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dnb
dt

=  −koff
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≪
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http://lauzonlab.mcgill.ca/Res_team/genevieve.htm
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k = k0 e
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kBT = k̅0e
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Fd
kBT
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koff,T(F) = koff,T(0) exp (+F/Fc)
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
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2 C6H12O6 + 2 O2 + 2 H2O → 2 C6H12O7 + 2 H2O2

2 H2O2 → 2 H2O+ O2

2 C6H12O6 +  O2 + 2 H2O → 2 C6H12O7

 



56 
 

 



57 
 

 

 

↔



58 
 



59 
 

 



Nb = ρb  
V

Vb
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N =
1

Nb
× (

mm

MW
×Na)   molécules. bille

−1

C =
N

Sb
  molécules/µm2
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https://sites.google.com/site/qingzongtseng/template-matching-ij-plugin
https://sites.google.com/site/qingzongtseng/template-matching-ij-plugin
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https://fiji.sc/
http://imagej.net/TrackMate#Single_Particle_Tracking
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{r⃗i(1), r⃗i(2), … , r⃗i(j), … , r⃗i(Ni)}

r⃗i(j)





MDi(t) = [∑ (Xi(k + l) − Xi(l))

Ni−k

l=1

] (Ni − k)⁄

MD(t) = [∑MDi(t)

N(t)

l=1

] N(t)⁄

MSD(t) = [∑(MDi(t))
2

N(t)

l=1

] N(t)⁄
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MD(t) = v(t)  × t

MSD(t) = v2(t) × t2 + 2D(t) × t








MD/√N− 1 MSD √2/[N − 1]
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 



MD(x0) = [ ∑ (xi(ti + τ) − xi(ti))

N(x0)

i=1

] N(x0)⁄
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MSD(x0) = [ ∑ (xi(ti + τ) − xi(ti))
2

N(x0)

i=1

] N(x0)⁄

MD(x0) = v(x0) × τ

MSD(t) = VEFF
2 (x0) × τ

2 + 2DEFF(x0) × τ

VEFF(x0)/√N(x0) − 1 DEFF(x0) √2/[N(x0) − 1]





 







 
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J(x, t) = −D(x)
∂P(x, t)

∂x
+ v(x) P(x, t),
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∂P(x, t)

∂t
+
∂J(x, t)

∂x
= 0.

 ∂P ∂t⁄ = 0 ⇒ ∂J ∂x⁄ = 0

0 = −D(x)
∂Pss
∂x

(x) + v(x)Pss(x)

Pss(x) = Pss0 exp (∫
v(x′)

D(x′)
dx′

x

0

)

Pss0
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 



 



∀ x ∈ [ 0 ;  +∞ [ ρ∥(x) = ρ0 e
−
x

λ

λ = ∫ x ρ0 e
−
x
λ dx

+∞

0

∫ ρ0 e
−
x
λ dx

+∞

0

⁄






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ρ||± (x) = ρ∥ (x +
L

2
) + ρ∥ (−x +

L

2
) = 2 ρ0 e

−
L
2λ cosh (

x

λ
)

 



  

 
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

[ActineG] =
1

kon
 (
1

a
(
X2 − X1
t2 − t1

) + koff)
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{
∀x ∈ ℝ+

∗ ∶  ∂t ρB(x, t) =  −v ∂x ρB(x, t) + D∂x
2 ρB(x, t)

 
∂t ρB(0, t) = −v ∂x ρB(0, t) + D∂x

2 ρB(0, t) + kN(t)



v = a (kon[ActineG] − koff)

D = a2 (kon[ActineG] + koff)
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Nf(x, t) = ∫ ρB(u, t) du
+∞

x

 





88 
 



89 
 

 

 

{
  
 

  
 
∂t ρB(0, t) = −v ∂x ρB(0, t) + D∂x

2 ρB(0, t) − kc ρBc(0, t) + kN(t) 
 
 

∀x ∈ ℝ+
∗ ∶  ∂t ρB(x, t) =  −v ∂x ρB(x, t) + D∂x

2 ρB(x, t) − kc ρBc(x, t)
 
 

∂t ρBc(x, t) = kc ρB(x, t)

Nf(x, t) = ∫ [ρB(u, t) + ρBc(u, t)] du
+∞

x

 

∂t ρB(x, t) = 0

ρB(x) =  ρB0 e
− 
x
l0
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ρBc(x, t) = ρB0 kct e
− 
x
l0

Nf(x, t) = ρB0 l0 (1 + kc t)e
− 
x
l0

l0 =
2D

−v + √4kcD+ v
2



kc =
1

λ
 (
D

λ
+ v) =  

a

λ
 ((
a

λ
+ 1) kon[ActineG] + (

a

λ
− 1) koff)

λ ≅ v kc⁄  

kc
′

kc =
v

λ
=
a

λ
(kon[ActineG] − koff) ≈

a kon
λ

[ActineG] = kc
′  [ActineG]

𝑣 ≫
D

λ
   ⇔   [ActineG]  ≫

koff
kon

  
λ + a

λ − a
 ≈
koff
kon
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

kc
′ ≈ 

≈

{
  
 

  
 

 ρB(0, t) = ρB0
 
 

∀x ∈ ℝ+
∗ ∶  ∂t ρB(x, t) =  −v ∂x ρB(x, t) − kc ρBc(x, t)

 
 

∂t ρBc(x, t) = kc ρB(x, t)

Nf(x, t) = ρB0 (vt − x)e
−  
x
l0  U(vt − x)
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±

± 

±



± 

±

 ± ±  

± ±  
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U(x) = −kBT ln (P(x))
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σ = √D(0)/v′(0)

± ±
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∂x

∂x

 
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 




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



‒

∂tP
+ = −v ∂xP

+ + konρ
+ Pd − koff P

+

∂tP
− = v ∂xP

− + konρ
− Pd − koff P

− 

∂tPd = D ∂x
2Pd + koff (P

+ + P−) − kon(ρ
+ + ρ−) 𝑃𝑑 

−

∀tϵℝ+ ∶    ∫ P(x, t) dx
 

∞

= 1 

 

 

     



   
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  ∓

 

  

ℓ 

ℓ  

ℓ

ℓ ≫ℓ  ≫

ℓ ≫ℓ  ≪

ℓ ≪ℓ  ≫

ℓ ≪ℓ  ≪




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 

ℓ ℓ

ℓ ≫ ℓ

ℓ ℓ

ℓ ℓ

ℓ ℓ

ℓ

ℓ ℓ ℓ ℓ

ℓ ℓ ℓ ℓ ℓ ℓ

   

ℓ ℓ



123 
 

ℓ /ℓ

ℓ ℓ 



ℓ𝐵 → +∞

≫ ℓ

ℓ ≫ ℓ 

  ℓ ℓ

  ℓ

ℓ ℓ → +∞



 

   ℓ ℓ ≫ 

ℓ   ℓ ℓ ≪ ℓ

ℓ  

 

Pss(x) ∝ exp(∫ VEFF(x′) DEFF(x′)⁄  dx′
x

0
)
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ℓ ℓ

ℓ ℓ

ℓ ℓ

ℓ

ℓ ℓ

ℓ ℓ ℓ

ℓ 

  

 

ℓ ≪ℓ
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 
−

∂tP = D ∂x
2Pd − v∂xδP 

∂tδP = −v ∂xP + v ∂xPd + konδρ Pd − koffδP 

∂tPd = D ∂x
2Pd − (konρ + koff) Pd + koffP 

ℓ ≪ℓ

P̃(s) = ∫ e−st P(t) dt
+∞

0


s P̃ = −v∂xδP̃ 

s δP̃ = −v ∂xP̃ + v ∂xPd̃ + konδρ Pd̃ − koff δP̃ 

s P̃d = −(konρ + koff) P̃d + koff P̃ 

P̃d P̃

δP̃ P̃

s P̃ = −
v

s + koff
∂x [

 konδρ koff
𝑠 + konρ + koff

 P̃]

+ ∂xx [
v2

𝑠 + koff
×

s +  konρ

𝑠 + konρ +  koff
 P̃] 

≪  ≪ ≫ ≫

∂tP = −v ∂x [
 konδρ

konρ + koff
P] +

v2

koff
∂xx [

konρ

konρ + koff
P] 

∂tP = −∂x[VEFF(x) P − DEFF(x) ∂xP ] 
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VEFF(x) = v  (konδρ) (konρ + koff)⁄ − (v2 koff⁄ ) ∂x[konρ (konρ + koff)⁄ ] 

DEFF(x) = (v
2 koff⁄ ) [konρ (konρ + koff)⁄ ] 

≅ ‒
‒   

‒

‒



‒

 

ℓ

ℓ



  

   

VEFF(x) = − v ×
α sinh (x λ⁄ )

1 + α cosh (x λ⁄ ) 
× (1 +

ℓB
λ 

1

1 + α cosh (x λ⁄ ) 
) 

DEFF(x) = (ℓB
2  koff)  ×

α cosh (x λ⁄ )

1 + α cosh (x λ⁄ ) 
 

   

ℓ ≪

VEFF(x) ≅ − v × α sinh (
x
λ⁄ ) [1 + α cosh (

x
λ⁄ )]⁄  

PSS(x) = P0 exp (∫
VEFF(x

′)

DEFF(x
′)
 dx′

x

0

) ≅ P0 exp(∫
tanh (x′/λ)

ℓB
 dx′

x

0

) 

α = (konρ0/koff) ×

exp (−L/(2λ)) 
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  ≅ 

PSS(x) ≅
1

√2𝜋𝜎2
exp (−

x2

2𝜎2
) 

σ2 = λ ℓB 

   





ℓ

λ = 1/ ∂xϕ(0)



ℓ

ℓ ≪

 ℓ ≫







L >  λ > ℓ𝐵 > ℓ𝐷

λ ≅ 

ℓ𝐵



ℓ ℓ
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ℓ ≫ℓ



∂x

∂x



 ℓ

∂xVeff(0) = −
v

λ

α

α + 1
=> α−1 =

v

λ ∂xVeff(0)
− 1 

Deff(0) =
v2

koff

α

α + 1
=> koff =

v2

Deff(0)

α

α + 1
 

konρ(0) = α koff => konρ(0) =
v2

Deff(0)

α2

α + 1
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    

 

ℓ

ℓ ≪

 

koff = koff
m  p(1) 

koff
m

koff = koff
m   Na e

− Na 

  ℓ
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Ni =
Na
r

 

 

 

H =  2√2Rlc − lc
2 = 76 nm 

rs =
S

4πR2
=
Ni
Nt
≈ 0,37 

S = ∫ acos (
R − H

√R2 − x2
)√R2 − x2  dx

H
2⁄

−H 2⁄
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ℓ ≪ℓ
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ℓ ≫ℓ

 ≪

ℓ







ℓ 
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ℓ ℓ

 






 
‒

x∗ =
L

2
× [(

1

λ+

1

λ−
 ) + Ln(ρ+ (−

L

2
) /(ρ− (+

L

2
))] (

1

λ+
+
1

λ−
)  ⁄   

 
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 



  



 




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140 
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143 
 






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  





±
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



ℓ



ℓ 

ℓ  ℓ
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



150 
 



 

151 
 

 

 



152 
 

 



153 
 

 

 

 




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

  

    
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
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

−sin(θ) . x + cos(θ) . y + c = 0

Di = −sin(θ) . xi + cos(θ) . yi + c



158 
 

f(c, θ) =∑(−sin(θ) . xi + cos(θ) . yi + c)
2

N

i=1

∂2f

∂c2
(cm, θm) = r                

∂2f

∂θ ∂c
(cm, θm) = s               

∂2f

∂θ2
(cm, θm) = t



{
 
 

 
 
∂f

∂c
(cm, θm) = 0 

 
 

∂f

∂θ
(cm, θm) = 0

       et       

{
 
 

 
 

r > 0
 

s2 − r. t < 0
 

t > 0

{
 
 
 

 
 
 ∂f

∂c
(cm, θm) =∑2. (− sin(θm) . xi + cos(θm) . yi + cm)

 

N

i=1

= 0

 
 

∂f

∂θ
(cm , θm ) =∑−2. (− sin(θm) . xi + cos(θm) . yi + c). (cos(θm) . xi + sin(θm) . yi) = 0

 

N

i=1

{
 
 

 
 

      

 
cm = −(−sin(θm). x̅ + cos(θm) . y̅)       

 
 

θm = 
φ

2
     [

π

2
]

 


cos(φ) =
(σx
2 − σy

2)

Norm
         et          sin(φ) =

2. cov(x, y)

Norm

Norm = √(σx
2 − σy

2)2 + 4. cov(x, y)2  
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−sin(θm) . (x − x̅) + cos(θm) . (y − y̅) = 0

P̅ x̅  y̅

{
 
 
 
 
 
 

 
 
 
 
 
 

r =
∂2f

∂c2
(cm , θm  ) =∑2 = 2.N > 0

N

i=1

=> Valide

 
 
 

s2 =
∂2f

∂c ∂θ
(c m, θm ) =

∂2f

∂θ ∂c
(cm , θm ) =∑−2. (cos(θm) . xi + sin(θm) . yi)

 

N

i=1 
 
 

t =
∂2f

∂θ2
(cm , θm ) =

∂

∂θ
(∑−2. (− sin(θm) . xi + cos(θm) . yi + cm). (cos(θm) . xi + sin(θm) . yi)

 

N

i=1

)

{
 
 

 
 

      

 
cm = −(−sin(θm). x̅ + cos(θm) . y̅)       

 
 

θm = 
φ

2
     [π]
 

R2 = 1 −
var (P̅Pi

⃗⃗ ⃗⃗ ⃗⃗ . N⃗⃗⃗)

var (P̅Pi
⃗⃗ ⃗⃗ ⃗⃗ . T⃗⃗⃗)

T⃗⃗⃗ N⃗⃗⃗
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



ρB(x, t + δt) − ρB(x, t)

= δt kon[ActineG](ρB(x − a, t) − ρB(x, t))

+ δt koff(ρB(x + a, t) − ρB(x, t))

2 
ρB(x, t + δt) − ρB(x, t)

δt
=  −(kon[ActineG] − koff)(ρB(x + a, t) − ρB(x − a, t))

+ (kon[ActineG] + koff)(ρB(x + a, t) − 2 ρB(x, t) + ρB(x − a, t))

∂ρB
∂t

(x, t) =
ρB(x, t + δt) − ρB(x, t)

δt
+ o(δt)

∂ρB
∂x

(x, t) =
(ρB(x + a, t) − ρB(x − a, t))

2 a
+ o(a)

∂2ρB
∂x2

(x, t) =
(ρB(x + a, t) − 2 ρB(x, t) + ρB(x − a, t))

2 a2
+ o(a2)

∂ρB
∂t

(x, t) = −v 
∂ρB
∂x

(x, t) + D 
∂2ρB
∂x2

(x, t)

v = a (kon[ActineG] − koff)
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D = a2 (kon[ActineG] + koff)

 

{
  
 

  
 

 ρB(0, t) = ρB0
 
 

∀x ∈ ℝ+
∗ ∶  0 =  −v ∂x ρB(x, t) + D∂x

2 ρB(x, t) − kc ρB(x, t)
 
 

∂t ρBc(x, t) = kc ρB(x, t)



λ± =
− v + √v2 ± 4 kc D

2D

 



ρB(x, t) = N0e
− 
x
l0

ρB(x, t) = ρB0 e
−
x
l0

ρBc(x, t) = kct ρB0 e
−
x
l0

Nf(x, t) = ρB0 l0 (1 + kc t)e
− 
x
l0

 



162 
 

 

{
  
 

  
 

 ρB(0, t) = ρB0
 
 

∀x ∈ ℝ+
∗ ∶  ∂t ρB(x, t) =  −v ∂x ρB(x, t) − kc ρB(x, t)

 
 

∂t ρBc(x, t) = kc ρB(x, t)

f̂(s, t) = ∫ f(x, t) e−sx dx
+∞

0

∂x f̂(s, t) = ∫ ∂xf(x, t) e
−sxdx

+∞

0

= s f̂(s, t) − f(0, t)

∂x
2 f̂(s, t) = ∫ ∂x

2f(x, t) e−sxdx
+∞

0

= s2 f̂(s, t) − ∂xf(0, t) − s f(0, t)

∂t ρ̂B(s, t) = −(kc + vs) ρ̂B(s, t) − v ρB(0, t)

ρB(0, t) = ρB0

ρ̂B(s, t) =
v ρB0 

vs + kc
 (1 − e− 

t
k+vs)

ρB(x, t) = ρB0 e
− 
kc
v
 x U(vt − x)

ρBc(x, t) = ∫ kc ρB(x, u) du
t

0

ρBc(x, t) = ρB0 kc e
− 
kc
v
 x∫ U(vu − x) du

t

0
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ρBc(x, t) = ρB0 kc e
− 
kc
v
 x∫ U(vu − x) du

t

x
v

ρBc(x, t) = ρB0 kc e
− 
kc
v
 x∫ U(vt − x) du

t

x
v

ρBc(x, t) = ρB0 kc e
− 
kc
v
 x (t −

x

v
)  U(vt − x)

ρBtot = ρB0  e
−
k
v
 x  (1 + k (t −

x

v
))U(vt − x)

Nf(x, t) = ∫ ρBtot(u, t) du
+∞

x

Nf(x, t) = ∫ ρB0  e
− 
k
v
 u  (1 + k (t −

u

v
))U(vt − u) du

+∞

x

Nf(x, t) = ρB0 ((1 + kt)
−v

k
 e−

k
v
 u]

x

vt

−
k

v
∫  u e−

k
v
 x′  du

vt

x

)  U(vt − x) 

 

Nf(x, t) = ρB0 (−(
v

k
+ vt) (e− kt − e− 

k
v
 x) + u e− 

k
v
 u]

x

vt

−∫  e− 
k
v
 u du

vt

x

)  U(vt − x) 

 

Nf(x, t) = ρB0 (−(
v

k
+ vt) (e− kt − e− 

k
v
 x) + (v t e− kt − x e− 

k
v
 x) +

v

k
e− 

k
v
 u]

x

vt

)U(vt − x) 

 

Nf(x, t) = ρB0 (− 
v

k
e− kt + (

v

k
+ vt − x) e− 

k
v
 x +

v

k
(e− kt − e− 

k
v
 x))  U(vt − x) 

 

Nf(x, t) = ρB0(vt − x)e
− 
k
v
 x U(vt − x)
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∀t ∈ ℝ ,      Px(x(t)) = Px(x) =

{
 

 
1

L
 si |x| < L

 
 

0 sinon



√D τ ≫ L

P(Δ x(τ)) =  Px ∗ Px(Δ x(τ))
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P(Δ x(τ)) = ∫ Px(Δx(t + τ) − x(t)). Px(x(t))
+∞

−∞

. dx(t)

P(Δ x(τ)) =
1

e
 .∫ Px(Δx(τ) − x(t)). dx(t)

+
L
2

−
L
2

P(Δ x(τ)) =

{
 
 
 

 
 
  
L + Δ x(τ)

L2
     si 0 > Δ x(τ) > −L

 
 

L − Δ x(τ)

L2
      si e > Δ x(τ) > L

 
 

0                       sinon

lim
∞
MSD(τ) =  ∫ P(Δ x(τ)). Δ x(τ)2 .  dΔ x(τ)

+∞

−∞

lim
∞
MSD(τ) =  2 . ∫ P(Δ x(τ)). Δ x(τ)2 .  dΔ x(τ)

L

0

 

lim
∞
MSD(τ) =  2 . ∫ Δ x(τ)2. (

L − Δ x(τ)

L2
)  .  dΔ x(τ)

𝐿

0

lim
∞
MSD(τ) =  2 . (

Δ x(τ)3

3. L
−
Δ x(τ)4

4. L2
)]
0

𝐿

lim
∞
MSD(τ) =  2 . (

L3

3. L
−

L4

4. L2
) = 2. L2 . (

1

3
−
1

4
)

lim
∞
MSD(τ) =  

L2 

6
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175 
 

 



176 
 

 

 

http://www.med.upenn.edu/ostaplab/protocols.shtml
http://www.med.upenn.edu/ostaplab/protocols.shtml


177 
 

 

 

 

 

 

 

 

 

 

 

‒ ‒
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𝐒𝐅 =
𝐀𝐆𝟎 − 𝐀𝐆𝐂
𝐈𝐦𝐚𝐱 − 𝐈𝐦𝐢𝐧

AP = Be v([Actine]𝐺)

‒

Be = NR t

≅

AP(0) = NR0 v0 t
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I(t) = At2 + Imin

dI

dt
(t) = 2At =

AP(t)

SF

NR0 =
2 . A .  SF

kon AG0 − koff

AP(t) = SF × 
dI(t)

dt

Be(t) =
AP(t)

kon AG(t) − koff
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α
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
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