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Fig. 1. Structure of p53C: (a) The structure of As**-binding region in the absence of As*t; (b) the structure of As**-binding region
with As*; (¢) R249 region in detail. It is colored as following: L1 loop and adjacent area (residues 112-141) in yellow, L2 loop and
adjacent area (residues 163-195) in blue, L3 loop (residues 236-251) in red, H2 helix (residues 271-286) in purple and DNA in
cyan/green. Unless otherwise specified, the colored regions in following figures are consistent with this.
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Fig. 2. The trajectory of the lowest-frequency vibrations of (a) wild type (WT), (b) R249S, (c) R249S-As. The trajectory of the
second lowest-frequency vibrations of (d) wild type (WT), (e) R249S, (f) R249S-As. Arrows represent the direction of motion of

each residue from the initial position, with length of arrows indicating vibration amplitude, relatively.
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Fig. 3. (a) Atomic fluctuation analysis of the DNA binding domain of the WT, R249S, and R249S-As. The gray bar above the X
axis represents the sequence, where four regions are marked with four colors. (b) The details of the yellow (L1, residues 112-124)
dotted areas. (c¢) The details of the blue (L2, residues 163-195) dotted areas.
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Fig. 4. (a) Mode index spectra of wild-type p53C (WT), mutant (R249S) and As-bound mutant (R249S-As) in 0-1.0 THz; (b) the
frequency shift (%) of the R249S and the R249S-As mutant from the WT in first 200 collective vibration modes, and the insert
shows the proportion of frequency recovery for the As-bound R249S mutants; (c) the frequency shift (%) of corresponding mode of
the R249S and the R249S-As at certain frequencies of WT.
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Fig. 5. Residue-residue motion correlation map of the DNA binding domain of the wild type p53C, where each point is colored ac-
cording to its C,;, (correlation between residues a and b) of the two residues on the X axis and Y axis. The C,, are calculated by all
modes, where C,, = 1, —1, 0 means completely correlation, completely anticorrelation and no correlation, respectively. The four
DNA-contact residues are marked in dark green dash curves on the X axis, and the four As-bound residues are marked in yellow
dash curves on the Y axis. The black dashed boxes mark the four positively correlated regions, where the correlated regions between
L1 and H2 are specifically represented on the right and compared with the corresponding regions of the correlation map of the
R249S and the As-bound R249S mutant.
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SPECIAL TOPIC—Terahertz biophysics

Terahertz physical mechanism of arsenic (III) restoring
p53 mutant protein activity”

Tang Chao?3  Zhang Guang-Xu"??  Hu JunY?  Lii Jun-Hong D1
1) (Key Laboratory of Interfacial Physics and Technology, Shanghai Institute of Applied Physics,
Chinese Academy of Sciences, Shanghai 201800, China)
2) (Fundamental Interdisciplinary Research Center, Shanghai Advanced Research Institute,
Chinese Academy of Sciences, Shanghai 201210, China)
3) (University of Chinese Academy of Sciences, Beijing 100049, China)
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Abstract

Recovering the protein activity of p53 mutants through small molecule ligand binding (eg. arsenic) is an
important strategy for tumor suppressor therapy. However, the mechanistic basis on the changes of collective
dynamics and their roles of p53 protein in functional recovery process has not been fully elucidated. Herein, the
normal mode calculations based on all-atom elastic network model are employed to characterize the terahertz
low frequency motions of core DNA-binding domain (p53C) which is essential for p53 protein activities in
transcriptional transactivation. We find that the lowest-frequency collective vibration mode of the p53C mutant
is effectively restored by the binding of arsenic (III) ligand. In R249S mutant, the L1 loop is stabilized through
restricting the swing-out movement. The results obtained from atomic backbone fluctuations suggest that the
arsenic binding can significantly improve the L1 loop and L2 loop fluctuations. The statistical analysis of low
frequency vibration mode reflects that the arsenic-bound R249S mutant has an apparent recovery of frequency
shift in the terahertz range. The residue-residue motion correlation also suggests that structural components
binding to arsenic are dynamically coupled. In the H2 helix with arsenic-binding residues, the motions of C124,
C135, M133 and C141, are correlated with the arsenic recovery. These results provide the terahertz biophysical
mechanism for the recovery effect of arsenic (III) on the p53 protein activity and new evidence for the coupling
of the low-frequency vibration characteristics of protein structures with its function, thus giving a new physical

insight into the pb3 related cancer therapies.

Keywords: p53 protein, function recovery, terahertz vibration, arsenic (IIT)
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6G oLk M 25 T HAE AR S A R o . W S0 | ARUAS | e Al S R R KPR IR 55, T A
FEEATHE — A JOA AN E (9 RE RS B 9 2% . Al 2% Jo 20 A B AT s a1 s =5 | IR Ik AT T 0 S5 4 i, A
BTE 6G BARPRRIZ M. ASCEEANR T 6G BORB MR T KR IUR K ISCHEAR, 087 T Kbk

2 tE ARIE EAE RGN 6G BRI RERY & i

KGR : 6G HAR, Kbfz5 i TR0y, HAT80R TR S, Kbf2Zm (s

PACS: 43.72.+q, 42.79.5z, 95.85.Fm, 85.60.Jb

£ 1G 3] 5G BahisfEn & i, 1G & X
TIEE, 2G L T R SR M E ol 55 LA S — 2k
BB S, 3G & L TR BN, HE 4G h
A 153 TR B HIR N AR T 5. s 5G TG
LINEETT G T BN AE R 5, S Re %R .
TR BRI | AR W RN U B S A N ) k.
5G H AR HA RTIFE | IR AE i 0 g 2 A A5 Bl
R R L iy PR A F  JE SR B T 2RI,
3 2030 4 K LUG 5G BEANRE TS 42l /2 AR TE
LA R S K T K. X T 5G st B 19 1R
L, B A BE YA s 6G H AR e, TRl
B NZAL S T — TR e shtt 4,
It 6G FARIE R & ERHE A R 13 5
5G fHIL, 6G BT T Z/1ERE (3R 1). 6G FOR
TE 5G FAR KRN bk — PR ASRER, R <Pl i Bl
LB o AR 25 R 257 (R B, I FLEER ] <28 - K- -
W7 R A RSB T W0 M 45 & e PERE,
[FIEFHG58 5G RN 5, 9 FEAH DGR FTRE R .
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Fiit 6G Jo 2l {5 H AR TE AR R Be 4 it T e i i
B AR | g 8 P R S A R | TR A HE
P RSB R | mHERCR . R S REIRACR | &
HAEE, BASKE SR S et ARA
BRI

F 1 5G 5 6G AYPEREXT HE B2

Table 1.  Performance comparison between 5G and 6GI*9..
PERE 5G 6G
W (S % 20 Gbit/s 1—10 Thit/s
FH P PRI 25040 i A 0.1 Gbit/s 1 Gbit/s
i} ZiE >1 ms <0.3 ms
ool <500 km/h 1000 km/h
IRE R K270% >99.9%
R 500 km/h >800 km/h
KRG E%E  0.01 Gbit/(sm?) 1 Gbit/(s-m?)
FIZKBEIRR  HLAGEII0—100f% 5101001
IR 4G 3—5f% He5GE3—51%

N 6G LB FEA, A4 EAEH T4
FEORTT 5, SRR T 25 K24 (THz) 4%
AR HRPREIA | ZHARALR GBS |
R Z 4 A 24t (MIMO) FoAR B #4s .
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THz % (0.1-10 THz) fE R 6G $7 R A& B 2
—, MR T LLAMB BORIO e B, TR R i R A
HARE LN AT S /MREH L, THz BAg
TEB IS TR, X AN IR PR 1V R 15, AN 5 3%
FIRSHER MR, H It THz 8 (5 525 5 %R

HEAT BRER AL HE. THz B4 R BARAKL B |

FRL . B AR G JE A RS, R THz 815
ANy Z BRI TP R, SRS, 5 X
ZEHA LG, THz P RE RN, X ARG 18 i fi %
WO PR RE T . S22 K BOH L, THz (1977 1]
PERE LLACAE, ARG BAU F P AR ME A% 11 THz
P AR AT BT, X AGIE T B LS M. S 4b,
THz 3815 14 AT LAAR G bR T4 300, A A Sk %t
LT HRBGE, $ T2t 57 BUE B MERE . THz i
THI 38 {5 22348 T )R o A5 , B s Bl R A E IR
FRRE R, AT T 30 B 8 3 5 1 e AR R A
THz {5 7] LLSE LA Gbit/s 2 JL > Thit/s
8 e B A %, PTG A2 A AT DX R it s e R
BRI K . SR 100 Gbit/s B JoLk g4, —Fbgh
PIEERE 2Ry 25 GB G 9. 1 THz i
PR B2 (MR E AR R R h A3 %, & EATE R
JEZs KA R B L%, a0 T AELEEREMIZS | TR R)E
—F 8 24 R X X1 245

2 6G BAW K REIR

2018 4F 9 H EEPIREEZE 512 (FCC) A
K3 6G BARREE, i 9 6G HAR T 2 A
FH THz BB, 2020 45 9, 35 [ [ B #5419 Bl
1 30 2297 36 [ R AA B JT 1Y R 24 5 2% k1 il
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Fig. 2. Architectural evolution for convergence of communications and computing from 4G to 6G (from 6G-The Next Hyper Con-

nected Experience for All).
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Fig. 3. Space-earth integrated maritime MTC system consisting of a satellite-terrestrial integrated network infrastructure and self-
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forming has been taken as action scenario in this figurel'l.
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Fig. 5. Management system architecture of intelligent frequency spectrumf.
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Fig. 8. The BER performance relevant to link distance on
(a) lawn and (b) sidewalk, for 100 (black), 200 (blue), 300
(red), and 400 (green) GHz carrier frequencies. Inset: square
root of path loss scales linearly with the product of the dis-

tance and the frequencyl,
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Fig. 9. (a) Measurements of bit error rate performance for
various link distance and eye-diagrams, and the minimum
BER was recorded at 60 cm then increased gradually, due
to the SNR limitation*”; (b) microimages of Tx with the
highest single-channel 105 Gbit/s data rate developed by

Hiroshima University!!l.
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Fig. 10. Schematic of the 220 GHz dual-carrier communication system consisting of a set of solid-state transceivers with two signal

carriers and two basebands!6l,
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W= 0.191 mm; (b) EL W& HIE Vg H-0.8 V, Sl Ipp 7 6 mA 19 mA B H T 3 5550556 & bU

Fig. 11. (a) Top view and side view of a photodiode with a rectangular waveguide output. In a 600-GHz-band waveguide (WR-1.5),

interior waveguide sizes are L = 0.381 mm, and W = 0.191 mm; (b) output power and frequency relationship when Vg is 0.8 V,

Ipp is 6 mA and 9 mAP.
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Fig. 12. (a) Measurements of BER performance after 50 cm wireless transmission for 8 channels in the 300-500 GHz bandP?;

(b) the evaluation of two-way THz signals in the X and Y paths after 2.8 m wireless transmission and a function of bit BER per-

formance with UTC-PDS optical power in this figureP; (c) function curve of BER and the optical power input from CSPR and

UTC-PD for “w/o” KK”, “quadratic KK” and “exponential KK” 5.
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Fig. 13. (a) An optical image of the fabricated twisted do-
main wall; (b) measured transmission curves for a VPC
with a straight domain wall, a twisted domain wall with ten
corners and no domain wall, transmission between
0.32-0.35 THz is significantly reduced, while transmission
within the band gap in the VPC with twisted or straight

domain walls is nearly uniform(®,
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Fig. 14. (a) Scheme of the transmission setup based on a
THz QCL and a THz QWP; (b) measurements of BER per-

formance versus data bit ratel62.
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SPECIAL TOPIC—Terahertz biophysics

6G technology development vision and terahertz
communication”

Feng Wei?  Wei Shu-Ting!  Cao Jun-Cheng ?f
1) (School of Physics and Electronic Engineering, Jiangsu University, Zhenjiang 212013, China)
2) (Key Laboratory of Terahertz Solid-State Technology, Shanghai Institute of Microsystem and Information
Technology, Chinese Academy of Sciences, Shanghai 200050, China)

( Received 16 September 2021; revised manuscript received 15 October 2021 )

Abstract

The future sixth-generation (6G) wireless network has advantages of global coverage, high spectrum
efficiency, low cost, high safety, and higher intelligent level. The 6G technology can create ubiquitous intelligent
mobile networks for human society. Terahertz wireless communication has the characteristics of high data
transmission rate, low delay, and anti-interference, which may be widely used in 6G technology. This paper
mainly introduces the planning vision, development status, and key 6G technology, and analyzes the terahertz

devices, channels, communication systems, and the possible development trend of 6G technology.

Keywords: 6G technology, terahertz quantum cascade laser, uni-traveling-carrier photodiode, terahertz

communication
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Fig. 1. Key factors affecting biochemical sensing and detection of terahertz metamaterials [ .
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Fig. 2. Metal-based terahertz metamaterial biosensors: (a) Periodic concentric gold ring terahertz metamaterial for cell apoptosis

sensing["*"; (b) metal-base terahertz resonator for glucose and urea detection'"!; (¢) multiband terahertz metamaterial absorber for

pesticide concentration sensing!'"; (d) silver nanowires terahertz metamaterial for virus detection!'™.
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Fig. 4. Carbon-based terahertz metamaterial sensors: (a) Graphene composite nanoslot-based terahertz metamaterial for ssDNA de-
tection!'®!]; (b) a carbon nanotubes metamaterial which can be used for pesticide concentration detection!!?.
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Fig. 5. Terahertz metamaterial sensor based on fingerprint spectrum: (a) Using nano-antenna array to distinguish and quantitat-

ively detect different types of carbohydrates!'®?; (b) metal-based metamaterials for detection of fructose and L-histidinel!$].
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Fig. 6. Terahertz metamaterial sensor combined with antibody: (a) Specific detection of E. coli in water environment realized by

metamaterial with surface modification of E. coli antibody!"?; (b) metamaterial for the specific detection of ZIKV%); (¢) antibody-

194]

modified GNPs are introduced into the metamaterial to achieve specific detection of EGFR4.
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Fig. 7. THz metamaterials biosensor chip integrated with microfluidics. (a) Nanofluidic THz metamaterial sensor and its cross-sec-

tional device structure for alcohol-water mixture and adenosine triphosphate (ATP)P". Scanning electron microscopic image of the
fabricated THz metamaterial chip with SRR (b) and Fano resonator (c) and their simulated electric field distribution7. (d) THz
metamaterials biosensor chip integrated with microfluidics for liver cancer biomarker testing!28.
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R 1 BT LR AL A R T L

Table 1.  List of various THz metamaterial biochemical sensors.
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LR RN i KA SRR SR 20 G I R R 248.75 kHz/(cell mL 1) [57]
L EXAREN L Eo ST R B A K BR 40.1 ng/mL [37]
T &8 IR A Wk BE R 124.3 GHz/RIU [205]
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SPECIAL TOPIC—Terahertz biophysics

Research progress of metamaterials powered advanced
terahertz biochemical sensing detection techniques”
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Abstract

The electromagnetic wave in the terahertz region shows many promising properties, such as non-ionizing,
sensitivity to weak resonance, and gradually becomes a basic and applied research hotspot of physics,
information, materials, biology, chemistry and other disciplines. However, the analyte molecules tend to be of
subwavelength size, and cannot have sufficient interaction with the incident terahertz wave. Small disturbances
and subtle features are difficult to detect, which undoubtedly hinders the further development of the terahertz
biochemical sensing and detection. The rapid development of terahertz metamaterials provides an alternative
method to overcome this obstacle. The intense electromagnetic field enhancement induced by metamaterials
allows the sensing and detection application to surpass the limitation of classical terahertz spectroscopy, which
is due to the enhancement of the interaction between the analyte and terahertz. In recent years, a series of
researches based on terahertz metamaterials combined with new materials, new structures and new mechanisms
has offered new opportunities for the application of highly sensitive terahertz biochemical sensing and detection.
In this paper, the recent advances in the application of terahertz metamaterials biochemical sensing are
reviewed. The related concepts are briefly introduced and the influences of different factors on the sensing
performance of metamaterial sensor are analyzed. According to the material selection and design strategies, the
related researches of terahertz metamaterial biochemical sensing and detection are summarized. Furthermore,
the novel strategy of terahertz metamaterial sensing and detection application based on multidisciplinary are
presented, and the future development directions are also discussed, which will greatly conduce to expanding

the practicality of terahertz sensing and detection.

Keywords: terahertz, metamaterial, biological, sensing
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Fig. 1. Electric field distribution in the case of DOPC phospholipid membrane irradiated perpendicularly by Gaussian pulse at cen-
ter frequency of 30 THz. The hydration levels of the DOPC phospholipid membrane are 95%, 83%, 67% and 47%: (a) Electric field
distribution in the case of different hydrated phospholipid membrane irradiated perpendicularly by terahertz Gauss pulse; (b) en-

larged view of the reflected pulse electric field waveform in panel (a) due to phospholipid membrane under terahertz irradiation!*s.
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Fig. 2. Terahertz irradiation activates cell membrane voltage-gated calcium channels, inducing transmembrane transport calcium in-

flux: (a) Calcium fluxes at voltage-gated calcium channel models C1, C2, -+, C12 in cell membrane under the terahertz irradiation

with pulse duration of 50 ps and frequency of 2.5 THz; (b) enlarged view in 1 ps during terahertz irradiation in panel (a)".
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Fig. 3. The reduction in the inhibition effect on voltage-gated calcium channel and in the concurrent system temperature rise in the
case of low-frequency terahertz Gauss pulse irradiation (‘Gauss’ in the figure) compared with low-frequency terahertz sine wave irra-
diation (‘sine’ in the figure). [Cali is the intracellular calcium concentration after increase induced by the transmembrane transport
calcium flux due to the activation of voltage-gated calcium channel in cell membrane under terahertz electromagnetic irradiation,
AT is the maximum temperature rise in the cell system under terahertz irradiation. (a) THz Gauss pulse flattens more the relation
curve of [Cali with terahertz-irradiated electric field amplitude compared with THz sine wave irradiation, and it indicates the reduc-

tion in the inhibition effect on voltage-gated calcium channel. (b) To raise the [Cali to a same amount, terahertz Gauss pulse irradi-

ation induces much less concurrent AT than terahertz sine wave irradiation!!sl.
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Fig. 4. Effect of terahertz electromagnetic irradiation on
sperm motility in the case of blocking voltage-gated calci-
um channels with nifedipine or reducing the extracellular
calcium concentration with EGTA. 100 pL washed sperm
cells were incubated with phosphate-buffered saline with no-
thing (Normal), 30 mmol/L nifedipine (Nifidipine), 1 mmol/L
EGTA (EGTA), or 1 mmol/L. EGTA supplemented with
calcium ions (EGTA+Ca?"). Then 10 minutes later, experi-
mental groups were irradiated for 60 minutes. Sperm motil-
ity was measured using computer-assisted semen analysis
after the terahertz irradiation. Sperm samples were taken
from 10 mild asthenospermia patients and each sample was

divided into all groups. *p < 0.05 (17,
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Fig. 5. Brownian dynamics simulation of calcium ion transmembrane transport in voltage-gated calcium channel under low-fre-
quency terahertz irradiation: (a) Brownian dynamics two-dimensional structure model of a voltage-gated calcium channel protein.
A denotes dipole, 9 denotes negative charge residues; (b) the motion trajectories of calcium ion transmembrane transport in the
direction of the channel irradiated by 1 THz pulse train with different electric field amplitudes?.
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Fig. 6. Current-voltage curves of voltage-gated potassium channel and action potential waveform in pyramidal cells before and dur-

() 200 6L PR 0 75 7302 0 75 7 5
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transmembrane transport in voltage-gated potassium channel in cell membrane. (b) Action potential waveforms and their phase

plots in pyramidal cells'?.
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Table 1.  Experimental details about the biological effects of terahertz irradiation on cell membrane.
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Fig. 7. Molecular dynamics simulation of electroporation of phospholipid bilayer membrane inserted with a KcsA potassium chan-
nel protein irradiated by picosecond pulse trains (psPT) with terahertz repetition frequency. (a) Molecular dynamics simulation
model of phospholipid bilayer membrane inserted with a KcsA potassium channel protein. The phospholipid headgroups are repres-
ented as yellow balls, the lipid chains are represented as light blue beaded chains, the KcsA channel is shown as gray helical struc-

ture, and water is shown as transparent. (b) Membrane electroporation forms by the formation of water bridge at 4.24 ns with the
applied psPT with 0.9 THz!%
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Fig. 8. Effect of picosecond Gauss pulse train with terahertz repetition frequency on the conductance of transmembrane transport
ions due to the formation of hydrophilic pores by membrane electroporation: (a) Schematic illustration of the model of a cell irradi-
ated by 2.5 ps Gauss pulse train with repetition frequency of 0.4 THz. 0 is the polar angle in spherical coordinate system, the elec-
tric field E-filed vector of irradiation is shown as red arrow. (b) Membrane conductance per area to the transmembrane transport
ions at different 6 of the cell versus time because of the formation of cell membrane hydrophilic pores. Conductance per area is

shown by color bar on the right side in S/m? [,
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SPECIAL TOPIC—Terahertz biophysics

Research progress of biological effects of cell membrane under
infrared and terahertz irradiation

Bo Wen-Fei’ Che Rong? Kong Lei  Zhang Ming-Jie  Zhang Xiao-Bo

(College of Information and Communication, National University of Defense Technology, Xi’an 710106, China)

( Received 1 November 2021; revised manuscript received 8 December 2021 )

Abstract

Irradiation of terahertz electromagnetic wave including its short-wave band in infrared wave shows broad
and important application prospects in biological science due to its noninvasive and nonionizing nature. Cell
membrane is an important biological barrier for keeping cell integrity and homeostasis, and it is also the cellular
structure that electromagnetic fields act first on in the case of terahertz irradiation. The responses of cell
membrane to the electromagnetic fields are the mechanisms for most of the biological effects of terahertz
irradiation. First, in this paper are expatiated the application safety of terahertz irradiation and its new
application prospects in life medicine, neural regulation and artificial intelligence. Then, systematically described
are the researches and developments in the biological effects of cell membrane under terahertz electromagnetic
irradiation from the following four aspects: the dielectric response characteristics of phospholipid membrane to
terahertz electromagnetic irradiation, the transmembrane transport of ions through membrane ion channel
proteins under the irradiation, the transmembrane transport of macromolecules and ions through phospholipid
membrane under the irradiation, and the potential applications and role of biological effects of cell membrane
under the irradiation. Meanwhile, introduced in this paper are the scientific discoveries that terahertz
electromagnetic irradiation is able to activate voltage-gated calcium channels, voltage-gated potassium channels
and active transport calcium channels in cell membrane and to create hydrophilic pores on the phospholipid
membrane of cell membrane. Finally, the directions of future efforts to study the biological effects of cell

membrane under terahertz irradiation are presented.

Keywords: biological effects of infrared and terahertz irradiation, membrane ion channel protein,

electromagnetic field interaction, substance transmembrane transport
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(a) === 20 mg Adenine+60 mg PE
== 50 mg Adenine
~—— 80 mg Adenine

Amplitude/arb. units
Amplitude/arb. units

(b) == 20 mg Guanine+60 mg PE (c) === 20 mg Cytosine+60 mg PE
== 50 mg Cytosine
—— 80 mg Cytosine

== 50 mg Guanine
—— 80 mg Guanine

Amplitude/arb. units

Frequency/THz
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| N |

i I IR IWE P P P R |
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7
Frequency/THz

8 9 10
Frequency/THz

1 DNA/RNA Horfv 3 Rl i R Bh 2% B B BOBIE R (a) IRIERS; (b) S IERS ; (c) MUBEIE
Fig. 1. Absorption spectra of three DNA/RNA nucleobases [¥: (a) Adenine; (b) Guanine; (c) Cytosine.
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Fig. 2. Growth curves of the tumors after the irradiation at (a) 0.203 THz and (b) 0.107 THz compared with that of the control tu-

mors, respectively [
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HF

IS o
-

B3 /IS BT 20 M 52 Al 2% 4 IR U 2R T 25 A il S Rl T

(a) XFBEZH; (b) T KB 22 4R IR 2 by (o) T A 2% D 48 1

9 by (d) FRAE SEPRBEZE AR IR 2 by [ (o) T RYET Sk R A A A R R IR A e

Fig. 3. Light microscopy image: (a) Control cultures; mouse stem cells after (b) 2 h and (c¢) 9 hours of pulsed broad-band irradi-

ation; (d) mouse stem cells after 2 h of irradiation from the CW laser source. The arrows in panel (c) indicate cells with an elev-

ated number of lipid droplets inclusions 43,
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10 Hz) Jkop B AT ARG 5 5 BH B B o iR i i s k.
TINS5 1 S 36 34 3% B o A B 3 3 1 ol A
5 2% W (L P 3750 J3E 384 KT 384 52 (49, Fedorov 4% 147)
WEGE T A 25 58 S X N ST 240 it b 2L 40 L 1) 52
i, S5 H KR %% 1 58 B8 20 mW /em?, 4 A
[E] 30—90 min, %55 7~ A L1 40 i RNtk B 46 g
) 20 BB S VAR B T B 0R.

2019 4F- | Perera 55 M F| F [A] 25 8 1R 0.3—
19.5 THz M KBR2Z 4R ST, BFE T 2R TR 4o
I ) B 5 AT LR A B PC12 X KBk 24 R B I . %
BAE (25.2 4 0.4) C ¥ MM 10 min, HTHL
T 2 R AR A YRR IS, e SR A A A
ST PRI B T U AR IR S A L A K 3K
(B2 d = (23.5 4+ 0.2) nm) XHFHE (d = 63 nm)
LR PC12 40HE . & 4 Frs AR AR i
T B 52 KR 2% 58 1R PC12 4 it R 52 58 B8 1% 40 fit
XL, TR WL E A A REAORBREE A4
JHL BT v, T X R ZE DU AT AT A K 3R A A A
B P, 32 K 2% i FR R 1Y) PC12 2 if 55 0 R

P, BARRING s K255, (HAA 280
1) 37 % BE 21 il PC12 X #f 284 K 7 NGF £ i
. XL BN, R AE G S RE AR 22 4
YNGR URL I AN S RS A0 R T L SR sk Ak B A,
] E A B HE T A0 BRI A 1 24 A% 156 FN L
BITHEA M,

Dil FITC Merge

CLSM

Control

Kl 4 PC12 20352 Rk 2% I 5 IR 10 min J7 AR ERIGEEA
0. IR AR OG5 MR 7 32 OB 2% 0 4 R Y A
JL A B T AR IR, T A 52 A IR 0 IR 2 40 i A B
i 44 2K 3k 04

Fig. 4. Nanosphere internalization of PC12 cells following a
10 min exposure of THz radiation. Confocal laser scanning
microscopy (CLSM) images illustrate the uptake of silica
nanospheres by the THz treated cells whereas the un-
treated control does not exhibit any nanosphere uptakel4.
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4.3.3 KMk %o m e B Bl A= E

JE A TR B 118 A 2 0 s TR 2 5 ) 4T Y g
Ak 4B JE . Olshevskaya 48 U8 BF 5% 1 Kk
25 W S X P 20 R G RZ W, SEE SR 0.7,
2.49 F1 3.69 THz iX 3 Fh K243, 58N 0.3—
30 mW /cm?, & BRI 1 min. 4553 @R Z0
(IS RE ST . A0 BRI BE T . A RS L LN
S RGBT DA B A 2 TC AN M ) e S L 38 52 3 T
ANRIFREE R0, Hintzsche /N 9 F5E T Kbk 2%
FEEEX A B2 A AN M 25 R A 52 M. SIC 50 ol FH AR
R A 0.106 THz, 3 £ 4 0.043—7.3 mW /cm? )
SR 25 I IR R A28 40 0.5 by, ZILK
W2 o T AT 2253 4 s TR E AR, 235 | R 4 i
G3 S8 5 A R e e AR 35 AL

X TR, — 7 RSk 8 A 2% D i PR A ]
AE 7= A 1E T B RN . Wed 45 BOLffi A% R 0.1—
3 THz., Y1°R 60 uW /em? R A MR 25 I 58 8K 1, &
PRAR BR A S 5 min B AE 25 48 50k T 0935 1
FIME NI (A&l 5 B ), {HH: DNA (583
A ARk

32000

==— Experimental group
Control group
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28000

26000

24000 =+

22000

Fluorescence intensity/arb. units

0123456 78 910111213141516

Time/min

P 5 RO 2% I IR 2800 5 4 i 1A 5 R BE F¢) 52 i 01
Fig. 5. Effect of terahertz irradiation on the intracellular

calcium concentration in sperm!/™.

4.3.4  K#FZEFERMIE AR

FE A TR 1) R 22 A IR T R B R T &
HHARSE. Wimink 45 PUWFGY T R BR 108 AR 2% 40
SSPET A HRLAE T 1 (R 20 R S P P S DR R G 0
KE2ZE AN 2.52 THz, 38N 227 mW /em?,
TR A] ) 5—40 min. 455 BoR, Jurkat 4
Jitd 7E 48 B 20 min J5 R T B B A IE T XIRAE,
I I 240 1 90 7 23R S AU T R i 5 5 R I [i) 1 4iE K
EREIGK (K 6). POLRMMBARE RED,
568 A % T PR i T N B TR T 4 4 i 4 e

P Z PR, LB DR 2% 4 S U5t R A rh O o7 B
3T, A R A R R SRS AT B BB
29 87 98 S R (R ORI, D BRI R P
I 8. Borovkova ¢ WBIHFFE T AR H 0.12—
0.18 THz. # &N 3.2 mW /cm? (4 1% 22 K i 24 I
XK RS ST A R A2, R I AR 2 10 PR R BsUfee
FiAaf 1 min J5, ZEAEIA T AHRPEGERS N T 1.5 4%,
WS 5 min SN T 2.4 £%, Bl RES A TR] A9 S 4
R TR ™

100
¥
] Live cells
g S0F Early apoptotic cells
© ---- Late apoptotic/necrotic cells
°©
O [ e O
_________ P
S
Qb = e
0 1 2 3 4 5

Exposure/min

6 R A RS AN L A T A0 L R T A M R
24 5 R[] ) 56 2R 109

Fig. 6. Number of live cells and cells at early and late
stages of apoptosis in the sample in relation of the THz ra-

diation exposure timel'3.

A [F) 248 LA ) — i RS T T g R BAH S 1Y
;. Federov & 71 {8 FH AR [) & BE A5 440 (%R
3.68 THz, 3~ 20 mW /cm?, 5 BEHFA] ly 30—
90 min, J&ER 25°C) B KR 2% % 4R IR N2 4 Y
FIMR L ANIE, & B4 38% MMk EL AN s T3 5l %
S I AR T T4 L D) R 00 1 R P 4 PR A e
WARSIE oSt )

4.4 KBREEEXTEMK S FREEHEY RN

R 25 W IR AR ) L A, 5 200 M P ) 25
IR R AN, 2N X 2803 TS5 R E
PEFIZIRE, ELEBEYIR T, B R Y
Kik.

4.4.1 KBS £ RopF oA M
Fa ) it 09 % R

20 22 90 4= 1% Govorun %5 5t & ¥ Kbk 2%
R G AT DA B R AR N o SR P2
Cherkasova & W2 58 T K bk 24 5 5 %5 11 2 1A
(BSA) SRR DI REARHPE A2, S8 R R
2L 3.6 THz, P RE R 10 mW /cm?, BRET
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55 i 7 KR 4% 0k A IR AT AR PR 2 B
FE k.

4.4.2  K#F#EEA AR R KGR0
HFLECH R, 50 AW 2% 0% 2 o 3 5 i FE A

FIEM K. Alexandrov 25 W BF5E T Kbk 22 47
SRR /N BRI 70 5T 408 A A RN, SRR T
ik whr GE A (130 THz) 30645 B TR SR Kk
LRI IR LA B — AT 1) 77 SR S0
25 WOLIR (2.52 THz) F8 B/ BRI 78 5T 4 % 57
. SR D I B R TG AR, TR R R A
26—27 °C, 3% Lk ARk 2% 5 I 7 245 B8 4 il A
1—3 mW /em?. BIF5T 45 5 4% B i S i R 2%
XK SE 2 (HSP105, HSP9O L J2 CRP) 3
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N R R LUK S B R R K. E 7 PR,
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S5 R PR AT, 7R 0 R DR S
Tt BEIGA. R LTI R R o2z bk v
MR R B R v, 5 SRk B AR A5 950 AH 0%
MY AAR L. SROBRSE DK P REfE 5 | B2 5 S REME Bz Tk
3o R JDRARA FH G 1) 2243 PR 38 Tk I B[R] A A 2B 1k
X B R AR % Ik i AT W FE TR Y7 AR (L
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151
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Fig. 7. Intense THz-pulse-induced gene expression in hu-
man skin. Venn diagrams summarizing differentially-ex-
pressed genes in EpiDermFT tissues exposed to either 1.0 pJ
or 0.1 pJ THz pulsesb.
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Fig. 8. THz demethylation dependence on exposure time in

M-293T DNA3],
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Fig. 9. Logical structure diagram including the main bio-effects of THz waves summarized in this paper.
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SPECIAL TOPIC—Terahertz biophysics

Biological effects of terahertz waves”
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Abstract

There are numerous applications of terahertz (THz) waves in biomedicine due to their properties that can
be absorbed strongly by water in biological systems and resonant with biological macromolecules and weak
interactions among them in the biological systems. Though there is no direct ionization damage to the biological
tissues due to their low photon energy, the THz waves can give rise to a series of biological effects on the
biological cells and tissues with the increase of the intensity of the THz beam. Different irradiation conditions
such as the different parameters of the THz waves and the different biological systems will result in different
biological effects, including mainly the thermal effects and non-thermal effects. In this paper, we discuss first the
physical mechanisms of these two kinds of effects, then introduce the existing main THz sources suitable for
studying the biological effects, and summarize the typical biological effects in detail and the research progress in

this field. Finally we prospect the potential applications and challenges of the THz wave biological effects.

Keywords: terahertz waves, biological effects, thermal effects, non-thermal effects

PACS: 07.57.Hm, 87.50.U—, 87.50.st DOI: 10.7498/aps.70.20211996

* Project supported by the National Key R&D Program of China (Grant No. 2017YFA0701000) and the NSAF Joint Fund,
China (Grant No. U2030119).

1 Corresponding author. E-mail: xypeng@cigit.ac.cn

240701-14


http://doi.org/10.7498/aps.70.20211996
http://doi.org/10.7498/aps.70.20211996
mailto:xypeng@cigit.ac.cn
mailto:xypeng@cigit.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

%fg%"—*ﬁActa Physica Sinica

Chinese Physical Society

Institute of Physics, CAS

A 2 Ao 2 A L A i R 55 T R
pE EVH BAE EZse D4R Ak TEY

Weak resonance effects of THz wave transimission in nerve cell

Guo Liang-Hao = Wang Shao-Meng  Yang Li-Xia  Wang Kai-Cheng  Ma Jia-Lu

5|5 K. Citation: Acta Physica Sinica, 70, 240301 (2021)  DOI: 10.7498/aps.70.20211677
TEZE [T View online: https:/doi.org/10.7498/aps.70.20211677
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

Zhou Jun

Gong Yu-Bin


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20211677
http://wulixb.iphy.ac.cn

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 24 (2021) 240301

Tl Kihzz £ Mg

K2 R PR 5 R PR T O B R AT

35 B350
ot

E L H 0
B

WAEY Ty
CEI AL

1) (PR RS PR S TR 2R, l#F 610054)

2) (TR R, BRTEHE

NHBEZEDFTE G, W 610054)

3) (TR KA Y4B, AR 610054)
(2021 4E 9 A 8 HUk#; 2021 4F 9 A 28 HUKEMEHR)

ol 22 240 14 RS RO 2 ) R AR T () — R 0, DRI, i 2 0 N T 2 A Rl R A T IR 8 B T S )
334 508 24 ML P9 B R 25055 B P T T B G, A SR o 2 200 6 553 3 iR 28 L BT AR ST T =R AR
BROE ot 22 240 M P A RY T DA 2% T Sl 38 A0 3 80 e 1 ol 22 00 2 TR 10 AR X A HL 8, O T XU SR A 7Y
X S G 5 SR AT AU 5 T IN BAT R 22 2312 8 R 2% B 70 P 22 200 M o 00 4 R R PE AT 0P T A5 2R R,
25 20 L P AF X A F RS T A B I BT, AR 2% U8 T LA P 2 0 L P O B S 1 PR 0, O LG 5 40 i 5 4
P 5 P RS 1 P 2 i/ D, IR WA 2 1) 00 JEA00 i B, 40 R 0T A 7 % 90 1) SR AR R A 2 Bt 3 4 00 4 X
A v B RO (L B /DN T 328 3 8 5 S B R kS 83 S IR B . [T R 5383 AR 280 AR 2R B 5 A RS A
(R AF S it 20 2006 11 553 308 4IRS0 7 1 o 0 N PN R 215 5 50 B2 1 TR B, o 2 R — 20 B i OROBR 2% 1R S 7l 22
21 2 v AR . T BB EE SR SRR R 4% 1 5 i 0 0 I A A A AR A TR AL A B T R 2% D T A W)

ERER L DI ST RN U8

KR KbFzL, thadipy, &5, 59184
PACS: 03.50.De, 41.20.q

1 5

MZ IR 2 RGN FEA L IRt A
PUAZ R 24 . M2 U A5 MR 2 2 A0 15 20
JEAAR RIS IRy, B R %, B
FEH OIS ; o S AL AR AH %, SEIsh L
TEMZICZ B A . X T o mi s, HAMH
I T A L U BEEH A5, IS A
ACAT RUIR SR B AL A 15 T, RN by T B 7R A
B BB BAT B R TR, W T
P B R 2% B FIOG T AB A A B 2. 55

i

DOI: 10.7498/aps.70.20211677

Hb, Kbk gz AW ROGEE I 2GR, WCR T A
2B R, YR RS A S T T8
%, AT LASE IR 2% I AV B A= R s 5
tet?

TEEF I By, AR R RE A E & L 2B )
AR, AT L&k A AR LS. 2015 4F, Miccio 45 B
B T IO R BT LU AN M AR e i B R B S
DR AR B R, RN T R AR ) AT JE
FEREHRIE: B Johari £ 151 JIE B 28 ST A A 200 it
FIAH A% R EAT SRR SR AR R00, B FNSE S A 5%
T, W ITRENS R EOLIIE N, AR 24
SULR] HRANAL. 20 s R gt 1 v 1 TR N

*ERKARBIAES (kRS 61921002, U1930127). EISK A ARl 22 4 T E AL 2= TG (HIEHES: 61988102) T Je S 3

BHIRY 5 2% (S ZYGX2019J013) ¥R,
t BIE1EH. E-mail: ybgong@uestc.edu.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

240301-1


http://doi.org/10.7498/aps.70.20211677
mailto:ybgong@uestc.edu.cn
mailto:ybgong@uestc.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 24 (2021) 240301

JEIAL AN R 2% B RIT ST 168, AR 22 R POIBL, A i
FERW, AT X FPER I LA K R AR 45 6 1) A= Py 221
L 5 SRy S 14 PR R A i, U HR > AR R
(ST BRI AR I AE ] — B e, X A
AR SR A WTIARIERR, 4P 4
() A7 A 7 B A, 98 469 114 i AR A H B mT LAAE
GHz WA 7 A T A MR O T A 2% B
M2 AR ST 5 R B AR AL T ROk 2, B
BRGNS A AR R A, (R R T A A
PRI 58 119 5 7K R A 2% 10 1) 5 IR AU A 101, ol
FHZ ST TS AT HiE .

BT B (8 SCRRG 2 A0 I RRAE R 34, FRAT]
Je BT A 2 2 M A A 2% 5 B 555 1 I A58 ) T B
4, BURGHEROR R R 2T i, X Rhf 2250
Be (W R BOK RS 09 F R D A% iy EL AT G S 2000
ARSCH A RHAT BR 2270 (FDTD) #Ear 1 =)= 45
Fa 1 22 0 P A IR | Xof S 2% AR A 2 A
R E T T 04T, [R5 R 2 AR 45 A
e SR, THA T A0 A 2 KA 2% I A4 e
Fitk, PRS2 T M5 L mikRe. A
WFFE o R M 22 R B8 B R 2% DAL bt 1 —
MRl RER P EEALER R, OS2 TARARAL T — i
T

2 BRI
2.1 HEMpaRaFEEFE

M2 T I A 28 R G HEAS Y S5 A0 R D fE
T, RAEDNRERIANTR, OB S BT 22 5%, it
PRESEAR KRB AL | = AIEFAR R AR
ST BRI 2 240 A A X A R O RS B 0
ASSCHENT Tl A GE | 200 N A B K A A
AR BRI A = S 5 A8 B TR A 2 JH A TR S A 4D o 22 200
g, fniE 1 Fs.

_ Kk o
e W A
= T (e
TEFWITLL K
Fo NS

P12 I L 4 P A R A A% = )2 O vy e 1 ol
Z 40 A R
Fig. 1. Nerve cell body model constructed by three layers of

membrane, intracellular fluid and nucleus.
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Table 1. Fitting results of membrane second-order Debye

model parameters.

€oo &s €2 T1/ps T2 /ps
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Fig. 2. (a) Absorption coefficient, (b) refractive index, and (c) the real and imaginary parts of the dielectric constant of the effec-

tive intracellular fluid in the frequency range of 0.3—2 THz.
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Table 2. Second-order Debye model parameter fitting

e+ =n(w)?

€2 — €~
1+iwr’

¢ (w) =0 +

results of dielectric constant of the effective intracellular

fluid in nerve cells.

€oco €s €2 T1/ps  T2/ps

5.685 77.34 8990 126  0.243

201 P A B

B 2(c) ATBAT HE, SCH0 45 0.32 TH2
FRADL A 5 A . 55 2 0 L A A B
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Fig. 3. Dielectric constant of intracellular fluid in the range
of 0.3-50 THz simulated by second-order Debye model:
(a) Real part; (b) imaginary part.
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Fig. 4. (a) Three-dimensional FDTD model of THz wave transmission in the nerve cell. THz wave is generated by line sources and

transmitted to three-dimensional space in the form of cylindrical wave. (b) THz source waveforms for the three frequencies (20, 25,

30 THz) used in the simulation.
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Fig. 5. Surface boundary trapezoidal mesh treatment, the

orange area is the cell membrane.
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Fig. 6. (a) Gain of the THz wave transmission in nerve cells at a frequency of 30 THz; (b) one-dimensional field distribution results

of the THz wave in air (yellow curve), a model without intracellular fluid (red curve), and a cell model with intracellular fluid (blue

curve). The yellow curve overlaps with the red curve.
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Fig. 7. (a)—(f) Field gain results in the nerve cell when the dielectric constant of background medium is 1, 2, 3, 4, 5, 6. The fre-

quency is 30 THz.
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Fig. 8. Gain curves on axis when dielectric constant of

background medium is 1, 2, 3, 4, 5, 6, and the frequency is
30 THz.
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Table 3. Second-order Debye model parameters of

normal and cancerous breast tissues.
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Fig. 9. (a) Electric field distribution and (b) gain of the 30 THz terahertz wave in nerve cells under the condition of breast and can-

cerous breast tissue in the background medium.
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Fig. 10. (a)—(c) Gain of THz wave transmission in nerve cells with the radius of 8, 12.5, 20 pm.
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Fig. 11. Field gain curves along the axis of nerve cells with
radius of 8, 12.5 and 20 um.
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Abstract

The size of nerve cell is comparable to the wavelength of terahertz (THz) wave. In this work, a new

concept of weak resonance effect of nerve cells is proposed. The permittivity of intracellular fluid is measured

experimentally by using a THz-TDS system, and the relationship between the permittivity of nerve cells and

the frequency is obtained by fitting the double Debye model. The propagation characteristics of THz waves in

nerve cells are studied by finite difference time domain. The results show that when the dielectric constant of

nerve cell is higher than that of the external medium, THz wave can be enhanced in the nerve cell. Meanwhile,

as the dielectric constant of the external medium increases, the resonance will be close to the cell membrane.

And it shows the focusing property of THz waves, as a convex lens does. The weak resonance effect is related to

the dielectric constant of the background medium, and increases with the cell size and frequency increasing.

These results provide a new model to explain the interaction between THz wave and nerve cells, contributing to

the study of the transmission mechanism of THz wave in biological nervous system.
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Fig. 1. Calculation model of hydrogen molecules (spheres

represent hydrogen atoms), two hydrogen nuclei are paral-
lel to the z axis.
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Fig. 2. Without external electric field, the potential energy
surface of hydrogen molecule (black curve) and the probab-
ility density distribution curve of each energy level (color
curves). The first three eigen vibration modes of hydrogen
molecule are represented by three color curves, the number
in the legend represents the energy of each eigenmode of the
hydrogen molecule, and the lowest point of potential en-

ergy surface is set to 0.
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Fig. 3. Variation of potential energy surface of hydrogen
molecule with applied electric field intensity and bond
length. This map is drawn by cubic spline interpolation
method. The color block represents energy in eV. When the
electric field intensity increases to 45 GV/m, the minimum
potential energy point moves, and the new minimum en-
ergy point appears near 2.8 A. In order to show the poten-
tial energy surface more clearly, the potential energy of the

system greater than 5 eV is expressed in dark red.
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Fig. 4. Waveforms of four THz pulse fields are calculated,
the amplitudes are 35 GV/m (red, purple lines), 60 GV/m
(blue, black lines), pulse width are 90 fs (red, blue lines), 20 fs
(purple, black lines).

BAE 0.4 ps, IR{EA 60 &% 35 GV/m Pifh, fkseh
20 S 90 fs WA, I (A ] 0% A bk e i) Bk ot 4
85 L I A ok 3 R G R 5 TR . R A 4 v
1E 0—15 THz LUK 0—3 THz $iRgia B i, DL F
I I S TR 2% Wk P A VR FH &0 AR BRI & ™
A, & AR HRAE T RS R Bl RE K
AR B T BE .

GR35 GV /m K20 &0+
PRS2, I TS PR 22431, 45 3] B i (] 33t
A8 S50 10 BT AR 28 B e A 1 (1] 6) Be 453
SNREL A TR (18 7). 1h BT A AL R % i A A

1.0

— 90 fs
0.8F — 20 fs

0 5 10 15 20 25
i’F}ﬁ\ﬁ—/THz

5 BKTE 90 5 20 fs 1Y A 2% Ik b ipl 28 08 B AR 4
AT 2], A A SR 01— (A D) R

Fig. 5. Spectrum of THz pulse waves with 90 fs and 20 fs
pulse width after fast Fourier transform. The longitudinal

axis represents normalized power density.
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Fig. 6. Evolution diagram of proton probability density dis-
tribution of hydrogen molecule under the action of Gaussi-
an directional intense field in z direction with amplitude of
35 GV/m. The pulse widths of applied Gaussian pulse elec-
tric field are (a) 90 fs and (b) 20 fs, respectively. The Gaus-
sian pulse center is set at 0.4 ps, and the color strip repres-

ents the proton probability density.
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Fig. 7. Evolution diagram of the energy level population distribution of hydrogen molecule under the action of the Gaussian direc-
tional intense field in the z direction with the amplitude of 35 GV /m. The pulse widths of the applied Gaussian pulse electric field
are (a) 90 fs and (b) 20 fs, respectively. The Gaussian pulse center is set at 0.4 ps. Curves of different colors represent populations

of different energy levels.
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Fig. 8. Evolution diagram of proton probability density distribution of hydrogen molecule under the action of Gaussian directional
intense field in z direction with amplitude of 60 GV /m. The pulse widths of applied Gaussian pulse electric field are (a) 90 fs and
(b) 20 fs, respectively. The Gaussian pulse center is set at 0.4 ps, and the color strip represents the proton probability density.
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Fig. 9. Evolution diagram of the energy level population distribution of hydrogen molecule under the action of the Gaussian direc-
tional strong field in the z direction with the amplitude of 60 GV/m. The pulse widths of the applied Gaussian pulse electric field
are (a) 90 fs and (b) 20 fs, respectively. The Gaussian pulse center is set at 0.4 ps. Curves of different colors represent populations

of different energy levels.
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SPECIAL TOPIC—Terahertz biophysics

Vibrational dynamics of hydrogen molecules
under intense THz waves”

Ning Hui  Wang Kai-Cheng  Wang Shao-Meng  Gong Yu-Bin'
(College of Electronic Science and Engineering, University of Electronic Science and Technology of China, Chengdu 611731, China)

( Received 11 August 2021; revised manuscript received 15 September 2021 )

Abstract

The physical properties and dynamics of molecules can be studied by the interaction between
electromagnetic field and molecular system. The continuous development of terahertz technology provides a
terahertz source capable of generating a sub-picosecond directional intense electric field. The generated intense-
field terahertz wave has the same electric field intensity as the molecular local electric field environment, and on
a sub-picosecond time scale of the directional electric field there can happen many ultrafast physical and
chemical reactions. At present, the interaction between terahertz waves and molecules is limited mainly to the
resonance interaction, that is, the molecules transition at different vibrational levels, caused through dipole
interaction. In this work, based on the density functional theory calculation and the finite difference time
domain solution method of Schrodinger equation, the intense non-resonance effect of intense terahertz wave
electric field on hydrogen molecules is studied. The results show that under the action of intense terahertz wave
sub-picosecond directional intense electric field, hydrogen molecule will produce an induced dipole moment. This
dipole interacts with the external terahertz field, resulting in the fluctuation of proton probability density
distribution and the change of vibration energy level population. Based on the non-resonant interaction between
non-polar diatomic molecule hydrogen and intense terahertz wave, a unique way of producing the interaction
between electromagnetic waves and molecules is displayed in this work, which is a method of studying the

dynamics of non-polar molecules and molecules with weak polarity in intense terahertz field.

Keywords: hydrogen molecule, terahertz wave, non-resonance, induce dipole moment

PACS: 31.30.J—, 31.15.E—, 33.20.Tp, 78.47.dc DOI: 10.7498 /aps.70.20211482
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Fig. 1. THz time domain waveforms radiated by GaAs pho-

toconductive antenna in linear mode and high multiplica-

tion mode.
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Fig. 2. (a) Schematic of homemade THz-TDS system with a horn shaped tapered parallel plate waveguide; (b) structural diagram of

horn shaped tapered parallel plate wave.
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Fig. 3. THz absorption spectrum for a-lactose aqueous solu-
tions, which was measured by the homemade THz-TDS sys-

tem with parallel planar waveguide.
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Fig. 4. Molecular of a-lactose monohydrate.
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B 5 FLEEREIEIR (a) 0.58 THz; (b) 1.01 THz (c) 1.19 THz; (d) 1.47 THz
Fig. 5. Vibrational modes of a-lactose monohydrate at different frequencies: (a) 0.58 THz; (b) 1.01 THz; (c) 1.19 THz; (d) 1.47 THz.
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Table 1.  Assignments of vibration frequencies for
lactose monohydrate by PED.
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Fig. 6. Theoretical spectrum for a-lactose monohydrate.
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Abstract

Water has the strong absorption of terahertz (THz) wave, so it always a difficult problem to study the
characteristics of aqueous samples by THz technology. In this paper, THz waves with high field strength are
obtained at the position of sample by using photoconductive antenna working in high-gain mode and horn
shaped graded parallel plate waveguide in THz time-domain spectrum system, and the THz spectrum of a-
lactose solution in a range of 0.1— 1.5 THz is directly detected. Furthermore, the absorption spectrum of a-
lactose single molecule model in water environment is simulated by the density functional theory, and the
simulation results are in good agreement with the experimental results. This work has important reference value

for directly detecting the spectral characteristics of water samples in THz band.
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Fig. 1. (a) KcsA tetramer structure (from top to bottom); (b) KcsA tetramer structure (from front to back); (c¢) potassium channel

model.
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Fig. 2. Changes of hydrogen bonds in potassium channel

proteins at different terahertz intensities.
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sities.

248701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 24 (2021) 248701

Wit 22, SRR 2% LR I 2 RO e B 1 Do — 2
AR T D RE . I HAE NI 2% SR E
0.2 V/nm I, #E 5l iE A RES R H
Hnise 2, O BAT A 2 B 1 R R
25 SO R (RLVC i A3 JC A1 78 38 18 2
LN ATE

HHE B R O HE— P30 o BRIE

BT M AEE f S5 AR o BRIE S 2R 1 Ik EE
SRR LA B SR il P A — i R R e 4
18, o BRI A R I A AH EL AR P AN Bl 7“2 A R R
F3T | 2RI RE e 35 B SR -0, S
J& o BRBERE HY E R GUHE, A BB, o 1R
R G ENBEREIR. 5 B VMD, FefiT k3 o B2iE 32
LA S5 A S6 fYFLIEAL, R T8 Yl
R R HLTT . AR A B R 22 B AR TR o 1R
BER AL 4 F7n, AT LA, ER R
J& AR 2E B, B S T AR P o BRERY
B H ORI 2 DD, I HANIR 225
i (LM RO, R 9 o R A0 H AT G2 12 D/
PR g A 2 0 1) RE B B A1, ASE ELIRBIAR L
HAEiE S I IRIE A IR . (5] 4 g Rk,
R 28 P 2 W B 738 2 D o SR TP A

360

—a— E=0 - E=0.20 V/nm

—— E=0.03V/nm < E=0.30V/nm
—4— FE=0.08V/nm —»— E=0.40 V/nm
355 —v- E=0.10 V/nm —e— E=0.50 V/nm

P4 RO 2% 5 8 B AN () e 4 g 3l 2R P o BRBE R
H 421k
Fig. 4. Changes in the number of a-helices in potassium

channel protein under different terahertz intensities.
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Molecular dynamics simulation of effect of terahertz waves on
the secondary structure of potassium channel proteins”
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Abstract

Potassium channels play an important role in repolarizing the nerve cell action potentials. There are many
types of potassium channel proteins, and potassium channels allow potassium ions to specifically pass through
the cell membrane, thereby maintaining the resting potential of nerve cells. In this paper, molecular dynamics
simulation method is used to simulate the effects of 53.7 THz terahertz wave with different amplitudes on the
secondary structure of KcsA potassium channel protein and the potassium ions rate. It is found in this study
that under the action of the 53.7 THz terahertz wave, the number of alpha helices in KesA potassium channel
protein decreases, and the number of beta sheets and the number of coils increase. In addition, the 53.7 THz
terahertz wave can accelerate potassium ions through the KcsA potassium channel. In this article, the effects of
terahertz waves on potassium channel proteins are analyzed through the secondary structure of proteins, and a
new perspective for the interaction between terahertz waves and biological functional molecules is presented as

well.
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Fig. 1. Close relationship between terahertz and biomolecules and the regulation of cell dynamics by terahertz: (a) Frequency of ro-

tation/vibration of biological macromolecules is in the THz frequency band; (b) terahertz absorption spectrum of water, the green

region is the four frequency windows in which electromagnetic wave is expected to non-thermally regulate biomolecules; (c) vibra-

tion modes of water corresponding to its terahertz absorption spectrumf®; (d) terahertz waves non-thermally regulate the dynamics

of a cell, involving aquaporins, DNA, potassium and calcium channels that perform biological functions of the cell.
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Table 1.  Comparison of the force field parameters of different water models employed.
Water model 90 o/A oo/ (kJ-mol ) @/ e do or ¢/ € /(%) i o/A
SpPC 3.166 0.650 0.410 -0.820 109.470 1.000
SPC/E 3.166 0.650 0.424 -0.848 109.470 1.000
TIP3P 3.151 0.636 0.417 -0.834 104.520 0.957
TIP4P 3.154 0.649 0.520 -1.040 104.520 0.957
TIP4P-Ew 3.164 0.681 0.524 -1.048 104.520 0.957
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AT AU 0 245 % 20 %) IR AT e ) P B, ((18.52 +
0.06) THz %t T TIP3P /KAAY; (19.28 + 0.05) THz
X F TIP4P /KBRS (20.77 4 0.05) THz Xf T
TIP4P-Ew KB AIEHEE SR (K] 2(a) T
). Lh 45K, SPC Al SPC/E MlELT TIP3P,
TIP4P il TIP4P-Ew B fig )z MUK (1 B 4374 3l
P, SR TIP3P, TIP4P 1 TIP4P-Ew #f L F SPC
F1 SPC/E HTRE S WK 114 0 B W 2% 1) 2R R I 2 ey
PE. R 7K BRI BT, 461 s v F i SR A o
ok H T HEZ 4 n SR LS, BT LIS K 0 & 2y S
W26 S5 R F R K P B OCE L. Ok,
A58 P AN [R) KRS TR 28 ol P A A 7K ) 5 D 248 i B 1Y
WG (Anf&l 2(b) FizR). BEISHUILE LW, L
F SPC/E, SPC 7KAR 7Y [y 2 i ) 2 P 8y 1 Wi g g
By IRR KA T 8. X AR T SPC A EE
THLfT R A4 XHE . SPC/E /N (I 1 g, U8
/N AT 23 SE M AR R, AT AR A F i B, T
SN 73 [A] B AH B D 7, de 2530 SPC By AU
W 25 % 3 A W WU AH L SPC/ER A2 T 4085, R
SPC 1 SPC/E 7K 58 AT AH [F] A S ryg L B
i «HOH 2%k, Fr LLE AT il A A4 20 () W i
W ) A % 2 — B By . [l RE M, TIP3P, TIP4P 5
TIP4P-Ew 1Y &0 U i H A 12 19 268 %0 1 /MR
W& TIP3P < TIP4P < TIP4P-Ew, Ffi# Hifaf 1)
B, SR 4 TR 3 i IR A I W ke A WS, BT
5 R AR 2l W S A R R — B, AT
EATERAH THFEEK g o A LHOHS 4L
FET R, I WERAN [ AT fry S5t ) 4 I 5l 1y it
Wk Z B Ry 22 5% (F 2(b)), KBEATH s
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Fig. 2. THz absorption spectra of bulk water modeled by different water models and effects of temperature on its spectra: (a) Com-

parison of THz absorption spectra of bulk water under different water models and its spectra from experimental measurement;

(b) THz absorption spectra of hydrogen bond network of bulk water under different water models; (¢) THz absorption spectra of

bulk water modeled by SPC/E water model at different temperatures; (d) THz absorption spectra of hydrogen bond network of

bulk water modeled by SPC/E water model at different temperatures.

K & TIP3P ((18.52 + 0.06) THz) < TIP4P
((19.28 + 0.05) THz) < SPC ((20.11 + 0.06) THz)
< TIP4P-Ew ((20.77 4 0.05) THz) < SPC/E ((21.83
+ 0.04) THz), X 7~ 7K A8 200 26 i 41 sl W A
W 1) O AT 23R 5 K A AR 22 TR A — 2 1

DR Ay T 4 A SR X 24 R 254, E TR I &
RO 24 P R ELAE P v P kR R S
2% FRARE AT A . A T RS S 45 Y IR
SISO ) P AR S K AR BAE FHZ R R
VRN E KSR (SPC/E), HE— 18 T R4
IKAEAS [FIRLRE T B8 RR 22 e . DAL 2(c) AT,
T X6F 7K 118 S B D) 295 1) 4 S W S 0 A i 5 ) S e
SRTIXT 7K 11825 0 A 41 ) 1 A A g 1 2 i 7 R
5 ), B 25 TR A 300 K 2 i T E 370 K, /K
F1%) S Bk X 45 I 20 P IR MAC e ) v OO BB A0 R T

218 (anE 2(d) FiaR), Wi 300 K ™4 (21.83 +
0.04) THz, 310 K T4 (21.73 + 0.05) THz, 330 K
TR (21.39 4+ 0.05) THz, 350 K F R (21.03 +
0.06) THz, 370 K A (20.81 & 0.07) THz. I,
AL AS 2 e 7K BB i) U5, SR )
SRl LU E W TR (YN

N T 2B WK R SR I 2% 5 55 5 H AR B
W () TR Z (R OC AR, A3 0T T ARAH K I 45
KRB Ty 2RI (] 3). B 5, TH5 T AN R KA
T FSC R A AH 7K B A 18] 53 A R g(r), anTET 3(a)
Jias. ATLUE , BEE w0930, o(r) PREEIZHT
ANFFICEE) 1.0, X VLK o> 7RI B A TE
KFETCTF I RORZE A RHE, A5G WA ST HES L
0. Wb, i SPC/E, TIPAP F1 TIPAP-Ew #4 )
TRAHAKIY g(r) BA T, BRSCIEE R —3( (H
Hi SPC, TIP3P 4 LIARAHK I g(r) HA 1 AN
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Fig. 3. Analyses of structure and dynamic behavior of bulk water modeled by different water models: (a) Radial distribution func-

tion of bulk water under different water models; (b) diffusion coefficient of bulk water under different water models; (c¢) under spe-

cific water model (SPC/E), the effect of temperature on the radial distribution function of bulk water; (d) diffusion coefficient of

bulk water at different temperatures.

R, HAS R KASERRE B R A K 55— K & 2
(55 B A — R, BARRIN o(r) M5 1A 04
%) WA (R v 32 119 2 S, IR 1 J3E 1 /N DG R AR
i TIP3P (2.86) < TIP4P (3.13) < SPC (3.18) <
TIP4P-Ew (3.43) < SPC/E(3.51); #&ifi, ti Al
KA LA AR K B g(r) BO5S 1 (BT 2L Y
(& (r{8) RAMRCHR: TIP3P (0.274 nm) >
TIP4P (0.273 nm) =SPC (0.273 nm) > TIP4P-Ew
(0.272 nm) > SPC/E (0.271 nm). {H5H 812,
g(r) Y5 1 AR m BEAELBOR LA K g(r) B5R 1 4>
BT AR I r (B /DN, 7K ) B DO 285 1R B0 1) SR R 2%
ST RN 712 iy N o o | P e a5 R i ]
F—IKEE AR FIE R, o(r) F5E 1%
AR /2 BB K LA S e 1) b/, BABHK Ay T 558
—IKEENIIK T TG E R, I HEAT R
{18 SRR E AR, B R 3 0 SR i o
I HCR BRI A DR X LA SR AT O
SRIG, THAT AR KA U B A AR K 19 R

D, 41 3(b) Fizs, 4 DAERIKR/INKEFR N TIP3P
> TIP4P =~ SPC > TIP4P-Ew > SPC/E, D [/{&
MV (3.97 4 0.09) x10°5, (2.36 & 0.04) x 105,
(2.34 + 0.07) x 107, (1.25 £+ 0.07) x 10 > Al
(1.12 & 0.01) x 105 cm?/s. $£45 D{EAIK/NFKR
5 U T 2 41 0 114 W A 1 e BB AR 1 DR/ NG
RERF K, KIK A QXK RS 5E (D8
FB/INY 7K SR I 28415 B 118 DAl 2% IR AT e ) v
WA, [FRR, 36T SPC/E /KB, 1A TR
BEXHRAAIK g(r) 1 D By52m. WKl 3(c) P, bl
IR ER TS, g(r) A5 108 R vy B2 AN W /s
(300 K F A 3.51, 310 K N 4 3.39, 330 K [ X
3.20, 350 K 2} 3.01, 370 K R 2.88), B 1
MHEZIAWT T, DR 2 AR It D
REE R, X RIPK KA PR Z N, A
AChnt, BEAE R T, KB D g R, an
& 3(d) FzR, RN D WETE 300 K B4 (1.12 +
0.01) x 10° ecm?/s, 310 K B Ky (1.54 + 0.07) x
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1075 cm?2/s, 330 K 0 (2.47 + 0.07) x 107 cm?/s,
350 K i} 24 (3.54 £ 0.03) x 10 cm?/s, 370 K
9 (4.80 4 0.12) x 1075 cm?/s. X JE AR E THE
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2% L UBE IO 28 )R Sl R WA £ i O R R

B, 2 P K Y U 5 55 5 LR Sl A
AR Z YR (N 4 FT7R). K352 18]
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Jai X5 HAbR 7> T U, SRSl A S EUA
F SR AL, TR, Rk v AR HICE B,
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Fig. 4. Relationship between hydrogen bond dynamics and the center frequency of THz absorption spectra for the vibration of hy-
drogen bond network: (a) Hydrogen bond autocorrelation functions of bulk water under different water models; (b) lifetime of hy-
drogen bond of bulk water under different water models; (c) for bulk water under different water models, the relationship between
the center frequency of THz absorption spectra for the vibration of hydrogen bond network and the lifetime of hydrogen bond;
(d) lifetime of hydrogen bond for bulk water at different temperatures; (e) at different temperatures, the relationship between the
center frequency of THz absorption spectra for the vibration of the hydrogen bond network and the lifetime of the hydrogen bond;
(f) schematic diagram of the hydrogen bond network.
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SPECIAL TOPIC—Terahertz biophysics

Relationship between hydrogen bond network dynamics of
water and its terahertz spectrum”

Duan Tong-Chuan!  Yan Shao-Jian  Zhao Yan'  Sun Ting-Yul
Li Yang-Mei?®  Zhu Zhi "}

1) (Key Laboratory of Optical Technology and Instrument for Medicine, Ministry of Education, College of Optical-Electrical and
Computer Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China)
2) (Innovation Laboratory of Terahertz Biophysics, National Innovation Institute of Defense Technology, Beijing 100071, China)

( Received 16 September 2021; revised manuscript received 27 September 2021 )

Abstract

Water is the source of all life. The understanding of the terahertz absorption spectrum of water is the
prerequisite for the application of terahertz technology to biomedicine. The choice of terahertz frequency is
essential for achieving the biological effects of terahertz with high efficiency and low energy consumption. The
complex hydrogen bond network of water possesses a broad terahertz absorption peak. Therefore, it is necessary
to study the relation between the dynamics of the hydrogen bond network of water and its terahertz absorption
spectrum. However, the research in this field is still lacking. Using molecular dynamics simulation methods, the
terahertz absorption spectra of different water models at room temperature and pressure are studied in this
work. Furthermore, taking the temperature as a variable, the dependence of the terahertz absorption spectrum
of water on the strength of the hydrogen bond network is explored. It is found that rising temperature makes
the terahertz absorption spectrum of the hydrogen bond network red-shift, indicating that the center frequency
of the spectrum is strongly correlated with the strength of the hydrogen bond. Further studies show that there
is a linear relationship between the hydrogen bond lifetime of water and the center frequency of vibration
absorption peak of the hydrogen bond network. The underlying mechanism can be disclosed by imitating the
hydrogen bonds in the hydrogen bond network as springs then using the spring oscillator model. These findings
are conducive to understanding in depth the complex hydrogen bond network dynamics in water and promoting
the study of terahertz biological effects.

Keywords: terahertz, water, hydrogen bond
PACS: 87.50.U-, 66.30.jj, 82.30.Rs DOI: 10.7498/aps.70.20211731
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S8 KWL
Kk ZE RS ER A FE B RER PR
SHEmEERREZIERE

KEMYD FEAZFVY KeepkEv) KRXFVD HFEED
ﬁ @ 1)2) ”E'; x ; 1)2) %g F 12 #J )EC 1)2)

1) (B FRHEE R TR 5 TR, KRR BRI G, B 610054)
2) (KMFZEHAR BT T I AL, A 610054)
(2021 4E 9 F 14 HULF; 2021 4F 10 A 15 HUEIEMH)

A 2% B S T 062 B UBE (scattering-type scanning near-field optical microscopy, s-SNOM) 7£
AWK RLAR  BR2E DK 2 L R AR AR LA B AR AR e B9 98 A B T2 BN AT S R AR
BEIRETE R Kb 2% s-SNOM 1) T B2 4 A 43, A T3 - R | 39453 A5 SC B AR JH . (A 1 i P v,
B 550 i AR TR 23 S e i 45 3R AR SCE 7 LRSI 348 R TR BR 2% s-SNOM HH RS 5 A A
YERIX 5380k I35 L K2 I 2% 3 3 A3 (W 52 . 8 56, BIFSE 1 4R BT UL W 3 R SR AL 3 A1, e 1
Wk EEAEPAE 10° et B, 5 — MBI KR 22 BT I R AH 22 2—3 DR 2, X 3R W RO 2% 1 4 AR M &
R 2E T, HR, ot IR R SL I 5T, & B A Jm ST AR o T30 A S8 181 £ 45 0 1 3R i1 3 37 , 3 R WY Kbk 2% ik
Y1 R GAER I S5 B U 37 03 A BAT R R B 5 WIFSE T R AT XA S A0 1) 52 ), O AR BT B AL K 2
S0 ST S S 1) TSR, PT LA d 1 R B B B KR A R DR N B X I S AR ) 5

KR TRET-FES AR, Kbk 25a i
PACS: 87.50.U-, 68.37.Uv DOI: 10.7498/aps.70.20211715

5, AT R ISR, T DA SRR R G
I g 5 REE S, R AFM #REHZ s 474,
B IR GRS, SIS K R

Kb gg i = 2 AR (scattering-
type scanning near-field optical microscopy, s-
SNOM) J&—FB 4 B4 K 7 B AR BE 5, REZR
WAL GE 627 A S R, 78RR 22 98 K 627 AR
R 25 DA G BAR FE B R ] 051 Kbk %% s-
SNOM J BN A 1 fr7R, K2 R FE 2 1 )
WAL (atomic force microscope, AFM) ##%f, 5

BRI QRSB0 A, SRE A IR 3h Bl 1 K#F2% s-SNOM 7% B &
A AT R 2% B A T IR R AT 3] ] 8 A 2% 10 Fig. 1. Schematic diagram of SNOM.
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gt 2 AR AT R, AR5 AFM I3 m9h
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Fig. 2. (a) Near-field coupling weight; (b) graphene dispersion curves.
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Fig. 3. (a) Schematic diagram of simulation of graphene disk; (b),
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Fig. 4. THz near-field imaging of graphene disk: (a) AFM topography of graphene disk; (b)—(d) THz near-field imaging of graphene

disk with 1%, 224/ 34 harmonics.
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Fig. 5. Simulation results of tips of different length: (a) Time domain signal; (b) frequency domain signal; (c) schematic diagram of

simulation.
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SPECIAL TOPIC—Terahertz biophysics

Tip-sample interactions in terahertz scattering scanning near-
field optical microscopy and its influences”

Zhang Zhuo-Cheng?  Wang Yue-Ying V?  Zhang Xiao-Qiu-Yan ?
Zhang Tian-Yu?  Xu Xing-Xing"?  Zhao Tao!?
Gong Yu-BinY?  Wei Yan-YuY?  Hu Min V21
1) (Terahertz Science and Technology Research Center, School of Electronic Science and Engineering,
University of Electronic Science and Technology of China, Chengdu 610054, China)

2) (Key Laboratory of Terahertz Technology, Ministry of Education, Chengdu 610054, China)

( Received 14 September 2021; revised manuscript received 15 October 2021 )

Abstract

Terahertz scattering scanning near-field optical microscopy (s-SNOM), as an important means to break
through the limits of conventional optical diffraction, can achieve super-resolution imaging on a nanoscale and
has a wide range of applications in biological nano-imaging, terahertz nano-spectroscopy, nanomaterials
imaging, and the study of polarized excitations. As an important component of the terahertz s-SNOM, the
atomic force microscope tip plays a key role in implementing the near-field excitation, detection, and
enhancement. However, the tip-sample interaction can greatly affect the results. In this paper, the effects of tip-
sample interaction on near-field excitation, near-field detection, and terahertz near-field spectrum in terahertz
s-SNOM are revealed through simulations and experiments. First, the wave vector coupling weight of the near
field excited by the tip is investigated, and it is found that the wave vector is concentrated mainly on the order
of 10° cm !, which differs from that of the general terahertz excitations by 2 to 3 orders of magnitude, indicating
that the terahertz near field is difficult to excite terahertz excitations. Secondly, through theoretical and
experimental studies, it is found that the metal tip interferes with the surface near-field of the graphene disk
structure, which indicates the limitations of the terahertz s-SNOM in probing the near-field distribution of the
structure. Finally, the influence of the tip on the near-field spectrum is studied. It is found that the tip length
and cantilever length are important parameters affecting the near-field spectrum, and the influence of the tip on

the near-field spectrum can be reduced by increasing the tip length or cantilever length.

Keywords: tip-sample interactions, terahertz near-field spectrum
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Fig. 2. Concentration of photo induced carriers.
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Fig. 6. Electric field distribution around the antenna (1 THz).
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Fig. 9. Three-dimensional patterns of far-field radiation of antenna with a substrate: (a) 0.3 THz; (b) 0.5 THz; (c) 1 THz;

(d) 1.5 THz; (e) 2 THz; (f) 2.5 THz.
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Fig. 10. Electric field distribution pattern on the E surface of antenna with a substrate: (a) 0.3 THz; (b) 0.5 THz; (c¢) 1 THz;

(d) 1.5 THz; (e) 2 THz; (f) 2.5 THz.
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Fig. 11. Schematic diagram of antenna array (d: 30 pm, D:
300 pm).
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Fig. 12. Time-domain waveforms of 2 x 2 antenna array.
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Fig. 13. Three-dimensional patterns of far-field radiation of antenna array with a substrate: (a) 0.3 THz; (b) 0.5 THz; (c) 1 THz;

(d) 1.5 THz; (e) 2 THz; (f) 2.5 THz.
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Fig. 14. Electric field distribution pattern on the E surface of antenna array with a substrate: (a) 0.3 THz; (b) 0.5 THz; (c¢) 1 THz;

(d) 1.5 THz; (e) 2 THz; (f) 2.5 THz.
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Fig. 15. Figure of 1 x 2 antenna array.
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Fig. 16. Time-domain waveforms of 1 x 2 antenna array.
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SPECIAL TOPIC—Terahertz biophysics

Radiation characteristics of terahertz GaAs
photoconductive antenna arrays’

Yan Zhi-Jin Shi Weif

(Department of Applied Physics, Xi’an University of Technology, Xi’an 710048, China)

( Received 29 June 2021; revised manuscript received 21 July 2021 )

Abstract

A GaAs photoconductive antenna is one of the important radiation sources of terahertz electromagnetic
waves. Antenna arrays can increase the radiation intensity of terahertz waves. Therefore, photoconductive
antennas and arrays have attracted much attention for a long time. In this study, CST Microwave Studio is
used to conduct a simulation calculation of the characteristics of a photoconductive antenna array radiating
terahertz electromagnetic waves. Using the current transient model, the pulsed photocurrents generated when
the laser is incident on the GaAs photoconductive antenna are calculated. With the pulsed photocurrents
serving as an excitation source, a simulation calculation of the radiation performance of photoconductive
antenna is conducted, and the effects of antenna structure and substrate material on the radiation of terahertz
waves are analyzed. Based on this, the far-field radiation of terahertz wave radiated by the GaAs
photoconductive antenna array is calculated. The simulation results show that the photoconductive antenna
array radiates terahertz waves with stronger directivity. The width of main lobe is reduced, and its far-field
radiation conforms to the multiple relationships of electric field superposition. A 1 x 2 GaAs photoconductive
antenna array is developed, and the experimental results are consistent with the simulation conclusions, thereby
laying a theoretical and experimental basis for fabricating the multielement terahertz photoconductive antenna

arrays.

Keywords: terahertz, electromagnetic wave, photoconductive antenna, antenna array
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Fig. 1. (a) Conceptual graph describing terahertz wave accelerated decomposition of methane hydrate, where the blue substrate is
methane hydrate crystals, the red and white balls are the carbon and hydrogen atoms, and the clathrate is the water molecules en-
veloping the methane. (b) Above: Initial simulated configuration. The left side of the green line is caged methane hydrate, while the
right side is methane and water mixture after high temperature melting. The blue cluster therein is the methane gas, surrounded by
water molecules (in red). Middle: State of methane hydrate after the NVT equilibration for 200 ns at a temperature of 260 K. The
nucleation has occurred in the interface, and the initially gathered methane molecules have partly diffused and are expected to form
more nucleation. Bottom: State of methane hydrate after a specific terahertz electromagnetic (THz-EM) stimulation at 260 K. Most

of the original methane hydrate has been decomposed and developed into a methane cluster.
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Fig. 2. Vibrational absorption spectra of water at a temperature of 260 K. The red line corresponds to the spectrum of water in the
caged methane hydrate, while the black one denotes the spectrum of bulk water. There exists an absorption peak at 10.3 THz in
methane hydrate but an absorption valley in bulk water. Hence, an EM stimulus at this specific frequency could alter the hydrogen-
bond network of methane hydrate. Inset: caged methane hydrate. The inner blue-white ball-stick structure denotes methane mo-

lecule, surrounded by water molecules in the outer.
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Fig. 3. (a) Spatial distribution of water and methane molecules in the caged methane hydrate (up-right inset) and decomposed mix-
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ture (down-right inset) after THz-EM stimulus. (b) Change of the total number of hydrogen bonds in simulated system with time.

(c) Relationship between the hydrogen bond loss rate of system and the external electric field frequency at an intensity of 2 V/nm.

(d) Coordination number of water molecules for the methane in hydrate. It is calculated within a shell radius of 0.57 nm, which

corresponds to the first minimum value in the C—O distribution function of a stable clathrate. The inset describes a single methane

molecule surrounded by water. (e) Relationship between the reduction rate of the coordination number and the introduced field

frequency at an intensity of 2 V/nm.
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Fig. 4. (a) Effect of THz-EM stimulation at different frequencies on the radial distribution function (RDF) of O atoms in water mo-

lecules w.r.t. the C atom in a methane molecule at 260 K; (b) effect of the stimulations on the RDF of C atoms in surrounding

methane molecules w.r.t. the C atom in a methane molecule at 260 K.
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pair at both ends in the H—O---O—H polyhedron accounts for the largest distance. @; is the torsion angle. (b) Change of the Fj

value with time under different conditions. (¢) Variations of the F value with time under different filed intensities but the same fre-
quency of 10.3 THz. (d) Relation between the F value and the EM field intensity at the same frequency of 10.3 THz.
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SPECIAL TOPIC—Terahertz biophysics

THz electromagnetic wave regulated dissolution of
methane hydrate”

Zhu Zhi'  Yan Shao-Jian?  Duan Tong-Chuan'  Zhao Yan?
Sun Ting-Yu!  Li Yang-Mei 2"
1) (Key Laboratory of Optical Technology and Instrument for Medicine, Ministry of Education, College of Optical-Electrical and
Computer Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China)
2) (Innovation Laboratory of Terahertz Biophysics, National Innovation Institute of Defense Technology, Beijing 100071, China)

( Received 23 September 2021; revised manuscript received 27 September 2021 )

Abstract

Methane hydrate (so-called flammable ice) has many advantages such as wide distribution, large resource
reserves, high energy density, being clean and pollution-free, etc. Thus, it has attracted much attention since it
was discovered. Unfortunately, its exploration encounters many difficulties, which involve mainly with the
dissolution process of caged methane hydrate. Therefore, in this work the specific effect of THz electromagnetic
wave on decomposition of the hydrate is explored through molecular dynamics simulations. Analyzing the
vibrational spectrum of the hydrogen-bond network in methane hydrate, no specific absorption peak is found in
the bulk water. Applying a THz wave at this specific frequency to the methane hydrate, the original hydrogen-
bond network is broken, the coordinate number of water molecules for the methane decreases, and ultimately
the methane frees from the water cage. The F, ordered parameters further validate the phase change from the
crystal water to liquid water under the same THz field irritation. It is also proved that this peak absorption
frequency has a remarkable superiority over other frequencies in decomposing the methane hydrate, hence it has
specificity. Our findings support the feasibility of non-thermally dissolving methane hydrate, which promises to

promote the exploitation efficiency and development of new energy sources in the future.

Keywords: terahertz, methane, hydrogen bond, decomposition, molecular dynamics

PACS: 87.50.U-, 88.20.fq, 82.30.Rs, 82.30.Lp, 83.10.Mj DOI: 10.7498 /aps.70.20211779
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Foundation of China (Grant No. 11904231), the Sailing Program of Shanghai, China (Grant No. 19YF1434100), and the
National Defense Technology Innovation Special Zone, China.

1 Corresponding author. E-mail: sunberry1211@hotmail.com

248705-8


http://doi.org/10.7498/aps.70.20211779&lt;linebreak/&gt;
http://doi.org/10.7498/aps.70.20211779&lt;linebreak/&gt;
mailto:sunberry1211@hotmail.com
mailto:sunberry1211@hotmail.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

COP-PDMSHRIARE 25585 F B il 48 R A AT 22 0 P A B 40 0 A 0 280 B 2

ETEE FH OFRE

Fabrication of cyclic olefin polymer and polydimethylsiloxane co—bonded microfluidic device and its appliactions
in terahertz biological effects on intestinal cells

Wang Cheng-Yao LiXu Lu Xiao-Yun

5] Fi{i5 &, Citation: Acta Physica Sinica, 70, 248706 (2021)  DOI: 10.7498/aps.70.20211807
TELR T2 View online: https://doi.org/10.7498/aps.70.20211807
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20211807
http://wulixb.iphy.ac.cn

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 24 (2021) 248706

Tl Kihzz £ Mg

COP-PDMS i f= s /i B H & R TE K k2%
XF 718 b B 20 B A #9038 vz A g bz AR

EERY

e

5 s = Dt

1) (PUEAZB I, BRAS R REFRSE S ] E PRI A BT o0 P22 710049)
2) (WEAB I A AR GHOR B, SRR A Y BEERIT, AW BE2(E B TR E I E A=, P54 710049)

(2021 4F 9 J1 28 FIc); 2021 48 11 /1 22 sl i)

FH T 40 B 5 5 1) o ML SR TG ok B P T O3 R £ W OB WL, FEAR R BE B R 1 40 K F b
9 A 2% A= W0 S8 S AIE S B9 T Ji . AR SR T 1 68 A 28 ORI A1 B SRR IR RS 1 (COP), 53 I 2k
S be (PDMS) BEAT LSRG, A AR 2 | D620 | 55 B 1T e 0 i iy U8 7 15 A s P b b ) o8 5 i R 1k
TR, JER RO 42 0 i PR 3R KA 2% 0 17 T8 400 i 1) 2B 0 000 I B4 0 AT S B B B 4L Caco-2
MBI SR, IR e 9 g (0 S O 3 3R £ 0 BlOBE Y B R LS, O RO 2% 400 /K - 1) A= W 0OW F 7 S it T
e R HE ) SR BRSPS R SO e PSR I b A Caco-2 28 15 mW /em? (9 0.1 THz 4 i 10 min,
BLBEDE G 25 R s 240 0 R 2R A AR RO M ) R R SR R 1 ZO-1 KMEER 1 Paxdillin (197K 3 K 73 A1
S A AR 7 R 2% 0T 240 M 94 A 3 2 % W ) T e A T 7 A R s 200 L % R S TR B R AR T
Bl 5 i) COP-PDMS HL 5 O 12585 1 o P8 3R K 2% % 2 0 #) 22 00z 4 T 1 BE A 2800 -F 65, A7 B A

AT — 2 T R 2208 2 L 53 R0 1) S IR BIF

KGR BB EY), WO, KL PR

PACS: 87.50.up, 81.05.—t, 87.85.0x

1 3

KH2% (terahertz, THz) &4 T H F = AL
TR Z A — N REIR I B, A B 33 5 4
Y153 B 2R IR S AR 340 2 1)) SRS e 5
IR 55 A EAE B REG A — 3 2L PRk,
H AT TA R A 2% I 78 A 4 s 2 ik 2L g — S L
s B LR e BT AS AT AR L. BR T HETE K
TT J& ) R 24 B S50 15 X6 A= 4 701 R AE 4 201 2
TE B AE B AR Z A0 B Kk 25 i A= R it 5%
RS R R 2% 42 AR E FBIF 5T B 4 s F 9 &
I, KBRZE T AR A R ek | ARREAR IR W5+

i
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HARS A — e FEEE VR, S8R 1T KR 2% vl 753
UMK XA A B 2 O T T AR R e
R R 25 3R ST RE S AL E 40 B I 22 8 1 Actin IO 2R
A OL KRR R IR 52 1R 2 2 A [ Bk 33 im0 ] e
PR 10T 1, DA R Rl 2% AT i B Ao 26 B S B e
AT IR, DT (A5 X5 Ak & 4 Pl a1 2 o 171,
SR, H HTRFSE K 2% 78 4R MK 7 A A=K
I B 5 14D Jy B A 7 T LA 7 X0 240 L B8 53—
A S [ 20 g ik . H i T4 s 77 i 5 57
ML FZR BN R M (polystyrene, PS), UNT
AT IR AR W R, U3 R FHRGHE A
YA BT 5 L] A5 A SR A 7, 3K AP A
BHREI AT SR A FE 0.5—2.5 THz P Bt F XK
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RZE AR e 5100 WE LK A B e 2 b A T
IR 2% 5 PO S IO SR A B T g8 . —
PR INEIER AW (cyclic olefin polymer,
COP) [P BB AT i DR b 2% 76 A% i 21 210 B 3o 72
Rl I AP TRD R, 32 R X A %% P WA AT A
HRL T4 R E 7R B A RL L2 AR SR cop
£ 0.5—2.5 THz P B T X R 2L MBCRAR YRR
S5 B OIRE HOR W RS R, K COP H
T38E A AR %% A A5 R ATE 2 A B 45 005 e 1) il
Hh TR T RO RO i R A 3R R R P R T
fig (poly(methylmethacrylate), PMMA) , Xj 7 —.
FiR 2 —BERE (polyethylene terephthalate, PET),
RWIRMEE (polycarbonate, PC), LI A 3 — H JLkE
Akt (polydimethylsiloxane, PDMS) 2544,
PDMS HA i AT 380k A 300 20 56 )
Hh Y 22 UK ITE T H R o AR ). 5 PMMA,
PET 1 PC #Lt, PDMS HA7 H A (14 A5 2% 1)
WA B3 H R 2% 1 IR ISR AE 0.5 THz 1
B TE T 4.5 cm P BL RSO PDMS fil COP 4%
Gk, FH PDMS 784 38 & il th iy fL 35 DL K
COP X K 2% IR WOOR i Ret: , weit If il e 1
COP-PDMS it #2685 7 B8, A IO #.88
R T Kbk gzt ia bRz 4np A= 80, SEat 1
JET COP-PDMS U420 i R 5% | R 2%
IR TR O R AR A A — {41k

Photomask

2 BRI iE
2.1 KFRa& IR

KRR 2% = 4820 U R 48 (QT-TO1000)
FEF K25 B IE S COP A1 PDMS # (1)
BEHE S . W% R G DA A B
BRI AR, KRR R BCE T AR LG
RADCBEN B, RS TR TR 2%
BEHHESVENFEMINAES. 2855 h IR Rt
F R 22 B 515 % . Hob, COP #1 PDMS £ R i
JEREE A 1.6 mm.

2.2 RimESRIZTRHME

FERTIARCR A BT TAER S 1 040 f
A COP-PDMS i 4565 i v B AN S8R B
WIFEECH: 26 cm x 1.5 cm x 0.1 cm (K x 58 x
) (KAL), BERGIEFIE GBI AR QA 1 s,
B BRUNE BT B 3 i 4 VA 1 >R T i 20 2
A YE LRI A SU-8 SEZIEFIGE A M3
1 1% B 51 R L, SR 5 A LA I AL 550 A
SYLGARD 184 &/ (Dow Chemical, USA)
il % PDMS g4, A7 HLREF & fL )4 9: 1 1 He
A, BIABLE, KR E B L A E T (Bel-
Art Products, USA) i3 LAEBRIR A E A PDMS

Cured PDMS mold peeled

PDMS
frorn wafer

e L'“'"\x/

Sl wafer

Flow in (©)

I R

‘7’:' ———— COP —— PDMS
Cells %

[EI 1 COP-PDMS JLH & O 42 05 BIBSHIAR I B (a) 383 S 20 B AR TE L SU-8 FEE Jr 29 556 19 1B T2 R UL 422 5 A B 91 5

H; (b) VIEG 0 A BOR 2 85 A B (c) PDMS Bitk 5 COP Mokt i i 45 5 1 Ab Bl i &
TAE MM ROR R E N =

T8 P AT S A A0 M 3 IR B M T R (e) 5

; (d) 7EIE B COP-PDMS i 45 34

HEE

Fig. 1. Schematic fabrication process of COP-PDMS co-bonded microfluidic device: (a) Using soft lithography technology to pre-
pare the round microfluidic device array mold on the SU-8 and silicon wafer; (b) the single microfluidic device module; (c) the
PDMS module and COP plate are fabricated by plasma treatment; (d) side view of cells dynamically cultured in the COP-PDMS

microfluidic channel; (e) three-dimensional view of microfluidic channels containing cells.
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ks <, FERA 80 °C AYMEAS b 6 h ALk
K. PDMS ik E L5, FFTFLERIE S 0.75 mm
(FLARAE SR St s A 0 1 i B s T
WA RS A NAE 0.25 mm, 4M% 0.75 mm.

2.3 COP-PDMS #4&

K COP Mkt i COP kL i i 5, 8
it B 2.1 5 AR SE S & N T PDMS, B
PERHIEREYS A 1.6 mm. T COP #l PDMS #1%}
FAELANE, PRI CTE 7R AL B 1E L
T TS, RILA BT COP F1 PDMS it
Trfb 3L e . RIS B FAEVENL (PLUTO-T)
REBRE| AMEE A, COP 21 A4 1k 27 4 Hh 5 /K 1k
(C—H ##) 25 M 25Kk (C-OH, C-NH, —COOH
H); 1 PDMS 8= 1—0—Si(CHs)y— AL AL,
e PE S, ik EESL A (Si—OH), i PDMS
WRBEASFEE RGO i, & A X
WL COP Fl PDMS 2% (42l , w A1k}
FE A UK B JE T A 2=, v LA R R S
FE . R C 2 IE W COP L K PDMS #4511
A Dam10] A S A B A B AR s HoS
0.024 kPa, Z i 240N 180 mL/min, K51
150 W, IHE] 60 s, COP 5 PDMS %4 )5 iyt
JEIRE R 80 °C, MBI 6 h.

2.4 HEEEEMK
TER H E B m B G 45 R iE 17 COP-PDMS
HEA R, TS R B TC I AT ST i AL
ANTRVAS B PO AR B Y1) N T BT R T I A
I, X} COP-PDMS fyA Nt ik — P R,
TE e il R S R hE S i i E Y 45 COP-PDMS
F M LSS IS [/ A9 R 5% (0, 125, 250, 750, 1000,
1250, 2500, 3750 A1 5000 Pa), JNFEAY K IE R T
X COP #i 5 PDMS A5 i 2R 11 AS -4 1711 18 1
THEEA R, BT PDMS BRE RS H A
SPE, R 5 AT E 45 COP 5 PDMS 1Y 422 fi 1t 4%
K, IITHETE T AR AN 000 A A B A AN 2 [ 1)
"] . 7E B A 50 B 8 A 4R I COP Al
PDMS B8 50 B, R oz 0 1 9 7 10 7 X o8 4
B PR AR TR B BT Y )
F
Tm = e (1)

b PR TS R, A SRR A

BT RR, R RS AR 0.2 mm /s,

2.5  EYRASE VI 53X R B R iR i E
mETE
R EAE RO O R TS A R Y —
TP B AR BT D10 7 B s R, (R AT
5 V8 3 VAR R AR ORAA, s O B,
SN Z W AT, AR UI R 1A
n = @)
Hrbr AR E TSI UIN J1; p
R AR AR S AR R A, WIRN, KR shAA R
ZE0h 8.90 x 102 dyne-s-cm 2, 4HEET I I B
DEMERBOTURAETIK, o HRIREEE; v B2
TR BRI A
Wt (2) AT 15 B A S AR
BYIN TR N

v h
v :/ dv :/ Edy = Eh, (3)
0 oM w

Hodr h e FiliE & . e CAE Y iR
B BRSO AT, AR E A RS
T FETOR AR FR G X I A I i
Q =vA; = LhA,, (4)
W

Horb @ 4z R G YT B, ACH RO AR
TRJTE P A A A A T T A

2.6 AREIESE

ALV b B 4 e Caco-2 (ATCC, USA)
Sy 15 2240 LR R O 2% 4 ROGT 448 D 7 2 800
Caco-2 MU 7E 75 cm? 40 fg 55 SRR b 15 32 52 i &2
ARG B RN (KB DMEM (HyClone, SH-
30021.01), %A 20% H4-I3E FBS (BI, 04-001-1A)
1% MEHER-5E% 2 (Solarbio, P1400). 4iffifE
37 °C 5% CO, BN S5 T E B 2 w57
T 70%, B4 BT AL 5 e R BRI . 1R
A RO IS R R, SR B T I K
AL 3L fRT B UL, SE 75 % TR T I IR A
B TE R A HEAT IR U, TEA W e rh R 5241
YT KBS, JH 50 pg/mL A2 2T 4k 40 i 47 1% &
4 (Sigma-Aldrich, 33016015) 1 100 pg/mL K i
SR BRI E H (Roche, 11179179001) 4K YK
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Xof VA 3 % T EAT ARk A P 200 SRR R B A A K
(Rainin, 30389291) % B4 5 x 10° 4> /mL B2
PRLASBGE I R AR A B VB v, e SR AR
HEFE 3 h A A ARG, BESS 3 S SR A 5l
BEEFR. FSsERD, QMRS B T B
SRS, A0 RS A A S 2R (DK Infusetek
Co., ISPLab12) Dk 5 Jiz I Bz (4 A5 348 s 1 7 55 [+
(It (0.05 pL/s U180 o) SRt s V) 3 i T fif
MG TR, ARSI IR 4 K.

2.7 HEREH

TEAE A 20 B 1) 5 — R FFt X Sl 420 v i
T RMR2EARE IR, R 2% & 58 (Terasense Sub-THz
wave source, S/N: 200382) & F COP-PDMS ith
FEHE 1.5 cm &b, SR 0.1 THz, SEIF-3 o) 52
&2 15 mW /em? 1 R 2% 0 SO 4588 i b4y
IR BRI 10 min, 2R 3 K. fEfRG —
WR RS AR 2E3E 57 6 h, FRIEA T 22 i 4 M 11 e A
RPET G,

2.8 HERALRE

F 3.7% Z 3 W 15 22 40 i 10 min )5, AR
FRYE B 4 0.1% (1 triton X100 (Solarbio, T8200)
EZEIR T BEMM 10 min. FAERMEE R 5% 194
MIFEEA (Bioforxx, 4240GR100) B 5665 A i4iH,
FHAE IR TR 30 min DIBHBrAR4S S 03 A A0 45
A, PEEA M 8 S AR 2B R IR IC /Y SRk
(Beyotime, C2207S) X 4 il &5 222 H 1 F-actin
FEAT R, WEF IR 1 h. BERAIA 1:200 ik
1 —$0 (AR % i B 1 ZO-1 (ProteinTech,
66452-1-Ig) S ME & 1 Paxillin (ProteinTech, 1002
9-1-Ig)), 7 4 C WHAEMA 1:100 FkEr) —
Pt FITC (ProteinTech, SA00003-1), 7E % i T %
H 1 h 51 DAPI X 4 i T (. Gepie st
Jeta e, LR B SR (ZEISS LSM 700)
XA AEAT R , 10 EGHR B AN M A AL, i
ImageJ XA X1~ 4 o oRH I AP 2R 288 1 R 26
JE AT RE T

2.9 HUEESW
AL E R IRECH n = 3. iR
SEIE L BEARETR 22 (SEM) 2, g 15 Ol

MR, SEEGAH 2 R 45 5 25 S5 1 k2 M A3 R FH
S = TR L B S R B S5 a3 S S R
I 7R IT AR 22800, A SCf# A T Bonferroni 42 1E
HUE R . 4811 %9 A7 18 33 Microsoft Excel £l
Matlab 5¢ 8, p fH/NF 0.05 B H 25 R BA B %
TS

3 HXRGik
3.1 COP #1 PDMS B K##z% IRk =

3 S X PR AR R P R A 2% M AT r e T e R,
PDMS X K b 4% 1) W e 3 B07E AR Be ik (VT
1 THz) Bl KR 2500 B 3G I, 1 2% Kbk 2%
WA 1 THz J5, PDMS B9 W 2 %50 B v
s 2528 20 em ! (& 2). A[E]F PDMS M I &
BB B A 25 TR AR P A 25 57 FE R R 24 45
B£0.1—2.4 THz {EE N, COP HIMI 2 K4k e 7
0.01—1 cm ' (K 2) BN, Z4 8RR T COP
X AL 038 s M i, %o b A o A R
W PMMA, PET, PC, PS Fl A7 35 7 1% 55 Bt 1 Bl 1
W38 101219 COP W23 7E AR I 25 A Wi
HIRIESE Hh B R RAEH.

25

20 e
T . PDMS
E 15}
~
N -
= 10
=
5 -
. cop
T
0 Y 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5

JiiEs / THz

2 RN B A R COP Il PDMS £ bk 2% 4 Bt
0.1—2.4 THz I P BSOS

Fig. 2. The THz absorption map of two characteristic ma-
terials: COP and PDMS, between the frequency from 0.1 to
2.4 THz.

3.2 COP%EFuiE

COP F ek ELE R R, Zad & TP,
% COP M b4 i) 25 11 B B oy oo P A 48 ek 1 19
R 2 T A A8 2 K T S BRI, A5 R )
R 2 7K VR TR A AR T R TSR ) 2 B AR S
(K A2), #2257 et 5 9 COP 2 1 22 3 35 K .
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PDMS 1Y 45 25 2l Pk 2 50 I 25 SR AE w0 i T4
2 452 i 20, COP 1 PDMS % [ 34 52 ¥ 5% /K
P, REE T ARBTG5, Bie b, Hkm
PEATRIEAK RN S 7= A 1 A 2 B vl LAl o b e X
ERA.

3.3 COP-PDMS #45RE

W HERL ST XF COP-PDMS Fl 4 4 i 5 ik
TR 2 B, 58438 COP Ml PDMS b 2
AISTEIN SN 0.1 2 0.6 MPa A% (& 3(a)). M4
HETC &L PDMS 55 HAbR e} i) B 5 i B2 a0,
PDMS 5 19 iy 85 5 B2 oK B, 2 0.33 MPal?
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Fig. 3. (a) Bonding strength test results of COP-PDMS microfluidic device with the vary compressions (0 to 5000 Pa) during the
bonding process. The bonding strength represents the shear stress required for completely stripping two materials, which is meas-
ured by push-tension meter. (b) The corresponding relationship between the bonding strength of microfluidic device and the com-
pressions during the bonding process. (¢) The seal and deformation change of channels and chamber at high fluid perfusion rate
(200 pL/s). (d) The seal and deformation change of channels and chamber after a 2-week time-course dynamic perfusion (0.05 pL/s).
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Table 1. Shearing stress in the in-vivo tissues and the
corresponding fluidic perfusion rate in the COP-PDMS mi-

crofluidic device to simulate the shearing stress.
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Fig. 4. Immunofluorescence staining results of Caco-2 cells that are dynamically cultured in COP-PDMS microfluidic device, before

and after terahertz irradiation (scale bar: 20 pm). (a) The confocal result of ZO-1 and F-actin. (b) The confocal result of Paxillin

and F-actin. (¢) Quantitative analysis of immunofluorescence intensity of ZO-1, Paxillin and F-actin of the cells in panel (a) and (b):

The quantification is determined as immunofluorescence intensity corresponding to 10* nuclei (significance of ttest: p < 0.05, *;

p < 0.01, *).
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Fig. A3. Immunofluorescence staining results of Caco-2 cells that are dynamically and statically cultured in COP-PDMS microfluid-
ic device (scale bar: 20 pm). (a) The confocal result of ZO-1 and F-actin. (b) The confocal result of Paxillin and F-actin. (¢) Quant-
itative analysis of immunofluorescence intensity of ZO-1, Paxillin and F-actin of the cells in panel (a) and (b): The quantification is
determined as immunofluorescence intensity corresponding to 10* nuclei (significance of t-test: p < 0.05, *; p < 0.01, **).
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SPECIAL TOPIC—Terahertz biophysics

Fabrication of cyclic olefin polymer and polydimethylsiloxane
co-bonded microfluidic device and its appliactions in
terahertz biological effects on intestinal cells’
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Abstract

The current research on the terahertz biological effects at a cellular level is limited by the conventional
petri dishes used for cell culture, which cannot be directly used for confocal laser microscopy. In this research,
the cycloolefin polymer (COP), a material that possesses low terahertz absorption rate but excellent optical
property for microscopy, is bonded to polydimethylsiloxane (PDMS), thereby developing a novel COP-PDMS
microfluidic device by using the techniques of soft etching, photolithography, plasma cleaning, high-temperature
and high-pressure incubation. The bonding strength of resulting device is tested by using a push-tension meter.
The results indicate that the developed device shows a bonding strength as strong as the device fabricated by
quartz and PDMS, which is thought as the tightest binding in the multiple types of microfluidic device. In
addition, by perfusing the device chamber at a high flow rate (200 pL/s) and long-term time-course (2 weeks),
which simulates the dynamic shearing stress occurring in in-vivo organs and tissues, this COP-PDMS
microfluidic device can still maintain the original shape and sealing property, indicating that this device
qualifies the requirements of the following dynamic cell culture.

The biological effects of terahertz on the cells are explored by using this COP-PDMS microfluidic device
mentioned above. In this device, we develop the dynamic culture of intestinal epithelial cells Caco-2 with a
perfusion rate of 0.05 pL/s, which meets the findings of the in-vivo gastrointestinal lumen shearing stress. The
Caco-2 cells are then irradiated with 0.1 THz wave with the power of 15 mW/cm? for 3 days, and the
irradiation duration is 10 min per day. The biological effects of terahertz irradiation on the intercellular tight
junction protein ZO-1, the Paxillin relating to the cell adhesion and migration, and the cytoskeletal
microfilament protein F-actin of Caco-2 cells are detected in the device directly using the technique of
immunofluorescence staining.

The results show that the morphology of cell adhesion as well as the level and distribution of ZO-1 and
Paxillin are changed. In brief, the protein expression of ZO-1 and Paxillin are induced more by the terahertz
irradiation, while the F-actin is not influenced by the irradiation. As can be seen from the F-actin results, the
cells without terahertz irradiation show a spread and outward shape with regular smooth cell edge while a
contraction and burr shape of cell edge are shown after irradiation, suggesting that the cell adhesion is
weakened after irradiation. Even though the expression level of F-actin is consistent, the changed morphology

indicates that terahertz may regulate the interaction and aggregation among actin proteins in cells.
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Interestingly, the ZO-1 presents diffuse distribution in the cells and its location on the cell membrane is not
obvious, that is, a large amount of ZO-1 expresses not only on the cell membrane but also in the intracellular
matrix after the irradiation. The expression of Paxillin is enhanced after terahertz irradiation, and some cells
show local aggregation and distribution of Paxillin. These indicate that the terahertz irradiation might affect
the biomolecular mechanism of synthesis and distribution of protein. The COP-PDMS co-bonded microfluidic
device developed in this study provides a convenient and effective platform for exploring the biological effects of
terahertz irradiation on cells, and is expected to be further used for real-time research on the effects of terahertz

on cells and molecules in the future.

Keywords: cyclic olefin polymer, microfluidic device, terahertz biological effects
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Jigeg o2 v 25 6 I 2E 200 B CH A T B S
AWK A T . s s h AR 2 R 40
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(a) JHPE3 40 MR A5 25 R AIE (b)) T B 43 140 B

Fig. 1. Based on a combination of histopathology and molecular pathology: (a) Morphological characteristics of tumor cells; (b) mo-

lecular typing of gliomas.
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LTI Z3H (computed tomography,
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Fig. 2. Diagnostic methods for glioma.
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Table 1.  Current clinical diagnosis of glioma.
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Bob MRIK: &%
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B S ! A CTAIMRIE iil5 e
NS SIF=YIN ] S PRI R
SPECT M2 feopirt SR SRR T
MERI T - KoK P, % ok Ry, B B i
REMERL AL R B AGREARE Wi
S N BRI A5 RE,  AUHTA DRI AR
ﬁfi# kmﬂkdﬁﬁiﬂ HELK%[J Fﬁ”x Eﬂﬁgﬂg}{ g{%ﬁi*%ﬁﬁiwjﬁ‘l"i& %7 Eﬁi%’g‘*?ﬁ[ﬂ
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Fe ]
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HEARR, Fsmm H CT A ERZEIRIEZ A
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—BIZEiE AR, CT FE Bt e 4515
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fi 3t Pk B 1% (magnetic resonance imaging,
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R H L HeR fE ik Mo ke A h &k 5 T
BLVER. TEAE SR ARSI, Bk ek
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HATEAR G EREA KM AR A5 E O 32t T
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PN R AR, B EZA 12T A 2 1%
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Fig. 3. Terahertz spectral detection technology: (a) Trans-
mitted THz spectral system; (b) reflected THz spectral sys-

tem; (c) attenuated total reflection THz spectral system.
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X R AR L OIS, AR IR Al 22
O R WM A A B B T AR BRI S, 1l TR
2% 2R G AR R ST AT PR, 85 27 A
RN AL RARA B, AT O0 T Al (T SR 2
RIT7 3% SO G2 A2 R G e T
K2V AAL TR CREA . BRICZSE, A%
PN A B s B, H A 2R
AR TR F AR, Wk e, RSt
VU288 DAy SR 2 S S . SRl e S S AR G A T
Jek: MORBR2Z I AR, FER - THT L K
S PR (1 Vad S S R T M DA SRS LT
AR, PO BIRBE 5 e A T AR A
B, Zetli-as TSR, KPS H 2RI A 1
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Table 2. Patterns of THz technique in tumor diagnosis over the last 10 years.
A FEIE RS FRTR TAERR EZ PN
2011 () Jik RSN R RS [46]
2011 il (N) fik = SRR R 5 [47]
2011 TR (BCC) L HEEF Y B E I BUR R 5 [61]
2011 FLAE Jikcnp= BN BR RS [38]
2011 ] ik =X IR (48]
2011 B 20U Jik X WA [49]
2011 AR A BRI [41]
2011 Jibdpier fkuh=X G AR [62]
2013 4l L B g [63]
2013 JiFoE Jik =X JCEFAHIE Y WA E S R R B [64]
2013 Ak B FR Jik = B G [65]
2013 LI LR B G [51]
2013 myiatr fikupX AT [50]
2014 ] g S g [66]
2014 W s i QUIE WAL [52]
2014 W Jik b= B A [67]
2014 S SUEE Sy B G [68]
2014 JlindsiA Jik X WA [69]
2014 78 fik = S g [70]
2014 Jibdpier fkup=X BHTAOEERIC [42]
2015 HilpRa R Jik b= B AR [71]
2015 S n Jiknpr= BT A [39]
2015 EE5] Jik = E RO [72]
2015 LA i B G [73]
2015 AL g b7 DMLl oI SN R N [74]
2016 ] #ZE B OGS B g [40]
2015 £45] Jik b= B B g AR [75]
2016 NMSCHZH X J 5t A AR [76]
2016 g5t Jik = L Ew iy e [53]
2016 B ks HELE B RE B A= [77]
2016 JlindpieA fik = B OGS B UG [78]
2016 JlindpieiA fik = SR R 5 [79]
2017 £45] Jik b= B FERHE [43]
2017 L Jik b= B A [80]
2017 LA Jik = B AOCHE B SR 2 UG [44]
2018 JHEE Jikp B RO [81]
2018 FLIE fikupX BRI [82]
2018 FLARE #8E G [83]
2018 FLAR Jik b= B B g AR [84]
2019 EE7] Jik b= B RO R [85]
2019 g5t 2L B G [58]
2019 LI Jiipr B G [86]
2019 JlindpieA fik = B OGS B g AR [87]
2020 FLARE fkuh=X J G B G [88]
2020 J R LH AR S S5 UG AR [59]
2020 it Uy B g [89]
2021 B kAR Jik X BEHTROGIERI [45]
2021 gt el — [90]
2021 JlindpieA fik = BRI MU R 5 [91]
2021 JBE S TR 4 21 SUEE S, B EOGE ME R 5% [60]
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IS, SR A R 2% IR T2 HE AT T AR Al AT A
B I M KB RE AR T, T RASRAR AR it B A
WV BRAL R T 10 4R0K, SR E AT e R AL

PR ZE N R GE, Kl 1 T | 258 | B S |

APESR (LR FUBE . K s . e T 5 10—,
VT T 26 3R SRR R 4 B 35

3.2 AMHEA A R EAER R 5T
Rz 7

Wit 25 A 2 10 TSI B AR AN BT & e, B T
5 T s RN 5 A8 1) A 22 U5 hE . AR bR 4% 5
(ANTA], Ah 2% AR AT LA 43 i Sk 4 B4 ik
S B0 AR UG A A R], KB 2% B T LA
I3 RS PO U A U P A

1 S IR 25 AR AR 8 1y 1 A 0 e o 458 £
TG IR EE G FBCRTRUNE, DTS e A 4% 5 FE,
WE B SR E 3 A . ARSI S A v, A TR b 2%
PR AR A AL K IR 24 VR BRORE S [T E 7E X-Y 4k
PR E b, i EAERE R G, SRR 2%
AR SRS 3. THRAHLR A T 3R 1 2l 4 & ISR
5 SRS TR SR BEAR S, SEI A AN ] )
&, A 4R,

ik o XA 2% AR & HE TH2Z-TDS (1) L fil
A=A s SRR S), RS
A5 20 (0 B R B A Tk b =R 24 AR AR R AT
B AT DO I sl I8 53R 20 A A S
WREESEANERBRE BT EGH T, % 2
SGE TR 10 AE KR GE AR ATE MR B9 8 iz
FH, SEAIE I bR 2% R BRI X 43 A Py L 4L b iR 7K
G353, AT T T2 W 4 500,

1E R R IB5EH, BEoE3 FEENLIT Fh R i
TR 22 W AR I R N ZEDLEE. 1) Bk 2 57

H TR 2% BAABUENE R, /T B A QI I S |

A R i HRLAT i i SR I, iR DX SRR 1
AT R LA A PN ST SO, (A A 8 DX 3Py 25
KRB, K BT SR AR A A B IR A,
A DX R 5 T A 0204 2) Ak Al 22
S 1991 AERZH ] A4 PR T A B AR LA D L AR
5, R S L B X A AR A I PR RS s T e
BT A A B, HAEKEERR, 5k
A RIS B, RIS, K2 ER
AU R AR IIRAS , 38 et — 20 DX AN ]
PERRFE AR 3) A WL 22 S i A M = 2R M A

K, vy DX 1 0 A 0 R T I X, AT 7
HOEZ A, HARNM S | G548 LUROW AR PR
SRS IE R 2 W 7 4) oA 22
St B H e 5, WHIBERAIERT , k2% 5%
Xif R I RAE, SRR X N T & A 0T (E
SORE ) IR S 2E RARRIN, Kk
RPN IR AE T AR EE S E A A
P B SRR S RURR, R T R IR 22 C 2 W e
R4 100,

3.3  KFRZZLIEM G AR ER REE 2
R A

WFFE 3 R T BB A 2% £ AR A Jie S5 8 12 i v
AR B, R B2 R PR 22 03 Mg
ARG S SR IR AL SR AT ARG i I T R 0 — A IR
N, A BT R R 2 ARSI e g 200 i A s
IR ENE S T RIS, 2040 e T ARk 2% R
A4 R FHE L. FRATTEEE T KR 2% B AR AE I B9 AN [
W B RO AR ARG I A AF 5T AR, AR L1 4Y .
20 B AR AE PR 2 AR A 5, B 4 R OR TR
10 AR A 25 B AR AR I SR8 12 W F 9 s 1) & SC
PO (1] 4). 75T R 22 BRI 58I T 1 25
Rk 3 .

(a)

& %,
\23« %)

THz $iR

2120
12
(b)

S = N W ok w

2011 2014 2016 2019 2020 20214

Bl 4 3T 10 4F KM 2% BORTEIR BURZ BT 58 v (9 5 SO L
Fig. 4. Publication of THz technology in glioma diagnosis in

recent 10 years.

3.3.1 AT KR AN

KM ZETARANE g —Ff <G & — BRI 5%,
AR A CTE (55 1Y RN EA T AR S . iR
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(AR 2% AR R G0 A AR A R 30 pm—
3 mm, It DA 24 AN RS 2 T A A SN IS
HRAR 2% 0 AT /K UM 17 1 R 2 2 L ] B 4
BUKHREE 5, BT LAKBR % H R B 12 W T 2
A RIFAET S, 2011 4F, #FEZEHK2% Oh 48 02 7
UK IR 25 AR I FH I Jo 98 2 2R i ar T A5, At
AR S 5 =R 2% Dk o AR R 48 (THz pulsed
imaging, TPI) i 3¢ 1 #7 fif 55 4 A Fel M Jise Jo 92
AU G55 7R O 24 M UG S s 1) g DX el 5 A
R XS AR W) . iFE— 20, AlA] e B RU K o
P BT 0 R R &% S SR AE 22 7, DN 3 7] BRI
TR R ) & IR, XIS TR
AR S5 S X ik s S TR TR BTSSR T e i TR A
D58 B8 T 3. 8 T i — 2D R 2% i 2B )
HAEHLH], 2014 4F, Oh 55 09 FRFIH TPI 4%
AR AT I R AH LRI 5, S5 R BIE 1 Kk 2%
B AR AT S AR i A 2 g 30 3 i Rl
g1, AT TR ) i 25 23 e R o R0 B XL 53 Ab,
A T30 SR T A e MR ki 26 2 e DX S 1R ),
it 5 HE Jea 25 51X L, #EI TPT 2 AR 51
I F LR T XU = B FE AL [R)4F, Meng 45 12
IR R 4% I 0 22 9 0 0 A A AL 39 ik fe Jo g
FIER 2. 251 Won, SIEWHALUHELL, Ak
A H A fe SR R T e AT SR L RS R BRI
WHG HE—20 50T T A e B AR e AR
K254

DI 25 1 IR 2% AR 164 %) 1k Jee Jo g A 9 i
R E W R 2H 2R 25 S5 32 R IR T /K AN A
M B 25 5 (R M R T E R, AT
X — [, 2016 4, Yamaguchi 55 53 3R%45 T8
i R 05 K RO 2 ) RO 2% % B S 0l sk
FE AT, TERAS B i R R ZH 2 ) K
PR R HE UGN T RE 5% , Fni i e 20 2 5 Ay T
TR 20 A 5% BE LU IE R 2 0 15% DA b X PR
IS A VR S 50 DX 38 0 B o8 v T IE A
41 BT g5 R Yamaguchi 55 M 2238k & 3t
SFFAEARAT BRI A 2% SR, PR AT FH bR 2% Al
Hiki o geg A INFEAIL B, 25 2R R, I I 4% e il X
WG HREE G R, FTHEL T B AR
SRR ZH 2 e DR T R, A f] e R 4% LS
Hh S s 1 IR XK T e MR rh 3 S R
g kbS] R A AE A AR I DX G, S8R, A T s
SRS TR W) BT I R, iR 2 2 1% 3 2 i 7 4
i, =S8 TR XS KRS K. Ak, g

A B PR At b U D] R K i,
A AASE R M 7K Ao 2L 23 DX 38814 5 7K e, % 44 i 2
BEA M. Kucheryavenko 45 DU ffF 58 1 ik 2H 21 [X.
SR S0 JoR S R P R 22 S e . R
IEH ALV AL R 2E 7, HIHSI A
FRHE, 3 AT BRI T FBAT B BT AN [] S iz . AN T
P22 M55 S5 48 B A AE DL SRR A I A5 AR R
ri2 Wi B b, SRR B P 2 S B 2 IR
G R a4

RT3 BT R 25 R AE AR i 2292 W T Y
WAEMN A, o K2 Ji 55 MU AE 2016 4F 2458
AT IR RS R IRE MRG0 (WHO 2—4 2%) Bk
Nk R J5 968 2 2R R bk 24 U BIFE. 45 R 3R 1, K
M %% U R 3 e DX 3 2H 2L B B R X AR )
B, UESE T R 2% R AR ] 0 28 g 72 0 X iR
A ARSI, HL T RO L 2R A 5
[n] @, Bfif5, Gavdush 55 57 2R F R BE 2% bk b o i
FARTFT 26 HIA ] WHO ZOi W A2 18 i A il
JBE SR8 AL ) KR 28 06 AR AT, 43R B, N[l
PR 1) 41 2 R] 598 52 4 20 1 SRR 2% 8 A S SR RN
WRBEESHEA D25, BRI X 385
Je8 HAT SR R 2% e . 35X 2 WL HIAE 7R T K24
HARTEATR WHO Z 53 A e 598 F ARz Wi i)
Pedi. ST AR 2% I g 12 W ) sk ke Jig, Kb 2%
U555 Wi 2H 2 AR FH ) ) BRASE AU 28 1 3 OC
. FETFIE, Gavdush %590 FIXFEEE (double Debye,
DD) BAFRGIFHJESRF (double overdamped osci-
llator, DO) 43 H7 A [\ 7325 Jie J5 3 21 2 e85 1 K
RS A PR I 1R X PR AU T T D PR
TRl 2% 705 Bl P %) o 228 JGE 98 i 17, IR 5% DD A58 4
F1 DO LRI ] 9 FH T 2 5000 006 21 237 Kb 24 55 %
AR AT, 2019 4R, Wu %5 58 3T I g tid
LR E I AR R G, WFFE T e B AR TR A/ N ER
i JE B R AR A . 45 5 R, SR MRS 2.52 THz,
) AR 4% I8 S Sk LA 3R 8 T S5 LT (AR B 5 K
iy 2H 28 iy e 98 DX SR, LB 2% U IR 5 G 3
P= . HE EHG b R i e DB EAT R A A A DG
3 o A 2% B IO RSO &2 B, #F 0.6—2.8 THz
TP, I B 5 1 M 20 2L Kb 2% 1 25 5
AR, HEr i F2 o968 )4 Sk 38 AR A ZR B8 I 2
2y, HAR s [l N 22 K. X S5 IR,
KR 2% UG FANE g AR v e AR 1232 Wi J52 B 98 1)
BOONERA E R 1. I HARE T /N IEH
I8 A 2H 2R 1 DX A T g 20 2 oK 43 s i 3
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I, R R TR LA . SRBERE AR A R 41 i
JEARES Y. TESE T ST R AR 2% g 4 AR T
AR Ao A R 200 AR TR e T L A I A
JFE R 2 I 9 9 s B 3t 1 — e %) bR A
B N T R RN AR R UG T A HER, Wu
LD FE 2020 AEHGE TKHIESE R 2L ATR
WG 2%, @itk ATR 885, 875 B4 m ik
N 5B MUR T — R, HORAU AT 6 — R S
SR, H RGeS N B 1) 0 BAR o HeRn]
A3 53K 400 pm A1 450 pm. 58 55 2R TSR
Ak 4 RS B AR B ARk % e A S A, A BT
NS IR 2R BeAh, iR RS
AT LAY BT DX 23K/ INAS ] A fie SR IX k. LA 2% el
1807 B e DX Sk A (AR A 8 5 IR B2 HE Y
BRI 7 B R A L. [R14E, 1Z B Wang %5 59 £
X ¥ S R 25 R AR T —FPIRA ROL 43#1)y
W RS E THICHE 3D M B c-means
K BB ARVER canny SHZAGM, ST K
25 B ROT i &5 45 5 i (X Fi i

£ ROT 415 1 RESE M 4 MR S B, YR

RN 95.6%, 84.5% F1 97.7%.
3.3.2  BRJA B a0 69 K 2% s AR

5510 RS L U 3 U AS A G AR B, KR AR
R TR AR T AL AL e, 2019 45, Wang 45 17
Xof B JO TR A L S At 2 AR AT T RR 2% i A
PE T PR R AR O, 456 B2 I
2 ATR IR 15 40 A g o, %) 7 . SE56
SRR, KRR Z& A v e 0 PR S AR R S L A
DA YR A2 R A48 235 ) S 2 AE O . e A i S5 URE A4 i
(C6 1 UST) 5 1F % I Bt 4 AR He B R R 4 v
TP, AT BB R AR 24 IR U e Jo g 4 4 ) S R 22
—. BEAE IR oy B4R ) Zhang 55 981 2
T H U BN L AN LR R R 2H R AR AR A A% TR
o, TR YR AR R TR R T PRI IR (4 e Jo g 4
Jfl (IDH 575 U FEF A ). 45 SR 360, 7R A
PO A WG OO T, 38 1 84T Ar] 40 B vk B
EIT R FE B 1) A8 4k, 7T DL B 21X 53 58 AR Al
TR A AR 52 IO 2 L. 3 A I 2 T TR S SO g
T RTFRE T HiRAL.
3.3.3  IRRBAFALTE 09 KAk g A4S

BRitb =z A, AT 8 A G S e e oy S ok
T TR, -ZF I TR (GABA) P& R 50
v AR 2 R, A Sk B L M Th e

FF FAE I R 2 OCE L. BT 2057+
C W) iz 0T, (ER HAE R 2% 0 BE g /i o3
- TRIAH EL AR FHA G B4R 3l R P 1 A TE S0 P o
Cheng %599 )i Fi§ 0.5—18.0 THz Y547 THz-TDS
RYGRFRIE GABA MAFIRSUEE. IR R R
B, GABA 7¢ 1.15 F1 1.39 THz A B & A 8K IR
Bl KR AT RS A B A AR AR B, B
T2 b S B TR B R ER B E B, AR AR TR
FIE REMIAY 42, X485 GABA MR AR i 1
FEUIAC. XA SY AT ReAT B T PR A A 2808 o o+
) 1) G2 2 708 T 55 DRl 2% e R R I 1. L4 2 R
(L-Glu) 7E R By A rh sl 1 R ) SRR b 4y
ZAMENE 0. Ruggiero 45 10U &t T A2 fig 4+ 2 2 1Y
Z L. GERRW], KR 2060 AT LA o ZE i A R
Mt 58X, IDH1 S8 70 BB AR L, ] 4k
s2-FRFE I TR —AMEL (2- hydroxyglutarate, 2HG),
AR e SR o Am sy, v IR g 10 R By
B, DLSGRBNE R HA S 20k 5t JRE w3k
PRIEED: (magnetic resonance spectroscopy, MRS)
AP 2HG HEAT A RCHIAS I, (A4S I B[] 22 /0y
20 min, H 2HG(FELLE MM ) FAAEE S0,
T3 2HG W EUE RN SS RIS EAE N BT AMRHZ T
BF A S . Chen 4 104 1 FH R BRZ IO 3 5
GRS T 2HG [R5 AR IR SIS, IR %
FEIZ RIS X4 T BT . AF5E k
BLIF 43 5244 & L-2HGDS 1 D-2HGDS HA A Al
(R AE W g (L-2HGDS: 0.769, 1.337, 1.456 Fil
1.933 THz; D-2HGDS: 0.760, 1.200, 1.695 #
2.217 THz). {H /& 2-HG 1 2HGDS £ J&7F Xl Y,
PR HEAE —NERIRES T AT REA AN W R s, Se44
AR 2 ) 1 2 55 S A R T et N 1 BT RS X
SO 25 SRR, IR 4% B R B A5 AR | PR i i
2HG B A4, I 8 1 i — 20 it 5 Al R 5~
REAEEGE S KPR T (epidermal grow-
th factor receptor, EGFR) 7E Jii¢ it J 44 4 o i
B, BB 42U EGFR By Rk /KER] A2
W AN PR . Mt EGFR Rl AR, S
o ) R AR RN PR R KA R T 2 R 12
Wr. Liu %5 1022021 42218006 T RS Z BOR G 5 &
YAKHIF (gold nanoparticles, GNPs) Fl EGFR $t
WA, S2B T X EGFR RO 8L. B R E Y
1R IR A I W] DL SIS/ IMA TR B EGFR ¥ 8 e
PRI, 2B AT RER T 52 B EGFR AH MR 19
PR A ASE I
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BRIt ZAb, BEFEE R e m X% NAA LR | LR
SEHEAT TR iR S I R 2T B BB NAA
W B I 0031 H NAA 7E 1.466, 1.695, 1.979 Fl
2.879 THz 20T 4 AMFEAENE. LR/ IR TE BT
2 I 240 L R DX P4 i o LA o 5 2 SR 1104 i)
e N ) AR P S A e AT i R 4 e v, AL/
WLRR A4, B R (0.394-0.11), (0.025+0.06);
K2, ARG BT 40 M e 5 i LIS /LR 45 e
BE N (2.1441.4)195], Yang 45 106 & 1 {ILEEK) K
W2z, K PAE 1.00, 1.46, 1.58, 1.85 F12.05 THz
B HAFHIFIE. King %5 107 5 T WLER A K BFZ% 6
e RPIAE 1.23 1 1.97 THz A W MERAEI.

AR, BT AR LR A Bk B SR i 58 AN i
B, FEALHE: 1) MIEH S5Rcta 2], 2R
[ FERE 2 BRI 2) MBS AR A, 2 5h
PIAEARAREAS KN ; 3) 5 s 4 it 11 B AT (Y sl b
SRR RFAEE S TR 33X =5 T A RIS SR A
255 IR ASEIN FF) 1 FH  JRE B T LAt R DA
B &5 0 — 30k | A=) B B — R I PRAN (B 255
T, KA AATESRAE LA 24l Bh T AR B Vi s
BRI T2 R, EEA TS50 Tk s
SR T SR A A

ARV S TR 0T o0 1R, TG 45 2R s 240 i
HABRAF D FEYERHE, hFEfEARE
(25 50, T e A R — R AR A sy sl A L G B
ANl e B A R R L Rl —3Ry T B R
ANT) rfg g o7 A X, B A T RN R IR YT
Be. REEA IR FRAAE” A b8 4 IR, X
SRR, A B R RE P AR B O R I R B 2%
W ERFAEZE SR, WIS ERE FRE A BIAS 40 (4 1
Gapiil

MBI 7, GLFE 5 I 16 P ) g
YA, HRSF— AT ROk B oK Z 18], 78
KFZEI G s — A S R R E GG 254, 2
T 41 e L ) A ) B 2EL 28 SR U LA TR A 2%
DT v B IR S0 S MR R . R 2% 10 o) e
FRAE, SERT PR NI & A+ (FERE
F) £ARIR ) | a2z S0, an i —2 i
oA AR 2L, HA SRR AR AR E ) <R S A
TEHRE, M4, XM AT T Re gl Rk 25 AR
R b k. BRI, FRATTHRE AN [R] 4343 28 g 2 21
A REAE A 2% I B AT AN ) “Rf S 3R T 4L 1Y
2% Ao gga S F BT

T3 R A 2% 0 e o A o b e, e Rl R
HARF B B F A K, 21 8h T Z RIS
) 5 A RHAT BA S S 5E , 120 5% A A B4 Jo9e 22 571
WF5E 2 H AT E PR L o 3 5 F0 T ) 155-6089.97),
2021 4], i R TR 2 B AR S W k2 Be ik
B R T XTI TR 43 FR e R A TR R A DU
FIRFFE 2RI, RZ5 TR B T T X6 R IR P 43 Tl
WA TR S TR ) SRR 2% B iU v, XA
T RIS T 9 g B S I — A S R SR 11081, 3 A
K, HRBAEST 51 R 2 BT 1A BOR W K
2 2 ) 2 TR AT R B 1991091040 HLBI AT 5 A
X a2 W 4 ekt EL A T B ELS i A R AR 1
KA.

4 KM BORAE BB iy BRI AR X
&2

ST FaRBF SRR AT, B DRI R 2%
P 22 5 ML AT S BUR BUR AL AL A L A
Or AR RIS R 25 2 W B AR A R
IS2H, HEZEI RIZTT BRI (2 i, 45 & Kbk 24
BORRF L, BE— 4R R ZZBORAE I TR B2
I R P PR T 5 3K

4.1 KR ARERFEARRNSE RN A

PSR TP it e ARSI (VR (IR B T 5 ) gy
BTGB (circulating tumor cell, CTCs) .,
AN HI AP EEAT (extracellular vesicles, EVs). 43 FF5
EY A L 952 % DNA (circulating tumor
DNA, ctDNA) Fl#l/s RNA (microRNAs, miRNA)
535 A% IR A ek o= 18T SR R A RS
Wr. Kumar 55 M9 46 1 T —Fh i RAEE | K295 $i
FE[Y SC-PCF 1% s, T 3T A 2% B & 380k
DA, CTCs 2 M 20 A I S 2 P ek v o vk
I ANINE MG, 7] T2 Wi A s 4iE
FPRAS 12021 H i f FDA tAIERY CTCs kil
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3 CYHTEET RHBRL AW FE B BT 25 R
Table 3. Current results of glioma studies using the terahertz techniques.
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Fig. 5. New models of THz technology in clinical glioma
diagnosis.
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SPECIAL TOPIC—Terahertz biophysics

Terahertz technology applications in glioma diagnosis: From
histological classification to molecular typing”
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Abstract

Terahertz wave is an electromagnetic wave, whose wavelength is located between microwave wavelength
and infrared wavelength. Based on low ionization and fingerprint characteristics, it has great potential
applications in biomedical field, especially in the intraoperative localization and qualitative diagnosis of tumors.
Glioma is the most urgent tumor for positioning qualitative diagnosis. Owing to its invasiveness and
heterogeneity, it is easy to relapse after resection and has a significant influence on the nerve function of
adjacent brain regions. Therefore, rapid determination of tumor boundary and pathological characteristics is an
important prerequisite for accurate diagnosis, treatment and clinical research of glioma. Here, we summarize the
biophysical technology of glioma diagnosis, and expound the new technique of terahertz wave and its research
results in diagnosis of glioma. Furthermore, based on the research progress of integrated diagnosis of glioma
histopathology and molecular pathology, we propose a hypothesis that different molecular subtypes of tumor
tissue may have a consistent 'differential terahertz wave protein composition' of terahertz tumor subtype
recognition mechanism. Finally, combining the biological characteristics of brain tissue and the potential of
glioma marker detection in body fluids, we discuss the clinical application model and prospects of terahertz

technologies in glioma detection.

Keywords: terahertz technology, glioma, molecular markers, diagnosis
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