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31 Abstract
32 Biological phenomena induced by terahertz (THz) irradiation are described in recent 
33 reports, but underlying mechanisms, structural and dynamical change of specific molecules are 
34 still unclear. In this paper, we performed time-lapse morphological analysis of human cells and 
35 found that THz irradiation halts cell division at cytokinesis. At the end of cytokinesis, the 
36 contractile ring, which consists of filamentous actin (F-actin), needs to disappear; however, it 
37 remained for 1 hour under THz irradiation. Induction of the functional structures of F-actin was 
38 also observed in interphase cells. Similar phenomena were also observed under chemical 
39 treatment (jasplakinolide), indicating that THz irradiation assists actin polymerization. We 
40 previously reported that THz irradiation enhances the polymerization of purified actin in vitro; 
41 our current work shows that it increases cytoplasmic F-actin in vivo. Thus, we identified one 
42 of the key biomechanisms affected by THz waves.

43

44 Introduction
45 The recently developed technology of terahertz (THz) light sources indicate the bloom 
46 of applications in a wide range of fields, such as chemical sensing [1,2], security imaging 
47 motion sensing [3–6], and telecommunications [7–12]. For example, in the wireless technology 
48 "6G" aiming for practical use in the 2030s, the use of sub-THz electromagnetic waves is being 
49 studied. The use of the “sub-THz” is also being considered for the acquisition of high-precision 
50 position information in radars required for autonomous driving and motion sensors. Over the 
51 next decades, THz light sources will become miniaturized, powerful, cheap, and familiar to 
52 everyday life. To facilitate such practical THz applications, the safety of THz radiation for 
53 human health must be guaranteed [13]. 

54 The interaction between THz radiation and biological systems has been previously 
55 investigated. Two projects, the European THz-BRIDGE and the International EMF project in 
56 the SCENIHR [14], summarize recent studies about the biological effects of THz radiation. For 
57 example, THz irradiation was shown to inhibit cell proliferation and to change the adhesive 
58 properties of the nerve cell membrane [15,16]. Other studies showed THz-induced DNA 
59 destabilization [17–19], which causes chromosomal aberrations in human lymphocytes [20]. 
60 The transcriptional activation of wound-responsive genes in mouse skin [21] and the induction 
61 of DNA damage in an artificial human 3D skin tissue model [22] were also reported as effects 
62 of THz irradiation. However, the mechanisms are still unclear because such phenomenological 
63 studies cannot reveal the underlying molecular origin in the complex biological systems.

64 An important point to consider for THz irradiation experiments is the THz radiation 
65 source itself. The THz power density must not be too high to avoid detrimental thermal effects 
66 on the sample. Many studies have shown the effect of heating on cells, such as tissue damage 
67 [23,24], heat-induced cellular death [25,26], and DNA damage [27,28]. Thus, the THz beam 
68 should not be focused tightly to prevent an increase in the temperature on the sample. Two 
69 studies have shown that millimeter-wave radiation induces specific cellular responses that 
70 differ from direct thermal effects (29, 30); however, the underlying mechanism and exact 
71 targets are poorly defined. In addition to the effect of heating, the generation of the acoustic 
72 waves in aqueous solution must be considered when using the pulsed THz sources. In our 
73 previous works, we observed that THz pulses generate shockwaves at the surface of liquid 
74 water [31]. The generated shockwaves propagate to a depth of several millimeters, and disrupt 
75 protein structures in living cells [32]. To avoid such acoustic effects, the peak power of the THz 
76 pulses should be kept at a sufficiently low level.
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77 In this study, we investigated the “non-thermal” and “non-acoustic” effects of THz 
78 irradiation on the morphology of living HeLa cells. The energy of THz was 6 mJ/cm2 with a 
79 duration of 10 ms, giving a peak power less than 0.6 W/cm2, which is eight orders of magnitude 
80 smaller than that in our previous studies [32]. The THz fluence was low enough to keep the 
81 temperature rise less than 0.2 °C during irradiation. Morphological observation showed that 
82 cell division in the cell cycle is arrested at mitosis during THz irradiation. Fluorescence 
83 microscopy revealed that this phenomenon is due to the stabilizing of the contractile ring, which 
84 is required to disappear to complete the cytokinesis — the last step of cell division. We found 
85 that the contractile ring was stabilized because of the enhancement of actin polymerization by 
86 THz irradiation. This work is the first to identify the key molecule and mechanism by which 
87 THz waves affect biological systems in a non-thermal and non-acoustic manner.

88
89

90 Materials and Methods
91 THz source
92 We used a gyrotron (FU CW GVIB [33]) to generate 0.46-THz waves. We designed an 
93 apparatus that exposed samples to the radiation, which had a peak power density of 0.6 W/cm2. 
94 A schematic representation of the device is shown in Fig. 1A. The THz gyrotron produced 10-
95 ms-long pulses with a 1-Hz repetition rate [34]. As a second source of THz irradiation, we used 
96 a compact solid-state device based on an IMPATT-diode (TeraSense Group Inc), which 
97 ensured coherent continuous-wave emission of THz waves with a frequency of 0.28 THz and 
98 output power of 20 mW. THz radiation was outputted from the horn antenna (4 mm× 4 mm), 
99 and emitted from the bottom of the dish without focusing the beam, and with a power density 

100 of 125 mW/cm2.
101
102 THz irradiation of HeLa cells
103 HeLa cells were seeded on 0.15 mm-thick cover glass and cultured in Dulbecco's 
104 Modified Eagle’s Medium (Gibco) supplemented with 10% fetal bovine serum and antibiotics 
105 (penicillin and streptomycin) at 37 °C in a 5% CO2 humidified atmosphere. Actin filaments 
106 were stained with SiR-actin by adding probes from a 1 mM dimethyl sulfoxide (DMSO) stock 
107 solution to the growth medium (final concentration: 3 µM) and incubating for 1 hour at 37 °C 
108 in a 5% CO2 humidified atmosphere. The film dish was set on a heating stage (LINKAM: 
109 10002L) to maintain a culture temperature at 37  1 C. The THz beam passed vertically 
110 through a 4-mm hole in the heating stage. During THz irradiation, fluorescence microscopy 
111 images were obtained with a UV light source (Thorlabs, X-Cite 200DC lamp), dichroic mirror 
112 (Thorlabs, DMLP650R), two optical filters (excitation band pass: 625 nm/25 nm; emission long 
113 pass: 675 nm), objective lens (Olympus, LUMFLN60XW; Nikon, N10X-PF), and an sCMOS 
114 camera (Thorlabs, CS2100M-USB). Figure 1A shows a schematic diagram of the experimental 
115 setup for THz irradiation. Cells treated with 10 nM jasplakinolide in DMSO were used as a 
116 positive control.
117 For the quantitative analysis of the cells at cytokinesis, cells were synchronized at the 
118 mitotic phase using 25 µg/ml nocodazole. Cells were cultured at 16 hours after the addition of 
119 nocodazole. Before each experiment, nocodazole was washed out by changing the culture 
120 medium, and cells proceeded to mitosis with or without THz irradiation.
121 Image analysis was performed using Fiji software. To measure the mean signal intensity in 
122 the membrane compartment, the outline of each cell was selected using the area selection tools 
123 in the software. The mean signal intensity of the signal over the area of the cell was recorded. 
124 The number of cells is shown as n. Statistical significance was calculated using F- and T-tests.
125
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126 Morphological analysis
127 To measure the cell area and perimeter, the outlines of cells were selected (in the x–y 
128 plane) using the area selection tools in the Fiji software. The form factors of individual cells 
129 were calculated as 4S/L2, where S is the projected cell area and L is the cell perimeter. This 
130 index reflects the irregularity of the cell shape: a perfectly round cell has a value of one, and a 
131 stellate cell has a value lower than one. Data are presented as the mean ± standard deviation. 
132 The number of cells is shown as n. Statistical significance was calculated using F- and T-tests.
133
134
135

136 Results
137 THz irradiation halts cell division of cultured cells
138 To observe the non-thermal and non-acoustic effects of the THz irradiation, we irradiated 
139 living cells with a THz beam with relatively low peak power. The sample was irradiated with 
140 the output of the gyrotron (0.46 THz), without focusing the beam and with a peak power density 
141 of 0.6 W/cm2. This radiation power is eight orders of magnitude lower than the power in which 
142 acoustic waves were generated in our previous work [32]. The radiation source was pulsed with 
143 a duty ratio of 1% (10-ms duration, 1-Hz repetition rate) to reduce heating of the sample. HeLa 
144 cells were grown on a film-bottom dish, and the culture medium was kept at 37 C by a heating 
145 stage during the experiment. THz radiation was emitted from the bottom of the culture dish for 
146 60 minutes (Fig. 1A). The high absorbance of water (160 cm−1 at 21 °C, 0.46 THz) limits the 
147 penetration depth of the THz waves to about 100 µm. Because the thickness of the cells is less 
148 than 30 µm, THz waves reached all regions of the cell. To evaluate the effect of THz irradiation, 
149 we performed time-lapse microscopy imaging of the HeLa cells (Fig. 1B). 
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150

151 Fig. 1. Effects of THz irradiation on cell morphology. (A) Schematic illustration of the 
152 experimental setup. THz waves with a power density of 0.6 W/cm2, frequency of 0.46 THz, 
153 pulse duration of 10 ms, and a repetition rate of 1 Hz were generated by a gyrotron at FIR-UF. 
154 The THz beam passed vertically from the bottom of the dish via an aperture of 4 mm in the 
155 heating stage. As a second source of THz irradiation, we used a IMPATT-diode which ensured 
156 coherent continuous-wave emission of THz waves with a frequency of 0.28 THz and output 
157 power of 20 mW. THz radiation was outputted from the horn antenna with a power density of 
158 125 mW/cm2. HeLa cells were seeded on the film bottom dish and cultured for 24 hours before 
159 the experiments. The culture medium was kept at 37 °C by the heating stage during the 
160 experiments. (B) Microscopy images of cells at 0, 30, and 60 minutes. Irradiation was started at 
161 0 minutes and continued for 60 minutes. The bottom panels show the magnified images of the 
162 black squares in the upper panels. The red arrows indicate a pair of cells with a round shape. The 
163 scale bar represents 200 µm (upper panel) and 20 µm (bottom panel).

164
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165 Under THz irradiation, the appearance of a characteristic form of cells, which consists of 
166 a pair of round cells, was frequently observed (Fig. 1B, red arrow), and the characteristic cells 
167 are maintained during THz irradiation up to 60 min (Fig. 1B, bottom panel (zoomed images)). 
168 The round shape of the cells is a typical morphology of mitotic cells, and the pairing of two 
169 round cells is observed at the last step of mitosis, called cytokinesis (Fig. 2A). Cytokinesis is 
170 generally completed within 15 minutes [35]. Therefore, the persistence of the paired round cells 
171 indicates that THz irradiation inhibited the progression of cytokinesis. 

172
173 Fig. 2. THz irradiation halts cytokinesis. (A) Schematic representation of mitotic progression. 
174 In the process of mitosis, actin polymerization is induced to make the contractile ring, which is 
175 required for starting the division of the mother cell into two daughter cells. Then, the contractile 
176 ring is squeezed and completes cell division. Cytokinesis is generally completed within 15 
177 minutes. (B) Percentage of cells arrested at cytokinesis. The cell cycle was synchronized to the 
178 mitosis phase with 25 µg/ml nocodazole before each experiment. Nocodazole interferes with the 
179 polymerization of microtubules and arrests the initial step of mitosis. Cells were determined to 
180 be arrested at cytokinesis when the contractile ring was retained for more than 30 minutes after 
181 the release from nocodazole. The error bars show the standard deviation of three independent 
182 experiments. More than 184 cells were measured in each experiment. 

183

184 For the quantitative evaluation of the arrested cells at cytokinesis, cells were 
185 synchronized at the initial phase of mitosis using 25 µg/ml nocodazole, and released into the 
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186 culture medium without nocodazole to proceed with the mitosis. Figure 2B shows the 
187 percentage of cells arrested at cytokinesis. Whereas cytokinetic-arrested cells are not observed 
188 under the control condition, THz irradiation induced cytokinetic arrest at 30 minutes after 
189 nocodazole release and the arrest was further continued (Fig. 2B, THz). We also analyzed the 
190 effect of heat on the progression of cytokinesis. The culture medium was kept at 42 C by the 
191 heating stage during the progression of mitosis; however, this did not increase the number of 
192 cells arrested at cytokinesis (Fig. 2B, 42 C). Since the temperature rise during THz irradiation 
193 was less than 0.2 °C (Supplemental Fig. S1), some other reasons than the temperature increase 
194 are supposed for the inhibition of cytokinesis.

195

196 Persistence of the contractile ring during THz 
197 irradiation
198 The dominant regulator of cytokinesis is the contractile ring, which consists of actin 
199 filaments (Fig. 2A) [36]. At the start of cytokinesis, a G (globular)- to F (filamentous)-actin 
200 transition is induced to make the contractile ring (polymerization reaction). Then, the opposite 
201 transition of F- to G-actin disassembles the contractile ring to complete cell division 
202 (depolymerization reaction). After THz irradiation, the percentage of cells arrested at 
203 cytokinesis significantly increased in comparison with control cells (Fig. 2B), suggesting that 
204 THz irradiation affects the disassembly of the contractile ring. 

205 To observe the behavior of the contractile ring under THz irradiation, we stained actin 
206 filaments in living cells with SiR-actin [37], and performed time-lapse imaging under a 
207 fluorescence microscope. The formation of the contractile ring was observed with and without 
208 THz irradiation (Fig. 3, Cytokinesis, red arrow). Without THz irradiation, the contractile ring 
209 disappeared after 30 minutes, and the two daughter cells separated completely (Fig. 3, Control, 
210 white arrows). By contrast, under THz irradiation, the contractile ring remained for at least 30 
211 minutes (Fig. 3, THz, 30 min later). In cells cultured at 42 C, the contractile ring disappeared, 
212 and cell division was completed within 30 minutes (Fig. 3, 42 C, 30 min later). This result 
213 suggests that the depolymerization reaction of actin progresses in a non-thermal manner. 
214 Cytokinesis is generally completed within 15 minutes, and the dynamic turnover of actin 
215 filaments to G-actin is required for its completion [38–41]. Importantly, the chemical induction 
216 of actin polymerization with jasplakinolide inhibits the completion of cytokinesis by stabilizing 
217 the contractile ring [42]. Taken together, these results support the notion that THz irradiation 
218 inhibits the completion of cytokinesis by affecting the actin dynamics.
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219
220 Fig. 3. Persistence of the contractile ring during THz irradiation. Live-cell imaging of cells 
221 with a contractile ring. The cellular actin filaments were stained with SiR-actin and observed 30 
222 minutes after generation of the contractile ring. The culture medium was kept at 37 °C by the 
223 heating stage during the experiments with and without THz irradiation. To observe the thermal 
224 effects on cytokinesis progression, cells were cultured at 42 °C and observed (bottom panel). 
225 The red arrows show the contractile ring and the white arrows show the daughter cells. The white 
226 bar shows a scale of 20 µm.

227

228 Effects of THz irradiation on actin filaments inside cells
229 Actin filaments are relevant to various cellular functions, and their dynamics are tightly 
230 regulated. For example, cytoplasmic actin polymerization in the plasma membrane is an 
231 essential and versatile process that defines the cellular shape and confers mobility to cells. To 
232 evaluate the effects of THz irradiation on the actin dynamics observed in living cells, we stained 
233 actin filaments in living HeLa cells with SiR-actin [37], and performed time-lapse imaging with 
234 fluorescence microscopy. The fluctuation of the cellular actin filaments can be quantitatively 
235 estimated by the fluorescence intensity of SiR-actin, which increases up to 100-fold in the actin 
236 filaments. Cells treated with 10 nM jasplakinolide, which induce actin polymerization, were 
237 also analyzed as a positive control.
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238 As Figure 4A shows, most cells stayed adherent during the 60-minute observation period, 
239 with a few cells detaching from the bottom of the dish. In addition, the area of the cells remained 
240 constant for 60 minutes during both THz irradiation and jasplakinolide treatment (Supplemental 
241 Fig. S2), suggesting that abnormal shape changes, such as atrophy and hypertrophy, did not 
242 occur. Figure 4B shows the mean fluorescence intensity of SiR-actin in individual cells at 0, 
243 30, and 60 minutes. The box plot shows the mean fluorescence intensity of SiR-actin in the 
244 cells, and the error bar represents the standard deviation. The fluorescence intensities of SiR-
245 actin in the cells were kept constant for 60 minutes in the control experiment (Fig. 4B, control), 
246 showing that fluorescence bleaching did not occur during the observation period. After 60 
247 minutes of THz irradiation, the fluorescence intensity of SiR-actin increased, indicating that 
248 actin polymerization was accelerated and the number of filaments increased inside the cells 
249 (Fig. 4B, THz). A similar effect was observed for the ‘chemical’ induction of actin 
250 filamentation using jasplakinolide (Fig. 4B, Jasplakinolide). These results show that THz 
251 irradiation accelerates actin filamentation in living HeLa cells.
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252
253 Fig. 4. THz waves enhance actin polymerization in cells. (A) Fluorescence microscopy 
254 images of cells stained with SiR-actin at 0, 30, and 60 minutes. THz irradiation was started at 0 
255 minutes and continued for 60 minutes. As a positive control, cells were treated with 10 nM 
256 jasplakinolide at 0 minutes to induce actin polymerization. The white bar shows a scale of 200 
257 µm. (B) Mean fluorescence intensity of SiR-actin in individual cells measured from the 
258 fluorescence microscopy images. The box plot shows the mean value relative to 0 minutes. The 
259 standard deviations of three independent experiments are shown. More than 77 cells were 
260 measured in each experiment. (C) Irradiation with THz waves generated by the IMPATT-diode 
261 source was started at 0 minutes and continued for 120 minutes. The mean fluorescence intensity 
262 of SiR-actin in individual cells was measured from the fluorescence microscopy images. The 
263 box plot shows the mean value relative to that measured at 30 minutes. The standard deviations 
264 of three independent experiments are shown. More than 120 cells were measured in each 
265 experiment.
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266

267 To confirm the THz irradiation effect by another type of radiation source, same 
268 experiment was performed by a solid-state semiconductor device (TeraSense: IMPATT diode), 
269 which outputs continuous-wave at 0.28 THz with a power of 20 mW. THz wave was emitted 
270 from the diagonal horn antenna with a size of 4 mm  4 mm, attached at the bottom of the film-
271 bottom dish (Fig. 1A). The irradiation power density was about 125 mW/cm2. Figure 4C shows 
272 the mean fluorescence intensity of SiR-actin in the individual cells at 30, 60, 90, and 120 
273 minutes. After 90 minutes of irradiation, the fluorescence intensity of SiR-actin was 
274 significantly increased compared with the control cells (Fig. 4C, THz). 

275 The fluorescence intensity under irradiation from the IMPATT diode increased more 
276 slowly than under gyrotron irradiation because of the different parameters of the two light 
277 sources. Specifically, the peak power of the IMPATT diode (125 mW/cm2) was about five 
278 times lower than that of the gyrotron (600 mW/cm2). Moreover, the frequency of the IMPATT 
279 diode (0.28 THz) was much lower than that of the gyrotron (0.46 THz). At present, we do not 
280 know which of these two parameters controls the speed of actin filamentation. We note that the 
281 average energy flux of the IMPATT diode (125 mJ/cm2/s) was higher than that of the gyrotron 
282 (6 mJ/cm2/s). However, the speed of actin filamentation does not depend on the average energy 
283 flux.

284

285 Effects of THz irradiation on actin-including structures 
286 in interphase cells
287 In addition to the formation of the contractile ring in cytokinesis, actin polymerization is 
288 required for forming cellular structures in interphase cells, including stress fibers, lamellipodial 
289 meshworks, and transverse arcs (Fig. 5A). Stress fibers exist along the cell membrane and form 
290 the cytoskeleton, which maintains the cell shape. Lamellipodial meshworks are observed at the 
291 leading edge of cells and are required for cell migration. Transverse arcs are generated in the 
292 peripheral regions of the cell membrane and move to the center of the cell [43]; this movement 
293 is generally the initial step of cell migration, and actin polymerization is required for movement. 
294 To analyze the effect of THz irradiation on actin polymerization, we analyzed actin-including 
295 structures in living cells using fluorescent microscopy. Note that we did not observe any change 
296 of lamellipodial meshworks in this study. It is known that the production of lamellipodial 
297 meshworks induces the reorganization of the cell into an asymmetric shape. To confirm the 
298 cellular shape transition, we analyzed the form factor, which is close to 1 for a round shape, 
299 and close to 0 for an asymmetric shape [44]. The form factor was the same for the control, THz 
300 irradiation, and jasplakinolide-treated samples for 60 minutes (Supplemental Fig. S3). 
301 Therefore, we concluded that lamellipodial meshworks were not induced by the 60-minute THz 
302 irradiation.

303
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304 Figure 5. Effect of THz irradiation on actin-including structures. (A) Illustration of the 
305 functional structures that include actin filaments inside cells. In the cytoplasm, actin filaments 
306 form massive assemblies, which can be categorized as stress fibers, lamellipodial meshworks, 
307 and transverse arcs. Stress fibers are static structures that exist along the cell membrane; the 
308 lamellipodial meshwork is observed in the leading edge of the cell; and transverse arcs are 
309 generated in the cell membrane and move to the center of the cell. (B) Live-cell imaging of actin 
310 filaments with and without THz irradiation. The white dotted line marks the cell membrane. The 
311 yellow arrow shows stress fibers, which appeared along the cell membrane. The red arrow shows 
312 a transverse arc, which was generated in the cell membrane and moved to the center of the cell 
313 for 20–30 minutes. The scale bar represents 10 µm. (C) Percentage of cells, in which transverse 
314 arcs appeared during microscopy observation for 30 minutes. As a positive control, cells were 
315 treated with 10 nM jasplakinolide at 0 minutes to induce actin polymerization. The error bar 
316 shows the standard deviation of three independent experiments. More than 184 cells were 
317 measured in each experiment.

318

319 Figure 5B shows time-lapse images of a single cell stained with SiR-actin at 0, 10, 20, 
320 and 30 minutes. The white dotted lines show the position of the cell membrane. The 
321 fluorescence intensity of SiR-actin increased near the cell membrane in the control, indicating 
322 that stress fibers were generated during the measurement (Fig. 5B, Control, yellow arrows). 
323 Under THz irradiation, in addition to the stress fiber formation, transverse arcs were formed in 
324 the periphery, and this structure moves from the cell membrane towards the center of the cell 
325 (Fig. 5B, THz, red arrows) (Supplemental Movie. S1). 

326 Figure 5C shows the number of cells in which transverse arcs were generated during the 
327 30-minute experiment. 27% of cells contained a transverse arc in the control experiment (Fig. 
328 5C, Cont). By contrast, over 60% of the cells contained a transverse arc as a result of either 
329 THz irradiation or jasplakinolide treatment (Fig. 5C, THz and Jasp). These results suggest that 
330 THz irradiation affects actin polymerization not only in the contractile ring but also in the 
331 cytoplasm of interphase cells.
332

333 Discussion
334 In our previous study, we subjected an aqueous solution of purified actin protein to THz 
335 irradiation for the purpose of developing a physical technique for macromolecular manipulation 
336 [34]. In that study, we found that actin filaments were generated effectively under THz 
337 irradiation in living cells. Furthermore, THz irradiation caused the generation and retention of 
338 massive assemblies of actin filaments, such as contractile rings and transverse arcs (Figs 3 and 
339 5).

340 Because the formation of biological molecules is sensitive to temperature, the simplest 
341 explanation for the enhancement of actin polymerization might be a transient increase of 
342 temperature owing to the absorption of THz irradiation by water. However, it has been 
343 demonstrated that the effect of a temperature rise on actin polymerization is negligible (Fig. 
344 2B) [34,45]. In addition, we estimated the temperature change during THz irradiation as 0.23 
345 °C using an adiabatic model (Supplemental Fig. S1). Therefore, it is unlikely that a temperature 
346 change due to THz irradiation enhances actin polymerization in living cells, and other 
347 mechanisms should be considered.

348 Another possible explanation is THz-induced shockwaves. In our previous study, we 
349 found that shockwaves were generated by THz pulses of 80 µJ/cm2 with a duration of 5 ps 
350 (peak power of 16 MW/cm2) [32]. Intense THz pulses are absorbed at the water surface and the 
351 energy concentration results in shockwave generation. The shockwaves propagate for a few 
352 millimeters in the aqueous medium, and disrupt the morphology of actin filaments in living 
353 cells. However, in the present study, the energy of each THz pulse was 6 mJ/cm2 with a duration 
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354 of 10 ms, giving a peak power of just 0.6 W/cm2, which is eight orders of magnitude smaller 
355 than that used in Ref. 32, which generated shockwaves. Therefore, we consider that THz 
356 irradiation did not induce shockwaves under the experimental conditions of the present study.

357 We attribute the observed phenomena to non-thermal and non-acoustic effects of THz 
358 irradiation (i.e. the direct interaction between THz photons and the dynamical motion of the 
359 actin proteins). Because the vibration frequencies of the higher-order conformations of proteins 
360 and the surrounding water molecules are in the THz band [46–48], THz irradiation perturbates 
361 the intra- and inter-molecular dynamics of the actin proteins. The actin polymerization process 
362 consists of three phases: nucleation, elongation, and equilibrium. In our previous study, we 
363 found that THz irradiation enhances actin polymerization reaction in the aqueous solution [34]. 
364 We concluded that THz irradiation accelerates the elongation process because the actin 
365 filaments undergo additional elongation under THz irradiation in the equilibrium state. Those 
366 results showed that THz irradiation affects the dynamics of actin molecules during the 
367 elongation reaction.

368 Our previous in vitro THz irradiation experiment for the same molecule helps us 
369 understand the mechanism of in vivo THz irradiation. The observed phenomena — the 
370 inhibition of cytokinesis and formation of transverse arcs — suggest the enhancement of actin 
371 filamentation in living cells, which we also quantitatively confirmed from the fluorescence 
372 intensity of SiR-actin. In the in vitro experiment, such enhancement of actin filamentation was 
373 not due to the expression of the intra-cellular system, such as activation of cell signaling, 
374 changes of transcriptional regulations, and induction of cellular responses, but was due to the 
375 direct enhancement of the elongation reaction of the actin filament. Using actin molecules, we 
376 succeeded in elucidating the effects of THz irradiation on molecular reactions and cellular 
377 expression.

378 Actin filament is a major component of the cytoskeleton, and has crucial roles in 
379 determining cell shape, and for cell motility and division [49,50]. Moreover, the recent 
380 development of fluorescence probes has led to the revelation that nuclear actin filaments are 
381 required for transcriptional regulation, DNA repair, and gene reprogramming [51–53]. 
382 Therefore, THz irradiation has potential as a novel biological tool. In fact, we discovered that 
383 the effect of THz irradiation is similar to that of jasplakinolide treatment. Jasplakinolide, a 
384 naturally occurring cyclic peptide from the marine sponge Jaspis sp [54], is a membrane-
385 permeable, actin-polymerizing, and filament-stabilizing drug [55]. Jasplakinolide has a wide 
386 range of known biological functions, which include antifungal and antitumor activities [56–
387 58]. Thus, by analogy with jasplakinolide, we suggest that THz irradiation can be used to 
388 manipulate cell functions via actin polymerization. In this study, we also demonstrated that the 
389 actin filamentation is induced by an IMPATT diode source. The IMPATT diode is small, 
390 operated at room temperature, and works with lower electrical power. Such solid-state 
391 semiconductor THz-sources are widely available for experiments with biological samples.

392 Conclusions
393 We found that THz irradiation enhances the formation and stabilization of actin 
394 assemblies in living cells. Therefore, we propose that THz irradiation can be used for the optical 
395 manipulation of cellular functions via the modulation of actin dynamics, leading to a better 
396 understanding of the function of actin.
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