
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 1
0:

50
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Calculation of pr
Department of Chemistry and Biochemistry

23529, USA. E-mail: jwlee@odu.edu; Tel: +1

Cite this: RSC Adv., 2025, 15, 21108

Received 10th May 2025
Accepted 16th June 2025

DOI: 10.1039/d5ra03298a

rsc.li/rsc-advances

21108 | RSC Adv., 2025, 15, 21108–21
oton transmembrane-electrostatic
interaction force and elucidation of the water
droplet experiment with a transient protonic front

James Weifu Lee *

The “transmembrane-electrostatically localized proton(s)/cation(s) charge(s) (TELC(s), also known as

TELP(s)) model” may serve as a theoretical framework to explain protonic cell energetics including both

delocalized and localized protonic couplings. TELCs are held by their corresponding transmembrane-

electrostatically localized hydroxides anions (TELAs) across the membrane through mutual

transmembrane-electrostatic attractive force, which is now calculated to be in the range from 1.96 ×

10−11 to 2.28 × 10−11 newtons (N) across a 2.5 nm thick membrane in a range of transmembrane

potential from 10 to 200 mV. At a moderate transmembrane potential (100 mV), the protonic

transmembrane attractive force is now calculated to be 2.08 × 10−11 N. Accordingly, to move such

a localized proton away from the membrane–liquid interface by 1 nm, it would require 1.62 × 10−20 J of

energy, which is equivalent to 3.8 times as much as the Boltzmann kT thermal kinetic energy at

a physiological temperature of 37 °C, indicating that a TELCs–membrane–TELAs capacitor can be quite

stable. Thus, TELCs (TELPs) formation does not require any potential barrier in liquid phases. The Zhang

et al. 2012 experiment is likely to involve a transient “protonic front” effect in a single water droplet

system which has no membrane and no TELPs. The use of the “Bjerrum length” approach for merely

a single pair of charges (Knyazev et al., Biomolecules, 2023, 13, 1641) could underestimate the protonic

transmembrane attractive force. Future TELPs research is encouraged on cell systems that should have

transmembrane potential associated with certain TELCs-membrane-TELAs capacitors having excess

positive charges on one side of the membrane and excess anions on the other side.
1. Introduction

The recently developed transmembrane-electrostatically local-
ized proton(s)/cation(s) charge(s) (TELC(s)) model1–3 provides
a theoretical framework that can help explain protonic cell
energetics including many experimental observations and
elucidate bioenergetic systems including both delocalized and
localized protonic couplings.4–6 The term TELCs represent the
“total transmembrane-electrostatically localized positive
charges” including the charges of both the transmembrane-
electrostatically localized proton(s) (TELP(s)) and the associ-
ated transmembrane-electrostatically localized non-proton
cations aer the proton–cation exchanging process reaching
equilibrium. TELCs are immediately related to transmembrane
potential that is now known as a function of TELCs population
density within a TELCs-membrane-anions capacitor.1,6 Conse-
quently, the excess positive charges of TELCs at one side of the
membrane are balanced by the excess negative charges of
transmembrane-electrostatically localized hydroxides anions
(TELAs) at the other side of the membrane. The formation of
, Old Dominion University, Norfolk, VA

-757-683-4260

120
TELCs-membrane-TELAs capacitors has been experimentally
demonstrated using a biomimetic anode water-Teon
membrane-water cathode system7–9 through two PhD thesis
research projects.10,11

The TELCs (TELPs) model,1–3 which may represent
a complementary development to Mitchell's chemiosmotic
theory, is highly useful in helping to elucidate real-world
bioenergetic systems with both delocalized and localized
protonic coupling. For instance, the TELPs model has been
successfully employed in elucidating the decades-longstanding
energetic conundrum12–14 of ATP synthesis in alkalophilic
bacteria5,15–19 and in bettering the understanding of energetics
in mitochondria.2,3 Its application has recently led to the
discovery of the TELPs “thermotrophic function” as the “Type-B
energetic process”20–24 which can isothermally utilize environ-
mental heat energy to do useful work in helping drive the
synthesis of ATP.3,25

As discussed in a recent review article,9 protonic (TELPs)
membrane capacitors have been experimentally demonstrated
well beyond any reasonable doubt; and certain scientists such
as Prof. Lan Guan as a special Collection editor for the Nature
research journal Scientic Reports can well understand and
appreciate the TELPs theory. In the journal editorial,26 Prof.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of a protonic (TELPs) capacitor across
a fully dehydrated alkane core membrane in a typical lipid bilayer.
There are three distinct regions in a typical lipid bilayer: a fully hydrated
headgroups (0.7–1.0 nm), a fully dehydrated alkane core membrane
(2.5–3.5 nm thick) and a short (0.3 nm) intermediate region with partial
hydration. Transmembrane-electrostatically localized protons (H+) are
located primarily in the 0.3 nm intermediate region with partial
hydration on the surface of the fully dehydrated alkane core
membrane while transmembrane-electrostatically localized hydrox-
ides (OH−) are at the other side of the dehydrated alkane core
membrane. Adapted and modified from ref. 36.
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Guan as the editor clearly acknowledged that the progresses of
TELPs research “rened and improved our knowledge of
transport bioenergetics” including the discovery of the TELPs
thermotrophic feature. Her editorial26 states: “Recently, these
transmembrane-electrostatically localized protons (TELPs) have
been recognized as a primary contributor to Mitchell's PMF.2 In
addition, a follow-up study in this Collection identied
a signicant thermotropic component of PMF.3 Lee found that
mitochondria can isothermally utilize environmental heat
through TELPs to drive the synthesis of ATP, thus locking
substantial amounts of the heat energy into ATP molecules.
This work has rened and improved our knowledge of transport
bioenergetics.

Notably, more independent researchers have started to
recognize the value of the TELPs theory in their
publications.26–30 For example, the TELPs model has now been
successfully employed in an excellent elucidation of their
independent experimental observations31 including the “unex-
pected result” in a cellular membrane ion transport protein
complex (melibiose transporter MelB)32 that could not be
explained by any other existing models and/or theories.

Furthermore, through studies6,33 based on the TELCs model,
the physical origin of neural resting and action potential has
better been elucidated as the voltage contributed by TELCs in
a neuron “localized protons/cations–membrane–anions capac-
itor” system. Consequently, it is now understood that neural
transmembrane potential has an inverse relationship with
TELCs surface density, which may represent a transformative
progress in bettering the fundamental understanding of
neuroscience.6,33 Application of the TELCs model enables
calculation of TELCs surface density as a function of trans-
membrane potential,33 which may represent a complementary
development to both the Hodgkin–Huxley classic cable theory
and the Goldman–Hodgkin–Katz equation. Using the TELCs
model, the neural touch signal transduction responding time
required to re an action potential spike has now, for the rst
time, been calculated to be as short (fast) as 0.3 ms,34 which led
to a better understanding on the question of “how the transient
ion transport activity of touch receptors (PIEZO) could change
the graded potential to stimulate an action potential ring”.

According to our TELCs capacitor model,1–3 the
transmembrane-electrostatically localized protons (TELPs) are
held at the liquid–membrane interface by the transmembrane-
electrostatic attraction force in relation to the transmembrane
potential difference (Dj). Fig. 1 presents a schematic illustra-
tion of a protonic capacitor across the fully dehydrated alkane
core membrane in a typical lipid bilayer35 which has three
distinct regions: the fully hydrated headgroups (0.7–1.0 nm),
the fully dehydrated alkane core membrane (2.5–3.5 nm thick)
and a short (0.3 nm) intermediate region with partial hydration.

As illustrated in Fig. 1, transmembrane-electrostatically
localized protons (H+) are located likely within the 0.3 nm
“intermediate” region with partial hydration on the surface of
the fully dehydrated alkane core membrane; meanwhile, their
corresponding transmembrane-electrostatically localized
hydroxide (OH−) anions (TELAs) are at the other side of the
dehydrated alkane core membrane.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Accordingly, transmembrane potential (Dj) is a function of
TELCs concentration which is the sum of TELPs and
transmembrane-electrostatically localized non-proton cations
concentrations ð½HL

þ� þPn
i¼1 ½ML

iþ�Þ “aer cation exchange
with TELPs as shown in the following equation with a voltage
unit (V in volts)”:

Transmembrane potential ðDjÞ ¼

S � l � F �
�
½HL

þ� þPn
i¼1

�
ML

iþ��
C

(1)

where C/S represents the “specic membrane capacitance per
unit surface area”, l represents the “thickness of TELP layer”, F
is the “Faraday constant”, [HL

+] represents the “TELP concen-
tration”, and

Pn
i¼1 ½ML

iþ� represents the “sum of
transmembrane-electrostatically localized cations (e.g., Na+ and
K+) concentrations [ML

i+] at the liquid–membrane interface on
the extracellular membrane surface aer the proton–cation
exchange reaching equilibrium”. Note, the
ð½HL

þ� þPn
i¼1 ½ML

iþ�Þ is the TELC concentration.
Based on the transmembrane potential equation (eqn (1)),

the “TELCs surface population density” can be readily calcu-
lated as the amount (TELC number) of “transmembrane-
electrostatically localized protons/cations charges per extracel-
lular membrane surface area (S)” using the following formula:

TELC number=S ¼ l �NA �
 
½HL

þ� þ
Xn
i¼1

�
ML

iþ�! (2)
RSC Adv., 2025, 15, 21108–21120 | 21109
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where NA is the Avogadro constant (6.02205 × 1023 mol−1).
More research efforts are needed to better understand

protonic bioenergetics such as to the question of what is the
protonic transmembrane attraction force that holds the TELPs-
membrane-TELAs capacitor together? In this article, we will
calculate the protonic transmembrane attraction force through
a new formulation (eqn (3)) and better elucidate some
wonderful experimental observations with a transient “protonic
front” in a water droplet. The analyses results will be discussed
in relation to some quite interesting arguments37,38 recently
appeared in the literature.
2. TELC held by transmembrane
electrostatic attraction force

Accordingly, TELPs and TELAs are held together across a fully
dehydrated alkane core membrane (2.5–3.5 nm thick) by their
mutual transmembrane-electrostatic attractive force as shown
in a TELPs-membrane-TELAs capacitor (Fig. 1). As a result,
TELPs are likely located primarily within the rst layer of
molecules (in the 0.3 nm thick intermediate region) on the
alkane core membrane surface, whereas TELAs are located
similarly in the rst layer of molecules at the other side of the
alkane core membrane. Therefore, the electrostatic interaction
between a TELP and a TELA is across the alkane core membrane
which has a known dielectric constant of about 1.88. Other
factors like “ion screening, dielectric heterogeneity, or water
dynamics” have little relevance here in the alkane core
membrane. On the other hand, the electrostatic repulsion force
among the “same side” ions such as that among TELPs (or
among TELAs) is parallel to the membrane surface and
orthogonal to the transmembrane attractive force vector, so that
it does not affect the transmembrane attractive force but may
help to spread themselves along the liquid–membrane
interface.

In a protonic membrane capacitor (Fig. 1), the trans-
membrane attractive force is likely to be stronger than that of
a single-charge-pair calculation since a transmembrane-
electrostatically localized proton (H+) may interact with
multiple transmembrane-electrostatically localized hydroxide
(OH−) anions across the membrane as illustrated in Fig. 2.
Fig. 2 Illustration of a membrane cross section showing how a transmem
side is attracted across the membrane by many transmembrane-electro
side. d is a membrane thickness; bi (such as b1 and b2) is a distance betwe
and ai (such as a1 and a2) is an angle between a membrane–liquid interfa
electrostatically localized proton (H+) (TELP) and a transmembrane-elec

21110 | RSC Adv., 2025, 15, 21108–21120
The total transmembrane attractive force (F) of a trans-
membrane-electrostatically localized proton (H+) (TELP) inter-
acting with its multiple transmembrane-electrostatically
localized hydroxide (OH−) anions (TELAs) can be calculated
through the following equation.

F ¼ qq
0

ð4pk30Þd2
sinðp=2Þ þ g

Xn
i¼1

qq
0

ð4pk30Þ
�
ðibÞ2 þ d2

� sinðaiÞ (3)

where q is a protonic charge of 1.60 × 10−19 C and q' is
a hydroxide charge of −1.60 × 10−19 C; k is a dielectric constant
of a membrane and 30 is the permittivity constant; d is
a membrane thickness; b is a mean space separation distance
between two adjacent hydroxides (anions) in a transmembrane-
electrostatically localized anions (OH−) molecular layer along
the liquid–membrane interface; g is a dimensional factor: g = 2
for a single 2-dimensional cross section system (as illustrated in
Fig. 2); and g may be about 8 (or larger than 8 if membrane
thickness d is larger than that of a typical biological membrane)
for a 3-dimensional membrane protonic capacitor; ai is an angle
between a membrane–liquid interface line and an electrostatic
interaction line between a transmembrane-electrostatically
localized proton (H+) and transmembrane-electrostatically
localized hydroxide (OH−); n(+1) are the numbers of
transmembrane-electrostatically localized hydroxide (OH−)
anions that a transmembrane-electrostatically localized proton
(H+) can electrostatically interact with; and i is the number of
electrostatic interaction lines between a transmembrane-
electrostatically localized proton (H+) and transmembrane-
electrostatically localized hydroxide (OH−) in addition to the
primary charge pair interaction (vertical line) expressed in the
rst term of eqn (3).

Note, the value of sin(ai) can be calculated from the following
relation.

sinðaiÞ ¼ dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ðibÞ2 þ d2

�r (4)

Using specic membrane capacitance C/S of 9.2 mF m−2

based on measured experimental data39 through eqn (1) and (2)
for transmembrane potential in a range from 10 to 200 mV, we
brane-electrostatically localized proton (H+) (TELP) at the positive (p)
statically localized hydroxides anions (OH−) (TELAs) at the negative (n)
en any two adjacent OH− anions with a mean separation distance of b;
ce line and an electrostatic interaction line between a transmembrane-
trostatically localized hydroxide (OH−) (TELA).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculated the associated TELC (TELP or TELA) surface density
to be in a range from 562 to 11 200 charges per mm2 (Table 1).
The inverse of TELC surface density (1/[TELC surface density])
represents a mean membrane surface area per TELC, which was
calculated to be in a range from 1780 to 89 nm2 per TELC (TELP
or TELA). By taking the square root of the mean surface area per
TELC charge, we have, now for the rst time, calculated the
mean separation distance (b) between adjacent
transmembrane-electrostatically localized hydroxide (OH−)
anions (TELAs) to be in a range from 42.2 to 9.43 nm (Table 1).

The data of the mean membrane surface area per TELC and
the separation distance (b) between adjacent TELCs as a func-
tion of transmembrane potential as listed in Table 1 could be
highly valuable to researchers in the elds of cellular and
molecular energetics. As shown in Table 1, at a moderate
transmembrane potential of 100 mV, the mean membrane
surface area per TELC is 178 nm2 per TELC (excess charge),
which translates to a separation distance (b) of 13.3 nm between
adjacent TELCs. With this new knowledge, readers now can
judge whether certain computer simulations that were con-
ducted far out of the range from 1780 to 89 nm2 per TELC could
be applicable to biological systems or not. For example, the
interesting computer simulations recently published by Mallick
and Agmon40 employed a quite small membrane system that
consisted of only “8 lipids in each leaet, along with 458 water
molecules, resulting in a total of 3518 atoms. The system was
Table 1 Transmembrane-electrostatically localized charges (TELPs (TEL
adjacent transmembrane-electrostatically localized hydroxide (OH−) an
calculated as a function of transmembrane potential Dj using eqn (3) and
larger) for a typical lipid bilayer assuming its hydrocarbon core membrane
for hydrocarbon). TELCs density was calculated from transmembrane p
specific membrane capacitance C/S of 9.2 mF m−2 based on measured e
transmembrane-electrostatically localized hydroxide (OH−) anions was

Transmembrane
potential Dj (mV)

Transmembrane-
electrostatically localized
charges per mm2

Membrane area
(nm2) per TELC

Separa
distan

10 5.62 × 102 1780 42.2
20 1.12 × 103 890 29.8
30 1.69 × 103 593 24.4
40 2.25 × 103 445 21.1
50 2.81 × 103 356 18.9
55 3.09 × 103 324 18.0
60 3.37 × 103 297 17.2
70 3.93 × 103 254 15.9
80 4.49 × 103 223 14.9
90 5.06 × 103 198 14.1
100 5.62 × 103 178 13.3
110 6.18 × 103 162 12.7
120 6.74 × 103 148 12.2
130 7.30 × 103 137 11.7
140 7.86 × 103 127 11.3
150 8.43 × 103 119 10.9
160 8.99 × 103 111 10.5
170 9.55 × 103 105 10.2
180 1.01 × 104 98.9 9.94
190 1.07 × 104 93.7 9.68
200 1.12 × 104 89.0 9.43

© 2025 The Author(s). Published by the Royal Society of Chemistry
placed in a rectangular box with edge lengths of 22.4 × 22.4 ×

65.2 Å”. They put as many as 3 excess protons into such a small
system (2.24 × 2.24 × 6.52 nm) that far exceeds the expected
TELC density range from 5.62 × 102 to 1.12 × 104 excess
charges per mm2 of membrane surface area (Table 1). According
to the mean membrane surface area of 178 nm2 per TELC, to
properly simulate the collective activity of 3 excess protons, it
may require a much larger membrane system (ideally 3 × 178
nm2) that may require much larger computational powers.

Furthermore, from the data listed in Table 1, it is now
revealed, for the rst time, that the transmembrane potential
may affect the transmembrane attractive force (F) of a trans-
membrane-electrostatically localized proton (H+) interacting
with multiple transmembrane-electrostatically localized
hydroxide (OH−) anions by its effect on inuencing the mean
separation distance (b). Using the mean separation distance (b)
between adjacent transmembrane-electrostatically localized
hydroxide (OH−) anions, the hydrocarbon core membrane
thickness d (2.5 or 3.5 nm) and dielectric constant k (using
dielectric constant 1.88 of hexane for hydrocarbon membrane),
we then calculated the transmembrane attractive force (F) of
a transmembrane-electrostatically localized proton (H+) inter-
acting with multiple transmembrane-electrostatically localized
hydroxide (OH−) anions through eqn (3) and (4).

As listed in Table 1, with a transmembrane potential Dj
(mV) in a range from 10 to 200 mV, the protonic
Cs) or TELAs) surface density, mean separation distance (b) between
ions, and the integrated protonic transmembrane attractive force (F)
(4) with g = 8 and i employed in a range from 1 to n of at least 12 (and
dielectric constant (k) of 1.88 (using dielectric constant 1.88 of hexane
otential in a range from 10 to 200 mV through eqn (1) and (2) using
xperimental data.39 Mean separation distance b (nm) between adjacent
calculated from the square root of 1/TELC density

tion
ce b (nm)

Across 2.5 nm thick
membrane: transmembrane
attractive force (newton)

Across 3.5 nm thick
membrane: transmembrane
attractive force (newton)

1.96 × 10−11 1.01 × 10−11

1.97 × 10−11 1.02 × 10−11

1.98 × 10−11 1.03 × 10−11

1.99 × 10−11 1.04 × 10−11

2.00 × 10−11 1.06 × 10−11

2.01 × 10−11 1.07 × 10−11

2.02 × 10−11 1.08 × 10−11

2.03 × 10−11 1.10 × 10−11

2.05 × 10−11 1.12 × 10−11

2.06 × 10−11 1.14 × 10−11

2.08 × 10−11 1.16 × 10−11

2.10 × 10−11 1.18 × 10−11

2.11 × 10−11 1.21 × 10−11

2.13 × 10−11 1.23 × 10−11

2.15 × 10−11 1.25 × 10−11

2.17 × 10−11 1.28 × 10−11

2.19 × 10−11 1.31 × 10−11

2.21 × 10−11 1.33 × 10−11

2.24 × 10−11 1.36 × 10−11

2.26 × 10−11 1.39 × 10−11

2.28 × 10−11 1.41 × 10−11

RSC Adv., 2025, 15, 21108–21120 | 21111
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transmembrane attractive force (F) was calculated to be in
a range from 1.96 × 10−11 to 2.28 × 10−11 newton (N) across
a 2.5 nm thick membrane and in a range from 1.01 × 10−11 to
1.41 × 10−11 N across a 3.5 nm thick membrane. As shown in
Fig. 3, the relationship between transmembrane potential Dj
(mV) and the protonic transmembrane attractive force (F) is
nonlinear.

The calculation results (Table 1 and Fig. 3) show: the higher
the transmembrane potential the larger the transmembrane
attractive force. At a high transmembrane potential such as
200 mV, since its associated mean separation distance b is
smaller (9.43 nm) than that (42.2 nm) of 10 mV, the protonic
transmembrane attractive force can be as large as 2.28 × 10−11

newton (N) across a 2.5 nm thick hydrocarbon core membrane.
On the other hand, at a low transmembrane potential region
such as 10 mV, the associated mean separation distance b is
larger (42.2 nm) so that the protonic transmembrane attractive
force could approach to that (the rst term in eqn (3)) for
a single pair of excess proton (positive charge) and excess
hydroxide (negative charge) alone across a 2.5 nm thick alkane
core membrane (using dielectric constant 1.88 of hexane41,42 for
alkane), which was calculated to be 1.96 × 10−11 N.

That is, the protonic transmembrane attractive force across
a 2.5 nm thick membrane increases only slightly (by 16%), from
1.96 × 10−11 N at 10 mV to 2.28 × 10−11 N at 200 mV, despite
a 20-fold increase in transmembrane potential. The nonlinear
relationship between transmembrane potential and protonic
transmembrane attractive force is due to the following two
aspects: (1) the nonlinearity between the transmembrane
potential and the mean separation distance b (Table 1); and (2)
the nonlinearity between the separation distance b and trans-
membrane attractive force (eqn (3) and (4)). The nonlinear
relationship due to these two aspects explains why such
a substantial change (20-fold increase) in transmembrane
potential results in only a minimal (16%) increase from 1.96 ×

10−11 N to 2.28 × 10−11 N in transmembrane attractive force as
shown in Fig. 3.
Fig. 3 Protonic transmembrane-electrostatic attractive force (N) as
a function of transmembrane potential in a range from 10 to 200 mV.

21112 | RSC Adv., 2025, 15, 21108–21120
At a moderate transmembrane potential such as 100 mV, the
integrated protonic transmembrane attractive force calculated
through eqn (3) and (4) (with g = 8 and i used in a range from 1
up to n of 12) is 2.08 × 10−11 N across a 2.5 nm thick membrane
and 1.16 × 10−11 N across a 3.5 nm thick membrane. Accord-
ingly, to move such a localized proton away from the
membrane–liquid interface by 1 nm (say from 2.08 × 10−11 N of
2.5 nm to 1.16 × 10−11 N of 3.5 nm), it would require 1.62 ×

10−20 J of energy (=10−9 m × (2.08 × 10−11 + 1.16 × 10−11 N)/2),
which is equivalent to 3.8 times as much as the Boltzmann kT
thermal kinetic energy at a physiological temperature of 37 °C
(310 K). These results (Table 1) again indicate that a TELPs-
membrane-TELAs capacitor (Fig. 1 and 2) can be quite stable.

Notably, the hydroxide–hydroxide (OH−–OH−; TELA–TELA)
repulsion force (Fig. 2) along membrane surface is orthogonal
to the transmembrane attractive force vector. Therefore, the
TELA–TELA (hydroxide–hydroxide) repulsion force will help to
keep themselves spreading apart on membrane surface, but it
will not affect the transmembrane attractive force vector.
Similarly, the proton–proton (H+–H+; TELP–TELP) repulsion
force along membrane surface (Fig. 2) is also orthogonal to the
transmembrane attractive force vector; it will not affect the
transmembrane attractive force vector but can help to keep
TELPs spreading apart on membrane surface.

The charges of hydrated lipid head groups (Fig. 1) are already
shielded and equilibrated with the surrounding water mole-
cules and ions as part of the “electric double layer” associated
with the “surface membrane potential” that is consistent with
the Gouy-Chapman and Stern theories,43 before biological
energization of the membrane with formation of TELP
capacitor-associated transmembrane potential. Furthermore,
the lipid head groups-associated electrostatic force vectors (if
any) at the two sides of themembrane are typically symmetric so
that they commonly have no net effect on TELPs. In addition,
there are plenty of water molecules in between the lipid head
groups for excess protons to conduct through water molecules
with the “hop and turn” mechanism to reach the hydrophobic
alkane core membrane surface to form TELP(s) (Fig. 1 and 2).

As previously reported,1–3 non-proton cations such as Na+

and K+ could in some extent also occupy the TELP layer through
the process of cation–proton exchange. Therefore, the TELP
theory is now also known as the TELC model.33 The cation–
proton exchange does not change the transmembrane potential
and thus the TELP (TELC) transmembrane attractive force also
remains unchanged.
3. TELP(s) formation without
requiring any potential well/barrier in
liquid phases

As analyzed above, since transmembrane-electrostatically
localized protons (TELPs) are held by the attractive force
(Table 1 and Fig. 3) with the transmembrane-electrostatically
localized hydroxides anions (TELAs) across the membrane
(Fig. 1 and 2), TELP does not necessarily “bind” to the surface;
nor does the TELP(s) formation require any potential barrier in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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any of the liquid phases. Therefore, TELPs are different from
the prior population of protons that are somehow bonded or
attracted by xed charge groups (e.g., lipid head groups) and/or
other xed property at the membrane surface. Those non-TELP
(lipid head group-attracted) protons are irrelevant to protonic
motive force, since they are there before the membrane system
is energized through the formation of TELPs. Similarly, the so
called “enriched protons” that were claimed by Silverstein37 to
be “enriched” by the liquid–decane interface or air–water
interface are also irrelevant to protonic motive force since they
are not TELPs. This is true because those protons would have to
be “enriched” by a type of xed interface property such as the
putative “potential well/barrier” near the “air–water interface”,
as Silverstein mentioned “where the amphiphilic hydrated
proton is believed to be better accommodated in terms of
hydrophobic force and water–water H-bond network disrup-
tion” which (even if exist) would occur before the membrane
system is energized through TELP(s) formation.

Silverstein's “Table 1” of the “critique”37 lists “surface pH
(pHsurf)” in a range “from 4.4 to 6.6 at the water/hydrophobic
interface and the lipid bilayer surface, and from 5.5 to 7.1 at
the surface of functioning bioenergetic membranes”. However,
none of them has any relevance to TELPs that are
transmembrane-potential-dependent. For example, many of the
numbers are from molecular dynamic simulations for the xed
interface property-enriched protons (at the liquid–decane
interface or air–water interface) without any transmembrane
potential and its membrane capacitor-associated TELP(s), thus
having little relevance to the TELP(s) model. The measured
mitochondrial “pH 6.8–7.0” and “pH 7.0–7.1” that he listed in
his “Table 1” are obviously the bulk-phase pH values (not really
“surface pH (pHsurf)” as he seems to have claimed). Therefore,
the “critique”37 based on his “Table 1” again seems reecting
some misunderstanding of the TELP model. Recently, Silver-
stein repeated his misconceived arguments.44 Independent
researcher has now also pointed out that “Silverstein's critiques
are untenable”.45

As discussed previously,4 according to the size of the pH-
sensitive GFP46 and its associated protein linker used in the
mitochondrial pH measuring experiments,47–49 “the active site
of its pH-sensitive chromophore is likely to be at least about 2–
3 nm away from the membrane surface”. This separation
distance (2–3 nm away from the mitochondrial membrane
surface) is good to detect bulk-liquid phase pH; but too far away
to sense TELPs on the alkane core membrane surface. There-
fore, according to the TELPs model (Fig. 1), we predict that the
pH-sensitive GFP sensors can see the protons in the bulk liquid
phase (around pH 7), but could not detect TELPs that stay
primarily within the rst layer of water molecules on the
hydrophobic alkane core membrane surface. This TELPs-
model-based prediction for the pH-sensitive GFP bulk-liquid
phase pH measurement was observed exactly in the measured
mitochondrial “pH 6.8–7.0”47 and “pH 7.0–7.1”49 that Silverstein
listed in his “Table 1”.37 Therefore, readers can now see that the
data listed on Silverstein's “Table 1” are in line with the TELPs-
model prediction.
© 2025 The Author(s). Published by the Royal Society of Chemistry
According to our understanding with the TELC(s) model,1–3

TELCs (TELPs) activities “are likely to be dynamic”. “Although
they are in dynamic communication with the bulk aqueous
liquid phase through the cation–proton exchange process, most
of the TELPs are likely to stay within the rst layer of water
molecules on the hydrophobic core membrane surface which is
beneath the membrane's lipid head groups” (Fig. 1). That is,
TELPs likely are just hiding on the alkane core membrane
surface beneath the lipid head groups. Currently, we are not
aware of any articial pH sensor that could be used to directly
measure TELPs in biomembrane systems, that probably could
explain why the existence of TELPs was never uncovered during
the last seven decades of the “delocalized vs. localized proton
coupling debates” since the early 1960s.50–59 Only recently,
TELPs were, for the rst time, discovered through experimental
demonstration of a protonic capacitor in a biomimetic cathode
water-membrane-water anode system using an Al metal lm as
a protonic sensor.9 However, the Al lm-based protonic sensor
would be not easy for use in micro/nanometer-scale bio-
membrane systems. Therefore, it is now important to develop “a
new type of protonic sensors to directly observe TELPs within
the rst layer of water molecules on hydrophobic core
membrane surface in biological membrane systems”. According
to our analysis, two natural membrane protein complexes are
now known to sense and use TELPs: the FoF1-ATP synthase4 and
the melibiose transporter MelB.31 Therefore, I hereby encourage
researchers “to take cue and inspiration from the natural
TELPs-sensing biomolecules to better design and make the
needed protonic probes for more direct detections of TELPs in
biomembrane system.”
4. The Zhang et al. 2012 experiment
could be explained by a transient
“protonic front” in a water droplet

The “critique”37 claims that the putative “potential well/barrier
model” of Junge and Mulkidjanian59,60 was “supported by
Pohl's group61”. In his previous publication,62 Silverstein even
grossly claimed it “seems to rule out Lee's model”. In contrast,
as we recently reported,63 the experimental results of Pohl's
group61 can actually be well explained by the protonic conduc-
tion fundamentals (liquid water as a protonic conductor) of the
TELPs model, but not really by the putative “potential well/
barrier model”.

As shown in Fig. 4, Pohl's group61 elegantly “performed
a wonderful experiment by injecting approximately 1  of
hydrochloric acid (HCl) into an aqueous liquid droplet (140 ml)
under decane oil and then monitor the appearance of protons
(H+) at the liquid–oil interface with a proton-sensitive uores-
cent dye Oregon Green 488 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine”. Their experimental results61 can now
be better elucidated by the fundamental understanding of
liquid-water “protonic conduction” that is associated with the
TELPs theory, but not TELPs per se; The Zhang et al. 2012 (Pohl's
group61) experiment likely involved a transient “protonic front”
RSC Adv., 2025, 15, 21108–21120 | 21113
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Fig. 4 The water droplet experiment with a transient protonic front:
“experimental scheme for fluorometrical detection of lateral proton
diffusion that can now be explained with the protonic conduction
fundamentals of the TELP model: protons (red H+) can spread far
ahead of the slow diffusing chloride anions (red Cl−), resulting in
a transient effect of excess protons. On top of a water droplet (140 ml)
containing 0.1 or 1 mM Mes, the experimental team (Zhang et al.
2012)61 added n-decane (280 ml) containing 0.7 mM of fluorescent dye
Oregon Green 488 1,2-dihexadecanoyl-sn-glycero-3-phosphoetha-
nolamine, which accumulated at the interface. The protons were
injected at a distance < 1 mm from the interface through a glass pipette
with a tip diameter ofz1 mm filled with 0.7% HCl. The injection volume
was small (approximately 1 fl) so that convection had negligible effect
on diffusion. The dye was excited at 485 nm via an objective (20×) and
its fluorescence was collected via the same objective after a long pass
filter (515 nm). The fluorescent microscope (Olympus IX70, Tokyo,
Japan) was equipped with two sets of diaphragms (TILL Photonics,
Munich, Germany), which allowed the selection of the emission (5 × 5
mm) and excitation (10× 10 mm) areas”. Adapted andmodified from ref.
61 with copyrights permission.

Fig. 5 Closed Gaussian surface inside a volume of conducting
materials showing a common physical phenomenon: in a conductor at
static equilibrium, all the (extra) electric charge resides on the surface
of the conductor.69
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effect in a single water droplet system which has no trans-
membrane potential and no TELPs.

According to the knowledge of protonic conduction as one of
the fundamentals in the TELC model (1, 2), “liquid water can
serve as a protonic conductor based on the ‘hops and turns’
mechanism as rst outlined by Grotthuss”.64–67 Therefore, as we
recently reported,63 the “spread of protons from the hydro-
chloric acid (HCl) in the liquid” is expected to be “much faster
than that of the chloride anions (Cl−) which could slowly spread
only through diffusion”. Because the protons can quickly
spread as a “protonic front” far “ahead of the slow diffusing
chloride anions (Cl−)”, it temporally creates “a transient effect
of excess protons because of their mutual electrostatic repul-
sion to temporally spread from the bulk liquid phase towards
the liquid–oil interface where they may be detected by proton-
sensitive uorescent dye Oregon Green 488” as illustrated in
Fig. 4. “When the chloride anions (Cl−) nally catch up with the
protons (H+) so that all the protonic charges will be balanced
with the chloride anions (Cl−) again as that in a typical equili-
brated HCl solution, the effect of the transient excess protons
will end so that the protons that have reached the liquid–oil
21114 | RSC Adv., 2025, 15, 21108–21120
interface will all move out of the liquid–oil interface and return
to the bulk liquid phase”. This explains the effect of transient
“excess protons” from “its beginning to its end typically in a few
seconds aer the injection of HCl solution”. Remarkably, this
effect of transient “excess protons” as illustrated in Fig. 4 with
our understanding of liquid water as a protonic conductor is
“well in line with the result of an independent study68” which
also rightly pointed out that “the excess protons propagate as an
advancing front”.

The effect of the transient “excess protons” that tends to
make themselves spreading to the liquid–oil interface at the
edge of a liquid droplet can be explained by the well-known
electrostatic effect of a conductor (Fig. 5) where any extra
charges will repel each other and distribute themselves to the
edge of the conductor. One can mathematically justify this
property “by using the Gauss law equation of electrostatics and
the fact that there can be no electric eld E inside a conductor.
Gauss's law relates the net charge Q within a volume to the ux
of electric eld lines through the closed surface surrounding the
volume” as expressed in the following Gauss law equation,69

30

þ
E dS ¼ Q (5)

where 30 represents “the electric permittivity constant” and dS
represents “a differential surface element”. Here the “small
circle on the integral sign” shows that “the integration is per-
formed over the closed surface”. Consider then “a series of
applications, where a small volume at the center of the
conductor is gradually increased until it is just inside the
conductor surface, indicated by r” in Fig. 5. By denition, “the
electric eld E is zero everywhere in a conductive body”. In each
case, “since E = 0 everywhere inside the conductor (the liquid
water droplet as a protonic conductor), the le side of eqn (5)
vanishes and therefore the right side must also vanish, which
means that no net charge (Q = 0) is within the volume”; the
excess charges (the excess protons in the case of a liquid
droplet) must therefore be on the conductor surface (the liquid
water droplet surface: the liquid–oil interface).

As mentioned above, this transient “excess protons” elec-
trostatic effect in a liquid droplet of Zhang et al. 2012 experi-
ment is expected to be short lived for a few seconds; since the
effect of the transient “excess protons” will end “when the
chloride anions (Cl−) nally catch up” with the protonic (H+)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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front (Fig. 4) “so that all the protonic charges will then be
balanced with the chloride anions (Cl−) again as that in a typical
equilibrated HCl solution”.

Note, the root mean square distance (�x) traveled by diffusing

particle is x ¼ x2
1
2 and its value can be calculated using the

following textbook equation.70

x ¼ ð2mDtÞ12 (6)

Here, D is a diffusion coefficient, m is the dimension of the
particle's Brownian motion, and t is the time. When m = 1, the
probability distribution of the magnitude of the particle's mean
squared displacement (2Dt) from its original position in 1-
dimension diffusion is Gaussian.

Use of eqn (6) can calculate the diffusion time (t) required to
travel for a given distance �x as well. Table 2 lists our calculated
results using the known diffusion coefficient D of 9.31 × 10−9

m2 s−1 and 2.03 × 10−9 m2 s−1, respectively, for H+ and Cl− in
liquid water.71 As shown in Table 2, the 1-dimensional (m = 1)
diffusion time (t) for protons (H+) to travel the root mean square
distance �x of 45 mm was calculated to 0.11 s, which is shorter
than that (0.50 s) for Cl− to travel the same distance of 45 mm.
That is, about 0.11 s aer the injection of HCl solution, the root
mean square distance �x traveled by protons (H+) was calculated
to be 45 mm, which as a “protonic front” appears rightly within
the experimental monitoring range from 35 to 85 mm in Pohl's
group experiment.61 On the other hand, the distance �x traveled
by chlorides (Cl−) with the same amount of time (0.11 s) was
calculated to be only 21 mm that is still not in the detection
range of 35–85 mm. These calculated results support the
understanding that the “protonic front” can be transiently well
ahead of the slow-diffusing chlorides (Cl−) as illustrated in
Fig. 4.

As listed in Table 2, the 1-dimensional diffusion time (t)
required for H+ to travel 65 mm and 85 mm from the point of
hydrochloric acid (HCl) injection was calculated respectively to
be 0.23 and 0.39 s, which are shorter than those (1.04 and 1.78 s)
for Cl− to travel the same distance of 65 and 85 mm. The
diffusion time (t) required for Cl− to travel 85 mmwas calculated
to be 1.78 s while it would take only 0.39 s for H+ to travel the
Table 2 Comparison of the experimentally observed transient H+ peak
rescence depletion time, smax) with the 1-dimensional (m= 1) and 2-dime
distance �x of 45, 65, and 85 mm that were calculated with eqn (6) using th
m2 s−1, respectively, for H+ and Cl− in liquid water.71 Transient H+ peak
through analysis using the WebPlotDigitizer which is a computer vision
a variety of data visualizations72

Diffusing ions

Diffusion coefficient D
1-D diffusion time (t) required to travel 45 mm
2-D diffusion time (t) required to travel 45 mm
Transient H+ peak time (smax) measured at 45 mm
1-D diffusion time (t) required to travel 65 mm
2-D diffusion time (t) required to travel 65 mm
Transient H+ peak time (smax) measured at 65 mm
1-D diffusion time (t) required to travel 85 mm
2-D diffusion time (t) required to travel 85 mm
Transient H+ peak time (smax) measured at 85 mm

© 2025 The Author(s). Published by the Royal Society of Chemistry
same 85 mm. These results again indicate a transient Gaussian
“protonic front” followed by a relatively slow diffusing/lagging
Gaussian “chloride front” during the process.

Since the liquid droplet in the experiment (Fig. 4) had a nite
height and was not entirely at, there could be an effect of 2-
dimensional diffusion from the point of hydrochloric acid (HCl)
injection to the proton-sensing uorescent molecular probes
(uorescent dye Oregon Green 488 1,2-dihexadecanoyl-sn-glyc-
ero-3-phosphoethanolamine) located along the water–decane
interface. Therefore, we have now calculated the 2-dimensional
diffusion time required to travel to the detection sites. As listed
in Table 2, the 2-dimensional diffusion time required for
protons (H+) to travel to the 45, 65, and 85 mm detection sites is
now calculated respectively to be 0.05, 0.11, and 0.19 s.
Whereas, the 2-dimensional diffusion time required for by
chlorides (Cl−) to travel to the same 45, 65, and 85 mm detection
sites is calculated to be 0.25, 0.52 and 0.89 s, respectively.

We predict that the experimentally measured transient H+

peak time (smax) must land within the domain somewhere
between the 1-D diffusion time (t) and 2-D diffusion time (t). As
shown in Table 2, this predicted feature was exactly observed in
the Pohl's group61 experiment. For example, the transient H+

peak time (smax) of 0.10 s observed at detection site of 45 mm
appeared indeed in the domain between the calculated 1-D
diffusion time (t) of 0.11 s and the 2-D diffusion time (t) of
0.05 s. Similarly, the transient H+ peak time (smax) of 0.16 s
measured at 65 mm was also within the domain between the
calculated 1-D diffusion time (t) of 0.23 s and 2-D diffusion time
(t) of 0.11 s; the transient H+ peak time (smax) of 0.31 s measured
at 85 mm was within the domain between the calculated 1-D
diffusion time (t) of 0.39 s and 2-D diffusion time (t) of 0.19 s as
well. These results showed that the 1-dimensional diffusion-
based �x vs. t calculation represents a quite reasonably good
prediction for the observed “protonic front” phenomena; the
effect of 2-dimensional diffusion (if any) is minor in this case.

Anyhow, the diffusion “time (smax) that it takes aer the
injection of the HCl solution for the appearance of the
maximum peak uorescence quenching (depletion) signal
should depend on the distance (x) from the point of the HCl
–quenched fluorescence signal valley-bottom (at the maximal fluo-
nsional (m= 2) diffusion time (t) required to travel the root mean square
e known diffusion coefficient D of 9.31 × 10−9 m2 s−1 and 2.03 × 10−9

time (smax) was obtained from the experimental data curves of Fig. 661

assisted software that helps extract numerical data from images of

H+ Cl−

9.31 × 10−9 m2 s−1 2.03 × 10−9 m2 s−1

0.11 s 0.50 s
0.05 s 0.25 s
0.10 s
0.23 s 1.04 s
0.11 s 0.52 s
0.16 s
0.39 s 1.78 s
0.19 s 0.89 s
0.31 s

RSC Adv., 2025, 15, 21108–21120 | 21115
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Fig. 6 Experimental observations: “kinetics of proton diffusion over
different distances x. Each trace is the average of at least 20 records.
The midpoint of the detection area was located at distances x = 45
(blue), 65 (red), and 85 (green) mm from the area of proton release. The
H2O buffer contained 0.1 mM Mes and 100 mM NaCl, pH 6.3. A linear
dependence of x2 on smax was found (inset)”. Reproduced from ref. 61
with copyrights permission.
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injection to the spot of the Oregon Green 488 uorescence
detection.61 The whole transient event from its beginning to its
end should be just for a few seconds that the system takes for its
equilibration. These predicted features were observed exactly in
the experiment”, where a linear dependence of x2 on smax was
found.61

From here, we now understand that the protonic uores-
cence signal from the dye Oregon Green 488 at the liquid–oil
interface in the Pohl's group61 experiment may reect the
transient “protonic front” effect. For instance, when the tran-
sient “protonic front” entering the detection site at the distance
of x = 45 mm (blue dots curve in Fig. 6) from the area of proton
release, it was measured as the protonic uorescence quench-
ing (uorescence intensity decrease) from the experimental
time of 0.01 s until the transient H+ peak time (smax) of 0.10 s
(Fig. 6) where apparently the peak transient “protonic front”
(which may be represented by the 1-dimensional diffusion-
based �x) fully moving into the detection site. Aer that, as the
peak transient “protonic front” moving out of the detection site
of 45 mm and the Gaussian tip of the relatively slow diffusing
Table 3 Calculation of percentage H+ population at the diffusion time (t
45, 65 and 85 mm. The transient H+ peak time (smax), transient H

+ peak
signal at each of the chloride �x diffusion time points of 0.50, 1.04, and 1.7
analysis using theWebPlotDigitizer which is a computer vision assisted so
visualizations.72 The % H+ population at each of the chloride �x time point
chloride �x-based diffusion time points to the transient (smax) H

+ peak-qu

Distance from the HCl
injection site to the
detection site

H+ peak-quenched
uorescence (valley)
time (smax)

Transient (smax) H
+ peak-

quenched uorescence
signal valley level

45 mm 0.10 s −11.36
65 mm 0.16 s −8.96
85 mm 0.31 s −5.90

21116 | RSC Adv., 2025, 15, 21108–21120
Cl− anions (which could drive the transient excess protons out
of the liquid–decane interface by charge re-neutralization)
starting to enter the same detection site of 45 mm, the proton-
sensitive uorescence intensity will start to recover (increase)
as shown in Fig. 6.

We predict that when the peak transient “chloride front”
(which may be represented by its 1-dimensional diffusion �x)
enters the detection site of 45 mm at the expected diffusion time
of about 0.50 s, the majority (over 60%) of transient excess
protons should be out of the liquid–decane interface and return
to the bulk liquid phase becoming charge-balanced protons as
in a typical HCl solution. This predicted feature was indeed
observed also in the experimental results. As shown in Table 3,
the transient H+

uorescence quenching signal at the diffusion
time of 0.50 s was reduced to 37% from its maximally quenched
uorescence signal level at the valley bottom (100%). Interest-
ingly, this uorescence curve behavior seems to represent a type
of exponential decay by a factor of the mathematical constant e
(1/e = 0.37). Similarly, the transient H+

uorescence quenching
curves that were measured at the sites of 65 and 85 mm decayed
to 24% and 22% of their respective peak values when the peak
transient “chloride front” enters the same detection sites (of 65
and 85 mm) at the diffusion time of 1.04 and 1.78 s (Table 3). In
all the cases, the transient H+

uorescence quenching signal
nally decayed toward zero in a few seconds that the system
takes for its equilibration (Fig. 6). This explains the phenom-
enon of the transient “protonic front” from its beginning to the
end.

Notably, the “protonic front” likely has a diffusing Gaussian
distribution, which has an extended Gaussian spearhead before
the central Gaussian peak at the position of the root mean
square distance (�x) and followed by its extended Gaussian tail.
Therefore, as the Gaussian “protonic front” with its extended
Gaussian spearhead rst enters the detection site (for example
at 45 mm), then the uorescence intensity decreases when
protons reach the uorescent reporter at the liquid–oil inter-
face. When the Gaussian “protonic front” central peak (at the
root mean square distance (�x)) reaches the measuring point, it
will result in maximal uorescence depletion (smax = 0.10 s) as
experimentally demonstrated (Fig. 6). Aer that, as the
Gaussian “protonic front” peak and its extended Gaussian tail
leaving the measuring point and/or the Gaussian spearhead of
the slow diffusing “chloride front” gradually enters the
) that is required for chloride to ravel its root mean square distance �x of
-quenched fluorescence signal value, and H+ quenched fluorescence
8 were obtained from the experimental data curves of Fig. 661 through
ftware that helps extract numerical data from images of a variety of data
s was calculated from the ratio of H+-quenched fluorescence signal at
enched fluorescence signal (valley bottom level)

Diffusion time
of chloride �x

H+ quenched
uorescence signal at
diffusion time of chloride �x

% H+ population at the
diffusion time
of chloride �x

0.50 s −4.23 37%
1.04 s −2.18 24%
1.78 s −1.28 22%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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detection site, it will result in a gradual increase in uorescence
intensity when protons leave the detection area. When the
Gaussian “chloride front” peak enters the detection area,
majority (over 60%) of the transient excess protons will be out of
the liquid–decane interface. When the system nally reaches its
equilibrium in a few seconds, all the transient excess protons
will be out of the liquid–oil interface and become charge-
balanced bulk-liquid protons as in a typical HCl solution;
Consequently, the uorescence signal will continue rising and
nally approaching the original level of zero.

Since “the protonic conduction from the point of the HCl
injection to the spot of the Oregon Green 488 uorescence
detection is likely through the bulk liquid phase”, we predict
that “the use of increasing buffer capacity such as from 0.1 mM
Mes to 1 mM Mes will slow down the protonic conduction”
(since the buffer could take up some of the injected acid and the
diffusion of the buffer Mes is slow) and thus “slow the
appearance of the uorescence signal with reduced amplitude”.
Furthermore, when replacing H2O by D2O, we predict that “the
appearance of the uorescence signal will be slower with
somewhat reduced amplitude, since D+ is heavier than H+,
which will thus slow the “hops and turns” conduction mecha-
nism”. All these predicted features were also conrmed through
the experimental observation.61

As recently reported,63 we further predicted that “the use of
NaCl solution would somewhat enhance the effect of the tran-
sient excess protons since the higher NaCl concentration could
slightly impede the spread of the Cl− from the injected HCl
solution relatively to the H+ conduction. Thus, the amount of
time that takes from the HCl injection to the appearance of
excess protons at the liquid–oil interface would get shorter
(faster). This predicted feature was also exactly observed in the
experiment of Fig. S1 of ref. 61”.

Therefore, as we recently discussed,63 the experimental
observation of Pohl's group61 seems well in line with the
fundamental understanding of “liquid water as a protonic
conductor”. It is important to point out that the work of Pohl's
group61 does not really support the “potential well/barrier
models” whose “activation barrier” height was claimed to be
as high as “DG°‡ z 20–30 RT”.73 Firstly, Silverstein's claimed
“DG°‡ z 20–30 RT” (around + 25 RT; note, RT is the molar
thermal kinetic energy expressed as the product of the gas
constant R and absolute temperature T) “in the liquid water
phase at the location of 0.4 nm away from the decane surface73

would be equivalent to an activation barrier of about
60.9 kJ mol−1; that is likely to be questionable since he has
never explained how could it be possible for water molecules to
form such a high activation barrier that is far much higher than
their hydrogen bond energy?” An independent study74 showed:
“the water hydrogen bond Gibbs energy DG0 is 2.7 kJ mol−1

(with DH0 = 7.9 kJ mol−1 and TDS0 = 5.2 kJ mol−1)”. For the
protonic mobility mechanism, “the activation energy EA is re-
ported to be 11.3 kJ mol−1,74,75 in contrast to Silverstein's
claimed ‘DG°‡ z 20–30 RT’ (around 60.9 kJ mol−1)”.

On the other hand, even if assuming the “potential well/
barrier as proposed by Junge and Mulkidjanian59,60 would
really exist”, then “the protons from the HCl solution that was
© 2025 The Author(s). Published by the Royal Society of Chemistry
injected into the bulk liquid phase would not have been able to
freely enter from the bulk liquid phase into the liquid–oil
interface”. Furthermore, “if somehow the protons once get into
the liquid–oil interface, then the protons would not have been
able to freely get out of the liquid–oil interface to return into the
bulk liquid phase if the potential well/barrier as proposed by
Junge and Mulkidjanian59,60 were really in its presence. In
contrast to the potential well/barrier model, the experimental
data61 demonstrated that the protons can enter from the bulk
liquid phase into the liquid–oil interface” to arrive at the
detection site at a distance of 45 mm from the HCl injection site
in 0.10 second aer the HCl injection and then completely “get
out of there freely back into the bulk liquid phase” in a few
seconds that the system takes for its equilibration.

Furthermore, if the “potential well” with a “negative DG for
the depth of the potential well near the interface (4–8 RT at 1–2
Å)” as claimed in ref. 73 were true, then a transient H+ pop-
ulation that once enters the liquid–decane interface would be
trapped there by the “potential well”, which (if true) would
predict a steady-state proton-quenched uorescence signal
plateau that would have remained as a at curve at the H+ peak-
quenched uorescence signal valley bottom level (such as
−11.36) upon and aer the diffusion time of 0.10 s as measured
at the detection site of 45 mm or a plateau that would have
appeared as a at curve at least at a level substantially below the
zero aer reaching the peak proton-quenched uorescence
signal bottom level (−11.36) aer the diffusion time of 0.10 s. In
contrast to the “potential well” proton trap prediction, no such
a proton-quenched uorescence plateau at curve was observed
in the experimental results (Fig. 6). The observed H+ population-
quenched uorescence curve (Fig. 6) showed that aer the
uorescence intensity decreased to the valley bottom point
(−11.36 at the diffusion time of 0.10 s as measured at the
detection site of 45 mm), the uorescence signal rises from the
valley bottom point (−11.36; 0.10 s) all the way up to the zero
level when the system reaches its equilibrium within a few
seconds. That is, the experimentally observed H+ sensitive
uorescence curve (Fig. 6) itself rejected the “potential well/
barrier models”. All these indicate that either the putative
potential well/barrier as proposed by Junge and Mulkidja-
nian59,60 and recently advocated by Silverstein73 “does not really
exist, or the putative potential well/barrier (even if exist) is
irrelevant to explaining the experimental results of Pohl's
group”.61

Therefore, as we recently reported,63 the experimental results
of Pohl's group61 can be explained by a transient “protonic
front” effect that is consistent with our understanding of liquid
water as a protonic conductor as shown in the “TELPs model,1,2

which does not assume, nor does require, any putative potential
well/barrier in the liquid phase”.
5. Improper application of the
Bjerrum length by Knyazev et al. 2023

Interestingly, Silverstein and Pohl's group recently published an
article38 in arguing against our understanding of the transient
RSC Adv., 2025, 15, 21108–21120 | 21117
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“protonic front” effect. Unfortunately, their argument seems
stemming from their improper use of the “Bjerrum length” that
they considered only for a single charge pair interaction, but not
for multiple charges systems like a protonic capacitor where
a transmembrane-electrostatically localized H+ charge may be
attracted by multiple transmembrane-electrostatically localized
HO− anions (Fig. 2). The Bjerrum length (which is named aer
“Danish chemist Niels Bjerrum 1879–1958”76) is “the separation
distance at which the electrostatic interaction between two
elementary charges is comparable in magnitude to the thermal
energy scale, kBT, where kB is the Boltzmann constant and T is
the absolute temperature in kelvins”. Readers will soon be able
to see how the improper application of the Bjerrum length
approach by Silverstein and Pohl's group38 to a biomimetic
Teon membrane with a thickness of 75 mm in trying to
calculate the TELP transmembrane attractive force could result
in erroneous numbers off by orders of magnitudes. More
unfortunately, Silverstein seems keeping his erroneous analysis
with “Bjerrum length” and repeatedly making awed argu-
ments even in his latest “critiques”.77 Therefore, it is important
to clarify this issue here for the scientic community.

To properly calculate the protonic transmembrane attractive
force (F), it is important to use a proper equation like eqn (3)
that includes all possible multiple charge interactions espe-
cially when the membrane thickness is larger than that of
a typical biomembrane.

For example, when a membrane thickness of 75 mm is used
as in a biomimetic Teon membrane protonic capacitor,7 “a
transmembrane-electrostatically localized H+ charge will be
able to electrostatically interact with huge numbers of
transmembrane-electrostatically localized HO− anions. For
instance, with a bird view angle of 45° from a membrane
surface, each proton will be able to electrostatically ‘see’
through the 75 mm thick Teon membrane for the HO− anions
at the other side of the membrane within an area as large as 18
000 mm2 (=3.14 × (75 mm)2). For a 75 mm thick biomimetic
Teon membrane with a TELC density of 5600 electronic
charges per mm2, the number of transmembrane-
electrostatically localized HO− anions that each
transmembrane-electrostatically localized proton can electro-
statically interact is now estimated to be about 108”. Therefore,
the “Bjerrum length” approach used by Silverstein and Pohl's
group61 could “miss to account for the protonic transmembrane
attractive force from as many as 108 TELP–TELA electrostatic
interactions for each of transmembrane-electrostatically local-
ized H+ charges”. Readers can now see how the improper
application of the Bjerrum length approach by Silverstein and
Pohl's group38 to the biomimetic Teon membrane with
a thickness of 75 mm “could result in immense analysis errors
off by orders of magnitudes”.

That is, the numbers n(+1) of transmembrane-
electrostatically localized hydroxide (OH−) anions that can
together electrostatically attract a transmembrane-
electrostatically localized proton (H+) can be as large as 108.
Consequently, the second term (multiple interactions) of the
protonic transmembrane attractive force equation (eqn (3))
becomes far more important than the rst term (single charge
21118 | RSC Adv., 2025, 15, 21108–21120
pair) in determining the amount of protonic transmembrane
attractive force. Thus, when a membrane thickness of 75 mm
(that is substantially thicker than a typical biomembrane) is
used in a protonic capacitor, although the rst term (single
charge pair attraction) of eqn (3) could decrease by orders of
magnitudes, the second term (multiple interactions) could
increase by orders of magnitudes because as many as 108

transmembrane-electrostatically localized HO− anions could
now interact with each transmembrane-electrostatically local-
ized proton.

From here, readers probably can understand why the appli-
cation of “Bjerrum length” by Knyazev et al.38 to the case of a 75
mm thick Teon membrane protonic capacitor is simply wrong:
Knyazev et al.38 just completely missed the multiple
transmembrane-electrostatic attraction effect (the second term
in eqn (3)) as illustrated in Fig. 2. Consequently, their “Bjerrum
length”-based claims that “the separation at which the elec-
trostatic interaction between two elementary charges is
comparable in magnitude to the thermal energy is more than
two orders of magnitude smaller and, as a result, the H+ and
OH− layers cannot mutually stabilize each other, rendering
proton accumulation at the interface energetically unfavor-
able”38 are just completely groundless or misconceived. So do
their claims of violating “(i) the law of electroneutrality, (ii)
Fick's law of diffusion, and (iii) Coulomb's law”,38 which are
completely out of line.

In contrast, our TELP-based analyses as outlined previously63

well follow “(i) the law of electroneutrality, (ii) Fick's law of
diffusion, and (iii) Coulomb's law”. For example, the predicted
transient “protonic front” charges are balanced with the slow
diffusing Cl− charges within the liquid droplet as we illustrated
in Fig. 4 in accordance with the law of electroneutrality.

Note, TELCs (TELPs) are held at the liquid–membrane
interface by the transmembrane-electrostatic attractive force as
illustrated in Fig. 2 and expressed mathematically in eqn (3) in
accordance with the Coulomb's law. Consequently, TELPs can
quickly translocate and diffuse along the liquid–membrane
interface and into the proton channel of ATP synthase to drive
ATP synthesis; a fraction of TELPs could also diffuse into the
bulk liquid phase during a cation–proton exchange process in
accordance with the Fick's law.

As recently discussed,63 we must again point out that the
“transient excess protons effect” in the experiment of Pohl's
group61 “was relatively weak” because there are “no excess
hydroxyl anions on the other side of the oil to enhance the
holding of the transient excess protons at the water–oil inter-
face, in contrast to that of TELPs in mitochondria”. This also
explains “why the experiments of Pohl's group61 showed
a surface pH of only ‘2–3 units below bulk pH’ while TELPs are
typically at mM levels (effective local pH about 2–3)”.1,2

Unlike a biological membrane system, the experimental
system of Pohl's group61 apparently involves an unusual tran-
sient “protonic front” effect in a single water droplet with
a liquid water–oil interface, but no transmembrane potential
and no true excess protons. Even its transient excess protons are
just in the same liquid water droplet with the countering Cl−

anions, which does not resemble to any cell bioenergetic system
© 2025 The Author(s). Published by the Royal Society of Chemistry
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that has a transmembrane potential with TELCs capacitor
comprising excess positive charges at one side of the membrane
and equal number of excess anions at the other side. Thus, the
experimental system of Pohl's group,61 strictly speaking, does
not qualify to be considered as any reasonable biomimetic
system. Consequently, although the observations in the exper-
iment of Pohl's group61 appear to be true, it is still questionable
as to whether they could have any substantial relevance to cell
energetics. That type of “study” and arguments, sometimes,
could even cause unnecessary confusions in the eld. For
example, their recent article38 passionately claims “We show
that (i) the law of electroneutrality, (ii) Fick's law of diffusion,
and (iii) Coulomb's law prevail”, in a manner similar to the
parable with one of the blind men holding an elephant's tail
and passionately claiming “elephant is a rope”.

Therefore, I hereby encourage more bioenergetics research
efforts in more relevant protonic cell systems that should have
transmembrane potential associated with certain TELCs-
membrane-TELAs capacitor comprising excess positive
charges at one side and excess anions at the other side of the
membrane.
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