
On the possibility of intensifying the photochemical stage of scleral 

collagen riboflavin/UV crosslinking by tissue optical clearing 

The possibility of increasing the efficiency of riboflavin(RF)/UV crosslinking (CXL) of 

sclera by using immersion optical clearing of the tissue before UV treatment was 

investigated. The intensity of photochemical processes of RF/UV CXL was estimated by 

means of monitoring of the relative content of riboflavin in the tissue during the CXL 

process. The relative content of riboflavin at different depths in the tissue was evaluated 

from the decay times of tissue fluorescence, which was measured using fluorescence 

lifetime imaging microscopy (FLIM).  
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The measurements were conducted in vitro on specimens of porcine sclera. The 

riboflavin/UV crosslinking procedure was carried out as follows: native sclera samples 

were placed into 0.1% riboflavin solution for 20 minutes. Then one set of the samples were 

kept in 88% aqueous glycerol solution for 20 minutes for tissue optical clearing. Then all 

samples were irradiated during 30 min by UV radiation from a UV light emitting diode with 

a maximum radiation at a wavelength of 370 nm; the irradiance intensity was 3 mW/cm2.  

The fluorescence decay times of the samples was measured using a JenLab MPTflex 

multiphoton tomograph (Germany) in the mode of recording two-photon fluorescence with 

time resolution (fluorescence lifetime imaging microscopy, FLIM). The central wavelength 

of the laser radiation in our experiments was 760 nm. The laser pulse duration was 200 fs, 

pulse repetition rate was 80 MHz, and maximum output power near the sample was 50 

mW. The recorded fluorescence signal was integral over the spectral range 409�±680 nm. 

FLIM measurements were performed at the following stages: 1) after impregnation in 

riboflavin solution, 2) immediately after UV-treatment, 3) after incubation in normal saline 

solution (NSS) for 1 day. In the case of crosslinking with optical clearing, FLIM 

measurements were also performed after keeping the samples in the glycerol solution 

before UV irradiation. 

Materials and Methods: 

riboflavin / UV crosslinking with optical clearing 

Figure 1. FLIM images of the sclera in the native state and at different stages of riboflavin / UV 

crosslinking without (a) and with (b) optical clearing obtained at different depths 

Figure 2. Average fluorescence lifetime in scleral samples at different stages of riboflavin / UV 

crosslinking without (a) and with (b) optical clearing 

The average fluorescence lifetime for scleral samples at different stages of the experiment was 

estimated using the approximation of the experimental local fluorescence decay function by a 

two-exponential function: 

Local values of the average fluorescence lifetime were obtained by the formula:  

UV-treatment of samples subjected to optical clearing led to a significant decrease in the average 

fluorescence lifetime, to 2.67 ± 0.05 ns. When UV-treatment was performed without optical 

clearing, the lifetime decreased only to 3.48 ± 0.02 ns. This means that optical clearing 

significantly increased the intensity of the photoinduced conversion of riboflavin into 

nonfluorescent forms in the tissue during UV exposure, that is, the photochemical reactions 

attending riboflavin/UV crosslinking proceed more intensively. 

 

If the average fluorescence lifetime are known for two tissue states differing in the riboflavin 

content, state 1 with riboflavin content Q1 and state 2 with riboflavin content Q2 (we denote them 

<�2i (ct 1)> and <�2i (ct 2)>), assuming that the fluorescence lifetime of endogenous components and 

riboflavin in tissue are constant, the ratio Q2/Q1 can be approximately estimated using the following 

formula: 

where <�2i (nt)> is the average fluorescence lifetime for tissue in the native state (endogenous 

fluorophores), and <�2i (r)> is the fluorescence lifetime for riboflavin solution.  Using this formula, it 

was found that in the case of riboflavin/UV crosslinking without optical clearing, the riboflavin 

content in the tissue after UV treatment was approximately 5.6 times higher (average over 15 

regions of two samples) than in the case when optical clearing was used. 

Conclusion 

Thus, it was experimentally shown, on samples of porcine sclera in vitro, that the application of 

immersion optical clearing agent before UV irradiation during riboflavin/UV crosslinking of the 

sclera provides a possibility to increase the intensity of photochemical processes in tissue that 

occur during collagen crosslinking. 

riboflavin / UV crosslinking without optical clearing 

Estimation of the Average Fluorescence Lifetime 
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Area-averaged values of  �2i  were calculated for regions of approximately 0.023 mm2 (~ 28000 

pixels in the FLIM image). The final average fluorescence lifetime <�2i> was calculated by 

averaging the area-averaged values of �2i over different sample regions and different samples for 

a depth range from 40 to 75 ���P. 

Estimation of residual riboflavin content in the tissue 


