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[ Abstract | Objective To explore the molecular interaction mechanism between theophylline and DNA aptamers
(APT) using various techniques. Methods Firstly, biolayer interferometry (BLI) was employed to determine the affinity
between 2 pmol/L APT and a gradient of theophylline concentrations (31.25, 62.5, 125, 250, 500 and 1 000 nmol/L) in
100 mmol/L Tris-HCI+3 mmol/L MgCl, (pH 7.5). Then, circular dichroism (CD) was used to measure the CD spectra of
4 umol/L APT before and after binding with 2 pmol/L theophylline. Finally, surface-enhanced Raman spectroscopy (SERS)
was used to record spectra of 50 umol/L APT and 200 pmol/L theophylline before and after mixing, and difference spectra
were analyzed between the theophylline-APT complex and APT alone. Results The BLI experiment showed good affinity
between APT and theophylline with an equilibrium dissociation constant K, of 0.25 pmol/L. Moreover, the affinity of APT for
theophylline was much higher than those of theobromine and caffeine, and the selectivity of APT for theophylline was good.
With random DNA sequences as negative controls, it was confirmed that the binding between APT and theophylline was specific
rather than non-specific adsorption. The CD experiment confirmed that the conformation of APT transformed to the stem-ring
structure after binding to theophylline. The SERS experiment showed that the combination of APT and theophylline caused
changes in guanine, adenine and cytosine on APT, indicating that the conformation of APT changed after binding to theophylline,
which in turn led to changes in the SERS signal of APT. Conclusion Theophylline interacts with DNA APT molecules with

good affinity, inducing changes in the molecular structure of APT and altering the positions of its bases.
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AR (aptamer, APT ) 45 i 48 50 4 1)
fic ik ZGe b B R (systematic evolution of ligands
by exponential enrichment, SELEX ) #4521,
AE 5 R SRR LA 2R S) L R e e PR s 5 0 A
DNA B, RNA " APT 4 T 20 142 90 4E(L 1
B 07 e TR B BT B BT A58 3%, APT 7E 25 W) i
K PRIRIGIT B A R A 22 STl Y 1
WFE A HUAR RS M. X APT 5 Bc AR A0 5 4F
HEATAESE R I A DG Y AR BRI BALSI, Pofk APT
PERE, $ETHHARLIRIZI 5107 T HRCR, N
RS W ANGT 7 7 15 S A LR, LU SE )
FHEIRYT

1994 4F, B2 5818 WO SERZ H TR SC v i ik
5B A RNA APT ™, JF X 25 il RNA APT Hy 45
HFINRESEAT TIRAWIFE, fam 7 H S RWE S
B4 FHLE . AH# T RNA APT, DNA APT ByfaE
PEE S A UNA AR B 5 TG, A )T APT
{6 6 0 A1 B2 . Huang 4557 67 € H 2K 6% 79 DNA
APT I 5E T H 5200 2 A Sy, ikl T APT
RS I TR, {EJF A X DNA APT 5 5554 F
AR B A FOBL SEAT BP9 . A SCHl A= W e+

( biolayer interferometry, BLI) #f A, [ — {4 %

(circular dichroism, CD) $iAR | FRAEHRHES
i ( surface-enhanced Raman spectroscopy, SERS )
FARXT DNA APT 5 28073 [0 AH B A FIBL ] kA 7
T

1 #MEFFE

L1 aXG 2R, Al alad, mmmER (o pral,
&S 2y ke hoERe ) 5 JoK MgCl,. MgSO,.

AgNO;., KI. Z K & Fr 4 2 = 4l DMSO (4}
Mok, bR HRLE B A R AR ) 5 Tris-HCI
Z% ni il . DEPC Ak BLJK (fij #%X DEPC /K ) [ 70 #r
ai, ETAEY TR (L) BRITARAR ] #%
2 APT (5-GACGACGATTGTGGTCTATTCATA-
GGCGTCCGCTGAGTCG-TC-3") . FfHL4E DNA
J¥ %1 (random single-stranded DNA oligonucleotide
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Biotin f&1fi &% 2 APT 1 RD [HPLC 4lifk, =T/
YA (B ) MARAR ] KKk (%
TERF 2 EBe W) i 2k Al ) .
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mmol/L Tris-HCI, 3 mmol/L MgCl,, pH 7.5; J5%L
BRI G vl ) h, S8 Wi fs BNy
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1.3.2 BLI#&M  BLIKGIEZ S AALIE (50,
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2 pmol/L ) RD ¥, 2%t 45 200 pL, Jin A EXT
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MgSO, R MBI : K5 % FREL 16.6 mg KIFA |
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th, SEATERE BDAS A 1 mmol/L Y KI AR
10 mmol/L ) MgSO, ¥ #i. APT/RD ¥ ¥ 1) Iic
. HL5.02 nmol A APT/RD T 43 &5 .0» (2 min,
2550 Xg) , JA 100.4 uL DEPC /K 7¢ /3 s fitt,
eI A1 2 E A 50 umol/L i APT/RD &
152 ARREETR M H & RV Lee 15,
T FRBUEIRAR 36 mg C &M T 6 mL 251K
W, A E =R, B 194 mL £ B FK,
TE 0172k N TF R BG4 s AT T o i,
¥ 4 mL AR —BKIE IR B I A =BT, 4k
SR 1 hJERHD MG S, RAEREREHRBE

153 4KBRRERAE KA, BEHEEERIE: B
0.5 mL #R R TE50 (10 min, 6 530Xg) ,
B BTSN 1 mL 2288 Tk B IR, dEiT%sh
W IR 4 R 75 S L S BB I

RARFRAE: B 1 mL ARGV 500 (10 min,

6 530Xg) , EBR FIFMREMA 10 mL ZEF/KE
%, B mL ZERAR MR g .

1.54 SERSME (1) MEHRATEIE: ek
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THVE, WHL 10 pL AR RN 4 pL 1 mmol/L
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(2) APT/RD (I 5. Ab HRJS (4 4R B 3 0 A
5 uL 50 umol/L APT/RD ¥ & "X #1321, H- A
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(3) /N CZRme/ ] ] e/ m el B ) 3 3 1)
JE . ACEE FARISEE O S pL 200 mmol/L /Ny
TR A AT 5, A 2 uL 10 mmol/L
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ALF S AR AR 5 uL 50 umol/L APT IR KX
FT¥95), SRIGIIA 5 uL 200 pmol/L /N3 T BIbRERR
WWRFTYS), A 5 uL 10 mmol/L MgSO, ¥,
WX AT 3457 )5, i A DEPC 7K & 24K F1 54 30 uL,
K4 SERS K3, (5) RD- 250 A I E . 5 APT-
IINGY TR I R A T

2 # R

2.1 BLI#&m %R

211 APT §EmWEaF2 WE 1, FIH
BLI{XE$I5E T 2 pmol/L APT 55 B4 3 25 ik 1 45
G- REOL. SR RIR, (BB G N A R A%
B FE A S i ize i BT, 435108 0.011 9.,0.021 7,
0.036 9., 0.056 0, 0.075 7. 0.090 6 nm, 75 H)F
17 {7 B W B K, =0.25 pmol/L. [A] i, APT 5 456§
MY 256 IR AR I R EIR 2 TP AR, Uil
B Z I EER = SRR T

2,12 APT 5 °F & i & 7 7 g op o e (] B9 46 & 1 L
A UL 2, ZEAH R S&E R XS AT AT 68 -APT ., Wil
MEA -APT #£47 BLI 525%, A5 09 Al nl k5 APT /Y
ST A9 S B KUK A 656 umol/L. MITHE R A fin A -
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Fig1 Association-dissociation curves of APT with

theophylline in different concentration gradients
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Fig 2 Association-dissociation curves of APT

with theobromine (A) and caffeine (B) in different

concentration gradients
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Fig 3 Association-dissociation curves of RD with

theophylline in different concentration gradients

RD: Random single-stranded DNA oligonucleotide sequence.

22 CD % R WHE 4, APTIEW Y CD
YGIEAE 280 nm éLﬁé/\IEﬂlk 245 nm AbF — M1
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Fig

4 CD spectra before and after APT binding
theophylline
APT: Aptamer; CD: Circular dichroism.
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Fig5 Characterization of AgNPs

A: Ultraviolet-visible spectroscopy of AgNPs; B: Particle size diagram of AgNPs; C: Transmission electron microscope image of

AgNPs; D: Histogram of size distribution in transmission electron microscope. AgNP: Silver nanoparticle.
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Fig 6 SERS spectra of APT (A), theophylline (B), theobromine (C), and caffeine (D)
APT: Aptamer; SERS: Surface-enhanced Raman spectroscopy; a.u.: Arbitrary unit.
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Tab

%1 APT i) SERS &3
1 SERS peak assignment of APT

Raman shift/cm

! Vibrational assignment

233 APT-/N4F. RD- 2% 1 SERS # |  %i4s
Bl -APT & 541 SERS [Elik 5 APT f4) SERS & fi
T2 (F7A) , KB 2 0615 UHE 509, 567,

509 G, ring deformation B .
569 G, ring breathing 686, 1292, 1394, 1573 cm ' AbWoR A, Horp
642 G, ring breathing 509, 567, 1394 Fl 1573 cm ' AL IR H T APT
732 A, ring breathing . i R - .
792 C, ring breathing AEN A7 B DA iR BE SR, [RIRS 686 1 1 292 cm
950 Deoxyribose +dG A 5 73R R AR U o
1027 C—0, stretching vibration TN - S
1092 PO[, symmetric stretching Xﬁ“ﬂﬂﬁﬂﬂ%ﬂmﬂwlﬁ/fTT*a IEJKLI\IE tbi&a gn
1329 dG(C2"-endo/syn) K APT 5] nIidiE & J5 H SERS {55 LART ol 6k
1394 A, ring modes e L S A s L = .
1573 A+G, ring stretching vibration SERS fri 5 £, . AT b bt APT ijg (K7B)
1 639 T, ring breathing 1M APT 5k R A J5 H SERS {55 H A APT (1)
APT: Aptamer; SERS: Surface-enhanced Raman spectroscopy. =5 (K 7C) .

+£2 ZFWEHI SERS EAIVAE

Tab 2 SERS peak assignment of theophylline

Raman shift/cm

1

Vibrational assignment

454
519
568
643
684
929
950
1184
1218
1306
1380
1436
1532
1586
1 688

Pyrimidine ring deformation + O=C—N deformation + CH bending
Pyrimidine ring deformation + O=C—N deformation + CH bending
Pyrimidine ring breathing

Imidazole ring deformation + N—H deformation + CH deformation
Pyrimidine ring deformation

Imidazole ring deformation + O=C deformation + CH, bending
Imidazole ring deformation + N—H bending

C—N stretching + CH, bending + CH bending

C—N stretching

Imidazole ring stretching

CH; bending

CHj; bending

Imidazole ring stretching + CH bending + N—H bending

C=C C—N stretching

C=0 stretching

SERS: Surface-enhanced Raman spectroscopy.

&3 TAIATHEAY SERS IEGIIFE

Tab 3 SERS peak assignment of theobromine

Raman shift/cm

1

Vibrational assignment

473
522
637
696
753
798
951
1033
1074
1194
1234
1313
1353
1385
1416
1603

Pyrimidine ring deformation + O=C—N deformation
Pyrimidine ring deformation + O=C—N deformation
Pyrimidine ring breathing

O=C deformation + N1—H deformation

C=0 deformation

O—H deformation

Imidazopyrimidine ring deformation + CH, bending
Imidazopyrimidine ring deformation + CH, bending
CHj; rocking + C—N stretching

CH, bending + C8H deformation

C—O stretching

Imidazole ring stretching + CH; bending

N—H bending

Imidazole ring stretching + CH, bending

CH; bending

C=C stretching

SERS: Surface-enhanced Raman spectroscopy.
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x4 WHEERY SERS IEAIIAE
Tab 4 SERS peak assignment of caffeine

1

Raman shift/cm Vibrational assignment

483 C—N—C deformation

555 O=C—N deformation

644 O=C—N deformation

692 C=0 deformation

742 O=C—C deformation

802 N—C—H deformation

949 Imidazopyrimidine ring deformation + CH, bending
1027 N—CHj; asymmetric stretching
1076 C—C flat deformation
1253 C—N stretching
1329 Imidazole ring stretching
1390 C—N asymmetric stretching
1433 CH; bending
1 600 C=C symmetrical stretching
1651 C=0 stretching
1 695 C=0 stretching

SERS: Surface-enhanced Raman spectroscopy.

W\/\/U\A\v MWM T e moleeue
——DNA
—— Mixture of DNA and small molecule
W/W —— Difference spectrum
1292
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Intensity/(a.u.)

Intensity/(a.u.)
Intensity/(a.u.)

. . . . . . , D
400 600 800 1000 1200 1400 1600 1800
Raman shift/cm '

7 DNA 5/753FH) SERS EliE LA
Fig 7 SERS spectra of small molecule and DNA
A: APT and theophylline; B: APT and theobromine; C: APT and caffeine; D: RD and theophylline. SERS: Surface-enhanced Raman

spectroscopy; APT: Aptamer; RD: Random single-stranded DNA oligonucleotide sequence; a.u.: Arbitrary unit.

e B BEAL DNA 751 RD (2.1.3 i BLI SZ 56 iF
SEHGZRETCEAN T ) AR XS IR, 25— 7D B
~o RD S5AHHIR A S, H SERS K% Hul RD 1Y 3.1 Fm5 APT X R #y %A/  BLI 22— Tr
SERS KliE&—5, 2L F R —5KHZ. il REEOSEEOR, AT THE 2 M85 60 T2

Wit
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[] 4 35 A1 10 ARSI F ] BLLA SE T APT
AR AT, S5 RAG IR G R AR W b
AR BE A 3G T 2 T, SRBHBE R AR 1)
P, APT S250045 5 AR FECE I . IS
VA it S R K, =0.25 pmol/L, 5 AR E B A
W5 B K, 0.51 pmol/L ' /43 AH3E, APT 54504
M 25 A IR AE R T R SRR 2] TP AR, viB
HRTLIMGHEZE G
32 APT &6 5wt ® CDHEAREAH
RE . AEREIRYE T2 & R SR A, 7E DNA
WEBE A &) ZrR . Bl S5 DNA
454 43Pk 28 DNA B CD {5 %, 3 i WLgE A3 Hr
X Le A Ap ] LT i DNA 5 BCAR 454 5 i DNA 4
G K 4 TR, APT WY CD LI I
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