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First-order kinetics for OH™ permeation across vesicular membranes

The acidic dissociation equilibrium of the fluorescence probe riboflavin can be
represented as:
RH=R +H" Ka (S1)
where RH and R represent the neutral and deprotonated riboflavin, respectively, and K, is the

acidic dissociation constant of RH. One has:

k, - [RIH] (S2a)
[RH]
- KR
and [OH ]= <RH] (S2b)

where [i] is the molar concentration of the i specie, and K,, is the dissociation constant of
HO.
In our case, the total riboflavin molecules exist in two states: one is adsorbed on the

external vesicle membrane surfaces and another is enclosed within the internal vesicle



aqueous core. Thus, before adjusting the pH of the KOCOOH solution, one has,

[RH]total = [RH]ex + [RH]in (S3a)

[R Jeotar = [R Jex + [R ]in (S3b)
where [RH]ita and [R Jiotar are the total molar concentrations of RH and R in the system,
respectively, [RH]ex and [R ]ex are the molar concentrations of RH and R~ adsorbed on the
external vesicle surfaces, respectively, and [RH]i, and [R];, are the molar concentrations of
RH and R™ enclosed within the internal vesicle aqueous core, respectively.

From Eq. (S2b), we have,

[OH T, = R Jn

K, [RH], (54

oH T, = KullR Ty +[R],) (S4b)
Ka([RH]in -[R ]in)

where [OH™]), and [OH"]. are the OH concentrations within the internal vesicles at t = 0

and time t, respectively, and [R7]. is the molar concentrations of R~ generated after the pH

adjusting in the internal vesicles at time t. Eq. (S4b) minus Eq. (S4a) gives,

| -10 _ KW[R_]En _ [R_]in
[OH T ~IOH ], = K.([RHI, -[RT,) ¢ [RH]m) (559

In our case, the pH within the internal vesicles at t = 0 is 6.8, and the value of [R ]i/[RH]in

(~107%%) is much little than 1. Therefore, we have,

KulRT,

OH I, ~[OHT°
[ I ~[ I+ K.([RH], - [RT,)

(S5b)

The fluorescence emission intensity (lem) of riboflavin in the KOCOOH solution arises
from the contribution of the two states of the dye molecules. After adjusting the pH of
KOCOOH solution from 6.8 to 10.2, the “instantaneous” loss in the l¢y, of the RH-containing
KOCOOH solution can be attributed to the deprotonation of riboflavin adsorbed on the

external vesicle surfaces, and the gradual reduction in the residual le, with time (t) can be



attributed to the deprotonation of riboflavin enclosed within the internal vesicle aqueous core.
Assuming that the l¢r, of riboflavin is proportional to [RH], i.e.,
lem = ¢[RH] (S6)

in which ¢ is a coefficient, we have,

19 = £([RH],, +[RH],) (S7a)

l, = e([RHL, + [RHI}) (S7h)
and

g1, = [R5, (S8a)

l,— 1, =¢[R]: (S8b)

where 12 and Iy are the lem Of the RH-containing solution before and just after (t = 0)
adjusting its pH, respectively, 1 is the Iy Of the solution at t—oo (the permeation equilibrium
state), [RH]?, and [RH]’, are the molar concentrations of RH adsorbed on the external

vesicle surfaces and enclosed within the internal vesicle aqueous core, respectively, [R],

and [R7]; are the molar concentrations of R generated after the pH adjusting in the
external vesicles at t = 0 and in the internal vesicles at t—oo, respectively. Note that [RH]i, =
[RH]’ owing to no OH  permeation occurring at t = 0, and that [RH]) =[RH]Z and
[RI, =[R7]% owing to the deprotonation of RH adsorbed on the external vesicles is

instantaneously completed after the pH adjusting.

Based on Egs. (S8a) and (S8b), we have,

19-1, R _IRL
L,-1, [RL [RTI

(S9)

Assuming that when the OH  permeation equilibrium is achieved (i.e., at t—o0), the OH"

0
in?

concentration of the internal vesicles, [OH™]”, is equal to that of the external vesicles (bulk



solution), [OH™]), (where [OH™]2 =[OH"]%). From Eq. (S2b), we have,

- Ku(RTI +IR7L)

[OH"[ = - (S10a)
K, ([RH], —[R7L)
[OH - = Ky ([R7]W +[R7]) (S10)

Ka([RH]in _[Ri]:ﬁ)
Because in our case, [R7]. >[R7],, and [R"]" >[R7],, from Egs. (S10a) and (10b), we
can obtain,

[RI5  [RH],

S11
[R ]in [RH]m ( )
Based on Egs. (S7a), (S9), and (S11), we can obtain,
( lw)
At time t, we have,
R, = o= (S13a)
&
[RHI, =[RH],, —[RT, (S13b)
Based on Egs. (S5b), (512) and (S13), we have,
- Ky (I, =1)03-1)
LR T = LOH e et = 11, ltxlg—uJ (519

The first-order kinetics for the permeation of OH across vesicular membranes can be

derived as:

[OH™) —[OHT;

In(C=-
[OH];, —[OHT;,

o) = (S15)

In our case, [OH]% >[OHT) . From Egs. (S14) and (S15), we have,

K, t-1)e-1) |
ntt- Ka[OH']SX[IS(IO—Iw)—uo—lt)(lé’—lw)})‘ o Gl




|n(l— [H+]2x|: - (IO_II)(I(())_Ioo) })z_klt
o (1o )

Ka =)= =195 - 1.,
In(l— [R|j|]02x |: - (IO — It)(lg — Ioo)o }) _ —klt (Sl6b)
[R ]ex Io(lo_lw)_(lo_lt)(lo_lw)

From Egs. (S7b), (S12), and (S13), we have,

[RHIE, =2~ [RH]; =2 - (RH], ~[R ) (5178)

o _lo_lo(l,—1)
[RHE = 2= 2 75 (S17h)

Based on Egs. (S8a), (S16b), and (S17b), we can obtain,

In[o (1 -1.) - }=—k1t (S18)
Io(lo_lw)_(lo_lt)(lo_lw)

In the early stage of permeation, 12(1,—1,)> (I,-1,)(1J—1,). The relative error for this

approximation was estimated to be lower than 2% for our case. Therefore, the first-order

Kinetics for the permeation of OH™ across vesicular membranes can be written as:

In(ley -yt (S19)

l,— 1,



