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Abstract

The author built a simple experimental living cell model consisting of two electrolytic solutions separated by a charged membrane. The author

found that the membrane surface charge density looked almost constant regardless of the electrolytic solution ion concentrations. Then, the author
derived a membrane potential formula using only the common physical chemistry concepts instead of the conventionally accepted physiological
concept of membrane theory. Consequently, the derived formula turns out to be the sum of two terms: One is identical to Goldman-Hodgkin-Katz
equation (GHK eq.) and the other one is a function of membrane surface charge density. But the magnitude of the latter term is often cases negligible
compared with the former term, that is, the derived membrane potential formula (denoted by reGHK eq.) virtually identical to the GHK eq., and at
the same time the membrane surface charge density was found to be often cases constant irrespective of the solution ion concentration as expected.
This constant membrane surface charge density appears to be a key for the derivation the reGHK eq. The reGHK eq. is built on the premise that the
membrane potential is generated by the spatially heterogeneous ion distribution caused by the ion adsorption. This concept is equivalent to the
principle of the unconventional physiological theory called Association-Induction Hypothesis (AIH). Although the AIH has been long overlooked, it
could replace the long-accepted membrane theory.
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Introduction
Membrane potential and AIH

The membrane potential generation mechanism was elucidat-
ed especially by the biophysicists in the last century [1, 2]. They
say that the membrane potential is generated owing to the occur-
rence of transmembrane ion transport. This mechanism is one of
the consequences of the broadly-accepted physiological concept
called membrane theory. However, this mechanism is still contro-
versial among a small number of physiology research groups [1-
17]. It is not appropriate to summarize that their works have been

@ @ This work is licensed under Creative Commons Attribution 4.0 License [MCMS.MS.ID.000627.

performed for the purpose of fully denying the current physiolog-
ical views. It must be more appropriate to say that they accept the
experimental observations the past scientists have done. However,
they think that it is worth rescrutinizing those observations from
more realistic view in a constructive way, and they also think that
it is scientifically meaningful to find more appropriate explanation
to the physiological phenomena such as a membrane potential gen-
eration mechanism which the author of this paper deals within this
work.
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The author would like to show some reports by the research-
ers who have not accepted the current physiological concepts. Ling
suggested the membrane potential is generated by the spatial het-
erogeneous ion distribution caused by the ion adsorption in the liv-
ing cell [1, 2]. Consequently, Ling deny the ion transporters (chan-
nels and pumps). He did not deny the existence of molecules called
channel and pump as far as the author knows. But he denies their
ion transport functionalities that the most of physiologists have
believed up until today. Edelman performed some experiments
decades ago, and his works support the Ling’s theory [3]. Pollack
views the cell water not as free water but as the highly-motion-re-
stricted molecule [4]. As a matter of fact, the existence of such a mo-
tion-restricted water molecule has been accepted even in our daily
life as the surface tension. Pollack suggested that there exists the
significant influence of the motion-restricted water molecules on
the ion transport across the plasma membranes. He states that the
water molecules in the living cell are highly structured, and it influ-
ences on the ion level disparity between the cell inside and the cell
outside. Therefore, the water state must be involved in the mem-
brane potential generation. Pollack’s study of water originates from
Ling’s work of the water state in the living cell [1, 2]. But Pollack’s
water study goes beyond the physiology and reaches the discover-
ies of new aspects of water molecules [5]. Wnek has worked on the
biomimicking materials. The living cell excitability looks the sign
of life. However, the synthetic polylelctrolytes hold the excitability
as well. His work may require us to change the view to bioelectric-
ity, namely, bioelectricity may not be the biological activity origin.
Matveev touches upon the bioelectricity of nonliving microsphere
[6]. Microsphere exhibits the action potential, and its profile is in-
distinguishable from the action potential profile of real living cell.
It makes us ponder if the action potential generation is truly the
sign of life and further makes us think that the current physiological
theory may be at least incomplete if not wrong.

Bagatolli et.al. suggests that the realistic view to the living cell
is the key to understand the cell activity [8, 9]. The realistic view
means, for example, that the water in the living cell is not in the free
state but in the motion-restricted state like Pollack suggests. Ther-
modynamics suggests that the substances such as a water molecule
and ions are not in the ideal state at all. Therefore, Bagatolli et.al.
suggest the fundamental importance of viewing the living cell in
more realistically. Schneider also suggests the importance of more
physics-rooted view to the living cell [10]. He thinks that the cell
characteristics cannot be represented by so simple manner. Princi-
ple may be based on the simple thermodynamics. But the emerging
cell characteristics involve the various aspects of many substanc-
es. Lee describes that the membrane potential generation is due
to the capacitor formation on the membrane surface [11, 12]. The
capacitor formation means that the charge separation. Lee’s work
is similar to the ion selective electrode (ISE) mechanism advocated
by Cheng in the electrochemistry field [13, 14]. Cheng sates that the
ISE selectively detects the ions by their adsorption on the electrode
surface. The adsorbed substance forms a sort of capacitor on the
ISE surface, then the capacitor potential is detected by the ISE. So,
Lee’s theory in physiology is quite consistent with the Cheng’s the-
ory in electrochemistry.
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Funk and Scholkmann published a review on the current stud-
ies of bioelectricity [15]. They don’t say which mechanism is right
for the membrane potential generation. The just report the recent
progress in bioelectricity study. Their review suggests that the
membrane potential is not determined only by the cell chemical
composition but even the cell geometry is involved in the determi-
nation of cell characteristics. This is equivalent to the Schneider’s
thought to the effect that the cell characteristics are not determined
only by a single factor.

The author has repeatedly observed firsthand the potentials
equivalent to the membrane potential in the experimental artificial
cell models in which the transmembrane ion transport never takes
place [16, 17]. The author detail it below.

Goldman-Hodgkin-Katz equation (GHK eq.) is a formula in the
purview of the membrane theory and used for numerically predict-
ing the membrane potential [1, 2, 18-20]. The GHK eq. contains the
physical quantity P, which represents the membrane permeability
to the mobile ions. Eq. 1 is the typical example of GHK eq. If P, = 0,
namely, the membrane is impermeable, Eq. 1 collapses.

L, [l enK] o],

¢ =
¢ P [Na] +R[K] R[],

(1)

But Tamagawa and lkeda found that the potential across an
impermeable silver oxide-coated silver wire which separates two
electrolytic solutions exhibits the potential characteristics in line
with the reinterpreted GHK eq. prediction [16, 17]. What is the rein-
terpreted GHK eq.? Tamagawa and Ikeda suggested that the typical
reinterpreted GHK eq. expression is given by Eq. 2. P, of Eq. 2 is re-
placed by K, resulting in Eq. 2. K, is the association constant be-
tween the mobile ion and the adsorption site of membrane surface.

o K, [N(f ] +K, [K* ] +K,, [cz']

gl Ky [Na'] +K,[K']

out

+Kg [CI’J

out o

in (2)

Eq. 2 is derived employing the long-forgotten physiological
theory called Association-Induction Hypothesis (AIH) put forth by
Ling [1, 2]. The AIH was proposed as the alternative theory to the
membrane theory. Hence, its emphasis is totally in conflict with the
membrane theory. The typical difference between them regarding
the membrane potential generation mechanism is that AIH states
that the membrane potential is generated by the spatial hetero-
geneous intracellular and extracellular distribution of mobile and
immobile ion charges due to the ion adsorption while membrane
theory states that the transmembrane ion transport is essential for
the membrane potential generation.

The membrane theory does not agree with the experimental
fact. It has faced an even more problematic issue. The membrane
theory states that the ion passage through the plasma membrane
of a living cell is governed by the ion channel and pumps. However,
Ling suggested that the living cell does not have enough energy to
activate the pumps [1, 2]. It violates the foundation of the law of the
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conservation of energy. One may say that Ling’s energy estimation
for the activation of the pumps is not reliable. But Ling reported a
quite intriguing experimental result regarding the intracellular and
the extracellular ion distribution as described below [1, 2, 22].

It is well-known that there exists a disparity between the intra
and extracellular ion level in the living cell. Physiologists agree that
such an ion level disparity is due to the function of ion transport-
er (ion channels and pumps) embedded in the plasma membrane.
However, he found that K* accumulates even in the dead cell and
Na* hardly enters the same dead cell. The dead cell Ling used in
his experiment does not contain any functioning sodium-potas-
sium pump. Without the sodium-potassium pumps, K* cannot ac-
cumulate in the dead cell or Na* cannot be prohibited to enter the
same dead cell. Nevertheless, accumulation of K* in the dead cell
and the expel of Na* from the same dead cell was observed. The
membrane theory appears to be short of something physiologically
fundamental. On the other hand, the AIH can explain such an issue.
The AIH states that the ion level disparity is regulated by the activ-

ity of water and the cell potential characteristics are governed by
the ion adsorption [1-5]. Water molecules in the cell is in the highly
structured state and its activity is low. The degree of the affinity of
K* and Na* to the structured water molecule is different from that
to the free water. On top of that the immobile ion adsorption sites
of cell have the different degree of affinity to the individual ions.
Hence, these effects cause the ion level disparity. Consequently, the
nonzero membrane potential is generated even without the pumps.
Therefore, no energy is in need for the nonzero potential genera-
tion in the purview of the AIH states.

Reinterpreted GHK eq. and AIH

It is possible to theorize the membrane potential generation
mechanism by employing the ion adsorption phenomenon rather
than the transmembrane ion transport. Imagine that two electrolyt-
ic solutions separated by a membrane and the surface of this mem-
brane bears the positively charged ion adsorption site s*’s, and s*
associates with mobile anions (see the illustration Figure 1).

Ve

Left phase

membrane

Right phase

Figure 1: Two electrolytic solutions separated by a charged membrane.

e : cation

0 :anion

Assuming that there exist two species of mobile anions, A~ and
B~ in the two electrolytic solutions, and the mobile anions can ad-
sorb on the membrane surface sites s’s as given by Eq. 3 (see Fig-
ure 2). Consequently, Eq. 4 is given where K’ (J‘ =4, B') is the
association constant (see the notation table Table 1), and this is the

Langmuir isotherm [23] where the coordinate systems are set to
the system of Figure 2 as illustrated in Figure 3.

sT+J \=‘sJ(J‘=A‘,B‘) -

Figure 2: Membrane surface and the adsorbed anions A- and B-
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(i =L (Leftphase), R (Rightphase); j- = 4~ B~)

sJ|, -,
K’ = " [ ] x"f_ Focusing on the individual phase of the solutions illustrated in
[s ] x=o0 [J ] x=o0 (4) Figure 3, the formula of the membrane surface charge density is
derived by following the procedure given in the ref. [16, 17].
e N

br br

Xp XRr

Left phase Right phase

Figure 3: Coordinate systems set on the system shown in Figure 1 x;: position (i = L (Left phase), R (Right phase)), ¢ potential (i = L, R)

Table 1: Notation

K’ (7 - p
association constant between s* and J (J =A,B )
QJ
oo concentration of J in the ;{ phase at X,
o/ j
i bulk phase J~ concentration in the I phase
‘/ —
z valency of J
e elementary charge
¢i solution potential in the 7 phase
P charge density in the ; phase
C; -
J counter cation of J
N .
Qi concentration of N in j phase (N=A4", B, C 4G
<] e
oo bulk phase concentration of C ; in 1 phase
T
Qioo [CA* :Iioa + [CB* :Iioa
k Boltzmann constant
T temperature
& relative permittivity of water
& dielectric constant of vacuum
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B 1/2kT
Oi|x-=0 membrane surface charge density in [ phase
¢i x=0 membrane surface potential in i phase
S|, .
[ ]’T total adsorption site (S+) density in I phase
0 .
o; membrane surface charge density in 7 phase when no ion adsorption
AD membrane potential given by (—¢L %, =0 ) - (_¢R xg=0 )
¢SM (ex ) experimental membrane surface potential (M = 4, AN, C, CN)
av
o; averaged surface charge density in i phase
ADFRE reinterpreted GHK eq. given Eq. 27
ADA% ion adsorption mechanism-based membrane potential given by Eq. 25
O'SM (ex)T membrane surface charge density (M = 4, AN, C, CN)

t:0," (ex)=0,

x=0 is computed by plugging the experimentally measured ¢SM (ex) into Eq. 16.

lon distribution is given by Eq. 5.

Qi’=Q,-iexp[—&] (ﬁj SO (54

kT dx. &€
(5) K " (12)

Poisson-Boltzmann equation (P.-B. eq.) is given by Eq. 6. Charge Since the membrane surface is positively charged in this case,
density £ in the i phase is given by Eq. 7 where C? and C, rep- Eq 13 holds.
resent the counter cations of 4~ and B™, respectively. dd,

L <0

d’¢, _ p, dx,

i R & B i (13)

dx; &g,

6) Eq. 12 results in Eq. 14.

pi=el[ci] L4 ] +[ei] [5])=elo” -0 v -07)

(7) % =-2 2041 sinh(B¢,)
X, \J &g, (14

The membrane surface charge density is given by Eq. 15.

Egs. 8 and 9 hold.

[ci] el
o! Eq. 15 gives Eq. 16.

|:A7 :'ioo + [Bi :|ioo (9)
w0 = 2+/268,0, kT sinh( S¢,) (16)

Arranging the P-B. eq. of Eq. 6 using Egs. 7, 8, 9 and the bound-
_, : membrane surface charge density; 3 = ¢/2kT )

T
in

(®) o,

i

o[ pdx, =0
x=0 jO pl i (15)

ary conditions of Eqgs. 10 and 11, Eq. 12 is derived. i

i

o) (o

¢, — 0(x, > +x)

dg, The membrane surface charge density o, can be given b
99 0(x, - +0) ice charge density o |, given by
dx, (1) another formula as detailed below [7, 8].
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I:S+ :IiT = |:S+ :Ii + [SA] x=0 + [SB] x;=0 (17)
Eqgs 18 and 19 are derived using Eqs. 4 and 17.
KA S i A7 X; =
[s4] = 1+ K" [A‘[] . [+KJ'B [103‘1
o %0 (18)
K*[s] | B ||,.
[s], = 1+K* [A[] L [+133 [;J
e B0 (19)

Therefore, 0;

4o can be given by Eq. 20 as well as Eq. 16.

O.

i

=07 —e[sA]

220 —e[sB]

Xi

%=0 (20)

where o = e[s]iT (21)

RHS of Eq. 20 can be arranged into Eq. 22 using Egs. (18) and
(19).

0

g;

1+ (K10 + K Q! )exp (254

i|x=0

x,:O)

Tamagawa and Ikeda perfﬁ)rmed an experiment and found that
Eq. 23 holds regardless of 9, [16, 17]. So, the membrane surface
charge density is quite indifferent to the solution ion concentration.

(22)

Hence, Eq. 22 can be arranged into Eq. 24 using Eq. 23.

o

i

L —o = const.
' (23)

a

1
|, =—In
¢, %=0 28 1+(KAQiA+KBQiB)

(a = const.)

(24)

The membrane potential, A®** , can be given by Eq. 25. It can
be arranged into Eq. 26 by plugging Eq. 24 into Eq. 25. Eq. 26 rests
on the concept that the membrane potential is generated by the ion
adsorption, and quite importantly the ion adsorption-based mem-
brane potential generation mechanism is virtually equivalent to the
AlH-based mechanism [1, 2]. On the other hand, the GHK eq. rests
on the premise that the transmembrane ion transport is responsi-
ble for the membrane potential generation. Nevertheless, the last
term of RHS of Eq. 26 is identical to the GHK eq. for this system Eq.
27. Therefore, the GHK eq. can be reinterpreted in view of the ion
adsorption mechanism. From now on, we call this equation reGHK
eq. (reinterpreted GHK equation), and the last term of RHS of Eq.
26 is again explicitly shown as Eq. 28 along with introducing the
new notation A®** which represents the reGHK eq. In the deriva-
tion process of Eq. 28, the author employed the mass action law, the
Langmuir isotherm and the P.-B. eq. only [23], and all of them are
within the range of ordinary and broadly accepted physical chem-
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istry, and this derivation process is never in conflict with the AIH.

Ads __
AD =(_¢L xL:O)_(_¢R szo) (25)
1 o 1 a
A(DAds — __l — __l e —
( 28 nK”‘Qf+KBQf] [ 28 nKAQ{?+KBQ}?]

_ 1, K0+ KO; kT, K'Oi+K"O;
28 K'0/+K"0] K'0/ +K°0;

(26)

kT, PO+ POy
e P'Q[+P°QF

the membrane theory) 27)

kT, K'0i+K 0}
e K'O'+K°Q;

ADTHE —
(GHK eq. in the purview of

AD* = AD™ =
(reGHK eq.)(28)

The fundamentally important starting equation for reaching Eq.
28 is Eq. 23. Eq. 23 means that the membrane surface charge den-
sity is constant irrespective of solution ion concentration. Eq. 23 is
an empirical condition. Therefore, we don’t know if it is universally
right. Hence, the author tested if Eq. 23 is valid more broadly.

Verification of the membrane surface charge
density constancy

The author performed the membrane surface potential mea-
surement in order to confirm the broad applicability of Eq. 23. The
experimental procedure is described firs here.

Membrane preparation

Four kinds of ion exchange membranes were used for measur-
ing the membrane surface potential, and they are Selemion AMYV,
CMV, AMVN and CMVN (Asahi Glass. Co., Ltd. (Tokyo)). From now
on, these membranes are to becalled, AMV, CMV, AMVN and CMVN,
respectively, for short. AMV and AMVN contain atomic functional
groups which can dissociate into immobile cations and mobile an-
ions, while CMV and CMVN contain atomic functional groups which
can dissociate into immobile anions and mobile cations. Tiny pieces
of these membranes were prepared by cutting the original sheets of
AMV, CMV, AMVN and CMVN.

Solutions for bathing the membranes

Two types of electrolytic solutions were prepared. One is the
mixture of KCl and KBr. The other one is the mixture of NaCl and
LiCL. The procedure of preparing the KCl-KBr mixture is given as
follows: 0.1 M KCl solution was prepared by dissolving KCI into
the deionized water. 0.1 M KBr solution was prepared by the same
procedure. The same quantity of resulting 0.1 MKCI solution and
the 0.1 M KBr solution were mixed together. The resulting KCI-KBr
mixture contains 0.05 M KCI and 0.05 M KBr. This mixture is to be
called 0.05_KCI-KBr. KCI-KBr mixture whose ion concentration is
1/10 of 0.05_KCI-KBr was prepared by diluting 0.05_KCI-KBr by
10-fold with the deionized water. The resulting KCI-KBr mixture
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is denoted by 0.005_KCI-KBr. By the same procedure, the further
diluted KCI-KBr mixtures were prepared, resulting in two KCI-KBr
mixtures. One contains 0.0005 M KCI and 0.0005 M KBr, and it was
denoted by 0.0005_KCI-KBr. The other one contains 0.00005M KClI
and 0.00005 M KBr, and it is denoted by 0.00005_KCI-KBr. The mix-
tures of NaCl solution and LiCl solution were prepared in the simi-
lar manner. The resulting mixtures are denoted in the same manner
as the KCI-KBr solutions. Therefore, the following four solutions
were prepared: 0.05_NaCl-LiCl, 0.005_NaCl-LiCl, 0.0005_NacClI-LiCl,
0.00005_NaCl-LiClL

Prior treatment to the membranes

The tiny pieces of AMV prepared earlier were stored in
0.00005_KCI-KBr ~ 0.05_KCI-KBr at least five days in a row. During
this storage period, the bathing solution for these tiny AMV piec-
es were exchanged with the new solutions once a day as illustrat-
ed in Figure 4. AMVN had undergone exactly the same treatment.
The tiny pieces of CMV had undergone the same treatment using
0.00005 NaCl-LiCl ~ 0.05 NaCl-LiCl instead of 0.00005_KCI-KBr ~
0.05_KCI-KBr. CMVN had undergone exactly the same treatment as

the CMV had undergone.

Surface potential measurement

The membrane surface potential was measured as illustrated
in Figure 4 using a pair of Ag/AgCl electrodes. One electrode was
placed in the bathing solution of membrane and the other one was
placed on the surface of membrane. The experimentally measured
surface potentials represented by ¢SM (ex) are summarized in Ta-
ble 2 along with the species of membrane in the electrolytic solu-
tions and their concentration where M of ¢SM (ex) represents the
species of membrane used, M = A (AMV), C (CMV), AN (AMVN), CN
(CMVN). Data of O; |, o inTable 2 is shown in Figure. 5. Horizontal
axis represents the logarithm of ion concentration of the bathing
solution of the membranes. Irrespective of the bathing solution ion
concentration, it is not inappropriate to say that Eq.23 is basically
valid for any species of membrane. Therefore, Eq. 26 can be derived.
Consequently, it is possible to derive the reGHK eq. of Eq. 28, which
is identical to the GHK eq. Furthermore, the surface charge density
appears to be constant in various experimental systems. Therefore,
A®DXE is expected to be valid in various systems.

( )
A pew bathing solution is suppled after
discarding the old bathing solution
The old bating solution
is discarded.
Some pieces of ion exchange membrane Solution exchange is performed once a day
are submerged mto an electrolytic solution. at least five daysin 2 row.
{ voltmater
AgiAgCl
electrode
A prece of on exhange membrane 15
placed on a petridish so that a part of #t is .
submerged mto the electrolytic solution poteatial measurement
Figure 4: Specimen preparation and the procedure of membrane surface potential measurements.
S J
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s ™
0.10 0.10
=~ 0.05 F @ z x z L 005 = - - -
S 0.00 | S 0.00 [
3 005 |} S 005 f
% i Y E Lo i
& 010 t i3 & 010 x
-0.15 A L L L -0.15 : : : 4
5 -4 -3 -2 -1 0 5 4 -3 2 -1 0
(a) log[ [KCI]+ [KBr] | (b) log[ [NaCl] + [LiC]] ]
Figure 5: Surface charge density vs. the ion concentration of the bathing solution (a) o: AMV, 2: AMVN (b) e: CMV, A: CMVN
N\ J

Table 2: Experimentally measured membrane surface potential ¢SM (ex) and the computed membrane surface charge density O'SM (ex)

*
s

0.00005_KCI-KBr 0.225+0.008 0.048 £ 0.007 0.225 £ 0.009 0.048 £ 0.008
0.0005_KCI-KBr 0.176 £ 0.006 0.062 +0.007 0.178 £ 0.005 0.060 = 0.006
0.005_KCI-KBr 0.117+0.005 0.054 +0.006 0.111 £ 0.006 0.050 = 0.006
0.05_KCI-KBr 0.059 £ 0.005 0.054 £ 0.006 0.058 £ 0.004 0.052 +£0.005
o - 0.053 + 0.007 - 0.052 +0.008
membrane species
ion conc. /M tmv CMVN
C C -2 CN CN -2

@, (ex)/V o, (ex)/Cm @ (ex)/V o, (ex)/Cm
0.00005_NaCl-LiCl -0.248 £ 0.007 -0.073 £ 0.009 -0.244 £ 0.009 -0.069 £ 0.012
0.0005_NaCl-LiCl -0.200 £ 0.004 -0.090 £ 0.008 -0.192 £0.010 -0.079 £ 0.015
0.005_NaCl-LiCl -0.144 £ 0.009 -0.097 £ 0.015 -0.146 £ 0.005 -0.100 £ 0.009
0.05_NaCl-LiCl -0.091 £ 0.003 -0.105 £ 0.007 -0.085 £ 0.009 -0.094 £ 0.017
o - -0.091 + 0.015 - -0.085 + 0.018

**M=A AN, C,CN

T:0," (ex) =0,

#: averaged membrane surface charge density.

Results and Discussion

Theorization of membrane potential without the assumption
of membrane surface charge density constancy According to what
has been described up until here, Eq. 22 can be arranged into Eq.
28 which is identical to the GHK eq. as long as Eq. 23 is valid. That

A, AN, C and CN represent AMV, AMVN, CMV and CMVN, respectively.

«—o Is computed by plugging the experimentally measured ¢SM (ex) into Eq. 16.

discussion is within the range of ordinary physical chemistry, and it
is also in line with the AIH. Now, what if Eq. 23 is not employed? The
author will derive the membrane potential formula by employing
the ion adsorption mechanism without Eq. 23 as below.

Assuming that the surface charge density o, |, _, depends on
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i |=0 (Q ) For example, if we
have four data of surface charge density Qw0 =10"*M, 103 M, 102
M and 107! M, the average surface charge density, o!”,can be given
by Eq. 29.

Qlfo and it can be represented by o,

o Ol (10%) 40| o (107) 40|, (107)+ 0], o (107)
7 4 (29)
|0 QL) is define by Eq. 30.
O-i x;=0 (QiT) +Aaz X; O(Qizo) (30)

Eq. 22 is arranged into Eq. 31 and can be further arranged into
Eq. 32 using Eq. 30.

" +A0;|, (08 )= o
1o (02) (KO + K0 Jew(280].0) 5 )
o/ —(O' +Ao, |, O(TQ;))z(KAQ;A+KBQ,-A)exp(2/B¢i x,:())
o +Ac,|, L, (0) (32)

Introducing Egs. 33 and 34, Eq. 32 can be arranged into Eq. 35.

=ko; (k,. : parameter,0 < k, < 1) (33)

Ao, |, (Qli) =k,00" (K,. : parameter,—1 < k; < 1) 34)
! —(k,.o;." +K‘.kl.0‘,.°) B 1-k (1+Ki) B

kol +xko!  k(l+x) (KAQ‘A +KBQ"B)exp(2'B¢" Xr:") (35)

Eq. 36 is given by solving Eq. 35 with respect to ¢, 50

1-k, (1 +K, )
; 1 b k (1+x,)
e T (Kol + KO
P ( o +Kg ) (36)

Rightmost term of Eq. 36 is redifned by )
by Eq. 37.

x=-0 asrepresented

1-k (1+x,)
_ 1 k(l+x)
T 2p K K

¢

(37)

Figure 1 is the electrolytic solution system when the two
electrolytic solutions are separated by a membrane. What is the
membrane potential formula AD** ) like when Eq. 37 is used?
According to Eq. 25, ACI)AdS is given by Eq. 38. RHS of Eq. 38 can
be transformed into Eq. 39 using Eq. 37 where LHS of Eq. 39 is
re-denoted by AQ)RE' . So, even though the assumption Eq. 23 is not
employed, the potential formula Eq. 39 quite similar to the GHK eq.
is derlved ~~~~ term in Eq. 39 is the same as AD®® of Eq. 28.
ADRE of Eq. 39 is different from ADFE' merely by —7" ([ is de-
fine by Eq. 40).
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AQ* E(_¢L xL:O)_(_¢R xR:O)
(38)
1-k, (1+x,) 1—ky (1+x3)
' k, (1+ kp (1+
AD™ = Lln ALE KLB)B - —Lln AREI KZ)B
2 KO +K°0; 2 KOy +K°0p
A4 B B
=—Lln%—F=A®M—F
28 KO +K°0;
(39)
F:_L (l_kL(1+KL))kR(1+KR)

2B (1—kR(1+KR))kL (1+x,) (40)
'

The author computed the numerical values of A®** using the
last equation of Eq. 39 when the membrane AMV was used as an
example since the deviation of its surface charge density Ao, |xi:0
from its average o} is the most significant among four membranes

cases as clearly shown in Table 2.

Assuming that the Right phase solution is 0.0005_KCl-
KBr and the Left phase solution varies from 0.00005_KCI-KBr
through 0.05_KCI-KBr, the experimentally measured potential
¢SA (ex) summarized in Table 2 are plugged into the RHS of Eq.

25. For example, when the Left phase solution is 0.005_KCI-
KBr, @[, =-0117V and —f; |, =—-0.1767 .

AD* —( .- ) ( A )— 0.059 V' where the error term
is neglected in this computatlon for simplicity. The computed
AD*® can be regarded as AD™ owing to Eq. 28. But A®®* devi-
ates from ADE = ( AD# ) by —1 . Therefore, the author comput-
ed —/" .In order to compute —/ , the author had to determine the
numerical values of kR and kL . The deviation of membrane surface

Hence,

charge Ao, |X‘:0 from the average O, is basically in the range of
Eq. 41 as shown in Table 2 regardless of the membrane species.

‘AG

i

<Ko x; =0.20

x=0 (41)
The author computed /7 under three conditions Eq. 42 ~ Eq.
44 where k;, = kj,takes 0.25, 0.50 and 0.75, and &, and K take
-0.2,-0.1,0.0,+0.1 and +0.2. The computational result is given in Ta-
ble 3. Table 3 says thatas long as £, ( k ) is0.5 or lower than 0.5,
the magnitude of =/ is not so large. Therefore, AD®E ~ ADRE
holds (Eq. 45). Eq. 45 is valid under a certain condition. Therefore,
the ~~~~ term of Eq. 39 which is identical to the GHK eq. is basi-
cally valid within the range of experimental error. This means that
the AIH can provide us the potential formula which is identical to
the GHK eq. such as Eq. 27.
[Condition _1] 1k, =k, =0.25; x, = x, =—0.20,-0.10, 0.00, 0.10, 0.20

(42)
[Condition _2]:k, =k, =0.50; x, =k, =—0.20,0.10, 0.00, 0.10, 0.20

(43)
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[Condition _3]:k, =k, =0.75; k, = &, =—0.20,—0.10, 0.00, 0.10, 0.20
(44)

o L KO+ KO;

28 K'Q'+K°Q;

(45)

T = ADX —T ~ AD*

Figure 6 is an example. A®®* in this diagram is computed by
plugging the experimentally measured membrane surface potential
in Table 2 into the RHS of Eq. 25. AD™ is computed by taking the
sum of' A®F and —[ following Eq. 45. The author employed one
of —I"'s, —" =-0.021 (which is obtained when k, =k, =0.25
» k, =0.20 and x, =—0.20 shown in Table 2). Aq)RE' is differ-
ent from A®® by —7" =-0.021 V. This is not so small difference
as a membrane potential, but the entire potential data curves of
AD" and A(DRE' in Fig. 6 look quite similar each other, and as
mentioned earlier, the data in Table 3 suggest that the magnitude
of —7" is mostly small enough as long as k, ( ky ) is 0.5 or lower
than 0.5. But of course, ADX* largely deviates from A®** when

Table 3: I of ¢

k, =k, =0.75 (see Table 3). As a matter of fact, it is well-known
that even the broadly employed GHK eq. does not necessarily for
explaining all the membrane characterlstlcs [24, 25]. Therefore, the
validity limitation of the ACDRE ~ AD® (Eq. 45) is quite under-
standable. The potential formula AQ*? "under a certain condition
is almost same as A®** whose mathematical expression is virtual-
ly indistinguishable from the GHK eq. This outcome is largely owing
to the constant membrane surfacecharge density (though not per-
fectly constant) and is also owing to the experimental fact that -
is not so sensitive to the deviation of the membrane surface charge
density from the average value.

The formulas so far obtained are in line with the AIH model but
its mathematical expression such as A®®* and A(DRE' are often
the case indistinguishable from the mathematical expression of
GHK eq. of Eq. 27. Therefore, we have not been aware of the short-
comings of the GHKeq. such that the GHKeq. does not take into
consideration the ion adsorption effect on the membrane potential
generation.

r/v Ex
-0.20 -0.10 0.00 0.10 0.20
-0.20 0.000 -0.004 -0.007 -0.011 -0.014
-0.10 0.004 0.000 -0.004 -0.007 -0.010
K, 0.00 0.007 0.004 0.000 -0.003 -0.006
0.10 0.011 0.007 0.003 0.000 -0.003
0.20 0.014 0.010 0.006 0.003 0.000

when k, =k, =0.50

r/v Ky
-0.20 -0.10 0.00 0.10 0.20
-0.20 0.000 -0.005 -0.010 -0.016 -0.021
-0.10 0.005 0.000 -0.005 -0.010 -0.016
K, 0.00 0.010 0.005 0.000 -0.005 -0.010
0.10 0.016 0.010 0.005 0.000 -0.005
0.20 0.021 0.016 0.010 0.005 0.000

when k;, =k, =0.75

r/v Ky
-0.20 -0.10 0.00 0.10 0.20
-0.20 0.000 -0.008 -0.018 -0.029 -0.046
-0.10 0.008 0.000 -0.009 -0.021 -0.038
K, 0.00 0.028 0.009 0.000 -0.012 -0.028
0.10 0.029 0.021 0.012 0.000 -0.017
0.20 0.046 0.038 0.028 0.017 0.000

Citation: Hirohisa Tamagawa*. Constant Membrane Surface Charge Density and Membrane Potential Generation Mechanism
Backed by Association-Induction Hypothesis. Mod Concept Material Sci. 6(1): 2024. MCMS. MS.ID.000627.

DOI: 10.33552/MCMS.2024.05.000627

Page 10 of 13


http://dx.doi.org/10.33552/MCMS.2024.05.000627

Modern Concepts in Material Science Volume 6-Issue 1

e N\
0.05
" [o]

_i 0.00 i

% -0.05 } 2

® -0.10 } °

e <015 f o

Q020 | +

N l0.25 ' S '

5.4 3 2 a1 0
log[ [KCI] 1]

Figure 6: Membrane potential across the AM O : ADR? (: AcI)A"’S) computed potential by plugging the experimentally measured AMV surface
1

potential shown in Table 2 into the RHS of Eq. 25 +: AD® computed by taking the sum of A®** and one of -I'=-0.021as an example of

-F(I =0.021when k, =k, =025 , &, =0.20 and ) &, =—0.20 shown in Table 2

Directly measured membrane potential Cl-LiCl) was always used as the Right phase electrolytic solution
while the Left phase solution varied from 0.00005_KCI-KBr to 0.05_
KCI-KBr (or from 0.00005_NaCl-LiCl to 0.05_NaCl-LiCl). A®”" and
AD earlier computed using Eq. 25 are shown in the diagrams in

The author also performed the direct measurement of mem-
brane potential, AD®P" | across the AMV, AMVN, CMV and CMVN.
The experimental setup is illustrated in Figure 7. When the mem-

Figure 8. A®® perfectly reproduces the experimental membrane
brane potential was measured, 0.0005_KCI-KBr (or 0.00005_Na-

potential AD?" .

Ag/AgClelectrode

Left phase T Right phase
membrane

Figure7: Experimental setup for directly measuring the membrane potential Species of electrolytic solution depends on which membrane is
used. The Right phase is filled with 0.0005_KCI-KBr (or 0.00005_NaCI-LiCl), while the Left phase is 0.00005_KCI-KBr to 0.05_KCI-KBr (or
from 0.00005_NaClI-LiCl to 0.05_NaCI-LiCl).
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Summary of the sections 3.1 and 3.2

The sections 3.1 and 3.2 deal discuss the membrane potential
generation from the view of ion adsorption mechanism. For the
theorization, merely Boltzmann distribution, mass action law and
Langmuir isotherm are used [23] along with and without the as-
sumption of membrane surface charge constancy in the section 3.1.
Then the author reached the conclusion that it is natural to reach
the membrane potential formula identical to the GHK eq. in pur-
view of the ion adsorption mechanism. Therefore, the ion channel
and pumps are not necessary for the membrane potential gener-
ation. In the section 3.2, it was found that the membrane poten-
tial can be quantitatively reproduced as in Fig.8 merely using the
membrane surface potential data. The membrane surface potential
is governed by the ion adsorption. Therefore, this physical chem-
istry-based theorization and its successful data reproducibility
shown in Figure 8 serve as the supportive evidence to the AIH.

Behind the success of the ion adsorption-based membrane po-

tential generation mechanism, the membrane surface charge den-
sity constancy appears to play a fundamental role. If the membrane
surface charge density is constant, the reGHK eq. can be derived.
If not, the reGHK eq., which is identical to the GHK eq., cannot be
derived but the potential deviates by “ —1I" " from there GHK eq. As
touched upon earlier, it is not so uncommon that the membrane
potential does not obey the potential predicted by the GHK eq.
Therefore, even the deviation of the actual potential from the po-
tential predicted by the reGHK eq. is not so problematic. The reGHK
eq. involves the membrane surface charge density constancy. It
appears to hold under the relatively broad range of experimental
conditions. This must be one of the reasons that the GHK eq. works
fine though the foundation of the GHK eq. may be wrong. Name-
ly, the right membrane potential formula is the reGHK eq., but its
expression is identical to the expression of the GHK eq. Therefore,
they are indistiguishable each other. But why does the membrane
surface charge density is constant under so broad conditions? It is
still incomprehensible, but it must be the important theme to solve.

( )
015 AMV 010 revv
~ 010 | ¢ Z 005 | ¢
ey ~y
Exy kx)
B 005 | + % 0.00 | -
000 f * 1005 | @
005 | o R-0.10 | .
0.10 — 015
5 4 3 2 -1 0 5 4 -3 2 -1 0
(a) log[ [NaCI] + [LiCl] ]o ®) log[ [KCl] + [KBr] ]L
0.15 0.10
AMVN 9 b CMVN
~ 010 } » 005 | &
[ o
%, 005 | 3 % 000 | o
~ 000 | 1 o005 | ]
Q005 @ 3 -0.10 | 3
q 'D. 10 L i i i ‘q _0_ 15 i A L i
-3 -4 3 -2 -1 0 -5 -4 -3 22 A 0
© log[ [NaCl] + [LiCl] I ) log[ [KCl] + [KBr] I
Figure 8: Membrane potential across (a) AMV, (b) CMV, (c) AMVN and (d) CMVN Horizontal axis represents the Left phase solution concentration
Right phase solution concentration is maintained constant. The solution used is 0.0005_KCI-KBr or 0.00005 NaCI-LiCl. : AD”" which
is directly measured membrane potential across the membrane +: AD®E which is computed by plugging the experimentally measured
membrane potential in Table 2 into the RHS of Eq. 25
- J
Conclusion less of the ion concentration of solutions. This concept was built on

Membrane potential formula identical to the GHK eq. was found
to be derivable using merely the basic physical chemistry concepts
as long as the membrane surface charge density is constant regard-
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the premise that the membrane potential is governed by the ion
adsorption and this principle is in harmony with the long-forgot-
ten physiological theory called Association-Induction Hypothesis
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(AIH). The ion adsorption mechanism-based membrane potential
formula worked quite fine but such a fineness of the formula ap-
pears to rests on the membrane surface charge density constancy
under the relatively broad conditions. At this moment, the author
has no clues regarding why such a condition well establish but
should address it as a next theme.
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