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Current research status of terahertz biomedical applications
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(1. Center of Super—resolution Optics, Chongqing Institute of Green and Intelligent Technology, Chinese Academy
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3. Chongqing Engineering Research Center of High—Resolution and Three—Dimensional Dynamic Imaging

Technology, Chongqing 400714, China)

Abstract: Terahertz (THz) technology is undergoing a rapid development in biomedical applications. Researchers have
made a series of important achievements in the study of biological samples on various levels such as biomolecules,
cells, tissues, and individual organisms, which provide new insights and innovative approaches for biological research
and biomedical diagnosis. In this review, the progress of applying THz technology in biomedical studies has been sum-
marized, including three key aspects, namely, spectroscopic detection, imaging, and biological effects. The challeng-
es encountered in THz biomedical applications have been discussed, and the future development directions have also
been envisioned.
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Fig. 1

plications. THz biomedical applications mainly focuses on

Schematic overview of THz biomedical detection ap-

three aspects: THz spectroscopy, THz imaging, and THz bio-

logical effects.
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Fig. 2 THz spectroscopy detection techniques. (a) Schematic of the transmission mode. (b) THz absorption spectra of L-Tyr, D-

Tyr and DL-Tyr samples in solid state. The spectra are offset along the vertical axis for the purpose of easier comparison. (c¢) Sche-

matic of the reflection mode. (d) THz absorption spectra of tumor and normal regions of a rat brain tissue sample. (e) Schematic

of the ATR mode. (f) THz absorption spectra of U87 cells treated with different concentrations of ginsenoside Rg3. Images repro-
duced with permission from Ref. [15] (b), Ref. [41] (d), and Ref. [48] (f).
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Fig. 3 Conventional THz biomedical imaging techniques. (a) Schematic of ex vivo imaging detection. (b) Optical visual image

and corresponding transmission-mode THz images of a mouse skin tissue sample containing melanoma. (c¢) Optical visual image
(i, the tumor region is marked by the dotted line) and corresponding HE stained image (ii) and THz-ATR image of a mouse brain
glioma tissue (iii). (d) Schematic of in vivo imaging detection. (e) Reflection-mode THz images of a human skin scar measured
at different times during the recovery period. (f) Reflection-mode THz images of the plantar region of a normal human being
(left) , and a typical diabetic foot patient (right). Images reproduced with permission from Ref. [31] (b), Ref. [61] (¢), Ref.
[63] (e), and Ref. [65] (f).
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Fig. 4 THz near-field biomedical imaging. (a) Schematic of the micron-resolution THz-PCAM system. (b) The optical visual

image of a single cell (i), and the THz-PCAM images of the cell during the dehydration process (ii-iv). (c¢) Schematic of the nano-
resolution THz s-SNOM system. (d) THz near-field images of IgG and ferritin measured by the s-SNOM, which include both

atomic force microscopy (AFM) images (left) and THz images (right). Images reproduced with permission from Ref. [70] (b),

and Ref. [77] (d).

156 bR 995 5 95 (COVID—-19) {5 9% 3% 19 THz i % ]
1B XY IR AR K T I S5 R 5, A
BOKG 143 H7 THz 3% 5 A= PrRe S A FEBLIER A2 T80
ke

Rk, 8 ik R AR RS AL AT %, R
KGN KGR 5P TH2 L7 5 AR A EBEAE A Y
2 2F R AIF 5 408K % 4 B Ry A o

3 THzE &£

THz A S — Bl B G AR S, & 1R 2R 0000 32 2]
FRRBEZ W OGTE . A TH2 A 218 X SRR |

HHE T B E e AE MR R = AR R B Y
G/ LR P GEE R NG R O I A
JHL 83 B G 5 | 2H R JRE S B4 i e 98 A
K4 N TIPRA A W RTE THz I 48 BT 122 2k
PRZR THz 5 BRIG T B (AT BB , AT 98 N B A=
Yoy AR SR W AR5 22 A 2 TN THz AR
RO AT TIRABGE

TEAEY) oy )2 T, THz 4R IR AR 9 5 R AE W) o
T B T6e & A 284k (K 5a) o 1, Cherkaso-
va A1 A AR (N,O) BOG AR 77 A B M3 4 3.6
THz, )38 B 10 mW/em® i9 7% 4% THz I B85 BSA



650 EANP/ RS IR 3 S 3 43 4%

S 60 min , 8 328 B €0, 3% 08 52 ) B IS 2R PR
1 B (200~240 nm) Y58 B2 42 /&5 , Ud W] THz % R 6% 1
BSA fHI % kA= 254k (18] 5b) ™' s He A1 BA SR FH AT
0. 1 THz, P3R5 M 13 mW/em?® (1935 4L THz I 1R 5
BB B B it 20 miin Ji5 , 22 WL (40 3% 1 ) Sk AT At
AT I 32 2 B T TH 2 8 IR0 T 1 B R i ) AL 52
B 5 Gauthier 1 BA ) F A8 R 2R i 1 7 25 1) 43 %
TR 0. 1~3. 0 THz TR BN 57 mW/em’ 1)
Pt THz ik vpoxt AN A B2 9 85U5E DNA 4% #5810 min,
i DNA 269638 B 5256 % BE 5% DNA (20 bp IR )

(4 ¢ o B ik 5 IR, 106 W THz 0% mT 412 1 6 5% 19
DNA 73T fit 8% (19 5¢)"*"; Gauthier A1 A 38 F] F THz
WXt T7 Al Bal-31 5 Fh DNA P U il i 4% B8 T 10
min , & 3 T7 DNA N YIEGHnbR 1% BOBL DNA #9715
AL R W] THz S8 5582 5 1 T7 B9 AR IE M | Xt
Bal-31 JCIE A0

FE A0 R T L THz 3 5 BE AT BB 23 5 | 6 40 A 1 5
7751 SR 1)1 19702 NN @411 )i URE i S Ay s 1] ¢ ]
AL (K 6a) . B4, Fedorov A B H S 44 (N0 ) 4
SR8 7 A BT R 2. 4 THz M) 2% BE 4 20 mW/em?

40
THz Radiated BSA
: O_) — Unirradiated BSA
3 ‘ & 20
el
. l S
<R, Y{:ﬂ; (gf, g 0
[ e} =
W 5
EBR EX/bi i B
s 7 BEEE 20
zw 185 225 265
DNA Wavelength/nm
(a) (b)
*
' | m Control = THz Exposed
1 -
(0]
(&)
c
]
[&]
(2]
o
o
>
(T
3 0.5
N
©
£
o
p4
0
10 bp 15 bp 20 bp 30 bp 40 bp
dsDNA length/bp
(c)

K5 THz 48 B A9 00 77 LR ARV < (a) THz PR RRAE )03 178 AL s (b) BSA B VA MR TE THz 5 58 MRS A ) — (3%
I ; ()75 THz JEHR BUS , dsSDNA KX BE SR S B ZO LKA B2, *p < 0. 05, &1 (b) 1 () ZB3A A 28 1 SCHik[ 79 181
Fig. 5 Effects of THz radiation on biomolecules. (a) Schematic of THz radiation on biomolecules. (b) Circular dichroism spec-
tra of BSA solution before and after THz radiation. (c) After the exposure to THz radiation, the effect of dSDNA length on the fluo-
rescence recovery in the strand exchange experiment, *p < 0. 05. Images reproduced with permission from Ref. [79] (b), and
Ref. [81] (c).
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Annexin V

(c)

16 THz i 4 RO A7 2F (8 A= R0« (a) THz i 48 B AR 22 8T 5 (b) THz 5 5 BROWRS 115 D152 ma i gt 181, S gH (B) 2
3% T THz A8 B8, T PR (C) AR 32 o R4S R LA b L 8RS (A bR v 22 3R, N R IE T ARG THEA, “Mi” Rz
JE SSREAE S8 RS FREAR , “Mo AR 3% i B S5 R AE AR A BORE FREAS L *p < 0. 055 (o) T it =40 B AR 43 BT A 2% 18k i X R B
J R PRI B b 22 ST R T B2, 2 AR AR A M Geit o B 8 2R L, +p<0. 01, Il (b) Fl (o) AL 48 B 575 Sk
[89]#1[90].

Fig. 6 Effects of THz radiation on cells. (a) Schematic of THz radiation on cells. (b) Statistical results for the effects of THz ra-
diation on sperm motility. The experimental groups (E) received THz irradiation, while the control groups (C) did not. The re-

sults are presented as median with the standard error of the mean, “Mi” stands for re-

“N” stands for results from normal patients,
sults from mild asthenospermia patients, and “Mo” stands for results from moderate asthenospermia patients, *p < 0. 05. (c) Ef-

fects of THz radiation on the apoptosis of primary hippocampal neurons of rats analyzed by flow cytometry. The representative im-

ages are presented on the left while the statistical analysisis shown on the right, **p

from Ref. ™ (b), and Ref. " (¢).
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Fig. 7 Effects of THz radiation on tumors in living organisms. (a) Schematic of THz radiation on a mouse. (b) Fluorescence im-

ages of neutrophil distribution in the ear skin of a live mouse before and after THz radiation. Red, green, and magenta colors indi-

cate neutrophils, blood vessels, and hair follicles, respectively. (c¢) Temperature rise curves of the skin (left) and a HE stained im-

age of a skin tissue slice (right) after THz radiation. Images reproduced with permission from Ref. [96] (b), and Ref. [97] (c).
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