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Abstract: Owing to their advantages such as high sensitivity and high specificity, nanopores pos-
sess irreplaceable superiority in the analytical detection of biomolecules, disease markers, and oth-
er targets, making them one of the research hotspots in biomedicine, materials science, and nano-
technology. The performance improvement of nanopores is directly related to surface modification,
and precise spatial partitioning between the inner and outer surfaces can effectively enhance the per-
formance of nanopore sensors. This paper focuses on the key research topic of the outer—surface func-
tions 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—in-
terference 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 ad-
dition, 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—di-
mensional materials 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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Fig. 2 Schematic diagram of bio-inspired solid-state nanochannels ~(with DNA@IW, - +None@OS, , ) sensing target
and the specificity investigation of nanochannels with DNA@IW, , - +None@OS,, , . . for Hg" and ten analogous BI(A); sche-
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ing 7l (B)
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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~AAOQ nanochannels, the response process of CP/AAQ nano-
channels to HCHO, and the current change ratio of the sensor toward HCHO 1(B)
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B E T A AR TR N GORFLN RIS G S i, b 7 EEIE E 555K H, JF Hisd it
A2 R TE M AR RER 7, WTR TG SCI 2 FEEPRAORTIN , 8 A PR

WAL, FEGURFLANE B SL G T Bl AR P RE SR T ML, Lin %5 " Wt 7 N AT RE
5y DX PET QKB IE G s, N R MAERFFLIEZS ) 5 & 1L HEGe, /PR IE 4)2 M E polyA-n Hk
EXDNA S SE S — i, SCHUZIRE ARG . A LS5 — R ARS8 AR FLAN R A)E R
PRE 28 (e 25 i 5w e 5 ) BV T A LA PG X3k, 1%k R B AREITE 3K 1 fmol/L~10 pmol/L,
A HCR G ZEBUEFHRTE 10065, AR Z0TE BB (R ds et . MUBERY, HSUsE — R miEid
HL A R0 5 B 02, RRAE B 0T 51k W B AR AR IR ORI AE T, MRS DX 0 BRI
Bl o vl ShR RG> X 5 B — S m bl s, RIESEFHSIERE, A PEREg ki@ iE 1%
R 7 OCHER R, . He 58 ) X AAO 4 KIEIE BTN AR TH T RE ST IX., TEN IR FF—AEADRFLEE 1A
5 FAEmTERE . 1EAMUE A A K Cu-TCPP &R A PUESL (MOFs)  FF &1 8 = BH 6 45 A4 & I 1k
(SSW-DNA), e St LB G T MC-LRAGI , IR 0. 044 ng-mL™", TESZFR/AKFEH:
FIFaE, M EAEE DNA B 0R R AR R BT, JEnT SCOUEE T kG, LRI, 4b
FIH MOFs 5 SSW-DNA W He it R & 25 507 s 3 FTE i A I HL AT AN B, BAREE 5 51 % SSW-DNA #4478
b, MR R L S 55— S T EL A e B 5 88 - RS 5, B HRPT MC-RR. MC-YR. MC-LA %£5#4)2%
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R T, emzIRr e . PPN E LA — SR RS R e T T T RAE  BO PRI, AER Ok
PP LB A R A 1 UL

(A)

. 200
s, © f s
q xN
& Li =160}
e N 0,
v Fluorescence & & Q @ .8 .9.. EEIEIOEN
£ signals d:( Oy ™ y o
[ Q) = 3
W-TPE quiescent state g 120
4 g ®), £ anti-interference 5
3 A" probe at OS (Ayg) =
oy X 80f
- Probe at OS 2 3 7 2
Uw!o\[‘ij'd;‘: otein (Pos) ,I 5 43.7+3.5%
1 —
activated state (§ 40 21.7+2.5% 11.4:0.57%
410,
P
" o w A T P C e
s . Vi Al HS SO G‘u‘a\“\g \'aded\?a ce\ll WS ‘ed“ceda
Unfolded reduced protein A nQ) membrane  Au MEA MCH pe! e o\ ed
(B)
Highly expressed
ACE2 OV90 cell membrane
N \
coated 40/ m PBS
— BSA
354 r M a-chymotrypsin
< 30 Collagenase |
= £ a-Amylase
&® < 254
= AAO nanopore 7 5 g
OV90 cells E 20 M MSN
: 3 ™ Phage
s = 1§ M Adenovirus
i e 10] I SARS-CoV-2 BA4
Z S ¥ RBD —~ SARS-CoV-2 WT
5 m SARS-CoV-2 D614G
04 i . -5 M SARS-CoV-2 E484K

ACE2

SARS-Cov-2 binds specifically to ACE2
SARS-CoV-2 capture

B4 EERBEIEMEIIE S (MI-TPE) DI KEIEREIH T RIARTT B E D N/REE ™ (A); 0V90 4l
REAL AL EABIUAORIL (CeSa HDRFL) TP S S I A=) H 3% (SARS-CoV-2) BI/REE GREIRIE ERZ
OVOO ARG AAO HRFLEE SARS-CoV-2 HA 5k, VA T # RBD 2515 5 0V90 4iiid i RIKH) ACE2 Z i)Y
HAEER) © (B)

Fig. 4 Schematic representation of MI-TPE functionalized nanochannel array used to identify unfolded proteins ™ (A) . ;
schematic diagram of cell sensing analogue nanopore (CeSa—nanopore) functionalized with OV90 cell membranes, which en-
ables rapid detection with high specificity of the biological target (SARS—CoV-2) (the bar graph shows that the AAO nanopores
modified with OV90 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)

2.3.2 Z“HEMKRFLEMMIIIMRERIE “HEPORFLEWIRZ h " 4EginEiE , Ed 2SS R
A ZETE o T EE , WA GONFEE . 48 MOF 40 jiiliE . Ti,C,T, (MXene) #NiiliA
g Lol R EARZER , T YEANTEE A RHEFT R B AUORFLIR IR AR, LR H BT AR FLIL SR Y
MR . “4egn il B KRS, — BRI SR R TF I, BREH . RN
TG, WIRER T (lditk . EECOR . R, THRERAY) BSLMERS . ARSI . JRALR A S I ERE
BESAT, BRERNILNBW T2, v R R A | e etk 2 5=, J—
T, JEIRGE R A AR AE T 2 TG 5 P9 S 4 o] SE BT RE MR —— o R 1 T3k e i 5
i B bR R, 2 ) P AR 2 PR S | @ TR, R R FLIN IS S R
PERCR TR, INAESEBL S SR )i, iR i s 7 Sl vk S g S e, RIFR
IR 0 Lin 55 0 % GO QK i i i -1 7 A5 ey BEA TN AMRTH T REIX 43, IR
Fr 2R E5 0 5 8 AR RV CESN R E T S O B 4 1 E DNA R AR EE , P48 & DL RN R IR
(RCA) AR ZHHE DNA 9K AELEH , WL R RCA-GO QKR AL BCE &, T#H ik &
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(SARS-CoV-2) SFHLPH 5 NI 8 R, Wi i . (A% T S ZER ORI FRAIR ZE 0. 3 fmol/L,
NEEREZ 0. 1 fmol/L, FEMEI SAFEAS 1 ARSI F PR BT 15 0. 3~0. 44% DI/, G sk RGN 7 28 S A 4
1045, HEEAMX R R SR s Tt el /MEH CORAA R REBESEER
B, — T WA AR E R A TSR R AL, SRR RCA P24 DNA 4R AEM TR E 4565 —T7
16, DNA DKL 5y af o] 2 AR SN T L Auf 25 B, T o 20 B fuf PRI 3008, A R 1
H, 3 ) 7 B8 7 it

Zhou 5§ " N 4L @A HLHESL (2D MOF) HKiEiE L E TN AR I ThREIX 43, TEN K H
2 ARSI Y 5 A HEE R, ESMRIKRTE MOF H B B n k244 S B RO e AL i T g
e B 11 145 MOF 4Kl (2 Jkes , JEH T3 M R s SImfEgr e (K5A) . 115K
BT R EE 10Y, WH, @ EE IR, S RN e G TR R
BRI RS0, WMIhsLBl 7R TR (LED) BIFFeiil. i8S 0 s Hhm i 4
LIRS T IERAZG, MOF BRI A4 3 H R s A RE Ty, 5 IR RS J2 ) 7K 7 PR iR Ak
FEAEARH, B TR e 2 REIE AR il S IR AR, E e IR A B8 1Y) B AL s AR e A
PHZE 523l 38, (B T H TP 0. 27 wA BRFE 2 0751 61 pA, DI SEBLE &1 145k . JelE
KPS, B i TFBCIRAS, FE T b SEIUT B AL a0 oT i oG PR R

Liv 5581022 BHFER AR P, M TR T 4B TiLC,T, (MXene) HfZIRES. MXene f&—Ff
TN EGOREEM R, SR A SR S ERE, BRI . mRiE
¥, M PRIE LRGSR RAF M LG S thae S B2 o Bpidinh i, HRmE S RERE
(—OH) FFE/KMETRER, WT T RS0 E K S S AR, A AR KIS T RE0E (R R34
WEE . AZHRIGHE, A E T AR BT M s R R e . Rl )iz AR (b 22
PHLAEJEEES, FEXT AR B bR R, O R & A AR A . % AR, MXene /51K
FAMRIAMEM T 58 —SH P MC-LR@EBARPRER, v R Ti—S 8 SCE R AR ER 5 MXene K i 2
E HYEINZE G o MG AR SRR IR MC-LR I, 2ot N3 10 H Aur O B8 0 A, 0BT 5 | e i
LRI S AN, AR TR A R I B MC-LR AL RE , IR E 0. 18 ng L', HEKR
IR EPE RN A, R B T SEbR IR K BE R MC-LR B9EI,  H AR @3 - R B (Le-
MS/MS) HYIREE AT (B 5B) . Ma % ™ JB I 7E MXene Z K RIS AP T8 A& 1 MC-LR HF 7 PEE B
PRPREE (APT), i 22N RS N 21 (e 2R B A& HmiE , # th APT@MXene G HICH 3K 3]
LR 6, HTEIRE MC-LR WS 280, B s MR %A% @8 6 MC-LR B9l BRI = 1107
pe/L, RIPUEEALG M RIS 7 RIE T 10565, AHECTL 20 i () 7 BH. 55 v RHAS {0 A8 0 K 38 8 1% J&
R RE SR ) R T ML TS ) MXene JEJIGAE 808 nm T LTSGR HAT 78634
RN, W] EE AN AR R IR AR IR TR A I B R (Vdiff) 5 AN S A E B AESE & MC-LR J5
5| S 7 B 23 B S N, — O T A KRR A S IH B s, ERERORHIR G S5, b
218 FLAnf 32 5 B FHE B AL o] 58 44 B AL 40 el B R AL O 23 [ Vi RELAG AR, R e 7 R e ¥ b JE Y
S ARHAR AT, ASREF= AR ZUE S N . APR SRR REAL AR T X MC-LR B4F P 1R
A1, BAHKPIMC-RR, MC-YRZZ5025 T, sl ol 4 Sk Ok 3 5 v quf a4 SCBLTE AN R
JE . Ve b R R RS

FEM . AR PR FUR IR AN 5N R E IV RHES S, RGBSR D REL KL
FARTINPERE 5 N BRSO BT 5 1 SCER R I AHSGAE BT T RIS 3R, . AR TIRES X
YPRFLAL A B S PR RE X TR A 2 1 R

1 ARIRBEININETTHRE S K ARSI R E S

Table 1  Summary of the parameters for the nanopore sensors with functionally differentiated internal wall and outer surface men-

tioned in this work

Nanopore  Functionalization of the out- Functionalization of the internal ~Membrane thickness and effec- Performance of detection /Rectifica-
materials er surface wall tive pore diameter tion

HFRP MC-LR, #R 2. 5%107
pg/L, SIS 1x107° ~ 1%
10° pg/L.

A2 (11.323.1) nm

B4 = BG4 o 7 :
AAO [1] B —IRA%LH DNA RS sk ik B (66.10.2) pm
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(5:3)
Nanopore  Functionalization of the out- Functionalization of the internal Membrane thickness and effec- Performance of detection /Rectifica-
materials er surface wall tive pore diameter tion
polyacrylic acid (PAA, HARY) He? . HEpAHE, Rl pR 1
M ~5 000), poly (ethyl- fL4#E (11£3) nm pmol/L;  HARY ATP K R 1
AAO [2] eneimine) (PEI, MW~ Jc NEE 65 wm pmol/L, SHEKITEFE 1 nmol/L
10 000), DK DNA4>T ~ 1 pmol/L; HARY MCF-T7 4HiJifd,
(M_~11000) i B 400 cells/mL
fL#E (85.5+4.2) nm HAr%) He?, KEIBR 1 nmol/L,
AAO [3] kit AR DNA BR6F JEJE (65+0.2) wm BhASHKHNTE F 0. 1~10* nmol/LL
AFRPIEER I DNA (ctDNA),
MoS K mﬁ A WEL DN;A (cl[/)}\IA) 28 0. 78 nm ’rﬁ?)”\'llgﬁ.l fmol/L, BhZSA i il
proppepy R TRERED ARG MoS UM AT AAO dg 100 tmol/Ls
(4] k=Y (\HU?’JH?EEL%W AR IEREZ o 1 pm H’fﬁ:%/%g%, M}H'JFElOfmol/
EY) K L, ShA&A3E F 10 fmol/L ~10
nmol/L
H R4 85 A 5 SARS-CoV=-2
BA. 475 Fkk SARS-CoV-2, L4
AU Th e 2R R ki AR EERIEIEE .
AAO [5] TRTER:S-ME A0 At J 54E: 0.3 mg/em® ERATZY  SKOV3 #nduie, HohEpa:m
M 70~100 nm SARS-CoV-2 KZilIKE 1. 52x10°
plu/mL, ZHESKTER 15. 2~104
pfu/mL
& ATP &5 BCLR P51 Y . e
\to [q) DNASH (DNA FE5E=00 S50 & TN RE A8, M FLE£40-70 o e
6/ DNA BE5H), frid i X g JEEE 60 pm L )
W (MB)
boTHivEne . JCAMREYIGEfL
A GRS B =2 mf, T4 (cpDNA-Cy5., AIE-
AAO  (PTOS, Hi/KE) . BWIE 26hricd (FITC/CyS) 1) LAz (25+5) nm gens) FHEUBAE T HE R % 2029~
(7] R (PAA, faE ) HMEE DNA SRk JEJE 40 pm 242%; 1&Hi PTOS/PAA/PEL J&,
B (PEI, IEHR) 55 SRR 2 106%~143%, H
HPAA FL TR R A
AAO % TSk ok 0 i 56 AT Y o % fLi2 (25.123.1) nm HixwRrSEE, sk
[8] &3k (MI-TPE) 54t JEJE 65 wm [#10. 1~100 mg/L
AAO fL#E (25+5) nm H AR e L, A R 1 mmol/
(0] B KAk T TiOBi K TIREZIRRE IS, Ly HARPIBREAR, KpR 10
JEHEM 2. 5. 10, 15, 20 wm mmol/L
ComTCPP ™ — oyt . MOF #41 F2 B 0. 45nm e )
IE/Il(())ﬁ A S, 4 nm HeAEB T 1% e ik 2. 3x10
ALK (BDC- FRRHIT S, A0 100 pmolrL,
ANO - NH2) 5 AAO BORIESUR fLiz 25 A KL 100 pmol/L ~1
[11] (e g p e 3 fr2mm S BEEIROU pmo
~ mmol/L
&% (Al-CPs)
AT EE K (Ap,
AAO 5’ - P LA ) A P AR E‘L& (30+5) nm HArpE &R, KR O. 1 py/
[12] 4 Tz i A(Linker), it se JEJEE (60+5) pwm mL, BARER 0. 32 ~1 600
At WENEE kS pg/mL
& (AAs)
AAO . HARPIMUCT, K:IFR 0. 0364 fg/
4] MUCHERCE * / i, SRS 1-10* g
p H A7 miRNA-10b, KB
- . L% 50 nm ~ S
PAA [15] ¥ DNA G B 50 15. 4 amol/L, ZHZSKMTLIE 0. 1
fmol/L ~0. 1 wmol/L
EARp5E Mg, Al R 0. 22
PAA  [17] i e e A J fL#% 40 nm fmol/L, BHASKLIMFLLE 0. 22 fmol/

PET [18]

BRSO OB R RCA
b7

fLi% (26+8) nm
R 12 pm

L~11.111 nmol/LL

HFr¥ mRNA-21, #:0FR 6
amol/L, BNZATE Bl 6 amol/L ~
600 fmol/L;

HFRY DNA, KR 6 fmol/L.
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(8:3%)

Nanopore  Functionalization of the out- Functionalization of the internal ~Membrane thickness and effec- Performance of detection /Rectifica-

materials er surface wall tive pore diameter tion

I R AN T DTN

AAO  MMP-2 4% 5 ¥ ¥) %] 8 55 ;;Eg 22 i ﬁgwgﬁﬁfﬁ; 1%??6 /;iiﬁ
[19] PLGLAG. Bi/K ¥ ITF.M 09 pm ﬁ#@ i{iso 7ng et
W%‘E%ﬁ%f SIR(ER ng/m
AAO FL# 40 nm AFR a4 (CCRF-
120] sge8c i ALk ¥ JEJEE 50 m CEM), #&iBR 80 cells/mL, h#s
6075 BT 80~107 cells/mL
F 4L Ti,
C,T MX- .
2 . JEHIHE 1. 45 nm HEr# MC-LR, HIMFR 0. 18 ng/
cne MOLRIERCHE = B 25 L. 2K 110 ng/l
R
[21)
EURRY e L o B 5 1
7 » 5 5 S s
st LRI e 1w L) i ALALEE220 i IR i
g [31] DERARABMOMERE o ey T L L
. & BLAARRERAE . B8] BATHSE
% ACE2
2 T - . [ 1=
%Eﬁg%ﬁﬁ%%%@%%*%%ﬁ%@ﬁﬁ%ﬂ%ﬁﬁﬁ%%ﬁ%ﬂ@%mmh%Eig?%gﬁ%%ééﬁﬁig
B RS TAL R R SR BR300 TR B, 7
[32] HE SNR =35 10. 8
ELAR % . A M AL
X shis ISR
[HA SRR E oo o i gy P S0mm R *Qﬁgjﬁi‘}‘?gj
—iy . Wm)ﬁﬁﬁéi“ﬂ FLAZZ 14nm I e TR R e AL T 1
‘ EEHTHMS, B THES
AT 0 H 06 B
. S G A RAL2 Y 3nm HAR DNA, KPR 1 pmol/L,
BETCTAT] plp=mRiREIONA JEJE 12m HCR ALK 10 fmol/1,

JEA7 4 K Cu-TCPP HER# MC-LR, #FR 0. 044

4A
?ﬁ} MOFs 5 i = ia %64 T %gggﬁig;;“m ng/L, 25K 0. 01~100
i LR SSW-DNA B ng/L
i 11t EDC/NHS HE 4y [ 72 44
A AR A4 3K DNA B4, H A4 SARS-CoV-2 i SH:H . N

JZ[E]HE 0. 81nm

I o pE A s PR o]
%‘?él’ﬁé)# =] m%(ﬁﬂ#iajﬁ H;é)%i’ﬂsum

[46] (RCA) Z: BUiY DNA 44k
1

3 ZitERE

ARGER FEMERE T 4K FLAMR E S REN VR B A 5T, XFIN . SRR T T R RSy, KTk
HE MR SHREN LIRS i 3 2847 845 . AN DT T . /ARG . AR MRS 7o . g
SAREIZKFL, Blim: AAO. PET, MOF, MXeneZ:, SETAFIAYAMRERISIREMS G, W SCBIRTHEFRY)
B R Ve RAE S AR, 0 TESh ASAINTER, TR Ak F L R O PERE . AR, (AR
BHJE, YA R QAN R E T AR IR M A SRR, W . SR SRS b E 1R H i
TR RN KRN R AR FUAL S B E AR5y, HAEHZE R E, Aol 20T %]
EFEARAOKFUAL B RMERE . 59— 7, AN s /e /bR e R ik, HPRm L)
Efk, WHZEIEE, XL RERE A LA RRRATR ST

BEXFLL BRI, SRR T LAELL T 7 A ST (1) NSRS . AR REX 25
BB EIVE LS, @ 4s B0 TRl AL S RN RIER AR, REH8R H1EE SR . R |
BT S T PR, AR ERE I P [ Ak SR RS v B S . B, 4PN ERE R
Wit o7 LSEBU H bR B e sE A ke, AP al IS G D AE A 7835 98K FLN 11 A Jah iz
TR, MRS PN 122 2 18 B> T e 5 i AR e R RO FL T8I, 32 R e S e R A%
SR, %A IR TR 5 P R R I Y R AU 2 TR SRS &R &R . BAMREE HIK (H
IRl A>120°), BARREARGEFR T, HTRESEE W TEfLO R TS . EAER TRE,

LM, SEEEKHFR 0. 3 fmol/L,
N ZE AR 0. 1 fmol/L

om> o
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[ I 50 A L Ak B TR BEARARZ ) 20 AT, S eiBKE B 7 M finis s s e, AR K
5 (HGANERA<30%), JUDHELABH (TR N N RTRRGIIX, X e T X0, . AR
Z BB P AR R 0T LA RSN SRR K H2 i A — LI SR 3R ook BEAE B2 — B bR e A 0 A 8 i A 430
R-NRER A SRR MR E S ORHAGAY , JETTA B2 18 7R /M THTR T 52 i A 3 TR 52 F0 8
(i S B SR, AR BT R s ST T I St R AR LA R e T 5 . (2) TRk
AR Xy AN RERIAISRIE I, FEr R HAE R AN I RSO L BRI R il
BRIZMIBE Y 5N DI REANERCYE | & TERRCR USRS R0 SR o — 5D, 7R 4Ea)
TEIE R 2B S INTIRER 7, Phlm)3EaR /MR TR A IRBIE S, 4N aE R s ) 25 Bt
PERERAL IR oA . i B WETT, I SUSA RSB IE RS 1) SERR N BB, odret . A
BE2F 2 A BB B AT, eI B 5 eI SEBL R P e

(A) Light

XX
‘ V\‘ A120 - . _> . _> .
&\,;;,\c’ Benzoic acid __~ " <
g 3 + @ = K XXKLH5
Pava vy S WN N\
A W O% o 801
TCPP Cu-TCPP =
=)
(&)

40 -
Light on
O —
%
O Light off 0 T r " .
MOE O Cation 0 50 100 150 200 250

Time (s)
®
y 7 Stripping> o / ol
0.9}
4
@ 0.6f
g
0.3} '
s§§§§§‘§‘/4w_ S . rF 2 il e 5

0 2000 4000 6000 8000 10000

TisC,Ty % Aptamer : 6-MCH 4 MC-LR R-NH*' Melamine 1
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Bs5 BAEHFRLN —gESRAYHER (Cu-TCPP) B FAEMmREIE ™ (A); Ti,C T b AU R i il &
B BEsE#FR-IR (MC-LR) FaRzE ™ (B)
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-L.R ' (B)
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