2026 4F 4 A & i% Vol.44 No.4
April 2026 Chinese Journal of Chromatography 486 ~495

BEHR DOI: 10.3724/SP.J.1123.2025.10029

ETHEREREBEXKN _HFMNESZSLE

BefE', T &, B O, HHH, FHE,
WM, F &4, FEAT
(LK RFFERE, BRPT V92 7100645 2. B 4E i YRk A R R, BEVE PE% 710304;
3. KRBRFMBIFEEE TREBE BRI PIZ 7100645 4. (KGR MIRP 5 BEIREBE
BEPY P2 7100545 5. KERFKMGIHREEBE, BRI PT% 710054)

K¢

WE AR ILT — 4 4 {7 (4-bit) B F AR (DNA) 4K FF 6, 38 1 £ 2 DNA BAGE fih &« 4k M-3R "4 G2 5 ke,
R 25 A6 B B vk b A B A8 25 S S BB 1) b R 5 . MR IR G 0T Rl A i, X 26 4 A ) 7R R A5 S .
ARSI Z A AU R - RIS T &L ) AR R (RNA) PR 3785 LABH 1 BRAR G5 008 1%, #1715 20 %5 &
Gt ERG RN IR G A B 5 MRS DI OR3P A5 D, M A T RNA W I R0, A LIt %4
DNA ZREAR | il i) 4 5 55 Ak O SR, (1 Bt i W8 e P Dk B R AN S0 00, SE B T e F A 2 BIE B S 4
FEOT IR AL o 3K ANl 2 2E B4R T B i P UK AR AE L BR AR T X6 LUK 43 B ML 5 43 A KOG FR I AR L T L3 5 4 Ak oy
FI5 B 455 DNA F0KH AR G RTHy 48, A 808 & 1 254 BB 8 48 5 15 22 B 1a) B89 ff e BB

SR I AU A TR A K T G 5 B e W O e P K 5 A% WA TR R R AP P TR T A5 M BN 5 %

FE 5SS :0658 Xk HRIZAD A

Binary encryption comprehensive experiment based on

agarose gel electrophoresis

DUAN Jinwei*, MA Lei', ZHAO Qian’, WU Qiangian’, XIN Boyu’,
YANG Jiahua’, LI Yao*, WANG Qizhao™
(1. College of Sciences, Chang’an University, Xi’an 710064, China; 2. Shaanxi Weishinuo Biotechnology Co. Ltd.,
Xi’an 710304, China; 3. School of Materials Science and Engineering, Chang’an University, Xi’an 710064, China;
4. School of Earth Sciences and Resources, Chang’an University, Xi’an 710054, China; 5. School of Water and
Environment, Chang’ an University, Xi’an 710054, China)

Abstract: This experiment is based on a 4-bit deoxyribonucleic acid (DNA) nanoswitch, in which
specific DNA single strands trigger a “linear-to-circular” conformational transition. By leveraging the
migration differences between the two conformations in gel electrophoresis, digital binary encoding
is achieved. Different combinations of conformational switches can represent distinct information.
Inspired by the “protection-deprotection” strategy in organic chemistry, an ribonucleic acid (RNA)

protection strand is introduced to prevent the formation of the circular structure, thereby establishing
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an information encryption system. The system utilizes ribonuclease A (RNase A) for specific en-

zymatic cleavage to remove the protection, restoring information readout and establishing an RNA-

regulated encryption system. By integrating DNA nanotechnology, binary encoding, and chemical

protection strategies, agarose gel electrophoresis is applied throughout the entire experimental

process, enabling full visualization from molecular construction to information read-write. This

approach not only helps students master gel electrophoresis techniques and deepen their under-

standing of electrophoretic separation mechanisms and structure-activity relationships at the mo-

lecular level, but also exposes them to cutting-edge fields such as molecular information encoding

and DNA nanotechnology, effectively stimulating innovative thinking and interdisciplinary

problem-solving skills.

Keywords: deoxyribonucleic acid nanoswitch (DNA nanoswitch) ; agarose gel electrophoresis;

ribonucleic acid-regulated protection; ribonuclease A ; information encryption and decryption
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u=v/E=q/f (3)
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P \
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Loop 3

Loop 4

1 RNARPIFEE DNA 405K 7 52 — 3 4l in 25 /5 18 &

Fig.1 Schematic diagram of binary encryption based on an ribonucleic acid (RNA)-protected deoxyribonucleic acid (DNA)

nanoswitch

RNase: ribonuclease A.
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2 (1) DNA 94 K FF 5C 20 & %F B 4 07 i = 3 1 4 1
(Fan“1001”" FRREF 9) o WA 2a Jios , 7EGE H
vk, [ — AN VkGE B iR B4 4 5% Loop
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9 B A [ B0 1) DNA QK P IR SR TR 4 4
B AT S B 2 A6 o kT S8 W 58 5 L VK
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1), FH 1k B ArE T, 5 D, BC X fil A& 40 FME 5 5 3, 16
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RNA protected RNase A treated

B2 ¥FMESHEREE

Fig. 2 Schematic diagrams of digital encryption and decryption

a. schematic diagram of the binary encoding of digits 0-9; b. encryption of the password 349682 with an RNA protection strand; c. ad-

dition of ribonuclease A for decrypting and reading the digital password 349682.
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A )5 0.5 fi5 ¥ BE A9 Tris- i 2 2% #h i (0.5xTBE,
10XxTBE #: B 45 2] ) ; 10xCut Smart buffer . RNase
A T .RNase H F§ . Bt & &% ¥ #% 2 ¥ 1(deoxyribo-
nuclease I, DNase 1) fiff 1 75 [ fiti K(proteinase K)
(New England Biolabs) ; 35 l5 # A1 S b B8 (44,
A AR AR AR R A RS F] D) s 6XDNA | A
2% " Wi (6xLoading buffer) . 10xGel Red # iz Yt ¥}
(10 000xGel Red Fi B ) . 10x 8 fR £k 22 v %5 Wk (10%
PBS) . xR £k 5 w5 W (1xPBS) (| iff 78 U FH
JBe A AR 2 ) ) o

22 RUEFZE

1.29% Byt g Bl e e i UK < PR 0.600 0 g B HE
BT 250 mL #EIE IR H, A 50 mL 0.5xTBE, 4 %]
J& BTG AR BB A . R R 60 T,
b B ABE R & HER RO, #E 20~30
min F &R EEE . A D 0.5xTBE, &2 54k H #i
T, W B S A LUK A (7 & DNA A fr, DA B A
o] IE A B8 A i L — i W SE B ) o FERE AL,
S8 A 2 wL 6xLoading buffer fl 1 pL 10xGel
Red, IR MR EAE . fEZE T, LA 100 V HLE
(IH &) B UK 60 min, 45 5 5 4 B A il A 5 I LR &
AT AR 53T o
2.3 DNA gk FxuH &

FOM A AT A (1) 149 4% 100 pmol/L () 5
AT IR BE 4 M 1 pL A F 200 pL PCR & 1 1, [A]
if B 4G 8% D,~D, 4 B 1 pL iR & F 200 pL PCR
B2, BEENE 1A 2 25l B H 29.8 L Al 1
pL 248 3 R A BE DR A % (Mixture) . (2) % 26
R M13mp18 DNA B fiff ) e 1 M13mp18 54
L BAR T R W2 2% Sk 21 ]

F/AE W PCR & 5 A4 MK BRIy AJB.C.D,
E, 9 EE A 5 WL 100 pmol/L Vi $2 i i &
BYZE P M13mp18 DNA Hid% 0.8 wlL 2 i $2 /i i 75
Y Mixture .1 wL 100 mmol/L MgCL, Fl1 3.2 uL #H 4l
Ko WAEE T PCR AU, Je7E 95 THAEE 5 min,
SRIG LA 1 C/min (93RRI 2 25 T, BURJE A
190 pL 1xPBS & #l i # 7= ¥ % B 40 £, 15 %] DNA
RVEYKTF 1000 wL, B {55 22 5256 &

73 W5 4~ PCR & , KK #5 i & Loop 1.Loop
2 .Loop 3.Loop 4 #ll Loops. [u) %% Hh 4RI A Fi
R G 4k DNA 992K HF ¢ 5 wL. 10xPBS 1 pL Fl
MgCL ¥E 1 pL. BEJ5 , % Loop 1 FIA 1 pL
7 B A5k T, ;& Loop 2 i A 1 pL 0y HAxdE T,;

% Loop 3 /i A 1 pL % H b5 %E T, 4 Loop 4
A1 L 5 H AR 6 T,; 7845 Loops il A H 45 4if
T ~T, 4 1 pL(3 4 pL) o )5, &5 ool 4l kK
2 L, N R R BREUE 10 pL, RS . K B A A
A AE IR T E 30 min, LU % Loop ¥ EL 4% A [H
) 25 Jk DNA 44 >k JF ¢ Loop 1. Loop 2. Loop 3.
Loop 4 } % Loops 1/ Loop 1~4 MR G W) .
Jo 38 1.2% BB W GE S HL Uk 43 AT PR M13mp18
Mgk ZPE M13mp18 H4f 455~ A.B.C.D.E /Y
54~ PCR % iy £k M JF ¢ L3R DNA 40K JF 56
Loop 1.Loop 2.Loop 3.Loop 4 #1 Loop 1~4 iR
CE/B
2.4 RNA F#ENERIE

FIFH R, & 3 K 8% D, , 76 5B AR 2 4 51
A T, T, T,.T, #1 T,~T, & & ¥ , % iF R, (50
pmol/L) Xt D, IR %40% . 12 4> PCR &, #&3k 1
Be il S AR & o 55 1 AP AE 25 CHEA 30 min £ 47
D,: %5 2 A HFrBE T, 76 25 CHEE 30 min 523
{5 8% ;4 3 478 37 T/ i 10 min, f{i filf RNase
A FEArREAR R, LB D, BRI 558 4 5 4E 25 C
5 F 30 min {ff T, 5 D, 7 43 Bl %, 55 20 ff % o i
J5 L 1.2% B AE WE BE A Uk AT 0 B AT Ak
BLHL,
2.5 I REEBHIENK

R VA I FR G20 AR AR AN 2 1 H T T
AT T AR R S B T R (3R 2) . E
it b3 4 RNase A (AR % W) 5 HoAh 3 R %
ST ALk B i SR B IE R G A S S T
A& 1 - O TC g b B (BA 44Xt H) s @ RNase A (BH 44 Xt
BE 10 mg/mL, 37 C, 10 min) ; @RNase H(5 U/pL,
37 T, 30 min) ; @ DNase I( 34 1k B8/% 4 DNA,
1 U/pL, 25 €, 30 min) ; ® & A i K(20 mg/mL,
55 C,60 min) . & A 49K I 56 Loop 1 N % {4
(R PRI+ HAREE T) 00 5 Lk Eg 1 pL 756 T
TEAMF TR . 45 R 55—7E 25 T F 30 min
ffi T, 5 D, e BT . e, i@ 1.2% 093508 b5 5E
JB& FL K 3 B ik 2 1% O o
26 FEE“MZE-BE"IE

M & Uk B 44 2 A B ALAE 2 1A 6 7 B %
i, 2 A (AT HI B 22 AW B ARsE T, #7505 .
FE S bR 2 T 3RATT R R, AR 22 [ 2 T 1 1 1 ) R
TMAM BAREE . b T m SRR %, 2 5
224 M ] DeepSeek(DeepSeek-V3.1) JF & T — &
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Table 1 Experimental scheme for verifying the mechanism of RNA regulation
PCR tubes
Step Added
1 2 3 4 5 6 7 8 9 10 11 12
Step 1 diluted nanoswitch/pL 10 10 10 10 10 10 10 10 10 10 40 40
R/pL 1 1 1 1 1 1 1 1 1 4 4
10xPBS/pL 2 2 2 2 2 2 2 2 2 2 8 8
MgCl,/uL 2 2 2 2 2 2 2 2 2 2 8 8
ultrapure water/pL 6 5 5 5 5 5 5 5 5 5 20 20
Total/pL 20 20 20 20 20 20 20 20 20 20 80 80
Step 2 T /nL 1 1 1 1
T,/uL 1 1 1 1
T,/nL 1 1 1 1
T,/nL 1 1 1 1
Step 3 RNase A/uL 1 1 1 1 4
Step 4 incubate at 25 C for 30 min to enable complete hybridization of T, and D,

F2 FRHFUEBREUNKIRATR

Table 2 Experiment of non-specific enzyme attack test

PCR tubes

Step Added
1 2 3 4 5
Step 1 diluted nanoswitch/pL 10 10 10 10 10
R,/pL 1 1 1 1 1
10x PBS/pL 2 2 2 2 2
MgCL/pL 2 2 2 2 2
ultrapure water/pL 5 5 5 5 5
Step2 T, /uL 1 1 1 1 1
Step 3 RNase A/pL 1
RNase H/pL 1
DNase I/pL 1
Proteinase K/pL 1
Step 4 incubate at 25 C for 30 min to enable complete hybrid-

ization of T, and D,

HTML % , JH T 500 H bR 55 28 752 45 i L 48 5
TEFE, B 1L, A6 PCR &, #EK 2
Step 1 #H[A] Ho B il RNA {£474E 5 20 wL, 25 ChiE
%52 4,4 HTML 2 5 & 06 Tik s, 78
PCR & 43 n A B 55 H brdiE T,,25 T A 30
min. X5 M EE B I 10 uL & 55 BB 6 4~ PCR
EHENRE AR 6 4 PCR B /E NN 41,
534 fEME A P& A 1 wL RNase A fiff ,37 C
% B 10 min ff R, QR4 689 2 orREfR . 58 4 40,

25O R % 2 FE 25 CIEE 30 min, {f 1% 25 4 /Y
H¥r%E T, 5 D,.D, 543 W o fehim, B 1.2% B fii
B IS P, K X fin % 20 5 g R A 12 AR EAT O3
Br, 52 B 25 e A5 2 1) AT 0 A 132

B 30 min,

3 ZR5HR

3.1 DNA #RKF XM E R
ST ek R E 3 Fros M T PE M13mpl8

PAEE A S Oy 2tk DNA 44K 56 10 3 B I 5
TR, U TR B M T OGS AE N 4 BT K i

MR8 ([ 3a), MK 3b AT L% ] Loop 1~
4 1T % 5 2 B Loop PR 4% A4 388 R ek /)N | 14 1
AR DNA G4KIF Gl & sy . S A& T, 0,
K 3b ykiE S PR ELHE S AN, A L R AR R R
S Loop 4.Loop 3.Loop 2.Loop 1 fil nanoswitch,

— 2 UE S T A XS A3 A S0 A AN (] () 2R
AR DNA 94 K JF 56 7E [A] — Ve BE (9 %€ e v 32 B 3l 3%
ANTA]
3.2 RNA RiF#ERMZENZES RNase A EEfFZIIE

G5 FE 2.4 755 A AR S T 1.2% 1Y 3TE B E

JE AT 3 e A G5 R AN 4 s o XL UkaE 1~3
() 5 AT UL - VKB 3 A LS I PR DNA 44K
TR W ) 257 DL A 1 wL R, P47 8 (20R B
2.5 pmol/L) 5 4 fH IE T Loop 1 M 1 ; Tk IE 5.7.9
A28 St — 2 UL A R, P48 5, HoAh H brdE
W TC 12 fil & FF 5@ N A 1) IRAR S5 ¥ 5% A8 o Hy L AT
Ju,R(,éﬁﬁn/\xm?ﬁﬁWn KSR O L Uk

SRS WS SN S AT R gl S D o | K X N
£ IMA 1 pL RNase A #E17 i) 4b 3, Uk 4.6.8.
10,12 F ¥y i 3 7 XF B 1 Loop 454 o X 1 W
RNase A i iof il U) A 2 Al 1 OR3P 5% R, , HOBT 7% 8
T D, BB EX AL AR LS T, 455, il ¢
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a Lane 1 2 3 4 5 6 7

Nanoswitch p-
Circular M13mp18
Linear M13mp18

b Lane 1 2 3 4 5

Nanoswitch P Ittt —

B3 DNA XX & RIIE
Fig. 3 Preparation and verification of DNA nanoswitches
a. Lane 1: circular M13mp18 DNA; Lane 2: linear M13mpl8
DNA; Lanes 3-7: linear nanoswitches in tubes of A, B, C, D,
and E in sequence. b. Lanes 1-4: nanoswitches Loop 1, Loop 2,
Loop 3, and Loop 4 in sequence; Lane 5: a mixed sample of

Loop 1-4.
Lane 1 2 3 4 5 6 7 8 9 10 11 12
Loop 431 —
Loop —
Loop 2 -
Loop 1 .
Nanoswitch p .'.—.F.—- -
Nanoswitch  + + + + + + + + + + + +
R, N T
T, + o+ + o+
T, + o+ + o+
Ty + o+ + o+
T, + o+ + o+
RNase A + e o o

E 4 RNAFEHIERIE
Fig. 4 Verification of the RNA regulation mechanism
Lane 1: linear DNA nanoswitch (control) ; Lane 2: D, was pro-
tected by R; Lanes 3, 5, 7, 9, 11: R-protected D prevented the
formation of Loops 1-4; Lanes 4, 6, 8, 10, 12: after RNase
A-mediated deprotection of D,, the corresponding loops were
formed.
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Fig. 5 Gel results diagram of non-specific enzyme attack
tests
RNase H: ribonuclease H; DNase I: deoxyribonuclease I; Pro
K: proteinase K.
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Fig. 6 Schematic diagrams illustrating the information encryption and decryption results for students A, B, and C

Left: preset information map; Middle: R -protected encrypted information gel image; right: RNase A-deprotected decrypted informa-

tion gel image.
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