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Abstract: The effect of terahertz (THz) radiation on deep tissues of human body has been 

considered negligible due to strong absorption by water molecules. However, we observed that 

the energy of THz pulses transmits a millimeter thick in the aqueous solution, possibly as a 

shockwave, and demolishes actin filaments. Collapse of actin filament induced by THz 

irradiation was also observed in the living cells under an aqueous medium. We also confirmed 

that the viability of the cell was not affected under the exposure of THz pulses. The potential of 

THz waves as an invasive method to alter protein structure in the living cells is demonstrated. 

One sentence summary: 

The energy of the THz wave propagates several millimeters into an aqueous medium and 

demolishes actin filaments via shockwaves. 
 

MAIN TEXT 

Due to the development of terahertz (THz) light sources, various and medical applications have 

been proposed in this decades. Also, toxicity of THz radiation for human health has attracted keen 

interest among researchers working in this frequency region (1). Two projects, the European THz-

BRIDGE and the International EMF project in the SCENIHR (2), summarize recent studies about 

THz radiation effects for human body. For example, non-thermal impacts on DNA stability (3–5) 

was induced by THz wave, which could cause chromosomal aberrations in human lymphocytes 

(6). The transcriptional activation of wound-responsive genes in mouse skin (7) and DNA damage 

in an artificial human 3D skin tissue model (8) have also been demonstrated. Most of those studies 

focus on epithelial and corneal cell lines, because THz photons are totally absorbed at the surface 

of the tissues due to the intense absorbance of liquid water in this frequency region. 

However, if the THz radiation is converted to the other type of energy flow which can propagate 

into water, irradiation of THz wave may cause damage inside the tissues. In fact, the THz photon 

energy is once absorbed on the body surface, and converted to the thermal and mechanical energies. 

We recently observed that THz pulses generate shockwaves at the surface of liquid water (9). The 
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generated shockwaves propagate several millimeters in depth. Similar phenomena may occur at 

the human body. The THz-induced shockwaves may induce mechanical stress to the biomolecules 

and change their morphology. Such indirect effects of the THz irradiation have not been 

investigated. 

To reveal the effect of THz-induced shockwaves to the biological molecules, we focused on 

morphology of the actin proteins. Actin has two functional forms, monomeric globular (G)-actin 

and polymerized filamentous (F)-actin. The actin filament forms the elaborate cytoskeleton 

network, which plays crucial roles in cell shape, motility, and division (10). One advantage of 

using actin is that we can easily obtain enough purified G-actin from tissues (11) to reconstruct 

polymerization reactions in vitro. Actin filaments can be directly observed by fluorescence 

microscopy by staining with silicon-rhodamine (SiR)-actin (12). In this study, we investigated the 

effect of THz-induced shockwaves on actin filaments. The experiments were performed by the 

actin aqueous solution and living cell with several THz wave energy densities and shockwave 

propagation lengths. We also confirmed that the viability of the cell was not affected under the 

exposure of THz pulses. The potential of THz waves as an invasive method to alter protein 

structure in the living cells is demonstrated. 

To mimic the effect of THz irradiation on tissue proteins, a 1 mm-thick aqueous solution of actin 

protein was subjected to THz pulsed irradiation (Fig. 1A). During actin polymerization, 80 

J/cm2/micro-pulse THz pulses were applied from the bottom of the dish. After 30-min THz 

irradiation, a portion of the actin solution was collected for fluorescence microscope observation. 

The irradiated sample (Fig. 1B, right) clearly lost brightness as compared to the control (Fig. 1B, 

left), and the number of actin filaments with detectable length decreased. The number of actin 

filaments was decreased about 50% by the THz pulses (Fig. 1C). Figure 1D shows examples of 

the magnified images of actin filaments. Actin filaments formed straight structures, and 

morphological deformation such as branching or molecular aggregation was not observed. 

Therefore, we conclude that THz irradiation decreases actin filaments, but does not denature actin 

molecules.  

Since the reaction rate is temperature-dependent, reduced actin filaments could be explained by 

increased temperature of water due to absorption of THz waves (Fig. S1A). Using an adiabatic 

model, temperature was increased at the solution surface by about 0.035 C with a single micro-

pulse (Fig. S1B). The solution surface was then cooled by thermal diffusion in the interval between 

pulses. Thus, the average temperature gradually increases during irradiation of THz pulses until 

reaching equilibrium. Sample temperature measured at the end of irradiation was 1.4 C higher 

than the control. However, actin polymerization does not show remarkable changes until 50 °C 

(13, 14). Increasing the temperature by a few C does not explain the inhibition of polymerization 

reaction. Another mechanism must be considered. 

When intense, ultrashort laser pulses are focused on a biological material, various nonlinear 

photophysical and photochemical processes are induced. We recently observed that THz pulses 

effectively generate shockwaves, which propagates a few millimeters into the aqueous medium 

(9). Therefore, shockwave propagation is the most likely reason for THz-induced decrease in actin 

filaments. To demonstrate the THz pulse radiation effect deeper into the aqueous layer, we 

observed morphological changes in actin fibrils from living cells. The cells were sunk in the culture 

medium to avoid direct interaction with the THz wave and rapid temperature change. HeLa cells 

were grown on a glass plate and placed 800 µm away from the bottom of the dish to simulate 

similar depth from a tissue surface. The culture medium was kept at 37 C during the experiment 

and THz pulses were applied from the bottom of the dish (Fig. S2).  
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In HeLa cells, actin filaments form several assemblies categorized as cell cortex fibers, stress fibers, 

and cytoplasmic actin filaments, which are present in different cellular regions. To observe 

morphological changes, endogenous actin filaments were observed with a fluorescent microscope. 

HeLa cells were stained with SiR-actin for live-cell imaging before (Fig. 2A, ⅰ-ⅳ) and after 30-

minute THz irradiation (Fig. 2A, ⅴ-ⅷ). The energy of the THz micro-pulse was 0, 80, 160, 250 

J/cm2, respectively. Intact actin filament structure is clearly observed at before THz irradiation in 

all samples (Fig. 2A, ⅰ-ⅳ). This structure was maintained after 30 minutes in control cells (Fig. 2A, 

ⅴ), showing that no significant damage occurs from the UV light of the microscope. After THz 

irradiation, actin filaments were decreased and actin aggregates were observed in the cell cortex 

(Fig. 2A, ⅵ-ⅷ, red arrow), which is a layer of thin actin filaments formed at the cell periphery 

and plays important roles in cell morphology, migration, and invasion. 

To observe detailed actin filament structure within the cell cortex, cells were immunostained with 

AlexaFluor 594 Phalloidin and observed by spinning-disk confocal microscopy after THz 

irradiation for 30 minutes (Fig. 2B, ⅰ-ⅳ and ⅴ-ⅷ (zoomed images)). The samples after 80 and 160 

J/cm2 THz irradiation show a dark area in the cell cortex (Fig. 2B, ⅵ and ⅶ), indicating 

disassembly of the actin filaments. Actin aggregation is present near the cell periphery (Fig. 2B, ⅳ 

and ⅷ, red allow) after 250 J/cm2 irradiation. We also observed severed filopodia in these cells 

(Fig. 2B, ⅳ, red allow head). Artificial collapse of actin filaments with chemical reagents causes 

aggregation of actin filaments (15), which is similar to the phenomenon shown in Fig. 2B, ⅳ. 

These results demonstrate that actin filaments are disrupted with high THz irradiation power. 

To examine the energy transport in water induced by THz irradiation, we observed morphological 

changes in actin fibrils at various distances from the irradiating point (Fig. 3). Cells were 

positioned 800, 1800, and 2800 m away from the interface. Similar to Fig. 2, cells were imaged 

before and after THz irradiation with 250 J/cm2 micro-pulse energy (Fig. 3A). Figure 3B shows 

high-resolution images of the cell cortex after irradiation for 30 minutes. Note that the images at 

800 m and control are taken from Fig. 2 for comparison. The live-cell images at 1800 m show 

that the actin filaments disappeared and actin aggregated (Fig. 3A, ⅶ), similar to images at 800 

m (Fig. 3A, ⅵ), which is also present in the high-resolution images (Fig. 3B, ⅶ, red arrow). 

However, aggregate size is smaller than at 800 m. At 2800 m, actin aggregation is not clearly 

observed (Fig. 3A, ⅷ) and large peripheral actin filaments remain after irradiation (Fig. 3B, ⅷ). 

This result demonstrates that the energy of the THz wave propagates more than 1000 m into an 

aqueous solution, which means that the irradiated photon energy is converted to another type of 

traveling energy, i.e. thermal or pressure energy. The temperature change due to the THz irradiation 

is negligibly small in these experimental conditions. Therefore, the irradiated THz photon energy 

propagates as a shockwave, which demolishes cellular actin filaments in culture. This result 

corroborates previous reports which observed that shockwaves generated by piezoceramic vibrator 

induces actin filament fragmentation (16, 17). The shockwaves with 16 MPa peak pressure are 

focused on culture cell and destroys the cell cortex and filopodia, similar to our results (Figs. 2 and 

3). 

Shockwaves are used for medical and biological applications, such as surgery, gene therapy, and 

drug delivery. In general, the laser-induced shockwaves are generated by focused light. The energy 

of the high-power laser pulses is converted to shockwaves by the formation of plasma and 

cavitation bubbles. However, such high-energy phenomena cause the loss of peripheral cells and 

serious cellular damage (16–19). On the other hand, THz energy is effectively transferred to the 

mechanical energy of the shockwave with nondestructive processes. To confirm the “softness” of 
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shockwave generation via THz irradiation, cell death was measured by a cytotoxicity assay using 

4',6-diamidino-2-phenylindole (DAPI). When cell death or loss of membrane integrity occurs, 

DAPI is taken into the cytoplasm through the damaged membrane and generates fluorescence after 

DNA binding. Figure 4A shows cells before and after THz irradiation with 250 J/cm2. Cell shape 

was maintained after 30-min exposure. Figure 4B shows fluorescence images of DAPI. Figure 4C 

shows merged image between visible cells and DAPI fluorescence. Less than 1% of cells show 

fluorescence after THz irradiation, similar to control experiments. These results indicate that 

membrane injury or cell death is not induced by THz irradiation, but that manipulation of actin 

filaments in living cells might be induced by THz waves as shown in Figs. 2 and 3. 

In summary, we demonstrate that THz pulses change actin filament morphology in aqueous 

solutions via shockwaves. THz irradiation affects not only the surface of the human body, but also 

a few millimeters into the tissue. This penetration should be considered when developing high-

power THz radiation safety standards. These results also indicate that THz irradiation could be 

applicable for nondestructive manipulation of cellular functions by modulation of actin filaments. 
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Figure 1. Actin polymerization affected by THz irradiation in an aqueous solution. 

 (A) Schematic diagram of the experimental set-up. Actin solution was placed in a film bottom 

dish. THz waves (4 THz) were applied to the bottom of the dish. After THz irradiation, a portion 

of the actin solution was collected for fluorescence microscope observation. (B) Fluorescence 

microscopy images of actin filaments with (control, left) or without THz irradiation (80 µJ/cm2, 

right). Actin solution (2.4 µM) was fixed and stained with SiR-actin after polymerizing for 30 min. 

(C) The number of actin filaments counted from fluorescence images. Data shown are the mean 

and the standard deviation of three independent experiments. More than 300 actin filaments were 

counted in each of the experiments. Asterisk indicate a statistically significant difference (*P< 

0.05). (D) Magnified images of single actin filaments. The bar shows a scale of 20 µm. 
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Figure 2. THz wave effects on cellular actin filaments. 

 (A) Live-cell imaging of actin filaments. The energy of the THz irradiation was 0, 80, 160, and 

250 µJ/cm2. Cells imaged before (A, ⅰ-ⅳ) and after 30-minute THz irradiation (A, ⅴ-ⅷ). The red 

arrows indicate aggregated actin filaments. (B) Immunofluorescence images of the cell cortex 

stained with AlexaFluor 594-phalloidin. Images were observed using spinning-disk confocal 

microscopy. The right panels (ⅴ-ⅷ) show the magnified images of the red squares in the left 

panels (ⅰ-ⅳ), respectively. Red arrows indicate aggregated actin filaments. Arrowheads indicate 

filipodia fragments. Actin filaments were stained with SiR-actin and observed by fluorescence 

microscopy. The bar shows a scale of 10 µm. 
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Figure 3. Propagation of THz energy through aqueous culture medium.  

(A) Live-cell imaging of actin filaments 800, 1800, and 2800 m away from the bottom of dish. 

Control cells were placed 800 m above the dish bottom. Cells imaged before (A, ⅰ-ⅳ) and after 

(A, ⅴ-ⅷ) THz radiation with the energy of 250 J/cm2 for 30 minutes. (B) Immunofluorescence 

images of the cell cortex stained with AlexaFluor 594-phalloidin. Images were observed using 

spinning-disk confocal microscopy. The right panels (ⅴ-ⅷ) show the magnified images of the red 

squares in the left panels (ⅰ-ⅳ), respectively. Red arrows indicate aggregated actin filaments. Note 

that the images at 800 m and control are taken from Fig. 2 for comparison. The bar shows a scale 

of 10 µm. 
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Figure 4. Evidence for no-cytotoxicity by THz irradiation. 

 (A) Visible images of cells. (B) Fluorescence images of DAPI-stained cells. (C) Merged image 

of visible cells and DAPI fluorescence. DAPI was added to the culture medium at 0.1 µg/mL to 

detect cell death. The applied THz wave power density was 250 J/cm2. The cells were placed 800 

µm away from the bottom of dish. The bar shows a scale of 100 µm. 
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