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Abstract 
Optical tweezers allow precise measurement of forces and distances with piconewton and nanometer precision, and have 
thus been instrumental in elucidating the mechanistic details of various biological processes. Some examples include the 
characterization of motor protein activity, studies of protein–DNA interactions, and characterizing protein folding trajectories. 
The use of optical tweezers (OT) to study membranes is, however, much less abundant. Here, we review biophysical studies 
of membranes that utilize optical tweezers, with emphasis on various assays that have been developed and their benefits 
and limitations. First, we discuss assays that employ membrane-coated beads, and overview protein–membrane interac-
tions studies based on manipulation of such beads. We further overview a body of studies that make use of a very powerful 
experimental tool, the combination of OT, micropipette aspiration, and fluorescence microscopy, that allow detailed studies 
of membrane curvature generation and sensitivity. Finally, we describe studies focused on membrane fusion and fission. We 
then summarize the overall progress in the field and outline future directions.
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Introduction

Optical tweezers (OT) have revolutionized biology, as 
they allow precise manipulation of microscopic objects 
at time, force, and length scales that are ideally suited 
for interrogation of biological processes. At the heart of 
optical trapping lies the interaction of light with matter, 
resulting radiation pressure. Already in 1619, Johannes 
Kepler suggested that comets’ tails point away from the 
sun due to pressure induced by light (Kepler 1619). In 
1865, James Clerk Maxwell theoretically proved that light 
could exert radiation pressure along the direction of its 
propagation (Maxwell 1873). The first experimental dem-
onstration was in 1901 when Pyotr Lebedew, Ernest Fox 
Nichols, and Gordon Ferrie Hull succeeded to measure 
the radiation pressure on macroscopic objects using an 
arc lamp and torsion scale (Lebedew 1901, 1902; Nichols 
and Hul 1901). The light produced by an arc lamp was 
incoherent, and so the force it could apply was limited 
(Ashkin 1970). The invention of lasers, characterized by 
highly focused and coherent beams, allowed the applica-
tion of a much higher radiation pressure. Arthur Ashkin 
was the first to realize that this radiation pressure could be 
used to push small particles in a liquid environment, and 
demonstrated that micron-sized beads were drawn toward 
the center of a laser beam (Ashkin 1970). He later used 
two counter-propagating beams to cancel out the scatter-
ing force, which pushes trapped objects in the direction of 
light propagation, creating a stable trap. In 1986, using a 
high numerical aperture objective to focus a single laser 
beam, he successfully created a three-dimensional optical 
trap and was able to hold and manipulate microorganisms 
such as small bacteria and viruses (Ashkin and Dziedzic 
1987). This groundbreaking experiment of trapping and 
manipulating microorganisms without physical contact has 

laid the foundation for high-precision optical manipulation 
of biomolecules.

Physical explanation of optical trapping of an object 
depends on the size of the object under study in comparison 
to the wavelength of the trapping laser light (Ashkin et al. 
1986). If the size d of the object is such that d >  > λ, trapping 
can be explained based on geometrical or ray optics, while 
for d <  < λ, it can be described by the ‘Rayleigh’ regime 
(Ashkin 1992). In the small size limit, the electromagnetic 
radiation of the light induces a dipole moment in the particle, 
which is then attracted to the highest intensity point of the 
beam by the “gradient force” that is proportional to the gra-
dient of the beam intensity. A “scattering force” will act on 
the particle in the opposing direction to the gradient force, 
pushing the particle in the direction of the beam propaga-
tion. A steep intensity gradient obtained by a high numerical 
aperture objective allows reaching a balance between these 
two opposing forces and hence stable trapping. Similarly, a 
balance of forces is needed for stable trapping in the large 
size limit (Fig. 1). Here, the reflection of the light pushes 
the particle forward, similarly to the way a ball bouncing 
off a box would push it forward. This occurs due to momen-
tum conservation, as the loss of forward momentum by the 
light results in the gain of such momentum by the particle. 
Refraction of the light would lead to momentum gain by 
the refracted beam and thus to restoring force pushing the 
particle toward the focus. The same principle applies in the 
lateral direction (Fig. 1). A comprehensive description of 
optical trapping can be found in other publications (Moffitt 
et al. 2008; Nieminen et al. 2007; Choudhary et al. 2019; 
Novotny et al. 1997; Neuman and Block 2004).

Since their development as briefly described above, 
OT have advanced the understanding of a wide variety of 
molecular and cellular processes. Studies using optical trap-
ping allowed unraveling motor protein motions and forces 
(Veigel et al. 2003; Mehta et al. 1999; Schnapp et al. 1990; 

Fig. 1  Optical trapping in ray 
optics regime. A The reflected 
ray results in a force  Freflection 
pushing the sphere forward, and 
the refraction of light results 
in a force  Frefraction that pushes 
the sphere toward the focus. B 
Refraction of rays leads to trans-
verse momentum gain by the 
light and thus results lateral net 
force in the opposite direction
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Nishizaka et al. 1995), protein folding/unfolding trajectories 
(Cecconi et al. 2005; Shank et al. 2010; Stigler et al. 2011), 
mechanistic aspects of their activities (Gao et al. 2012; Ryu 
et al. 2015), and mechanical properties of DNA and RNA 
(Wang et al. 1998; Liphardt et al. 2001) (also reviewed in 
Nussenzveig 2018; Ritchie and Woodside 2015; Bustamante 
et al. 2020 and the references therein). Several studies were 
also carried out on the trapping of specific cellular orga-
nelles (Sparkes 2018; Sparkes et al. 2009). Even though 
optical trapping has been extensively employed with cells 
and various bio-macromolecules, studies using OT for mem-
brane biophysics-related questions are significantly less 
abundant, and literature summarizing the overall progress 
in this field is lacking. Here, we review membrane biophysi-
cal studies that utilize OT, with emphasis on various assays 
that have been developed and their benefits and limitations. 
First, we discuss assays using membrane-coated beads and 
overview protein–membrane interactions studies based on 
the manipulation of such beads. We then describe the most 
widely used membrane model, giant unilamellar vesicles 
(GUVs), and studies describing their direct manipulation 
with OT. Next, we overview a body of studies that make 
use of a very powerful experimental tool, the combination 
of OT and micropippete aspiration, together with fluorescent 
microscopy. This technique, pioneered by Patricia Bassereau 
and colleagues (Sorre et al. 2009; Ambroggio et al. 2010), 
allows precise control and manipulation of membrane cur-
vature by modifying the aspiration pressure and thus ena-
bles detailed studies of curvature generation and sensitivity. 
Cellular and intracellular membranes are often character-
ized by a high area to volume ratio, whereas the genera-
tion, modulation, and maintenance of membrane shapes and 
curved structures are essential for functionality of cells and 
intracellular organelles. Thus, this technique allows insight 
into key physiological processes, as we overview in the 
‘curvature generation and sensitivity’ section. Finally, we 
describe studies focused on membrane fusion and fission. 
We then summarize the overall progress in the field and 
outline future directions.

Optical Tweezers in Membrane Biophysics

Membrane Model Systems

Various assays have been developed for utilizing OT to 
interrogate membrane remodeling processes, as covered in 
detail in the following sections. These studies are conducted 
using membrane model systems (Sezgin and Schwille 2012; 
Sezgin 2022), such as supported membranes on polysty-
rene or silica microbeads (Fig. 2A), GUVs (giant unilamel-
lar vesicles) (Fig. 2B), and very recently, GPMVs (giant 
plasma membrane vesicles) (Fig. 2C), while one study also 

used free-standing membranes (Dols-Perez et al. 2019). We 
review studies combining these membrane models and opti-
cal trapping below.

Supported Lipid Bilayers (SLB) on Microbeads for Studies 
of Protein–Membrane Interactions

Lipid coating of microspheres is a simple and effective way 
of creating supported bilayers with tunable and well-con-
trolled lipid composition (Fig. 2A). Supported bilayers can 
be created by fusing small unilamellar vesicles (SUVs) onto 
beads. The fusion can be facilitated by the presence of  Ca2+ 
ions that can bridge between negatively charged lipid head-
groups, like phosphatidylserine (PS), in the bilayer (Brou-
wer et al. 2015). The efficiency of such membrane coatings 
is dependent on the salt and liposome concentrations, as 
increasing salt concentrations resulted in more homogenous 
membrane coverage (Murray et al. 2016).

One approach to study protein–membrane interac-
tions using OT is by using pairs of optically trapped beads 
coated with synthetic membranes that are brought into con-
tact and retracted repeatedly in the presence of a soluble 
protein of interest (or a soluble fragment of a membrane-
anchored protein) (Brouwer et al. 2015). This method was 
employed in studies of membrane remodeling by calcium 
sensor proteins Doc2b and synaptotagmin-1 (Syt1) (Brou-
wer et al. 2015; Sorkin et al. 2020) (Fig. 3A & 3B), and 
provided novel insights into their function. Calcium sensor 
proteins tightly control the secretion of neurotransmitters 

Fig. 2  Membrane model systems used in optical tweezers studies. A 
Microscopic beads coated with small unilamellar vesicles (SUVs). 
B Preparation of giant unilamellar vesicles (GUVs) by electroforma-
tion. C Preparation of giant plasma membrane vesicles (GPMVs) by 
induced budding from natural cellular membranes. The cartoons are 
not to scale
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and endocrine substances, thus, better understanding of their 
action mechanisms is of great importance. While multiple 
studies have been conducted toward this aim and provided 
critical insights (reviewed in e.g., Rizo 2018; Park and Ryu 
2018), open questions still remain regarding the action 
mechanism of these proteins. The benefit of using correla-
tive OT and fluorescence microscopy to address such ques-
tions is that this approach enables one to manipulate single 
beads/vesicles and measure their interaction forces, with pN 
precision, concomitantly with fluorescence imaging. This 
allows employing lipid mixing and content mixing assays 
to differentiate between three possible membrane interac-
tions scenarios: hemifusion, full fusion, or bridging (with-
out any lipid or content mixing). By using this approach, 
it was discovered that the calcium sensor Doc2b is able to 
induce hemifusion between lipid membranes (Brouwer et al. 
2015). In a consecutive study, surprising differences were 
discovered between the action mechanisms of Doc2b and 
another structurally similar calcium sensor protein, Synap-
totagmin-1 (Syt1), which is the key regulator of synchronous 
neurotransmitter release (Sorkin et al. 2020). One main dif-
ference is the preferential arrangement of the protein on the 
membrane between the symmetric (protein on both beads) 
and asymmetric (proteins on only one bead) fashion. Syt1 
exhibited stronger binding in the asymmetric configura-
tion, whereas Doc2b bound more strongly in the symmetric 

configuration, suggesting a preference for Syt1-membrane 
interaction over Syt1–Syt1 interactions, supporting the 
‘direct bridging’ hypothesis (Seven et al. 2013). It was fur-
ther shown that membrane remodeling by these calcium 
sensor proteins depends on membrane lipid composition, as 
cholesterol addition enhanced the probability of membrane 
hemifusion in the presence of Doc2b, but not with Syt-1 at 
similar concentrations (Sorkin et al. 2020; Brouwer et al. 
2015).

An extensive study of membrane binding energy and 
kinetics of Syt1 and E-Syt2 (extended synaptotagmin-2) 
was carried out by Ma et al. (Ma et al. 2017). The authors 
developed an elegant assay that allows keeping proteins in 
close proximity to membranes by an extended peptide linker 
(Fig. 3C and D). Using this assay, reversible protein–mem-
brane binding could be detected based on nm changes in 
the linker length, with extremely high temporal resolu-
tion  (10–3-10–4 s). This allowed the authors to derive pro-
tein–membrane binding affinity and kinetics as a function 
of force, soluble factors, and membrane lipid composition. 
The same assay was used in combination with electrophysi-
ological recordings and revealed that the polybasic patches 
of both C2A and C2B domains of Syt1 are contributing 
to membrane binding and are needed for neurotransmitter 
release (Wu et al. 2021). In another study, surprising differ-
ences were found in membrane binding affinities of the C 

Fig. 3  Various assays investigating protein–membrane interactions 
using optical tweezers. A Experimental scheme where beads coated 
with synthetic membranes are brought into contact and separated 
repeatedly in the presence of Syt1. B Force–time plot showing the 
strength of the interactions during a consecutive approach and separa-
tion routine as described in (A) (inspired by (Sorkin et al. 2020)). C 
Experimental setup for measuring binding forces between Syt1 and 
a membrane-coated bead, with a linker that keeps the protein close 

to the membrane, thus allowing sequential binding–unbinding transi-
tions. D Extension vs. time for the construct in C measured at low 
and higher forces and the corresponding probabilities of compact and 
extended states (inspired by (Ma et al. 2017)). E Scheme of protein-
containing bead-supported membranes. F Moving of the trapped 
beads depicted in E successively closer to one another until interac-
tions occur, leading to increased forces and observed as closer surface 
separation (shown by arrows). (inspired by (Murray et al. 2016))
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domains of E-Syt1 and E-Syt2, despite structural similarities 
(Ge et al. 2022).

Manipulation of membrane-coated beads using OT was 
also employed in the investigation of membrane tethering 
during vesicular transport, where tethering means selec-
tive docking of transport vesicles to their target membranes 
prior to fusion of the two bilayers. Vesicles are selectively 
recognized by their target membranes by a Rab-GTPases 
regulated process via the recruitment of tethering molecules. 
Murray et. al. looked into the mechanism by which a teth-
ered vesicle comes into contact with its target membrane by 
several approaches, including an elegant OT assay utiliz-
ing reconstituted endosomal tethering machinery (Murray 
et al. 2016) (Fig. 3E and F). Beads coated with SLB were 
functionalized with  a dimeric coiled-coil protein, EEA1, 
and using OT, were interacted with beads coated with SLB 
containing Rab5-GTPase. The separation distance between 
the two beads was progressively decreased until interactions 
were observed. It was found that Rab5 binding to EEA1 
occurs at an extended confirmation of EEA1, and this bind-
ing induces a conformational change which leads to a more 
flexible structure of EEA1, which then collapses and thereby 
brings the membranes into close proximity to allow fusion. 
The authors could measure the forces during the tethering 
reaction and found that the change from extended to the 
flexible form of the protein generates force up to ~ 3 pN  and 
releases ~ 14 kBT of mechanical energy (Murray et al. 2016). 
The authors further suggested that such an entropic collapse 
upon stiffness reduction could be a general mechanism for 
generating an attractive force in various biological processes.

GUV/GPMV Manipulation using Optical Tweezers

Giant unilamellar vesicles (GUVs) and giant plasma mem-
brane vesicles (GPMVs) are widely used tools for studies 
of membrane-associated processes (Dimova and Marques 
2019). GUVs are micron-sized synthetic vesicles consist-
ing of a single membrane bilayer. Electroformation is the 
most commonly used technique to produce GUVs from com-
mercially available lipids (Fig. 2B) due to the high vesicle 
yield, vesicle unilamellarity, and fewer defects in structure 
compared to other methods (Angelova and Dimitrov 1986; 
Bagatolli et al. 2000; Rodriguez et al. 2005). Usually, sugars 
(mainly sucrose) are added to the interior of GUVs, osmoti-
cally balanced by glucose or salts in the outside solution. 
This causes a difference in refractive indices which allows 
optical trapping of GUVs, albeit with low trapping force, 
due to the relatively small contrast in refractive indices. 
Encapsulating iodixanol within GUVs increases the refrac-
tive index difference between GUVs and their medium and 
thus allows for stronger trapping forces at a given laser 
power compared with GUVs that encapsulate sugar (Wang 
et al. 2021). OT can be used to stretch and mechanically 

probe GUVs (Solmaz et al. 2012), and can also allow trap-
ping and manipulation of  Lo domains on GUVs (Friddin 
et al. 2019). Such domain manipulation can be useful in 
sculpting and creating artificial domain patterns (Vivek et al. 
2020). OT can also be used to stably trap three-dimensional 
GUV networks (Bolognesi et al. 2018). GUVs are a popular 
membrane model system as the biophysical properties of cell 
membranes are challenging to study due to the constant cel-
lular remodeling and complex interactions with intracellular 
factors. The GUV model system avoids these challenges, as 
the membrane composition and buffer conditions within the 
GUV can be easily controlled, while membrane tension can 
be manipulated by micropipette aspiration. The integration 
of micropipette aspiration with OT is a powerful tool that 
has been used for various assays. Pulling tethers from GUVs 
allows measuring membrane bending rigidities (Dasgupta 
et al. 2018), which were found to be in the order of ~ 10–30 
kT for fluid  LD membranes and above 65  kBT for  LO mem-
branes (Cuvelier et al. 2005, Roux et al. 2005). Additionally, 
this assay can be used with GUVs that contain reconstituted 
proteins to study the protein’s effect on membrane shape and 
stiffness (Aimon et al. 2014), as elaborated in the curvature 
sensitivity section below.

Although GUVs are good models for cell membranes, 
they have some disadvantages: Incorporating proteins within 
the membrane usually involves detergents for proper recon-
stitution. Moreover, while providing controllable membrane 
composition, the reconstituted model system lacks the com-
plexity of cellular membranes and the essential lateral inter-
actions occurring between proteins and lipids. On the other 
hand, GPMVs are micron-sized vesicles generated directly 
from the plasma membrane of cells under stress conditions. 
GPMVs can be extracted from various cell types (Gerstle 
et al. 2018) (Fig. 2C) and have the advantage of harboring 
proteins with their physiological conformation and orien-
tation (Sezgin et al. 2012). GPMVs maintain the compo-
sitional complexity of biological membranes, allowing for 
studies of protein and lipid dynamics and interactions in 
a near-physiological environment (Moreno-Pescador et al. 
2019). The use of GPMVs has become more popular in 
recent years, and it emerges as a prominent model system 
for biophysical studies of membranes (Gerstle et al. 2018).

Membrane Curvature Generation and Sensitivity

Membranes of eukaryotes take many shapes, with most 
intracellular membranes being characterized by a high area 
to volume ratio. Formation  and maintenance of membrane 
shapes and curved structures are essential for the function-
ality of cells and intracellular organelles. Local curvature 
not only provides cells and organelles their shapes, but also 
affects cellular processes like fusion and fission and the 
organization of proteins and lipids within the membrane 
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(McMahon et al. 2010). Shape generation within biological 
membranes can be modulated by various mechanisms, such 
as local changes in the lipid composition and asymmetry, 
scaffolding by curvature inducing proteins, shallow mem-
brane insertion of hydrophobic protein motifs, and active 
force application by molecular motors and cytoskeletal fila-
ments (McMahon and Boucrot 2015; Kozlov et al. 2014). 
Micropipette aspiration combined with optical trapping 
allows the generation of membrane tethers of varying cur-
vature, thus enabling studies of curvature-induced sorting of 
various molecules, as elaborated in the following sections.

Lipids

The ability of lipids to undergo curvature-induced sorting 
has been explored in several studies, motivated by the idea 
that lipids can potentially have preferred curvature due to 
their molecular shapes. Lipid molecules have diverse struc-
tures that vary in their headgroup type and size as well as 
acyl chain length and degree of saturation, which dictate 
their so-called ‘packing parameter’ that affects their meso-
scopic assembly preference (Israelachvili 2011) (Fig. 4A). 
Due to this, when the headgroup is much larger than the 
tail, as in lysophosphatidylcholine (lyso-PC), lipid molecules 
have an inverted cone-like shape which promotes positive 
curvature of the monolayer they reside in. For small head-
group and wide-tail lipids, e.g., phosphatidylethanolamine 
(PE), phosphatic acid (PA) or cardiolipin (CL), lipid mol-
ecules have a conical shape and thus would have negative 
curvature preference (Fig. 4A). It was found, however, that 
lipids are generally insensitive to membrane curvature 
due to their small size (compared to proteins), suggesting 
that entropy, rather than curvature energy, dominates lipid 

distribution (Tian and Baumgart 2009). Curvature-driven 
lipid sorting can occur at particular conditions, near the 
demixing point of the system, and is also facilitated by lipid 
self-association or lipid-clustering proteins (Beltrán-Heredia 
et al. 2019; Sorre et al. 2009). Sorre et al. (Sorre et al. 2009) 
showed that the pulling force was lower than expected for 
tubes pulled from vesicles with a composition close to phase 
separation, and that this deviation can provide a quantitative 
measure of lipid sorting. Beltran-Heredia et al. measured the 
lipid sorting of cardiolipin at different concentrations and 
tether curvatures. They estimated its negative intrinsic cur-
vature to be -1.1  nm−1 (Beltrán-Heredia et al. 2019), while 
the sorting of these cone-shaped lipids was found to likely be 
facilitated by short-range CL–CL attractive interactions. The 
enrichment of a lipid or protein in the tether vs the vesicle is 
often defined by the sorting ratio ( S):

where IO is the intensity of the object (lipid/protein) being 
examined and IL is the intensity of lipid dye that is homog-
enously distributed on the tether and the vesicle.

GM1, one of the most common gangliosides (lipids 
with a large saccharidic headgroup) in the brain, is asym-
metrically distributed across neuronal membranes and 
induces membrane shape modifications. In GUVs, higher 
GM1 concentration in the inner leaflet was found to induce 
inward tubulation with tubes being stabilized by its negative 
spontaneous curvature (Dasgupta et al. 2018). The authors 
were able to estimate this curvature by a combined micro-
pipette aspiration and OT assay, and further demonstrated 
that membrane curvature can be measured using solely OT 

S =
(IO∕IL)tether

(IO∕IL)vesicle

Fig. 4  Membrane curvature. A A flat bilayer consisting of cylindri-
cally shaped lipids changes its curvature in the presence of inverted 
cone-shaped lipids (purple) in the outer monolayer to produce posi-
tive curvature, and cone-shaped lipids (pink) in the outer monolayer 

to produce negative membrane curvature. B Protein-induced mem-
brane curvature. An example of a BAR (Bin/Amphiphysin/Rvs) 
domain of drosophila amphiphysin (PDB: 1URU) showing preference 
to membranes with positive curvature (Peter et al. 2004).
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(without micropipette aspiration) by pulling inward and 
outward tubes on the same vesicle (Fig. 5). This can be 
done as follows: the force difference between outward and 
inward tubes is related to the membrane curvature and bend-
ing rigidity via fout − fin = −8��m , where  fout is the force 
needed to pull an outward tube,  fin is the force needed to pull 
an inward tube, � is the membrane bending rigidity, and m is 
the spontaneous membrane curvature. This is obtained from 
fout ≈ 2�

√

2�� − 4��m, fin ≈ 2�
√

2�� + 4��m, where � is 
the membrane tension, determined by the aspiration pres-
sure, see (Dasgupta et al. 2018) for details. Membrane spon-
taneous curvature values obtained under various conditions 
are given in Table 1.

Ions

Several studies examined spontaneous membrane curvature 
in the presence of different ions. There are contradicting 
reports regarding the role of  Ca2+ in curvature generation 
of negatively charged membranes, with one OT-based study 
showing that  Ca2+ generates positive curvature attributed 
to electrostatic repulsion between  Ca2+ ions (Simunovic 
et al. 2015), whereas other studies report negative curvature 
generation attributed to reduction in the surface charge den-
sity on the outer leaflet upon  Ca2+ binding (Ali Doosti et al. 
2017; Graber et al. 2017). The differences in the results may 
be attributed to differences in the methodologies and exper-
imental conditions, such as membrane composition,  Ca2+ 
concentration (which was significantly higher in the positive 
curvature generation study, thus probably led to repulsion), 
or differences in salt concentrations which can affect  Ca2+ 
binding (Sinn et al. 2006). Monovalent ions can signifi-
cantly influence  Ca2+-induced membrane deformation. For 
example, high and symmetric  Na+ concentration across the 
membrane reduces  Ca2+ binding by electrostatic screening, 
whereas asymmetric concentration can either oppose or sup-
port  Ca2+-induced deformation depending on the gradient 
direction (Graber et al. 2017). The effect of monovalent ions, 
 Na+,  K+ and  Li+ on the spontaneous membrane curvature 
was also studied using OT along with micropipette aspira-
tion (Karimi et al. 2018). Substantial negative spontaneous 
curvature values were obtained for NaCl and KCl (−8.7 and 
−8.5 μm–1, respectively) at high salt concentrations.  Li+ 
was able to induce negative spontaneous curvature even at 
lower concentrations. Furthermore, all these ions reduced 
the membrane bending rigidity (Karimi et al. 2018).

Fig. 5  Membrane tethers pulled from micropipette aspirated GUVs. 
A Outward and B inward membrane tether pulled from a GUV using 
an optically trapped bead. Micropipette aspiration is used to hold the 
GUV and control its membrane tension by the aspiration pressure 
(inspired by (Dasgupta et al. 2018))

Table 1  Spontaneous 
membrane curvature (Cm) 
induced by various molecules/ 
intrinsic molecular curvature 
(Cp), measured using optical 
tweezers

Note that the indicated values apply to the specific conditions of the measurements, such as  protein den-
sity, as detailed in the publications

Condition/protein Spontaneous membrane curvature (Cm)/
Intrinsic molecular curvature (Cp)  [nm–1]

References

Cardiolipin Cp = 1 Beltrán-Heredia et al. (2019)
IRSp53 I-BAR domain 0.055 = ׀Cp׀ Prévost et al. (2015)
Amphiphysin 1 Cp = 0.111 Tsai et al. (2021)
Potassium channel protein KvAP 0.04 = ׀Cp׀ Aimon et al. (2014)
Ca2+ Cm = 9 ∙  10–3 Simunovic et al. (2015)
GM1 Cm =  − 1.96 ∙  10–3 Dasgupta et al. (2018)
NaCl (28.5 mM) Cm = 0.66 ∙  10–3 Karimi et al. (2018)
NaCl (142.5 mM) Cm =  − 8.74 ∙  10–3 Karimi et al. (2018)
KCl (57 mM) Cm =  − 1 ∙  10–3 Karimi et al. (2018)
KCl (142.5 mM) Cm =  − 8.47 ∙  10–3 Karimi et al. (2018)
LiCl (28.5 mM) Cm =  − 4.45 ∙  10–3 Karimi et al. (2018)
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Proteins

Several proteins were shown to sense and induce membrane 
curvature; the potassium channel KvAP was found to parti-
tion into nanotubes pulled from GUVs (Aimon et al. 2014). 
The density of KvAP on tubes having a radius between 15 
and 35 nm was on average 3.5 higher than their density on 
the vesicle, demonstrating the ability of membrane curva-
ture to target proteins to specific locations (Aimon et al. 
2014). BAR domain superfamily  represents a major class 
of proteins that can sense and induce membrane curvature 
(Simunovic et al. 2019). Amphiphysin was found to act as a 
positive membrane curvature sensor and curvature inducer 
(Fig. 4B), whereas the strength of curvature sensing and 
its mechanical effect on membranes depended on the protein 
density (Sorre et al. 2012). Inverse-BAR domain proteins 
(I-bar) can sense negative membrane curvature and were 
found to associate with other proteins such as Ezrin, thereby 
resulting in their enrichment in curved membranes (Prévost 
et al. 2015; Tsai et al. 2018, 2021).

Annexins are a family of membrane proteins that are 
involved in various physiological processes such as mem-
brane repair, ion channel activity, and vesicle transport. 
Studies exploring Annexin curvature sensitivity showed that 
these proteins prefer negative membrane curvature, attrib-
uted to their convex-shaped membrane-binding region (Boye 
et al. 2017, 2018). GPMVs produced from cells expressing 
Annexins show that they accumulate on the inner leaflet of 
the membrane (Moreno-Pescador et al. 2019). Variations 
in the curvature sensitivity of different proteins from this 
family were observed, with annexin-2 showing no curva-
ture sensitivity, whereas Annexin-5 showed up to 15 times 
higher sorting to negatively curved tubes compared to the 
flat GPMV membrane (Moreno-Pescador et  al. 2019). 
Similar sensitivity for negative curvature was observed for 
Annexin-4 (Florentsen et al. 2021). Membrane tubes pulled 
from GPMVs containing different Annexins showed differ-
ent diffusion patterns, correlated to the protein’s oligomeric 
nature. The mobility of Annexin-5 was much higher in the 
vesicle compared to the tube, suggesting that membrane cur-
vature affects protein–protein interactions (Moreno-Pescador 
et al. 2019).

The endosomal complex required for transport (ESCRT) 
machinery comprises more than 30 proteins that catalyze 
membrane fission (Vietri et al. 2020; Sun et al. 2017; Henne 
et al. 2011). Encapsulated ESCRT-III proteins such as Snf7, 
Vps2, and Vps24 within tethers pulled from GUVs dem-
onstrated their negative curvature sensitivity (Schöneberg 
et al. 2018; De Franceschi et al. 2019a). Other ESCRT-III 
proteins, however, such as Vps20 and Vps4, can form coats 
on positively curved or flat membranes (McCullough et al. 
2015; Bertin et al. 2020). Membrane tension was also found 
to be a very important factor in ESCRT proteins recruitment 

and polymerization; the polymerization of Snf7 was found to 
be inversely correlated to membrane tension (Mercier et al. 
2020). At low tension, it is probably easier for ESCRT pro-
teins to deform the membrane, whereas at high tension, the 
polymerization energy may not be sufficient for membrane 
deformation. Together with membrane curvature sensing 
and membrane deformation, ESCRT proteins facilitate mem-
brane fission, which is further discussed in the ‘Membrane 
fission’ section below.

Membrane Fusion

Membrane fusion enables multiple physiological processes, 
such as the function of nerve cells that is enabled by neu-
rotransmitter release by fusion of synaptic vesicles with the 
plasma membrane at the axon terminal, or cell–cell fusion 
during fertilization and muscle formation. Membrane fusion 
does not occur spontaneously and necessitates the action 
of fusion-promoting proteins called fusogens (Segev et al. 
2018). Due to the fundamental importance of membrane 
fusion, it is extensively studied (Jahn and Scheller 2006; 
Jahn and Südhof 1999; Jahn et al. 2003; Tang et al. 2020; 
Brukman et al. 2019; Chernomordik and Kozlov 2003). 
Many open questions still remain, in particular concerning 
the action mechanisms of some of the known fusogens as 
well as the identity of unknown fusogens in other processes. 
OT in combination with confocal fluorescence can serve 
as a powerful tool to tackle questions regarding the action 
mechanisms of fusogens. While a few studies demonstrated 
hemifusion between bead-supported membranes induced 
by calcium sensor proteins (Sorkin et al. 2020; Brouwer 
et al. 2015), such assays have not, so far, been used to study 
fusogens.

The most abundant use of OT in the context of fusion has 
so far been for forced membrane fusion by heating. A com-
mon method used for optical heating triggered vesicle fusion 
is trapping a set of GUVs and bringing them in close prox-
imity to one another, then catching a gold nanoparticle and 
placing it at the boundary between two GUVs. The gold par-
ticle absorbs laser radiation and raises the local temperature 
in its vicinity above 100 °C thorugh heat dissipation (Bendix 
et al. 2010). The heating of the trapped Au NPs can result 
in both membrane mixing, indicating hemifusion, and vesi-
cle lumen mixing, indicating full fusion with a stable pore 
formation (Rørvig-Lund et al. 2015). Optically heated gold 
nanoparticles were found to induce cell–cell (Fig. 6A), cell-
GUV as well as GUV-GUV fusion (Fig. 6B) (Bahadori et al. 
2017; Rørvig-Lund et al. 2015). Further, the incorporation 
of gold nanoparticle-lipid conjugates in the membrane was 
found to aid not only in fusing GUVs, but also in the fusion 
of individual lipid domains (Vivek et al. 2020). Several other 
studies have been carried out where gold nanorods have been 
used for GUV-GUV OT induced fusion using GUVs with 
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encapsulated proteins (De Franceschi et al. 2019a, 2019b; 
Bertin et al. 2020).

In addition, inferring fusion intermediates from changes 
in the diffusion of an optically trapped bead that is placed on 
a supported bilayer has been reported (Keidel et al. 2016). 
The experiment was conducted with synthetic membranes 
supported on silica beads. The restriction in positional fluc-
tuations in the z-direction was monitored and reported to 
decrease with the transition from docking to hemifusion 
to full fusion. This is, however, a rather indirect method 
that is not broadly applicable, as diffusion confinement can 
result from other reasons, e.g., bridging between opposing 
negatively charged membranes by divalent ions. This assay 
would thus be more powerful if combined with fluorescence 
content mixing and lipid mixing assays.

Membrane Fission

Membrane fission is a membrane remodeling process essen-
tial for many biological functions. The constriction and scis-
sion of membranes during fission is mediated by proteins 
which act either from the outside of the membrane, such as 
dynamin (Sweitzer and Hinshaw 1998; Hinshaw and Schmid 
1995; Pucadyil and Schmid 2008), or from within the mem-
brane, referred to as ‘reverse topology,’ and mediated by 
the endosomal complex required for transport (ESCRT) 
(Henne et al. 2011). ESCRT machinery has a crucial role in 
various cellular processes, including cell separation during 
abscission (Elia et al. 2011) and viral budding (Hurley and 
Hanson 2010). The understanding of the action mechanism 
of this system has been significantly advanced by using OT 
bases assays; Chiaruttini et al. found that Snf7, the main 
component of ESCRT-III, polymerizes into spirals at the 
surface of lipid bilayers. By allowing polymerization to 

occur at the surface of membrane tethers and measuring 
the forces acting on an optically trapped bead during the 
polymerization process, the polymerization energy could be 
estimated. This energy, dependent on the differences in the 
forces applied before and after polymerization and the mem-
brane bending rigidity, was found to be of relatively high 
values that are sufficient to induce membrane deformations. 
Overall, by a combination of several techniques, this study 
demonstrated that Snf7 filaments can act as spiral springs 
which are loaded via their polymerization. The release of 
their compression stress can result in membrane deforma-
tion (Chiaruttini et al. 2015). Encapsulation of ESCRT-III 
components (Snf7, Vps24, and Vps2) with the ATPase Vps4 
within GUVs revealed the ATP-dependent force acting on 
the membrane during scission of a membrane tether held in 
an optical trap (Schöneberg et al. 2018). Using OT, Pfitzner 
et al. (Pfitzner et al. 2020) have developed a membrane fis-
sion assay to determine the sequence of recruitment events 
of various proteins of the ESCRTIII complex (Fig. 7A). 
In this assay, artificial membrane necks are pre-formed by 
incubating supported GUVs with beads. ESCRT-III pro-
teins in various combinations are then added to the buffer. 
Next, an inward tether is pulled from the GUV using an 
optically trapped bead. Upon turning off the laser, one of 
two scenarios occurs: successful fission of the tether results 
in free diffusion of the bead within the GUV, whereas a 
non-fission event leads to the bead returning to the initial 
position of bead-GUV adhesion. The assay revealed that the 
right combination of ESCRT-III subunits highly increased 
the fission efficiency, where the addition of Did2 and Ist1 
to the ESCRT-II proteins Vps2, Vps20, Vps24, Vps4/ATP, 
increased fission efficiency from ~ 27% to > 70% (Pfitzner 
et al. 2020).

Fig. 6  Membrane fusion using 
optically heated gold nanopar-
ticles (Au NPs). A Schematic 
illustration showing fusion 
between two cells. Both cells 
were brought close by optical 
trapping. Injection of Au NPs 
causes cell–cell fusion, resulting 
in a single cell with a bigger 
volume. B Adhesion and fusion 
of GUVs containing Au NP 
conjugated lipids (Inspired by 
Bahadori et al. 2017; Vivek 
et al. 2020)
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Several other proteins involved in membrane fission were 
studied using OT. FtsZ is a crucial factor in bacterial cell 
division. Membrane nanotubes pulled from surface-attached 
GUVs containing FtsZ showed immediate migration of 
the protein to the tubes, followed by helical deformations 
of the tubes, indicating dynamic coiling (Ramirez-Diaz 
et al. 2021). An increase in FtsZ concentration in the tubes 
increased the coiling and resulted in a ‘spring-like’ compres-
sion, which was enhanced by GTPase activity. The mechani-
cal properties of the spring-like structures were measured by 
inducing lateral oscillations in the GUV and tube position, 
and recording the force acting on the optically trapped bead. 
By extracting the force acting on the bead at the applied 
oscillation frequency, the resistive force of the material per 
unit length, i.e., the spring constant, was calculated. In the 
presence of FtsZ, the mean spring constant increased, indi-
cating stiffening of the membrane, and a single FtsZ ring 
unit was estimated to exert forces in the range of 1 pN upon 
GTP hydrolysis, which can be sufficient to induce membrane 
deformation.

A novel friction-mediated scission mechanism was 
described by Simunovic et al. (Simunovic et al. 2017). They 
observed that BAR proteins were able to induce membrane 
scission on dynamically pulled tubes but not on static tubes 
pulled from GUVs using OT (Fig. 7B). The protein scaf-
fold, bound to the membrane, was able to induce a high 
frictional barrier for lipid diffusion, and thereby tube elon-
gation generated local membrane tension which promoted 

membrane scission through lysis (Simunovic et al. 2017, 
2019). A somewhat similar assay was used to study fission 
by Drosophila reticulon, where Rtnl1 was found to partition 
into membrane tubes pulled from silica beads coated with 
proteo-liposomes. When these nanotubes were pulled, they 
became increasingly thinner, attributed to a dynamic accu-
mulation of the protein, which amplified constriction. The 
velocity-dependent constriction of the tethers led to fission, 
which did not occur in the absence of Rtnl1  (Espadas et al. 
2019).

The possible role of actin in fission was studied using 
a biomimetic assay consisting of membrane tethers coated 
with a polymerized actin network (Allard et al. 2020), as 
actin is suggested to facilitate fission via, e.g., the friction-
driven scission mechanism mentioned above, where actin 
polymerization might provide the pulling force leading to 
fission (Simunovic et al. 2017). The authors found, however, 
that actin had a stabilizing effect on membrane tethers rather 
than facilitating fission. While pulling tubes coated with 
actin sleeves did not sever the tube, it resulted in the forma-
tion of sections of different radii along the tube, which may 
contribute to membrane reorganization processes (Allard 
et al. 2020). Additionally, actin sleeves were found to hinder 
the mobility of lipids, which is proposed to promote scission 
(Simunovic et al. 2017).

Fig. 7  Membrane fission 
assays carried out using optical 
tweezers. A ESCRT-III proteins 
were added to GUVs with pre-
formed membrane necks. Fis-
sion events can be identified if 
the bead stays inside the GUV, 
freely diffusing after release 
from the trap. B Friction medi-
ated membrane scission. Due to 
friction generated between the 
membrane scaffold containing 
BAR proteins (blue) and the 
bare membrane tube (magenta), 
membrane scission occurs upon 
pulling (Inspired from Pfitzner 
et al. 2020; Simunovic et al. 
2017)
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Conclusions

Optical tweezers have proved as a versatile tool for mem-
brane remodeling and protein–membrane interactions 
studies, as a multitude of assays that are aimed for prob-
ing various aspects of membrane processes were devel-
oped. In particular, the powerful combination of OT with 
micropipette aspiration and fluorescence microscopy pro-
vided insight into the processes of membrane curvature 
modulation and membrane fission. We believe that these 
tools can also provide insight into membrane fusion, and 
in particular into the action mechanisms of fusion support-
ing and mediating proteins, which have been, so far, less 
explored by these methods. In addition, the use of natural 
membranes such as GPMVs in OT membrane studies and 
the development of novel experimental assays, such as 
tethering schemes that provide the means to unfold mem-
brane proteins, will surely facilitate further contributions 
of OT-based assays to the understanding of life processes 
where membrane remodeling plays a crucial role.
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