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Abstract: 

Biological membranes, thin barriers between compartments, can fluctuate due to their interacting 

mechanical properties. They behave as two-dimensional liquids and are so soft that collision of 

molecules in the surrounding media can cause undulations of the shape. Flickering of red blood 

cells was already recorded in the late 19th century by Browicz using the light microscope. Today 

improved contrast images can be recorded directly on computer with phase-contrast microscopy 

with attached cameras allowing non-invasive spectral analysis of those thermal fluctuations of 

biological membranes. The measurement setup must provide means for sharp and focused image 

acquisition for subsequent numerical determination of elasticity parameters (bending stiffness of 

bending elasticity). Microscope cameras have rather long integration times, resulting in blurry 

images, since high speed motion of the membrane is lost due to long opening of the shutter. The 

adaptation of phase-contrast microscope with stroboscopic illumination will be presented to 

achieve better resolution of acquired images, allowing higher spectral nodes to be used in the 

analysis of bending stiffness. Other methods of determining bending stiffness will be briefly pre-

sented to provide an overview of experimental determination of mechanical properties of phos-

pholipid membranes. 
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1.   Introduction  

Biological cells are the building blocks of all life. They are very diverse in its capa-

bilities and shape, however the basic structural elements are the same as well as its 

chemical compositions (Boal 2012, Phillips 2013). Cell membranes enclose the cell and its 

compartments, while networks of filaments, if present, help to maintain the shape of the 

cell. The mechanical properties of the cell elements can be much different from those of 

objects familiar in everyday life. In this article, we will present methods of determining 

the bending stiffness measurements of a lipid bilayer, that is a main building block of the 

cell membrane. Lipid bilayer consists of lipid molecules (Figure 1) and it is very soft. It 

shows very small resistance to bending, so that even thermal fluctuations at room tem-

perature can generate gentle undulations of the membrane. To simplify the cell mem-

brane and to analyse only the bilayer, the measurement can be done on synthetically 

produced giant unilamellar vesicles (GUVs). The influence of other constituents on me-

chanical properties can then be controllably investigated. The diameter of GUVs is in 

order of few microns to 200  GUVs thus present ideal structures for investigation 

under optical microscope. 

 

 

  
 

Figure 1. On the left panel, there is a schematic representation of phospholipid bilayer forming a vesicle (membrane). The 

right panel shows an image acquired by the digital camera attached to the viewport of phase contrast optical microscope. 

Phase contrast microscopy greatly emphasizes the membrane. 

The study of physical properties of the cell membranes is highly important for better 

understanding of the working of the cell. Many studies deals with basic properties of the 

phospholipid membranes including the measurement of bending stiffness and the ex-

ternal influences or structural changes to the stiffness of the membrane (as it was for 

example reported in Mohandas et al. (1983), Evans and Leung (1984), Song and Waugh 

(1993), Zhou and Raphael (2005). 

The methods for measuring the bilayer bending stiffness belong to two groups. Mi-

croscopic methods provide structural data at the molecular level, yet numerical model-

ling or molecular dynamics simulations are required to relate these data to macroscopic 

properties. Macroscopic methods offer more direct measurements on membrane re-

sponse to external perturbations, but contact methods which are a common subgroup of 

macroscopic methods are mostly invasive, which may drive the specimen out of its nat-

ural state (Lee et al. 2001). In the following section, some of the most frequently used 

methods will be described, where the main focus will be on spectral analysis of thermal 

shape fluctuations. 
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Optical macroscopic methods, such as spectral analysis of shape fluctuations do not 

impose external influence on the measured specimen. However, using purely optical 

macroscopic methods, the measurement precision is limited with optical imaging reso-

lution, therefore many research is focused mainly on GUVs (Menger and Keiper, 1998). 

Furthermore, the properties of imaging sensor decrease the sharpness of the image due to 

fast movement of the membrane and due to a relatively long time during which the 

camera has its shutter open and collects light. Therefore, using fast cameras can be bene-

ficial to improving the sharpness of the acquired image. Another approach with strobo-

scopic illumination was proposed by Genova et al. (2009). In this contribution, the pro-

cedure of adapting phase-contrast microscope for stroboscopic illumination will be pre-

sented from the engineering point of view. 

2. Brief overview of the methods 

Numerous methods are available to determine bending stiffness of the membrane, 

with their virtues and drawbacks. Taking into the account the temporal and dimensional 

resolution of the method, one may find that some method may be more suitable for a 

particular kind of membranes, but the other may be better for the others. A major draw-

back of some methods is that they deform the measured specimen thus changing its 

mechanical or other properties that may be relevant to the study. For example, fluid flow 

imposes mechanical loading to the membrane that can then change the structure of actin 

cytoskeleton of the cell (Cucina et al., 1995, Pavalko et al., 1998). Furthermore, localized 

mechanical stress on the membrane can be transmitted over the whole cell by means of 

cytoskeleton propagation (Maniotis et al., 1997). Here, the various commonly used 

methods will be briefly presented, however, the list of methods is far from being com-

plete. 

Atomic force microscopy (AFM) is used for characterization of materials and can be 

used as a method to determine bending stiffness of the phospholipid membranes (Jaasma 

et al., 2006, Lin et al., 2007). Observation of the deflection of the AFM cantilever beam is 

used to determine the “softness” of the material. The mathematical models that connect 

deformation and the Young’s modulus and bending stiffness is based on Hertz indenta-

tion model (Lin et al., 2007). AFM method is fast (in order of milliseconds) and can be 

used for cells and vesicles with small radii down to 1 nm (Morshed et al. 2020). The 

method does not impose a large deforming force on the vesicle, however, the sample 

must be immobilized on substrate for AFM probing. 

On same time and dimension scale, optical tweezers and magnetic tweezers are 

used. Optical tweezers (or optical trapping) use highly focused laser beam to trap and 

manipulate microscopic neutral dielectric particles. When particles are small compared 

with the laser wavelength, they behave as dipoles subjected to gradient forces due to 

photon scattering that is the consequence of different dielectric properties of materials. 

The scattering force is proportional to the intensity of the light and acts in the direction of 

incident light propagation (Nussenzveig 2018). The magnetic tweezers do not exert the 

heating stress due to strong light sources to the sample, but the sample should be treated 

with small ferromagnetic particles of iron oxide. The particles are usually in the mi-

crometer range and coated with fibronectin to be able to attach to the integrin receptor on 

the cell (Morshed et al., 2020). The cell with ferromagnetic attachments is then exposed to 

external magnetic field which acts on the attachments with magnetic force. The magnetic 

force is then linked to bending stiffness (Fabry et al. 1999). 

Electrodeformation is a method that can be used on cell membranes or vesicles on a 

larger scale, usually in the micrometer range (Jubery et al. 2014). Electric fields provide an 

alternative way of micromanipulation of vesicles. Compared to previously described 

micromanipulation methods, the electric field deformation is usually much cheaper 

while minimizing the risk of contamination the samples as for example in AFM. The most 
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straightforward approach is to use direct current or DC pulses. When an electric pulse is 

applied to a vesicle, the vesicle deforms in relation to its mechanical properties. At the 

end of the pulse, the vesicle returns back to its initial shape. In the absence of excess area, 

relaxation depends on the properties of the membrane - stretching, viscosity and bending 

rigidity (Piontek et al. 2021).  

Micropipetting is the last method in the brief presentation of methods used in de-

termination of the bending stiffness of the vesicle membranes. With this method we are 

limited by the optical resolution of the microscope and by the ability of the operator to 

perform the procedure. The membrane is sucked into the glass cylinder of known inner 

diameter with predetermined pressure. From the length and radius of the membrane 

sucked into the pipette tube, the bending stiffness is calculated (Shao and Hochmuth 

1996). This method is the simplest in terms of the required apparatus, but it deforms the 

specimen by a large extent. 

In contrast to the forced mechanical deformation, the method based on thermal 

fluctuations is non-invasive. The method of thermal fluctuation that described in detail in 

the continuation, has a distinct advantage of not loading the measured specimen and 

thus preserves its original properties.  

 

2.1. Method of thermal fluctuations 

The flickering of the red blood cells, which is a consequence of the fluctuations of 

their membrane was observed already in 1890 by means of the bright-field optical mi-

croscope (Browicz, 1890). Thermal fluctuations of bilayer membranes of vesicles occur 

due to Brownian motion of the water molecules, colliding with the membrane of the 

vesicle, causing a localized displacement. As stated in (Schneider et al., 1984), the mag-

nitude of the bending stiffness could be theoretically deduced by measuring the shape of 

the vesicle as a function of the excess of the hydrostatic pressure of water exterior over 

the vesicle interior, however the pressure excess is too small to measure (Schneider et al., 

1984). Due to small curvature modulus, there are many thermally accessible shapes 

having the same area and volume that are within  (where 

 is the Boltzmann constant and  the absolute temperature) 

of the equilibrium configuration of the flaccid vesicle. For this reasons, the shapes of a 

thin-walled unilamellar vesicle are observed to fluctuate. 

The basic principles of spectral analysis of shape fluctuations are described in (Mé‐

léard et al., 1998). The sample vesicle equatorial cross section is focused under the mi-

croscope. For measurement of thermal fluctuations of phospholipid bilayer, the phase 

contrast or fluorescent microscopy is commonly used, as they emphasize the membrane 

outline. The series of still images taken from the experiment is analysed, to numerically 

evaluate the shape of the vesicle membrane (Genova et al., 2006, Fošnarič et al., 2013, 

Penič et al., 2015). The shapes are then developed into series of spherical harmonics 

functions and analzyed by a method proposed by Milner and Safran (1987). The time 

average of coefficients of spherical harmonics up to maximal possible mode are used to 

determine (Kc) 

 

 
 

Besides the bending stiffness, this equation has a free parameter  which corre-

sponds to the average stretching energy of the vesicle and is estimated to be near zero for 

perfectly fluid membranes.  

The fluctuation of the synthetically prepared GUVs is therefore measured by means 

of merely observing the behaviour of the phospholipid bilayer in its environment with-

out any interaction with the vesicle itself. The measurement is fairly slow in comparison 
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with other methods presented in this work, as the measurement of a single vesicle takes 

2-5 minutes. The reason for slow measurement process lays in the fact that the lowest 

modes of fluctuations are slow to dissipate. For analysis we require a series of inde-

pendent shapes, thus we are required to take a still image every second in average. 

3. Results 

3.1. Optical phase-contrast microscope adaptation 

Optical phase-contrast microscope is frequently used as research tool for observing 

thin phospholipid layers due to contrast enhancement of two optically different media 

(e.g. water and phospholipid mixture). The optical path of the microscope can be 

switched between ocular and camera output ports. By attaching CCD or newer CMOS 

camera sensor to the camera port, image can be acquired electronically and transported 

to computer as video signal or via common USB computer port. 

The microscope modification for stroboscopic illumination was already imple-

mented and described in (Genova et al., 2009, Genova and Pavlič, 2012). According to the 

distributor of Nikon microscopes, there is no light source splitter available for Nikon 

Eclipse TE2000-S phase-contrast microscope (that is used for research in our laboratory) 

on the market. The adaptation of the microscope to accept two light sources was done by 

means of additional aluminium wall chamber with retractable mirror to enable the addi-

tional light source port. 

With the retractable mirror the experimenter can choose between the “constant in-

tensity” halogen lamp light source or pulsing, stroboscopic flash light for sharper image 

registration for measurement of bending stiffness. The mirror is fixed on a hinge that can 

rotate about its axis and is controlled by a handle on top of the splitter fixture. The ex-

isting halogen lamp is fixed on the back of the chamber and the stroboscope light source 

is attached at the side with rubber spacers to reduce mechanical movement (shaking) of 

the microscope due to the flash tube discharge. 

High intensity flash illumination, combined with CCD camera is cheap replacement 

for high sensitivity, high-speed camera, to register sharp images of vesicles. Most of the 

integration time of the camera the sample with the vesicle is in darkness, only a short 

burst of strong light is made during that time by the flash lamp. This produces sharp 

images of the vesicle in each frame and results in decreased error of determination of 

bending stiffness (Genova et al. 2006). 

The Hamamatsu L7684 is a xenon flash lamp for industrial applications. It generates 

output power of 60 W in spectral range 240 nm to 2000 nm. It has a built-in reflective 

mirror, which focus all light made by arc of size 3 mm towards the borosilicate glass 

opening in the aluminium case. It can be triggered with voltages from 5-10 kV and can be 

operated under maximal repetition rate of 60 Hz. To achieve full power flashes an addi-

tional capacitor box Hamamatsu E7289 is connected to the xenon Flash Lamp power 

supply Hamamatsu C6096. High energy flashes also results in some energy losses in the 

lamp, therefore the cooling jacket Hamamatsu E6611 with the brushless DC motor fan is 

needed to keep the lamp at the operating temperature. The cooling jacket provides at the 

same time the socket into which the xenon flash lamp is inserted. It provides mechanical 

stability and allows mounting to the adapted light chamber of the microscope. 

The controller that synchronizes camera with the flash light has been made using the 

microcontroller ATmega16, produced by Microchip. The choice of the microcontroller is 

not critical, as the signals timings are well below kHz range. The schematics of micro-

controller and with main parts of the trigger system is shown in Figure 2. The microcon-

troller clock is generated with the 7,3728 MHz quartz crystal, allowing synchronization 

with standard UART speed. The connection with the computer for controlling the oper-

ation of the controller is made through serial connection with the FT232 adapter to enable 

USB connection. The speed of communication is 9600 baud 8N1. 
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Figure 2. The electric schematics of the flash light controller using ATmega16 microcontroller. Only the most important 

connections are shown. At the bottom right there are input and output connections, where input presents trigger infor-

mation from camera and output is trigger command signal to flash light source. The TX and RX pins are connected 

through RS232 to USB adapter to computer. Top left corner shows just components that are absolutely required for mi-

crocontroller to operate. By uploading the firmware to the microcontroller, the functionality can be altered, which adds to 

the flexibility of this design. 

When the controller is switched on, the trigger is armed and waits for the camera 

sync pulses that generates lamp pulses for flash discharge. There is a possibility to turn 

on or off the trigger by sending single letter commands. This improves the automation of 

the measurement process. The microcontroller control of the triggering is flexible also 

because it is possible to programmatically set the time of the flash discharge within the 

integration frame of the camera if that is necessary, due to the possible camera integra-

tion start time jitter. The controller is connected to the computer via USB cable form 

which it also draws power. 

The stroboscopic light was attached to microscope light port. There was mechanical 

adaptation of the microscope light port to gain additional light plug with mirror selector. 

The blueprint for the light mixing chamber is presented in Figure 3. On top of the 

chamber, stroboscopic light was mounted via 3D printed adaptor from white ABS plas-

tics with shake reducing rubber spacer (see left panel of Figure 4 for exploded view of the 

final apparatus). The original halogen light source was mounted at the back of the mixing 

chamber. The final arrangement is shown on the photo in right panel of Figure 4. The 

detailed procedure of manufacturing the adaptor and light mixing chamber with two 

light ports is described in (Klanjšček and Penič, 2021). 
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Figure 3. The blueprint for aluminium casing of light mixer with two input light ports and one output light conduit port. 

  
 

Figure 4. On the left panel, the exploded view of the microscope adaptation is shown. Metal parts are bolted together, the 

green part is a 3D printed plastic insert for the mirror assembly and stroboscope holder, which is represented in this fig-

ure in black color. Mirror tray is fully retraceable, allowing the selection of top light source or direct source from the back 

of the microscope. The right panel shows a photograph of mounted prototype to the microscope. 

3. Conclusion 

There are many different approaches to measuring bending stiffness. They vary in 

precision, the spatial and temporal precision of the method and amount of invasiveness 

to the measured specimen. A closer look of the thermal fluctuation measurement method 

was presented. The precision of the results depends on the image clarity, focus and blur. 
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The method of increasing the precision of the measurement was proposed, based on the 

experiences from authors in the literature and experiences gained by implementing the 

electro-mechanical system for the specific microscope in the laboratory.  

The phase-contrast microscope was upgraded with flash light to enable registration 

of sharp images of vesicles for experimental determination of the bending stiffness of the 

giant unilamellar phospholipid vesicles. The mechanical modifications for attaching the 

additional light source to the microscope without the secondary light port was made and 

the electronics with corresponding software for controlling the flash discharge in sync 

with camera was devised. With modified light source, the analysis of fluctuaction modes 

is increased, resulting in more precise calculations of bending stiffness. The integration 

time of the camera is specified to be around 3 ms and can deviate from this value, 

depending on the frames-per-second settings. Stroboscopic pulse lasts around 2 µs and is 

therefore three orders of magnitude shorter. This does not necessary imply the highest 

recorded frequency will be three orders of magnitude higher, since this high frequency 

fluctuation modes tend to be lower in amplitude than low frequency ones and they 

depend on the stiffness of the vesicle and the type of the solution where the vesicles are 

in. 
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