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Fig. 1 Overall framework of this review
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Table 1 Summary of nucleic acid aptamer databases
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Table 3 Nucleic acid aptamer secondary structure prediction tools
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KA DABE RS B, (H LT 5 o i A B A AR st
s, HITEREITH BE . 5B 2 BT Y[
TR BT, 03k T 4238 RNAComposer ¢ 5
ModeRNA "7 33 24 T H 38 35K H 477 51 1 2%
SEF SR B TSR R 0 B R A L S

e = AR RORIAR ] R X s AR Bt
Fridiffl . iZems BAT AR . B T Ltif
HEaS, AR EATAE A [ R B A BE AR E T AT
St B RNREEI S AL k.
RoseTTAFold-RNA " §"J#£ T Rose TTAFold ] =%l
TR S PR ZHESE, W] [R5 ) B R S5 %
2 1) LA 24 S5z fh IR, DT ity 80 it 0000 8 14 Jo
-RNA/DNA & & Y = 4258, IFn] 454 T a8
RE RIS FHAERR L ;. AlphaFold-RNA ™ 7E 45 1
FHEZR LAY - EH X RNA Mo, 456 20 x5
TER W I B S, [RGB R AR
AlphaFold 3 " 0] F F /& gL A w0 8 5 B85 & 45
By A KERENZRERA, Y
WG A S A R AR = YRS 18
AIEAR . FER)Z T, ISR AT T o 4 4
A AR SRR G Xk S B AR A R M e
RARMATIR SC AR . A Fah 122 5 A
HEETT AR L S BRI RIS, HAE 2 7 51 [R] 52
BT SR . HAEREH A FERBE . X ARE
JbE S 2GR RERARL; N TS5 4
JE B TR A E RS Al 2 A B 3BT R Y
SRS IRRIARTE Y BRI bR AN SR R T
FIE SIS AT R (R E M . YRR RS . X
THREE . pH. IR EEFNZE wh ik R4S K B = B
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AR ; RNA & AR ] ssDNA I8 Bir (K 7 12 5% 52

B s IRt i fay ol G SO RS S . BUA

M, XL IETE e 5 2 S R B

EXSORES | MG ARLE S RMHBRZIm AL, 2
WX -0 1 80 15 - A R 55 58 )R,
A IR AU G A R B(E B (3R 4) .

Table 4 Nucleic acid aptamer tertiary structure prediction tools

x4 ZBRERE=REHTN IR

T3 125 AR o J B Lk 3 JAFR
Fr B oH Rosetta s B B PR+ 4 R https://rosie. JRF R s TAION TE SRR B RO R TR &
She Ry FARFAR2 U3 g3 22+ e iy rosettacommons.org/farfar2 S 2] H B E
/M 3dRNA 114 Fr BOEIR B2+ 9 45 http://biophy.hust.edu.cn/ FJEETEEEM; b EEE X AR AP B SCREE R A
LAESES 3dRNA MR IE AR A LeF FEAR — G 25Ky o
SimRNA [115] FRSRENFH R SRR httpsi/genesilico.pl/  TFEIFHG: &SGR WERTETFHTE: N2
BB R SimRNAweb HEaHER AN SCRFAT IR
BiAR [FIJE  RNAComposer ['60 = 2 45 ¥ — 45 ¥4 5 Bt X http://macomposer.cs.put. R 552l T A AE e [F R AR s 0] 37
jeizid A5 PE RS+ R AR A poznan.pl/ JF AR
ModeRNA (171 [5] i PDB 45 # Lt %f + 4% https:/iimcb.genesilico.pl/ ] 8 EL 35 : & & S ME N AL 7E A7 16 4 & BB I 7] 5%

TR T e
VRFE22S] RoseTTAFoldNA U181 [&] wh 28 [ 2% + £ JF %1 e
5 ATHBY XHE R

AlphaFold-RNA M"Y Transformer 42 4 + i
SR TRN -+ BE AR A

modernaserver/
https://neurosnap.ai/
service/Rose TTAFold% % & &) Wil A 1% 7
20All-Atom
https://deepmind.com/
science/alphafold/

[F] i A A pupunZ ke NES
iy 3 Sy TR 5 PR s X o A R T R LR AT
BAML: XD TIET R E

SCRFAIR
il R AL R Z5 H) 15 B ATRNARN I WAERR T,
—RACEERREE T BT A

alphafold-server

AlphaFold 3 2 41 4 B2ty , 1k
AWMESD ZE. /D
DTS TEL SRS E

fHIZ

https://alphafoldserver.

com/welcome

EEMRERA-E AR 3 HSEERNA/DNAYT &

SRR B SR IL 7 L, ZMEUERA R BRE T

HALpLDDT/PABSEFERR 2 4l 15 15 2 1 8t 7 52
4k

pLDDT: Wil JaiBIEEs 24343 (predicted local distance difference test); PAE: TillXf551%2% (predicted aligned error) .

4 HERERESEFEEERS TSN

RGNS TS BRI P SRR E 3
KT =AM ik, N IRSLRe AT A
PEREICAZE T IR SRR AS 90 i X — R
[ Jog A% s PR -5 A A B A FH A S T P o
W& . B G, P Xk (40 AutoDock Vina/
AutoDock4, ZDOCK ., MDockPP il DOCK) i i
WP Bl 2 PR 2 5 2 08/ R S T 53 pR AL, N
WIS Be AR -2 1 B S i I 0 i 45 G A S
RufEE. WE, &R T 0T %l
(GROMACS. NAMD. AMBER) %5 & MM-
PBSA/MM-GBSA &\ # /1 2% 1 73 (thermodynamic
integration, TI) #1 | H BE il $L (free energy
perturbation, FEP) % FH fHBETTHL, ik SEX] 4548
RISl 2R e S 245 G R U T = EAL . B
5, THXTEEEETY], Plasas>] SRS ik

(2 4% RF. SVM. MLP, Transformer, BERT,
XGBoost5§) T BUAAS AT Bl i Al g ——B I TAMY
AT NG FNZE R AFAE T [ B4R EU i A EAE R OC
PR, MRE S FARUIESS A, E CTil-
WUE-PUAR” PR AR . B ORI IR 45 207 vk
1 EE SR, IR eSS 5 S v ReRE
S TERA XTI
41 SFXIHE

I3 PR A AL IR S FLAR S AL bR T 0 20
P EAE A T B, il e Z AR S5 g &
R NIOR e e DAY 1L S ) e o WA o2 K VR
FEAN T PPAG B AL T S R AR BIRD ) AR
ZEIR U XT84 . AutoDock (f24f Vina 55
AutoDock4) . ZDOCK . MDockPP 5 DOCK.,
4.1.1 AutoDock Vina5 AutoDock4

AutoDock ™' T H 41 4 & W B X 2 51 5 .
AutoDock Vina il AutoDock4 ., Vina fiff il B 894t
THT 73 RS G e R R A, TR IR
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(4] [ B 58 408 o A o000 A2 e i AR - B 11 B A B A
W4, It g G aefliit. X TECT 25800
0% 35 A% 1R 3 WC AR () 90 0, Vina 38 H Vb
AutoDock4 TR FH 2 ML) Sy TR RS, 4 45
REAR o M &S . KON . B A EAE A,
T 6 2 RS- S2 AR 55 ) 0 I SRR D A 4
RESE IR, DA R K sl At 5 5 1 4%
TR 12120 7E Angiopoietin-2 12 iR 1 Be AT
FEH, WRERE H S Vina DS i e A5 1 45 A A8
%, TP AutoDockd FEATRE AN EHEFNFT 43, LAGKAR
AT AR LS BT el
4.1.2 ZDOCK

ZDOCK "™ S Wi (- T (Bl o -#%
R) XTIk AR, A% 5 T Pk ey B i AR 46
(fast Fourier transform, FFT) 7£=4ERt% [ iF1T4
JR R, PR E AR Hf oA A G e —
PIINAE T o R s R SIS i % . TEZ RN R
JE- 2 (R E R, ZDOCK FE R 1 000 /4~ i
IR R L 70%, Won T H SRR 2R Ee
I1 o JRAEILNIPE R TC 1 58 4 F P A R i 1A =X -
IR ZNEAR AL, (BAERI DR BE AN 22801 0422
Yl ZDOCKAMSAJEH I TH 12,
4.1.3 MDockPP

MDockPP "' FE4E 7K FFT 42 Jai R bE S s ) STl
b BT TRRAAT 0 SR BRIk R . %
i E i R R A R AR A A A, B
Ja I FH 28 35 545RE sR BSOS R AT 4R AT 7 5 E 4,
MBS T RAGE T 73 iy SR BRAE 500 AR YT
I F) B SR HT )5 (prostate-specific membrane
antigen, PSMA) # iR i Bt 1K i) X} 2 0F 52 b,
MDockPP £ 11/ i rh s D) #1645 G A4
BIE T X 2 AR SR RS ECAAR Y R Aram ik 1
4.14 DOCK

DOCK "™ RN A T 5 T IR R IT e
IXTHE NS , BRI s TR Fr, S
A BV HAEZ AR DA i bk, ARE4E G
AMBER (assisted model building with energy
refinement) )37 47 RE i fe /MU SRR . TEAND
(03K PASO B RE B AR EebF 58, DOCK SR
T 2R AR, MRS a1 5 HM
RETTAAL I e Hh AR e M B4, R T LV fC
5 1 GRS AR ES A A R Y

DLl 4 x4 T 24 BARE . AutoDock 3 i
B 5 AN BOPE 4y, ZDOCK 8 K 4 Jey W 1 48 %

MDockPP 5| AFIREKZ AL, 1l DOCK W ZE JLAaf
VEIC 5 A R IR R P o B X AR G AR - 2R
F SR BAE I ROR TR 5 2K, AT R 6 e R sl i &
H, VUSRI BE S 2 S i 45 A A S il
42 SFEHFE

T FRHESARNIL A GRS, 7T i
(molecular dynamics, MD) H48LA] F T PEAL % iR
ERCR-HAR R SR e 545G hE. MD LA
AR B R IR T R AR R T
PRI FAT R, AR e RS | B AR AN I A A Bk
INEAR, DL KA BAE IR ST A . 45
4 MM-PBSA (molecular mechanics Poisson-
Boltzmann surface area) ¥, MM-GBSA (molecular
mechanics generalized born surface area) 5% Ji5 Ab ¥
Jrik, WERITREL G AmEE (AG), JFlidREE
I TN DGR AR B s A% R . LR A
3PP TEA% R BRI 9 N T eI R AL
4.2.1 GROMACS

GROMACS "*  (groningen
chemical simulations) J&— 3 H 5 20 MD 4k
F, TR TEY PR ERe 23T
% (i AMBER, CHARMM, OPLS), J#zfit M
ARG BB B i AT TS . 7R AR IS D
R-E A RE A WIF5E T, GROMACS Al #h47 fig &
s/ M PO S A IR, JFAIH gmx mmpbsa
BEHGTRZE S Amae 7 . T H B AR IR T
REAN R UG A4 T, GROMACS A 725U/ 4
S BT R RS R B IR
4.2.2 AMBER

AMBER "' (assisted model building with
energy refinement) J&—E L MD 3440,
HEL TR 1 BRI R AR RARAL Y 13 S T
H.. AMBER ¥ pmemd e 7E £ GPU 355 F H A3
FUBAPERE, AT SE B RORPGR A  RTA R AE TiC
R-EHEEY), AMBER 7] 454 MMPBSA.py [
ARHEATEE A BB, JFl R & i o b
FEREE A S . U AMBER CH PR, (HHEAE
HEBPE AT AT Sy i B R AF R, g 2T
25 5 8 BRI AH BAE IR SR .
4.2.3 NAMD

NAMD "' (nanoscale molecular dynamics) &
— KX R T AT TR AT, Refg
YR BHCT#% CPU K GPU M85 . NAMD X #5%
i1y, T Har S E S A D, ETHPE

machine for
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il 52 G R R BT 58 . TEAZ IR e A5 14t
B, NAMD & Ml T Ku#3) 2=, 456
CHARMM (chemistry at Harvard macromolecular
mechanics) JJ AL 4G R EME, HAly R
P OR RSN TTRE, TR 7R 455/
fift Bt R b B R R R R AR
43 ZEEBEEETN

455 HMBE (AG) Ry A RIS e 14 5 HEAR
SRR DEERR, RERS WU ELAE YA
FRUETE. HETER A A A RS J
T3 o5 BE R A 1) MM-PBSA/MM-GBSA, L 3
TERARFRI % A th TS (AN TIRIFEP) .
4.3.1 MM-PBSA/MM-GBSA

MM-PBSA #I MM-GBSA J5 i1 Je #4312
JIE AN Z R -AZ RS AR S A . Bt 2 (AR
BAPAZ RIS AR R A3 AT 5 R, IR Ak
Tk SR AL S G WAV R B B B e R
AL, AAEAFEREEI (o1 N EAEN . %
ML A B RESE) M i TR IR R RCR K
fe L SEHURRX R, O A 22 A% IR e 4 -2 1 ot
RGPIRR)Z N, IFRES R B S I AT
fgEa . SR, T ZERM S, MM-PBSA/
MM-GBSA TEPHtid fe h IR 800 2% 18 45 & i
AR G EEHERIVA R S 2RO, DRI B 3 5 0 fie
TEAZ IR PO AR A T HRGA b B A AN ) fa b, T
AT T e X 255 A BB KT e
432 BIrERy (T 5 HMRERHIL (FEP)

TI I FEP J7 738 5o %) A< 28 ey 8 i i 14 32 2708
e, ASPUMGRIMFRES (456 51EE) ZIE
A AEZE . TUFEP Ml #5 2/E 2 h ) A8 T i
KIFREL, MR, BEE A, (Hal it
TR RY AG TN, 38 TR A i e A T RS A
IO 5e . ARk, A TR TUFEP 5 1Y 5 R
FE (40 Metadynamics) AHZ5G, #E—H8ETF 7454
FI I RETTH S AU 5 TS e

44 ZERERRS BARE E(E AT

AR, KA SELEX 7 A= i KRR 37 1] 55 52
WEGEIR R, ML S ke E iR
AR AZ R 3 AR 5 B 1 R A BAE . ange s
N, AT 208 T F TR PRALERIE, aned
FEMR2H A (amino acid composition, AAC) . Th&E
e fix 40 W (pseudo amino acid composition,
PseAAC) . fh # 1 R 41 i (pseudo nucleotide
composition, PseNC) . & HU 4 7% 4% #ie  (discrete
cosine transform, DCT) FI{ & £ 57 P45 40 50 4
(position-specific scoring matrix, PSSM) 4§, Jf4%
A BEPLARMB S R R LA M R IR
T AR -2 SO AR A O, HRAS T R AR
VIR . Bl E R B S 2] 09 2%, Emami 55 19
AptaNet ) ALK k-mer 1% 5 Pse AAC fill A £ )2
BB, W E R T AR A ORI R AR R
;s FJ5, AptaTrans '"*° F] F Transformer 48 #) %if
k-mer 5 35l % F B8 (frequent common substring,
FCS) i#FA7um Bl umdpiEaz>], dEimit—2 e 7z
fbie 1. B4, Morsch %42 i1 1Y) AptaBERT "
i B #0011 25 1) BERT AR @il 5 )7 91 5 45 M 5
B BRI Be AR - B 1 AR BRI 1) TR
(e B . T APTPred ' I 1K F 8 19 F T
FfAE (445 kemer. JZ 7] H #b k-mer. AAC.
PseAAC) fii A XGBoost, Jf-&4544rF X% 5
A B LR S IO BN 25 SR A T T IR, ROR TR
G E SR A RS S AL BRI 1 Bl
PAIR " Jrik gk —20, R KB AIE S
BORIFEE SR LAz T HESE , FE R R R i DA %
A SE BT g )i 0 A RS AR - B 11 X AN T
g7, JCRa BANSE RN AT RS i i o o e S 2
SRR, AR IE PR - 2 5 45 s AR 2
FIUFRHME S A, mEERIIZ%S A =2
(R Z RS ATEE , AN T T o R B 5z Ak

o
He JJ o

Table 5 Summary of nucleic acid aptamer—protein interaction prediction studies

®5 BRERE-FZFAFEELERTNIELS

JiVEKR HE SR FEE SR R L) TERE
Li%Us (2014)  IZE5801E/1 740471 Mi1451E/4356 W B 4 i+ Pse AAC BEALAR ACC0.774; MCC 0.372
Zhang#511551 (2016)  YIZRS801E/1 740%7; MRR1451F/435%1 PseKNC+DCT+PSSM+EFEX (5L R BEHLARIR ACC 0.719; MCC 0.398
YangZ:159 (2019)  IZR5801E/1 740%1; lik1451E/43561 NAC+PseKNC+ FH 54 i 2 HFAE S FE AL ACC 0.757; MCC 0.478

YIZE561E/168 15 Wl1431E/421 1
8501F/2 55417

PPAI"" (2020)
AptaNet!"* (2021)

1 GURFIE+SMOTE . 1%
k-mer/rev-k-mer+AAC+PseAAC MLP

HE MBS FIBEN AR 4CC 0.806; MCC 0.555
ACC 0.914; MCC 0.824
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Biks
JiERR K SRR LRENE T BRI AR kY TERE
AptaTrans™" (2023) IIZRS801E/1 7409715 MK1451E/435% k-mertFCS(HE T H) Transformer ACC 0.876; MCC 0.679
APIPred"™? (2023) 8501F/2 55447 k-mer/rev-k-mer+AAC+PseAAC XGBoost ACC 0.965; MCC 0.790
AptaBERT!"! (2023) 4 9508 A WordPiece Token+£i#Tiill%%  BERT Encoder+532k  ACC 0.910; AUC 0.960

PAIR!¥ (2024)  IIZk561E/168%1; Mik1431E/421 61

ESM2+RNA-FM

WL I+ XFE RS ACC 0.931; MCC 0.704

ACC: MEHIFE (accuracy); MCC: DEHi#IE R %0 (Matthews correlation coefficient) ; AAC: &L AL (amino acid composition) ;
PseAAC: THEIELFRZLIAL (pseudo amino acid composition) ; PseKNC: P#ZHEZZHA (pseudo k-tuple nucleotide composition) ; DCT: Bl
4527 e (discrete cosine transform); PSSM: VB4 S50 (position-specific scoring matrix); NAC: #HFFRZ4LAL (nucleotide acid
composition) ; SMOTE: & M/t RAEH AR (synthetic minority oversampling technique) ; k-mer: B kM B F 51 BE s rev-k-
mer: S B AN k-mer) P8 5 BL; FCS: % FH (frequent common substring) ; MLP: ZJZ/EHIHL (multilayer perceptron) ; XGBoost:
Mok 3 T (eXtreme gradient boosting) ; BERT: 3T Transformer 4 A [i] 4 it #% 26 /R #5550 (bidirectional encoder representations from
Transformer); ESM2., RNA-FMZ334 8 H BHIRNA S F1 A B it 5 45

HAET, JLTIra L as 7 > FITR EE 2% > HE
2 (40 AptaNet, AptaTrans. AptaBERT. APIPred
A5 AT T AR I B AR B 1SR B A B S
5500, BIXEIRIERCIA S/ N, SRS PR
TEAAR)ZET CAnduIRIms24K) A EAE IR 1AL
arE R R UL R G E . Y AT Ny A A
S E AR 5 X% . T3 15 FHMM-PBSA
FIERETTEAE, AN ACT B RS AR U0 ) 2258 2 52
B v SR, IO R R R 5 R
AT LA N

5 BEEEREFIZITSRNALRTTERE

WA A WE B2 SRR R, %R
ERCAR BT S E ML SR SR ik, AR
R IRS R REAL IR AR . A MR R B
%, BN TEBEMBENTG, RESTmER
AR S EA T, B MBI fE 4t —
ERGEMITHRENBIE TR
51 BEMIZITRRE

PRYEBETISRIE, 7F B8 455 1 - D) RE SC B
B S T BB PR (1] 0 S A BA S RS Lt (LY WA S ewav A
WEECATERE ., B, BT TZRESHTN T ER =4k
BT, PTEN LS A O IZE- IR X, SRS DA
E S AR sl A A 1 7 s A BAE .
n, 7E Thrombin ¥ FRIE B AR FT Y, 38 4 B AN
FEXT R AR X F A, AR TEE AR
ek U Hak, A S OB MR
A BUSA S S ITERCR AR . IR
1B AR B TR B R R MU, EBRAS
SEEEMIURITH, HAERETELARRLS A 16 M (R s
PEFEH K B4R 20%~40% 11 )R, 4ikgn]

LSS & T 5 =HAME R, MO X EEE
G AT SR S M RB SR I, LA S I v B
oAb, an, X5 8 N B AR K T (vascular
endothelial growth factor, VEGF) %2 i B IEAT
R BCEPEES, E s tE SR A MEE
MR EEEE, BEH®RTE SR
FEE e
52 AIZEseibhigitEs

ARk, AR A IR S HR B 2 |
ARSI T, M T — R AL B
5o DeepSELEX " fifi FH 5 £k 2 2] e % il B 2E 1 7
Y B AT PG b 28 A8 ¥ 51 5 Apta-MCTS V' T
MCTS 5 #% & i B4 - 28 1 B o3 R A 4T M 2
11U MY & e X 1)/ 1 L 78 S €95 7 G
ERAENREZKE . @3 onk, R T IERIRE
W 2% 1 58 5E A S 2 v aptamer A5 A Y BT L
RaptGen "'*' & F 4% 43 H 45 % #% (variational
VAE) 5% & B 5 /R A Rk A AL
(profile HMM) , | SELEX %8 YK J¥-31) 2% X v {25
B, I i HMM i 65 A il 2 4 M 0 4 Bk
J¥%1); AptaDesigner (https:/github.com/JuanCRueda/
AptaDesign) W) >k H % 470 A= B M 4% (generative
adversarial network, GAN) Fl17&514F VAE, ¥ & 3%
U FHEE SHAME BN  SRERA, SEB0 Ay
FE G55 (B B AR R SRR SR v 3 3 8 AR A
AptaDiff " 5| AP 7 A (diffusion model) , i
MR RSN S S MR 0, E 248 SELEX £
R o A R S Nl < O =TI | W A R TI
RhoDesign 7 £} %} /N53F /8O RNA aptamer, 254
% VAE 5 K % BU M 4% (graph convolutional
network, GCN), SEEIEL T HIREsRA (A=t

autoencoder,


https://github.com/JuanCRueda/AptaDesign
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M) BV BT AIDTA 17 S5 Bl
R (MCTS+ARBG-ME ML) 18 Bt
P-GURHESR T B0 B AT o] SELEX a5 M8, 52 1
FLE MK AE R 45 B s Bo ki it Lk

AL TN AR - TI-GRTE . PR AL
B, HESIRR A A R AL TR i T,
BARA R R RERIE S H LK 6.

Table 6 Overview of nucleic acid aptamer design assistance platforms

®6 ZEESEAEEILITFRILE

A SR I REE KR Az R bR PRI JRIFR
DeepSELEX"®)  DQN/Policy =~ SELEX#:K A2 IidAdidmis  MARAETH HERRHE; LHFE RETWLK: B,
(2020) Gradient izl e MR % Edianw=F N
Apta-MCTS!'™  MCTS+APLSr i FEER A SR REHIE R, E8HF— WBKEMNL RBL R HIR: A S RAPIy 2Ka:
(2021) X JR - BRI T PR ERERER SRR EREN RTEEX: HEIF
S NS/ C T PN
AptaDesigner ~ GAN/cVAE+  misfl))  SHHUAMERARIINAT 4 SR IRERD IR EAR: mlHeE & IS ERE: FRE
(2021) F 5/ 5% A JF 5 FE AR SRR R el
P 2%
RaptGen!'®) VAE+profile ~ SELEX#&{R VB 7EZ [HERFF-HHMMERD Bz BRIGHCIAE 7 2] FP AU a4, 7 UK &= SELEX 4
(2022) HMM izl igdl JESELEX/E HMMfi#i5 )5i & A BR
RhoDesign®”  ¢VAE+GCN  BfiE SEi 46F ThRE SR AE A RAANIZIR WD Re RIS BN T HIREK
(2024) R IE T A EER S GONTRIL IR LSRAEh
AptaDiffl'o! Diffusion ~ Z#:SELEX MEREVR IR M SRR (RERY A 2 AR 2 RO N RN SR B
(2024) Model 5 iR EE PRy = TR
AIDTA'" (2025)  MCTS+  EfRSELEX/ A BOHE-MCTSALS:  MEmEA e kA m; 28 A 25 #0078
Policy-Value  £5Hg%dE +RLAEME T JREEGTFH bRIIE R R K WMo 5y B

Network

DQN: HJZEQR% (deep Q-network); Policy Gradient: SRHSESEE T E:; MCTS: ZFAERIEMIE 2 (Monte Carlo tree search), —Ffi3LTBE
MBI 3R 3k s APT 28 4% MR I e IR - 2R 1 S AH ELAE 43 25 4% (aptamer-protein interaction classifier) ; GAN: & B Xt bt % 4%
(generative adversarial network) ; cVAE: Zcf47457> F 45 #% (conditional variational autoencoder) ; VAE: 72874y [ i fh %% (variational
autoencoder) ; profile HMM: 4 pF T /K AT A% (profile hidden Markov model) ; GCN: FE 4 FIM %% (graph convolutional network) ;
Diffusion Model: ¥ #/f siF ; Policy-Value Network: SRHS-IH{E M %% ; RL: 58fk2:3] (reinforcement learning) ; SELEX: F5%U fEAC
RARG VL AR (systematic evolution of ligands by exponential enrichment)

53 IHEHEBFESEREK
AR Z )G, SR SR
SR AR U 2% 2 T BEAZ R PR I SCSEEA YT 1B
7% (genetic algorithm, GA) "' V£ Ry 50 T
RIS LRI RSN, s E 7 5 LA
FIE, WRGHATAE S, AR S Sl N A, (T4
AR S SRR E ) . R 2L PR T
F# K 2 ok s BB K (simulated
annealing, SA) "7 W5 52 B ALY 37 51 4K 4
Metropolis #fE N #% 37 sl dhi4a 22 4%, REMSBK H R B i
PEIFEE T e s s W i & 2 BAstiib s
IE P (IINSGA-ID WIFESS G 5E AT | et |
PrEfa etk S B UNASE 2 b Z a7 i 24T
(Pareto) fifk, AEm—RIVEMITH ik, Fok
IR 2R R IUAh, Kimik 2] 5 GAL

SASETI LA A, BRIk A R 1 3 O 3t e
TR, TUARYE D) L4573 3 25 VR B AL S AR
ZESUSREME N SE i 55 471 T A AR T
pRCEE R, LTRSS ] A 0T
Fefeite)n, MGG =R 2= A R AR
JIFF, WAL Ve A o

6 ZBERE RN R GiE S L)

AR, AR IE FCIATE Z A I USRS T i
FikE, Bk, EEFSEI SRS, W E A
JH 240 L N A R3S T A - 25 W I K9 (aptamer-drug
conjugates, ApDCs) SZEL T X g 4 fitd iY v 250
%, AR AMEEUE B L LA R4 B it
B RIRITIGRL Y [RlE, 2 A0 B A -siRNA
i FC AR - B SCEEAZ IR M B K -CRISPR/Cas9 - &5
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WS Y BA b DB IRAL R 5, KR T A
DR] AP N5 PR S O A S R S vk 17 A, 4%
ARG PR S 29ECGRE . TPk [F 7 3R i oK b4
454, ATRE T ME RIS S R R Y £
BOSHRES 170 bR IC S8 AAZ R IS PR R T
REGETE T AR SEILSE I A5, 5 I B DA 1X i
SRS IE R ALY AR AT T, AR
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Abstract Nucleic acid aptamers represent a class of single-stranded oligonucleotides capable of high-affinity
and specific binding to diverse targets, including proteins, small molecules, cells, and metal ions. Their
advantages over antibodies—such as simpler synthesis, lower immunogenicity, superior stability, and easier
modification—have positioned them as powerful tools in therapeutics, diagnostics, and biosensing. This review
systematically surveys the integral role of bioinformatics and artificial intelligence (AI) in modern aptamer
development, spanning from in silico selection and structural prediction to the generative design of novel aptamer

sequences. The application of high-throughput SELEX (HT-SELEX) has greatly accelerated the discovery of
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aptamers, but also introduced computational challenges in processing large-scale sequencing data. Bioinformatics
pipelines now routinely include tools like AptaPLEX and AptaSuite for preprocessing raw reads, including
demultiplexing, adapter trimming, and quality filtering. Subsequent analytical steps involve clustering-based tools
(e. g., FASTAptamer, AptaCLUSTER) to identify enriched sequences, and motif discovery algorithms (such as
AptaTRACE and MPBind) that uncover conserved sequence-structure patterns associated with binding
functionality. These approaches allow researchers to move beyond manual curation and extract meaningful
candidates from complex selection rounds. Accurate prediction of secondary and tertiary structures is essential for
understanding aptamer function and interaction mechanisms. Conventional tools, including RNAfold and Mfold,
employ thermodynamics-based models to predict RNA folding, yet often struggle with pseudoknots and non-
canonical pairs. Recent advances in deep learning—exemplified by SPOT-RNA, E2Efold, and UFold—have
significantly improved prediction accuracy by leveraging neural networks trained on large structural datasets. For
tertiary structure, methods range from fragment assembly (Rosetta FARFAR2) and homology modeling
(RNAComposer) to deep learning-aided approaches such as AlphaFold-RNA and RoseTTAFoldNA. While these
tools offer new insights, predicting structures for short, flexible aptamers remains non-trivial. Predicting aptamer-
target interactions draws on both physics-based and data-driven approaches. Molecular docking programs—
AutoDock Vina, ZDOCK, and MDockPP—provide initial binding poses, which can be refined using molecular
dynamics simulations (with GROMACS, AMBER, or NAMD) and free energy perturbation techniques to
estimate binding affinity. Complementarily, machine learning models are increasingly employed to predict
interactions from sequence and structural features. Early efforts used hand-engineered features with classifiers like
SVM and random forest, while contemporary deep learning models (AptaNet, AptaBERT, PAIR) utilize pre-
trained language models to capture intricate sequence-binding relationships with superior generalization. Perhaps
the most transformative development is the use of generative Al for de novo aptamer design. Conditional
variational autoencoders (e. g., RaptGen), generative adversarial networks (e. g., AptaDesigner), and diffusion
models (e.g., AptaDiff) can generate novel aptamer sequences conditioned on target properties or desired binding
affinities. Reinforcement learning and evolutionary algorithms, including Monte Carlo tree search (Apta-MCTS)
and NSGA-II, support multi-objective optimization toward high specificity, stability, and low immunogenicity.
These approaches mark a paradigm shift from selective discovery to intentional design, greatly expanding the
functional sequence space. Aptamers designed using these computational strategies are increasingly used across
biomedical and environmental applications, including targeted therapeutics, diagnostic biosensors, and food-
safety monitoring. Nonetheless, key challenges persist: data scarcity and heterogeneity, model interpretability, and
experimental validation bottlenecks. Future progress will depend on standardized data sharing, improved
explainable Al, and the integration of computational design with high-throughput experimental screening—
ultimately enabling robust, clinically viable aptamer technologies.

Key words nucleic acid aptamer, SELEX data analysis, structure prediction, interaction prediction, generative
design, bioinformatics
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