymmetric stretching vi-

brations of the alkyl groups, and (c) shows the symmetric stretching vibra-

tions of the phosphate head groups. To see this figure in color, go online.

GUV compaction and clustering
the spectrum is used as a reference. Negative water bands
occur in the spectra due to the displacement of water mole-
cules upon GUV sedimentation on the IRE surface. To ensure
vesicle integrity upon contact with the IRE, control measure-
ments are performed by intentional membrane disruption due
to adding SDS on settled GUVs. Disruption of the GUVs re-
sults in positive water bands (Fig. S4) in contrast to the
observed negative water bands confirming that the settled
GUVs are intact. Difference spectra in Fig. 2 a reveal charac-
teristic bands corresponding to the lipid groups in the GUV
membrane in the presence and absenceof calcium. Since there
are no calcium ions in the outer medium, the interaction of
ions with the lipids is only from the inside of the core of the
GUVs.Therefore, the spectra showchanges in the lipid groups
due to the interaction of ions with just the inner leaflet, pre-
dominantly with the phosphate head and as an extension
with the associated tail groups. By keeping experimental con-
ditions the same for all samples, data recorded after sedimen-
tation of theGUVs shownegative bands for vibrationalmodes
of water (O-H stretching and bending) in the absence of cal-
cium. The negative water bands decrease at higher calcium
concentrations. Here the calcium ions at the lipid interface
have a dehydrating effect, releasing the water from inside of
GUVs to the outside, causing the water band to be nearly at
zero (red and green curves). Ca2þ is reported to induce signif-
icant gelation in the lipid bilayer possibly by dehydrating (46),
and this is observed in our spectra with decrease in the nega-
tivewater bands. Fig. 2 b–e shows selected spectral regions of
the difference spectra fromFig. 2 a. The symmetric and asym-
metric stretches of alkyl group ofDOPC are shown in Fig. 2 b.
For no calcium ions in the GUV core, the intensities of the
alkyl vibrations are maximum. For calcium ions in the core,
the intensities decrease as the interaction causes the chains
to become rigid and ordered (20,43). A similar trend is
observed for the carbonyl ester group in Fig. 2 c. However,
for alkyl bending and phosphate head group vibrations, the in-
tensity decreases as calcium concentration increases, as seen
in Fig. 2 d and e. The GUVs with 500 mM CaCl2 inside (red
curve) in Fig. 2 b–e agree perfectly in all parts of the spectra
as concentration increases and intensity decreases for the
different groups of the lipid. For the GUVs with 1 mM
CaCl2 inside (green curve), Fig. 2 b and c shows the same ef-
fect, but in Fig. 2 d and e, it seems that the calcium concentra-
tion is not high enough to affect the lipid groups and to observe
a clear effect. A systematic study with more calcium
Biophysical Journal 122, 2646–2654, July 11, 2023 2649



FIGURE 4 Quantification of different calcium

gradients on vesicle clustering. (a) Integrated

values of the alkyl stretches between 3000 and

2800 cm�1 including the peaks at 2923 and

2853 cm�1 are plotted up to 300 min. The different

shades from light blue to black indicate the

increasing calcium gradient. (b) Integrated values

of phosphate head group stretches between 1080

and 1032 cm�1 including the main peak at

1055 cm�1 are shown for varying calcium concen-

trations over time. To see this figure in color, go on-

line.
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concentrations is shown in Fig. S5. The larger data set con-
firms that the interaction with the phosphate head groups
gets stronger as the concentration of CaCl2 inside theGUVin-
creases. These measurements also indicate that at the
threshold of 500 mM CaCl2 inside, the binding to the phos-
phate head groups triggers the compaction process.

The interactions of ion-neutral lipids are governed by
attractive van der Waals and repulsive hydration and steric
forces (6). A change of balance is observed between the
different interactions when the concentration of Ca2þ in-
creases. This leads to significant ordering within a neutral
lipid bilayer (POPC) in the presence of Ca2þ that results
in a decrease of bilayer elasticity or increase in rigidity
(6). The ordering occurs mainly at the alkyl chains in neutral
bilayer (POPC) (20). In the context of our experiments,
since the alkyl chains undergo ordering and rigidify, the in-
tensity decreases. Calcium interaction with the lipid ester
and phosphate head groups of PS-containing bilayers slows
down the water dynamics at the lipid-water interface as
probed by ultrafast 2D-IR spectroscopy (43).

A concentration-dependent effect is observed in the
spectra of all lipid groups, the phosphate head, and the ester
and alkyl chains. MD simulations suggest that each cation
binds to one to four lipids (9,19,47,48). NMR studies with
pure PC membranes show each cation binds to one to two
lipids (49). The surface charge is neutral in PC membranes,
but the surface potential is seen to increase almost linearly
as the concentration of calcium increases (49). This explains
concentration-dependent changes in the spectra due to
cation binding seen in our DOPC-GUV model system.
Deriving parallels to observations from MD simulations in
PC lipids, the area per lipid is shown to decrease at higher
calcium concentrations when equilibrium between bound
and solvated calcium ions is achieved, thus laterally com-
pressing the bilayer (9). Experimental observations from
differential ultrasonic velocimetry show that binding of cal-
cium ions to a PC lipid bilayer with a net neutral charge in-
duces an increase of the average lateral pressure on the
hydrocarbon region, which in turn instantaneously increases
the attraction of the polar head regions, leading to bilayer
2650 Biophysical Journal 122, 2646–2654, July 11, 2023
compression and compaction (25). Our IR spectroscopic re-
sults agree with these findings.

The evanescent field of the IR beam penetrates about 1 mm
into the sample, meaning into a section of the lipid bilayer
(with a thickness of �5 nm) of the GUV (diameters �50–
120 mm) and the aqueous core that contains the calcium
ions. Therefore, any change in spectral intensity corresponds
to the impact of Ca2þ only on the inner leaflet of this partic-
ular section of the GUV lipid bilayer as there are no ions
in the outer medium. Water molecules are removed by dehy-
dration generating a lateral compression of the phosphate
head groups. The local effect seen on this bilayer section is
extrapolated to the entire spherical GUV, and it is speculated
that the inner leaflet of the bilayer is pulled tightly together,
thus becoming more compact. The IR spectra support that
Ca2þ primarily binds to the phosphate groups of the inner
leaflet of the membrane, and further impact is seen on the
ester group and alkyl chains as a consequence.
Intervesicular interactions and clustering caused
by calcium gradients across the membrane

Under physiological conditions, calcium concentration in
the cell cytoplasm is maintained at very low levels (50).
However, up to a 10,000-fold calcium concentration
gradient exists across the plasma membrane in the eukary-
otic extracellular space (51), and the gradient plays an
important role in cell migration (52). In order to understand
the effect of the calcium gradient on the membrane, we
perform further experiments by generating GUVs with
500 mM CaCl2 inside and varying the concentration outside
from 0 to 10 mM CaCl2. In Fig. 3, an exemplary data set of
GUVs with the highest Ca2þ gradient of 1:20 is presented
(500 mM inside and 10 mM outside the lipid membrane).
Difference spectra of the lipid groups are recorded from
0 to 10 h (Fig. 3 a). The vibrations of the alkyl chains
(Fig. 3 b) and the phosphate head groups (Fig. 3 c) show
an increase in intensity with time. Negative bands of O-H
stretching and bending indicate the displacement of water
caused by vesicles settling down on the IRE.



GUV compaction and clustering
The vibrational mode of the alkyl chain shown in Fig. 3 b
for an exemplary data set with a calcium gradient of 500 mM
CaCl2 inside and 10 mM CaCl2 outside reveals a consider-
able change in intensity over 10 h. To quantify the change,
the area under the curve between 3000 and 2800 cm�1 is in-
tegrated. The value obtained after integration is plotted as
the first data point in Fig. 4 a corresponding to the first mea-
surement set at 0 min. The integrated values for the data set
in Fig. 3 b are plotted from 0 to 300 min and are shown in
Fig. 4 a together with the data sets for all studied calcium
gradients (500 mM CaCl2 inside and 0 mM, 500 mM,
2.5 mM, 5 mM, 7.5 mM CaCl2 outside). The curves for
different calcium gradients show that a larger change is
observed as the outer CaCl2 concentration increases. Addi-
tionally, the shapes of the curves indicate that it takes longer
to reach equilibrium with a higher calcium gradient.
The strongest band in the spectral region 1200–900 cm�1

of the phosphate headgroups at 1055 cm�1 (Fig. 3 c) is
analyzed the same. The less intense phosphate bands do
not contribute much to the overall change in intensity. The
curves are shown in Fig. 4 b and follow the same trend as
the alkyl chains.

Further quantification of the data in Fig. 4 a and b is per-
formed by fitting an exponential function (Fig. S6). We
observe that for increasing concentration gradients, inten-
sity changes and time constants (Table S1) increase, thereby
implying that the highest change is seen for the largest dif-
ference in calcium concentration. We interpret the largest
effect on vibrational modes at highest calcium gradient
with the free-floating Ca2þ in the outer medium interacting
mainly with the outer leaflets of the lipid bilayer and form-
ing bonds with different phosphate groups of different
GUVs simultaneously, thus bringing them closer together.
Thereby, the observed intensity increase does not come
from Ca2þ interactions with only one vesicle; rather, all in-
tervesicular interactions are detected.

In order to demonstrate clustering as an effect of the cal-
cium gradient, fluorescence confocal microscopy is per-
formed at the same physiological concentrations as the
spectroscopy experiments. In Fig. 5, the left panel shows
FIGURE 5 Fluorescence confocal microscopy images of GUVs with

500 mM CaCl2 inside and 10 mM CaCl2 outside captured immediately

(left panel) and after 10 h (right panel). To see this figure in color, go online.
GUVs of DOPC mixed with 1% of the dye ATTO
488-DOPE and generated by electroformation with
500 mM of CaCl2 encapsulated inside and 10 mM CaCl2
outside. In the left panel, the heterogeneity in the size of
the GUVs arises from the electroformation production pro-
cess. Optically unfocused GUVs from a different plane
show up as artifacts in comparison to the focused GUVs
in the selected plane. Since the image is taken immediately
after the gradient is created, clustering effects are not yet
observed. However, after 10 h, the same sample shows
structural differences as seen in Fig. 5 (right panel). The
fluorescent dye is homogenously spread in the membrane
at the beginning (left panel) whereas heterogeneously accu-
mulated in certain regions after 10 h (right panel). This in-
dicates accumulation of lipids where the fluorescent signal
is higher. Thus we observe a calcium gradient-driven clus-
tering of the vesicles supporting the conclusions we draw
from the intensity increase in the ATR-FTIR spectra and
confirming the mechanism of intervesicular interaction
and clustering. Without a calcium gradient, we do not
observe clustering of the vesicles (Fig. S7).
Proposed mechanisms of calcium-vesicle
interaction

Based on our ATR-FTIR results, we conclude that there are
two effects occurring at the inner leaflet of the lipid bilayer
due to the calcium gradient. Firstly, the phosphate of the
head group has a negative charge, and when the Ca2þ binds,
it neutralizes this charge. This leads to the charge density
difference resulting in spontaneous compaction at the mono-
layer in contact. Secondly, one cannot ignore the electro-
static repulsion between the calcium ions themselves
which cannot diffuse as they are bound inside the vesicle
due to an inward force from the bilayer. Similarly, the
Ca2þ outside the vesicles experiences a charge density dif-
ference as a single ion can interact with the outer leaflets
of two or more neighboring GUVs. Vesicle-vesicle interac-
tion occurs, which leads to pulling the GUVs closer. It is re-
ported that adsorption of Ca2þ onto PC lipid membrane
applies a charge to the otherwise neutral membrane surface
(53,54), and this effect can regulate interaction between bi-
layers (55). Not just the difference in charge density but also
partial dehydration of the membrane due to Ca2þ binding
and interaction of the polar lipid head groups with the hy-
dration shells of the calcium ions play a role in intervesicu-
lar interaction (20). This fits well with our spectroscopic
results where calcium-induced intensity changes are corre-
lated with communication across vesicles. Our studies
with other monovalent and divalent ions reveal that calcium
shows the strongest effects with respect to dehydration
(Fig. S8).

Despite numerous studies from 2H-NMR, zeta potential
measurements by particle electrophoresis, theory, and MD
simulations (16,20,54,55), the determination of binding
Biophysical Journal 122, 2646–2654, July 11, 2023 2651
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affinity values for Ca2þ ions to PC lipids remains chal-
lenging. A value of 410 M�1 for the binding affinity of
Ca2þ to DOPC vesicles is provided in titration experiments
using an ion-selective electrode (56). Another study of
DOPC lipid bilayers using tethered bilayer lipid membranes
sheds light on conductance as a measure of affinity (57). It
shows that as Ca2þ concentration increases, conductance
also increases, giving a value for an apparent binding affin-
ity of 607 M�1. In our IR experiments, the spectral effects
are clearly correlated with the calcium concentration and
binding affinity; however, it is not straightforward to deduce
an exact value. There are only a few calcium gradient
studies on GUVs since the vesicles easily rupture due to
concentration inhomogeneity as the ion binding affects the
membrane structure. In recent years, Ali Doosti and col-
leagues have developed a method of inducing localized
calcium gradient to the outer leaflet of the GUV by micro-
pipetting (27). This leads to formation of membrane tubular
protrusion away from the Ca2þ source (1,27) and generation
of interconnected vesicle clusters (28). Although our mem-
brane model is different (only DOPC lipid) compared with
their mixed lipid membrane (soybean polar lipid extract
and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine), we can
draw similar conclusions based on experimental evidence
that calcium gradients across the membrane induce mem-
brane remodeling and cluster formation. Our work indicates
that these macroscopic effects on the membrane can also be
observed for PC lipid vesicles.
FIGURE 6 Left panel: Ca2þ ions, encapsulated within the core of the electro

water molecules (between the lipid heads), leading to lateral compression, dehy

the inside and outside of the GUVs causes intervesicular interaction, resulting i
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Our observations are summarized in Fig. 6, where the
left panel visualizes the effect of Ca2þ encapsulated in
the GUVs, and the right panel shows the effect of a calcium
gradient across the membrane. Ca2þ binding to the inner
leaflet causes lateral membrane compression and dehydra-
tion, leading to GUV compaction. In addition to the
compaction phenomenon and in the presence of a calcium
gradient, simultaneous interaction of calcium with the
outer leaflets of different vesicles occurs. Calcium-induced
intervesicular interaction results in vesicle clustering.
CONCLUSION

We demonstrate that divalent calcium ions cause local and
temporal changes to the lipid packing in a biomimetic
cell-like model. The changes in the overall bilayer structure
are reflected in the vibrational modes of the phospholipids of
the membrane, thus providing molecular resolution. Our
studies indicate that Ca2þ ions preferentially bind to the
phosphate moiety of the lipid head groups. The lipid chains
as a consequence also experience ordering. Ca2þ binding to
the inner leaflet of the membrane triggers spontaneous
compaction, whereas binding to the outer leaflet induces
vesicle-vesicle interaction and clustering. In retrospect to
our results of Ca2þ binding to the membrane, vesicles are
more dynamic and less rigid in the absence of Ca2þ. Hence,
this approach paves the wave to use a minimalistic model to
understand the effect of any ion that alters the membrane
formed GUVs, interact with the inner leaflet of the vesicle and push away

dration, and overall GUV compaction. Right panel: Ca2þ gradient between

n vesicle clustering. To see this figure in color, go online.



GUV compaction and clustering
properties. Moreover, various lipid mixtures with specific
biological functions can be analyzed. Our studies offer the
potential to track ion-specifically induced membrane modu-
lation and derive conclusions for biological cells in vivo.
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