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0. Book Title:  

Caveolae (eds: C. Blouin), Methods in Molecular Biology, vol 2169. 

 

i. Chapter Title 

Pulling of tethers from the cell plasma membrane using Optical Tweezers  

(Running Head: pulling membrane tethers from cells)  

 

 

ii. Summary/Abstract  

Here, we describe how to extract tethers or lipid membrane nano-tubes from the plasma membrane of 

cells using Optical Tweezers. This technique allows to measure the force required to hold the membrane 

tether at constant length which is related to the cell membrane tension. Following the evolution of this 

force during mechanical or chemical perturbations of the cell can reveal then, gives insight about the 

regulation of cell membrane tension. By pulling very long membrane tethers, one can also probe the 

membrane reservoir of a cell and a sudden rise in the tether force is usually due to the depletion of the 

excess membranes stored in membrane folds or invaginations.  
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1. Introduction  

The cell plasma membrane is intertwined and in constant interaction with the underlying cell 

cortex, which is continuously remodeling. This active, multi-component system makes it difficult 

to directly asses the mechanical properties of the plasma membrane. One method, that has 

proven to be very helpful to obtain information about the mechanical properties of membranes 

consists in extracting tethers (nanometer sized lipid membrane tubes) by the application of a 

"point" force on the membrane. Tether were first observed in the early 1970's on red blood cells 



attached on a glass slide and submitted to shear flows [1]. Various approaches were since then 

used to extract membrane tethers from cells, but one of the most common and most informative 

methods is to use micrometer sized beads trapped by optical tweezers that serve as a sensitive 

force probe [2–5].  

The technique of membrane tether formation and the physics behind it were primarily 

developed in the study of giant unilamellar vesicles (GUVs) that are formed of pure, usually 

symmetric lipid bilayers. While the principles remain the same when extracting membrane 

tether from cells, one should keep in mind the corrections and limitations that apply due to the 

more complex membrane composition and its interaction with the underlying cytoskeleton. In 

the following, we will briefly discuss how the tether force is related to membrane tension in 

GUVs and in cells. Further discussion of the limitations and correction factors when extracting 

membrane tethers from cells will be discussed in the Notes section. 

1.1 physical description of membrane tethers 

The key physical parameters of lipid membranes are bending rigidity κ (generally 10-50 kBT), 

elastic modulus K (generally 0.2 N/m) and membrane tension σ (generally 10-6 – 10-4 N/m). K 

and κ depend on the lipid composition and σ on factors like, the pressure difference between 

interior and exterior of, for example, a GUVs or on membrane-cortex interactions in cells (see 

below). Lipid membranes basically not extensile, i.e. they rupture upon extension >3-5% and 

their lysis membrane tension is generally σlysis= 10-2 N/m. When a lipid membrane tether (a 

cylindrical tube of radius R) of length L is pulled, its free energy Ft can be written as  
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Minimizing this with respect to the tether radius leads to  

and a tether force at equilibrium of  

 

Not that the tether force is independent of the tether length, when the system is at equilibrium.  

In the case of cells, the membrane tension σ is generally replaced by an effective membrane 

tension σeff to account for the additional effect of the membrane cortex interactions (often 

represented as interaction energy density W0) accounting for about 75% of the tether force [6]. 

The forces to extract and hold cell membrane tethers are generally in the range of 10-50 pN 

depending on the cell type, the cell stage and whether the cell is adherent or in suspension.  

1.2 Optical tweezers 

The ideal instrument to probe the force range required for pulling lipid membrane tethers are 

optical tweezers (OT). For experiments on cells, lasers at 1064 nm are most suitable as this 

wavelength is barely absorbed by water leading to minimal local heating, and lasers with >1W 

power are readily available. OT setups are now commercially available and manuals how to 

build them in various forms are readily available. The two most common approaches are: i) OT 

with a static position combined with a movable stage/ sample holder or ii) a mobile OT (e.g via 

an AOD (acusto optical deflector)) and a static sample. Both approaches are workable for cell 

tether pulling and please see the notes for further comments. We briefly recall the principle of 

force measurements with OTs and refer to more detailed literature [7] about the setup of an OT 

setup as this would go beyond the reach of this chapter.  

Generally, we use 1-3 µm diameter polystyrene beads, as they can be easily functionalized to 

stick to components of the cell plasma membrane. The focused laser beam of the OT forms a 
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potential trapping the polystyrene bead. When the bead is displaced by a distance Δx from the 

center of the OT, the force fOT acting on the bead is  

��� = ��������� ∆� 

with kOT representing the stiffness of the OT and Plaser being the laser power (Fig 1A). kOT 

depends on the difference of refractive indices between the bead and the surrounding medium 

and the bead diameter, and it is advised to calibrate the OT regularly, especially when the 

experimental conditions change. Generally, Plaser should be chosen to have the effective OT 

stiffness in the range of kOT Plaser = 40-100 pN/µm to have a good compromise of force 

resolution and maximum force that can be applied (Note 1).  

The following description of tether pulling experiments are based on the experimental setup that 

was used in [5]. 

 

2. Materials 

OT setup 

We worked with a spatially static OT, i.e. the position of the laser trap is fixed. The optical trap 

was created by steering a 1064 nm laser beam (Coherent,Santa Clara, CA) into an inverted 

microscope (Axiovert 200, Zeiss), and was directed through a high numerical aperture objective 

(100X, 1.3 NA) via a hot mirror (Melles Griot) placed under the filter cube holder instead of a 

slide in analyzer. This design allowed performing bright field or epi-fluorescence imaging while 

trapping a bead. Analysis of thermal fluctuations of the bead revealed a trap stiffness of kOT, x = 

131(±6) pN/(µm W). Brightfield Images of the bead were acquired with a CCD camera 

(XCST70CE, Sony, Tokyo, Japan) and analyzed offline using ImageJ (https://imagej.nih.gov/ij/). 

For life cell experiments, the observation chamber containing cells was mounted on a 

temperature-controlled microscope stage (Tempcontrol 37-2 digital, Carl Zeiss) set to 37 C. 

 



 

Beads 

Concanavalin A covered beads (ConA-beads): Incubate 3 µm diameter polystyrene beads in 

1mg/ml Concanavalin A for 30 min at room temperature. Spin down beads for 30 s in a table 

top mini-centrifuge and resuspend in PBS (they can be stored for a month at 4 C).  

 

Cell Chamber and Microscope Stage 

Since the OT were not movable, cells had to be displaced with respect to the OT to pull tethers 

with trapped beads. Controlled linear displacement was performed with a piezo-stage (PI, 

Karlsruhe, Germany). Metal cell chambers (Attofluor, ThermoFisher) were placed in a custom-

made holder (shaped like a spoon with a hole) that was connected to the piezo-stage. The 

aluminum allowed an efficient heat conductance from the temperature control stage to the cells. 

This allowed us to perform all cell experiments at 37 C (Fig. 1B).  

 

3. Methods  

 

3.1 Plating of cells  

The day before the planned experiments, Cells must be plated on round, 35 mm diameter glass 

slides.  

 Rinse glass slides five times with EtOH followed by MilliQ water 

 Blow dry glass slides under nitrogen gas stream or by placing them in a dry oven 

 Place 3 glass slides in a 10 cm diameter cell culture dish filled with culture medium 

 Add freshly detached cells at low density (aim 25 cells per (100µm)2)  

  

3.2 Tether pulling 



Extreme care must be taken when working with OT as the 1064nm laser is invisible to the 

human eye. The OT laser is powerful and can cause serious harm to the eyesight and skin 

burns. Please make sure that appropriate training is provided before handling the setup, to 

wear appropriate laser protection safety glasses and that laser interlocks are functional.   

 

3.2.1 Preparations 

 Switch on microscope, laser and the heating stage (at 37 C) to allow all system 

components to warm up (make sure, the shutter of the OT is closed) 

 Vortex ConA-bead stock and dilute 1 µl beads in 9 µl PBS 

 Place one glass slide with adherent cells inside on the bottom half of the metal cell 

chamber, assemble the chamber and fill with 1-2 ml of pre-warmed cell medium   

 put oil on the lens of the 100x microscope objective  

 place the metal cell chamber into the cell chamber holder such that the chamber is 

above the objective 

 approach the objective carefully to the bottom glass of the metal cell chamber until the 

oil starts to spread and focus you sample using the camera (using eye-pieces elevates 

risk of damaging your eyes in case the laser shutter is not closed) 

 add the diluted ConA-beads (10 µl) 

 wait for 1 minute to allow the beads sink towards the bottom of the chamber 

 trap a single bead in the OT and move it to a region with a cell and no other beads 

(Note 2) 

 

3.2.2 Pulling of a single tether from a cell 

After trapping a bead and finding the cell to perform the tether pull experiment, a typical 

experiment will consist of the following steps:  



 Position the trapped bead in front of the cell (make sure to be above the surface, i.e. the 

cell should be slightly out of focus) 

 start the image acquisition to record the bead position in absence of a membrane tether 

(this sets the zero-force reference (see analysis section below) (Fig. 2) 

 bring the bead into light contact with the cell by moving the cell towards the bead. This 

pushes the bead out of its reference position (corresponding to the negative force in Fig. 

2). Moreover, lowering the z position increases the contact site with the cell membrane. 

 After a few seconds of contact (Note 3), move the cell slowly away from the bead (5 µm 

displacement at ~0.1 µm/s) (Note 4).  

 An adhesive contact between the bead and the cell membrane will result in a visible 

displacement of the bead in the direction of the cell (positive force increase in Fig. 2) 

until a tether is nucleated (force peak) (Note 5) 

 Elongate the tether further at constant velocity (0.5 µm/s), which results in a slow 

increase of the tether force (Note 6, 7, 8, 9). 

 After t = 30 s stop tether elongation. The tether force should relax to a plateau value, 

representing the equilibrium tether force, after ~10 s (Note 10).  

 To ensure that a tether was present throughout the experiment, switch off the laser trap 

to release the bead. The bead should return to the cell, if the tether remained intact 

(Note 11).  

 

3.2.3 Analysis 

Depending on the OT setup, bead position tracking is done optically (thresholding of the bead) 

or by reading out the signal from a quadrant photo-diode. In any case, using the OT calibration, 

a typical tether pull experiment will result in a force-time trace as depicted in Fig 2.  



The tether force value representing the equilibrium, effective cell membrane tension, one 

computes the 10s average value of the recorded force after it relaxed to a plateau (e.g. 

between 60-70 s in Fig. 2)     

 

 

4. Notes  

1. Optical tweezers have a limited potential well in which the force and bead displacement 

are proportional. If the (3 µm diameter) bead gets displaced out of the trap center by 

more than 1µm the force readout will become unreliable. To avoid this, increase the 

laser power to keep the bead closer to the trap center. A good test is to pull tethers at 

different laser powers and to compare the tether forces. If they are similar, the bead 

stayed in the linear region of the optical tweezers.  

2. Trapping beads can be tricky sometimes. Best is to put a marker on the computer 

screen to indicate the position of the OT. When approaching the bead, keep the OT 

switched off. Position the OT center slightly above the bead and switch on the laser. 

Otherwise, it can happen that the bead gets pushed away by the OT.    

3. A contact time of 2-20 s is typically sufficient to establish an adhesive link between cell 

membrane and bead, depending on the cell type, the cell treatment, and the freshness 

of the bead coating. 

4. If the bead escapes the OT, increase the laser power and try again. If this does not help, 

the attachment time was too long. Trap a new bead and start with a new cell.  

5. The force overshoot is the signature of tether formation. The magnitude of the force 

peak depends on the size of the adhesive contact between membrane and bead [8] 

6. In the case of multiple tethers, the force increase will be steeper, and a broader "thread" 

(or bundle of tethers) would become visible. 



7. If the bead escapes the OT during tether elongation, usually more than one tether was 

formed. The bead can be trapped newly with higher laser power to continue the pulling. 

But it would be better to trap a new bead and pull a tether from another cell.  

8. Eventually the rupture of single tethers with corresponding steps in the tether force 

would be observed during tether elongation. 

9. Elongation of tethers extracted from living cells significantly deviates from the behavior 

discussed for lipid bilayers [6, 9]. Instead of exhibiting a length-independent plateau 

value, the tether force increases upon elongation even at slow pulling velocities 

(fractions of µm/s). This process originates very likely from viscous friction between 

cytoskeleton and membrane, and from the flow of membrane around transmembrane 

proteins [10]. A comprehensive physical mechanism of this dynamic contribution to the 

tether force is still missing and the force velocity relationship is under debate. In order to 

avoid the complexity inherent to dynamics of tether extrusion, it is better to focus on the 

static tether force, as measured after relaxation at constant length. 

10. If the bead shows clear position fluctuations during the relaxation time, actin might have 

grown into the base of the tether. In this case, the force reading does not represent the 

effective membrane tension and should be discarded 

11. If actin has grown into the tether, it will remain stiff at its base after release of the bead.  
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Figure Captions  



Figure 1: A) Schematic depicting the relation between displacement of the bead out of the 

center of the OT and force during a tether pulling experiment. B) picture of the cell chamber 

holder connected to a piezo motor.  

 

Figure 2: Typical tether pulling experiment. Top: image sequence of tether formation from an 

adherent cell; scale bar 5 µm. Bottom: corresponding force trace; the roman figures indicate the 

different steps of tether extraction: (I) reference force corresponding to the position of the free, 

untethered bead; (II) negative force corresponding to impingement between bead and cell to 

establish an adhesive contact; (III) tether nucleation; (IV) tether elongation at pulling velocity v ~ 

0.5 µm/s (final tether length: 10 µm); (V) tether force relaxation to the equilibrium tether force. 
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