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Terahertz polarization sensing for biochemical samples
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Abstract: Terahertz(THz) waves have a wide range of applications in the field of sensing because of
their good coherence, high signal-noise ratio, and low radiation energy. In addition, THz sensing also has
the advantages of real-time, non-contact, label-free and non—ionization, so it has important applications
in biochemical sensing, especially the sensing of biologically active substances. Nevertheless, THz sensing
also has disadvantages such as low sensitivity, strong water absorption, limited detection information, and
poor applicability. This review introduces the series of work of our research group in THz time—domain
polarization spectroscopy sensing technology, which takes microstructure devices as sensors and uses
transmission or reflection sensing methods to detect several biochemical samples of cells, amino acids and
Deoxyribo Nucleic Acid(DNA), respectively. The experimental results show that: compared with the
traditional resonance sensing method, the Q—factor and sensing sensitivity of the polarization sensing
method are significantly improved; the reflective sensing effectively avoids the absorption of THz by water,
and realizes the sensing of active biochemical samples in liquid environment; taking chiral microstructure
devices as sensors, or taking chiral THz waves as excitation fields, the polarization response of the sample
can be enhanced as well as the sensing sensitivity, and the sensing of chiral molecular is realized.
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Fig.1 (a) Symmetrical double split ring structure™'; (b) Symmetrical square structure with edge gaps'*’; (¢) 3D helical chiral structure and the difference
between LCP and RCP transmission spectra®”’; (d) A chiral bilayer U-shaped structure'; (e) The single-layer structure shows extrinsic chirality
when the electromagnetic wave is incident obliquely™; (f) Dielectric interleaved periodic structure sensor'*®; (g) Microfluidics chip sensor?”
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1 EFAEMN(2017~2021)THz AWM B 5E
Tablel Summary of THz biosensing researches in last 5 years (2017-2021)

frequency transmission/

sample sample status sensor type citation(author, year)

range/THz reflection
fructose air-dried solution metal metasurface 0.8-1.1 reflection XU et al. 20182
fatty acid liquid metal metasurface 1.0-2.0 transmission ~ TANG et al. 2019%*”)
biomolecules heterocyclic compound powder tablet none 0.1-2.0 transmission NOWAK et al. 20195%
vitamin H air-dried solution dual-layer metasurface 0.3-1.2 reflection ZHOU et al. 20195"
glucose air-dried solution metal metasurface 0.1-0.5 transmission  YANG et al. 202152
tomato DNA air-dried solution metal metasurface 0.1-2.0 transmission  YANG et al. 201853
microRNA air-dried solution metasurface, gold nanoparticles 0.7-0.8 transmission  YANG et al. 20205
nucleic acid
escherichia coli DNA liquid microfluidic chip, metasurface 0.3-1.0 transmission ~ ZHOU et al. 20215
microRNA air-dried solution metasurface, gold nanoparticles 0.8-0.9 reflection ZHANG et al. 202159
alpha-fetoprotein liquid microfluidic chip, metasurface 0.4-1.0 transmission ~ GENG et al. 2017 B7)
carcinoembryonic antigen air-dried solution metal metasurface 0.1-2.0 transmission CUI et al. 20205
insulin liquid metal metasurface 0.5-2.5 transmission LI et al. 20207
protein
o thrombin liquid hydrogel functionalized metamaterial 0.7-0.9 reflection ZHOU et al. 202147
bovine serum albumin air-dried solution metal metasurface 0.2-0.7 transmission ~ WANG et al. 2021%!)
SARS-CoV-2 Lo . - AHMADIVAND et al.
spike protein liquid metasurface, gold nanoparticles 0.4-0.6 transmission 20214
oral cancer HSC3 adherent cells metal metasurface 0.5-2.5 transmission  YANG et al. 2018
MDA-MB-231 mineral oil solution microfluidic chip 0.5-2.0 transmission  YANG et al. 20184
breast cancer cell
hela cell air-dried solution electrf)magnetlcally induced 0.4-14 transmission BAI et al. 2020
cells transparent metamaterials
liver cancer cells A549 & HepG2 adherent cells metal metasurface 0.1-5.0 transmission ~ ZHANG et al. 20201
239T melanoma cells air-dried solution metal metasurface 0.1-1.6 transmission LIU et al. 20200
renal cancer cells B16
‘?‘adlr?'Darby adherent cells metal metasurface 0.4-1.6 reflection ZHAO et al. 20201
canine kidney cells
virus H9N2virus air-dried solution metal metasurface 0.5-2.0 transmission LEE et al. 20171
germ escherichia coli, staphylococcus colony none 2.52 transmission  YANG et al. 2018
aureus, etc.
mouse brain tissue slice nanoslit array 0.5-1.0 reflection LEE et al. 2020
tissue
liver, lung tissue slice none 0.3-2.0 transmission MA et al. 20165%
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SRR R G B . X T @S RGO L, — MBS T THz WU iy B SRR, K FES B T THz S R
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Polarization Spectroscopy, THz-TDPS) @ o e .
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Fig.3 (a) Single-layer hexagonal metal metasurface structure!"; (b) Si dielectric grating structure™"’; (c) Single-layer spiral metal metasurface structure
(d) Double-layer chiral "I"-shaped metal metasurface structure; (¢)—(h) are the corresponding physical photomicrographs
3 (a) HZEARMEEEMFEmEET; (b) Si A FOCMEEE; (o) SLZIRIEY 48 R im0,
(&) WUZTFAETF RIS R BR A5 (e)~(h) 2 BITRL RS B R A
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1.3 {mifR & BAa i 77 %

TSI R AR R, BRIMNAL AT 5 10 57 R PR R A, AT L3 e T e R v 1l 4 B, — % IE 28 LP 43 i
MBS, Bl an+45°f1—45°T07 0] . it E AR Al RIAS 2] 2 AN IESE LP i AR IR 5 B Awss-(o) RIS
B Oase(o), AL THEE T L H H GHE S 0w B IR A, T LA R AP,

E Y (E ) 2EE,
[ X J -{ 2 J —— 27 cosAS=sin>AS (1)
A yse s A yseAiyse
A B E SN KL E ) x By B AG=5 =g o X 2 ANIESE LP {55 i b AU i 2774
B, A5 2 N E AR IR S 5L W PR W B £8 (Polarization Elliptical Angle, PEA)e F14 3 iE # 4 (Polarization Rotation
Angle, PRA)y, HiFH AR FY,

tan2g(a)):sinZﬁ(a))sinAé'(a)) 2)
tan 2y (@) = tan 2 8( @) cos AS () 3)
AP tanp=7,./T,. » PEA MIEGER B T G ey T4k, IERR RCP, /R LCP. PEA i ) —45°
F+45°, Horp 0°XF N LP %, 45°%F) LCP %, —45°%F i RCP %, PRA [ [ M —90°% 90°, T #fi kit I fhi
P T7 1) AF XS T A U O PR T 1) R E A B . PRA LS J7 ) S aE, T 96 B 4 ) o R
R T RGO AZ RS, BRI T O fE . R (S) A BT KA (FoM) =AM 240

Q= f,|FWHM (4)
S =Af/An (5)
FoM=S|/FWHM =S -0/ f, (6)

K fo MigWEry oL AR, FWHM S & 2258 s AF N IEIERINES ; An AN RIS E M E. 018
SR T AL AR A B 1 R, 1 FoM I Az W TL AR . AR A B R A 45 A PERE .
Xt 5 Gt AL & 73, LCP M RCP 4318 B35 §13% Tocp A1 Trep AT LA F A GTH 1G5

e o
T

RARIX 2 A2 BT LR I T AT 69 CD G i A OA G, 3148y B i F 2.
Rz (;C—Egj (9)
OA(a))=larg§:;Z:—§Z)); o

HArf. CD /R LCP 5 RCP B SRR 22 5, YU H—45°F+45°, OA 2/ 45 M MR G 22 e ik i, 5 LCP
1 RCP MAHN 24 5, JWHE H-90°F]+90°, XF T St R AE =, B ik FEEE .

2 EWHERELSH
2.1 ¥ 40 R 46

o IE R — T 7 T ) 4 B Rk RS W T L i A A AT B G T 40 R A (4 PR AG  T R R A T
ML RV RE G TP IR R 25 W () R R B T B . A THFSE B ZAE W] 1 Bl W) DEAK (Asp) ELA PO rEPY . 40 i 3 5l i 27 A
Xt FAR R 5 T LK AT K167 R s e 25 9 28 G B DS A 20 M B SR ARG I D i mT 4o 4 2K 1) AR s
iy 2) AEIGEE AR OCHUIE I E 5 3) DNA A Al s 4) ARG AN, 40 4n it 45058 (Cell Counting Kit-8), B
W R (MITT) kb0 325 0 20 335 77 (MITS) I P01, 33 6 07 6 (14 54501 0 AR 45 AN A TR) , 3/ 28 TR 3R £ 5 Wi 435 S 110 T 0 2
7 35 4y HL SRS 11 98 40 R 084 A A M ik AR W AT BR o T THz A6 4% B0 11 09 A0 4, 065 S0 FH T 200 i 448 5 A
P21 T THz i 35 AH 5 198 2 10 15 B3 5 THz IR 6 IEAH 45 & A2 RO ik .
2.1.1 T8 P B A )

FE 2019 4E [ — 30 T AR, 8 Jofe T HR3REE T %@ AN M 1T T THz 3R 42 B I X AR 40 il HEK293T
(293T)., /NRBEOEWAM Bl MANTE 40 HepG2 #H4T T EWFST, FIFH Asp (1434 78 3 i /5 FH ol 45 il 240 fif 54
W AR AR B R I RS, AN 2.5 mM Asp —H LA (DMSO) AR, Wi BERE 5% 48 h, fdi AR
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FIGE AL, (R E 0 (800 rpm, 5 min)/FUEE . A T HERRGR B8 25 W 0052 i, (o P W 19 3k 2% w5 /K 0 04k 400 J 79 UK
TR T8 B AR RO, BB IARST THz A3 ZUMO, 5 i 7e A2 IR 2% B I RR il 2 T A B, (40 i
S TEAG AR o R 3(a)7Niu T8 4 @ B F T 4544, LA 20 B AR & 04 i 3

WIS A, 53] PEA A PRA MR JETE, 25 UL 4P alLUEH, X4 FOlB R L RS, PEA A
PRA 7 0.78 THz Mtk ¥4 & O EARHIENE, A 8] T & A BEL R, A, 3 M4 PEA il PRA JEik 948 1k
BEHEALL . X T RZ Asp AbFEM AN, 525 M RMAG R, PEA il PRA G5 MW R B JL-FIH K. i
TEZe it Asp AbHLS I (EF B B, H575 G RGER A LY & 48 T K29 100 GHz RILT R . 33 1t W 40 i 450 1 A8 4k
S R R O T A W AE AR RS L I PR OGS 9 1 3 AR AR B Asp X A B A A B R I AR . okAh, BT 3 AN
BT S5, G55, PEA F PRA ST (14 fi 5 4G 0K B 132 43 591 T LK 31 4.2 x 10° cell/mL £l 3.0 x 10° cell/mL,
77 9 A% TR RS T 5 AR 21 5.9 x 10% cell/mL, 3 WA AG I i 4% 1% 8% 7 325 00K 100 B HE A% G2 O IR AL O i R — A4
Bl .

(@ 30 ®) 30 © 30
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Fig.4 Transmission wave polarization information of three cell lines!""\. (a)~(c) polarization ellipticity spectral curves of the three cell lines coated

on the microsensor: (a) 293T, (b) B16, (c) HepG2; (d)—(f) polarization rotation angle spectral curves of the three cell lines coated on the
microsensor: (d) 293T, (e) B16, (f) HepG2

Pl 4 =FhAnB B S AR RO (a)~(c) IRBEFERALIRA 1Y 3 A ANH R M ARG SR IE RS M : () 293T, (b) B16, (c) HepG2,
(D~ IREAERALIRSS 110 = A4 R IR IRIERS OGS . (d) 293T.(e) B16,(f) HepG2,

2.1.2 VAR A B A U

1 L3R 7 P AL RS B b, Sk S K X THz B W WSCHAFE , X 20 AR it AT XU A B2 6 200 o SR 1T 400 L 7
MK PR T 232 200 P, TC A ST 40 A 104 S AL BRAGI . AE 2021 AFE A — 30 TAE R, X 3 s TR A 1 5
T5 W PR B e A 5 1o AR UE AT THz (iR A& 2G40 i), & HepG2,Huh7 Al H7402, J2& T8 0F 5% v o
AR R, SCge v, 3 FPAl eSS R B P 9%, &0t 1 mM,2 mM Al 4 mM /) Asp DMSO iFR AL FE, Xf
HEZH VR 45 i DMSO, P0G BE 1% 5% 48 ho i FH RS 8 (1 i 7 Ak, 1K 2505 (800 rpm,5 min) /5 AR , il 45 o 41 Jif 2 .

KRS8 THZz-TDPS R&4%, FH7E THz A Gt ds in—A4~ THz 3 DLk 28 AS6a im ik 245, LI S(a). R
FHE 3(0)f Si A TCHE A5 JGE K 200 M A v o e 0 I B A% SRR 1 b R R AT AR R, WL S(a)fdEl . M
A5 5 20 A 2 M VR B A R A A RURE TR T R JEG R I 5 A ST R 1 Mk o R A% RS R AN BEAE L
Yo RS OL T $2 AR5 38 IR A O % W 1, - FL BB A% 35 iR i AL S ) B kA, 7 A AL AR SO ke B v A% Bk
Jeo & 5(b) M I R B RUS BEM B R . T S(eo)~I SR T ORTEFIE Asp Ab S HepG2 41 1914
BEEE R ATLAEH, Ruce Ml Reep YOI TEA [F] TS IR TR A 8 A & FRIEIE(FF), JF HOGISSHEE Asp =S 1L
MAs 4k, &l 5(c)h CD i, CD JGilA 3 M gIRIEE)HAIE, 7351k 0.53 THz,0.80THz A1 1.05 THz, 3 M (1)
TR I (75 ) Y 5t 8 T Bt Asp A R HE A 28 Ak i 28 4k, HL 0.53 THz 4b &k A T B i A (B AR RS o X 3 AR A S A7
()& IRAR A E— 2B, WL S()~ 5(f), PTLAE W, 76 3 DMFEMRAL S, CD {HARKEE Asp 7 & 195 i (B
200 L e R ) R AR ) T R PRI

Fic B CD i W5 {5tk 2 B 207 R 32 4 B 250 o (1) 28 Ak 5 LA IR R R, AR AR 5 SR mT i, A% IR R AU #E 0.8 THz
Ab e, 35 %) 3.44 dB-mL/10° cells, MRIEIZ A ML, 7T LATHE 40 M #f 1 Fe/NS I¥R 4 1.07-10° cells/mL .
AR Xt HoAth 2 FoftJIF 98 40 i — Huh7 A H7402 , B4 14 8k 0 R 25 5 4007, 40 3 AR SRS A50% R 1.90 dB-mL /10° cells
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Ry 225, BTG 3 AT e 40 B g AT A ).

I Wave plate

Polarizer

Asp/mM Asp/mM Asp/mM

Fig.5 (a) Schematic diagram of reflective THz-TDPS, the insert diagram is the schematic diagram of Si dielectric grating sensing. (b) The
micrograph of the grating with cells. (¢c) CD spectra of HepG2 treated with different doses of Asp. Relationship between the peak
values of CD spectra and Asp dose at approximately (d) 0.53 THz, (e) 0.80 THz, and (f) 1.05 THZz*?.
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HepG2 1Y CD Sti; 7£(d)0.53 THz, (e)0.80 THz FI(f)1.05 THz Ak CD JtiIé(l 5 Asp FlE Z A E R,

22 SEBRKN

G TR A8 B B W 5 T T B A I AR T, AR AN S TR, AE AR B L A Tl &
HEEZEM. LA WA T EA T, ZIMmE 2 FFHXFwfkn 45 D BIH L B, 7E 2020 4E19
— A5 R B S R B TDS R G, A L2 R EIE 4 R 68 2 1 45 1 AL RS, X 3 R IR R (I AR
TR R T T ) ) 7K 85 V0 A7 W A ) R 7 o A S 531 . S SR R I 3 () 1 R TE T 4 i 2 1 45 4 1 A 1% Ik
#r o BT AR R A A B SRR L, THz BN A A SR, SRR B FRmMEEZRRS . BT
HepR HAh Z 55 T4, 75 BAEAT k0% oA i LS 7 2 K R SHE 5 I BR, HE R s B
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2.2.1 G HE PR T YRR JEE G U

D 7 il 2 TR VS Y 1) R S AR IR R LR 6. 1l 6(a)FITEL 6(b)>ky D 7Y il & R 5 W AE AS RV 5 T 1 PEA i 1
PRA i, Kl 6(c)’ PEA Fl PRA (1)U E ffi B VA MO E 19484k . nT LA, FE FE MBS 3, PEA A1 PRA
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DA S L R P 2 A7 2200
2.2.2 FHA SRR LN

Bk D B AR AN, XN FWR B9 LAY R 2EA T Ik, SCYR A D AR (R AN L AR R 2 18] ) e 4R O
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B S A4 A4 m] DLGE 5 THz i 41 245 22 0] 19 4 3 25 R P X 0
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TR . REEMBERE K. 75 DNA T4l h, A ER T REE B 25— ILRho s, 4
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Fig.6 (a) PEA, (b) PRA spectra with different concentrations of D-proline solution. (¢) The peak angles of PEA and PRA spectra varying with
solution concentrations at 0.568 THz and 0.564 THz. (d) CD and (e) OA spectra with different concentrations of D-proline solution.
(f) The peaks of CD and OA spectra varying with solution concentrations at 0.568 THz and 0.564 THz™.
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Fig.7 (a) The S-S group is restored to the —SH group which can bind to the metal. (b) Modified DNA molecules bind to metal metasurface.

(c) PEA spectra, and (d) PRA spectra of water, 3 pmol/L and 15 pmol/L ssDNA and dsDNA. The polarization states of dsSDNA aqueous
solution samples at (¢) 0.562 THz and (f) 0.556 THz.

Kl 7 (2)S—S BERIR R RERI A IR 45 4 10 -SH 31 . (b)Za Bl DNA 437 F14: i MR 1045 7K. 3 pmol/L 5 15 pmol/L 1 ssDNA
5j dsDNA 9(c)PEA i, (d)PRA . dsDNA ZKIFWRFEMTE(e)0.562 THz F1()0.556 THz Kb fRRAS .
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% 6 1 KFHE: HEEUERNABZRREBRARHER 959

Tt 41 R AIE A 32 I o VA B R B AR AT B AR, 1 K M7 8. LA PRA 3586, 15 pmol/L ) ssDNA F1 dsDNA Y
PRA i 25 9.5°, T RGHE KM PE SR 0.01°, [F Al #E2 H% R )5 W AE % 8 2] ssDNA Fll dsDNA
KV W IR DG % 22 TR 1 B /N FEE A 0.016 pmol/L. & 7(e)F1E 7(f) M 7K . 3 umol/L F1 15 umol/L (1) dsDNA /K %
FE SR TE 0.562 THz M1 0.556 THz b (135 5 I R &5 8 o 7E 0.562 THz {7 B AL, 37 53 U5 1) et U 106 [ ff B AR AN AR
T i A1 B 5% o A T s, HLBE G FE R BE AU, IR% M ERE Z B s T AE 0.556 THz {7 B AL, 3% 51 ik i) e 41
TE e R AR AE i i PR AV (R A e A TR, TR R A RE A B, A T A B K

2.3.2 W5 DNA 54 B & &3 @ ()

2B DNA Fl4 B 454 wb 5 - AP
SERF ], [ DNA R4 R 1045 & o} —>— S o
S REFT T HFSE. 8 KK .3 pmol/L ot sl = TsumLin 3
115 pmol/L fy dsDNA 7 5 min #l = 5 ol
10 min B A0 35 40 (R 9% 1 B E 5, T L S ot sl
E, FESRMZESIRIAE 0.56 THz 10F T e an iy OA
B35 . 76 5 min i, ) DNA 548 il i eomn G T
42 TR DT R DR 4R 052 oS ose 05 060 o o5 05 om0
B 5k M9 2 AR R /N, B DNA t st STz
3 2 SR B T S T 2 2 © @
60 min J5 , BE B0 IR 4 35 K A 10 s}
RS, BLWI DNA BESXWIKL 8 N
S TR, 285 1 i 9 DNA 'k
1E 60 min J5 15 42 B B 2 10 10 45 45 3 : g 0 N
B [, AW DNA % " 30 .iﬁm:;:;, o L oL n S it
WA RE 7 5 2 T 46 4 1 00 22 57 ~ Tmatipssnn e i e
RN, TG 25 A K B A AR E S 052 0.54 056 038 os e ose  os  oco
dsDNA (1) PEA i il PRA i Fifi %5 ¥ J& fITHz fITHz
S I 22 BB 2 5 4% Fig.8 (a) CD spectra, (b) OA spectra, (c) PEA spectra, and (d) PRA spectra of water,

3 umol/L and 15 pmol/L dsDNA at 5 min and 60 min
& 8 7K. 3 umol/L 5 15 umol/L Y dsDNA 43-l7E 5 min A1 60 min A ¥ (a)CD 3%,
3 HL£ibERE (b)OA i¥%,(c)PEA ii%,(d)PRA ¥

25 bk, 55T THz-TDPS R4 W IR 1% 07 18 THz G BER AL T — Rl 19 7 ik o 516501 TDS {2 IR AH L,
X R0 5 AT LA M BE 2 i AL RAE R, T LT LR e AL OREUEE  B R G B B A UR s S A, DU
[Fi] A% SR it RS [R) A% AR BE o A, ol fif AT TPk 0 T 4t ) 85 1 R 1% 0%, SR T THz B4R Ak
Yy, S50 7RSO R N, B A R, ST TS AR B ] o AR AR R A LT A 1 S 4
RRWT o Xb T 0L, A TR IR BT LA DUORS B ik B 3.0x10° cells/mL, T #E VMR FF BE R K 2R 1T 3k #)
1.19x10* cells/mL; Xt 2 JE R 15 W 1 8%, Wk B A% R B0 3 T 3k 107 g/mL,  [) B A LA X (] o 2 35 I 114 7 o o {4
PEATSE 5 ; X5 T DNA K, BRSNS ssDNA Fl dsDNA 7K 75 W 9% 06 15 14 e /N B2 0.016 pmol/L, I HLI
i h & B dsDNA 54 B BRI a Gt . B TAEUEDZ )7 Wkl 0 T A . WA LR P A AR i iy
AR JEAG I, T )T A | DAY A 5 LA K S T A I A5 o X AR 5 A B — R AR D L SR R R
JUZ o T LR TR R Ty i, FEA AU, UH R AR A A mE AN R, P, A
THz fii % & AR Y HERE b, B BN TR &5 M ) dh A7 s, ORIk R LY . St v A IE . fi s i Al
B RO F RN, AT A ACRE SR BAE RS #5 A R E . ARAL . PR LA e TS 2 S m B uiE R, WL
WF 28 BN HEAT 407 AR BOR AR FNLE G e A, AT S 30 B SR T 4 1% SRR AR A BT sy ) A EORS A
B 30k :
[1] ANDREA M. Terahertz dielectric sensitivity to biomolecular structure and function[]J]. IEEE J Sel Top Quant, 2008,

14(1):180-190. doi:10.1109/JSTQE.2007.913424.

[2] TOBIAS K,KOICHIRO T.,KEITH N. Resonant and nonresonant control over matter and light by intense terahertz
transients[J]. Nature Photonics, 2013,7(9):680-690. doi:10.1038/NPHOTON.2013.184.



960 A#EMFEERTFERFER 519 %

[3]1 YANG X,ZHAO X,YANG K,et al. Biomedical applications of terahertz spectroscopy and imaging[J]. Trends Biotechnol,
2016,34(10):810-824. doi:10.1016/].tibtech.2016.04.008.

[4] YUKO U,RAKCHANOK R,ISAO T,et al. Quantitative measurements of amino acids by terahertz time—domain
transmission spectroscopy[J]. Analytical Chemistry, 2006,78(15):5424-5428. d0i:10.1021/ac060520y.

[5] KUTTERUF M,BROWN C,IWAKI L,et al. Terahertz spectroscopy of short—chain polypeptides[J]. Chemical Physics
Letters, 2003,375(3):337-343. doi:10.1016/S0009-2614(03)00856-X.

[6] FISCHER B,WALTHER M,JEPSEN P. Far—infrared vibrational modes of DNA components studied by terahertz time—
domain spectroscopy[J]. Physics in Medicine and Biology, 2002,47(21):3807-3814.

[7] TANG Mingjie, HUANG Qing,WEI Dongshan,et al. Terahertz spectroscopy of oligonucleotides in aqueous solutions[J].
Journal of Biomedical Optics, 2015,20(9):095009. doi:10.1117/1.JB0.20.9.095009.

[8] BROWN E,MENDOZA E,DEYING X.,et al. Narrow THz spectral signatures through an RNA solution in nanofluidic
channels[]J]. IEEE Sensors Journal, 2010,10(3):755-759. doi:10.1109/JSEN.2009.2039522.

[9] XIE Lijuan,YAO Yang,YING Yibin. The application of terahertz spectroscopy to protein detection: a review[J]. Applied
Spectroscopy Reviews, 2013,49(6):448-461. doi:10.1080/05704928.2013.847845.

[10] OLEKSANDR S,ROSTYSLAV D,ROBERT S. Sub—terahertz spectroscopy reveals that proteins influence the properties of
water at greater distances than previously detected[]J]. Journal of Chemical Physics, 2015,142(5):055101. doi:10.1063/1.4907271.

[11] LIU Rui,HE Mingxia,SU Rongxin,et al. Insulin amyloid fibrillation studied by terahertz spectroscopy and other
biophysical methods[]J]. Biochemical and Biophysical Research Communications, 2010,391(1):862-867. doi:10.1016/j.
bbre.2009.11.153.

[12] SHIRAGA K,SUZUKI T,KONDO N,et al. Hydration state inside HelLa cell monolayer investigated with terahertz
spectroscopy[J]. Applied Physics Letters, 2015,106(25):253701. doi:10.1063/1.4922918.

[13] LIU Lei,LI Tengfei,LIU Zixian,et al. Terahertz polarization sensing based on metasurface microsensor display anti—
proliferation of tumor cells with aspirin[J]. Biomed Opt Express, 2020,11(5):2416-2430. doi:10.1364/B0OE.392056.

[14] HOU Dibo,LI Xian,CAI Jinhui,et al. Terahertz spectroscopic investigation of human gastric normal and tumor tissues[]J].
Phys Med Biol, 2014,59(18):5423-5440.

[15] YU B,ZENG F,YANG Y.,et al. Torsional vibrational modes of tryptophan studied by terahertz time-domain
spectroscopy[J]. Biophys J, 2004,86(3):1649-1654. doi:10.1016/S0006-3495(04)74233-2.

[16] BOLIVAR H,BRUCHERSEIFER M,NAGEL M,et al. Label-free probing of genes by time-domain terahertz sensing[J].
Physics in Medicine and Biology, 2002,47(21):3815-3821.

[17] LIU Haibo,PLOPPER G,EARLEY S,et al. Sensing minute changes in biological cell monolayers with THz differential
time—domain spectroscopy[J]. Biosensors and Bioelectronics, 2007,22(6):1075-1080. doi:10.1016/j.bios.2006.02.021.

[18] SMITH D,PENDRY J,WILTSHIRE M,et al. Metamaterials and negative refractive index[J]. Science, 2004,305(5685):
788-792. doi:10.1126/science.1096796.

[19] HENTSCHEL M,SCHAFERLING M,DUAN Xiaoyang,et al. Chiral plasmonics[J]. Science Advance, 2017,3(5):e1602735.
doi:10.1126/sciadv.1602735.

[20] VALEV V,BAUMBERG J,SIBILIA C,et al. Chirality and chiroptical effects in plasmonic nanostructures:fundamentals,
recent progress, and outlook[J]. Advanced Materials, 2013,25(18):2517-2534. d0i:10.1002/adma.201205178.

[21] CHEN Meng,FAN Fei,SHEN Si,et al. Terahertz ultrathin film thickness sensor below A/90 based on metamaterial[J]. Appl
Opt, 2016,55(23):6471-6474. doi:10.1364/A0.55.006471.

[22] ZHAO Xiang,LIN Zhongquan,WANG Yunxia,et al. Label-free self-referenced sensing of living cells by terahertz metamaterial—
based reflection spectroscopy[J]. Biomed Opt Express, 2019,10(3):1196-1206. doi:10.1364/BOE.10.001196.

[23] GANSEL J,THIEL M,RILL M,et al. Gold helix photonic metamaterial as broadband circular polarizer[]J]. Science,
2009,325(5947):1513-1515. doi:10.1126/science.1177031.

[24] LIU Na,LIU Hui,ZHU Shining,et al. Stereometamaterials[J]. Nature Photonics, 2009,3(3):157-162.

[25] PLUM E,LIU X,FEDOTOV V. Metamaterials:optical activity without chirality[J]. Phys Rev Lett, 2009,102(11):113902.
doi:10.1103/PhysRevLett.102.113902.

[26] YESILKOY F,ARVELO E,JAHANI Y ,et al. Ultrasensitive hyperspectral imaging and biodetection enabled by dielectric
metasurfaces[]J]. Nature Photonics, 2019,13(6):390-396.

[27] SALIM A,LIM S. Complementary split—-ring resonator—loaded microfluidic ethanol chemical sensor[J]. Sensors, 2016,

16(11):1802-1810. doi:10.3390/s16111802.



% 6 1 KFHE: HEEUERNABZRREBRARHER 961

[28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

XU Wendao,XIE Lijuan,ZHU Jianfei,et al. Terahertz biosensing with a graphene—metamaterial heterostructure
platform[J]. Carbon, 2018,141(18):247-252. d0i:10.1016/j.carbon.2018.09.050.

TANG Mingjie,XIA Liangping, WEI Dongshan,et al. Rapid and label-free metamaterial-based biosensor for fatty acid
detection with terahertz time—domain spectroscopy[J]. Spectrochim Acta A, 2019,228:117736. do0i:10.1016/j.saa.2019.
117736.

NOWAK Maciej Roman,ZDUNKE Rafal, PLINSKI Edward,et al. Recognition of Pharmacological Bi-Heterocyclic Compounds
by Using Terahertz Time Domain Spectroscopy and Chemometrics[J]. Sensors, 2019,19(15):3349. d0i:10.3390/s19153349.
ZHOU Hong,YANG Cheng,HU Donglin,et al. Terahertz biosensing based on bi-layer metamaterial absorbers toward
ultra—high sensitivity and simple fabrication[J]. Appl Phys Lett, 2019,115(14):143507—-143512. do0i:10.1063/1.5111584.
YANG Jun,QI Limei,LI Bin,et al. A terahertz metamaterial sensor used for distinguishing glucose concentration[]J].
Results Phys, 2021,26(1):104332. doi:10.1016/j.rinp.2021.104332.

YANG Yuping,XU Dongqgian,ZHANG Weili,et al. High-sensitivity and label-free identification of a transgenic genome
using a terahertz metabiosensor[J]. Opt Express, 2018,26(24):31589-31599. do0i:10.1364/0E.26.031589.

YANG Ke,LI Jining, LAMY de la Chapelle,et al. A terahertz metamaterial biosensor for sensitive detection of microRNAs
based on gold-nanoparticles and strand displacement amplification[]J]. Biosens Bioelectron, 2020,175:112874. doi:
10.1016/j.bi0s.2020.112874.

ZHOU Ruiyun,WANG Chen,HUANG Yuxin,et al. Label-free terahertz microfluidic biosensor for sensitive DNA detection
using graphene—metasurface hybrid structures[J]. Biosens Bioelectron, 2021,188:113336. doi:10.1016/j.bios.2021.113336.
ZHANG Xinyu,YANG Sha, HUANG Guorong,et al. Streptavidin—functionalized terahertz metamaterials for attomolar
exosomal microRNA assay in pancreatic cancer based on duplex—specific nuclease—triggered rolling circle
amplification[]J]. Biosens Bioelectron, 2021,188:113314. do0i:10.1016/j.bi0s.2021.113314.

GENG Zhaoxin,ZHANG Xiong,FAN Zhiyuan,et al. A route to terahertz metamaterial biosensor integrated with
microfluidics for liver cancer biomarker testing in early stage[J]. Sci Rep, 2017,7(1):16378—16389.

CUI Ning,GUAN Min,XU Mengke,et al. Design and application of terahertz metamaterial sensor based on DSRRs in
clinical quantitative detection of carcinoembryonic antigen[J]. Opt Express, 2020,28(11):16834-16844. doi:10.1364/
0E.393397.

LI Dongxia,LIN Shangjun,HU Fangrong,et al. Metamaterial terahertz sensor for measuring thermal-induced denaturation
temperature of insulin[J]. IEEE Sensors Journal, 2020,20(4):1821-1828. do0i:10.1109/JSEN.2019.2949617.

ZHOU Jie,ZHAO Xiang, HUANG Guorong.et al. Molecule—specific terahertz biosensors based on an aptamer hydrogel-
functionalized metamaterial for sensitive assays in aqueous environments[J]. ACS Sensors, 2021,6(5):1884-1890. doi:
10.1021/acssensors.1¢00174.

WANG Gangqi,ZHU Fengjie, LANG Tingting,et al. All-metal terahertz metamaterial biosensor for protein detection[]J].
Nanoscale Res Lett, 2021,16(1):109-119. d0i:10.21203/rs.3.rs=358182/v1.

AHMADIVAND Arash,GERISLIOGLU Burak,RAMEZANI Zeinab,et al. Functionalized terahertz plasmonic metasensors:
Femtomolar—level detection of SARS-CoV-2 spike proteins[J]. Biosens Bioelectron, 2021,177:112971. doi:10.1016/j.
bios.2021.112971.

YANG Maosheng, LIANG Lanju,ZHANG Zhang,et al. Electromagnetically induced transparency-like metamaterials for
detection of lung cancer cells[]J]. Opt Express, 2019,27(14):19520-19530. doi:10.1364/0E.27.019520.

YANG Ke,YANG Xiang,ZHAO Xiang,et al. THz spectroscopy for rapid and label—free cell viability assay in microfluidic
chip based on optical clearing agent[J]. Anal Chem, 2019,91(1):785-791. doi:10.1021/acs.analchem.8b03665.

BAI Zhongyang,LIU Yongshan,KONG Ruru,et al. Near—field terahertz sensing of Hela cells and pseudomonas based on
monolithic integrated metamaterials with spintronic terahertz emitter[J]. ACS Appl Mater Inter, 2020,12(32):35895-
35902. doi:10.1021/acsami.0c08543.

ZHANG Zhang,YANG Maosheng,YAN Xin,et al. The antibody—{ree recognition of cancer cells using plasmonic biosensor
platforms with the anisotropic resonant metasurfaces[J]. ACS Appl Mater Inter, 2020,12(10):11388-11396. d0i:10.1021/
acsami.0c00095.

LEE DongKyu,KANG JiHun,KWON Junghoon,et al. Nano metamaterials for ultrasensitive Terahertz biosensing[J]. Sci
Rep, 2017,7(1):8146-8152.

YANG Xiang,SHI Jia, WANG Yuye,et al. Label-free bacterial colony detection and viability assessment by continuous—
wave terahertz transmission imaging[J]. J Biophotonics, 2018,11(8):e201700386. do0i:10.1002/jbi0o.201700386.



962 A#EMFEERTFERFER $19%
[49] LEE SangHun,SHIN Seulgi,ROH Yeeun,et al. Label-free brain tissue imaging using large—area terahertz metamaterials[J].

Biosens Bioelectron, 2020,170:112663. doi:10.1016/j.bi0s.2020.112663.

[50] Ty A7 B F S R LA R E O 4 4000 R 22O 35 BRI RBR 2L R S L TR R, 2016,14(6):838-842.
(MA Pin,YANG Yuping,FAN Lijie,et al. Terahertz spectrum and imaging of liver and lung tissues[J]. 2016,14(6):838—-
842.) doi:10.11805/TKYDA201606.0838.

[51] ZHANG Ziyang,YANG Guang,FAN Fei,et al. Terahertz circular dichroism sensing of living cancer cells based on
microstructure sensor[J]. Anal Chim Acta, 2021,1180(1):338871. d0i:10.1016/j.aca.2021.338871.

[52] ZHANG Ziyang,ZHONG Changzhi,FAN Fei,et al. Terahertz polarization and chirality sensing for amino acid solution
based on chiral metasurface sensor[J]. Sensor Actuat B-Chem, 2021,330(1):129315. d0i:10.1016/j.snb.2020.129315.

[53] HRGEAR,RMEI. TEG2EM] JbaHUA Tolk # Bikk, 2005. (YU Daoyin,TAN Hengying. Engineering optics[M].
Beijing:Machinery Industry Press, 2005.)

[54] TRACEY Simon,ANN-SOFI Duberg,SOO Aleman,et al. Association of aspirin with Hepatocellular carcinoma and
liver-related mortality[J]. N Engl J] Med, 2020,382:1018-1028. d0i:10.1056/NEJMo0a1912035.

[55] EVAN Lien,MATTHEW Vander Heiden. A framework for examining how diet impacts tumour metabolism[]J]. Nature
Reviews Cancer, 2019,19(11):651-661.

[56] HAN Yuanyuan,YI Gua,ZHANG Alex Ce,et al. Review: imaging technologies for flow cytometry[J]. Lab on a Chip, 2016,
16(24):4639-4647. doi:10.1039/C6LCO1063F.

[57] HYUNA Sung,JACQUES Ferlay, REBECCA Siegel,et al. Global cancer statistics 2020:GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries[J]. CA:A Cancer J Clin, 2020,71:209-249. doi:10.3322/
caac.21660.

EZ AT -

WFH(1993-), B, KREWA, EEEEMRA, £ B OR(1986-), H, WA EET A, A,
BEREGE 7 0] SR Kk 2% 4% [ I .emailink_zhangzy@163.com. P, WA, BT 1 R R 2% 0 T a
5 ¥ 7 B #E A1 K} . email: fanfei@nankai.edu.cn.
BRET(1965-), 5, W ARKARMETA, Ht,
P, WA, FEATTE TS P N T A5 K
522 T E 4% 144 & % FH .email:sjchang@ nankai.edu.cn.



