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SRS I BURHLE TP A — A EE RS
T BB PR 12 DNA rh, 7- F 35 19 I () e J3E
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monopphate (dGp)™ , A1 24 F IE % 5 B 41 8119 5
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MR EUIL AR EE G R A B TR A VR
P v LI TR T M AR T ik T LA R
SR » F AT LE AL LA A2 T SR BR T AGH — b
LR ANREREA T A E 0 A BEEA TR &
SE T AESEBRN HT B BORRBR 1

LA 7-MG S, ASCBT T — R A Rh e A, 5
BT 31 AL A RE PR S VR BE AR I A E R S
Yo, BRI T 7-MG fEE IR T IO .
) T E AR R I, 5ROk B TR T HRLA
FELIRASNE B) R 2% B A REES s 2B BEES X
AN R REAS R B A R R B8 A 22 W WAL 03T . 18
L UM [T 2 T R i (4 A0S 12 OBEAS RLAERE  EE
F b SE T IR A R X 7-FE R S A I I 4
S PR A BRI, ASIFSE A S S bRadt e A 14
A0/l DNA g 7-F 2 S e 5 iR I T 2% 4t
SEHLGE R R BN T B A S E M E.

2 FEALl A SRR

2.1 HEHE
SRBPRAE 7L B GRS L S99 Y B
S 1 Sigma- Aldrich 24 7 45 18 {1 1 B U 236 17

. BUREYIA] A SRS e e 190 AP,

HEAT R LA 7 PR R DU XA, 8 2t s AN [ i
HITAZE 1 mL K (@4 PR A2, 15 8] 7-H
FE IS ) B E R 1. 26,2, 53,5, 06,10, 12,
30. 36.40. 48 mg/mL., 5 I A [y Jif B v B Ky 3. 48,
6.96.13.92.27. 84.41. 76 mg/mL, Wi FE T
TR R R TR T, X B B B
TAEBS AFE S BRI S s DR IE TR RE G v 5
P o 38 Ak [ A MR 1 v A DR e YR it ) i
TR — 3 (LN AR 5 mm [ B TR0 ) L ff 756
AL SAEAR B RO R R AE B BE T 455K
FEA S SBR[ R R . T-MG A
BT 4 9N 6. 30,12, 65, 25. 30,50, 60,151, 80,
202. 40 pg, SRS (A R O 17, 40, 34. 80,
69. 20,139. 20,208. 80 g,

TERA L AR S PR g il T — &R
SRR —JTiR A Y A H IR A Y 7 WO i T
RGY T, HEARMRCE ISR 1.2 Fs,

F 1 RFENEA O IS F 7-MG
Table 1 Guanine and 7-MG with different

mixing ratios

. AELEARE o AR M (PE) # R, X2 B oy Sample No. G /(mgemL ") 7-MG /(mg+mL ")
7-MG Aoy AL B U I PEOBME T A, S8 )5 AT 1 1.528 L.o74
FREIE, 7-MG 5 PE M9 IR A He a0 R 2 1.674 2.832
2.65:100 F1 6. 95 100, XF B Jit fk 43 By 2. 58%6 0 3 3056 2150
6.50%% (7-MG 1y B/ 1 BB D e/ ol IR ! o1 4298
JEHOBAT 3 11 t=9800 NDHY A A 13 mm f) J - 220 500
K2 AFEREA ORI (A) (G IREEE (T JERENE (O Fl 7-MG
Table 2 Adenine(A), G, thymine(T) cytosine(C), and 7-MG with different mixing ratios
Sample No. A/ . T/ . €/ . G/ . MG {1
(mgeml ") (mgeml ") (mgemL ") (mgemL ") (mgeml ")

1 2.590 3. 260 6. 160 4. 650 3.670

2 4. 590 7.790 2. 170 5. 640 2. 940

3 6. 450 3. 680 4,250 2. 560 6. 060

4 4. 496 6. 300 3.610 5. 686 1. 996

B 5.120 3. 036 4,510 5. 316 0. 880

2.2 KBRS

AR S SR FH 1) 256 R — A~ RO 2% B 3Ot 1 R
i, Hah BTGB 2 2 60 dB, A ROGIETE RN 1. 0~
3.5 THz, BER T2 2 mm, L 512 4~ B ki B
B 7.9 GHz(4lidh 52580 /1. 9 GHzGR G YISE%D
M BRI TG . B IR A & 3 N REAR
FAFEART R M G 4 AFEIRZES. IrE WA 7E

INTF 3V R T AT
2.3 RititE
AR SR WG EE TR A R
alw) =T, ()/] (@), (D
0 () FWGEE % F BRI, 1 () K
W% 15 7 2% PE 15 S i B9800 5 1 () S
Kbz 552815 7-MG B 5 3R . XL, PE
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WEER PR PE S 7-MG B H ¥ () PE fis:
AT, X T R BRI L T o Coo ) 2 R T R 455 Hg I
(2 FME S CHFHEIIES S o T e (o) J2 B AN [R) U B
-MG FEARBE R RS .

3 e

3.1 7-BESEKH THz ik
IR ZE WS UG R F R O RO 28 8 5 A T R R
T/ B e W W3R 3h/0E 5% 2 )R 36 BR m gt

K1 7- RS G

Bl 1) W T 7-F 58 S W04 1) 4 45 48, XoF o
I3 F S5 R I R 25 4 1E IR WSO 15 T n 1 1 (b)) T
Re ATLLAEZR]LTE 6. 50 WA 80T - & B9k
TR H % 48, 4 BT 1. 37 THz, 2. 39 THz #
2.90 THz, SR, 4% ot 70 BT B3 2. 58 %
B, K2 M e s i AR 2, bR 1T 1. 37 THz. 3 ™
AFHIEE AR TSN E AR L, X T 2. 95 mg
DI & &1 7-MG, 5 # it Jr vk Jo vk A 2L
28118

0.5

()
= 2.58% 7-MG

2 04F e 6.50%7-MG
5 0 2.90
=
=
Z 03f /L\_
3 .
g ool 137
£ |
2
2 01}
0 1 1 1 1
1.0 1.5 2.0 2.5 3.0
Frequency /THz

() 73 F4548; (b) THz FFIEGE OR @ 1 0 L E A @720 03 CUHLO #1 N T

Fig. 1 7-methylguanine. (a) Molecular structure; (b) THz characteristic spectra (gray, white, red, and blue

represent the C, H, O, and N atoms, respectively)

BEMERNHEER
BET HL 28 BRI, A S COMSOL 3
BT T —FRRIE SRR IR . R 3R A5 1 15 55
M7 28 7o 52 BCRE , Ao JES %) W A 7 R A 2
I AR SCE FH SR BEIE JHe (P 1 M4 JEE L PT B4 HL %K
BAK N e, =3. 540, 011, BZEH B CH N 2 i
ARSNGB =25 pm, LSS B p =
100 pm, FHEFEE T 100 nm B4 (Aw) 43 8 M
CEOH o) AR I8 BOB 4R 0, 3159 B K/
g=4 pm, BRI w =5 pm, B T8 50
M hy =30 pm Ml h,=96.5 pm, X FiZ4 sk, al
DIAIAE A 2588 F B v %) R, T A 11 ] AR Ry
HLZE s BT 1 T — > E A H 2 v SR80 1 HL

3.2

Bl 2 IR BRITA L R A

Fig. 2 Unit structure diagram of resonant ring

R 2L IHAE T 7= A 4R 5 FRL I » DT 7= A %

Vg ESp NPT
EPRFRIA T A B R B E 3 () iR,

SR LS 124 5 SRR 7.9 GHzIW 43 BE R
(a)

4

i

w

Do

Absorbance /arb.units
—

o

.5 1.0 15 2.0
Frequency /THz

3 KFZZIEIRIAE S, ()t I S B 2

T (b WA (B A REES F 1 3 4 45 4 1R
(200X 5 Co)t A IR 25 G 1R

Fig. 3 Terahertz resonance ring chip parameters.

(a) Schematic diagram of chip testing principle

device; (b) microscopic photographs of partial

structure of metamaterial chip (200 X );

(c) terahertz spectrum of this chip
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PEATIN S, BRI 4 RASFENR2E 4.
T ASRE AR B ZE 200 £ B T B3R 25 A n
B 3(b) I, H A 2% I IO 1% 22 48 I A5 ) 8
(AR L EIE AN R 3 (o) 7R » 45 44 19 VRS 41 06g w0 Bt
FhbT 1,31 THz 4b,
3.3 BRBLE A X SR R IR R N R R
XFFARSCH B AR YA SR S
FA & TAT A R (R 1 b 2 R b J 2 T A HEL O 4
(AR AT A A 5 S0 R R 25 fL SRR I 7 A 1 i
Do LI B AR AR T R e T SO RO 2% W
W HE RS 00 g R B R [ e B A ) R 2B AR
T ACBEEH I 5 HAG AN TR 0 5 A v o B fk,
DAL s A3 A A8 1 2 A B H S ) ) R L s e L

2.5
(@) 7-MG

— iy
= L A e % ug
g 20 Al - —12.65 g
g o X <+ 2530 ug
Y o = -=50.60 ug
o L5r g ----151.80 ug
% =\ -==-202.40 pg
Z 10}
2
<

~——

1.0 15 2.0 2.5 3.0
Frequency /THz

K4 RTFHBE R BB, (0 AR 7- B 5 08 7 55 A 45 A B G35 5 (b) I HRIGEAIURS f2 08 7- HY 56 1 I & A 44

Fig. 4 Spectral tests with different concentrations. (a) Spectra of superstructures covered by different amounts of

A BT BT R A B PR R

AL L 7P 5 B A S T SAy 5] i T
RSP IZ P FPAE Sl A0 N, S 7-MG 2E TR
FREA R B b HEAT A [ vk BE TR A4 O3 ik, dn
K 4@, R RS SRR TR SC R N 4(b) fiv
/Re WFERN TN 50 pg (BTt A 10, 12 mg/mlL)
TEAf , 7- 1 S MRS (R 52 2y 0. 04 THz, 44F
vore AT B ve 1 M i, ARp i 0 I 4 1) BB R 4 43
FHEh (L0, ok B S 15 B AR L
f(@)=aexp(bx) +cexp(dx), Hifp £ () MR =
(THz) »x AFES AR 8 (pg) o KN RECN a=
0.04336,0=0. 002242,c=—0. 04559 ,d =—0. 05696,
A LASRASIE R R =0. 9915 LG

0.100

()

:I:N —— curve fitting for 7-MG
& 0.075F B 7-MG
&
=
1]
2 0.050 F
=
3
£y
£ 0.025
=

0

0 50 100 150 200

Effective mass /ug

7-methylguanine; (b) dependence of resonance peak shifting on the amount of 7-methylguanine

T 2P, S LA R B 0 3k gk R X B M A 4l
AT TR WA 5 ) PR . s SRS S A i H i
Y FR AL 5Cb) fit 7, 24 i AT 5 15 B i
st ARPAE W G 1] SEAR A R AL 3 (£07%) . &l
GIHTCS RS 5 S R P R 2 R Y 06 R, R B R
WTFREBER: f () =aexp(bx) +cexp(dx), Hp

2.5
%) (a) guanine
2 0ug
5 sl - = 1740 pg
E 34.80 pg
E I 69.60 pg
PERE] S L (\ — 139.20 ug
NI (R — 208.80 pg
—g LOp &
2 )
<
0.5 ';j‘/
. . ) .
10 15 2.0 2.5 3.0

Frequency /THz

FG) BB E (TH2) . x5 B 5 A 205 &
(pg)s 5 BE W /) X W &R 20 a = 0.06861, b =
0.002499,c=—0. 06831, d=—0. 02969, A L1315
g BB R =0. 9895 BYHLE L,

XEEZE R X T B A AR, AR SE IR RE S
SUR S DVAOE =5 SN Al s =Sl N D0 b NS 1 )

0.125 (b)
— curve fitting for guanine

0.100 | O guanine

0.075

0.050

Frequency shift /THz

0.025

0

0 50 100 150 200
Effective mass /ug

K5 AR T RDLIENNK . (o) ANTR] 5 RIS 7 2 1 25 A R D63 5 (b) IR IAEHATRS H Xof B Iy B )

Fig. 5 Spectral tests at different concentrations. (a) Spectra of superstructures covered by different amounts of guanine;

(b) dependence of resonance peak shifting on the amount of guanine
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A5 ity DU AR e 00 A [ e B2 A A it 4D A it
26 OR A 5 BUA 1Y il 6 2 B BRI R A i 119
K B A B — ol Ao i ML S DAL T 522 B X 32 R A
A ENED T
3.4 BEWNIK

P2 O T B UEAS SCAYE A2 A T LA T 9
MRS YIRE A P R 7-MG B AR SCHE— 8% ot
REWMZA R WHEAT T —2hik,

B AT TOniRE W A I, X AR SR

25
(@
G:7-MG(mg-mL!
2.0 st on
- - 1.674:2832 ]
L5k - 3.056:2.150
i R 6.114:4.298

.......... 12.230:8.596

Absorbance /arb.units

0.5 1.0 15 2.0
Frequency /THz

IS (GO Al 7-F 3 5 I8 (7-MG) SR A TR A il BE
SERAIR T 5 A G R T-MG RS, HIR A 1L
B AR = 0 IR A P KR 2% 6 s an1#l 6 () B
7o AL SCERERA B 543 805 i 1) G 2R pRER, 7T
DI HRE B 7-MG /G RS, 7RI B, A
K BRI AR ATRS St — 21 P BN RS 1
WE 6(b) iR, K R MRS5S S0 25 R 2
Aot ZEARRMLEIR G YRR AL S 5
AT LA, H RS S B G Al s RS AL

0.15
(b)
N /77 calculated result for 7-MG
% R calculated result for G R=2.556%
P 777] experiment result .
£ o010} Y/
1]
z R=0.89%
=
z
R=8.90%
g 0.05F R=1.17% ; %
=
R=5.94% %
0
1 2 3 4 5

Number of sample

Bl 6 ZIJTiREGWABZLOLE ., @OARRIRE (G 7T-MG) Itk & WA w0 A RS 1 OGRS ; (b) Z TR G S
FIFCEH o BOMRRS 2 5] ) 5%

Fig. 6 THz spectra of binary mixture. (a) Spectra of the metamaterial chip covered by the binary mixture with different

mixing ratios (G:7-MG); (b) relationship between the total frequency shift of the binary mixture and individual

frequency shift from the components in the binary mixture

BT BRGER, L it — X 2 A IR A Wit
Pk, el & T 5 A&H 7-MG Ml ALG.T.C
PURh DNA ISR &9 . MR &Y S -MG
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MR 2.

f+Aar)— f(x)=Af, (2)
Kb Ax Ky -MG BB IBLEL s £ () R 7-MG 4
(ARG B 5 A f by 3 o S50 A5 1) i P9 7= 2 1Y 5
HMFRS . RS YRS 0 SE PR TS AT e
K 7(b) iR . AT LAE 2, Hr & 9 o ) S % JL T
& A5 TS IIRS B B N, HER R AESS Y LA b 5K

0.15
()
EN: ﬁexpeﬁmom result of mixture with additional 7-MG
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= L
g 0.12
=
g o x|
=
>
g 009} " o
S
=y
&
= 7
0.06
L L L L L
1 2 3 4 5

Number of sample

K7 REYS T-MGIRGHTR B2 . (O ZAUMREGWER M ERERTEMA 23. 35 pg 7-MG RiJ5 KOG
(b) ZH 7 RE W BIRE FA HIRRS 22 A1) 5 &

Fig. 7 Terahertz spectra of the mixture before and after mixing with 7-MG. (a) Spectra of the metamaterial chip covered

by the multicomponent mixture before and after the addition of 23.35 pg 7-MG; (b) relationship between the total

frequency shift and individual frequency shift in a multicomponent mixture
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B AP LR 7-MG By K AR5 22 09 LU UL
# 3. X ARSI HARZER IR 20k H K R 58
()43 BRGNS &) R AL RLES B /T G2
Yoo R o PR 158 25 2 1Y) B AR AR T 4 e
THzTDS F 4t 53 HE 5B 5 SR 88 R 45
o SR, 5G4 A T AR L
BT RATRLE R H 2 RO S B T M P
AERYTCH o R AR T S e TR A A
£ 3 T-MG B S s 5 5 BB AR 0 B S AR B
AHXT 1R 22
7-MG  mass

experimental and theoretical results and the

Table 3 Comparison  of between the

corresponding relative error

Sample Actual Calculated Relative error
No. mass /(pg) mass /(pg)  /(Awew )

1 18. 35 20. 24 0. 1030

2 14,70 15. 34 0. 0435

3 30. 30 38. 60 0. 2739

4 9.98 11. 51 0. 1533

5 4. 40 3.43 0. 2205

445 e

AR SCHRAE T —Fh T PR | oA A S
PRI, DA 7-F Ok I W04 R 5 W2 Sy f51), AR SC
BT T — b B H 25 L BRI 1) A B 24 b L LS
K T RRTTIA 6. 30 pg, 20 WAL S E F 75
() 2. 95 mg MY 1/500, fif Pk T 1% 40 7 i Aer i) % #5
AR, 28, A FWE R 7-MG 1 G &
ST REE R 1 SRS () HLAAR AR A, AT LS
X 7-MG 1 G (@ RE s o b, seah, iR
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TN TR A I 77 A i 22 02 R AR SC R it 5
HO IR A R 23 BT 2 38 2o IR £, T
RS TR IR S g b FURRE S B4 5 3G G P L
H FR ST 4T S 2R 0 2 AR R A P o 2 7 A A K Y
T PR o EEAR TR IR B, mT DU i o e 1 12
A AR B s HERR oAl B 4L 7 . bedn, Lin
S SE I BRI B B AR L AT M T
—Fh iR IRBTRE (CEA B 1Y) THz M AR Y 1%
JEERRALI CEA MIMREE . LAk, 38 7T LUfH 2
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Abstract

Objective Guanine is one of the four bases of deoxyribonucleic acid (DNA). It pairs with cytosine in the double
helix structure of DNA to maintain the stability of life activities. However, guanine methylation can affect the normal
operation of DNA. When guanine is methylated, it immediately depurinates and forms apurinic sites, causing DNA
alkylation damage and increasing cytotoxicity. One of the byproducts of guanine methylation, 7-methylguanine
(7-MG), is commonly used as a biomarker to assess alkylation damage. However, traditional medical methods, such
as gas chromatography-mass spectrometry (GC-MS) and high-performance liquid chromatography (HPLC) used to
detect 7-MG, are time-consuming, cumbersome, and costly. Therefore, medical research needs a new accurate and
swift method to detect guanine methylation. Furthermore, THz fingerprint spectral characteristics enable it to
effectively identify biomolecules. However, the detection limit of the traditional tablet pressing method is at
milligram level, which cannot meet the application requirements of low concentration detection (microgram and less)
in the biomedical field. Some researchers have proposed combining terahertz spectroscopy and metamaterial
biosensors; however, these metamaterial biosensors are limited to the detection of a pure substance and cannot
realize qualitative identification of substances and mixed quantitative analysis. The chip designed in this study was
tested on binary and multicomponent mixtures to check if it could predict the concentration of 7-MG in mixture
samples. Finally, the 7-MG content of the mixture was determined using the standard internal method and the
variation function of a pure 7-MG product. The minimum detection limit is 6. 30 pg, which is 500 times lower than
2.95 mg by the traditional tablet pressing method. Furthermore, when 7-methylguanine and other substances are
mixed together, they exhibit different frequency shift changes on the chip, allowing high sensitivity qualitative
differentiation and quantitative detection from the mixture. This study provides important reference value for the
subsequent rapid detection of 7-MG content in human cell DNA, and the detection and treatment of diseases.

Methods In this paper, 7-methylguanine is considered as an example to design a metamaterial chip based on the
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capacitance and inductance effect to enhance THz detection sensitivity. First, the frequency shift response of 7-
methylguanine and guanine was measured through terahertz time-domain spectroscopy. The chip used in this study
was then tested on binary mixtures and multicomponent mixtures to check if it could predict the concentration of
7-MG in mixture samples. Finally, the 7-MG content of the mixture was determined using the standard internal
method and the variation function of a pure 7-MG product.

Results and Discussions In this paper, the relation between chip frequency shift and the amount of
7-methylguanine (Fig. 4) is obtained by conducting experiments. When the amount of sample increases, 1.e.
When the concentration increases, the characteristic peak starts moving to a lower frequency (red shift). The
nonlinear equation f(x) = aexp(bx) + cexp (dx) is obtained through function fitting, where f(x) is the frequency
shift and « is the effective mass of the sample. The corresponding coefficients are: a = 0.04336, b =0.002242,
¢=-0.04559, d =-0.05696, and the goodness of fit of determination coefficient R* = 0. 9915 can be obtained.
The same test is performed on guanine (Fig. 5), the corresponding coefficient of guanine was a = 0.06861,
b=0.002499, c¢c= —0.06831, d = —0.02969, and the goodness of fit of determination coefficient R* = 0. 9895 was
obtained. These results show that for known samples, the content can be detected using the corresponding frequency
shift relation; for unknown samples, the curve of unknown samples can be deduced by testing samples of different
concentrations and fitting the frequency shift curve and comparing with the existing curve parameters to achieve
qualitative analysis of the unknown sample. From the test of the binary mixture, the frequency shift of the mixture is
found to be the superposition of the frequency shifts of individual substances in each group (Fig. 6). Then, the same
conclusion was made by the testing the multicomponent mixture (Fig. 7). This shows that the frequency shift effect
of each component in the mixture can be separately calculated, and the frequency shift amount follows the frequency
shift rule of pure product. Simultaneously, by comparing the actual value and the calculated result of the mixture
frequency shift, clearly, the total frequency shift of each substance is almost the superposition of the single-
frequency shift of each substance, with an accuracy ~>85%.

Conclusions This paper provides a new method for nondestructive, rapid, and accurate detection of molecular
methylation. Considering 7-MG and G as examples, a terahertz metamaterial chip is designed based on capacitive and
inductive effect. The detection limit of the chip can reach 6.30 pg, which is about 500 times smaller than that of
2.95 mg measured using the traditional pressing method. Here, the metamaterial chip is covered with different
concentrations of 7-MG and G. The specific change in absorption peak frequency shift allows for qualitative and
quantitative analysis of 7-MG and G. Furthermore, the mixture test confirms that the frequency shift of the mixture
is a superposition of the frequency shift of a single substance. Then, using the standard internal method and the
variation function of a pure 7-MG product, the content of 7-MG in the mixture can be calculated. This method can
also be used to identify other molecular methylation products, such as 6-methylguanine, which is formed through
guanine methylation, and 5-methylcytosine, which is formed through cytosine methylation. Hence, the findings of
this study can be used in the future to accurately detect human DNA methylation.
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