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ABSTRACT 

Fluorescence Recovery after Photobleaching (FRAP) is one of the most powerful and 

used techniques to study diffusion processes of macromolecules in membranes or in 

bulk. Here, we study the diffusion of alpha-chymotrypsin in different crowded 

(Dextran) in vitro solutions using a confocal laser scanning microscope. In the 

considered experimental conditions, confocal FRAP images could be analyzed applying 

the uniform circular disc approximation described for a nonscanning microscope 

generalized to take into account anomalous diffusion. Considering the slow diffusion of 

macromolecules in crowded media, we compare the fitting of confocal FRAP curves 

analyzed with the equations provided by the Gaussian and the uniform circular disc 

profile models for nonscanning microscopes. As the fitted parameter variation with the 

size and concentration of crowders is qualitatively similar for both models, the use of 

the uniform circular disc or the Gaussian model is justified for these experiments. 

Moreover, in our experimental conditions, alpha-chymotrypsin shows anomalous 

diffusion (a < 1), depending on the size and concentration of Dextran molecules, until a 

high concentration and high size of crowding agent are achieved. This result indicates a 

range of validity of the idealized fitting expressions used, beyond of which other 

physical phenomena must be considered. 
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INTRODUCTION 

Studies of diffusion-controlled reaction of biological macromolecules are 

usually performed in dilute solutions (in vitro). However, the high concentration of 

macromolecules in intracellular environments (in vivo) results into non-specific 

interactions (macromolecular crowding), which have a great influence on the kinetics 

and thermodynamics of possible reactions that occur in these systems1-8. Specifically, 

the living cells have many compartments with different geometries. Regarding the cell 

membrane, we may consider it as a two-dimensional (2D) highly organized medium 

mainly containing proteins and lipids. Both substances may undergo translational and 

rotational diffusion processes, but their mobility strongly depends on their size and the 

environment properties. In the literature there are Monte Carlo (MC) simulation studies 

of diffusion in 2D media9-16 showing that the lateral diffusion is anomalous for short 

times and normal for long times. This fact implies that the diffusion coefficients depend 

on time and this dependency is described by scale laws, whose exponents depend, in 

turn, on the size and mobility of the crowding molecules10-17. Such simulations have 

also been performed in 3D17-19, leading to results that are in satisfactory agreement with 

experimental data, showing, for example, that the protein diffusion in cell cytoplasm is 

reduced considerably20-23. 

Up to date, many experimental techniques have been used to study biophysical 

properties of protein and macromolecules in dilute solutions24. Nevertheless, few of 

them are able to study the properties of a protein in a solution with a high concentration 

of other macromolecules. Among these techniques, those using fluorescent molecules, 

like Fluorescence Correlation Spectroscopy (FCS)20-23,25-31 and Fluorescence Recovery 

after Photobleaching (FPR or FRAP)9,32-41 stand out. In this study we have used FRAP 
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because of its special usefulness for studying molecular dynamics, mainly diffusion 

processes.  

As these experimental techniques need a theoretical background to interpret the 

obtained results, there is an important effort to perform theoretical analysis of this kind 

of experiments in two (2D)32,34,37,39,48 and three dimensions (3D)38,41. Most of the 

proposed theoretical procedures are based on the one presented by Axelrod et al. in 

197642. In that work they studied several idealized cases and distinguished the diffusion 

monitored by a laser beam having a Gaussian intensity profile from the diffusion 

monitored by a laser beam having a uniform circular disc profile. Axelrod and co-

workers also stated that when the bleaching is performed with a stationary laser beam 

that is either Gaussian or uniform, the resulting “laser beam intensity profile is 

intermediate between Gaussian and uniform disc”41-42.  

Nowadays the majority of photobleaching experiments are performed with 

confocal laser scanning microscopes (confocal FRAP). An important number of 

manuscripts explain how, from Axelrod et al. equation42 (Gaussian profile 

approximation) for stationary lasers, it is possible to study the diffusion of tracer 

particles (e.g. proteins) in 2D or 3D media when a confocal FRAP is employed38-41,43-

46,48. But, normally, in 2D media confocal FRAP experimental curves can be examined 

using Soumpasis equation47 (uniform circular disc profile approximation) for 

nonscanning microscope48. This approximation is valid for the more usual experimental 

conditions because, in these cases, the postbleach profile does not depend on how the 

photobleaching was performed but on the shape of the initial postbleached region. 

However, a scanning confocal bleaching laser profile can be approximated by a 

Gaussian function for small bleached regions (ROIs), no greater than 3 µm of radius, 
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and high percentages of bleaching, greater than 50%41,48. In fact, a recent study of Kang 

et al.48 shows that in some experimental conditions the Axelrod et al. method for 

Gaussian profile can be used to analyze the recovery curves. Moreover, in our 

experiments on diffusion in crowded media, where the diffusion of tracer molecules is 

slower than in dilute solution, the diffusion during the bleaching can be considered 

negligible as in FRAP experiments performed with a stationary laser42,45. For these 

reasons, we think that it would be very useful to compare the results obtained with the 

Soumpasis equation47 and with the Axelrod et al. equation42 in the analysis of confocal 

FRAP curve obtained in a given experimental conditions. 

In this work, we study the diffusion of a model protein (alpha-chymotrypsin, 

pI=5.4) using FRAP in highly confined media in vitro with two objectives: on the one 

hand, to study experimentally the temporal dependence of its diffusion coefficient, and 

on the other hand, to compare the results obtained when the Gaussian profile or the 

uniform circular disc profile approximations are used in the interpretation of the 

experimental curves. The alpha-chymotrypsin protein was selected for this study due to 

the absence of known interactions with Dextrans, the macromolecules chosen as 

obstacles (crowding agents) and because its size (RH = 2.33 nm) is intermediate between 

those of the selected crowding agents. Moreover, its isoelectric point is 5.4, meaning 

that, under the used 7.4 pH buffer, our protein is negatively charged. The use of a 

charged protein reduces the risk of aggregation, which is higher in crowded media.  

MATERIALS AND METHODS 

Chemicals 
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Alpha-chymotrypsin (E.C. 3.4.21.1) from bovine pancreas type II (60 Umg-1), 

which was used without further purification, fluorescein isothiocyanate and glycerol 

were purchased from Sigma-Aldrich Chemical (Milwaukee, WI, USA). Dextrans with 

different molecular weights were all purchased from Fluka (Buchs, Switzerland). The 

molecular weights (Mp, Mn and Mw) and rate polydispersity indexes (Mn/Mw) of the 

used Dextrans are listed in Table 1 where further details on their approximate radii of 

gyration (Rg) are also included. The molecular weight values are those reported by the 

supplier, while Rg values were estimated from molecular weight data using 

experimental relationships from literature49-50. All other chemicals were of analytical or 

spectroscopic reagent grade. Sodium phosphate buffers (10 mM, pH = 7.4 and 0.2 M, 

pH = 8) were prepared with deionized doubly distilled water. 

Labelling of alpha-chymotrypsin 

Alpha-chymotrypsin has a molecular weight around 23,000 Da, whereas the 

molecular weight of fluorescein isothiocyanate (FITC) is ~ 389.4 Da, rather low in 

comparison to the protein. Nonspecific covalent amino terminal labelling of alpha-

chymotrypsin with FITC was performed by adding the fluorophore to a protein solution 

in a 10:1 molar ratio, in 0.2 M phosphate buffer at pH 8.0. The labelling reaction was 

carried out for 30 min at room temperature and the unreacted dye was removed with 

exhaustive dialysis during 48 hours. The dye/protein ratio after labelling was 0.6, 

estimation obtained from absorbance measurements at 490 and 280 nm, respectively. 

The molar absorption coefficient of bound fluorescein at the wave length of 490 nm was 

72,800 M–1 cm–1.51 

Fluorescence recovery after photobleaching 
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A Leica TCS SP2 UV scanning confocal microscope equipped with a FRAP 

software package was used to conduct the FRAP experiments and display and export 

the FRAP data. FRAP experiments were carried out with a ´63, 1.25 NA water-

immersion objective, using a 488 nm Ar+ laser line at 25ºC and a 8 % of relative 

intensity. Fluorescence emission was collected using the 500-530 nm band pass filter. 

Photobleaching illumination was performed using a 476, 488, 496 and 514 nm Ar+ laser 

line at 25ºC and a 100 % of relative intensity to bleach a circular region-of interest 

(ROI) with a diameter of 4.1 µm. All images were acquired at 512 ´ 512 pixel 

resolution, and using a 22.5 µm pinhole. The total ROI intensity was collected as a 

function of time, at increments of 0.28 ms during 70 s, and measurements were repeated 

6 times for each sample. Our samples were composed of a low concentration (8.55 10-6 

M) of the FITC-protein complex diffusing in an aqueous buffer (phosphate buffered pH 

= 7.4) in which crowding agents were dissolved at a concentration up to 350 mg / mL. 

Samples of 30 µl were placed in a spherical cavity microscope slide and were 

equilibrated for 15 min on a temperature-regulated microscope stage at 25°C. In these 

experimental conditions the contribution to the recovery from diffusion along axial 

direction is negligible43, thus the diffusional medium was considered as 2D. This 

assumption is fulfilled when the bleached area forms a near cylindrical shape through 

the sample, as it occurs in a circular bleach spot of a reasonable diameter46. 

Anomalous diffusion 

A diffusion process taken by a solute in dilute solution is described with the 

well-known Einstein-Smoluchowski equation:  

                    (1) 
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where d is the topological dimension of the medium where the process is embedded and 

D is the solute diffusion coefficient. In crowded media, typically in vivo and in a great 

number of in vitro processes, the existence of different macromolecular species, 

proteins, nucleic acids, organelles, etc., hinders the diffusion process. In these cases, 

equation 1 must be generalized for situations of anomalous diffusion52-58 as: 

         (2) 

where a is defined as the anomalous exponent (0 < a < 1 is the case of subdiffusion and 

a > 1 holds for the case of superdiffusion) and G is a generalized transport coefficient, 

also known as anomalous diffusion coefficient, of units [length2/timea], defined as: 

          (3) 

where tD is a characteristic residence time of the solute molecule in a volume of a 

characteristic length w (beam area). This definition allows introducing a generalized 

time-dependent diffusion coefficient function, D(t) as: 

      (4) 

which can be put in terms of an apparent/effective diffusion coefficient, Deff defined 

as23: 

        (5) 
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 In fractal media, where there is no characteristic length scale, true anomalous 

diffusion processes are expected at all scales, and the anomalous diffusion exponent can 

be related with the fractal dimension of the random walk trajectory, dw, as a = 1/dw
54. 

But, many anomalous diffusion processes in crowded media have a characteristic length 

scale determined by various parameters such as the size of the solutes and the size and 

concentration of the obstacles of the medium23. The analysis of the trajectory of a 

particle diffusing in such systems shows that for mean-square displacements smaller 

than this characteristic length, the diffusion is normal, corresponding to a diffusion 

process in a solution without obstacles. Similarly, for mean-square displacements 

greater than the characteristic length, a normal diffusion is also observed, corresponding 

now to a diffusion process in a dense medium, with a lower, but constant, diffusion 

coefficient. For the intermediate mean-square displacements, diffusion is found to be 

anomalous55. For this intermediate regime there is a crossover time from anomalous 

diffusion at short times to normal diffusion at long times56. Monte Carlo simulations of 

diffusion processes in presence of obstacles corroborate this effect and give a crossover 

time between the two behaviours10,57. This crossover time can be obtained from logD(t) 

(given by equation 4) vs. log(t) curves, which start at the value of the diffusion 

coefficient in a solution without obstacles, and decrease linearly with a slope related to 

the anomalous diffusion exponent, a , until they reach to a limiting normal diffusion 

coefficient corresponding to the crowded media, D* .The intersection between the slope 

of the linear decreasing (anomalous diffusion regime) and the line corresponding to the 

final and constant value of the diffusion coefficient (normal diffusion in a dense 

medium) yields the crossover time between these two behaviours56. 

Theoretical interpretation of FRAP curves 
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 The main results from FRAP experiments are the curves representing the mean 

fluorescence intensity recovery in the bleached circular ROI with time. The 

fluorescence intensity at each time is more conveniently represented in terms of the 

fractional fluorescence, fK(t), defined by  

          (6) 

where  FK(0) is the initial fluorescence after bleaching, FK(t) is the observed 

fluorescence at time t ≥ 0 and FK(∞) is the final fluorescence at infinite time. These 

terms are K-dependent, where K expresses the amount of bleaching induced at time t.  

Although a confocal laser scanning microscope was used, the uniform circular 

disc profile approximation38,43-44,46-46,48, described first in 1983 by Soumpasis47, is a 

suitable model to study our confocal FRAP curves. In fact, according to Pucadyil and 

Chattopadhyay work of 200638, the fluorescence recovery curve can be analyzed using 

the following equation: 

   (7) 

where F(t) is the normalized mean fluorescence intensity in the bleached ROI at time t; 

F∞ is the recovered fluorescence at time t = ∞; F0 is the bleached fluorescence intensity 

at time t = 0; and  I0 and I1 are the modified Bessel Functions. 

On the other hand, as described by Kang et al.48, under our experimental 

conditions the initial postbleach profile is well described as a Gaussian function. For 

this reason we think that our curves can be studied with the classical Gaussian intensity 

prolife approximation described first by Axelrod et al.42 in 1976, where the fluorescence 

recovery is given by  
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		 	 	 	 	 	 	 (8) 

where F(t) is the normalized mean fluorescence intensity at a time t in the bleached 

ROI, the parameter k is related to the bleach depth, and tD is the characteristic time, 

defined in terms of the transport generalized coefficient G and the beam area, w. 

 In case the particle´s motion is constrained to anomalous diffusion, it is possible 

to modify equation 8 to include the diffusion time-dependence, like Webb group 

describes in detail32,34. In this case fluorescence recovery is given by 

    (9) 

where F0 is the fluorescence intensity immediately after bleaching; R is the mobile 

fraction, defined as R = (F∞-F0)/(F0-F0), where F0 is the intensity before bleaching and 

F∞ is the fluorescence intensity as t → ∞; and a is  the anomalous coefficient, which is 

related to G and w through tD = (w2/G)1/a (see equation 3). Recently, a mathematical 

method using fractional dynamics46 has been applied to derive equation 9 in some 

particular cases of subdiffusion40.  

The series expression in equation 8 can be approximate for low values of percent 

of bleach58 by  

         (10) 

where and t1/2 is the half time for recovery, which is related with tD by t1/2=b·tD. b is an 

empirical parameter (1<b<2) that depends on the bleach depth. Following this 

approximation, Feder et al.32 simplified equation 8 by 
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         (11) 

and validated it for bleach depths up to 70%. Equations 10 and 11 are used in some 

occasions32,34-35 instead of expressions 8 and 9, f or normal o anomalous diffusion 

respectively, to analyze FRAP curves.  

 If anomalous diffusion takes place, equation 7 can be modified to include the 

diffusion time-dependence for a uniform circular disc profile, following a similar 

methodology used by Webb group32,34 for Gaussian profile. In this case FRAP response 

becomes  

 (12) 

where a is the anomalous coefficient. 

 As we have performed our experiments with a scanning confocal microscope, it 

is clear that our experimental data should be treated with the uniform circular disc 

model. However, as we have a small ROI with high percentages of bleaching, and the 

diffusion during photobleaching is probably negligible because of the highly 

concentrated and/or viscous medium, we have decided to consider both models, uniform 

circular disc and Gaussian profile. The comparison of both procedures has enabled us to 

establish interesting correlations among them. In both cases MATLAB (The 

Mathworks, Natck, MA) was used to develop the routine to fit experimental data and 

extract the time constant, tD, and the anomalous coefficient, a. The goodness of the 

fitting was judged in terms of c2 value and weighted residuals. 

RESULTS AND DISCUSSION 
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 Our work has a double objective: on the one hand, we want to determine 

whether the two FRAP expressions described before (equations 9 and 12) allow us to 

find the same type of answer in our experiments. And on the other hand, to investigate 

if there is an anomalous diffusion phenomenon due to crowding instead of an increase 

of viscosity in the experimental system we have considered.  

 With these purposes we have studied, in a first step, the diffusion of alpha-

chymotrypsin in a highly viscous medium such as an 88 % glycerol-water mixture (µ = 

147.494 mPa s)61. Figure 1 shows the FRAP curve obtained in our experiments. We 

could use successfully both analysis models to fit these experimental data, and, in both 

cases, indeed, the fitting with equations 7 and 12 yielded a = 1.0 ± 0.1. In Table 2 the 

parameter values for the diffusion of alpha-chymotrypsin in 88 % glycerol-water 

mixture obtained using both fitting models are shown. It can also be seen that the 

obtained values for tD are quite similar for both models. From these data, we can 

conclude that the diffusion of alpha-chymotrypsin in viscous media is slower than in a 

dilute solution (Buffer) but it continues being normal diffusion. On the other hand, 

although the data collected with the two expressions are very similar, we need to 

compare more results to conclude whether the two considered fitting models are 

equivalent to analyse our FRAP experimental curves. We have also calculated the 

effective diffusion coefficient (Deff) using equation 5. Both models yield a quite similar 

result (~ 7.3 ± 0.6 µm2s-1) which is slightly higher than that obtained from Stokes-

Einstein equation for the diffusion of a spherical particle in a homogenous medium with 

a viscosity similar to the 88 % glycerol-water mixture (Deff = 7.0 ± 0.1 µm2s-1). This 

theoretical estimate is in good agreement with the experimentally found values. 
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In samples with Dextrans as crowding agent, two types of diffusion behaviour 

were obtained depending on concentration and size of obstacles. Tables 3 and 4 show 

the experimental parameters associated with the diffusion process of FITC-alpha-

chymotrypsin as a function of size and concentration of Dextran assuming Gaussian 

intensity profile (equation 7) or uniform circular disc profile (equation 12) as analysis 

model, respectively. 

First, in Tables 3 and 4 it can be seen that, in samples with Dextran having a size 

smaller than FITC-alpha-chymotrypsin (Dextran with Mw = 5200 Da, called D1), the 

diffusional behaviour of the protein depends on obstacle concentration. When the 

concentration of D1 is low (100 mg/mL) the resultant diffusion is practically normal (a 

~ 1) despite that the diffusion is slower than in dilute solution. However, when 

increasing the D1 concentration, experimental fits show an anomalous diffusion 

behaviour. In fact a subdiffusional behaviour is found (a < 1). a decreases and tD  

increases as D1 concentration increases. Comparing the values for tD and a obtained in 

presence of D1 from the best fit of the two analysis models, we see that the ones 

obtained assuming a Gaussian profile are slightly lower than those assuming uniform 

circular disc profile. However, as these differences fall within fitting errors, we can 

interpret that both methods give similar results. 

Second, in Tables 3 and 4 it can also be seen the diffusional behaviour of the 

protein in samples with Dextran having a size greater than FITC-alpha-chymotrypsin 

(Dextran with Mw = 48600 Da, called D2 and Dextran with Mw = 409800 Da, called 

D3). It is observed an increase of the diffusional time tD and a consistent decrease of the 

anomalous coefficient a for the protein when the concentration of both Dextrans in 

solution is increased. Moreover, we can see a size-dependent emergence of anomalous 
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subdiffusion which also clearly depends on the fractional volume occupied by the 

crowding agent. These experiments also confirm that the interaction via excluded 

volume could cause subdiffusion. Like in samples with 88 % glycerol-water mixture 

and with different concentrations of D1, in both tables we see that in presence of 

different concentrations of D2 or D3 the tD values obtained by the best fits with both 

models are quite similar in all the studied samples within fitting errors. Although there 

are some small differences in the a fitted values, the qualitative behaviour of this 

parameter is similar for both models (Figure 2). In view of our results we can conclude 

that both fitting models can be used to characterize the diffusional behaviour of alpha-

chymotrypsin in concentrated Dextran solutions. In other words, despite having 

employed a confocal laser scanning microscope, in our experimental conditions we can 

use indistinctly the equations described by Axelrod et al.42 and Soumpasis47 for 

nonscanning microscopes, with Gaussian and uniform circular disc laser beam, 

respectively. 

From the parameters obtained in FRAP experiments and using equation 5, it is 

possible to calculate an effective diffusion coefficient, Deff, for FITC-alpha-

chymotrypsin in Dextran solutions. These values are also shown in Tables 3 and 4. Deff 

for alpha-chymotrypsin in dilute solution has an approximate value of 114 µm2s-1 

(calculated using Stokes-Einstein equation). In these tables we can see that Deff has a 

similar behaviour as the anomalous diffusion parameter a, this means that Deff decrease 

with increasing concentration and size (Mw) of obstacles.  

Furthermore, Tables 3 and 4 show that when there is a concentration of 300 

mg/mL of D3 in the samples, the value of tD obtained with both models is higher than it 

could be expected and a is equal to 1, which implies normal diffusion. This result 
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indicates that there is a range of concentrations and/or sizes of crowding agents out of 

which the fitting expressions used here are not valid. One possible explanation is that in 

this case the protein could undergo a dimerization process causing that two different 

diffusion species are found in solution. It is known that alpha-chymotrypsin has a 

dimerization process at low pH63-65. In principle, in our experimental conditions, this 

protein should remain as a monomer. However, as crowding conditions could induce 

aggregation of proteins66, we carried out time-resolved fluorescence depolarization 

experiments with the purpose of verifying whether, in this case, there is homo-

aggregation. We examined the time resolved anisotropy of FITC-alpha-chymotrypsin in 

dilute solution and in presence of different concentrations of the three Dextrans (data 

not shown). In all cases two rotational correlation times were needed to describe the 

decay process (1.7 ± 0.2 µs and 4.0 ± 1.0 µs). As both rotational correlation times were 

similar in all the experiments we can conclude that there is not any kind of aggregation 

process in any case, including the sample with 300 mg/mL of D3. In spite of this 

evidence, we tried to study the FRAP curves assuming that there were two species in 

the samples, monomer and dimer, with two different populations. However, the 

obtained results (data not shown) indicate that there was only one diffusional species in 

the 300 mg/mL D3 samples and no binding reaction. In addition, if there were a homo-

dimer in this sample the value of Deff obtained using Stokes-Einstein equation should be 

around 57 µm2s-1. But the obtained value, near to zero, indicates that the protein is 

practically still due to the high concentration of obstacles. This means that in this 

sample there is hardly free volume for the diffusion of the protein, a great part of the 

volume of the sample is occupied by obstacles. Another possibility is to consider a 

reaction-diffusion process in order to check whether a binding reaction with Dextrans or 

other proteins occurs. Thus, we studied our FRAP curves following the full reaction-
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diffusion scheme proposed by Sprague et al.46 that uses a Laplace transform to obtain 

the FRAP response in the Laplace domain (equation 6 in ref. 46). Although we obtained 

a good fitting, the results have not physical sense (results not shown) and cannot be 

taken into account. Thus, the additional tests that we have performed indicate that other 

phenomena such as hydrodynamic interactions7, microviscosity7, 66 or interplay between 

branches of Dextran polymers67 must be considered in the fitting models to explain the 

diffusional results obtained in samples with a high concentration of obstacles with large 

sizes.  

Finally, it is interesting to analyze the dependence of anomalous exponent a on 

the concentration and size of the Dextrans used as obstacles. In Figure 2a (for the 

Gaussian profile model) and Figure 2b (for the uniform circular disc profile model) we 

can see that a decays with increasing obstacle concentration and this decay becomes 

steeper with increasing the obstacle size (average molecular weight of Dextran). As the 

time scale of confocal FRAP experiments is very short, we could observe the time-

dependence of the diffusion coefficient of alpha-chymotrypsin in crowded Dextran 

solutions but it was not possible to obtain its limiting value corresponding to the long 

time normal diffusion, D*. The effective diffusion coefficient values, Deff, reported in 

Tables 3 and 4, are characteristic parameters that describe the diffusion at the scale of 

the beam area.  

Despite there is an important number of works that study anomalous diffusion of 

macromolecules in crowded media using Monte Carlo simulations9-11, the number of 

experimental studies devoted to this phenomenon is considerably smaller. Some of them 

show clear evidences of anomalous subdiffusion, mainly in 2D media, e.g. in lipid 

bilayers25,35 or in cell surfaces25,34. However, there are few experimental works showing 
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anomalous subdiffusion in 3D media, mainly in crowded solution23,29-30. Our results are 

in qualitative agreement with these previous studies. In fact, the dependence of the 

anomalous diffusion behaviour of the alpha-chymotrypsin on the size and concentration 

of Dextrans that we have observed in our experiments is in agreement with the 

conclusions of Banks and Fradin23 in their study of the diffusion of streptavidin in 

highly concentrated solutions of bovine serum albumin (BSA), streptadivin and 

Dextrans with different molecular weights. Thus, the size and the concentration of the 

obstacles play a very important role in the diffusion processes in macromolecular 

crowded media and should be taken into account in future studies about reaction 

diffusion in crowded media.  

 

CONCLUSIONS 

	 In this work we have	 checked that FRAP curves obtained under our 

experimental conditions with confocal laser scanning microscope can be studied using 

either the Gaussian or the uniform circular disc profile model for nonscanning 

microscopes. The generalized equations to take into account anomalous diffusion 

provided by these two models yield a similar diffusional behaviour of alpha-

chymotrypsin in solution crowded media of Dextran, indicating that anomalous 

diffusion takes place. The concentration and size of the crowding agent are two 

important factors that determine the existence and degree of the anomalous diffusion of 

α-chymotrypsin in crowded media, until a high concentration of large size Dextran is 

reached. Beyond this limit other phenomena such as microviscosity, hydrodynamics 

interaction or interplay between branches of Dextran polymers should probably be 

considered.  
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Table 1. Characteristics of Dextrans used as crowding agent, Mp, Mn, Mw are the 

peak value, number average, and weight average of molecular mass. Mw/Mn is the 

polydispersity index and Rg is the radius of gyration.  

Dextran Mp (kDa) Mn (kDa) Mw (kDa) Mn/Mw Rg (nm) 

D1 4.4 3.3 5.2 1.60 1.7 

D2 43.5 35.6 48.6 1.37 5.8 

D3 276.5 236.3 409.8 1.73 17 
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Table 2. Experimental parameters associated with the diffusion process of alpha-

chymotrypsin in 88 % glycerol-water mixture. 

	

Fitting model tD (s) a Deff
 (µm2s-1) 

Gaussian 7.8 ± 0.5 1.0 ± 0.1 7.3 ± 0.5 

uniform 7.7 ± 0.6 1.0 ± 0.1 7.2 ± 0.6 
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Table 3. Experimental parameters associated with the diffusion process of alpha-

chymotrypsin as a function of size and concentration of crowding agents assuming 

a Gaussian profile model.  

	

Crowder C (mg/mL) tD (s) a Deff (µm2/s) 

D1 100 0.6 ± 0.1 1.0 ± 0.1 101.6 ± 10.8 

 200 2.1 ± 0.1 0.8 ± 0.1 26.7 ± 1.6 

 300 5.5 ± 0.3 0.8 ±0.1 10.4 ± 0.6 

D2 50 7.4 ± 0.3 0.9 ± 0.1 7.7 ± 0.3 

 100 7.5 ± 0.4 0.8 ± 0.1 7.6 ± 0.4 

 200 8.4 ± 0.3 0.8 ± 0.1 6.8 ± 0.2 

 300 14.7 ± 0.2 0.7 ± 0.1 3.9 ± 0.1 

D3 50 7.2 ± 0.3 0.8 ± 0.1 7.9 ± 0.4 

 100 10.5 ± 0.3 0.7 ± 0.1 5.3 ± 0.1 

 200 10.8 ± 1.0 0.7 ± 0.1 5.3 ± 0.5 

 300 32.6 ± 1.0 0.9 ± 0.1 1.7 ± 0.1 
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Table 4. Experimental parameters associated with the diffusion process of alpha-

chymotrypsin as a function of size and concentration of crowding agents assuming 

a uniform circular disc profile model 

	

Crowder C (mg/mL) tD (s) a Deff (µm2/s) 

D1 100 0.7 ± 0.1 1.0 ± 0.1 80.4 ± 8.3 

 200 2.7 ± 0.2 0.9 ± 0.1 20.6 ± 1.2 

 300 6.2 ± 0.4 0.9 ±0.1 9.0 ± 0.6 

D2 50 7.0 ± 0.3 0.9 ± 0.1 7.9 ± 0.4 

 100 8.2 ± 0.4 0.9 ± 0.1 6.7 ± 0.3 

 200 11.3 ± 0.4 0.9 ± 0.1 4.9 ± 0.2 

 300 16.0 ± 0.3  0.9 ± 0.1 3.5 ± 0.1 

D3 50 9.5 ± 0.4 0.9 ± 0.1 5.9 ± 0.2 

 100 10.4 ± 0.3 0.8 ± 0.1 5.3 ± 0.1 

 200 13.5 ± 0.2 0.8 ± 0.1 4.1 ± 0.1 

 300 32.0 ± 0.4 1.1 ± 0.1 1.7 ± 0.1 
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Figure 1. FRAP curve obtained for the solution of alpha-chymotrypsin in 88 % 

glycerol-water mixture 
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Figure 2. Anomalous diffusion exponent associated with the diffusion of alpha-

chymotrypsin as a function of obstacle concentration for Dextrans of various average 

molecular weights (■) for D1, (●) for D2 and (▲) for D3. The plots obtained using the 

Gaussian profile model (A) and the uniform circular disc profile model (B) are shown. 
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