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The development of terahertz science and technology has shown new application prospects in artificial
intelligence. Terahertz stimulation can lead to information communication of cells. Terahertz unipolar
picosecond pulse train stimulation can activate cell membrane hydrophilic pores and protein ion channels.
However, the effect of the envelope of the terahertz unipolar stimulation remains unknown. This paper
studies the effect of the envelope on membrane communication-related variables and the accompanying
energy consumption by a cell model with considerations of hydrophilic pores and Na*, K*-ATPase. According
to the results, terahertz unipolar picosecond pulse train stimulation can deliver the signal contained in
its envelope into the variation rates of membrane potentials no matter whether the hydrophilic pores are
activated or not and also into the variation rates of the ion flow via the pores after activation of the pores.
In contrast, the ion flow via Na*, K*-ATPase seems irrelevant to the signal in the envelope. Moreover, the ion
flows show a modulation effect on the variation rates of membrane potentials. The accompanying power
dissipations in the cases of different envelopes are similar, as low as around the level of 10~ W. The results
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lay the foundations for application in artificial intelligence, like brain-machine communications.

Introduction

With the ongoing development and applications of artificial intel-
ligence (AI) in various fields, current Al suffers many challenges
[1-7]. The capabilities and qualities of A in power consumption,
information transmission, and processing for intelligent prob-
lems like those in which high-level cognition, or perceptual-
motor tasks, etc., is involved, are far lower than those of human
brain intelligence [1,4]. In Al research, brain-machine commu-
nication is one of the frontier development directions [8-10].
The information transfer rates required for the real-time trans-
mission of whole encephalic information with all types of human
senses that human brain intelligence deals with simultaneously
exceed 100 Gb/s [11], which is far beyond the state-of-the-art
information transfer rates of both invasive and noninvasive
brain-machine communication techniques [11-14].

Currently, the development of terahertz science and technol-
ogy has revealed that terahertz waves can be generated, be
transmitted, and activate critical cell membrane ion channels
in nerve cells [15-21]. Notably, it is found that the myelin
sheath possesses an around 2-fold higher refraction index
compared to the outer medium or the inner axon [15], and it
makes the myelin sheath a dielectric waveguide suitable for
signal propagation in the mid-infrared to terahertz spectral
range, and the energy of signal propagation can be supplied
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and amplified at the nodes of Ranvier [15]. Those implicate the
approaching to the reveal of the mechanism of high-efficiency
intelligent information transmission and processing and low
power consumption of human brain intelligence and show new
application prospects of terahertz science and technology in
Al like brain-machine communications [15-19,22].

The ion transports via nerve cell membrane ion transport
pathways as well as the accompanying generated electromag-
netic signals are the bases for the information transmission
and processing of human brain intelligence [23-26] and the
information communication via brain-machine interfaces
[11-13,27,28]. Terahertz stimulation can lead to information
communication of cells due to the cause of transmembrane life
ion flows [17,18,20,21,29-35]. It is found that terahertz unipolar
picosecond pulse train stimulation can activate cell membrane
hydrophilic pores [36,37] and protein ion channels like Na*,
K*-ATPase [22]. The activation of hydrophilic pores and protein
ion channels leads to the variations of transmembrane life ion
flows and membrane potentials with low energy consumption
of ATPase [22,38-40]. The behaviors of Na*, K'-ATPase and
energy consumption in the ion flow of hydrophilic pores under
terahertz unipolar stimulation are numerically investigated, and
it is shown that Na*, K*-ATPase can be activated and stay acti-
vated for a while before closing with a power dissipation of
around 10" W in 2 types of cells, i.e., neurons and myocytes,
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in a narrow frequency band of 0.1 to 1.2 THz [22]. Moreover,
the membrane potential variations in a cell under terahertz uni-
polar stimulation with a special signal, i.e., a triangle envelope,
are investigated, and the investigation results show that during
the variations of the membrane potentials, the variation rates
of the membrane potentials contain the triangle envelope sig-
nal [40]. Cell membrane potentials and transmembrane life
ion flows are the basic variables of biological cells that are
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closely correlated to cell membrane information communi-
cation [18,23,41-43], for example, as shown in Fig. 1A. However,
it remains unknown the effect of the signal contained in the
terahertz unipolar picosecond pulse train on those cell mem-
brane communication-related variables and accompanying power
dissipations.

In this paper, the effects of the signal contained in the
envelope of the stimulation are numerically investigated. The
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Fig. 1. (A) Communication via the cell membrane, during which membrane potential and transmembrane life ion flow are critical variables related to the cell membrane. By the
variations of membrane potential and ion flow after neurotransmitter release of chemical synapses [23,42] or the direct action of electrical synapses [41,43] or the action of both
[41,43], the signal (marked by a red arrow) can be transmitted to the cell (marked by a pink arrow). (B) Stimulation of a terahertz unipolar picosecond pulse train with the signal
in the envelope (marked by a dark red arrow) to the cell. The Gauss envelope is shown here for an example. The cell is placed in a spherical coordinate system, where z is parallel
to the terahertz electric field, r is the radial direction that is the normal vector of the cell membrane at any position, and @ is the polar angle that is the angle between the z axis
and the r axis in the range of 0 to z. (C to E) Schematic illustrations of 6-ns, 0.8-THz unipolar picosecond pulse trains with different envelopes. The inset in each illustration is
the enlarged view of the pulse train in the time domain at an arbitrary instant, for example, around 5 ns. (C) Gauss envelope. (D) Trapezoid envelope. (E) Rectangular envelope.
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theoretical modeling of the relationships of the cell membrane
communication-related variables and accompanying power
dissipation to the envelope of terahertz unipolar stimulation
and the numerical methods are described in Methods. The
results are presented in Results and are discussed and con-
cluded in Discussion and Conclusion, respectively.

Results

The cell is under terahertz unipolar stimulation with signals in
its envelope, and then the stimulation is switched off, as illus-
trated in Fig. 1B. The stimulation is of Gaussian, trapezoid, or
rectangular envelope lasting for 6 ns, whose electric field wave-
forms are illustrated in Fig. 1C to E, respectively. After the
stimulation, the numerical calculations continue for 9 ns. The
standard error for the results is zero in the statistical tests
because the results are the same in each simulation repeat.

Effect of the envelope on membrane potentials
Variations of membrane potentials by stimulation with

a Gaussian envelope

As we can see from Fig. 2, under stimulation, the membrane
potentials increase first and then decrease with different extents
at each polar angle 6 except 8 = /2. Obviously, those variations
can be divided into 2 groups. The first is a steep increase fol-
lowed by a much slower decrease toward zero, including all 8
except @ = /2 in Fig. 2A; 0 = 0, 7/6, n/3, 22/3, and 57/6 in Fig.
2B; and 6 = 7/3 and 2#/3 in Fig. 2C. The second is a steep
increase followed by a steep decrease, including 6 = x in Fig.
2B and 8 =0, /6, 52/6, and x in Fig. 2C. From Fig. 2D to E, it
can be seen that the membrane permeability conductivities

caused by the hydrophilic pores are different at different angles
0, and thus, the pores are not uniformly distributed on the
sphere of the membrane. By comparison of Fig. 2A to C with
Fig. 2D to E it is apparent that the difference in the variations
between those 2 groups is attributed to the activation of cell
membrane hydrophilic pores in the second group. In the first
group, the hydrophilic pores are hardly ever activated, as shown
in Fig. 2D to F. In contrast, in the second group, the activation
of hydrophilic pores induces massive transmembrane ion flows
[22,39], which accelerate the decrease in membrane potentials
toward zero, thus leading to the difference.

Moreover, as shown in the insets in Fig. 2A to C, the mem-
brane potentials vibrate at a terahertz frequency in the processes
of those variations during the stimulation (from 0 to 6 ns), and
additionally, the vibration is more marked in the first group
than in the second group. The reasons are as follows: The tera-
hertz unipolar picosecond pulse train is composed of many
picosecond pulses (g7, (t) = 1 in Eq. (1)) separated by picosec-
ond intervals (g5 () = 0 in Eq. (1)), as seen in the insets in
Fig. 1C to E. The picosecond pulses lead to marked changes in
membrane potentials (g, () = 1 in Eq. (7)), and contrarily,
the picosecond intervals themselves lead to seldom change in
the potentials (g7, (f) = 0 in Eq. (7)). The difference in the
induced changes in membrane potentials between the pulses
and the intervals leads to the vibration of the membrane poten-
tials at a terahertz frequency. Additionally, because the activa-
tion of hydrophilic pores in the second group leads to marked
change in membrane potentials, which masks the vibration,
the vibration is less marked in the first group. The induced
changes in membrane potentials are further depicted by the
variation rates of membrane potentials, as shown in Fig. 3.
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Fig. 2. Membrane potentials at @ = 0, z/6, z/3, z/2, 27/3, 57/6, and = versus time in the case of 6-ns, 0.8-THz unipolar stimulation with Gauss envelopes at amplitudes
of 0.9 x 107 (A), 2 x 107 (B), and 3.68 x 107 V/m (C). Membrane conductivities at 0 = 0, z/6, z/3, z/2, 2x/3, 52/6, and x versus time in the case of 6-ns, 0.8-THz unipolar
stimulation with Gauss envelopes at amplitudes of 0.9 x 107 (D), 2 x 107 (E), and 3.68 x 10’ V/m (F).
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Fig. 3. (A) Variation rates of membrane potentials (MPs) at 0 = 0, z/6, z/3, n/2, 2z/3, 5x/6, and = versus time in the case of 6-ns, 0.8-THz unipolar stimulation with Gauss
envelopes at an amplitude of 0.9 x 107 V/m. (B) Variation rates of MPs at @ = 0, z/6, z/3, /2, 2x/3, 5z/6, and x versus time in the case of 6-ns, 0.8-THz unipolar stimulation
with Gauss envelopes at an amplitude of 2 x 107 V/m. (C) Variation rates of MPs at @ = 0, #/6, /3, z/2, 22/3, 52/6, and x versus time in the case of 6-ns, 0.8-THz unipolar
stimulation with Gauss envelopes at an amplitude of 3.68 x 107 V/m.
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Figure 3A shows the variation rates of membrane potentials
with respect to time at an amplitude of 0.9 x 10" V/m. Due to
the relatively low amplitude and short duration of the stimula-
tion in this case, the terahertz unipolar stimulation does not
activate cell membrane hydrophilic pores (see Fig. 2D). As we
can see from Fig. 3A, the variation rates have Gaussian enve-
lopes during the stimulation. Furthermore, the amplitudes of
the Gaussian envelopes are larger near the 2 poles of the cell at
6 = 0 and x than near the equator of the cell at @ = 7/2.

In the case of 2 x 10" V/m terahertz unipolar stimulation,
hydrophilic pores are activated in the cell membrane at @ = zand
are not activated at 6 = 0, 7/6, 7r/ 3, /2, 27/3, and 57/6 (see Fig.
2E). Similar to the case of 0.9 X 10” V/m terahertz unipolar stimu-
lation, the variation rates of membrane potentials have Gaussian
envelopes at @ = 0, 7/6, 7/3, 7/2, 27/3, and 57/6 (see Fig. 3A and
B). The difference takes place at @ = 7 where the hydrophilic pores
are activated. As we can see, before the activation of the hydro-
philic pores at @ = 7 (see around <4.8 ns 1n Fig. 2E), the envelope
of the variation rates 1n the case of 2 X 10" V/m is similar to that
in the case of 0.9 x 10’ V/m (see Fig. 3A and B). After the activa-
tion of the hydrophlhc pores (around >4.8 ns), the envelope in the
case of 2 X 107 V/m shows obvious difference from that in
the case of 0.9 X 10" V/m at @ = z (see Fig. 3A and B). Although
the envelope maintains the part of the Gaussian envelope, the base-
line that the envelope mounts on is not at 0 any longer but has a
positive value that has a tendency to decrease toward 0 (see Fig.
3B). This is the modulation effect of massive transmembrane ion
flows I, induced by the activation of hydrophilic pores. Because
1, is added to the variation rates of the membrane potential as a
basehne according to Eq. (8), the activation of hydrophilic pores
changes the baseline from zero to a nonzero value, and the base-
line varies with the variation of the ion flows Ly that is, a tendency
to decrease toward 0 (see the Na* ion flow via the pores in the
case of 2 x 10" V/m in the section after next section, for example).
Moreover, because I, is added in the form of its opposite number
from Eq. (8), the sign of the baseline is opposite to the sign of the
variation rates that are prior to the activation of hydrophilic pores,
and in this case, it is positive.

Furthermore, the hydrophilic pores are activated in a larger
range of the cell membrane and are actlvated earlier in the case
of 3.68 X 10’ V/m than in the case of 2 x 10" V/m (see Fig. 2F
and E). Therefore, the hydrophilic pores are activated at more
polar angles (8 = 0, 7/6, 57/6, and 7 in F1g 3C) in comparison
with that at @ = 7 in the case of 2 X 10’ V/m (Fig. 3B), and the
time duration of the Gaussian envelope at those polar angles
before the activation becomes shorter, but the time duration of
the Gaussian envelope that mounts on the nonzero baseline
becomes longer (see Fig. 3B and C). Likewise, the envelopes of
the variation rates at 6 = z/3, 7/2, and 27/3 where the hydro-
philic pore is not activated are Gauss1an which are similar to
those at all @ in the case of 0.9 x 10 V/m and at 0 =0, 7/6, 7/3,
7/2, 271/3, and 57/6 in the case of 2 X 10’ V/m (see Fig. 3).

Variations of membrane potentials by stimulation with
trapezoid and rectangular envelopes

Figure 4A and B respectively show the variation rates of mem-
brane potentials under 0.8-THz unipolar stlmulatlon with
trapezoid and rectangular envelopes in the case of 2 X 10" V/m.
By comparing Fig. 4A and B with Fig. 3B, it can be seen clearly
that the relationships of the variation rates of membrane poten-
tials with the envelope of the stimulation are the same as those
in the case of a Gaussian envelope both before and after the

Bo et al. 2025 | https://doi.org/10.34133/research.0755

activation of hydrophilic pores. That is to say, under terahertz
unipolar stimulation with a trapezoid envelope, the envelope
of the variation rates of membrane potentials is a trapezoid or
part of the trapezoid mounting on the zero baseline at a polar
angle @ when hydrophilic pores are not activated. Furthermore,
the envelope of the variation rates of membrane potentials becomes
part of the trapezoid mounting on the nonzero baseline that has a
tendency to decrease toward zero at & when hydrophilic pores are
activated. Likewise, under stimulation with a rectangular envelope,
the envelope of the variation rates of membrane potentials is rect-
angular or part of the rectangle mounting on the zero baseline at
6 when hydrophilic pores are not activated. Moreover, the envelope
of the variation rates of membrane potentials is part of the rectangle
mounting on the nonzero baseline that tends toward zero at § when
hydrophilic pores are activated.

Furthermore, it is clear from Figs. 3B and 4A and B that the
envelope of the variation rates of membrane potentials reflects
the envelope of the terahertz unipolar picosecond pulse train
stimulation. That means that the variations of membrane
potentials can reflect the signals carried in the envelope of tera-
hertz unipolar stimulation.

Effect of the envelope on transmembrane

life ion flows

Effect on ion flows via hydrophilic pores

In comparison of Figs. 5A to C and 2D to F, we can see that
before the activation of hydrophilic pores, the ion flow via the
pores is zero. Moreover, at the time when the hydrophilic pores
are activated, there is a sudden increase in the ion flow from 0.
This is due to the sudden increase in membrane conductivity
at the time that hydrophilic pores are activated (see Fig. 2D
to F). After the activation, the increase rate of the membrane
conductivity slows down and the conductivity becomes nearly
steady soon (see Fig. 2D to F). When the conductivity is nearly
steady, the variations of the ion flows via hydrophilic pores are
nearly exclusively a result of the variations of membrane poten-
tials, and then the ion flows decrease as the membrane poten-
tials decrease. That is why the variation tendencies of the ion
flows shown in Fig. 5A to C are similar to the variation tenden-
cies of membrane potentials shown in Fig. 2A to C after the
activation. Meanwhile, the variations of the ion flows are dif-
ferent during the pulses and the intervals of the terahertz uni-
polar picosecond pulse train, which leads to the slight vibration
of the ion flows at a period of picosecond, which corresponds
to a terahertz frequency, during the stimulation, as shown in
the insets in Fig. 5A to C. The induced changes in ion flows are
further depicted by the variation rates of the ion flows, as shown
in Figs. 5D and E and 6A.

As we can see in Figs. 5D and E and 6A, the variation rates of
ion flows remain zero at 6 when hydrophilic pores are not acti-
vated. At the time that hydrophilic pores are activated, the varia-
tion rates have a large peak. This is because of the sudden increase
in the ion flows from 0 to maxima. After that, similar to the case
of membrane potentials, the variation rates of ion flows have part
of the Gaussian envelope mounting on a nonzero baseline, which
has a tendency to decrease toward 0 during the stimulation. This
is because the ion flows nearly exclusively vary with membrane
potentials after the activation of hydrophilic pores.

As we can see from Fig. 6B and C, the variation rates of ion
flows have part of the trapezoid envelope and rectangular enve-
lope, respectively, under the stimulations with trapezoid and
rectangular envelopes.
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Fig. 4. (A) Variation rates of MPs at 6 = O, #/6, #/3, z/2, 2n/3, 52/6, and = versus time in the case of 6-ns, 0.8-THz unipolar stimulation with trapezoid envelopes at an
amplitude of 2 x 107 V/m. (B) Variation rates of MPs at @ = 0, #/6, #/3, z/2, 22/3, 52/6, and x versus time in the case of 6-ns, 0.8-THz unipolar stimulation with rectangular

envelopes at an amplitude of 2 x 107 V/m.

Effect on ion flows via Na*, K*-ATPase

Since the ion concentration variations are nearly ignorable
for Na* and K ions (see Fig. S1), the activation and the ion
flow variations of Na*, K*-ATPase are mainly caused by the
variations of membrane potentials, which are induced by both
the electric field of terahertz unipolar stimulation in Eq. (1)
and the ion flows via hydrophilic pores in Eq. (11). The cor-
responding Na* ion flows of Na*, K"-ATPase as the mem-
brane potentials vary under the stimulation with Gaussian
envelopes of 3 different amplitudes in Fig. 2A to C are shown
in Fig. 7A to C.

It can be seen from Fig. 7A that under stimulation at an
amplitude of 0.9 X 10’ V/m, the ion flows at = 0 and 7/6
increase steeply to the maximum and then they stay nearly
invariant, and the ion flows at @ = 7/3 increase to the maximum
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and then decrease. At a larger amplitude of 2 X 10" V/m seen
from Fig. 7B, the ion flows at & = 7/3 increase to the maximum
and then stay nearly invariant instead of markedly decreasing,
and in addition, ion flows at @ = 0 show an extraordinary
opposite-direction-varying peak at around 6 ns due to the inhi-
bition effect [22,32]. At a further larger amplitude of 3.68 X
107 V/m seen from Fig. 7C, the ion flows at § = 0 and /6 show
a larger extraordinary opposite-direction-varying peak at
around 3 ns due to the inhibition effect, and the ion flows
at @ = 7/3 also show an extraordinary opposite-direction-
varying peak at around 6 ns. Thus, the larger the amplitude,
the larger the extraordinary opposite-direction-varying peak
due to the inhibition effect. Likewise, the induced changes in
ion flows are further depicted by the variation rates of the ion
flows, as shown in Fig. 8.
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vertical axis.

The variation rates of the Na* ion flows of Na*, K*-ATPase
with respect to time under stimulation at an amplitude of 0.9 X
10" V/m are shown in Fig. 8A. It can be seen from the figure
that the envelopes of the variation rates show sudden increases
to maxima followed by gradual decreases to zero at = 0 and
7/6. As the duration of the increase to the maximum is longer
at @ = 7/3 than that at @ = 0 and 7/6 (see Fig. 7A), the duration
of the sudden increase followed by a gradual decrease is longer
at @ = 7/3 (see Fig. 8A). Moreover, the baseline after that dura-
tion has a negative value instead of being zero at 6 = 7/3 (see
Fig. 8A), because of the obvious decrease in the Na* ion flows
after reaching the maximum (see Fig. 7A).

In the case of 2 x 10’ V/m terahertz unipolar stimulation as
shown in Fig. 8B, the envelopes of the variation rates of the Na*
ion flows show a sudden increase followed by a gradual decrease
at @ = 0, 7/6, and 7/3 at first, which is similar to that at 6 = 0,
/6, and /3 in the case of 0.9 x 10" V/m. However, after that
(around time >3 ns in Fig. 7B), the Na* ion flows at = 0 and
7/6 do not become invariant but have slight extraordinary
opposite-direction-varying peaks due to the slight inhibition
effect, so the variation rates have corresponding envelopes for
these at these angles (see Fig. 8B). In contrast, since the Na*
ion flow at @ = 7/3 becomes nearly invariant after around
time >3 ns (see Fig. 7B), the variation rate is nearly 0 then at
0 = /3 (see Fig. 8B), which is similar to that at & = 0 and 7/6
in the case of 0.9 X 10" V/m (see Fig. 8A).

Furthermore, in the case of 3.68 x 10’ V/m terahertz uni-
polar stimulation as shown in Fig. 8C, at 8 = #/3, there is a
slight inhibition effect similar to that at # = 0 and #/6 in the
case of 2 X 10" V/m terahertz unipolar stimulation, so the varia-
tion rates have a similar envelope for this after a sudden increase
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followed by a gradual decrease (around time >3 ns). At 6 =0
and /6, after the increase to the maxima, the ion flows have a
marked extraordinary opposite-direction-varying peak at
around 3 ns due to the strong inhibition effect (see Fig. 7C).
Therefore, the variation rates at = 0 and /6 have a marked
negative envelope followed by a marked positive envelope at
around 3 ns (see Fig. 8C). After that, the ion flows at § = 0 and
7/6 decrease to zero at around 6 ns as the membrane potentials
decrease. Hence, at around 6 ns, the variation rates at § = 0 and
7/6 decrease to negative maxima followed by a sudden return
to zero (see Fig. 8C).

Figure 7D and E show the Na* ion flows of Na*, K*-ATPase
under terahertz unipolar stimulation with trapezoid and rect-
angular envelopes. It is clear that most of the nonzero ion flows
have marked extraordinary opposite-direction-varying peaks.
Then, the variation rates at those 6 as shown in Fig. 9A and B
have the corresponding 3 parts, which are similar to these at
0 = 0 and #/6 in Fig. 8C in the case of a Gaussian envelope.
One exception of the nonzero ion flows is at # = z/3 in Fig.
7D, which has a slight extraordinary opposite-direction-vary-
ing peak. Then, the variation rates at & = z/3 in Fig. 9A have
the corresponding 2 parts, which are similar to those at 6 = 7/3
in Fig. 8C in the case of a Gaussian envelope.

It is clear that the Na*, K*-ATPase ion flows as well as their
variation rates seem to not reflect the envelopes of the terahertz
unipolar stimulation.

Effect of the envelope on power dissipation

From Fig. 10, it can be seen that the accompanying power dis-
sipations are similar in the cases of Gaussian, trapezoid, and
rectangular envelopes, as low as around the level of 107" W.
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Fig. 6. (A) Variation rates of the transmembrane Na™ flow via hydrophilic pores at 8 = 0, z/6, z/3, z/2, 2x/3, 52/6, and z versus time in the case of 6-ns, 0.8-THz unipolar
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Therefore, it might mean that the power dissipations remain
nearly stable when stimulating with different signals by tera-
hertz unipolar picosecond pulse trains.

Discussion and Conclusion

This study focuses on the effects of the envelope of terahertz
unipolar stimulation on cell membrane communication-related
variables, membrane potentials, and transmembrane life ion
flows, with considerations of the hydrophilic pores and Na™,
K*-ATPase. It is worth mentioning that the interaction of the
electromagnetic stimulation at terahertz frequencies and the
natural vibration motions in cell membrane molecules might
have influence on the ion flows, and then the conductance in
Eq. (8) and the diffusion coeflicients in Eqs. (11) and (12) might
be influenced. For example, molecular dynamics simulations
show that the conductance is 4 times at 0.1 THz for a KcsA
channel due to the effects of terahertz waves [44]. However, the
conductance in Eq. (8) and the diffusion coefficients in Egs. (11)
and (12) play trivial roles in the effect of the envelope of terahertz
unipolar stimulation on cell membrane communication-related
variables, and the possible changes in those parameters due to
the effects of terahertz waves have insignificant influences (see
the Supplementary Materials). In the literature [22], it is shown
that the effects in a narrow terahertz range from 0.1 to 1.2 THz
are almost the same in the case of the same amplitudes of the
electric field in vacuum of a terahertz pulse train, and it remains
unknown whether the effects at frequencies other than this
terahertz range 0.1 to 1.2 THz are the same or not. Moreover,
since the dielectric constant varies with respect to frequency, the
same electric field in vacuum at different frequencies within
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0.1 to 1.2 THz corresponds to different macroscopic electric
fields. Therefore, although the terahertz unipolar stimulation
contains the dc component, it does not indicate that the pri-
mary effect of the terahertz unipolar stimulation within this
narrow terahertz range is due to the dc electric field and is
unrelated to terahertz. Besides the influence on the dielectric
constant that relates the macroscopic electric field to the electric
field in vacuum, the terahertz pulse train’s role is further studied
by stimulation of only the envelope signal, i.e., a 6-ns Gauss
pulse (see Fig. 11A), and making comparison with the case
under stimulation in Fig. 1C. By comparisons of Fig. 11B and
C and Figs. 2A to C and 3A to C, it is clear that the membrane
potentials do not vibrate and the Gaussian shape is reflected
directly by the shape of the variation rate of the membrane
potentials instead of by the shape of the envelope of the varia-
tion rate of the membrane potentials because of the lack of the
vibration of the membrane potentials when the stimulation of
only the envelope signal is applied. Therefore, under the stimu-
lation of the terahertz unipolar picosecond pulse train with
signals contained in the envelope, the envelope signals deter-
mine the shape of the envelope of the variation rates of the
membrane potentials, and the terahertz pulse train induces the
vibration of the membrane potential with a frequency the same
as the stimulation frequency and it plays the role of a signal
carrier. In addition to the 6-ns envelope signals (see Fig. 1C to
E), the signals carried on the envelope of the stimulation can
be any other waveforms, for example, 0.02-ns-duration Gauss
pulses (see Fig. 11D to F), as long as they can be modulated
on the amplitude of the terahertz pulse train. The development
of detection techniques for cell membrane communication-
related variables in picosecond time resolution is necessary for
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Fig. 8. (A) Variation rates of the transmembrane Na* flow via Na*, K*-ATPase at 6 = 0, 7/6, #/3, 2/2, 27/3, 52/6, and x versus time in the case of 6-ns, 0.8-THz unipolar
stimulation with a Gauss envelope at an amplitude of 0.9 x 107 V/m. The insets are the enlarged views in vertical axes. (B) Variation rates of the transmembrane Na* flow via
Na*, K*-ATPase at 0 = 0, #/6, z/3, /2, 21/3, 52/6, and  versus time in the case of 6-ns, 0.8-THz unipolar stimulation with a Gauss envelope at an amplitude of 2 x 107 V/m.
The insets are the enlarged views in vertical axes. (C) Variation rates of the transmembrane Na* flow via Na*, K*-ATPase at 6 = 0, #/6, 7/3, n/2, 2z/3, 52/6, and z versus time
in the case of 6-ns, 0.8-THz unipolar stimulation with a Gauss envelope at an amplitude of 3.68 x 107 V/m. The insets are the enlarged views in vertical axes.
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Fig. 9. (A) Variation rates of the transmembrane Na* flow via Na*, K*-ATPase at 6 = 0, 7/6, z/3, z/2, 22/3, 57/6, and z versus time in the case of 6-ns, 0.8-THz unipolar
stimulation with a trapezoid envelope at an amplitude of 2 x 107 V/m. The insets are the enlarged views in vertical axes. (B) Variation rates of the transmembrane Na* flow via
Na*, K*-ATPase at @ = 0, z/6, n/3, n/2, 2x/3, 57/6, and = versus time in the case of 6-ns, 0.8-THz unipolar stimulation with a rectangular envelope at an amplitude of 2 x

107 V/m. The insets are the enlarged views in vertical axes.

experimental measurements, such as the application of the
terahertz time-domain spectroscopy technique. Moreover, the
simulation methods in this study can be applied when the wave-
length of the terahertz stimulation is far larger than the cell
sample and can be used for outputs of membrane potential and
ion flow variations with the inputs of the cell size and terahertz
unipolar stimulation parameters.

Terahertz unipolar picosecond pulse train stimulation can
induce the vibration of cell membrane potentials at a terahertz
frequency and deliver the signal contained in its envelope into
the variation rates of the membrane potentials for further signal
processing and transmission by cells’ physiological processes.
This is additionally a potential way of transferring information
from terahertz stimulation into biological cells. The effect of
terahertz unipolar picosecond pulse train stimulation being
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able to activate cell membrane Na*, K*-ATPase and hydrophilic
pores [22,36,37] and the characteristic of terahertz unipolar
picosecond pulse train stimulation being able to deliver its sig-
nals into cell membrane potentials make terahertz unipolar
picosecond pulse train stimulation have versatile applications,
which are beyond applications as end/reset signals [22] and are
achieved by varying its electromagnetic parameters, such as
amplitude.
In conclusion, signals can be contained in the envelopes of
a terahertz unipolar picosecond pulse train by amplitude mod-
ulation. By modulation with Gaussian, trapezoid, and rectan-
gular pulses, a terahertz unipolar picosecond pulse train can
have Gaussian, trapezoid, and rectangular envelopes. The
effects of the signal contained in the envelope of the stimula-
tion on cell membrane communication-related variables,
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Fig.10. Average power dissipation of Na*, K*-ATPase in the case of Gauss envelopes
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and rectangular envelopes at an amplitude of 2 x 107 V/m.

the membrane potentials and transmembrane life ion flows,
and the accompanying power dissipations are theoretically
studied.

Under stimulation with a terahertz unipolar picosecond
pulse train, cell membrane potentials vary accordingly. During
their variations, the membrane potentials vibrate at a terahertz
frequency. Furthermore, the variation rates of the membrane
potentials reflect the envelope of the terahertz unipolar stimula-
tion. That is to say, under stimulation with a Gaussian envelope,
the envelope of the variation rates of the membrane potentials
is Gaussian. Moreover, under stimulation with trapezoid and
rectangular envelopes, the envelopes of the variation rates are
trapezoidal and rectangular, respectively.

After the activation of cell membrane hydrophilic pores,
the envelope of the variation rates of the ion flows via hydro-
philic pores can reflect part of the envelope of the terahertz
unipolar stimulation. Moreover, at this time, the envelopes
of the variation rates for both the membrane potentials and
the ion flows via hydrophilic pores have nonzero baselines,
as a result of the modulation effect of the massive trans-
membrane ion flows caused by the activation of hydrophilic
pores.

Furthermore, after the activation of cell membrane Na*, K*-
ATPase, the envelope of the variation rates of the ion flows via
Na*, K*-ATPase shows a close correlation with the amplitude
of the stimulation. Moreover, the relationships to the amplitude
of the stimulation seem similar in the cases of the stimulations of
Gaussian, trapezoid, and rectangular envelopes.

The power dissipations of Na*, K"-ATPase show no big dif-
ference and remain nearly stable at an extremely low level
when stimulating with Gaussian, trapezoid, and rectangular
signals by means of terahertz unipolar picosecond pulse trains.

This study contributes to uncovering the mechanism of
nerve cell membrane information transmission and processing
in which terahertz electromagnetic signals are involved and
lays the basis for the application of terahertz science and tech-
nology in A, like brain-machine communications.
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Methods

Signals contained in the envelope of a terahertz
unipolar picosecond pulse train

As for an amplitude-modulated terahertz unipolar picosecond
pulse train, the signals can be contained in its envelope. Its
electric field is given by

E®)=Ep(D)- Y gajp(t—n-T) )

n=—0oo

where T is the period of the unipolar picosecond pulse train,
nis an integer, and gy, (t — n - T) is a single unipolar picosec-
ond pulse at time ¢t = n - T. g,(f) is a gate function that can
be expressed by

1, |t|<T/4

t) =
S/ {0, It]> T /4 @

E,,.(t) is the envelope. In the case of a Gaussian envelope, it is

Eony Gauss®) =Ep - exp[—(t = PW/2)*/2/(PW/6)*] (3)

where E,, is the amplitude of the stimulation. PW is the stimula-
tion duration; in this study, the electric field E,,, ;,,.(f) is trun-
cated and neglected at £ < 0 and t > PW when the electric field
is less than 1.11% of the amplitude E,,,.

In the case of a trapezoid envelope, it is

4E, /PW-t, 0<t<PW/4
Eenvjrape(t) =3E,. PW/4<t<3-PW/4

—4E, /[PW-(t—PW), 3-PW/4 <t <PW
(4)

In the case of a rectangular envelope, it is
Eeny_rect(t) = Ey, - gpy(t—PW/2) (5)

Cell membrane potentials under terahertz unipolar
stimulation with signals contained in the envelope
The terahertz unipolar picosecond pulse train containing sig-
nals in its envelope stimulates a cell with a 6.6-pm diameter.
Then, the membrane potential of the cell is given by the super-
position principle of electric field as

Vin = m_physiol T Vin_THz (6)

where V,, .o is the cell physiological membrane potential
and V,, 1y, is the membrane potential induced by the stimula-
tion. V,, 15, has a positive correlation with the electric field of
the stimulation, which can be written as

Vo THz ~ C, - E(t) - cosb (7)

where C, is a constant and @ is the polar angle in the spherical
coordinate system and denotes the angle between the terahertz
electric field (z axis) and the normal vector of cell membrane (the
radial line r), where the geometric center of the cell is at the origin
in the spherical coordinate system, as shown in Fig. 1B.

Based on the principle of transmembrane current continuity
at the whole cell membrane, in which the capacitive current is
taken into consideration, the variation rate of membrane poten-
tial with time is
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Fig.11. (A) Schematic illustration of a 6-ns Gauss pulse, which is the envelope in Fig. 1C. (B) MPs at 9 = 0, #/6, z/3, z/2, 27/ 3, 5/6, and z versus time in the case of 6-ns Gauss
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at an amplitude of 2 x 107 V/m. (D) Schematic illustration of a 6-ns, 0.8-THz unipolar picosecond pulse train whose envelope is a 0.02-ns-duration Gauss pulse train. (E) MPs
at0=0,2/6, z/3, z/2, 2n/3, 52/6, and = versus time in the case of 6-ns, 0.8-THz unipolar picosecond pulse train stimulation whose envelope is a 0.02-ns-duration Gauss
pulse train at an amplitude of 2 x 107 V/m. (F) Variation rates of MPs at @ = 0, z/6, #/3, z/2, 2/3, 57/6, and x versus time in the case of 6-ns, 0.8-THz unipolar picosecond
pulse train stimulation whose envelope is a 0.02-ns-duration Gauss pulse train at an amplitude of 2 x 107 V/m. The insets are the enlarged views in the time domain.

an_ 81 IP
7——C—m( m=V, st)_c_m

re.
where g; is the membrane conductance of total physiological
ion channels, C,, is the membrane capacitance, V,,, is the

res

(8)
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physiological resting membrane potential, and I, is the total

current of life ions via hydrophilic pores.

The shortest wavelength of the terahertz electromagnetic
wave of the terahertz unipolar stimulation in the cellular
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aqueous environment is far larger than the size of the cell
(diameter of 6.6 pm) and also larger than the cell system in the
simulation (diameter of 19.8 pm) in this study, so it is a quasi-
magnetostatic problem. Therefore, due to the negligible phase
difference of the electromagnetic field of the terahertz unipolar
stimulation within the cell system, the electric field of the tera-
hertz unipolar stimulation is approximately uniform spatially.
Then, it follows that the electric field of the terahertz unipolar
stimulation is an approximately irrotational field. Furthermore,
the electric field that forms the physiological resting membrane
potential is also an irrotational field. Then, the electric fields in
intracellular and extracellular environments satisfy the Laplace
equation of scalar electrical potential ® as

{ Vi, =0

Vi, =0 ©)
where @, and @, are respectively intracellular and extracellular
electrical potentials. The electric field is the negative gradient
of the scalar electrical potential @, i.e., —V®. The terahertz
pulses have influences on the electrical potentials @ in the cell
system and further have influences on the charge distribution
and potential distribution, and the influences are reflected
mainly on the membrane potential owing to the electric neu-
trality in bulk solution in intracellular and extracellular envi-
ronments [34]. The membrane potential can be calculated by

V,=0,—®, (10)

As we can see from the above equations, the membrane
potential is a function of both terahertz electric fields and
transmembrane life ion flows.

Transmembrane ion flows and power dissipations
under stimulation with signals contained

in the envelope
The transmembrane flow of each type of ion via hydrophilic
pores is formulated by a generalized modified Poisson-Nernst—
Planck model [39,45] as
__bF5 —v, Dy 2yt Nag; V'
imw==——®T1 7 ~DiVg- N v 3
u m 1- zj:l NAaj ¢
(11)
where D; is the diffusion coefficient of the j type of ions, ¢; is the
ion concentration, F is the Faraday constant, Z] is the valence,
R, is the gas constant, T'is the Kelvin temperature (309 K), d,, is
the membrane thickness, N, is the Avogadro constant, and a; is
the effective ion radius. The membrane thickness is 5 nm accord-
ing to the thickness of the ?hospholipid bilayer [46]. The effective
ion radii for Na*, K¥, Ca™*, and CI~ are respectively 3.58, 3.31,
4.12,and 3.32 A from experimental measurements [47-49]. The
diffusion coefficients for Na*, K*, and Cl™ are respectively
1.33 X 107°,1.96 x 10~°, and 2.07 x 10~° m?/s based on experi-
mental measurements [49-51], and that for Ca** is 1.4 X 10~ m?/s
based on experimental measurements [52,53].
Then, the variation rate of the ion flow with time is

ot~ ot\ R,Td,
N 3
9 o| Pi6i Zici N,ua;Ve (12)
ot (Dchj> ot N 3
1- Zj=1 NAaj Cj
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where ¢; , and ¢, ; are the extracellular and intracellular ion
concentrations of the j type of ions, respectively.

From Egs. (11) and (12), since the intracellular and extracel-
lular ion concentrations are nearly invariant with time espe-
cially during the stimulation [22,39], the variation rate of the
ion flow via hydrophilic pores is primarily dominated by the
membrane potentials, which are correlated to the electric field
of the terahertz unipolar pulse train. The hydrophilic pores
activated by the terahertz unipolar pulse train containing sig-
nals in the envelope are evaluated by the Neu and Krassowska
electroporation model [22,37,39,49].

In addition, the transmembrane ion flows via Na*, K*-
ATPase is formulated by the Na*, K*-ATPase model [22,54].
The Na* ion flow is given by

]Nu_ATPase = 3Fc : chc(Vm) /qele/NA (13)

where F, is a factor, g,,, is the elementary charge, v, (V,,) is the
steady-state cycle rate of ATPase, which is a function of mem-
brane potential V,,,.

The K" ion flow is related to the Na* ion flow according to
the stoichiometry of Na*, K*-ATPase ion transport, and can

be expressed by

Jk_atPase = =2/ 3 * INa_ATPase (14)

Then, the variation rate of the ion flow is related to the

steady-state cycle rate v,

9] Na_ATPase 7}
;)—t=3Fc/qele/NA'a[vcyc(vm)] (15)
The power dissipation of Na*, K*-ATPase is a function of
the ion flow Jyy, rpas.- After substituting Jy, srpas With Eq. (13),
the power dissipation is expressed by

PATPase = QATP : Fc : chc(Vm) /qele/NA (16)

where Q,p is the hydrolysis energy of one adenosine triphos-
phate molecule, which is equal to 10 - kT.

According to Egs. (13) to (16), the ion flow via Na*, K*-
ATPase and the accompanying power dissipations are also
functions of membrane potentials.

Numerical methods
In order to study the relationships of the cell membrane
communication-related variables membrane potentials and
transmembrane life ion flows and the accompanying power
dissipations with the envelope of the terahertz unipolar stimu-
lation, equations are simultaneously solved in a spherical coor-
dinate system numerically by finite difference in time domain.
Membrane potentials are calculated numerically by Egs. (6)
and (8) to (10). In the calculation of the membrane potentials,
the initial condition ®, — ®, =V, is applied. Furthermore,
under the stimulation of the terahertz unipolar pulse train with
signals in the envelope, the boundary condition ®, = E(t) - d -
cosf is applied, where d is the size and E(t) is the stimulated
electric field in vacuum that is equivalent to the macroscopic
electric field multiplied by the frequency-dependent dielectric
constant. Meanwhile, the transmembrane life ion flows and power
dissipations are calculated accordingly by Egs. (11) to (16).
Then, the relationships of the membrane potentials V,,,
transmembrane Na™ ion flows Jna_p a0 Jy_arpase and power

14


https://doi.org/10.34133/research.0755

Research

dissipations P,p,., With the envelope E,,, of the terahertz uni-

polar picosecond pulse train are studied.

Acknowledgments

Funding: This work was supported by the National Natural
Science Foundation of China under Grant No. 62201583 and
No. T224100002.

Author contributions: W.B. conceived the study and discussed
with Y.G. and R.C. W.B. constructed the physical model and
completed the theoretical calculation. W.B. and Y.G. drafted
the manuscript, as well as analyzed and interpreted the data.
R.C, EJ, KS,, QL, L.G,, and X.Z. discussed the results and
reviewed the manuscript. All authors approved the final version
of the manuscript.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

All data generated or analyzed during this study are available
from the corresponding authors on reasonable request.

Supplementary Materials

Supplementary Notes
Figs. §1 to S9

References

1. Korteling JE, van de Boer-Visschedijk GC, Blankendaal RAM,
Boonekamp RC, Eikelboom AR. Human- versus artificial
intelligence. Front Artif Intell. 2021;4:Article 622364.

2. Anagnostou M, Karvounidou O, Katritzidaki C, Kechagia C,
Melidou K, Mpeza E, Konstantinidis I, Kapantai E, Berberidis C,
Magnisalis I, et al. Characteristics and challenges in the
industries towards responsible AI: A systematic literature
review. Ethics Inf Technol. 2022;24(3):Article 37.

3. Bozkurt A, Karadeniz A, Baneres D, Guerrero-Roldan AE,
Rodriguez ME. Artificial intelligence and reflections from
educational landscape: A review of Al studies in half a century.
Sustain. 2021;13(2):800.

4. Fan C, Yao L, Zhang ], Zhen Z, Wu X. Advanced reinforcement
learning and its connections with brain neuroscience.
Research. 2023;6:0064.

5. ZhuZ, ZhaoY, Chang C, Yan S, Sun T, Gu S, Li Y, Zhang D,
Wang C, Zeng XC. Design of artificial biomimetic channels
with Na* permeation rate and selectivity potentially
outperforming the natural sodium channel. Nano Res.
2024;17(9):8638-8646.

6. LiuS,BaiS, Wen Y, Lou]J, Jiang Y, Zhu Y, Liu D, Li Y, Shi H,
Liu S, et al. Quadruple-band synglisis enables high
thermoelectric efficiency in earth-abundant tin sulfide crystals.
Science. 2025;387(6730):202-208.

7. Zhang QL, Zhou T, Chang C, Gu SY, Wang Y], Liu Q,

Zhu Z. Ultrahigh-flux water nanopumps generated
by asymmetric terahertz absorption. Phys Rev Lett.
2024;132(18):Article 184003.

8. Maiseli B, Abdalla AT, Massawe LV, Mbise M, Mkocha K,
Nassor NA, Ismail M, Michael ], Kimambo S. Brain-computer
interface: Trend, challenges, and threats. Brain Inform.
2023;10(1):Article 20.

Bo et al. 2025 | https://doi.org/10.34133/research.0755

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Silva GA. A new frontier: The convergence of nanotechnology,
brain machine interfaces, and artificial intelligence. Front
Neurosci. 2018;12:843.

Kang YH, Khorasani A, Flint RD, Farrokhi B, Lee SW.
Editorial: Neural computations for brain machine interface
applications. Front Hum Neurosci. 2023;17:Article 1334636.
Moioli RC, Nardelli PH]J, Barros MT, Saad W, Hekmatmanesh A,
Silva PEG, Sena ASS, Dzeferagic M, Siljak H, Leekwijck WYV,
et al. Neurosciences and wireless networks: The potential

of brain-type communications and their applications. IEEE
Commun Surv Tutor. 2021;23(3):1599-1621.

Shi N, Miao Y, Huang C, Li X, Song Y, Chen X, Wang Y, Gao X.
Estimating and approaching the maximum information rate
of noninvasive visual brain-computer interface. NeurolImage.
2024;289:Article 120548.

Lei ], Liu X, Song W, Huang H, Ma X, Wei J, Zhang M. Design
of a low-Power, high-data-rate, and crystal-less all-digital
IR-UWB transmitter for high-density neural implants. IEEE ]
Solid State Circuits. 2024;59(7):2159-2170.

Zeng N. A minimally invasive high-bandwidth wireless brain-
computer interface platform [dissertation]. [New York (NY)]:
Columbia University; 2024.

Liu G, Chang C, Qiao Z, Wu K, Zhu Z, Cui G, Peng W, Tang Y,
LiJ, Fan C. Myelin sheath as a dielectric waveguide for signal
propagation in the mid-infrared to terahertz spectral range.
Adv Funct Mater. 2019;29(7):1807862.

Wang Y, Wang L, Wu J. Nanoscale electromagnetic field
interaction generated by microtubule vibration in neurons.
Acta Phys Sin. 2021;70(15):Article 158703.

Zhang J, He Y, Liang S, Liao X, Li T, Qiao Z, Chang G, JiaH,
Chen X. Non-invasive, opsin-free mid-infrared modulation
activates cortical neurons and accelerates associative learning.
Nat Commun. 2021;12(1):2730.

Liu X, Qiao Z, Chai Y, Zhu Z, Wu K, Ji W, Li D, Xiao Y, Mao L,
Chang C, et al. Nonthermal and reversible control of neuronal
signaling and behavior by midinfrared stimulation. Proc Natl
Acad Sci USA. 2021;118(10):Article e2015685118.

Bo W-E Che R, Kong L, Zhang M-J, Zhang X-B. Research
progress of biological effects of cell membrane under infrared
and terahertz irradiation. Acta Phys Sin. 2021;70(24):

Article 248707.

Tan X, Zhong Y, Li R, Chang C. Neuromodulation of chemical
synaptic transmission driven by THz photons. Research.
2022;2022:Article 0010.

YuY, Wu K, Yang X, Long J, Chang C. Terahertz photons
improve cognitive functions in posttraumatic stress disorder.
Research. 2023;6:0278.

Bo W, Che R, Liu Q, Zhang X, Hou Y, Gong Y. Investigations
on Na+, K+-ATPase energy consumption in ion flow of
hydrophilic pores by THz unipolar stimulation. iScience.
2023;26(10):Article 107849.

Malmivuo J, Plonsey R. Bioelectromagnetism: Principles and
applications of bioelectric and biomagnetic fields. Oxford
(England): Oxford University Press; 1995.

Benarroch EE. Na*, K*-ATPase: Functions in the nervous
system and involvement in neurologic disease. Neurology.
2011;76(3):287-293.

Forrest MD. The sodium-potassium pump is an information
processing element in brain computation. Front Physiol. 2014;5:472.
Forrest MD. Intracellular calcium dynamics permit a Purkinje
neuron model to perform toggle and gain computations upon
its inputs. Front Comput Neurosci. 2014;8:86.

15


https://doi.org/10.34133/research.0755

Research

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Shen K, Chen O, Edmunds JL, Piech DK, Maharbiz MM.
Translational opportunities and challenges of invasive electrodes
for neural interfaces. Nat Biomed Eng. 2023;7(4):424-442.
Zhang M, Tang Z, Liu X, Van der Spiegel J. Electronic neural
interfaces. Nat Electron. 2020;3(4):191-200.

Guo L, Bo W, Wang K, Wang S, Gong Y. Theoretical
investigation on the effect of terahertz wave on Ca* transport
in the calcium channel. iScience. 2022;25(1):Article 103561.
Bo W, Xu ], Tang ], Yang Y, Ma ], Wang Z, Gong Y. Numerical
simulation on voltage-activated calcium flux of neuroblastoma
cells in response to 2.5THz electric pulses. Paper presented at:
International Conference on Infrared, Millimeter, and Terahertz
Waves (IRMMW-THz); 2017 Aug 27-Sep 1; Cancun, Mexico.
LiY, Chang C, Zhu Z, Sun L, Fan C. Terahertz wave enhances
permeability of the voltage-gated calcium channel. J Am Chem
Soc. 2021;143(11):4311-4318.

Bo W, Guo L, Wang K, Ma J, Tang ], Wu Z, Zeng B, Gong Y.
Modulation of voltage-gated calcium influx by electromagnetic
irradiation with terahertz Gaussian pulse. IEEE Access.
2020;8:133673-133680.

Xiang Z, Tang C, Chang C, Liu G. A new viewpoint and
model of neural signal generation and transmission:

Signal transmission on unmyelinated neurons. Nano Res.
2020;14(3):590-600.

Bo W, Guo L, Yang Y, Ma ], Wang K, Tang J, Wu Z, Zeng B,
Gong Y. Numerical study of voltage-gated Ca’* transport
irradiated by terahertz electromagnetic wave. IEEE Access.
2020;8:10305-10315.

Wang P, Lou J, Fang G, Chang C. Progress on cutting-edge
infrared-terahertz biophysics. IEEE Trans Microw Theory
Techn. 2022;70(11):5117-5140.

Tang J, Yin H, Ma ], Bo W, Yang Y, Xu ], Liu Y, Gong Y.
Terahertz electric field-induced membrane electroporation

by molecular dynamics simulations. ] Membr Biol.
2018;251(5—6):681-693.

Bo W, Che R, Guo L, Wang Y, Guo L, Gao X, Sun K, Wang S,
Gong Y. Numerical simulation on permeability change in
cell membrane by terahertz irradiation-induced hydrophilic
pores. Paper presented at: International Conference on
Infrared, Millimeter and Terahertz Waves IRMMW-THz);
2021 Aug 29-Sep 03; Chengdu, China.

Bo W, Jia E Che R, Zhang X, Wang S, Gong Y. Theoretical
study on life ion flow via cell membrane under symmetrical
and unsymmetrical terahertz stimulation. Paper presented at:
24th IEEE International Vacuum Electronics Conference; 2023
Apr 25-28; Chengdu, China.

Bo W, Che R, Zhang M, Zhang X, Sun K, Wang S, Gong Y.
Study on life ion flow via hydrophilic pores in cell membrane

Bo et al. 2025 | https://doi.org/10.34133/research.0755

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

under terahertz unipolar picosecond pulse train stimulation.
Vacuum Electron. 2022;4:12-21.

Bo W, Che R, Guo L, Zhang X, Liu Q, Tao B, Duan B, Li Y,
Gong Y. Simulation on the membrane potential variations

by THz unipolar stimulation with triangle envelope. Paper
presented at: Photonics and Electromagnetics Research
Symposium; 2024 April 21-25; Chengdu, China.

Alcami P, Pereda AE. Beyond plasticity: The dynamic impact
of electrical synapses on neural circuits. Nat Rev Neurosci.
2019;20(5):253-271.

Hammond C. Cellular and molecular neurophysiology. 4th ed.
Cambridge (MA): Academic Press; 2015.

Leitch B. Ultrastructure of electrical synapses: Review. Electron
Microsc Rev. 1992;5(2):311-339.

Hu ZH, Lv WP, Hui DX, Wang X]J, Wang YN. Permeability
enhancement of the KcsA channel under radiation of a
terahertz wave. Phys Rev E. 2022;105(2):Article 024104.

Wang H, Thiele A, Pilon L. Simulations of cyclic voltammetry
for electric double layers in asymmetric electrolytes: A
generalized modified Poisson-Nernst-Planck model. ] Phys
Chem C. 2013;117(36):18286-18297.

Alberts B, Bray D, Lewis ], Raff M, Roberts K, Watson JD.
Molecular biology of the cell. 3rd ed. New York (NY): Garland
Science; 1994.

Nightingale ER. Phenomenological theory of ion solvation.
Effective radii of hydrated ions. ] Phys Chem. 1959;63(9):
1381-1387.

Israelachvili JN. Intermolecular and surface forces. 3rd ed.
Cambridge (MA): Academic Press; 2011.

Hoiles W, Krishnamurthy V, Cranfield CG, Cornell B.

An engineered membrane to measure electroporation:

Effect of tethers and bioelectronic interface. Biophys J.
2014;107(6):1339-1351.

Hille B. Ion channels of excitable membranes. 3rd ed.
Sunderland (MA): Sinauer Associates; 2001.

Hobbie RK, Roth BJ. Intermediate physics for medicine and
biology. 4th ed. Cham (Switzerland): Springer; 2007.

Ribeiro ACFE, Barros MCE, Teles ASN, Valente AJM, Lobo VMM,
Sobral AJFN, Esteso MA. Diffusion coeflicients and electrical
conductivities for calcium chloride aqueous solutions at 298.15K
and 310.15K. Electrochim Acta. 2008;54(2):192-196.

Bo W, Tang ], Ma J, Gong Y. Numerical study on calcium
transport through voltage-gated calcium channels in response
to nanosecond pulsed electric field. IEEE Trans Plasma Sci.
2018;46(7):2562-2572.

Oka C, Cha CY, Noma A. Characterization of the cardiac Na*/K*
pump by development of a comprehensive and mechanistic model.
J Theor Biol. 2010;265(1):68-77.

16


https://doi.org/10.34133/research.0755

	Study on the Effect of the Envelope of Terahertz Unipolar Stimulation on Cell Membrane Communication-Related Variables
	Introduction
	Results
	Effect of the envelope on membrane potentials
	Variations of membrane potentials by stimulation with a Gaussian envelope
	Variations of membrane potentials by stimulation with trapezoid and rectangular envelopes

	Effect of the envelope on transmembrane life ion flows
	Effect on ion flows via hydrophilic pores
	Effect on ion flows via Na+, K+-ATPase

	Effect of the envelope on power dissipation

	Discussion and Conclusion
	Methods
	Signals contained in the envelope of a terahertz unipolar picosecond pulse train
	Cell membrane potentials under terahertz unipolar stimulation with signals contained in the envelope
	Transmembrane ion flows and power dissipations under stimulation with signals contained in the envelope
	Numerical methods

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


