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 Transport Model. We derived a Langmuir-type model for the reversible membrane transport of 

molecules and ions by modifying the Michaelis-Menten model of unidirectional membrane transport. 

With the Michaelis-Menten model, a permeant associated with a membrane component reversibly in the 

first step but is transported uni-directionally in the second step from the top phase (w1 in Fig. 1) to the 

bottom phase (w2) as given by  

 P(w1) + E(mem)  PE(mem) ® E(mem) + P(w2)    (S-1) 

The respective rates are given by 

 v1,1®2 = konc1,S(GS – GPE) – koffGPE      (S-2) 

 v2,1®2 =kcatGPE         (S-3) 

where kon, koff, and kcat are the corresponding rate constants. Since v1,MM = v2,MM under steady states, the 

stead-state rate, vss,1®2, is given by the familiar Michaelis–Menten expression as 

         (S-4) 

with 

 Vmax =kcatGS         (S-5) 

         (S-6) 

Eqs S-5 and S-6 indicate that Vmax and KM are the convolutions of a few parameters, which can not be 

resolved under steady states. In addition, we also consider the reverse direction of membrane transport 

from the bottom phase (w2 in Fig. 1) to the top phase (w1) as 

 P(w2) + E(mem)  P–E(mem) ® E(mem) + P(w1)    (S-7) 

Both directions are considered to modify eqs S-2 and S-3 as 

 v1,MM = konc1,S(GS – GPE) – koffGPE – kcatGPE     (S-8) 



 S-3 

 v2,MM =kcatGPE – konc2,S(GS – GPE) + koffGPE     (S-9) 

With kass = kon and kdiss = koff + kcat, eqs S-8 and S-9 are equivalent to eqs 2 and 3 of the Langmuir-type 

model. 

Finite Element Simulation. The current response of a disk-shaped tip in the SECM 

configuration was simulated by solving an axisymmetric (2D) diffusion problem as defined in a 

cylindrical coordinate (Fig. 2). We employed COMSOL Multiphysics (version 6.2, COMSOL, Inc., 

Burlington, MA) to solve the 2D SECM diffusion problem in dimensionless form. The details of the 

simulation are summarized in the report generated by COMSOL (see below). Study 1 simulates the 

steady-state tip current at various tip–membrane distances to yield an approach curve. Study 2 simulates 

the transient tipp current at various times to yield a chronoamperogram at a fixed tip–membrane 

distance. 

The dimensionless equations are defined as follows. Eqs 11 and 12 for the diffusion of permeants 

were defined by dimensionless parameters as 

       (S-10) 

       (S-11) 

where 

          (S-12) 

          (S-13) 

           (S-14) 

           (S-15) 
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           (S-16) 

In addition, geometric parameters were defined by using dimensionless parameters as 

           (S-17) 

This problem was solved numerically to calculate the normalized tip current, iT/iT,∞, which was set to 1 

at L = 25. 

 Boundary conditions for the permeant at the membrane (eqs 13–15) were also defined by using 

dimensionless parameters as 

       (S-18) 

       (S-19) 

       (S-20) 

where l, r, and k are given by eqs 17–19, respectively. 




















































