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Design Strategies for DNA Strand Displacement Reactions via
Secondary Structure Modulation of DNA Strands
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Abstract In this study, various types of self-complementary secondary structures were introduced into the input
single-strand DNA of strand displacement reactions to change their free energy and conformations, aiming to investi-
gate the influence of different structures on the rate of the strand displacement reaction. We found that the reaction
rate decreased as the length of the self-complementary structure increased. This effect was more pronounced when the
self-complementary structure was designed in the toehold domain than when it formed in the non-toehold region. The
incorporation of secondary structures into the input strands led to varying degrees of reduction in strand displacement
reaction rates, and in some cases, completely inhibited the reaction. Finally, we elucidate the mechanism by which
secondary structures influence the kinetics of strand displacement reactions, offering new insights into expanding

the temporal regulation capabilities of DNA strand displacement and advancing its applications in DNA molecular
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computing and biosensing.

Keywords DNA strand displacement reaction; Secondary structure ; Reaction kinetics

SR BT DNA S5 B4 S0 2 F F DNA 70 F 24280 B iR RE2E 5%, DA— 255k DNA 8 0 57 2 A
IR 45 5 IR S 9 53 SRS 4 DNA XUESS F H A — 25 Bk U R o0 B R SO, HATHE I )P 41 IE 32
PR HIEFAT R A S DNA £ B 50 (SDR) R G0 7E# I N LU IR sh 5 7 Rk A5, B2,
A LATE N 25 A AN St s il 2 g 1) shAS %, R, BE S0 0 12 FHF DNA 43 FF3800 | nl i
RO L) AL RO | A M Ty BB 2 m] s Rl e A

HAT, BEFEE AT 5200 7 A2 55 A T DNA B B4 S b R i R R T T 2 ks . Bilan, #s%
R BRBE A N7 AR BN, i B N R R AR BRI, AR R S5 R 6~10 4Bl R A S 3 4 15 5]
TR0 X6 ST R A5 R [ B BRI A T A28, 4 5-FR L (SmC) 12, B B 48 S 0 ik R i 7
JE A5 XIS CAB R A B i 4 =, RS L S T SmCAB M LT AS = AR R L BR T AR T AR
RUBCE S 254, R A T 2%k s DNA XUEE B B 2544, FRF0%F DNA 85 B 40 s N s R A 52, anfe
DNA XU A5G DX 5 | ABRZEFEC >, BlE HBCEC A, S i s PR ELF e LU R AIG . T X 2655
BB NBRANAE LA S A DNA XUE A B 4540, HRT, DNA SUEER) [ B 2546 Q] 5% i dd B 46 5 (1)
R A TR R SE

FEF“LER-THRE AR R, ASCHRIT T DNA B S5 R0 B 40 S N R 520 . X DNA FUEE
SIS ABE ST DR | g ABE T X AN R B RR XSRS A 3 2R R i A BE B2, XS
[F)2E 45 M AN KIS B | A B AT AN RIS AROAE e s5 M0 ) E AR, 45558 AN TR S5 A ot ik 46
FRIRLE SN A IS I o [ 8 M Ny AR N e [ TR R Lo VA TS S B s g eI
FA A RICR B DX Mt R S R O 8 . 7 0 o S o7 (1 i A HR 5 [N 2540, XoF DN A % B8 46 S i
R AR R RERE A RRAG , e PHAE R R AT . R, BB T R A MR WA e SN R A AL
S DNA TG s A BE Ty 903 75 B HRAIE T 225 | TR0 R 40 S B 15 0 5 1 78 B 2 1 HE DNA 315
AR S TR T N

1 SEIGEH

1.1 iKF5EE

DNA B, A= AW TAR (B ) I A PR w5 5 alifk ;s 7SK& &b BE (MeCL,-6H,0) , Zr#radi,
] 2 5 AL AR A BRA F 5 IXTE 28 M7, Sigma-Aldrich B8 A BRA H

Milli-Q #A 4l K A, 3€ [ Millipore 23 ] 5 5702 AL 3 25 .05 ALl Centrifuge 5427R &5 .0 AL, 7 [
Eppendorf 23 7] 5 14 i€ 16 &) % M 3R A5 Wl 5 2 5 i AX (PCR AX) , 2% |8 Thermo Fisher Scientific 23 ] ;
UV-2600i I 484h-1] W66+ (UV-Vis), HAS Shimadzu 23 7] ; HL T K-, Fi-+ Mettler Toledo 23 7 5
SH1M2 %! Biotek Bf#R{%, ZHRECFHEA FRA ] .
1.2 XWAHE
1.2.1 DNAFF71%1t  DNA Z3 B IEAE A PR BN 0] . X T84 DNA, fEEAEIEAS 741
W, A BB T JAE M, M DNA & B SOW S5 . T R TR EE IR, A A BAsE DNA
FKHRALER A, C, TSA, G, T 3FHEIER =075 . [FEF, AT BE®E G 3 A [ Bk It i 25 H 21
DNA i A M55 5 IR R Z5F38 B TS T 8 G Z5 AR, SR A UL 741 . i NUPACK T HBfALA= A%
DNA JF41] . 7ESZEG 4644 (18 °C, [Mg* ]=12. 5 mmol/L) T, i Jf] All stacking #& B FHM DN A Bk & JE il —
REERI A FBE A G S T kAN R R R A BRI, A S5 A3 NUPACK T HLIG UF 1EAS 1 .
1.2.2 DNA BB E &  UV-Vis & —FF 0 F X R S AN I & AR BRE R, X4 2 A
A AT M RAE T . DNA 43 F76 260 nm Bt A e RS0 FLSEAE AN - FL 2R e A, TR TR
WO 5 RO B A2 R B ) e AR B2 E LU G R, RSS2 DNA BREEVR I . ZEDART, AR
1A1- PR 2 A A Ze M3 L RN T FRAX A 1 R G L, S DNA R B 2 A am Wk B . X TR /N T
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36 nt(Nucleotide,, #1712 ) ) DNA 85k, FH 28 /KB 5045 2 100 pl; XFF KT 36 nt [ DNA Fg%,
FHZ B TOKFR R 10075 2 100 pl. LB FAIAA R AN PN S . B e 28 1Kk
FEIEAE AL, 2 5 M B IO RE S VA O A A DE HL B LA AR 2 HEAE 260 nm A i IG5 [H]
iF, BT DNAZE 330 nm A TCWE I, 1255 330 nm A AW BE(EAE M7 S B . 8 3 22 (A R PR
SEEEELFH T 18 DNA BBV

1.2.3  DNA W4 440 8y & % Frf F B 4 21 Pl 2 2% St 2B B AR K AR5 TR I, 1l 45 9 DNA L
AV IAYR FE YN 10 pmol/L, ZARFRII A 100 wl. b 7 305 1 T5E SR 2s M & R o R e
WEg, XFICH I B DNA 15 5 %8 A DNA JF & WL, PSR BBERI LB 1. 2:1. 05 X
TN TAEM DNA (5 SHR4540 T 004k , VKA 0. 55 T90O6HE . W AAEEMI LI 1:1.5. 1
5 12,5 mmol/L MgCl, 1) 1XTE Z& v (pH=8. 0) /1, JIIA 2 25 Hidi = AN VR FE . KRB WA PCR AU
il A A2, 1R KFRP AR 1 TR .

Table 1 Annealing procedure for the preparation of DNA double-stranded structures

Temperature/°C 95 95—25 25—4

Time gradient S min -0.1°C/6s Direct cooling o

124 DNATFHEEK R Bk ks h R 8 EEAR AU DNA THRAR R AT T 28080 J1 22
H1 25 5 3R B AR AL RAE T2 5 . M rp i B DU (28 6 2 (TET) %O A, ik (R ) B K e
9510 nm (540 nm). B4R 454> T 76 & A 12.5 mmol/L Mg> i IXTE 25 vhifi th ¥ 51 1R &, LMk EH
250 nmol/L, & T kA bt i F o DNA XU A & it T 8 it %, IR A L FEAEvK B AT . IR A0
ANEBA 96 FLAH, FEFLINA 99 pL, M FRA A AL, 55 BRI TRARTIFR, LA B 5%
FEVE R F2OE . 433 A 1 pL 10 nmol/L iy A4 2 & 4L IR A b, (i AMS 5 &k R
100 nmol/L, YRI5 G Akl . &A1 B SO i B AR A (18+2) “C. oy T kS G L T RO K
P[] B S 11 B0 K, R HRBI B i M 1 min.

125 HAEE—AE  HTEAERINEERZE KA R 2E S, AL I AR 2k 10 2 s 5
B AN, PTEVE AT, X AU8 o3 B T T U — b HE . Rl seas e, S ol 1SS A it

R R m DO GIR AR, 1C K 1,5 H iy O BOA5 St s 1] ¢ =0 I By A7 iR A B/ ME R € L 120
Ly X T8 ATEI A ESO CREEE L, N —AbJ5 pOE L i PR
(I B Imin)
I“ j—

(L - 1)
2 #R5iTR

21 BWNESZHREMIZIT

DNA 4 B S5 218 5 i A — 2% DNA BABE I 55 DNA U S5 F4 TP () — 2555 L ANEC X, 18 TR XU
W) 55— 2R FRBE B T ORI RS, R LA IR sl % Jr 20K T2 5c s B4 TR g, Horp, 7 R S A
() DNA B & 40 S0 7E DNA A A5 8] T T 72 W . Scheme 1(A) /R T 37 2 554 500 DNA £ B 4 J2
N B HLER 5 B ¢ 6 3k A1 1) R2 580 A K A 1Y) R1 2% 58 TE BORUEE 25 4 R1-R2, 7EMR & Hom A% A
BEUE, DS 2 (B A 5 R1-R2 AUELE S, #1750 3GTH, 2R R1 B0 TR, JERLR2-13L
B AT LA R DA A W b A B 0 S (1 Bl F) 2 e

M SIAFAERE N R VEECIT , DNA BUE% [ Bl LU AMECXHE i 2254, Scheme 1(B) B T 3 Fif
TR R, BIUAE ST R A DX BB AN T DX BOBUEE DL R 7 2 s AT DR T RO
STHENE DG I =013 % N i I &2y s I WD N e o S F A = R N R e N B T AL s v
(3 % [Scheme 1(C) J. ASCHEET 3RS AL R ZEM BT E DNAFE A, #R98 T AR R Z5F X% DNA
A S0 R A A
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(A) Toehold-mediated strand displacement
 —
R O N N
M T e =
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Stem  Toehold R2 "
(B) Secondary structure of input 1.0 ©
=
S 08
z
= 8§ 06
- =
3
g 04 |
: % 02 |
Tochold domain = —— Without secondary structure
S Aol i " —— With secondary structure

Time/h
Scheme 1 Mechanism of the toehold-mediated strand displacement reaction(A), secondary structure

design of the input strand(B) and exemplary fluorescence Kinetics results(C)

2.2 3R R Z R XT 5 B R R R ER B 20

FFE R FH I SR R DA — 255 B SO0 o =, BV A ELEEF T TP 6 B U () DU 254 7 A 2
Hefas. Hrp, B ABERIE R 26 nt, E RS20 F 09 DNA SUES5H H AN IR 16 bp, 37 e 45 XIHY
J95nt EAEIRTE T R S KT AN (] 2 45 M ol e 40 S 7 S SR P S . B A B T
DS AP XI5 TR 4K 2~5 bp (374 A5 58 4 1 AN 1Y 4 Fh — b4 . SR, T F NUPACK T =L 700 H:
%K HmAELE 1(A) ], BRI R R, bE AN BRI, 5 ABE A R AR WAL, 25t
PERGIN . FEAVEATIR KA BRI EOL T, X ASEVEAT T 9868 ik . 25BN, S AHE I 2%

(A) Secondary structure of the input tochold domain
Secondary structure  T-0 bp T-2 bp T-3 bp T-4 bp T-5 bp 1.0
O O ..
- = z
— e e 0.6 g
— 0.4 %
N =
26 nt 26 nt 26 nt 26 nt 26 nt 02 =
-
m
0
Toehold domain 0 kcal/mol —0.42 kcal/mol —2.38 kcal/mol —4.98 kcal/mol  —5.09 kcal/mol
30
1.0 B ©
=
=
2 08
2] 20 |
Q
£ 06 —Input g
g e — T-0 bp E
S 04 — T-2bp 1oL
% =&t
2 — T-4bp
£ 02 — T-5bp
0 H] 1 1 0
0 30 60 90 120 T-0bp T-2bp T-3bp T-4bp T-5bp

Time/min

Fig.1 Strand displacement reactions using inputs with secondary structure in the toehold domain
(A) Secondary structures and free energy of DNA inputs (1 kcal=4. 184 kJ); (B) fluorescence kinetics test results without annealing ;

(C) half reaction time.
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S5 (T-0 bp) 87 e 5 X IR AN F K 2 bp (T-2 bp) A3 bp(T-3 bp) B, 4 B s s [ K 1(B) |, 1
24 10 min 28 SRR EE RN IR -5 5 1737 2 5 KIS AR K 4 bp (T-4 bp) F1'5 bp (T-5 bp) B}, 7££4 100 min
A BN . RSN R] (2, 2GR B (LA B S0 V- 15 -5 o 0 19 HP (s o 7 F st ) Ay T H s
NEER [ 1(C) 1. 4% ABE R T-2 bp 5 T-3 bp B, 2 SO B[] 29 3 min, W #3485 T-0 bp /i A
FERTAAI] 5 50 ASE A T-4 bp 5 T-5 bp B, 2 S BB ] 43 5112 28 1 29 min, [ 3805 0 2 REAIL . L iR%s
R, i AR ST S KT R R SRR, B BAMS RN, RS R R e AR e, B IS 0

N T AR ABEAR 2B K G IR K AL PRI 2 i B A A R A S, T Xt R e A 5
i), Kt A B4 SV T A R P A TIR KBRS VR A, IR T 72968 i, B 2(A) AT,
1 A% A1 T-0 bp A1 T-2 bp B}, D¢ EIREELEL 10 min FAE &, HARLIE KB —3; i A%E K T-3 bp B,
PECHRFETEZ) 15 min F3EF- 5 5 i ASE 4 T-4 bp FIT-5 bp I}, 250 EETF £ 110 1120 min k55,
5 AR R A B RS (] 2 s A 3 . [R) R DA Sy s ) A 7 1 b, R 2(B) 25 SR R, i ABE N T-0 bp
5 T-2 bp i, 2SS [R]324 3 min, 5 RIB K30 fi AEE R T-3 bp BF, 2 SN [R] 2 4 ming FiA
54 T-4 bp I T-5 bp I, 2 Sz B A] 4 32 136 min, 5 AGE KA G, SO R 0 SRR A . 45 SR
B, 52008 K AL FRE AR EL , i ABE A 2R KA BRI IR, AN ] 20 235 A e 400 S IO 3 23R 1 52
FABAHE] . HZR KA FR S, i AEE T B R A R A5 R o i FLE A, PR S 1 3 46 ) s i) B B
. SR T AR B N AR R VTS B R AAG=AG . —AG,,.., FFEEET 2 RN}
)5 E HBEAE RO FR, BB it a5 [ i REAE AL AR IEARSCHE [’ 2(C) |, X —HLA T DLIE

, . 2.98 + 37.50
i i pR §§ YA t,,=37. 50+ .
HBURIEE BN R : 1,,=37. 50 1 + exp[(AAG + 4.10)/0.50]

[(A

—
(=1

0.8

0.6 i

fi2/min

0.4

02 F

Fluorescence intensity/a.u.

<

0 1 1 1 1 1 1
30 60 90 120 T-0bp T-2bp T-3bp T-4bp T-5bp 9 -8 -7 6 -5 4 -3 22
Time/min (AGaper—AGhetore)/(kcal - mol~')

<

Fig. 2 Strand displacement reactions using annealed inputs with secondary structure
in the toehold domain
(A) Fluorescence kinetics test results; (B) half reaction time; (C) relationship between half

reaction time and free energy change (1 kcal=4. 184 kJ).

23 TR R 5EE R iR R0

PRIE T T XY G b Ha X T 36 S5 o7 R (A 2] . RS ABE T X BT K EE S 2~9 bp I B 5 F4
I (f7 454 S-2 bp~S-9 bp) , I NUPACK T ELF0M T H [ HRE M4 . BlZh R0, Bl BAM X,
KRN, B A B R Es M0 B i BEREIRLIEI 3(A) ], 5t s .

T e A AR K A T T IR B 3(B) ], i ABE R S-2 bp A1 S-3 bp B, SV 3h 1
NHEARTE B G546 (S-0 bp) B —2, 5eEHREAEL 10 min BE V-5 5 i AGE A S-4 bp IS -5 bp A, 2¢
G BE 4> FIAELS 50 F1190 min F3A- 6 ; iy AN S-6 bp IF, IR EELE 2 h (MRS A B i T
BT X AN IS EE>6 bp B, JLPAN R ASE BN, 268N 124 2 5 AN I A S A% % HE 2
— 2. HA T HAME K S bp B B2 RN R B3 (C) T, i ABE N S-0 bp, S-2 bp F1S-3 bp
i, 2 52 A 344 3 ming KR 2 bp A3 by Al 5 ANS R G B4 B 40 S 0 1SR LT JCRE I 5 S A E
S-4 bp F1S-5 bp i}, 2 KW HHE] A 11 F125 min, 5 S-0 bp ZHAH ., 5% B4 S v 33 28 0 S el 12, (5 1 %

Chem. J. Chinese Universities, 2025, 46(10), 20250174 20250174(39/43)



Jd E% s Ky g R

:U CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬁ?ﬁﬁ:\,z
(A) Secondary S-0 bp S-2 bp S-3bp S-4 bp
structure
O
(I

0.8
£z
0.6 §
Stem domain 0 kcal/mol —0.42 kcal/mol —3.08 kcal/mol —3.08 kcal/mol a
S-5 bp S-6 bp S-7 bp S-8 bp S-9 bp §
(.) 04 =
=
o =]
m

a 0.2

oK
—5.74 kcal/mol —7.10 kcal/mol —9.39 kcal/mol —9.26 kcal/mol —9.62 kcal/mol

—_—

Fluorescence intensity/a.u.
tin/min

0 30 60 90 120 o 2 3 4 5 6 7 8 9
Time/min Stem domain hybridization length/bp

Fig.3 Strand displacement reactions using inputs with secondary structure in the stem domain
(A) Secondary structures and free energy of DNA inputs (1 kcal=4. 184 kJ); (B) fluorescence kinetics test

results without annealing; (C) half reaction time.

SERRFEARIA] , (5 B XA 37 2 S AR A i ABEAF L, DS RO S bR R, TR EAME
B BRI, AR Pt B T N R B AT B e, B B S A REASARIRD RO R
P H AN I B 46 R 25 6 bp LA B, S S N TGIE R L Ak, T R R A R ) B AN R A [
F, AT X /INFAES R S 2, 1] BB bl 57 2 a5 S0 AR DS, LA LAST A2 A
MR R N I &S =85 B A, EMES | R SOV T

[FRE, Wi ABER KOG BT T 90Eah 12k . I 4(A) BoR, By ABE N S-0 bp F1S-2 bp B, 286
SRIEAEL 10 min 2GAV-5, 5AE K30 B ASE N S-3 bp i, DEEREAEL 15 min BIAE-4, B5A
VB 5 B ABE N S-4 bp A1 S-5 bp I, P GHREETT 75 A1 110 min 2 B EEF- 5, 5 AR KA ELisa] B 5
B S AEE T X B AME R EAE 6 bp B, 2S00 B IHIRBEE /N K BE>6 bp B, oIk 7 1E# 2
N AT LA B B[] R S e %4 [ 181 4(B) ], i ABE4'S -0 bp, S-2 bp F1S-3 bp B, 22 2 N s [ia] 34 2y
3 min, H - 5AKIB KEFAHIE 5 % A5E K S-4 bp F1S-5 bp B, 2 52 ] 43551 4 12 #1136 min, 5 AKIE K}
ELACAG FITHE N, LS 03 258 Y ] 20 2t P ANl P8R [ 174 37 fe e DXl e ) i A B

W HA T X A5 R DNASEVE A, THA T 885 B 0 N AR R R VTS B H B AEfk
AAG=AG,,,~AG, ., KL AAG [t A5 T IX H 5 428 i BE T 2 Wi KL 4(C) | 7R BE>6 bp I,
AAG>0, TR RN TG R s TSN 6 bpIF, HLAK B HHREA FRARAYRE R, (E00M 2 52 RATY SR JE i &
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A X R B TR AERT, DNA SR E SOV A A R R — R UK. P T RONIX
] N SON I )55 5 i BRI 3R, A BRI T SO 5 B i AEAZ L S AR EIEARSCIE [ 4(D) |, X

" 3.00 + 36.02
— B AT DG o B R 2% 2 pR G : 1,=36. 02+ :
%A@ I/J\l_,l_ /J\?Z l_lﬁ:fln iy 36.0 1+ exp[(AAG + 4. 61)/0 29]

104 120F () J I
8 40
Z
B
30
g = 20
g
.= 10
s
0
0o 2 3 4 5 6 7 8 9
Stem domain hybridization length/bp
~ O o) S5 bp
3
£ oof & 5005 30
8 = S-2bp
= = S-3bp g
: 3 = S4bp £ 20
St = S-5bp =
7 = S-6bp
g -6 = S-7bp 10 -
- = S-8bp
~ i = S-9bp
-9 1 1 | | 0 | 1 1 | | 1
0 2 4 6 8 10 -9 -8 -7 -6 =5 -4 3 =2
Stem domain hybridization length/bp (AGaper—AGhesore)/(kcal - mol")

Fig.4 Strand displacement reactions using annealed inputs with secondary structure
in the stem domain
(A) Fluorescence kinetics test results; (B) half reaction time; (C) changes in free energy with different self-hybridization

lengths in stem domain(1 kcal=4. 184 kJ); (D) relationship between half reaction time and free energy change.

24 NRABESTXRATE ZREMRT§EE R R R 800

AAA KT B 2 25 #4114 DR 35 [ B 15 37 2 sSU3s0Rn T X A i ABEEAT T 4 PSR, i 5(A)
AU, m-1 ST R 5 X 3 bp I E AN, T IXAT 4 bp [ B AN H4 5 m-3 5 m-1 2840, P BL B ANE5 44
5394 2 bp #1 5 bp; m-2 HERT-X.3 bp B EAMEE M, A T1X 1 bp #1572 s X 3 bp B AN [R]TE
PR EAMX IR m-4 5 m-2 800, B T T X B AN AL B, [RIREH NUPACK T A0 T 43Rl A
B A RRE RS . FET Z AT T RN R KRR A BRI ST SE R, HREER I
KOG PR ABESEA TR . SCIE R, B ABE N m-1 Al m-3 B, D650 AEZ) 140 min 2iA V&[S
(B) ]; B ABE R m-2BF, 7E£9200 min iAFV-5 5 BABE R m-4 BF, SOV 4 h IGAAREEY-5, [HIE MR
JEFEIE SO0 58 A 172, DL ES5IRUED], 4 FhE5H 5 R B A AR L, B 40 S iy 3 58 24 ]
TR PR R A R BB [E 5(C) ], T-0 bp 247 3 min, m-1 F1m-3 43514 34 F1 38 min, m-2 4 60
min. W FAESCIRWEIHAM] , m-4 S B AR FNR -G, P LS AT N B ST, m-4 2 52N B[] 25 295
min. m-15 m-3 N HRAXTEM, AT AR R a7 a5 IR BANERIAA 2 bp A1 3 bp, KR, 45
BT, SO AR YRS S AR T X T AL AT s . T m-4 B3R S m-2 A CE R RS, TR
T EANE 5 55— BAMEREACE 1 nt BRIFE, T m-2 JE 8 7 IR FRAREE M, m-4 BUESFAHAST m-
2 EMELAfRAE R AR RN . 25 TR, AR IIR B8 I G S5 A I A, ST R S X ) B 258
SR, VAT 22~ E AN R4 0 1] B (A AR B35 6 oz I R A J 5 5
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(A) Secondary structure m-1 m-2 m-3 m-4 20
O 0'8 é\‘
N ]
-
6’ 06 g
0.4 §
<
! " 0.2 u%
) 0
Mix —4.57 kcal/mol —4.52 kcal/mol —5.16 kcal/mol —4.42 kcal/mol
300
©
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= 60
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Fig. 5 Strand displacement reactions using inputs with mixed secondary structure
(A) Mixed secondary structure design and free energy of the input(1 kcal=4. 184 kJ); (B) fluorescence kinetics test results

after annealing; (C) half reaction time.

3 &

PASE SR s ) DNA SR B S0 20, LAROS AR 1], 5 A ABE ST A2 5 DA | fg A
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