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ABSTRACT This paper simulates Ca2+ transmembrane transport through voltage-gated Ca2+ channels in
response to terahertz electromagnetic irradiation. The active transport of Ca2+ ions is taken into consider-
ations in the Ca2+ transport. Temperature variations due to terahertz electromagnetic loss in physiological
medium are simulated. The electromagnetic interaction between terahertz fields and physiological mobile
ions at the cellular level is deduced from relativistic electrodynamics. It shows that effects of 0.1 ∼ 3 THz
electromagnetic fields on cell mobile ions are primarily due to effects of electric fields, and effects of
magnetic fields at the cellular level are insignificant. In addition, numerical simulation reveals that terahertz
irradiation causes vibration of membrane potential, which is able to activate voltage-gated Ca2+ channels.
Besides, bioeffects of terahertz frequency, irradiation duration and electric intensity on the increment of
intracellular Ca2+ concentration due to activation of voltage-gated Ca2+ channels are revealed. Meanwhile,
numerical results show that temperature rises are inconsequential in the case of different irradiation
parameters, indicating the non-thermal bioeffects of voltage-gated Ca2+ transmembrane transport due to
terahertz irradiation. Furthermore, the results also reveal that thermal bioeffect can be significant if the
irradiation duration is raised long enough for high-dose terahertz irradiation. The numerical simulations
lay the basis for understanding the bioeffects of terahertz irradiation on Ca2+ transmembrane transport
and pave the way for further exploration in modulation of intracellular Ca2+ concentration with terahertz
electromagnetic wave.

INDEX TERMS Biological effects of electromagnetic radiation, modeling and simulations, calcium ions,
voltage-gated calcium channel, active transport.

I. INTRODUCTION
As an exploring spectrum located between microwave and
infrared region, terahertz (THz) electromagnetic field shows
great potential applications in life sciences [1], [2].

Apart from terahertz biomedical imaging and terahertz
detection for biomolecules and tissues in diseases [3]–[5],
bioeffects of terahertz electromagnetic irradiation have
caused an intense interest and attention in recent years
[6], [7]. Along with the bioeffects, a high-dose THz irra-
diation is likely to produce significant thermal effects in
biological cells or tissues [8], [9] as a result of the strong
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absorption of THz electromagnetic fields in water [10], [11].
And the THz bioeffects can be explained by the heat effect of
the same amount of temperature increment [12].

In contrast, the bioeffects in the case of low-dose THz
irradiation are unable to be explained by the heat effect, and
the temperature increments along with these bioeffects are
insignificant. In 2005, Ostrovskiy et. al. observed that THz
irradiation improved the repairmen of localized burns [13].
In 2008, Kirichuk et. al. observed that both female and
male rats with the exposure to THz irradiation showed com-
plete recovery from platelet aggregation [14]. In the same
year, Kirichuk and Androvov et. al. observed that THz-
irradiated isokets showed more reduction of blood viscosity
and increase of erythrocyte deformability in human blood of
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patients with unstable angina [15]. In 2009, Kirichuk et. al.
observed that albino rats in response to THz irradiation exhib-
ited an enhancement of platelet aggregation and increased
levels of depression [16]. In 2011, Wilmink et al. showed the
temperature increments along with those bioeffects were neg-
ligible by means of finite-difference time-domain modeling
approach [6], [12]. Those indicate that THz electromagnetic
irradiation is capable of modulating physiological activities
and functions in a non-thermal way. However, the mechanism
underneath the non-thermal bioeffects of THz irradiation is
unknown.

Calcium ions are critical physiological ions. The trans-
port of Ca2+ ions through plasma membrane is the basis
for various physiological functions and processes in a stable
temperature. It is of considerable significance to study the
transmembrane transport of Ca2+ ions under terahertz irradi-
ation in order to make clear the underlying mechanism of the
terahertz bioeffects and guide further clinical applications,
like therapies of cardiovascular diseases etc.

The non-thermal increase in intracellular Ca2+ concen-
tration in neuroblastoma cells is observed, and the phos-
pholipid bilayer membrane electroporation for ion transport
is simulated with molecular dynamics simulations under
the radiation of picosecond electric pulse, whose fast rise
edge contains signal component in terahertz frequency [17].
Although the applied picosecond electric pulse [17] contains
a few amounts of energy in terahertz spectral region, the
pulse is a broadband signal which also contains much more
energy in low frequency region from megahertz to kilohertz
frequency, including direct current. Furthermore, it is known
that the electric pulse containing the low frequency region,
for example, unipolar or bipolar nanosecond electric pulse,
opens pathways in the plasma membrane for the entry of
extracellular Ca2+ ions [18]–[20]. Additionally, molecular
dynamics simulations show that the electropore formation for
the entry of extracellular Ca2+ ions by the applied picosecond
pulse is similar to that by nanosecond electric pulse [17].
Therefore, it is uncertain to attribute the entry of Ca2+ ions
to terahertz component, low frequency component or both.

In addition, the impacts of terahertz sinusoidal wave and a
train of unipolar pulses with terahertz repetition frequency on
electropore formation are compared with molecular dynam-
ics simulations [21]. The simulations show that the train
pulses with THz repetition frequency, which contain a signif-
icant amount of low frequency component and some amount
of THz frequency component, leads to the electroporation
in phospholipid bilayer membrane, and that the THz sinu-
soidal wave, which contain only THz frequency component
without the low frequency component [22], fail to induce the
electroporation [21]. Besides, it is observed that the effect
of THz irradiation on the entry of propidium, which is a kind
of impermeable dye to intact plasma membrane in healthy
cells, is dependent on the dose of the irradiation [23]. And
for the occurrence of the entry of propidium, the bioeffect is
no more non-thermal with the induced temperature rise of as
high as 6◦ [23].

In contrast to possible electroporation in response to ter-
ahertz irradiation, voltage-gated Ca2+ channels (VGCCs)
embedded in phospholipid bilayer membrane are primary
physiological channels responsible for Ca2+ transmembrane
transport in excitable cells. Those channels link the electric
signals and nonelectrical physiological processes, and play
crucial roles in physiological processes like the regulation of
heart beat etc. However, the influence of terahertz irradiation
on voltage-gated (VG) Ca2+ flux remains unknown.
In this paper, transmembrane transport of Ca2+ ions

through VGCCs is numerically studied under the irradiation
of terahertz electromagnetic waves. The applied terahertz
waves are narrow-banded signals, which are achieved with
a terahertz continuous sinusoidal electromagnetic wave with
a limited irradiation duration. Firstly, an electromagnetic
response model at cellular level is proposed on the basis of
relativistic electrodynamics to analytically study the electric
and magnetic fields within the cell as well as the electro-
magnetic interactions between the THz fields and cell mobile
ions, which are depicted in detail in Section II. Then, the
transmembrane transport of Ca2+ ions through VGCCs in
response to THz irradiation is simulated with the consider-
ation of active transport. Temperature change due to THz
irradiation is taken into considerations based on Debye relax-
ation theory and thermodynamic principles. The modeling
details and simulation methods are described in Section III.
In Section IV, numerical results are presented and discussed.
And Section V summarizes the conclusions.

II. DERIVATION OF ELECTROMAGNETIC INTERACTION
BETWEEN THz FIELDS AND PHYSIOLOGICAL IONS
Under terahertz irradiation, the fields in the cell region are
composed of the fields due to the physiological ions and the
fields of the irradiated THz electromagnetic wave.

A. FIELDS DUE TO MOBILE PHYSIOLOGICAL IONS IN THE
CELL REGION
The electric field excited by a static physiological ion in
intracellular or extracellular medium at time t can be obtained
by Gauss’s law,

E1 (r, t) = q1/
[
4πε0εrr2 (t)

]
(1)

where q1 is charge quantity of the ion, εr is the relative
permittivity of the medium, ε0 is the permittivity in vacuum,
and r(t) is the spatial position of the observer relative to the
position of the ion at time t .

And the static ion excites no magnetic field,

H1 (r, t) = 0 (2)

When it moves in intracellular or extracellular medium,
the physiological ion excites not only electric field but
also magnetic field. According to the covariance in rela-
tivity, the electric field excited by the mobile physiologi-
cal ion is the Lorentz transformation of (1) and (2), as is

10306 VOLUME 8, 2020



W. Bo et al.: Numerical Study of Voltage-Gated Ca2+ Transport Irradiated by Terahertz Electromagnetic Wave

given by,

E1 (r, t)

= q1 ·
[
1− v2 (t) /c2

]
/

{
4πε0εrr2 (t)

[
1−v2 (t) sin2 〈Er (t) , Ev (t)〉 /c2

]3/2}
(3)

where c is the speed of light, v(t) is the speed of the ion at
t , and 〈Er (t) , Ev (t)〉 is the angle between the directions of the
displacement r and the velocity v at t .

Likewise, the magnetic field excited by the ion can be
obtained from the Lorentz transformation of (1) and (2) as,

H1 (r, t)

= q1v (t)
[
1− v2 (t) /c2

]
sin 〈Er (t) , Ev (t)〉

/

{
4πε0εrµ0c2r2 (t)

[
1−v2 (t) sin2 〈Er (t) , Ev (t)〉 /c2

]3/2}
(4)

At room temperature 297.15K, themost probable speeds of
physiological calcium, sodium, potassium and chloride ions
are 351.0, 463.5, 355.4 and 373.3 m/s respectively in the
medium. Since the speeds of the ions are far smaller than the
speed of light, v(t)/c approaches 0. In this case, (3) reduces to
(1), and (4) reduces to the Biot-Savart law.

As a result, there is no coupling between the electric
and magnetic fields excited by mobile physiological ions,
although the electric and magnetic fields vary with time
because of the change in ion spatial distribution with time.

B. FIELDS DUE TO TERAHERTZ ELECTROMAGNETIC
IRRADIATION
Since any field waveform can be expressed by a sum of a
series of sinusoidal waveforms, it is assumed that the applied
electromagnetic wave is of a sinusoidal form. As shown
in Fig. 1, the electromagnetic wave propagates in the direction
of X axis. Thus, the electric field is given by,

E2 (r, t) = E0 exp
[
i2π

(
ft − x

√
εr/λ0

)]
(5)

where f is frequency of the irradiated THz electromagnetic
field, λ0 is the wavelength in vacuum, i is the imaginary unit,
E0 is the amplitude of the field, and r is the spatial position
of the observer with abscissa x and ordinate y.
From (5), the ratio of the electric field E2(rC6, t) at C6 to

E2(rC12, t) at C12 is expressed as,

E2 (rC6, t) /E2 (rC12, t)

= exp
[
−i2π (xC6 − xC12)

√
εr/λ0

]
(6)

where xC6 and xC12 are respectively abscissa values at C6 and
C12 from Fig. 1.

In (6), (xC6−xC12) is the diameter of the cell 6.6µm. In the
spectrum range from 0.1 to 3THz, the vacuum wavelength λ0
is at the range from 0.1 to 3 mm. The relative permittivity εr
in intracellular and extracellular media is lower than 3.6 from
1 to 3THz, lower than 6 from 0.3 to 1THz, lower than 6.74 at

FIGURE 1. Schematic illustration of THz electromagnetic irradiation on a
NG108-15 cell. In (c), an illustration of irradiated THz electromagnetic
wave in time domain as well as the descriptions of electromagnetic
parameters is depicted. The irradiated wave in (c) is derived from a
continuous sinusoidal electromagnetic wave in (a) that is cut off to
produce the limited irradiation duration in (b). The wave propagates
along x-axis, and its electric field is along y-axis. C1, C2, . . . , C12 are
voltage-gated calcium channels, and C13, C14, . . ., C24 are active
transport channels for calcium ions.

0.2THz, and lower than 12.36 at 0.1THz [24]. In this case,
(xC6 − xC12)

√
εr � λ0, and then the right side in (6) tends

to 1. Therefore, the electric field of the irradiated THzfields at
C12 is nearly identical to that at C6 at any time t , and there is
few phase difference of the fields between C6 and C12. Since
the distance between C6 and C12 is the farthest in the cell in
the propagation direction of the wave, it means that the elec-
tric fields of the THz electromagnetic wave synchronously
vary within the cell without phase difference at any time t .
Then, it follows that the electric field of the THz electromag-
netic irradiation is approximately uniform spatially in the cell
region.

Because of the spatial uniformity of electric field in the cell
region, the spatial variation of electric field is zero at any time
t . Then, it follows that,

∇ × EE2 (r, t) = 0 (7)

Based on Maxwell equations, it can be deduced that,

∂ EH2 (r, t) /∂t = −∇ × EE2 (r, t) /µ0 = 0 (8)

so the magnetic field H2(r , t) of the THz electromagnetic
wave can be viewed as time invariant in the cell region.

C. DIELECTRIC RESPONSE OF CELL TO THE FIELDS
As the electric fields excited by mobile physiological ions at
any time t are static in the cell region, the dielectric response
to ion electric fields is static response at any t .

In contrast, the dielectric response to the electric fields of
THz electromagnetic wave is frequency-dependent response.
Because most of constituents are water in intracellular
and extracellular media, the frequency-dependent dielectric
response can be described by double Debye relaxation theory
[25]. The double Debye relaxation theory is given by,

ε̂(f )=ε∞+(εs−ε2)/(1+i2π f τ1)+(ε2−ε∞)/(1+i2π f τ2)

(9)
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TABLE 1. Parameter values for biological cells and extracellular medium
in double Debye relaxation theory.

where ε∞ is the real part of the relative permittivity at the high
frequency limit, εs is the static relative permittivity, ε2 is the
intermediate value of the real part of the relative permittivity,
τ1 and τ2 are respectively the relaxation times relating to the
first and second relaxation process.

The parameter values for biological cells and extracellular
medium in the double Debye relaxation theory are measured
with THz transmission time spectroscopy [24], which are
listed in Table 1.

D. EFFECTS OF THE FIELDS ON MOBILE PHYSIOLOGICAL
IONS IN CELL REGION
Since the speeds of mobile ions are far lower than the speed
of light, the force from electromagnetic fields on the ions is
classical Lorentz force. The force from electromagnetic fields
is derived from electric and magnetic fields due to ions and
irradiated THz wave.

From Section II. A, the electric and magnetic fields due to
mobile ions are static and steady in the medium at any time t .
Suppose that an arbitrary physiological ion q1 has a relative
velocity v(t) compared with another arbitrary physiological
ion q2 in the medium of relative permittivity εr. Then the
electric force Fion−E (r , t) and magnetic force Fion−M (r , t)
on ion q1 due to ion q2 are respectively,

Fion_E (r, t) = q1q2/
[
4πε0εrr2 (t)

]
(10)

Fion_M (r, t)= q1q2v2 (t) sin2 〈Er (t) , Ev (t)〉/
[
4πε0εrc2r2 (t)

]
(11)

The ratio of magnetic and electric forces is,

Fion_M (r, t) /Fion_E (r, t) = v2 (t) sin2 〈Er (t) , Ev (t)〉 /c2

(12)

Since v2 (t) sin2 〈Er (t) , Ev (t)〉 � c2, then Fion−M (r , t) �
Fion_E (r , t). As a result, the force on a mobile ion due to other
ions is dominated by electric force, and magnetic force is so
small that it can be neglected.

Besides, in the case of irradiated THz electromagnetic
fields, the electric force FEM−E and magnetic force FEM−M
on q1 are

FEM_E (r, t) = q1E2 (r, t) (13)

FEM_M (r, t) = q1µ0v (t)H2 (r, t) sin
〈
Ev (t) , EH2 (r, t)

〉
(14)

where H2(r , t) is the magnetic field of the THz electromag-
netic wave at position r and time t , and µ0 is permeability in
vacuum.
For transverse electromagnetic plane wave, the ratio of

electric and magnetic fields in intracellular or extracellular
medium is given by,

E2 (r, t) /H2 (r, t) =

√
µ0/

[
ε0ε′p (f )− iε0ε′′p (f )

]
(15)

where p denotes the intracellular or extracellular medium.
ε′p(f ) and ε

′′
p (f ) are the real and imaginary parts of relative

permittivity εp(f ) at the frequency f , respectively.
By dividing (14) by (13) and rearranging equations with

(15), we obtain the ratio of magnetic and electric forces
from THz electromagnetic wave on q1,

FEM_M (r, t) /FEM_E (r, t)

= v (t)
√
ε′p (f )− iε′′p (f ) sin

〈
Ev (t) , EH2 (r, t)

〉
/c (16)

where the speed of light in vacuum c = 1/
√
ε0µ0,

which is five to six orders of magnitude larger than v(t).∣∣∣sin 〈Ev (t) , EH2 (r, t)
〉∣∣∣ ≤ 1. And according to Section II. C,

ε′p(f ) and ε
′′
p (f ) are of the order of magnitude of -1 to 1 in the

frequency range from 0.1 to 3THz. Hence, the right side in
(16) is far smaller than 1, and then the magnetic force on the
ion is much smaller than the electric force.

As a consequence, effects of magnetic fields due to mobile
physiological ions and THz electromagnetic wave can be both
ignored in the simulation of cell ion transport in response to
0.1 ∼ 3 THz electromagnetic irradiation.

III. Ca2+ TRANSMEMBRANE TRANSPORT MODEL AND
SIMULATION METHODS
A. THERMAL ANALYSIS OF THz ELECTROMAGNETIC
IRRADIATION
Temperature variations due to absorption loss of THz elec-
tromagnetic wave in physiological media are taken into con-
siderations in the study of Ca2+ transmembrane transport
through VGCCs. In view of periodic arrangement, cells at
the vicinity of the cell of interest are identically exposed
to the THz electromagnetic wave. Besides, the irradiation
duration is short. Therefore, the cell system in Fig. 1 can be
considered as an adiabatic system.

Given the fact that cell is not a magnetic medium, electric
work due to the THz electromagnetic irradiation exclusively
causes the change in internal energy of the system. The
change in internal energy of part p is given by,

∂Up(t)/∂t = Pe_p(t)+ ktherVolp∇2Tp(t) (17)

where Up(t) is the internal energy in part p of the system at
time t , Pe_p the electrical power on part p, kther the thermal
conductivity, Volp the volume of part p, Tp(t) the temperature
in part p at t , ktherVolp∇2Tp(t) the heat transfer with the other
part in the system at t . Owing to adiabatic system, the heat
transaction between the system and the surroundings is zero,
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that is, dT|boundary = 0. The initial temperature T|t=0 =
297.15K.

The electric field is of the form (5), and then the electrical
power on the system can be deduced from energy balance
equation for electromagnetic waves [26] by,

Pe_p =
[
σp/(2π f )+ ε0ε′′p (f )

]
πVolpfE2

0 (18)

where σp is the conductivity in part p.
The change in internal energy is relevant to the change in

temperature,

∂Up(t)/∂t = cSHC · mp · ∂Tp(t)/∂t (19)

where cSHC is specific heat capacity and mp is the mass in
part p.

The conductivity in intracellular or extracellular medium
σp is on the order of magnitude of -1 to 0 [27]. Then,
σp/(2π f )� ε0ε

′′
p (f ) in the frequency range from 0.1 to 3THz.

Thus, joule loss can be ignored and the electrical power in
(18) only results from electric polarization loss. In this case,
by neglecting joule loss and rearranging (17), (18) and (19),
the temperature variation with time in part p of the system is,

∂Tp (t) /∂t =
[
π f ε0ε′′ (f )E2

0 + kther∇
2Tp (t)

]
/ (cSHCρ)

(20)

where ρ is the mass density.

B. MODEL OF Ca2+ TRANSMEMBRANE TRANSPORT
THROUGH PHYSIOLOGICAL CHANNELS WITH EXPOSURE
TO THz ELECTROMAGNETIC WAVE
As shown in Fig. 1, VGCCs are simulated by twelve model
channels C1, C2, . . . , and C12, which are uniformly dis-
tributed in the plasma membrane. Each of the model chan-
nels is responsible for one twelfth of whole-cell VG Ca2+

flux. The whole-cell VG Ca2+ flux is derived on the basis
of facilitated diffusion model [28], and the model param-
eters are determined by electrophysiological experimental
data of NG108-15 cells [29], [30]. Similarly, active transport
of calcium ions through plasma membrane is modeled by
uniformly distributed C13, C14, . . . and C24, each of which
is responsible for one twelfth of whole-cell active transport
calcium flux. The whole-cell active transport flux is deduced
from the active transport model [31] and experimental data in
NG108-15 cells [32]. The electrodiffusion of calcium ions is
simulated in intracellular and extracellular media based on
Nernst-Planck equation [33]. The corresponding modeling
details are concretely presented in our earlier work [19].

C. SIMULATION METHODS
The physiological membrane potential (MP) of the cell is
simulated by evaluating the electric field profile of mobile
physiological ions in the cell region. The electric field profile
is estimated by finite difference method (FDM). The Ca2+

fluxes with time in intracellular and extracellular media as
well as Ca2+ transmembrane transport are simulated with
particle-in-cell simulation method (PIC-SM). The details of

FIGURE 2. Electric field profiles due to physiological ions in the cell
region under resting conditions. The intensity values of the electric field
are depicted based on the color bar in V/m. (a) x-component of electric
field due to ions. The positive value denotes the direction of the field in
+x-axis while the negative value indicates the direction along −x-axis,
(b) y-component of electric field due to ions. The positive value denotes
the direction of the field in +y-axis, while the negative value indicates
the direction along −y-axis.

FDM for the evaluation of electric field profile and PIC-SM
are specifically described in [19]. Temperature profile in the
cell region at each discretized time point tn is estimated
by (20), where the subscript n denotes iteration index. THz
time-harmonic electric fields are added into the electric field
profile due to ions according to superposition principle of
electric field.

IV. NUMERICAL RESULTS AND DISCUSSIONS
As shown in Fig. 1, the irradiated THz electromagnetic wave
propagates along +x-axis and its electric field fluctuates
along y-axis. The NG108-15 cell is under resting conditions
before the THz irradiation.

A. SIMULATION OF BIOLOGICAL CELL UNDER
PHYSIOLOGICAL RESTING CONDITIONS
Fig. 2 shows the electric field profile due to ions in the
inside and outside of the cell under physiological resting
conditions. In comparison of Fig. 1 and Fig. 2, it can be
seen that both x- and y-components of the electric field are
mainly distributed on the plasma membrane. This is because
the imbalance of ion concentrations between intracellular and
extracellular media induces an electric potential difference
across the plasma membrane, which is referred to as phys-
iological membrane potential.

The simulated MP is around -60 mV, which is basi-
cally in agreement with the experimental measurements in
NG108-15 cells [29], [30]. Besides, the electric field is almost
zero in the extracellular medium far from the cell, which is
consistent with the electric neutrality of the medium.

B. IRRADIATION OF LOW-DOSE TERAHERTZ
ELECTROMAGNETIC WAVE
Fig. 3 shows the MPs at VGCCs within 8ns under the
irradiation of a 1-THz, 15-kV/cm, 500-ps electromagnetic
wave. During the irradiation, it can be seen that MPs vibrate
due to the vibration of electric field of THz electromag-
netic wave. During the vibration, MP exceeds the activation
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FIGURE 3. Membrane potentials (MPs) with respect to time at VGCC C1,
C2, . . . , C12 within 8ns under the irradiation of THz electromagnetic wave
of 1-THz frequency, 15-kV/cm intensity, 500-ps duration. THz
electromagnetic wave is applied at 0 ps. Threshold potential -50 mV for
the activation of low VGCCs is marked. The inset in the figure zooms in on
time to show representative vibrations of MPs during irradiation.

FIGURE 4. Voltage-gated (VG) calcium fluxes in terms of time at C1, C2,
. . . , C12 within 8ns under the irradiation of THz electromagnetic wave
of 1-THz frequency, 15 kV/cm-intensity, 500-ps duration. THz
electromagnetic wave is applied at 0 ps. The inset zooms in on time to
show representative VG Ca2+ fluxes during irradiation.

threshold -50mV of low VGCCs [29], [30], and opens the
VGCCs to allow Ca2+ ions to go through. This is consistent
with a series of physical models of VGCC, in which the gate
of VGCC is as a consequence of the electrostatic energy bar-
rier across the membrane [34], [35]. When the MP is below
the activation threshold, the electrostatic field in the through
hole of VGCC provides an energy barrier for extracellular
Ca2+ ions to go through. And when the potential exceeds the
threshold, the electrostatic energy profile changes to cancel
the barrier and VGCC is open to extracellular Ca2+ ions for
going through instead.

After the exposure to the THz electromagnetic wave, MPs
stop vibration and restore to initial resting potential (see
Fig. 3). And VGCCs close accordingly after the exposure.
Fig. 4 presents the VG calcium fluxes in response to the THz
electromagnetic irradiation. During the irradiation, extracel-
lular calcium ions flow into the cell through VGCCs. After
the irradiation, VG calcium fluxes become zero due to the
closing of the channels. Fig. 5 illustrates the active transport
Ca2+ effluxes in response to the THz wave. In comparison
of Fig. 4 and 5, it is obvious that the active transport calcium
effluxes are six orders of magnitude smaller than the VG cal-
cium influxes. In this case, the effect of active transport of
Ca2+ ions can be overlooked.

From Fig. 6, the maximum temperature rise is as small
as 0.018 K, which indicates the non-thermal characteristics

FIGURE 5. Active transport calcium fluxes in terms of time at C13, C14,
. . . , C24 within 8ns under the irradiation of THz electromagnetic wave
of 1-THz frequency, 15-kV/cm intensity, 500-ps duration. THz
electromagnetic wave is applied at 0 ps. The inset zooms in on time to
show representative active transport Ca2+ fluxes during irradiation.

FIGURE 6. Temperature rise from initial temperature 297.15K in the cell
region at 8ns with the exposure to THz electromagnetic wave of 1-THz
frequency, 15-kV/cm intensity, 500-ps duration. The values of the
temperature increment are depicted with the color bar in K.

FIGURE 7. Variations of Ca2+ concentration due to the activation of VGCC
with respect to time within 8ns in response to the irradiation of THz
electromagnetic wave of 1-THz frequency, 15-kV/cm intensity, 500-ps
duration. [Ca]i and [Ca]o respectively denote intracellular and
extracellular Ca2+ concentration.

of VG Ca2+ influxes in response to the 1-THz, 15-kV/cm,
500-ps electromagnetic irradiation.

As illustrated in Fig. 7, intracellular Ca2+ concentration
increases with the Ca2+ influxes through VGCCs, and extra-
cellular Ca2+ concentration decreases accordingly during
the irradiation. Due to the far larger amount of Ca2+ ions
in extracellular medium compared with those in intracellu-
lar medium, the decrement of extracellular Ca2+ concentra-
tion is insignificant as can be seen from the scales of the
concentration in Fig. 7. That is in line with the literature
[36]. After the exposure, intracellular Ca2+ concentration no
longer increases because of the closing of VGCCs.
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FIGURE 8. MPs at VGCCs C1, C2, . . . , C12 with respect to time within 1ns
under irradiation of THz electromagnetic waves with different
frequencies, electric intensities and irradiation durations. The inset in
each figure zooms in on time to show representative vibrations of MPs
under each irradiation condition. The thresholds for the activations of low
VGCCs −50 mV and high VGCCs −10mV are marked in the figures.
At 5-kV/cm electric intensity, MPs at VGCCs are below the threshold. At
15-kV/cm intensity, MPs at C1, C2, C3, C7, C8, C9 and C10 exceed the
threshold −50mV. At 65-kV/cm, MPs at C1, C5, C7 and C11 exceed the
threshold −50mV, and MPs at C2, C3, C4, C8, C9 and C10 exceed the
threshold −10mV. And at 85-kV/cm, MPs at C1, C5, C7 and C11 exceed
−50mV, and MPs at C2, C3, C4, C8, C9 and C10 exceed −10mV.

C. EFFECTS OF IRRADIATION FREQUENCY, DURATION
AND ELECTRIC INTENSITY OF THz ELECTROMAGNET-IC
WAVE
THz electromagnetic waves with different frequencies, elec-
tric intensities and irradiation durations are applied. As the
frequency of the THz electromagnetic wave increases,
the speed of vibration of MP increases accordingly following
the vibration of electric field of the wave (see Fig. 8). And the
amplitude as well as the time duration of the vibrations of MP
stays invariant with increase of irradiation frequency (Fig. 8).
Besides, as the irradiation duration of THz electromagnetic
wave increases, the time duration of potential vibrations
increases. Meanwhile, the amplitude as well as vibration
speed of MP keeps invariant. In addition, the amplitude of
vibration of MP increases with the raise of field intensity of
the THz electromagnetic wave. In the case of 5-kV/cm THz
electromagnetic wave,MP stays below the threshold potential
−50 mV for the activation of low VGCCs, and VGCCs keep
closed. When the electric intensity of the wave increases
to 15-kV/cm, MP exceeds the threshold -50 mV during its
vibrations and lowVGCCs are open. Further raise of intensity
to 65- and 85-kV/cm opens high VGCCs because the MP
exceeds the threshold potential -10 mV for activation of high
VGCCs (Fig. 8). In themeantime, the speed and time duration
of the vibration of MP are independent of the raise of electric
intensity (Fig. 8).

Fig. 9 illustrates the voltage-gated Ca2+ influxes in
response to THz waves with different electromagnetic

FIGURE 9. VG Ca2+ fluxes at C1, C2, . . ., C12 with respect to time
within 1ns under the irradiation of THz electromagnetic waves with
different frequencies, electric intensities and irradiation durations. The
inset in each figure zooms in on time to show representative VG Ca2+

fluxes under each irradiation condition.

parameters. From the figure, it can be seen that VG influxes
become non-zero when membrane potential exceeds the acti-
vation threshold during vibrations. Once the threshold for
activation of VGCCs is reached, the irradiation frequency,
duration, and electric intensity of THz electromagnetic wave
independently impact the speed of change in VG Ca2+

fluxes, time duration andmagnitude of the fluxes respectively
(Fig. 9). In the case of 1-THz, 5-kV/cm, 500-ps electro-
magnetic irradiation, membrane potential keeps below the
threshold for VGCC activation (Fig. 8), which results in zero
VG Ca2+ influx (Fig. 9).
Profiles of temperature rise from initial 297.15 K in the cell

region are shown in Fig. 10. From the figure, the temperature
increment increases with the raise of irradiation frequency.
This is attributed to the increase in electromagnetic energy
loss transferred into heat with the raise of THz frequency.
Additionally, both longer irradiation duration and higher elec-
tric intensity of the THz wave bring more irradiation energy
on the medium, causing larger increment of the temperature
(Fig. 10). It is clear that maximum temperature rise is less
than 0.6 K in response to THz irradiation with different
electromagnetic parameters presented in Fig. 10, indicating
the non-thermal effects.

Fig. 11 shows that variations of irradiation frequency from
0.1 to 3 THz have few impact on VGCC activation-induced
change in intracellular Ca2+ concentration. In the case of dif-
ferent frequencies, although the speed of membrane potential
vibration increases with the raise of irradiation frequency, the
integral area of membrane potential above the threshold for
activation of VGCCs with respect to time is almost the same
(Fig. 8). Therefore, the integral area of VGCa2+ influxeswith
time is almost the same in the case of different frequencies
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FIGURE 10. Profiles of temperature increments at 1ns in the cell region
from initial temperature 297.15 K in response to the irradiation of THz
electromagnetic waves with different frequencies, electric intensities and
irradiation durations. The values of the temperature rises are presented
in K in light of color bars on the right side.

FIGURE 11. Effect of THz electromagnetic frequency on the change in
intracellular Ca2+ concentration due to VG Ca2+ influxes. The irradiated
electric intensity and duration are respectively 15-kV/cm and 500-ps.

(Fig. 9), which leads to nearly the same amount of accumu-
lated Ca2+ ions within the cell (Fig. 11).

As the irradiation duration of THz electromagnetic wave
increases from 100 to 900 ps, increment of intracellular Ca2+

concentration increases linearly (Fig. 12). This is as a result
of linear increase in the time duration for VG Ca2+ influxes
with the raise of irradiation duration (Fig. 9).

Fig. 13 and 14 reveal strong nonlinear relation of the con-
centration increment of intracellular Ca2+ ions with respect
to electric intensity of irradiated THz electromagnetic wave.
Since THz electromagnetic wave of 5-kV/cm electric inten-
sity is incapable of activating VG Ca2+ influx (Fig. 8 and
9), intracellular Ca2+ concentration does not increase due to
VGCCs (Fig. 13 and 14). As the electric intensity increases
from 5 to 45 kV/cm so that MP is above the threshold -50 mV
during the vibration, low VGCCs are activated (Fig. 8). The
activation of VGCCs provides pathways for Ca2+ ions to
go through between intracellular and extracellular media.
There is a huge concentration gradient of Ca2+ ions across

FIGURE 12. Effect of irradiation duration on the change in intracellular
Ca2+ concentration as a result of VG Ca2+ influxes. The irradiated
electromagnetic frequency and electric intensity are 1-THz and 15-kV/cm,
respectively. The left figure shows the variation of the concentration with
time, and the right figure illustrates the concentration collected at 1000ps
in the left figure with respect to irradiation duration.

FIGURE 13. Effect of electric intensity on the change in intracellular Ca2+

concentration as a result of VG Ca2+ influxes. The irradiated
electromagnetic frequency and duration are 1-THz and 500-ps,
respectively.

the plasma membrane because Ca2+ concentration is 1.5mM
in extracellular medium and 0.1µM in cytoplasm. Besides,
although it increases towards the positive direction,MP is still
negative and produces an electric force driving Ca2+ into the
cell. Therefore, the diffusion force due to the concentration
gradient together with the electric force from MP, that is,
electrochemical force, drives Ca2+ influxes through VGCCs
(Fig. 9). The larger the MP is able to reach, the more the
VGCCs open, causing larger increment of intracellular Ca2+

concentration (Fig. 13 and 14).
When electric intensity increases to 65-kV/cm,MP starts to

exceed the threshold -10 mV [29], [30] and high VGCCs are
activated besides the low VGCCs (Fig. 8). Activation of high
VGCCs produces more Ca2+ influxes (Fig. 9) and results
in a larger increment of intracellular Ca2+ concentration
compared with the cases when only low VGCCs are activated
(Fig. 13 and 14). However, further increasing the intensity to
85-kV/cm leads to a reduction in the concentration increment
(Fig. 13 and 14). As is shown in Fig. 8,MP reachesmore posi-
tive values in the case of 85-kV/cm comparedwith 65-kV/cm.
In particular, MP can start to be above 0mV in the case of
85-kV/cm (Fig. 8), and the positive MP results in a reverse
electric force driving Ca2+ fluxes against the concentration
gradient. In this case, the electrochemical driving force that
drives extracellular Ca2+ ions into cell significantly decreases
(Fig. 9), although both low and high VGCCs are open for
Ca2+ ions to go through (Fig. 8). Therefore, the concentration
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FIGURE 14. Intracellular Ca2+ concentration [Ca]i and maximum
temperature rise 1T in the cell region with respect to electric intensity
of THz electromagnetic wave. The irradiated electromagnetic frequency
and duration are 1 THz and 500 ps, respectively.

FIGURE 15. Intracellular Ca2+ concentration [Ca]i and maximum
temperature rise 1T in the cell region with respect to irradiation duration
of THz electromagnetic wave. The irradiated electromagnetic frequency
and electric intensity are 1-THz and 65-kV/cm, respectively.

increment decreases as the electric intensity is raised from
65 to 85 kV/cm. Further increasing electric intensity to 105
and 125 kV/cm leads to more reduction of electrochemical
driving force on Ca2+ ions, and thus more reduction of incre-
ment of intracellular Ca2+ concentration (Fig. 13 and 14).

Fig. 14 also shows that the THz-induced temperature rise
is smaller than 1.22 K although the electric intensity is raised
to as large as 125-kV/cm. That indicates the non-thermal
bioeffects of the applied THz electromagnetic irradiations.

D. HIGH-DOSE TERAHERTZ IRRADIATION
Temperature rise along with increment of intracellular Ca2+

concentration in response to high-dose THz irradiation
is studied by raising irradiation duration to nanosecond.
Fig. 15 illustrates the increments of temperature and intracel-
lular Ca2+ concentration as the irradiation duration of 1-THz,
65-kV/cm electromagnetic wave increases from 500 ps to
10 ns. As longer irradiation duration induces longer activa-
tion ofVGCCs, increment of intracellular Ca2+ concentration
increases accordingly (Fig. 15). In addition, raising irradia-
tion duration from 500 ps to 10 ns results in the temperature
rise from 0.33 to 6.60 K (Fig. 15), because longer irradiation
duration brings more electromagnetic energy losses trans-
ferred into heat on the medium. As the temperature increment
keeps rising with the increase in irradiation duration, the ther-
mal bioeffects of the THz electromagnetic irradiation begin to
become more and more pronounced.

V. CONCLUSION
According to the electromagnetic analyses on the basis of rel-
ativistic electrodynamics at the cellular level, the electromag-
netic interaction between 0.1∼ 3 THz electromagnetic fields
and mobile physiological ions in the cell region is primarily
electric interaction, and magnetic interaction is negligible.

And from numerical simulations, membrane potential
vibrates with the vibration of electric field in terahertz elec-
tromagnetic wave. Voltage-gated Ca2+ channels are activated
when membrane potential exceeds the threshold potential for
activation of voltage-gated Ca2+ channels during its vibra-
tion. The activation of VGCCs induces VG Ca2+ influx from
extracellular medium and raises intracellular Ca2+ concen-
tration accordingly. In the meantime, change in membrane
potential and variations of intracellular Ca2+ concentration
trigger the active transport mechanism in plasma membrane
to pump Ca2+ out. However, the active transport Ca2+

effluxes are six orders of magnitude smaller than VG Ca2+

influxes during the THz irradiation, whichmakes active trans-
port of Ca2+ ions negligible in this process.

In addition, the numerical results reveal the relation of the
increment of intracellular Ca2+ concentration resulting from
activation of VGCCs to terahertz electromagnetic parameters.
Raising irradiation duration from 100 to 900ps significantly
increases the increment of intracellular Ca2+ concentration
linearly. In contrast, varying electromagnetic frequency from
0.1 to 3THz has little influence on the concentration incre-
ment. As for electric intensity of the terahertz electromagnetic
wave, it shows a strong nonlinear relationship with the con-
centration increment. In the case of 5-kV/cm electric inten-
sity, VGCCs stay closed and are incapable of causing increase
in intracellular Ca2+ concentration. In the case of electric
intensity from 10 to 45 kV/cm, activation of low VGCCs
induces Ca2+ influxes from extracellular medium and hence
intracellular Ca2+ concentration increases. When the electric
intensity is 65 kV/cm, high VGCCs are open and produce a
larger concentration increment in comparison with 45-kV/cm
electric intensity. Further increase in electric intensity from
65 to 125 kV/cm results in reduction of the concentration
increment as a consequence of the reduction of electrochemi-
cal driving force on Ca2+ ions in spite of the activation of both
low and high VGCCs. In the meantime, numerical results
show that the THz-induced temperature rises are insignificant
under the irradiation conditions above in the studywith differ-
ent electromagnetic parameters, indicating the non-thermal
bioeffects.

Furthermore, numerical simulation also reveals that ther-
mal effects can be pronounced as long as the irradiation
duration is raised to be long enough for high-dose irradiation
of terahertz electromagnetic wave.

Those conclusions provide a pioneering understanding of
the bioeffect of terahertz irradiation on Ca2+ transmembrane
transport through voltage-gated Ca2+ channels, and lay the
foundation for further research in modulation of intracellular
Ca2+ concentration with terahertz electromagnetic waves.
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