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Introduction of FRAP
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* FRAP (fluorescence recovery after photobleaching)
an optical technique capable of quantifying two
dimensional lateral diffusion of

» a fluorescently labeled thin film
» asingle cell
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Introduction of FRAP
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« An FRAP experiment provides information including:

1. transport process type, i.e. the admixture of
random diffusion and uniform directed flow

2. the diffusion constant and/or flow velocity

3. the fraction of total fluorophore which is mobile.

Normalized

Recovering Intensity F(t)
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The Goal of The Research
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« QOur goal is to derive the model of FRAP, processing
data to obtain parameters we want using MATLAB.

 In the earliest work, a fitting formula for the FRAP of
DOPC has been developed. However, when fitting the
data based on GPMVs, the equation does not fit very
well.

¢ | RZfor diffusivity: 0.9598  R* for diffusivity: 0.7632
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« Possible Solution
» Adjustment of FRAP theory
ex. differences of diffusivity between two layers
of GPMVs

n- (-K)mr2
F(t) = F; Z m! [r2 + m(8Dt + r2)]

m=0

— Modified Equation

» Adjustment of MATLAB code
ex. the adjustment of the way of approximation
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* Theoretical modeling of FRAP

» Assumptions of the Analysis

» The process of photobleaching

> T
> T

ne intensity profile of laser beam

ne recovery of photobleaching
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Assumptions of the Analysis

When analyzing the kinetics of FRAP, we made following
assumptions:

1. Laser beam: paraxial and Gaussian distributed
2. The intensity and power of laser is constant with time

3. Diffusion occurs only after the laser beam stops acting.
4. Photobleaching is a irreversible 1st order reaction.

5. The recovery of photobleaching is pure diffusion and
circular symmetric.

6. The fluorescence intensity of fluorophore is
proportional to its concentration.
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The Process of Photobleachir;?g

1. Assume photobleaching is an irreversible 1st reaction,
we have:

dC(r, t)
dt

dC
rate = T e k.C,k,. =al(r) =

with initial condition C(r,0)=C,

= —al(r)C(r, t)

Solving the differential equation, we have:

Cr, )= ChenVs
If the photobleaching last for a period T

CINNYEIE ey el

Theoretical Modeling of FRAP
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Photobleaching Lm
of period T Recovery sfarts here "
| | I > Time
| | I > Time
-T 0 f
—al(r)T

Therefore, we obtain C(r,0) = C,e

Also, we define the bleaching parameter as K = a1(0)

Now, we are going to find I(r), i.e. the intensity profile
to see the importance of K on C(r,0).
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The Intensity Profile of Laser Beam

According to the Gaussian distribution, we could assume
the intensity profile as I(r)= Aexp(-Cr?)

We solve the coefficient A and C for we know that I(r)
must satisfy conditions as follows:

1. Definition of intensity: (P, is the power of laser beam.)

[0 | [ sopt-crtio <1,
0

e CP0=>()_CP (—Cr?)
2 r —exp(—Cr

Theoretical Modeling of FRAP
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2. Paraxial Approximation:
For a paraxial ray with radius r, its power can be
expressed as: 25

P(r,z) = P,(1 — e ¥*®)
where w(z) is the radius where the intensity is 1/e2 of that
of axis.

Consider the maximum of the intensity:

2r2
Py(1—e @) 2P, CP, 2
(0,2) rl—r>r(} Trr2 TW?2 T w2
Therefore, we have
r? 212
(1) = ——exp(——

pll
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The essence of the recovery is actually a diffusive
motion. Thus, we can write:

8C(r, t)
ot

aC(r, t) 82C 18C 1 32C aC

ax] [arz r6r+r2692] 0 9x

= DV2C(r, t) — V[

As a result of pure diffusion and circular symmetry,
the equation reduces to:

1.3C. SRR

— =1

Dot dré¢ rdr

Theoretical Modeling of FRAP

C(0, t) = finite
C(oo,t) = G

Nonhomogenous p13

with B. C.{ and . C.: G eI emeadli L
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Define fluorescence F,(t) as
CRalh g
R = (3) fo ()G, 0% = (2 fo T b

(q: overall quantum efficiency; A: attenuation factor)

Solving C,(r,t) based on the previous PDE, we obtain F(t)
4PoCo N (—K)w?
A —~ n! [w? + n(w? + 8Dt)]

n=

F.(t) =

Fi(t) = Fr(0)
filt) = A

and its fractional form as
Fy(oo) —F(0)

Theoretical Modeling of FRAP

GBoGonN e KA || ok el P
A nl(w?2 +nw?) A 0(n+1)!

n=0 70—

F(0) =

pld
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On the other hand, ast — oo, C,(1,t) = C,
2P A
and [(r) = ( 0)exp (—L)

Theoretical Modeling of FRAP

TW? w4
F, (00) = qC/OlPO (;2) jooo exp (— 3%2) rdr
- 15570 () (-3 whenk [ )= 17
By substitution, we may obtain
=071 [w? i_nK(x?’ 42- 8Dt)] (1 _Ke _K)

fx(t) =

1 (1 - e‘K)
F. K pl5
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* Data Processing using MATLAB
» The main structure of MATLAB codes
» Results obtained by MATLAB

> Discussion

Data Processing Using MATLAB



Han_modified_FRAP4_Axelrod_K_frac_loop_newout.m | FRAP_modeling_modified_ HWT.m | +

clear

clc

image_load_route='/Users/William/Documents/Laboratory Projects/FRAP modeling/GPMV patch/';
(It BFRAPE R ETENE)

C for m=1:2%MEHL—RAHMTZHEM

SPartl: REMRFEMNIET
ab=num2str(m);
filename=['GPMV_frap_cy3(0.2)_00' ab '.tif'];
bfilename=['GPMV_frap_cy3(0.2)_00' ab 'b' '.tif']; S¥IFRAPZHEIMIEK
animation_load=[image_load_route, filename];

sPart2: i t=0(FTEFRAPHISE—R) B IntensityfE U ERIDH
I_1st=double(imread(animation_load,1));
[x_length,y_lengthl=size(I_1st);
[xx,yyl=meshgrid([1:x_length],[1:y_length]);
figure(1)
mesh(xx,yy,I_1st') %iciSaxbfiiEfEH L@ Sbxa, NEMBEdimensionA ¥
xlabel('x");ylabel('y"');zlabel('Intensity")
title('The Distribution of Intensity at t=0')

Data Processing Using MATLAB




The Distribution of Intensity at t=0
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amporary_test.m | Han_modified_FRAP4_Axelrod_K_frac_loop_newout.m | FRAP_modeling_modified_ HWT.m*
sPart3: BHITFRAPEIAIIntensity

preimages_file_in=[image_load_route,bfilename];

pre_image=double(imread(preimages_file_in));

figure(2)

mesh(xx,yy,pre_image') %[#icEMHE
xlabel('x');ylabel('y"');zlabel( 'Intensity")

title('The Distribution of Intensity before photobleahcing(t<@)')

%Part4: # i t=08FANormalized Intensity Distribution
temparray=size(imfinfo(animation_load)); %temporary array F/2#E—4738,nx1
number=temparray(1); %imfinfo:one element for each image, [LEISEEMNHE,n
bgl=min(min(I_1st));bg2=min(min(pre_image));
bg(m)=min(bgl,bg2); %Backgroundiifi

for i=l:number
J_original(:,:,1i)=double(imread(animation_load,i)); %% i%EMI,orignia kM2 ®E Znormalized
J_normalizedl(:,:,i)=(I_original(:,:,1i))./(pre_image); %% F{EMNAMA
J_normalized2(:,:,i)=(I_original(:,:,i)-bg(m))./(pre_image-bg(m)); ?sﬁ?ﬂi‘:?ﬂfﬁa‘]b‘i?t

Data Processing Using MATLAB
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The Normalized Distribution of Intensity at t=0 The Normalized Distribution of Intensity att=0 (Background Values Considered)
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Data Processing Using MATLAB

B pure DOPC(t..
B pure DOPC(t...
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temporary_test.m | Han_modified_FRAP4_Axelrod_K_frac_loop_newout.m % FRAP_modeling_modifi
sPart5: ERFINAFAMERIFLEEN O
bleaching=1-I_normalized2(find(I_normalized2(:,:,1)<1));

sizEfbleachingfEMIZ BN FZAHENE, B2 Ephotobleaching M EHE ENEM
S(HILBIAE MERE) . RN HEHPR ISR EFSEERMANEEL/e~2, MR ECEEL
%threshold, threshold,I_normalized/\itthresholdgyE) A% & HEEE

lthreshold=1-max(bleaching) /(exp(1))~2 & Fauas ke

%threshold=0.8;

X_sum=0;Y_sum=0;

inside_I=(I_normalized2(:,:,1)<=threshold); %7 #¥Ei
outside_I=((I_normalized2(:,:,1)>threshold)&(I_normalized2(:,:,1)<1));
$I_normalized<1BHBHEETEEEMZ N

SATRALGTREREONE
for i=1:x_length
for j=1:y_length
X_sum=X_sum+inside_I(i,j)=i;
Y_sum=Y_sum+inside_I(i,j)*j;
end
end

Data Processing Using MATLAB

~

Xcenter=round(X_sum/sum(sum(inside_I)));

Ycenter=round(Y_sum/sum(sum(inside_I)));
"\se———————————————————————




Data Processing Using MATLAB

temporary_test.m * | Han_modified_FRAP4_Axelrod_K_frac_loop_newout.m | FRAP_modeling_modified_H

s T E R L #dER

[row_i,col_i]=find(inside_I); %row and column of nonzero of logic_I (Z#¥EiH)
[row_o,col_ol=find(outside_I);
pos_i=zeros(length(row_i),2);pos_o=zeros(length(row_o),2);

for i=1:1length(row_i)
pos_i(i,2)=row_i(i);
pos_i(i,1)=col_i(i);
end

for i=1:1length(row_o)

pos_o(i,2)=row_o(i);

pos_o(i,1)=col_o(i);
end
kl=insertMarker(imread(animation_load,1),pos_1i); % E@ENEMY
%k2=insertMarker(imread(animation_load,1),pos_o); STEEEHZH
k3=insertMarker(kl, [Ycenter,Xcenter], 'color’,'blue','size',2); SEERHFEEEEHE L
sacfFinsertMarke riaffiE L pIREEx, y & #1358
STEEERMBEEFNNMERHEL SR ERRANGS , BERTBERERNNET R YRR
figure(3)
subplot(1,2,1)
plot3(Xcenter,Ycenter,1.1,'ko'),hold off
subplot(1,2,2)
plot3(Xcenter,Ycenter,1.1, 'ko"),hold off

figure(4)

subplot(1,2,1)

imshow(k3)

title('The marked area is defined as affected area.')
subplot(1,2,2)

imshow(animation load)
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The Normalized Distribution of Intensity at t=0 The Normalized Distribution of Intensity at t=0 (Background Values Considered)
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Step 5: Define the phofobleached area and = LSuvmess

determine its centroid gl

The marked area is defined as affected area. The original picture

P

Data Processing Using MATLAB
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temporary_test.m

sPart6: MEFRMIEA r-theta EFREHLRHEOERATABNFHRE
94 B AT L 4 FE A a3 ) % ok 65
dist_leftbound=Xcenter-1;
dist_rightbound=x_length-Xcenter;
dist_upperbound=Ycenter-1;
dist_lowerbound=y_length-Xcenter;
r length-mln([dlst leftbound dlst rlghtbound dist upperbound dist lowerbound]) 1,

%EL?&MME/J\%?%&I
r=[1:1:r_length];

SsLU T S5 AR RY OB, A% TERE 510 r Y BT A BARY 5T 1942
for k=1l:number
for i=1:r_length
I_sum=0; j_sum=0;
for i=0:0.01:2%pi
x=Xcenter+r(i)*cos(j);
y=Ycenter+r(i)*sin(j);
nx=round(x); ny=round(y); %ﬁﬁ”.b.

A 2 H & 5 g
I_sum=I_sum+I_original(nx,ny, kb
+(I_original(nx-1,ny,k)-I_original(nx+1,ny,k))/2%(x-nx)...
+(I_original(nx,ny+1,k)-I_original(nx,ny-1, k))/Z*(y-ny),
— - '.-1'

J

end
Tr(i,k)=I_sum/j_suml|;
Sirim MR RN E OB AT EE BIr
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Step 6: Coordinate transformation and LE”‘?:‘
computation of intensity at radius r
I (nx,ny+1)
®
|
|
 I(y)
|
I (nx-1,ny)! ? I (nx+1,ny)
®o------- -é- AR ®
I (nx,ny)
|
: Cy—ny>d - I1(x,y)—I(nxny)
I [/7)(,/7}/—]} | ny+1)—(ny—1 I(nx,ny+1)—I(nx,ny—1)
®

I(x,y)=I(nx,ny) + (I(nx,ny+ 1) = I(nx,ny —1))(y —ny)/2

I_sum=I_sum+I_original(nx,ny,k)...
+(I_original(nx-1,ny,k)-I_original(nx+1,ny,k))/2%(x-nx)...
+(I_original(nx,ny+1,k)~I_original(nx,ny=1,k))/2%(y=ny); p21
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Han_modified_FRAP4_Axelrod_K_frac_loop_newout.m | FRAP_modeling_modified_HWT.m* | +

:

%Part7: #HiGaussian fitting@Im{F# M, ¥ Enormalized intensityfIAHE
for Gaussian_Radius=1:r_length
for k=1:number
I_outside=mean(Ir([Gaussian_Radius:r_length],1));
It=[(Ir-bg(m))/(I_outside-bg(m))];
sBlintensity @YtEfE C(r,0)/Co0, BB R AT EnlinfitB{FREMriYdimensionlfE

frapfunc=inline('exp(-beta(1).xexp(-2%r.~2./beta(2).72))", 'beta','r"');
opts=statset('TolX',1le-12); %HEALIABHNEARER
[beta,R,1, CO!B msel= n11nf1t(r It( ,k)' frapfunc [1 5] opts),

% for the estimated coefficj mate of the vayiance

% of the error term,fﬁ[l,ﬂl]%%@l' %Bﬂ:ﬂlexp(es-vK xp( 2
K_testarray(k,Gaussian_Radius)fFgeta(1); 0 \_/
w_testarray(k,Gaussian_Radius)=beta(2);
rsq2_testarray(k,Gaussian_Radius)=1-sum(R.”2)/sum((It(:,k) " '-mean(It(:,k)"'))."2);
% H#—{HGaussian_RadiusPiffi, I _outsidefiIr_1stiEMMA—i, B EETIMK

% fwXifitestarray, U TESEREA/ARN2{EMMS, R EFBEFittingSRMEHE

s EERZEESBENERRBRME, RS T Fdimension i &
end

95 J: Jacobian of frapfunc, COVB es rﬁgalance covariance matrlx

end

SUE—RAAEREREEMEW

[max rsa2,best fit radius]l=max(max(rsa2 testarray(1,:))); %[a bl= max(A), asmax, bXiindex
max_rsq2(m)=max_rsq2; #§nLiEE

K(m)=K_testarray(1l,best_fit_radius);

w(m)=w_testarray(1l,best_fit_radius);

I_outside(m)=mean(Ir([best_fit_radius:r_length],1));

% U, EiEEES Toutsidefintensity 519%H
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Data Processing Using MATLAB

porary_test.m | Han_modified_FRAP4_Axelrod_K_frac_loop_newout.m | FRAP_modeling_modified_HWT

s T#H P #Atime-radial position-intensity 5=, Bt intensityE ARG BB TRI# L
duration_each_frame=2.2|;
time=[0:number-1]l*duration_each_frame;

[x_plot,y_plotl=meshgrid(time, xxx);
for k=1:number

for i=1:1length(r)

Z(k,i)=It(length(r)+1-1i,k);

end
end
z_plot=[Z';ones(1,100).xIt(1,:);It]; sEEEr=0intensityHr=114E
S ZEMEAHET, IER L AAONE=EREAWMmF 2, ME—%x_plot,y_plot,z_plot
% fdimension#/E441%100

figure(10+m+6)

mesh(x_plot,y_plot,z_plot),colorbar;

title('Time-Dependent Spatial Profiles of Fluorophore')

xlabel('Time (s)'),ylabel('Radial Position (pixel)'),zlabel('Normalized Intensity"')
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Step 8: Plot the FRAP recovery curve l_fL%“J'ﬁ‘f"‘:

o
°d /’of%anoaﬂ“ CCCCCC

1
eeeeee

Before coding, recall the definition of fluorescence

A= () [

0

Gt )d o = (%) f O it
0

__ Fy(t) — Fr(0)
i Fi () —Fr(0)

and its fractional form

For i = (ZP ) exp (— Z—TZ)

W2

we have
2

g\ (7 (2P, 2r
F.(t) = (Z)L (ﬂ Z)exp T C,(r,t)2xrdr

w
2
@ [

P25

Data Processing Using MATLAB
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Step 8: Plot the FRAP recovery curve LE‘.L‘;“J;&“:::,‘;

o, N
S/ RpeeeasANY®

1
oooooo

Here, note that before bleaching

tlugl_ EAE) = v O hm q/AfI(r)Ck(r, t)dzr]

qPyCy
A

= &9 [ 10)er =

Therefore,

F.(t) = (chpo) (;2) fooo exp (— %j—) (Ck g;' t)) rdr-

— Let trapz(AA) = F?(E)t_)) — (%) Jm exp (— i?;z ) (Ck E‘T' t)) rdr
0 0

Data Processing Using MATLAB

P26
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%Part8: &ﬁﬂif(t)ﬂ%ﬁﬂiﬁ E Frap Recol\lr-ery Cuwe

ra ) ( ) J 212\ (Cy (1, 1)
&ﬁ%ﬁk u '§%3$F= — ex — T
g1!‘sor kpi? numberm 7‘f.k '\ B W2 0 p Wz Co

Ir_outbg=0;

for i=best_fit_radius:r_length
Ir_outbg=Ir(i,k)+Ir_outbg;

end

Tr_out(k)=Ir_outbg/(r_length-best_fit_radius+1);

end Fe()/Fe(07) — Fe(0)/Fe(07) _ Fe(® — Fe(0)
SHEEHMELF (1) fif(t) Fr(0)/F.(07) — Fk(O)/FkFO_) Fi (o0) —F;(0)

clear AA BB /
SANEE B, ?s‘:iﬁﬂﬁl%ﬁi@@%%iﬁMﬂEBB%dimWfﬁﬁ, MRS AR RSB EUARR

fo r k=1 +snimhar

/AA(:,k)=exp(-2.*r'.“2/w(m)“2).*1r(:,k)./Ir_out(k)*4.*r'/w(m)“2£\
Fe(k)=trapz(r,AA(:,k));
BB(:,k)=exp(=2.%r'.”2/w(m)*2)*4.%r"' /w(m)"2;
Fe@(k)=trapz(r,BB(:,k));
f(k)=(Fe(k)-Fe(1))./(Fe@(k)-Fe(1));

= fk £)



wl4.m | temporary_test.m FRAP_modeling_modified_H.m ESEE
%Part9: MIEHFMEERYE fluorophorefidiffusivityfl mobile fraction

SHFY inline FHEMEH, TEEHIYERA anonymous function

frapfunc2=@(beta,t) (beta(l)*...

((((-K(m))"0@)*w(m)~2./factorial(@)./(w(m)"2+0%(8xbeta(2)*t+w(m)"2))...
((=K(m))~1)*w(m)~2./factorial(1l)./(w(m)"2+1%(8%beta(2)*t+w(m)~2))...
((=K(m))~2)*w(m)~2./factorial(2)./(w(m)~2+2%(8xbeta(2)*t+w(m)"2))...
((=K({m))~3)*w(m)~2./factorial(3)./(w(m)"2+3%(8%beta(2)*t+w(m)~2))...
((-K(m))"4)*w(m)~2./factorial(4)./(w(m)"2+4%(8xbeta(2)*t+w(m)"2))...
((-K(m))"S)W(m)"z./factorial(S). (w(m)"2+5*(8*beta(2)*t+w(m)"2))...

- - - - . .- s - -~ - -

clear beta %,nﬁJ:IAanlinfitEﬁbeta.ESZ—IERE
opts=statset('TolX',61le-12);
[beta,R,],COVB,msel=nlinfit(ti ;(f}rﬁpfuzcz [1,1],0pts);

M_Frac(m)=be

- (%)
mmﬁumﬁ{%? + n(w2 + 8Dt)] K
La;m:gmm—rmwn——nwwr—nmwm—zv—

Data Processing Using MATLAB

€
fitting_result=(beta(l)=*... 1
((((=K(m))~0)*w(m)~2./factorial(@)./( m)“Z'I&r(B*b

)ta(z)*tlme+w(m)“2)) .
+ ((-K(m))™1)*w(m)~2./factorial(1l)./(w(m)”~2+1%(8%beta(2)*time+w(m)~2))...




FRAP Recovery Curve
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hwl4.m | temporary_test.m | FRAP_modeling_modified_HWT.m | +
%Partl10: WiESREFcommand window, FEHAlexcel#
fileroute= [image_load_route,'/fitting_',namel,ab,'.csv’']
sheetname='FRAP Modeling';

xlswrite(fileroute, 'Sample’',sheetname, 'Al")
xlswrite(fileroute, 'Time interval(s)',sheetname, 'B1')
xlswrite(fileroute, 'Diffusivity’',sheetname, 'C1"')
xlswrite(fileroute, 'R squared value',sheetname, 'D1"')
xlswrite(fileroute, 'K',sheetname, 'E1")
xlswrite(fileroute, 'w',sheetname, 'F1')
xlswrite(fileroute, ‘'mobile fraction',sheetname, 'G1')

column=num2str(m+1);
xlswrite(fileroute,ab,sheetname, ['A' column]);
xlswrite(fileroute,duration_each_frame,sheetname, ['B' column]);
xlswrite(fileroute,Diffusivity_um,sheetname, ['C’' column]);
xlswrite(fileroute,rsq2_for_Diffusivity,sheetname, ['D’' column]);
xlswrite(fileroute,K,sheetname, ['E' column]);
xlswrite(fileroute,w,sheetname, ['F' column]);
xlswrite(fileroute,M_Frac,sheetname, ['G' column]);

- end

Data Processing Using MATLAB

clc sEFBEARNWarninghans

A@0='Information you may be interested:';
Al='The name of the file analyzed: ';
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Elapsed time is 27.205925 seconds.
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~ Command Window
‘ New to MATLAB? See resources for Getting Started.

Information you may be interested:

name of the file analyzed: pure DOPC(tr@.5)_frap_cy3(0.2)_001.tif
number of samples analyzed (number of loops): 1

duration of each frame: 2.2 second

background values near the location interested: 9341

threshold normalized intensity: 0.8

bleaching parameter K is: 3.0102

estimated value of half-width at e”(-2) height: 4.549 micrometer
R squared value of Gaussian fitting: ©.99898

diffusivity of the fluorophore: 2.0388e-12 m"2/s

R squared value of the diffusivity: 0.99975

mobile fraction of the fluorophore: 1.0017
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Data Processing Using MATLAB

pure DOPC(tr0.5)_frap_cy3(0.2)_00x

Samplel (x=1)

Sample2 (x=2)

Sample3 (x=3)

The 1% Picture taken

after photobleaching

begins

Recovery

Curves

Modified
Codes

Recovery

Curves




Data Processing Using MATLAB

frap-pDOPC(tr0.5)_frap_cy3(0.2)_00x

Samplel (x=1) Sample2 (x=2)

Sample3 (x=3)

The 1% Picture taken
after photobleaching
begins

Recovery

Curves

Recove
Modified i

Codes

Curves




Data Processing Using MATLAB

GPMV _frap_cy3(0.2)_00x

Samplel (x=1)

Sample2 (x=2)

Sample3 (x=3)

The 1% Picture taken
after photobleaching
begins

Recovery
Original

Codes

Curves

Recove
Modified 3

Codes

Curves




Before Cropping
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After Cropping
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R? =0.8822 R? =0.9821




A

Diffusivity and Mobile Fraction of Fluorophores on Different Substances

| susbstance | Diffusivity (um?/s) | Mobile Fraction
| sample1 | 20388 10017
| samplez | 21061 09910
Pure DOPC
| Sample3 | 20590 | 10037
20380 09988
Sample 1 2.6376 1.0142
DOPC with mm 1.0090

GPMVs aside
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R? for Diffusivity of Fluorophores on Different Substances
Modified Codes
0.9998
0.9997 :
0.9997
0.9997 -y
0.9864
0.9881
0.9891
0.9879
0.9974 .
0.9927
0.8465

Original Codes

0.9856
0.9598
0.9677

Sample 1

Pure DOPC

Sample 1
DOPC with
GPMVs aside

Sample 1 0.9690

0.7632
0.9496
0.8939

)
<
—
<
>
o]0)
-
‘»n
-
o] 0]
-
‘»n
(Vs
Q
O
o
S
[l
O
)
(¢
o




Future Work & Conclusion
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From the presentation above, we know that the
modified MATLAB codes can analyze the

diffusion of fluorophore satisfactorily. Still, there

are some improvements can be made:

1.
2.

Incorporation of self-cropping function |
Time shortening when dealing with the time-
dependent spatial profile of fluorophore

A more appropriate determination of the
photobleached area.

Investigation of influences caused by
domination of reaction or diffusion

. Trial of different kinetics of photobleaching
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