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Diffusion coefficients obtained by fluorescence recovery after photobleaching 

(FRAP). We used fluorescence recovery after photobleaching (FRAP) technique to 

examine the lipid membrane mobility. The FRAP technique uses laser to bleach 

fluorescent lipid molecules in a small region of the sample and the diffusion coefficients 

can be obtained by analyzing the fluorescence recovery with time in this small region.
1-3 

The recovery time evolution images of the photobleached spot were recorded by image 

processing program HCImage (Hamamatsu, Japan). The intensity recovery with time 

inside the region of interest was then processed and fitted by MATLAB (Mathworks 

Natick, MA) in order to obtain the diffusion coefficient of the SLB. The fitting algorithm 

we used for the two dimensional lateral diffusion coefficient was mainly based on the one 

developed by Axelrod et al.
1
 and the details are in the following paragraphs. 

The measured fluorescence intensity was normalized by the following equation to 

subtract the fluorescence background and to make it fit to the modeling equation more 

easily.  

fe(t) =
Fe(t) − Fe(0)

Fe,∞(t) − Fe(0)
 

where Fe (t) is the average intensity inside the region of interest which would recover 

with time, Fe (0) is the average intensity inside the region of interest right after the lipid 

bilayers photobleached by laser and Fe,∞ (t) is the average intensity inside the region of 

interest which assume to reach after infinite time. Considering the effect of 

photobleaching of fluorophores and fluctuation of intensity inside the whole observing 

sight, we took Fe,∞ (t) as a function of time in order to eliminate the effect. The variation 

of Fe (0) was found to be negligible comparing to Fe,∞ (t), so we assume the value to be 

constant here. The calculated recovery percentages fe (t) would increase from zero to a 

maximum value, which would depend on the mobile fraction of the lipid bilayers.  

The normalized measured fluorescence intensity can be fitted to the theoretical 

normalized intensity derived from the transport model to obtain the diffusion coefficient 

parameter. For a bleached spot with its initial profile described by a Gaussian profile, the 

theoretical intensity with time, FK (t), can be obtained by solving mass transport equation.   
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where q is the fluorophore quantum efficiency, A is the beam attenuation factor, P0 is the 

total laser power, K is bleaching parameter, C0 is the uniform fluorophore concentration 

before bleaching, and τD is the characteristic time of diffusion. The theoretical normalized 

intensity can be expressed as: 
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Note that the bleaching parameter, K, can be obtained by fitting the initial bleaching 

profile to a Gaussian profile.   

C(r, t = 0) = 𝐶0exp⁡[−𝐾𝑒𝑥𝑝(
−2𝑟2

𝑤2⁄ )] 

where C(r, t=0) is the fluorophore concentration profile at position r and time t= 0, C0 is 

the uniform fluorophore concentration before bleaching. Bleaching parameter, K, and 

half-width, w, are the fitted parameters to be obtained.  

By fitting the experimentally measured f e(t) to the theoretically obtained f k(t), we can 

obtain the fitted parameter τD and the diffusion coefficient D can be calculated from the 

following equation: 

D =
𝑤2

4𝜏𝐷
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