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SUMMARY

Terahertz (THz) is an electromagnetic wave with a radiation wavelength range of
30–3000 mm and a frequency of 0.1–10 THz. With the development of new THz
sources and devices, THz has been widely applied in various fields. However,
there are few studies on biological effects of THz irradiation on the human neural
stem cells (hNSCs) andmouse neural stem cells (mNSCs), which need to be further
studied. We studied the biological effects of THz radiation on hNSCs andmNSCs.
The effects of THz irradiation time and average output power on the prolifera-
tion, apoptosis, and DNA damage of NSCs were analyzed by flow cytometry
and immunofluorescence. The results showed that the proliferation and
apoptosis of NSCs were dose-dependently affected by THz irradiation time and
average output power. The proliferation of hNSCs was more vulnerable to
damage and apoptosis was more serious under the same terahertz irradiation
conditions compared to those of mNSCs.

INTRODUCTION

A terahertz (THz) wave has a special frequency band in the entire electromagnetic spectrum; it is an

electromagnetic wave with a radiation wavelength range of 30–3000 mm and a frequency of 0.1–10

THz.1–3 In recent years, with the vigorous development of a variety of new THz sources and devices, it

has been widely applied in various fields, including biology,4 medicine,5,6 military and security checks,7–9

counterterrorism,10 material structure detection,11 communication,12 remote sensing radar,13 and data

transmission.14 In military affairs and security inspection, THz technology should be used for noncontact

scanning and detection of hidden dangerous products, drugs, and weapons.15 In biomedicine, THz radi-

ation has low quantum energy and theoretically does not cause tissue ionization, so it can be used in

biological sample examination,16,17 identification of biological macromolecules and small molecules,18–21

and biological information extraction.22 However, the safe range for the intensity and duration of terahertz

irradiation remains to be further investigated, and the biological safety of THz has received increasing

attention, especially in safety inspections. Research on THz biological effects is the basis and premise

for evaluating the safety of THz in organisms. Therefore, investigating the effects of THz radiation on cells

for the wider application of THz technology is extremely important in the future.

Numerous studies have shown that THz radiation can alter the physiological state of cells, including the cell

stress response, cell proliferation,23 and other biological functions.24 Abnormal assembly of spindle

proteins and chromosomal mis-segregation caused by THz irradiation were observed in human fetal fibro-

blasts.25 Moreover, Hintzsche et al. suggested that THz radiation is a spindle-acting agent, as predomi-

nantly indicated by the appearance of spindle disturbances at anaphase and telophase (especially lagging

and nondisjunction of single chromosomes) of cell divisions.26 Moreover, Titova et al. observed that expo-

sure to intense THz pulses for 10 min leads to a significant induction of H2AX phosphorylation, indicating

that THz pulse irradiation may cause DNA damage in exposed skin tissue.27 Cherkasova et al. also found

that human lymphocytes exposed to THz showed increased cell death.28 Borovkava et al. revealed that

when rat glial cells were exposed to THz for 1 min, the apoptosis rate of cells increased 1.5 times, and

when they were exposed to THz for 3 min, the apoptosis of cells increased 2 times. This effect was positively

correlated with the irradiation time.29 In addition, the death of fibroblasts was observed after only 12 s of

exposure.30 Furthermore, stem cells are extremely sensitive to environmental changes. Thus, these cells

can be considered a favorablemodel for exploring the effects of biological systems exposure to THz waves.

In recent years, an increasing number of studies have revealed that THz irradiation is also an important
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Figure 1. Schematics of THz wave radiation

(A) the components of the THz irradiation device, and (B) the parameter setting platform.
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cause of changes in stem cell physiological function. Exposure to THz irradiation was shown to cause

changes in the gene expression of human embryonic stem cells, and whole genome analysis showed

that the genes with abnormal expression mainly encode THz-sensitive proteins.31 Moreover, aberrant

gene expression induced by THz irradiation has been found in human induced pluripotent stem cells.32

THz irradiation also resulted in abnormal gene expression inmouse stem cells.33,34 All these results indicate

that THz radiation can cause different degrees of impairment to cells. However, the effects of THz radiation

on the biological functions of neural stem cells have not been reported.

To investigate the changes in neural stem cell status after a certain period of irradiation, this study used a

THz source with a frequency of 0.22 THz to irradiate neural stem cells (Figure 1). Recent studies have found

that THz irradiation can change the behavioral phenotype of mice to a certain extent; however, the effect of

terahertz irradiation on neural stem cells in mice has not been studied.35 Therefore, we first investigated the

effects of THz irradiation on mNSCs, and we further selected hNSCs derived from iPSCs to investigate the

biological effects of THz irradiation. In this study, flow cytometry was used to analyze proliferation and

apoptosis in neural stem cells, and immunofluorescence was used to analyze DNA damage in neural

stem cells. The results showed that THz irradiation disrupted the proliferation of neural stem cells and

led to DNA damage and apoptosis. Furthermore, the proliferation of neural stem cells was negatively

correlated with THz irradiation time and intensity. Moreover, the degree of DNA damage and apoptosis

of neural stem cells were positively correlated with the time of THz irradiation. Interestingly, there was a

dose-dependent relationship between DNA damage and THz radiation intensity in hNSCs but not in

mNSCs. Overall, the proliferation of hNSCs is more susceptible to being affected and apoptosis is more

serious under the same terahertz irradiation conditions.

RESULTS

THz radiation impaired mouse neural stem cell proliferation

To investigate the effects of THz irradiation on neural stem cells, we first performed experiments onmouse-

derived neural stem cells (mNSCs). Here, we analyzed the effects of different irradiation time with the same
2 iScience 26, 107418, October 20, 2023



Figure 2. THz radiation impaired mouse neural stem cell proliferative capacity

(A) Representative flow cytometry analysis of mNSC proliferation with 25 mW/cm2 THz irradiation (n = 3 samples from 3 mice, 1 sample per mouse).

(B, C, and D) Quantification of mNSC proliferation in different THz treatment time groups: 25 mW/cm2 (5 min) and 25 mW/cm2 (10 min). ** means p < 0.01.

(E) Representative flow cytometry analysis of mNSC proliferation with 50 mW/cm2 THz irradiation (n = 3 samples from 3 mice, 1 sample per mouse).

(F) Quantification of mNSC proliferation in different THz treatment time groups: 50 mW/cm2 (5 min) and 50 mW/cm2 (10 min). ** means p < 0.01.

(G) Quantification of mNSC proliferation in different THz irradiation intensity groups: 25 mW/cm2 (5 min) and 50 mW/cm2 (5 min), 25 mW/cm2 (10 min) and 50

mW/cm2 (10 min). * means p < 0.05, ns means no significant difference.
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Figure 3. THz radiation impaired human neural stem cell proliferation

(A) Representative flow cytometry analysis of hNSC proliferation with 25 mW/cm2 THz irradiation (n = 3).

(B, C, and D) Quantification of hNSC proliferation in different THz treatment time groups: 25 mW/cm2 (5 min) and 25 mW/cm2 (10 min). ** means p < 0.01.

(E) Representative flow cytometry analysis of hNSC proliferation with 50 mW/cm2 THz irradiation (n = 3).

(F) Quantification of hNSC proliferation in different THz treatment time groups: 50 mW/cm2 (5 min) and 50 mW/cm2 (10 min). ** means p < 0.01.

(G) Quantification of hNSC proliferation in different THz irradiation intensity groups: 25 mW/cm2 (5 min) and 50 mW/cm2 (5 min), 25 mW/cm2 (10 min), and 50

mW/cm2 (10 min). ** means p < 0.01.
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Figure 4. THz treatment disrupted DNA damage repair in mNSCs

(A) Representative immunofluorescence (IF) staining of DNA damage in mNSCs treated with 25mW/cm2 THz irradiation (n = 3 samples from 3mice, 1 sample

per mouse).

(B and C) Quantification of mNSC DNA damage in different THz treatment time groups: 25 mW/cm2 (5 min) and 25 mW/cm2 (10 min). ** means p < 0.01.
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Figure 4. Continued

(D) Representative immunofluorescence (IF) staining of DNA damage in mNSCs treated with 50mW/cm2 THz irradiation (n = 3 samples from 3mice, 1 sample

per mouse). ** means p < 0.01.

(D and E) Quantification of mNSC DNA damage in different THz treatment time groups: 50 mW/cm2 (5 min) and 50 mW/cm2 (10 min). ** means p < 0.01.

(F) Quantification of mNSCDNAdamage in different THz irradiation intensity groups: 25 mW/cm2 (5 min) and 50mW/cm2 (5 min), 25 mW/cm2 (10 min) and 50

mW/cm2 (10 min). ns means no significant difference.
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average output power of THz on the proliferation of mNSCs by flow cytometry (Figure 2A). When the neural

stem cells were irradiated with THz radiation at the same average output power (25 mW/cm2), the prolif-

eration of the neural stem cells decreased with increasing irradiation time (5 min, 10 min) (Figures 2B

and 2C). Moreover, doubling the THz irradiation time resulted in a significant reduction in the proliferative

capacity of mNSCs (Figure 2D). Furthermore, we increased the average output power of THz to 50mW/cm2

(Figure 2E). The proliferation of mNSCs also decreased with increasing THz irradiation time (5 min, 10 min)

(Figure 2F). Interestingly, we found that during the same irradiation time (5 min), the change in THz average

output power also resulted in a significant impairment of mouse neural stem cell proliferation (Figure 2G).

Notably, the average output power was increased without significantly altering the proliferation of mNSCs

when THz irradiation was performed for 10 min (Figure 2G). We hypothesized that this phenomenon might

be due to the proliferation of mNSCs being more sensitive to THz irradiation time. These results indicated

that the degree of damage to the mNSC proliferation was dose-dependent on the THz irradiation time and

power output.

THz radiation impaired human neural stem cell proliferation

Due to species differences, mNSCs cannot fully reflect the effects of THz irradiation on hNSCs. Further-

more, the effects of irradiation time on the proliferation of hNSCs were analyzed by the samemethod. First,

as in the previous study of mNSCs, we irradiated the hNSCs with a THz source for 5 min and 10 min with an

average THz output power of 25 mW/cm2 (Figure 3A). Increasing the THz irradiation time resulted in

decreased proliferation of hNSCs as before (Figures 3B, 3C, and 3D). Then, we increased the THz average

output power to 50 mW/cm2 to investigate the effect of different irradiation times on the proliferation of

hNSCs (Figure 3E). We also found a negative effect of THz irradiation time on hNSC proliferation (Fig-

ure 3F). Through the analysis of different THz average output power treatment groups, we found that

increasing the THz average output power would damage human neural stem cell proliferation under the

same THz irradiation time, and hNSCs showed a lower proliferation rate than mNSCs (Figures 2G and 3G).

THz treatment disrupted DNA damage repair in mNSCs

To study the effects of THz treatment on the nucleic acid molecules of mNSCs, we detected markers

(gH2A.X) of DNA damage by immunofluorescence; this protein is an important factor inducing cell

apoptosis. The degree of DNA damage was represented by gH2A.X/DAPI. Neural stem cells were treated

by THz at different average output powers and irradiation time (Figures 4A and 4D). The results indicated

that the degree of DNA damage in mNSCs was positively correlated with THz irradiation time compared to

that of the control group when the THz average output power was 25 mW/cm2 (Figure 4B). The extension of

THz irradiation time strongly promoted the degree of DNA damage in mNSCs (Figure 4C). To further inves-

tigate the effect of THz irradiation, we increased the THz average output power to 50 mW/cm2 and studied

the impact of different irradiation time onDNAdamage (Figure 4D). The results showed that the expression

of gH2A.X increased with the increasing THz irradiation time (Figures 4D and 4E). Moreover, we analyzed

and compared the effect of increasing the THz average output power on DNA damage in mNSCs during

the same irradiation time. Surprisingly, we found that the increase in THz power output did not further pro-

mote DNA damage in mNSCs over the same THz treatment time (Figure 4F).

THz treatment disrupted DNA damage repair in hNSCs

To gainmore insight into the effect of THz irradiation on DNAdamage, we studied the DNAdamage of THz

treatment on hNSCs by the same experimental method (Figure 5A). The results showed that when the THz

average output power was set to 25 mW/cm2, the degree of DNA damage in hNSCs became increasingly

serious with the extension of irradiation time (Figures 5B and 5C). Furthermore, we changed the THz

average output power to 50 mW/cm2, and the irradiation time were 5 min and 10 min (Figure 5D). We found

that the 50 mW/cm2 THz average output power led to DNA damage in hNSCs (Figure 5D). However, the

increased irradiation time did not significantly change the degree of DNA damage under the same THz

average output power (Figures 5D and 5E). Simultaneously, we also found that the degree of DNA damage
6 iScience 26, 107418, October 20, 2023



Figure 5. THz treatment disrupted DNA damage repair in hNSCs

(A) Representative immunofluorescence (IF) staining of DNA damage in hNSCs treated with 25 mW/cm2 THz irradiation (n = 3).
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Figure 5. Continued

(B and C) Quantification of hNSC DNA damage in different THz treatment time groups: 25 mW/cm2 (5 min) and 25 mW/cm2 (10 min). ** means p < 0.01,

*means p < 0.05.

(D) Representative immunofluorescence (IF) staining of DNA damage in hNSCs treated with 50 mW/cm2 THz irradiation (n = 3). ** means p < 0.01.

(D and E) Quantification of hNSC DNA damage in different THz treatment time groups: 50 mW/cm2 (5 min) and 50 mW/cm2 (10 min). ** means p < 0.01, ns

means no significant difference.

(F) Quantification of hNSC DNA damage in different THz irradiation intensity groups: 25 mW/cm2 (5 min) and 50 mW/cm2 (5 min), 25 mW/cm2 (10 min) and 50

mW/cm2 (10 min). ns means no significant difference.
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did not change significantly by comparing the relationship between DNA damage of neural stem cells and

the THz output power during the same THz irradiation time (Figure 5F). Combined with the effects of THz

irradiation on the degree of DNA damage in mNSCs, we conclude that hNSCs are more vulnerable to THz

irradiation than mNSCs.
THz treatment-induced apoptosis of mNSCs

Apoptosis is one of the evaluation indices of neural stem cell status and reflects the physiological functions

of neural stem cells. To better examine the effect of THz irradiation on neural stem cells, we performed flow

cytometry with propidium iodide (PI) and fluorescein isothiocyanate (FITC) to analyze the apoptosis of

mNSCs (Figure 6A). THz irradiation greatly induced acute apoptosis of neural stem cells (Figures 6B and

6C), and the apoptosis rate increased with the extension of irradiation time (Figure 6D). To further investi-

gate the effect of irradiation time on apoptosis under different THz average output powers, we increased it

to 50 mW/cm2 (Figure 6E). The results showed that the difference in THz irradiation time was one of the

causes of neural stem cell apoptosis (Figure 6F). Notably, the apoptosis rate of neural stem cells varied

with THz average output power during the same irradiation time (Figure 6G). This result was different

from the effects of THz on DNA damage.
THz irradiation-induced apoptosis of hNSCs

To further investigate the effect of THz irradiation on neural stem cells, we performed the same experi-

ments with hNSCs. Then, flow cytometry was used to study the apoptosis of hNSCs (Figure 7A). When

the THz average output power was 25 mW/cm2, the apoptosis of neural stem cells increased in a time-

dependent manner (Figures 7B, 7C, and 7D). Similarly, when hNSCs were treated by THz irradiation with

50 mW/cm2 average output power (Figure 7E), we found that the apoptosis rate of human neural stem cells

(hNSCs) was also increased with the extension of THz exposure time (Figure 7F). This conclusion was similar

to the previous result that neural stem cell apoptosis was positively correlated with THz average output

power (Figure 7G). However, compared to the mouse neural stem, the apoptosis of hNSCs was more sen-

sitive to THz average output power and showed a higher apoptosis rate during the same THz treatment

time (Figures 6G and 7H). All these results revealed that hNSCs are more sensitive to THz irradiation.

The DNA of neural stem cells is more easily damaged, which leads to impaired proliferation and an

increased apoptotic rate.
DISCUSSION

With the application of THz technology in the biomedical field, studying the potential effects of THz

radiation on biological systems is a critical issue. The reasonable exposure levels and health consequences

of THz irradiation are becoming a topic of increasing concern.27 Our study revealed that THz irradiation

with an average power of 25 mW/cm2 and 50 mW/cm2 resulted in proliferative disorder, abnormal DNA

damage repair, and increased apoptosis of neural stem cells within the same treatment time. Simulta-

neously, the proliferation of neural stem cells was negatively correlated with THz irradiation intensity

and irradiation time, while the DNA damage and apoptosis of neural stem cells were positively correlated

with THz intensity and irradiation time. However, the tolerance of proliferation, DNA damage and

apoptosis in hNSCs to THz irradiation is different from that of mNSCs.

The effects of THz on different cell types have been studied extensively. Cherkasova et al. reported the

effects of THz irradiation on erythrocytes and found that THz irradiation promoted the release of hemoglo-

bin from erythrocytes.28 Under certain conditions in which cells are exposed to THz radiation, signs of direct

DNA damage appear.36 Kovalevska et al. showed an increased death rate of primary human mononuclear

blood cells (monocytes and B-and T cells) upon 0.14 THz irradiation.37
8 iScience 26, 107418, October 20, 2023
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Figure 6. THz treatment-induced apoptosis of mNSCs

(A) Representative flow cytometry analysis of the mNSC apoptotic rate with 25 mW/cm2 THz irradiation (n = 3 samples from 3 mice, 1 sample per mouse).

(B, C, and D) Quantification of the mNSC apoptotic rate in different THz treatment time groups: 25 mW/cm2 (5 min) and 25 mW/cm2 (10 min). ** means p <

0.01, * means p < 0.05.

(E) Representative flow cytometry analysis picture of mNSCs apoptotic rate with 50 mW/cm2 THz irradiation (n = 3 samples from 3mice, 1 sample per mouse).

(F) Quantification of the mNSC apoptotic rate in different THz treatment time groups: 50 mW/cm2 (5 min) and 50 mW/cm2 (10 min). ** means p < 0.01.

(G) Quantification of the mNSC apoptotic rate in different THz irradiation intensity groups: 25 mW/cm2 (5 min) and 50 mW/cm2 (5 min), 25 mW/cm2 (10 min),

and 50 mW/cm2 (10 min). ** means p < 0.01.
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In addition, a study has shown that primary hippocampal and cortical neurons are relatively sensitive to THz

waves. The biological effects were positively correlated with the exposure time of the THz waves.38 Rat glial

cells exposed to THz radiation for 1 to 5 min showed a dose-dependent cytotoxic effect.29 These studies

have shown that THz irradiation can lead to changes in cellular physiological functions. However, a study to

confirm whether neural stem cells exposed to THz irradiation exhibit specific biological responses has not

been performed, and our study fills that gap. Furthermore, our research materials are not limited to

mNSCs. We also carried out relevant experiments in hNSCs. These cell models effectively avoid the limi-

tations of other researchers who only focus on animal models. In the course of our study, we found some

differences in the response of mouse and hNSCs to THz irradiation by performing experiments with two

types of neural stem cells. These suggested that it is necessary to conduct our experiments in hNSCs, which

exhibit some human-specific responses to THz irradiation. The results obtained in human models are indis-

pensable for studying the safety of THz irradiation, which will further advance the understanding of THz

applications. Similar to previous studies, our results also show that THz treatment may disrupt the prolifer-

ation of NSCs and increase DNA damage and apoptosis.

For the past few years, an increasing number of studies have begun to reveal the underlying molecular

mechanisms of THz irradiation leading to changes in cell physiological functions. Shang et al. showed

that THz irradiation might affect the interaction between transcription factors and DNA and consequently

regulate gene expression in primary neuron cells.39 Yamazaki et al. reported that THz irradiation enhances

the polymerization of purified actin in vitro and increases cytoplasmic F-actin in vivo.40,41 Moreover, in THz-

irradiated human skin cells, studies have shown explicit activation of an inflammatory response and

suppression of promitotic signaling, including the suppression of cellular functions, such as cell division,

differentiation, motility, and apoptosis.42 Moreover, Kim et al. suggested that THz radiation initiates a

wound-like signal in mouse skin with increased expression of TGF-b and activation of its downstream target

genes, which perturbs the wound healing process in vivo.43

In summary, we found that THz irradiation alters the physiological status of neural stem cells, resulting in

inhibition of proliferation and increased DNA damage and apoptosis. Furthermore, the degree of DNA

damage and apoptosis of neural stem cells was proportional to the THz average output power and irradi-

ation time. In addition, hNSCs are more vulnerable to THz irradiation than mNSCs.

Limitations of the study

In this study, we only observed the phenotypes of neural stem cells under THz irradiation without further

investigation of the underlying mechanism of phenotypic changes. This issue is also a deficiency of our

study, which needs to be further investigated.
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Figure 7. THz irradiation-induced apoptosis of hNSCs

(A) Representative flow cytometry analysis of the hNSC apoptotic rate with 25 mW/cm2 THz irradiation (n = 3).

(B, C, and D) Quantification of the hNSC apoptotic rate in different THz treatment time groups: 25 mW/cm2 (5 min) and 25 mW/cm2 (10 min). ** means p <

0.01.

(E) Representative flow cytometry analysis of the hNSC apoptotic rate with 50 mW/cm2 THz irradiation (n = 3).

(F) Quantification of the hNSC apoptotic rate in different THz treatment time groups: 50 mW/cm2 (5 min) and 50 mW/cm2 (10 min). ** means p < 0.01.

(G) Quantification of the hNSC apoptotic rate in different THz irradiation intensity groups: 25 mW/cm2 (5 min) and 50 mW/cm2 (5 min), 25 mW/cm2 (10 min)

and 50 mW/cm2 (10 min). * means p < 0.05.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Cy3-labeled Goat Anti-Rabbit IgG (H + L) Beyotime A0516; RRID: AB_2893015

Anti-gH2A.X Abcam ab81299; RRID: AB_1640564

Chemicals, peptides, and recombinant proteins

rhbFGF Stem Cell 78003

heparin solution Stem Cell 07980

neurobasal medium Gibco 12348–017

mouse EGF Gibco PMG8041

B-27 supplement (503) Gibco 12587–010

penicillin/streptomycin Gibco 15140–122

4% paraformaldehyde solution Beyotime P0099

QuickBlock� buffer Beyotime P0252

40,6-diamidino-2-phenylindole (DAPI) Beyotime C1005

Accutase Sigma Technology A6964

NeuroCultTM NS-A Basal Medium Human Cat#05750

NeuroCultTM NS-A Proliferation Supplement Human Cat#05753

Critical commercial assays

Proliferation detection kits BeyoClick� EdU-488 C0071

Apoptotic detection kits Beyotime C1062M

Experimental models: Cell lines

hNSCs (Human neural stem cell) Induced from iPS cell line using

cellapy’s method

Cellapy (support@cellapybio.com

mNSCs (Mouse neural stem cell) Isolated from newborn

C57BL/6 mice

Cyagen (https://www.cyagen.com/

cn/zh-cn/community.htmL)

iPS cell line Boston Children’s Hospital Coriell #GM23338; RRID: CVCL_F182

Software and algorithms

ImageJ 1.53a software ImageJ https://imagej.net/downloads

FlowJo 10.3 FlowJo� Software (BD Biosciences) https://www.bdbiosciences.com/en-us/

products/software/flowjo-v10-software

Graphpad Prism 9.0.0 GraphPad https://www.graphpad.com/

Other

Leica DMI8 fluorescence microscope Leica Leica DMI8

BD Accuri C6 plus flow cytometer BD BD Accuri C6 plus
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Liqun Zhang (1434103777@qq.com).
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Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report the original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

The mice used in the experiments were wild-type C57BL/6. Three-month-old female mice and male mice

were housed in the specific pathogen-free (SPF) animal facility. One male mouse was paired with per two

females to produce offspring, and themice had freely available water and food. All mice weremaintained in

a constant temperature environment with a regular diurnal lighting cycle (12 h–12 h light and dark cycle).

Finally, newborn mice were used to isolate neural stem cells. In the experiment, we only used

neural stem cells isolated from newborn mice. Therefore, gender differences had no effect on the

experimental results. The assays were performed at least three times. All animal experiments were

performed by following the Laboratory Animal Welfare and Ethics Committee of the Army Medical

University guidelines.

Mouse neural stem cells (mNSCs)

First, the head of newborn mice was stripped of the skull，and the brain tissue was washed three times in

D-PBS (Dulbecco’s phosphate buffered saline) containing penicillin/streptomycin (1:500). At the end of the

washing, brain tissue was placed into a 1.5 mL EP tube, cut into pieces and digested with 1 mL of Accutase

digestive enzyme for 15 min, and the mixture was reversed every 5 min to promote brain tissue digestion.

After digestion, the mixture was centrifuged for 3 min (3000 rpm/min), the upper layer of the digest was

removed, and neural stem cell medium was added and mixed thoroughly. Then, the mixture was trans-

ferred to a 10-cm culture dish and supplemented with neural stem cell medium to 8 mL. These mNSCs

weremaintained at 37�Cwith 5%CO2 in the cell incubator for five days, and themediumwas replaced every

three days. On the sixth day, single neural stem cells were transferred to a six-well plate for adherent culture

and further experiments. After the addition of the medium, the depth of the culture fluid above the stem

cells was 2 mm. The neural stem cell medium contained rhbFGF (Stem Cell, 78003), neurobasal medium

(Gibco, 12348-017), mouse EGF (Gibco, PMG8041), heparin solution (Stem Cell, 07980), B-27 supplement

(50x) (Gibco, 12587-010) and penicillin/streptomycin. (Gibco, 15140-122).

Human neural stem cells (hNSCs)

The iPS cell line was obtained fromHarvard Medical School. First, these cells were plated on a six-well plate

coated with 0.1% gelatin to promote cell reproduction. Then, human iPSCs were induced into hNSCs using

the protocol from Cellapy (support@cellapybio.com). After the induced pluripotent stem cells were grown

to 100% confluency in a six-well plate, the human neural stem cell induction medium was removed from the

refrigerator and brought to room temperature. Then, the iPSC medium was removed, the cells were

washed with D-PBS three times, and neural stem cell induction medium was added to the six-well plate.

iPSCs were cultured in a constant temperature cell incubator with a temperature of 37�C and 5% CO2.

The induction medium was completely changed every 48 h, and the human neural stem cell induction me-

dium (6 mL/well) was changed every time. For the differentiation of neural stem cells, iPSCs were cultured

for six days using a neural induction medium. A large number of scattered rosettes appear under the mi-

croscope, and the induction period has passed. After that, these hNSCs were cultured in NeuroCult NS-A

Basal Medium (Human) (Cat#05750) including heparin solution (Stem Cell, 07980), NeuroCult NS-A Prolif-

eration Supplement (Human) (Cat#05753), rhbFGF (StemCell, 78003) and EGF (Gibco, PMG8041). After the

addition of the medium, the depth of the culture fluid above the stem cells was 2 mm. Finally, these neural

stem cells were cultured for three days to ensure that the number of cells was sufficient for the relevant

experiments.

THz Generator

The THz radiation installation (Figure 1) is mainly composed of a 0.22 THz line wave tube, front solid signal

source, high voltage source, cold cooling system, test, test components and control system composition.

For the device, the production center frequency is 0.22 THz, and the output work rate is up to 1.18 W THz
iScience 26, 107418, October 20, 2023 15
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wave beam. The six-well plate was removed from the cell incubator, and the culture dish was placed on the

target platform under the THz transmission system. The THz wave was taken from the upper part of the fine

cellular orifice plate, and the temperature of the fine cell culture base in the THz radiation path was

controlled at the same time at 25�C. Due to the absorption of terahertz waves by water in the cell culture

medium, when cells are irradiated, the culture medium in the cell culture plate only covers the cells to main-

tain their normal growth state, which minimizes the absorption of terahertz waves by water in the culture

medium. In the radiation passage, a thermoelectric couple thermometer was used for real-time monitoring

of cell culture medium temperature changes. The neural stem cell experiments of different species were

divided into five groups: control group, 25 mW/cm2 (5 min) irradiation group, 25 mW/cm2 (10 min) irradi-

ation group, 50 mW/cm2 (5 min) irradiation group, and 50 mW/cm2 (10 min) irradiation group. Controls

consisted of identical cell plates and conditions but were not irradiated. Finally, cell proliferation, DNA

damage, and apoptosis were detected at 24 h or 48 h in different treatment groups after the same THz

irradiation.
METHOD DETAILS

Flow cytometry analysis

Proliferation detection kits (BeyoClick EdU-488, C0071) were used to detect the proliferation of neural stem

cells. First, the balls of cells were dissociated into single cells, and then, the digested single cells were

cultured in a suspension medium for 2 h after adding EdU. Next, at least three million cells were obtained

with 75% ethanol treatment at 4�C overnight. After that, these cells were washed three times with cold

D-PBS. After three washes, the cells were treated according to the protocol provided by Beyotime

(https://www.beyotime.com/product/C0071S.htm). After EdU treatment, remove the medium and add

1 mL fixative solution (Beyond 4% paraformaldehyde P0099). Then, fix the cell at room temperature for

15 min. After that, remove the 4% paraformaldehyde, and wash the cells with 1 mL washing solution for

each well 3 times, 3–5 min each time. Next, the Click Additive Solution was prepared, add 0.5 mL Click Ad-

ditive Solution to each well and incubate the cells at room temperature for 30 min in the dark. Finally, the

Click Additive Solution was aspirated and washed 3 times with D-PBS. Cell proliferation were analyzed by a

BD Accuri C6 plus flow cytometer three times.

The NSCs were dissociated into single cells by Accutase (Sigma Technology, USA, A6964), and then, the

cells were treated with 4% paraformaldehyde solution (Beyotime, P0099) for approximately 30 min. After

that, these cells were treated with fixation/permeabilization buffer for 1 h at 4�C and incubated with

anti-gH2A. X diluted antibody (Abcam; ab81299) for 2 h. Then, the cells were treated with secondary anti-

bodies in the dark and washed in D-PBS three times. Finally, a BDAccuri C6 plus flow cytometer was used to

analyze these cells and detect the proportion of DNA-damaged cells.
Immunofluorescence assay

First, the neural stem cells were digested and plated on a 12-well plate at a density of half a million cells

per well. After 48 h of incubation in the incubator, these cells were fixed with 4% paraformaldehyde for

15 min. After that, the samples were washed three times with PBST (phosphate-buffered saline, 0.1%

Triton X-100) for 5 min each time. After the cells were treated with QuickBlock buffer (Beyotime,

P0252) for 30 min at room temperature, the cells were incubated with primary antibodies (anti-

gH2A.X, Abcam; ab81299) overnight at 4�C. After incubation with the primary antibodies, the cells

were washed three times with cold D-PBS and then reacted with the secondary antibodies (1:1000

dilution in blocking buffer) for 2 h in the dark. Finally, these cells were treated with 40,6-diamidino-2-phe-

nylindole (DAPI) (Beyotime, C1005) for 10 min and washed with D-PBS three times. The coverslips were

enclosed on histological slides with glycerol. The images were collected with a Leica DMI8 fluorescence

microscope (Wetzlar, Germany). ImageJ software was used to analyze and quantify the image differ-

ences, including fluorescence intensity and the proportion of gH2A.X. The selection area was the

same in the images of different treatment groups, and at least three biologically independent experi-

ments were performed after subtracting the background. The results are shown as the mean G SEM.

p values were calculated by the two-tailed samples paired t test.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data are represented as mean G SD, with 95% confidence intervals. Statistical evaluations of cell pro-

liferation and apoptosis were conducted using two-tail unpaired Student’s t test (data with normal
16 iScience 26, 107418, October 20, 2023
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distribution) for comparison of two independent groups in FCM experiments. n = three biologically inde-

pendent experiments. Statistical analyses of DNA damage were conducted using two-tail unpaired Stu-

dent’s t test (data with normal distribution) for comparison of two independent groups in immunofluores-

cence experiments. n = three biologically independent experiments. A critical value of p < 0.05 was set for

statistical significance throughout the study. All data were performed using Graphpad Prism 9.0.0 software

unless otherwise noted.
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