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Abstract: Owing to their advantages such as high sensitivity and high specificity, nanopores possess
irreplaceable superiority in the analytical detection of biomolecules, disease markers, and other tar-
gets, making them one of the research hotspots in biomedicine, materials science, and nanotechnol-
ogy. The performance improvement of nanopores is directly related to surface modification, and pre-
cise spatial partitioning between the inner and outer surfaces can effectively enhance the performance
of nanopore sensors. This paper focuses on the key research topic of the outer-surface functions of
nanopores and presents a systematic review. It elaborates on the definition and connotation of outer-
surface functions of nanopores, discusses the research progress in three aspects: the anti-interfer-
ence function of the outer surface, the functional synergistic mechanism between the outer and inner
surfaces, the independent regulation of detection performance by outer-surface probes. In addition,
this paper presents viewpoints on the shortcomings of current research and provide prospects for future
research direction, such as in-depth investigations into the synergistic mechanism of inner and outer
surfaces, the influence of the functionalization of the inner and outer surfaces of two-dimensional ma-
terials on sensing performance of nanopore sensors.
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Fig. 1 Schematic outline for the classification of functional mechanisms on the outer surface of solid-state nanopores
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HERAURFLIMR T A DT T IR, ey, PREMRIRTEAUORILI N LT, 5 N R D)
REXr, AMERIMBMIAFEMDIREN . EEMN TN Y, 1 PORSLR SR bR
RRE Sk o Liu 50 DNA PREMEMTE AAO DORFLAL G0 RKE N T, FFRTARFLI S AR
B ARACALRE TR IR L35 2235 UL N B2 2 1 (Hg™) (B 2A) o SRS 2R FLEE T N 4b
IR A WAL RS ML, IZ BRI AAO-DNA QR FUAE SR BRI FEAR T 10°6%, 3531 1 nmol/L,
S EIE AT, ARNHEH, BUKBSNEIRTE S R BURRHE M, AR iR, P, 78RR
Zd MmN RS Y, g R, Sl T AR LA LR B D RE TS AORFLIE
HMARALAR DI, RESS WIS TR LR, KIERAEMAORSLE REEM EZ R, 4
PAORSFLIFLARTETE <10 nm. BTEH AR, HiK /MR RENS it SR GUKPERHE AR, A i B g
WP SEARET I FREANDORGEIE , $2 SRS DT T IINERE, W R AOR LR RSN He™ iR R
o MZeId AhFE T HUR B9 He™ 5 N R T DNAREHME T, 51 N R TH #) DNA $REHr &, LB N
TR ZERERE 25 TR, B LRI
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Fig. 2 Schematic diagram of bio-inspired solid-state nanochannels(with DNA@IW, , . +None@OS, ) sensing target and the
specificity investigation of nanochannels for Hg** and ten analogous (A ); schematic diagram of nanochannels with dual functions :

FE,, serve for ionic gating, and FE, decrease the false signals for ionic gating” (B)

T3 A~ LR B R AR TH DT T YL T RE RO TAE W@ i 7E AAO SR TR &/ A AL N85 (1TO ) 1Y T
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o, TR AR b =R AR (ATP) BURE PRI (B 2B) o iZ%as iR 1R R m nl ik 4 635%, HAb
FEBMIREN 5 T o FEd Y s fb 224t ik gk, bR, bt TFHishag,
RETEE I P PP A R 2R 00 7, BLHG K 5> T cpDNA-Cy5. /3T AlEgens, LI EIE/
LA F, HEN AAOYPKIEIE , M /> T4 73 N lE P RS N R TR O R R R R 2 A BRI
BBHPEAG S . APREINEER T ILFEAS SYORFLI & 71 18, EEUREHTTIAER, mipk Rm i 22
IHRE A SEIUG BRI ) i TR . I, 1% TAESCEL T ARFLN AR T BhRE B 70 T, HAME
D RE A FREERC A FIZR AP0 7, i BB UCI A SR T RER T, vRE AR FLAL s 31 e
ESN RS Six s oY el
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FEERHKRLL . ANETEIHEE X RIS IR . BRI AT 18 W AR B H I A FE 9N K FL N 2 T Y
PEEHEERL B AR M XS, AHAS T-AORFLN BEM B A= 25 1), AR M BREHME MR E S IESE, HAH T8
METEOLH NI, Ty B EE - bRE) IR A R #0  By T SRR . R, WRSEE ATTESR IR AR LAY R
I3 ] L B GRAAS DU LER R D7 T, ) RiA g 7B AT ARRFLAY Py & WAE I e T RE
+-, HORETT WU AR . RSS2 | ISR R BUE . TR, DURILIIN . ShRTHIDIRE
Pl R AT PR RE . Zhang 55 K AAO G FLAG RS HEF TN AR T T REIX 43, FLrp 24N T il ik % 42
7, R WA Z I DNA BREF, IFENR BB KDRER T, HTR2MIER TR -LR
(MC-LR)KIN (K 3A) . B R, 7ERI MC-LR I, 87Kk N 26T 98 K FLAL R B8 bb 26K PR 0 N 26T
YR FUAL R HAA R & AR, HABMIE % =G 4500 DNA ShRIPRE I PR LI BT
BRI G AR AR R AR AL R SR & -l AR & L i - e I AR A N R B ) R
FUE S, SRR T 2. 5107 wg/L ARG IR B 45 56 1 s KM FE (1x107°~1x10° pg/L) o i & 1
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LSRRI T L, MATAK, FB =IIRZEH A DNA SR AR S 45 & MC-LR
BF, Z5t %A RE R, 51 RAOKRFUL R R AL AL N2, HEi KL N R mREE A
A Hb D/ B S T TR, T SRR P R T LT 58 A M BRI IR, AR, BKPER N
FIHREMSEEI A AR ME . R, % = ITRZH I DNA SR I AIER AK PE P 2 18 14 P ]
VER, 3458 T AUKRFUAL RS AE 0 MC-LR B0 85 7 AR b 28 o IZAORFUAG s F T i >k B FRRH
W ELSS KR MC-LR, ORI e Ao T AN R 5 S O A A i AH 4

Zhang 5" @ AL, K EEE MBI G (CPs) ABEAE AAO AR, IZINRER T4 KK
PE, T AAO P TH N ORAF R KPR T, S 2840 2 0 48 19 70 1) S 7K - 7K Janus BIAKEE AL &S
FEH T K EE (HCHO) 43 110 s Rk i) (121 3B) o 20 R, 1A% AR X HCHO B ARSI 28644 316 [l ik
100 pmol/L~1 mmol/L, HAFSPEMES:, #$LERI A HCHO P24 3 e N, i 0% . ST
ToH RAF S A5 PERE U T BEAS IR ST B 4 S K G K AR J&as o Sl oA, Al 148
HNFETEAE 0 5K P CPs B & & BETE PR ., SR /K P T T PR HCHO AYEEMMBH y, fe i Pk y Y
HSEIEL GBIV A RINE, SEIMEHE ERBATE/D . SEKME TR 1 AAO KmIE (B K TN
FEHPHAY AR A0 e 4R, SRAAOKIRIZS 1), HERpAORBR IS, R0 fi e TR e, —
HFIE R Janus 45 MR A2 0 3 K EGE Y S8 K -BK A A 25k . A, DRSS H A3 1 il S Ak Ik e
E R BRI FETH BB K PEFHDCES , B an, ShF T SR KPS T K EIE N IR
N2 Z AR FL S BT TR . I, AR SRR PR BT TR IR 3] — AP, A RESE BN o figé
TS TR T A, B AT A A0 S8 K AN PN 2 B K A B R4 R AL T A e R A
E M
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Fig. 3 Illustration of the single set of SSW=DNA probes modified on nanochannels with hydrophobic inner walls for the detection

of MC-LR"(A); schematic diagram of the construction of CP/C—AAO nanochannels, the response process of CP/C—=AAO nano-
channels to HCHO, and the current change ratio of the sensor toward HCHO""(B)

Ma 25" 5 i S R (PLL) S A R AN K AL A 22 ThT 00 LT 23 A, K ) 98 38 1 LA S e 4 B 1)
i AR AL DA e, IR -2 R A0OR LR ECF G, T SARS-CoV-2 BL% Se B 28 8
F 5 sACE2 Z 0 &5 S i FebRiCSE RN . %°F SRR 7R 1R s = S1 ik A H —
SRZE ARSI ((=13. 120. 2) keal/mol) , FFARIX Sy 7RPAERY | (E/RBTS SR 25 SRR . AR
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I i T AERE R A RARIN S, 1T sACE2 45 & 0] 51 B RHE R R B i A Ak, SEI 2 P 454 SEm R
B SEmURFUHEL, IR B O SR T AR IR B E . 2 A RS 55 5O 5L 30 T2 E T
BEREHEDUARN, St T4, SCREHE A5 AR I 2 348 35 00) 1 1) P[] 285 45 00, I B2 1 e T e 1 0
BUkI, ShEsr A BRI SHUR 25 I R IR IOCHE % . T — RN R DIRER - 54N DI e
7D )V F B 28 i T AR MBE T AERI RO Z8K AL . Chen Z5 LI SEB R A FLR, SR80 ehkl RS a0k
HEFLZER), TENFREEIE 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) ik 24N A )2 LI 43
PR Sl ST, A AR S A B A A R B BRI T AL T, A O AR MR R A AL AR R &
T Tau 5 1S 1) BB AT T A LRSI %P 6 TS WHEHE Tau S8R AL Tau (p-Tau) 51 % 1S
BTG . MR AE RN p-Tau SHE BB B A H S 45 G267, Re B2 b Beigsh,
{EWELL K 10. 8, PIEREIT AR BRI AIREE A /K P T SE B i /K P B AT . FRISUAS T8) N Tau-fB
HHEAE RIS S EA N E SRS, 5IEMMEERRIRS, &E Sz,

2.3 SMREBEHMIEEG MR (FRETENRE, NRELINEREFER)

VAR FLI SN TR D REME TCIR T4, BRI AT IR B G50G A R FUAL R 10 A% O T BE SE 2 K FE T2
KALA SR, T 2K F LI PN S A (SR AR B AR T 2 TR P2 AR5 5 13 . 202148, ZRBEIRA
K BN I D RE A T RE A ik 7 VA AR FLIY) B AL PR RE ™ o it Au—SERI T, {UHE AAO AKAL
HhFETEE 3 FASEIITIRER -, polyacrylic acid(PAA, M ~5000), poly(ethylene imine)(PEI, M,~10000)
LK DNA 53 F (M ~11 000) , FHEAERHLAR H gt v i 30 3 A 3R e g A& 1 A28 1T 1) AAO oK FLIK 5 7
HLPEE I (ICR)PERT . 4523810, 3R ThRE A FAEIMN) AAO GRFLI I SR I T . AR
IRE X A K FUAH [ 0 3 - B A b a2, e, AhR I ThRE A 10T LAk ST S 48 K FLIK) 25 11550
70 PLERIFZT RN, AMRTRI T RE A -3 i e A8 40 2 1 o fuf 14 S5t (PAA I DNAAF UL fef, PEIAT IEHL
i), VAT BRI S TR AE SARSUIRAS, BEmI A B TR R R L, SCBLES TR R R . RS
W IZANAE S T B 45 B8 FL AR IS S RE R 700 AAO AUk FLIE Sy I T30 L BE 46 e He?t . ATP,
PR . MCF-7 A5 228 MbRAKEIN . 204 BRI RSAEBE KL B0 b o 3R T it 1%
HASHH 38 DnsaEE MR, 4 o 2% R PAA IR JE T E i s s ME AR ISR, X He> . ATP. #E
R AN PR FMIK R 1 pmol/L, XF MCF-7 4B 4G IR 47 400 cells/mL, BERA T ILE AAO GRFLELRS
AR, RESPERIF.

% LAE BB G St e 3T T RiET . SAESAIN R I DhRe R T gRFUALL , ST AR XS
B H A28 ) 0] 2298 R RS REE SHbR, kB0 T LI P 23 1B) R 5 B00 SRR LR . BREHB I A4 %
i) ADRTH T RER T A2 WG MUEE NP, PTAESR T2 - B 0 [ BT CRIIE 25 TR
HANE DI RE T S 8 . B TR . nTEE M, fetkm B bR, SCOLEr R %2850
FEMPRE ST AT IR TAE SRR . ARTETTEEANFLN BRI 51 G S0 N, o0 i iE b %€ 515
SRE, ANETHVREN S HIPRES 5 5 A 00 45 R4 RN a7 4 A5 A BV AT SE 36} B I 58 AR S A g
PGS, BEfE, KREIPREDRER THSIAE D IRE N DORFUL RS v i . o, Z“ZEPORFL (AR
YN nEE ) P EDE S E T 2R E MR, AEEE AR SR T RE R TR R R, H
HLZ ) N GEIE 5 T AR 58 B A HmiE R e MR RS Ik S 6 T USR5 T, BN
PR KRS, HAripi e £ R A TANR RIS . WiAE A~ o 25 (BT PRI by IR 3
SR ), R RGN AR R DX A N AN TH TR AR B MR R T HGE TR A L, 48R 2 A BT
TAEEPFERERE, XN RO . S TET 2, T SOB N —4EF1 440k L%
JEER A 7 T BTN A NRTH R N BN 4
2.3.1 —HHRFLEMHMIIMRERIT —EIORFLELZHNPORFLIE, WHIAIT) AAO KL
PETHRFL . FALEE(SINOAORFL | BEEMADRILE", TEADORFUEG G SUS 5T ) 1z . TE4k
FUANE I STAB R S A A — AN R FUAR RS e SE R IR e, Bl Qiao S5 7E AAO Ak LT
FETHI 8 & T SR i SL I DU 28 2 4055 (MI-TPE ), A48 US54t i AN TH e h RE AL 4l ki@
EREIIEIEES ", AT R & 00 & R (B 4A) o B R, 1% S vl 3 1 i
MZHIFE TR EARNITE . RITESLLFIRES, AL A5 E (BSA) ARt E R AR B A
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AR RETRN A M SR R 255 S R IT B R KPR, B - EUE S S A TR
AR AR, SRR MI-TPE BREF b (1) 5 SRR i 55 A 1T 5 5k 47848 11 2 85 10 P e 2R
WAL AR RN AE G, IIRIPRE S 3 B AR IO A 4y T N2, OB R §
S CFRIRT IR, BREFSEEZE SN T AN AT, i AR TR RS T . AR
AT A H A ) TR A R R AR . B SRS L, ERE A NEE N, (GET
HPFETE R SR SE A R RT 51 R UG T R, SE AR T 385 P 2 1] BR 5 S0 R R 2

Dai 5538 i JE A ) 55 5% BBV FHAE AAO SR THI B MR S 1 20 IR (1 5 263K ACE2 1) OV90 4
MOMESE ), e PN AL B A K FL AL T B (CeSa—nanopore) (81 4B), W H 958 . AKX
Je A L 55 2 Al A S R ) D v R e A . B SR, AR AT SARS-Co V-2 9 # S H 2 A S
FRAOKEIN 2R 15 100%, KEMIFR 4 15. 2~94. 2 pfu/mL, H.20 min BTS840, FETAEARTIALAR; %oF %
W AR T (VEGE) . B33 (FSH) BYASIIER 43 K2 6. 39107 mg/mL 1 4. 04x10" mIU/mL, H.
A i [ JEHE 1R IR AR K b ) SKOV3 JEANNY, ARG RFEA B R il SEROAS I PERE . AT 0 41
MRS e R F——32 R B A 1 AR I 1) 5 285 S5 A R ARIE T AR SRR ek, HORRCSHI 2 . A
Jo B A MR bR TE T BENGOR LN I T 5L A5 S B, e T OEIE IS E 5590 H, IF HiE g w4 6]
ZARFR N AMIBE N REIR T, W] RIE SCH 2 PRI, 38 PR

SR AR (http://www.fxesxb.com)
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P4 & HORIBEIEIE VY2 L6 (MI-TPE) B RE LA AGEIE FE 5 T RURARIT &R A R B (A); 0V90 IR RE
AN B AIORFL( CeSa ZH2KAL) HI T PR s S A I A ) H A3 (SARS—CoV—2) B 7R B I CREIR 18]tk 7R 22 0V 90
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AJHP(B)

Fig. 4 Schematic representation of MI-TPE functionalized nanochannel array used to identify unfolded proteins™(A); schemat-
ic diagram of cell sensing analogue nanopore ( CeSa-nanopore) functionalized with OV90 cell membranes, which enables rapid de-
tection with high specificity of the biological target (SARS—CoV-2) (the bar graph shows that the AAO nanopores modified with
0VO0 cells exhibit high specificity for SARS-CoV-2, owing to the ultra-high affinity between the RBD protein of SARS-CoV-2
and ACE2, which is highly expressed in OV90 cells)™'(B)

HeAh, FEAORFLIM R RS IR S-SR T B A A RE SR THOALIE, Lin S5 4 T NANIRESY
X H) PET K IE (58, AR fLIEZ Y 5 85 LM IERe, S REEE )2 [ % polyA-n kB
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DNA B SL S — 500, SCBAEIRE R BRI . AL BLSE 5 — FLm A Fa a0k FLANE T b 0E P R
S0 i 5 L T R 5 R LA R ) X, 10 R BN S INTE K 1 fmol/L~10 pmol/L, ##
A HCR JG REEEFHRTE 10065, R ZLTE SRS (Rl etk . MR, RS0 — R miEid B
TR, 58 THNZ, WARGE S0 51k B A AR I OR B R 5T, R I X S B T
HHEE AR R RE S X 5 B S R b s, ORISR TR MERE, AP RE AN K I AL R
BT TR . He 5125 AAO KB E AT ADR TR IHEE /M X, (PR — 4R AR LA 55 T
fEEvERE, TEAMIE A4 Cu-TCPP &) AHUHESE (MOFs) JEAEMikE = WA 45 MG Rk (SSW-DNA ),
3 R SR AR O 6 T MC-LR A, AR AR 0. 044 ng-mL™!, HAESLFR/KEE P RIFEE
AH PG 8 EE DNA B 1R R VR Rt B T, R ol SCOUEE oA . ALY, 431 MOFs
Ej SSW-DNA A Hfie K25 5 S T i S I FAT AN AR, BAREZES & 51 % SSW-DNA MG A3, KIEik
RSB — BT H ey e . 5 5 LR AE S, S AT MC-RR . MC-YR. MC-LA SR 4544 254+
o, SRR R . IO BLSE A — SR B R e U TR AR AR TT , e RS v 5
P SRR ISR T DL
2.3.2 ZHMKILIEMHMIIINRERST TAEGORFLIEWFRZ A " 4eghiiEiE , s 2nEE SR
A ZEIE B oy FAE e , WA A GO NiEiE . 48 MOF 413l iE | Ti,C,T,(MXene) 24 i il i
gplomwl D R BGRARGER , TAEANFOEE MRS R R R AR FLAE AT RL, R H R4k LA SR Y
WG . e tmE AT AR, — 7, BCRAPEHG ShR PR , $EEH 7. BN
JC. THREWN T-(CInyuik . GERLHE . B, ShEER &Y ML EE S . AEILMIRRT . B0 2R & SR I i pE i
E51T, BRERNILNBIE T, o B ERARE R AR | 3T shae bk o S EBE; 507
T, JEARGE F A MR P A T A1 2 T 1 5 P S A T S BT RE il —— oM 1 3k P Un e 58 ik
H bR Ve, 20 0 S WA 2 RrE S | B I & FARHNE R, mER R FLIN 3% 2E S 8%
BRI, AR SEBLE R S R A B I, Rt Sen 2 7 Stk 5 s S ae 71, AIT A
KR TE G Lin 50 GO 4K F M & 1l AL R TN /MR DI RE X 43, R T PR F5)2
ARGERY 5 88 T, Ah T T SO A [ E DNA SRS, FFE5 A AL IR 1 (RCA) Hi R
JEATZHAE DNA KAEZE M, H i XL RCA-GO ARG RCE S, T Hidii & (SARS-CoV-2)S
S 5 N DA R, S AR . %R S X S B A BRI FR AR 0. 3 fmol/L, NIEREARZE 0. 1
fmol/L, TEMEUFR BEFEASH AL T FR B3 0. 3~0. 4 copies/pl, HEHAFERIRGIN 7 S R EBER T 1045, H
REA R IX RSP A S BYR &5 T, ey, Ah36TH GO AT KL R AU S £ 5 RN N, —
J5 A AR R A T S E A, SEI RCA P2 5 DNA RAEFE 4545 W—J7H, DNA
YK AE A S 2 G HL A7 T S AR D T LA 53 B, S R A L VS SN, A RS - LI M
BEE FLA

Zhou %" S JEAHIHELL (2D MOF) 4K liE G RS TN AR HIDhREIX 43, 7EDN R m{ 58 H
JERHE BT B0 B FAL B R, 7EANETKIE MOF B B n MRS 1 S RO T RE , #2E
HOBES B 1 195 MOF AKaEIE e, I T3 FALH R s Sm a6 (B SA) o I AE eI
T EE 10°, Wi HaEE EEIFGIE, I SCBlE TRl b . ST b Ras ) dn ik
VERG, WIS TR & AR (LED) B FF &bt o i 198, ANETH A b 745 A S i
BT IERAZ G, MOF B RRIRRSE t I 7 H SR B0 EE T, 51 & IR 2 1)K o P i e A S,
il 2 Bl L A 2 SR P AN A i S B A, T S RS B ) A i A A Wy BB 2E 545 1)
(R TLMIF RGN 0. 27 pA BRI IS0 61 pA, MITTSEBLE R I . JBIRSEH i
THHEL, B S E TPCIRES, FE T S B TR A v e s R

Liv 2255t 22 A AR, M 73T e R Ti,CT,(MXene ) FUfEJEES . MXene f:—Fh
BHTR T AEAOREE AR, SRR S R S ERE, b ARSI E . SR
T PRIEAS e B RO FBAE S R BE 1 S R R s B, HR s & KB (—OoH)
SRR EERER, BT TR R K S AR, A A KRR RE S (R R A R AR E
AoMRSERHE, AEFE TS HANE TS s G . bz VRS e B AL s
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TEXT B SR O R, HCeE RS & AR B AR . TEIZ A, MXene f&JEERH ZMETHI 2
Wi 7 EA—SH R ) MC-LROERCAEEE:, aTFH Ti—S L BLE R A 5 MXene T fa g HIE 1)
ZhEG o MERCARER IR MC-LR I, 2ol WS hI v fur A E g oA, 2k 5 | R 5 L 2R 1Y) i 35
Al AZACK TR R B S MC-LR B EMERE , KEIPRARE 0. 18 ng- L', HHEZR IFRFRE M
PGP, Th B FSEPRIR S K MC-LR BORSI,  ELURIE A (23— o BTG 7 (LC-MS/MS) B3
ZERAHIE (B 5B) . Ma 58 i i 7E MXene 2K Ji R B A2 HE 4 MC-LR 8¢ S PG B AR PR (APT) , IF
i AR I B N 2 1 PR 2R S AR HEIE , M APT@M Xene YR B B IR BN UL T 6, H
TR E MC-LR M) R, SRR Al . %A% s X MC-LR MRS I IR IR Z 1x107 pg/L, REFEEL
g s KSR 7 AT 10565, FHES TAE SRR A2 () A2 FH. 55 B B AS AL ) Al oKad B AR fas . RS R A%
EpiHdiae 1 te . AL HT15 HH MXene ZE)IEAE 808 nm I ZL/ME R N BHA SR, W] sk
SEARE IR AR P SR A Y OB TE s ANR BB EELARTESS & MC-LR J5 51 % 0 B ff 28 B 1 5 1
i, —Jr A KOERE S S RS, BERBORRRE S H—J7m, ShRMHA 58 g
BT BT 58 442 5 A% 4t e BHL A% JOnt 23 Ta) (L A AR, RIS E e R B bR JC B W 23 [B) A FHLAR AR, 75
BEF= AR ZUE S B, AR T E B AR Th BE AL AN Ak T 6 MC-LR B%e et R UneE 01, kbt M-
RR. MC-YR ZZ5 25T, [RIBS ol 4R SEEAOR N 5 o fuf a4 SCIL AN HL . | i A5 e Lh i R R
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Fig. 5 Schematic illustration of light-gated ion transport through the 2D MOF (Cu-TCPP) membrane with high on—off ratio™’
(A) ; schematic diagram of the preparation of the Ti,C,T, chemiresistive sensor and the detection of MC-LR""(B)
B AU AR S LA R SR T 5 N AR TR VR E SR, OF RSB AN I DI BEAL AR AL
ARSI PR RE 5 B BUR , AR SO 51 SCHR B G5 BLBEAT 1 RS PRI B BE, L AR THI DI RE ST IX
HORFUNE EES B RBE S S PR RER LIS 1 PR
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Table I ~ Summary of the parameters for the nanopore sensors with functionally differentiated internal wall and outer
surface mentioned in this work
Nanopore Functionalization of the outer ~ Functionalization of ~Membrane thickness and ef- X .
X X . X Performance of detection/Rectification
material surface the internal wall fective pore diameter
AAOM L = HITALE K DNA F545 Hi KAk FLAZ(11.343.1) nm HEr¥ MC-LR, KRR 2. 5x107 pe/L, )
JEJEL(66. 1+0.2) pum BAEE L 1X107°~1x10% pg/L
AAO™  polyacrylic acid(PAA, M~ & FLAE(11£3) nm FIAR¥ He . I, RIIER 1 pmol/L;
5000), poly(ethylene imine) MR 65 wm HEr¥ ATP, KDIFR 1 pmol/L, ShZSAIM
(PEI, M ~10000), L\K& TR 1 nmol/L~1 wmol/L; H AR MCF-7 4
DNA 43 (M ~11 000) JitL, AU BR 400 cells/mL
AAOP Bikik FKAL Hg Bt £LA2(85. 5+4.2) nm HFRP Hg>, RBR 1 nmol/L, 52460
DNA #4t R (65+0. 2) wm R 0. 1~10* nmol/L
MoS:4K 1 35 i J& DNA (ctDNA) 454 . & JZIAEEH 0. 78 nm HARYIIE R DNA(tDNA), A&MFR 1
Frose s oI E IR R A . LA R MoSZH2E B 2 T AAO B fmol/L, BhZASKIFE Bl 1~100 fmol/L;
JBEST (R i L b T ) K JELAPEARIERELA T 1 pm HARYIVE R, AIBR 10 fmol/L, ZhAs#:
B WG FE 10 fmol/L~10 nmol/L.
AAOP W7 i S T J AR A2 S BE T gk i H AR EF/E B SARS-CoV-2., BA. 445 520k
74k 0.3 mg/cm? IR SARS-CoV-2. M4SN A KT, {Eop
3} 70~100 nm WIE . SKOV3 AN, Mgl
SARS-CoV-2 KR 1. 52x10° pfu/mL., 3
KR 15. 2~104 pfu/mL
AAO' & ATP W&EWCIKIF S DNA 45 54 Rmshfgfb— fL7240~70 nm HAR4 ATP, KBR 10 pmol/L, B
HJ(DNA f£%: W14 / DNA 8 2%, VENxIR JIEJE 60 pm 10 pmol/L~1 wmol/L
45K, BRCRAE £ (MB)
AAOT 4 g ¥ =2 RE B TOBARIC(FITC/  fLFR(25+5) nm PiTHitERe . JCAMREYIRELET, T
(PTOS, Hi/KM). RHEMEE Cy5S)H) DNA ZE  [HIE40 um (cpDNA-Cy5. AlEgens) S8 {E 2101
(PAA, TUHLTY) o SR PG N 14 ik 2029%~242%; (&1 PTOS/PAA/PEL ),
(PEI, EHHD) 15 SR 106%~143%, o PAA
TPt et
AAOY 5 Bl ik T i A A DO 20 G FL#(25.1£3. 1) nm Hirp kT SEA, AL o. 1~
e (MI-TPE) ¥4 R 65 wm 100 mg/L
AAOY  BiKAL i LA (2545) nm AR YR, ARR 1 mmol/L; HERY)
TiOM K DIREZEEE VT BDREAMR, H PR 10 mmol/L
P, WER 2. 5. 10, 15,
20 pm
Cu-TCPP ZE44Jiidi, MOFMEH & - JZIAIHE 0. 45 nm Tt B 7145 e ik 2. 3x10°
MOF™ Ry ZhfigH 7 JBJEES. 4 nm
AAO™M 2 G X R (BDC-NH,) Hi/kfk LA 25 nm HERY RS, FER 100 pmol/L, SIS
5 AAO W5 IT R JE A LA B IFE FEl 100 pmol/L~1 mmol/L
AR EE L R A9 (AI-CPs )
AAOM? A FE WK (Apt, 5° - L% (30£5) nm HArpESE, MR 1 py/ml, 75K
i) . 3 BC IR 3% B2 8 (Link- JEE(60+5) pm TFEFE 0. 32~1 600 pg/ml
er), i it A8 % 58 I WL IE T
NEEEIINEVY)
AAO™M MUCH S& il I - HAs#MUCL, KR 0. 036 4 fg/mL, 3
AL ] 1~10* fg/mLL
PAAST g% DNA x L% 50 nm H A4 miRNA-10b, KMIBR 15. 4 amol/L,
JEJEE 50 pum FSHITEFE 0. 1 fmol/L~0. 1 wmol/L
PAA™ i A ¥ L% 40 nm H R4 %E A, AR 0. 22 fmol/L, 3775
K6 E 0. 22 fmol/L~11. 111 nmol/L
PET"®  BREEMIR IR . RCA 974 TG FL#%(2628) nm P mRNA-21, #IBR 6 amol/L, ZhAs
/] JEJEE 12 um KT8 Fl 6 amol/L~600 fmol/L;
HARI DNA, K FR 6 fmol/L,
AAOM™T F o e R S BOE . MMP- G FL#%20 nm F AR MMP-2, &4 64~ 35K ST, 46
2 ¢ 5 M U1 R 58 PLGLAG JEEJEE 65 pm DUBR 1 ng/mL, ShAALNE F 1~150 ng/mL
B K BAIT B0 T 25 AR ER ST
AAO™  sge8e G A T fL#% 40 nm H ARG R IR 41 (CCRF-CEM) , Rl

JiEJE 50 pm

P 80 cells/mL, 7S ITE FFl 80~107 cells/
mL
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(8:1)

Nanopore  Functionalization of the outer ~ Functionalization of ~Membrane thickness and ef-

Performance of detection/Rectification

material surface the internal wall fective pore diameter
F 4135 Ti, MC-LR & ik b JZIE]H 1. 45 nm HARI MC-LR, RBRO. 18 ng/L, #ha
C,T, MX- JJEE 25 nm T ] 1~10" ng/L
ene ?%H;';
[21]
BEImAK R ZE 8 LA E ) 0 SRR (PLL) BALFLAR25 20 nm Bbsd . 8 el B 2% v Rl 28 48 1 45 T i
BEY TEGR AL DR A WA EM PLLAEMR G AL 17 nm 24K SACE2 B N4 A i, s se s
SHREAG A ERRERRE . B R
HiZ5& ACE2
HEZ DR A AT SE M B o A AN K R B i PRV E BN AR SR AR AL AR 29 40 nm, JIE HARY p—tau B, p—tau 5HEHLE A B
gkt E TN F RGBT W BB 5 A AL 20 30 nm SR HLPHM T W &, {50 L SNR ik 10. 8
LR
XI5 NREDIREL—E X RACREG K ALEE IREIEZ) 50 nm HARY) . SN A0 2T (GOx) I A1k
[ATRUPS 4, JH EDC/NHS L4227 14 nm A, ABEGE A] S A R AL BRI AD 52 3]
.2 0 % % A Ak g AR, I K L S S AR AT T
(GOx) [l 4 I ERTHENWE, R TS
PRI F
PET™"  polyA—n+R Zi#tBt DNA J GG ARAELA 3o HESDNA, KR 1 pmol/L, HCRCK
T 12 pm J5 10 fmol/L
AAOM JEf AR K Cu-TCPP ¥ L2 (1842.3) nm HAr# MC-LR, #MFR0. 044 ng/L, #hs
MOFs J&5 &M = BIR 254385 JEEJEL (60. 24+0. 20) pum K FE 0. 01~100 ng/L
it ik SSW-DNA
AL 2k EDC/NHS I 4 [ 5 & 3% 6 JZIEHE 0. 81 nm HAR4 SARS-CoV-2 Y SFEP . NHEE[H, S
WK BRI K DNA BE5E, 254 %L JREIZZY S pum FEPIREMFR 0. 3 fmol/L, NEEPRAMFR 0. 1
Jriel SN IR Y (RCA) A AR 19 fmol/L
DNA gk 78

3 #it5RE

AREEIR SIS T AURSLAME R RENLE R R SR ST, XN SRR BET 1 SRS, P
THR SNSRI DI RENLEE S 1 3 28 AT B2l . AMRIHHT T . /ARG SR | AN . aid
MEAEGOREL, Fl: AAO, PET, MOF, MXene %, PEATEBRIVSNEHEITIGEMEMG, BT SEBUG AR
{148 i R A SRR, TS ITEE , TR ARSI R PR RE . AR, BRI
BHE, HETREMC 20 RET ARG H ML EER, WA ST D) RE ] 75 )
FURATEINGER . AW R RGO UL G B E M A GR 7y, HAFA e E, Al ZY 5]
EFFARAUORFLIR RSB ERE . D5 —J7 T, et E g SR R I R 3k, R i )
EAL, IHJZMRIEE, XIHERERER LA TR AR T

BERTLL B, @ UORR T LIAELL T TR —HRAWIFE . (DTRNIZHN . SR D REX 73 5 Y
PRI AL, S S T AR S IRALRAEROR . ARG R ZE IR SR . Rt o |
A VRS T TR B R, A AR TERE R B R D AL SR R HE RO BE S . i, R AE
ViR B2 7 LASEBUR H AR A Pr i) e SR A AR I, AN TH T B D RE P 1P T AR ORFLN L ALY J=) i i
T, IR R Bh T2 2 10 D T I B AR B RIAL N B, 3 A AORe S VR R AL
SR, %A DR THT IR TR 5 PN AR TR DN B4 2 U 2 () AR R RO 5 o0 & . A /MRS Bk (L
B A>1207), BANBEARHEF T, (HalGES S H bR M e fLH BEEa T . BEABERTRE,
[l i 5078 FL Ak TR EEARARJZ B 20 A1, SR KA T H) BT s o s ez, A4 R KR
5i (FL AL A <307) , DELLBH (T BE AN P ARTRRBIX, s s T e X, AL AT
Z 1B bR AR R R T DL BN SR T K A —FL 1= R STk B 52 — EBR 2 M A A i A 430
R-NREPE A SRR Z M€ SO, JE AT B 46 7 /3 ThT R T 1 52 i A 38 TR AR Y 52 08
(e S B S AL, A B R & BT TR S Ak AORFL IR R S e 8 5 () TR 4
AN EIE XN L ANR D RERIAH G T, FE KA HAR AR I PR R SR RS i,
BRERIZ R AT SN PR DI REA G T | B TR DL e R B SR s T — T, AR AR
TEIE 28] 5INDIREN -, PhRIE RSN MR BRGNS 25 it 5

amd  and



55 8 31 TGS WSARFLIME D REDL TR 7T ik J 1761

PERERAL SR R A2 . i B WEST, IZSUSA B SC B IR 5T 1) SRR BB, et A
B2 SR A A R B R AT, MBI BOR SE I A SE BBt I .
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