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Terahertz radiation falls within the spectrum of hydrogen bonding, molecular rotation, and vibration, as well as van der
Waals forces, indicating that many biological macromolecules exhibit a strong absorption and resonance in this frequency
band. Research has shown that the terahertz radiation of specific frequencies and energies can mediate changes in
cellular morphology and function by exciting nonlinear resonance effects in proteins. However, current studies have
mainly focused on the cellular level and lack systematic studies on multiple levels. Moreover, the mechanism and law of
interaction between terahertz radiation and neurons are still unclear.
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| 1. The Mechanisms of Terahertz Radiation Modulation on Neurons

While the energy of individual terahertz photons is as low as a milli-electronvolt and lacks direct ionizing damage similar to
X-rays W, increasing the intensity of terahertz radiation leads to a series of biological effects on neurons. From a physics
perspective, the biological effects of terahertz radiation on neurons fundamentally originate from the thermal and non-
thermal effects of terahertz radiation 2. The thermal effect results from the strong absorption of terahertz radiation by a
large number of water molecules in neurons or the neuronal environment. In contrast, the non-thermal effect primarily
arises from the nonlinear resonance effects induced by terahertz radiation on biological macromolecules in neurons.

1.1. Thermal Effect

The generation of terahertz radiation’s thermal effects is primarily due to the absorption of terahertz radiation by neurons
and its conversion into thermal energy. The neuronal absorption of terahertz radiation is mainly related to water molecules
and biological macromolecules. Since the water content in neurons is much higher than that of biological macromolecules,
it serves as the major chromophore in the terahertz frequency range, resulting in the dominant contribution of water to the
thermal effect 81, Water possesses several unique properties, including the ability to form hydrogen bonds with adjacent
water molecules, creating a dynamic hydrogen bond network &l The stretching and bending vibrational modes between
the molecules within this network occur within the terahertz frequency range (with the most prominent resonant
frequencies at 5.6 and 1.5 THz) BB When neurons are exposed to terahertz waves, the vibrational modes of the
hydrogen bonds are excited, causing resonance. This disrupts the dynamic equilibrium of the water molecule’s network
structure, resulting in the strong absorption of terahertz radiation by water. The absorbed terahertz radiation energy is
transformed into the kinetic energy of the random motion of water molecules, increasing the frequency of collisions
between water molecules, thus generating thermal energy 2. In the absence of photochemical processes and phase
changes, the continuous accumulation of heat will directly lead to an increase in neuronal temperature 21,

The thermal effects of terahertz radiation on neurons can lead to changes in neuronal morphology and function. These
changes have a dual nature and are primarily associated with the extent of neuronal temperature increase and the
duration of elevated temperatures. The prolonged exposure of neurons to high-power terahertz radiation, leading to a
significant and sustained increase in temperature, can result in disrupted neuronal growth, dehydration effects, neuronal
morphological damage, neuronal stress responses, and, in severe cases, structural protein denaturation and neuronal cell
death BIEIR However, when the duration of elevated temperature within neurons is on the millisecond scale, it can affect
neuronal calcium homeostasis, induce the generation of action potentials in neurons, impact neuronal synaptic
transmission, and affect firing rates 29, and these effects are reversible.



1.2. Non-Thermal Effect

Some studies have indicated that certain changes in gene expression and individual behavior observed in biological
systems exposed to terahertz radiation cannot be explained by thermal effects (without significant temperature elevation
or changes in heat shock protein expression) 1112 For these effects observed in terahertz radiation biological systems,
they are generally attributed to non-thermal effects. The theory of the non-thermal effects of terahertz radiation was
initially proposed by Frohlich and others in 1971, and more recent research results suggest that many biological
macromolecules have energy levels associated with rotation, oscillation, and torsion in the terahertz frequency range.
Specific frequencies and energy levels of terahertz waves can be directly coupled with proteins, inducing coherent
excitations and resulting in non-thermal effects 131141,

Although the energy of terahertz radiation is insufficient to break chemical bonds between molecules, both theoretical and
experimental evidence suggests that terahertz radiation can interact with hydrogen bonds in proteins, inducing low-
frequency molecular vibrations, consequently altering the conformation and functional characteristics of proteins.
Additionally, radiation can induce non-thermal structural changes in protein crystals L8817 Research by Aleksandrov
and others, using computer simulations, revealed that terahertz radiation can disrupt the natural dynamics of a local
strand separation in double-stranded DNA, thereby affecting DNA function 8. Furthermore, studies have pointed out that
terahertz radiation can precisely control proton transfer processes in base pair hydrogen bonds, thereby regulating DNA
demethylation 1929 These studies indicate that terahertz radiation can mediate changes in cellular morphology and
function by exciting nonlinear resonance effects in proteins and DNA. Based on this mechanism, terahertz radiation of
specific frequencies and energy levels can impact the morphology and function of neurons.

| 2. Methods for Terahertz Radiation Regulation of Neurons
2.1. Radiation System for Terahertz Regulation of Neurons

The research on the terahertz radiation regulation of neuron morphology and function is also influenced by the radiation
system. When investigating the regulatory patterns of the terahertz radiation on the nervous system, it is essential to
understand how the nervous system responds to different terahertz radiation parameters. Therefore, it is necessary to
adjust the output frequency and power of the terahertz radiation system to generate various radiation protocols.
Additionally, the terahertz radiation system needs to be compatible with the biological experimental platform. However,
current technology cannot always meet these requirements. Consequently, in research, different types of terahertz
radiation systems are usually employed to achieve the adjustable power and frequency demands. For example,
researchers frequently use both broadband and narrowband terahertz radiation systems. Broadband terahertz radiation
systems cover a broader frequency range, making it easier to induce resonance in biological macromolecules. In contrast,
when the controlling resonance peaks of biological macromolecules are identified, narrowband terahertz radiation
systems are often chosen, which operate near the resonance peak.

Broadband terahertz systems generally use pulsed terahertz sources, which emit pulsed signals with durations on the
order of picoseconds in the time domain and exhibit broad spectra in the frequency domain 4. Pulsed broad-spectrum
terahertz sources generated through optical methods typically employ femtosecond lasers as the pump light source 141,
These lasers excite different materials to produce terahertz waves using methods like photoconductive antennas, optical
rectification, and gas plasma 24, Among these techniques, the terahertz waves generated through photoconductive
antennas primarily cover the lower frequency range and have relatively lower power levels. Optical rectification is currently
an important method for producing high-energy single-pulse terahertz radiation. It uses femtosecond laser-pumped
DSTMS organic crystals to generate terahertz radiation with single-pulse energies of up to 0.9 mJ 2422 Additionally, the
spectrum of terahertz radiation produced through optical rectification is much broader than that of photoconductive
antennas, spanning from 0.1 to 100 THz, covering the entire terahertz range 14, Gas plasma terahertz sources are also
common for generating pulsed broad-spectrum terahertz radiation. Compared to the methods mentioned above for
generating terahertz waves through photoconductive and optical rectification, gas plasma terahertz sources can achieve
ultra-broad terahertz spectra ranging from 0.1 to 30 THz 41231, However, since the medium used to generate terahertz
radiation in gas plasma sources is unstable, the intensity of the produced terahertz radiation can also exhibit certain
fluctuations 241, which may affect research on terahertz neurobiological effects.

When studying the effects of terahertz radiation on neuron morphology and function, the choice of terahertz radiation
frequencies typically falls within the range of 0.1-5 THz because many energy levels of various biomolecules (proteins,
DNA, RNA) are within this frequency range [24. Furthermore, higher terahertz radiation frequencies can result in neuronal
heating and induce thermal effects [, Therefore, the terahertz radiation power levels used in research are usually kept



below 10 mW. Additionally, considering the compatibility of terahertz radiation systems with biological experimental
platforms, it is desirable for these systems to have as compact a form factor as possible. Currently, the systems used for
researching the impact of terahertz radiation on neuron morphology and function predominantly involve broadband
terahertz radiation systems generated using photoconductive antennas. For instance, in the study investigating the effects
of broadband terahertz radiation in minute quantities on neuron growth and development, the terahertz radiation system
used had a frequency range of 0.3-3 THz, a maximum radiation power of up to 100 yW, and a repetition rate of 100 MHz.
To ensure that an adequate amount of terahertz radiation reached the samples, the experimental process also included
real-time measurements of terahertz radiation intensity through the culture dishes 23, Additionally, M.V. Tsurkan and
colleagues employed a broadband terahertz radiation system with a frequency range of 0.05-2 THz and a repetition rate
of 50 MHz to study the impact of radiation on chicken embryonic neurons. They obtained terahertz waves with power
levels of 11.1 and 1.07 mW through different terahertz filters [28l. Furthermore, M.I. Sulatsky and others used a broadband
terahertz radiation system (0.1-2 THz) to investigate the impact of radiation power on chicken embryonic spinal cord
ganglia &4,

When determining the resonance peaks of biological macromolecules in the controlled neurons, narrowband terahertz
radiation systems are typically chosen around these resonance peaks. These narrowband terahertz radiation systems
generally allow for the continuous emission of terahertz radiation and are produced using various methods, including free-
electron lasers, gas lasers, quantum cascade lasers, backward wave oscillators, and avalanche diodes (141 Terahertz
sources based on free-electron lasers exhibit an output power that surpasses that of the photoconductive antenna method
by more than six orders of magnitude, but they tend to have a larger footprint and higher production costs [14l28]
Terahertz gas lasers can also generate terahertz waves with a relatively high average power. By altering the type of gas
and gas pressure, these lasers can produce terahertz radiation at different frequencies (approximately 0.9-7 THz).
However, their conversion efficiency is low, and they tend to be bulky 29, Quantum cascade lasers, based on
semiconductor technology, can achieve output frequencies as low as 1.19 THz. They offer the advantage of being
compact and suitable for integration but are not operable at room temperature 3%, Backward wave oscillators can adjust
their output frequency by varying the acceleration voltage. Typically, their operating frequency is below 1.5 THz, and they
provide an average output power in the milliwatt range 1431, Terahertz sources based on avalanche diodes are widely
used due to their relatively high linear output power and compact design. They generally operate at frequencies below 1
THz and can achieve output powers of up to 100 mw 22,

When studying the effects of terahertz radiation on brain tissue slices or in vivo neuronal discharge characteristics, it
becomes crucial to enhance the output power of terahertz sources. This is due to the significant absorption of terahertz
radiation by cerebrospinal fluid, skin, and cranial bones. Additionally, to ensure compatibility with biological experimental
platforms, terahertz radiation systems should be as compact as possible and operate at room temperature. Currently, the
most widely used terahertz radiation source at the cellular, tissue, and in vivo levels is the avalanche diode-based
terahertz source. For example, Zhang et al. utilized a terahertz radiation system operating at 0.1 THz with a power density
of 2.65 mW/cm? to confirm that terahertz radiation can modulate neuronal discharge characteristics by affecting ion
concentrations inside neurons B3l Furthermore, this study found that terahertz radiation at 0.138 THz and 2 mW promotes
synaptic transmission in the hippocampal CA1 region. At the in vivo level, Miao et al. increased terahertz radiation power
to 90 mW and observed that 0.14 THz radiation reduces anxiety and depression symptoms in mice while enhancing their
social behavior 4. Some studies have also used backward wave oscillators and quantum cascade lasers as terahertz
sources, but these investigations are often limited to the cellular level. In such studies, due to the size and operating
temperature of terahertz radiation sources, they are usually placed at specific locations in the experiments, and the
terahertz radiation is transmitted to the samples using lenses and mirrors 221261,

2.2. Radiation Protocol for Terahertz Radiation Regulation of Neurons

Previous research has indicated that terahertz radiation can impact the morphology and functionality of neurons, and
these effects are related to factors such as terahertz frequency, duration, and power B3I3435] Therefore, to further select
appropriate terahertz radiation protocols, it is essential to analyze the distribution of research subjects and terahertz
radiation protocols in the relevant literature. In retrieving the related literature, both Chinese and English keywords were
initially set, including terahertz, neurons, nervous system, proteins, growth and development, action potentials, membrane
potentials, receptors, etc. Subsequently, articles in both Chinese and English containing at least “terahertz” and one other
keyword were searched in databases such as Web of Science, Google, PubMed, and China National Knowledge
Infrastructure. Finally, parameters such as publication year, radiation frequency, power density, and exposure duration
were summarized, and the results are shown in Figure 1.
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Figure 1. Analysis of the literature on terahertz neurobiological effects. (A) Heat map of the relationship between study
objects and terahertz radiation protocols in the literature. (B) Analysis of terahertz radiation parameters in the literature
related to terahertz neurobiological effects in the last decade.

Currently, most research aims to uncover terahertz neurobiological effects at the cellular level, with the majority of studies
focusing on frequencies below 5 THz, particularly emphasizing the impact of low power densities on the nervous system.
Over the past decade, 57% of the studies on the effects of terahertz radiation on neuronal morphology and functionality
were conducted in the 0.1-1 THz range, and 93% in the 0.1-5 THz range. This concentration in the lower frequency
range may be related to the vibrational rotation frequencies of biological macromolecules and is also influenced by the
frequency of terahertz radiation sources (most commercial terahertz radiation sources are concentrated in the lower
frequency range). Regarding terahertz radiation power, 43% of the studies had radiation power densities in the range of
0-10 mW/cm?, while 21% had power densities greater than 50 mW/cmZ.

Through the analysis above, it is evident that research primarily focuses on two extremes: low- and high-power terahertz
radiation. A higher radiation power often leads to neuronal heating, causing thermal effects 1. On the other hand, a lower
radiation power typically induces non-thermal effects on neurons, thereby influencing neuronal morphology and
functionality B3B8l Furthermore, some studies indicate that a lower power terahertz radiation can have positive impacts
on neurons, such as promoting growth and enhancing synaptic transmission [23l38] while a higher power terahertz
radiation can result in damage to neuronal morphology and function, leading to growth disturbances, dehydration, and cell
death, among other effects BIB7. |n terms of terahertz radiation duration, studies generally involve single exposures
lasting less than 50 min, with 50% of the research falling within the 0—10 min range. Most studies aim to mitigate the
thermal effects of terahertz radiation on neurons by reducing exposure duration.

3. The Impact of Terahertz Radiation on Neuronal Morphology and
Dynamic Properties

Recently, an increasing nhumber of scholars have begun to focus on the neurobiological effects of terahertz radiation, as
depicted in Figure 2. Some studies have shown that specific frequencies and energies of terahertz radiation can mediate
changes in neuronal morphology and dynamic properties by exciting nonlinear resonances within proteins and DNA [221116]
(171, This section provides a detailed analysis of the impact of terahertz radiation on neuronal growth and development, the



structure and composition of neuronal receptors, and neuronal action potential characteristics. And it discusses the
correlation of these phenomena with the parameters of terahertz radiation (frequency, time, power).
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Figure 2. Research content related to terahertz neurobiological effects.
3.1. The Influence of Terahertz Radiation on the Growth and Development of Neurons

The cell body and processes of a neuron are fundamental structures that underpin the transmission and reception of
information by neurons. At the tip of the neurite, there is an extension structure known as the growth cone [B8I33 \which
serves as the driving organ of neuronal growth. The growth cone is capable of sensing signals in the environment and
modifying the development process of the neuron, a process that also involves the polymerization and dissolution of
cytoskeletal proteins 2839 Stydies have shown that continuous terahertz radiation (0.094 THz, 1.86 W/cm?2) for 30 min
can disrupt the structure of actin 49, and that increasing the radiation power to 3.1 W/cm? results in even more significant
disintegration 4%, Subsequently, a reduction in both the power and duration of terahertz radiation was investigated, with
the finding that after radiation at a power of 310 mW/cm? for 3 min, the growth rate of neurons increased from 13.0 *
0.9um/min to 30.8 + 3.9 um/min, although the neuron temperature increased by more than 7 °C 41, The relationship
between temperature and microtubule assembly was analyzed, and it was determined that this phenomenon is associated
with the increased temperature of the neuron ¥41l Additionally, higher radiation powers (0.12 THz, 10 mW; 0.157 THz,
50 mW) have been shown to induce neuronal apoptosis, along with mitochondrial damage and increased lysosomes 421,

The above studies have shown that high-power terahertz radiation disrupts actin structural disassembly and causes
neuronal death, mitochondrial damage, and increased lysosomes and that there is a significant increase in neuronal
temperature [2OELE2 |t js evident that high-power terahertz radiation causes thermal effects on neurons and can
negatively affect them 4344 Ma et al. constructed a thermal effect model for the interaction between terahertz and
neurons and found that the temperature of neurons increases rapidly during terahertz radiation and stabilizes after a
period of time. And, with the increase in the terahertz radiation power, the peak temperature in the neuron also increases
(451, Thus, terahertz radiation power and time are important factors that affect neurons.

To mitigate the effects of thermal radiation, some studies have chosen to reduce the power and duration of terahertz
radiation exposure. For instance, Sulatsky et al. exposed chick embryo spinal cord neurons to terahertz radiation (0.1-2
THz) for 3 and 5 min. The results indicated that neuronal growth was inhibited at a power density of 928 mW/cm?;
however, when the power density was reduced to 78 mW/cm?, terahertz radiation was found to promote neuronal growth.
Furthermore, when the terahertz power density decreased to 19 mW/cm?, the growth of neurons in the irradiated group
was 118.76 + 11.3% greater than that in the control group 24, To further reduce the thermal effects of terahertz radiation
on neurons, a study employed terahertz radiation with a power density of 1.1 uW/cm? to irradiate chick embryo sensory
neurons for 10-12 days. The results showed that the growth of neurons in the irradiated group was 147 + 22% greater



than that in the control group 8l These findings suggest that terahertz radiation power is a critical parameter affecting
neuronal growth and development. Tsurkan et al. further confirmed the correlation between terahertz radiation power and
neuronal growth and development. In their study, broad-spectrum pulsed terahertz radiation (0.05-2 THz) was used to
irradiate chick embryo neurons for 3 min. They found no significant impact on neuronal growth and development when the
terahertz radiation power density was 5 pW/cm? and 50 pW/cm? [28. However, when the terahertz power density was
reduced to 0.5 yW/cm?, terahertz radiation significantly promoted neuronal growth 28],

The frequency of terahertz radiation has also been found to influence the growth and development of neuronal processes.
Some studies have observed the reflection spectrum of neurons exposed to terahertz radiation and found that the impact
of terahertz radiation on the growth and development of neuronal processes is highly correlated with the absorption
characteristics of neurons towards terahertz radiation 2Z. The research conducted by Zhao and colleagues further
supports this conclusion, as they demonstrated that exposure to 3.1 THz radiation can promote neuronal growth and
synaptic formation by altering the dynamics of gene expression associated with neuronal development B8, |n summary,
the frequency of terahertz radiation is also an important factor affecting neurons by the mechanism of absorption and
resonance of terahertz radiation by neurons. Since both the neuron size and the terahertz wavelength are on the order of
micrometers, they are equipped to interact 4748149 |n addition, the resonance peaks between biological macromolecules
are different, so there are differences in the effects of different frequencies of terahertz radiation on neurons.

3.2. The Impact of Terahertz Radiation on Neuronal Membrane Permeability and Integrity

The neuronal membrane has a dual significance in neurons: firstly, as a barrier, it maintains the integrity of the cell and its
internal compartments; secondly, as a medium for communication between the organelle and the external environment, it
has a significant role in neuronal resting potential maintenance and electrical signal transduction BB, Neuronal
excitability depends not only on the difference in ion concentrations in-side and outside the cell but also on the neuronal
membrane’s precise control and selective permeation (21531,

Several studies have explored the effects of terahertz radiation at wavelengths of 130 ym and 150 pm on neuronal cell
membrane integrity and permeability using a fluorescent dye that does not penetrate intact cell membranes (BCECF-AM)
and a live cell assay 4. It was found that some neurons were exposed to terahertz waves with a wavelength of 130 pm,
and the permeability of the neuronal membrane was changed and successfully stained by the dye, with the proportion of
stained cells proportional to the terahertz radiation power. The membrane potential of unstained neurons is about —-60 mV,
while the membrane potential of stained neurons is usually greater than —60 mV or close to 0 mV. But similar results do
not appear for terahertz waves with a wavelength of 150 um. Subsequently, researchers found that the terahertz effect at
a wavelength of 130 um caused reversible damage to the barrier properties of neuronal membranes due to reactive
oxygen metabolites 241,

However, it has also been shown that terahertz waves have no significant effects on neuronal membranes B2, In this
study, seven different types of neurons were selected and exposed to different frequencies (0.16 THz, 0.17 THz), powers
(10 mW, 50 mW), and irradiation times (10 min, 60 min) of terahertz radiation, and the results showed that terahertz
radiation had no significant effects on the roughness of neuronal membranes.

3.3. The Impact of Terahertz Radiation on Neuronal Dynamical Properties

Neurons possess the capacity to perceive stimuli and transmit excitation, with the propagation of neuronal excitation being
achieved through the selective permeation of charged ions such as Ca?*, K*, and Na* via ion channels B2, Factors such
as electric fields and magnetic fields often influence the opening and closing of ion channels, thereby affecting the
neuronal membrane potential and action potentials. Guo and colleagues utilized Brownian Dynamics (BD) simulations to
solve mathematical-physical models and investigated the spontaneous radiation produced by Ca?* movement within
calcium channels, as well as the impact of terahertz radiation on Ca2* transport 8. The study found that Ca?* can emit
terahertz radiation during its movement within calcium channels. Additionally, external terahertz radiation can accelerate
Ca?* transit through ion channels, and the acceleration effect is related to the frequency and amplitude of the terahertz
radiation 28!,

Sun and colleagues further experimentally demonstrated the correlation between terahertz radiation power and
intraneuronal Ca?* concentration. They found that terahertz radiation (0.094 THz) can regulate intraneuronal CaZ*
concentration by adjusting the secretion of ATP [24, When the radiation power was 30 mW, the secretion of ATP increased
by a factor of 5, and the peak CaZ* concentration in neurons also increased; however, when the terahertz radiation power
was increased to 60 mW, the secretion of ATP increased by a factor of 10, but the change in Ca®* concentration in



neurons was slow 4. Furthermore, Titushkin and others also discovered that exposing neurons to terahertz radiation

(0.094 THz, 18.6 kW/m?) led to a significant increase in the number of Ca2* spikes in neurons 49,
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