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Fig. 1. (a) Schematic of an uncoated and an APTMS-coated

nanopore, inset is a TEM image of a 5.2 nm nanopore be-

DNA

SiN B

fore coating; (b) 1 kbp DNA translocating through a coated
5.2 nm pore at pH 6.0, 7.0, and 8.0, where ¢, is the open-
pore current, %, is the blocked-level current, and fp is the

translocation timel20],
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Fig. 2. (a) Schematic diagram of the uncoated and SDS
coated pore; (b) typical representative translocation event
observed with uncoated (blue) and SDS coated nanopore
(red)P7.
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Fig. 3. (a) Schematic representation of amyloid-p transloca-
tion through a nanopore modified by a fluid lipid bilayer;
(b) scattered plot of blocking currents generated by differ-
ent clusters, with yellow asterisks indicating the average bloc-
king currents generated by each cluster, (i) spherical oligom-
er, (ii) short protofibril, (iii) long protofibril, (iv) fiber*l.
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Fig. 4. (a) Glucose oxidase through the unmodified nanopore (left), and glucose oxidase through the cysteine-modified nanopore

after EDC/NHS cross-linking reaction (right); (b) blocked current scatter plots and histograms of the two translocation events/*!l.
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Fig. 5. (a) Schematic illustration of two thrombin species identified by functionalized nanopores; (b) scatter diagram of relative cur-
rent obstruction and in-hole residence time caused by molecules to be measured; (c) the recognition rate confusion matrix obtained
after processing data using machine learning methods.
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Fig. 6. (a) Strategies for selective detection of miRNA-21 using functionalized nanopore: (i) the inner wall of the bare nanopore was
modified with gold film; (ii) the sulfhydryl-modified DNA1 binds to the wall of the nanopore; (iii) the excess active site was blocked
with MCH; (iv) DNA1 bound to the inner wall of the nanopore specifically recognized miRNA-21; (v) introducing hairpins H1 and
H2 to initiate the hybrid chain reaction. (b) FE curves (10 mmol/L KCl) of functionalized nanopore at different concentrations of
miRNA-21 (0.1 pmol/L—0.5 nmol /L)
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Fig 7. (a) Scheme depicting the modification of the nanopore and the interaction of the aptamer with infectious HAdV samples;
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Fig. 8. (a) Schematic description of the covalent modification procedures of nanopipettes; (b) IV curves of the nanopipettes for
detecting different concentrations of the N protein; (c) normalized ionic current changes caused by different proteins/*7l.
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Fig. 9. (a) Schematic diagram of GBP in the ligand-free (open) and ligand-bound (closed) states; (b) current trace at different

galactose concentrations (left), histogram of the closed (L1) and open (L2) conformations in 30 s (right)!*.
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Fig. 10. (a) Schematic diagram of the method of fixing Tyl on ClyA nanopore by DNA strand hybridization; (b) the representative

current trace of ClyA-f-Tyl before and after the addition of different concentrations of spike protein/®.
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Fig. 11. (a) Schematic diagram of t-FhuA nanopore detection of Bs; (b) nanopore current traces at different Bs concentrations!.
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Fig. 12. (a) Schematic diagram of specific binding between biotin and streptavidin in conical nanopore; (b) the proportion of cur-
rent drop caused by BSA, Lys, and streptavidin at different concentrations/®?).
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Fig. 13. (a) Process of B-CD functionalized conical nanopore and the chiral recognition diagram of its enantiomers; (b) current
change ratio upon addition of L-His and D-His in equal concentration.
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Fig. 14. (a) PNRSS structure diagram, the reactive portion (brown) at the pore limit is modified by phenylboric acid (PBA). PBA

acts as a fixed reactant, binds to target analytes (such as catecholamine) and reports sensing events, the blue, green, and yellow

areas represent the PNRSS chain extension, traction, and tether, respectively; (b) scatter plot of amplitude SD versus percentage
blockade I, blue (L-N), orange (D-N), yellow (L-E), and purple (D-E)[6!.
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Fig. 15. (a) Schematic diagram of translocation of short double-stranded DNA molecules bound to MS through nanopores; (b) event
rate vs. applied voltage for ssBio34 (red) and dsBio34 (blue) with MS bound/®®l.
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Fig. 16. (a) Schematic diagram of solid-state nanopores used for CRP detection, the up right is a TEM image of an aperture of

15 nm in diameter; (b) scatter plots and histograms of blocking current ratios and times of translocation of CRP, aptamer, and
CRP-aptamer complexes through nanoporel™.
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Fig. 17. Schematic illustration of multiplexed biomarker discrimination with the aerolysin nanopore and the corresponding blocking

current events induced by different biomarkers(™!.
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Fig. 19. Schematic diagram of a method for detecting biomarkers based on sandwich assay, click chemistry, and nanopore sensing/®?.
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Fig. 20. (a) Schematic diagram of carrier preparation; (b) schematic diagram of o-Syn oligomer binding to DNA carrier; (c) statist-

ical results of binding of DNA vectors to different a-Syn oligomers: (i) typical current trace for each sample; the peak current in-

creases gradually with the extension of polymerization time of a-Syn oligomer; (ii) three representative signals for each samplel®!.
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Fig. 21. (a) 2D schematic of the A-DNA carrier with two in-
dependent aptamer probes specific to thrombin and AChE;
(b) typical current-time trace recorded at -200 mV and
re-filtered at 5 kHz clearly showing three levels, the 1st as-
sociated with the DNA carrier, 2nd with thrombin and 3rd
from AChEI®].
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Fig. 22. (a) Schematic representation of the preparation of size-coded DNA probes and their binding to respective miRNA targets;
(b) representative photon and current time traces of DNA carrier translocations in the presence of miRNAs (let-7a, miR-375-3p,
and miR-141-3p), three electrical signals representing translocation events of 5.6, 10, and 38.5 kbp DNA fragment lengths are
marked with a filled circle, square, and asterisk, the corresponding synchronization in the optical signal is marked with a circlel*’]
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Fig. 23. Schematic diagram of the topological change of the DNA dumbbell nanoswitch from the “open” state to the “closed” state

in the presence of the target nucleic acid and representative current traces!”s.
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Fig. 24. (a) Schematic diagram of opTET2 and opTET2/SA, and the red T representing biotin modification of the base; (b) AFM

images of opTET structures; (c) scatter plots and histograms of DNA tetrahedron opTET2 and opTET2/SA translocation events
through 30 nm nanoporel'%2.

Tl ER PRI SR DK R
Table 1. Specific enhancement techniques and detection limits corresponding to target biomolecules.
ot HARES 5 T AP Ko
T BN
K E AL oo SiN, N/AH)
miRNA-21 Quartz 0.1 pmol /L
HAdV PET 6 pfu/mLM*!
SARS-CoV-2 10* copies/mLH3!
N protein Nanopipette 73.204 pg/mL7
Neuraminidase ClyA 38 nmol /L")
SARS-CoV-2 Spike Protein ClyA 2.3 nmol /L)
Barstar t-FhuA 12.6 nmol /LB
Streptavidin PET N/AR2
L-His, D-His PET N/AbBS
L-Trp PI N/AR
norepinephrine epinephrine MspA 1 pmol/LI6Y
ribonucleotide MspA N/Al6
S FIREE miR155 SiN, 10 nmol /L%
C-reactive protein SiN,, 0.3 ng/uL™
alpha-1 antitrypsin 77.9 fmol /L™
Tau 381 Aerolysin 6.79 fmol /L™
BACEL 86.4 fmol /L™
miRNA-21 Glass 5 nmol /LI%)
Carcinoembryonic-antigen Quartz 0.01 nmol/LB4
alpha fetoprotein a-HL 1 fmol /L
ESAT-6/CFP-10 o-HL 10 amol /L
o-Syn Quartz 2.2 pmol /L%
Tl;‘rgr}rllEbin Quartz N/Al65]
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1 () BFAEY ST XN RS G RR AR LRSI FR
Table 1 (continued). Specific enhancement techniques and detection limits corresponding to target biomolecules.
KAt HRA T kALK Kol
BLEIEF 7N
miR-375-3p SiN 8 fmol /L%
miR-141-3p ’ 5 fmol /L)
E. coli DH5a 16 STRNA
Salmonella 16 STRNA Glass N/AF
A. Baumanii 16 STRNA
Streptavidin SiN, N/A2

A T S BRI B SE LR, B 5 T AR ALAE
BT EY T BIRE ST, T HAESRELEhR G 4 4501
b RN R A R SR B Al TSR Tk

JAEPARAUNE IR T C LTEPE ST AR}
PRGOS B TR Ty, (AR AT
it 2 5L IR AXE RORARSLIR TG PR RE. 1 o 2
AR HER R BB e, AL T A A Tk, Aok
FLAR A HER AN 25 =, FE S0 A v BH 28
LU Y 22 5 AN I, 22 B AGHIN 7 S P B P T A7
28; =, AORALALARLE R S I A —, X%
Mg 2 K LA AL A= 7 LR 5 A R G AR A 26
U, e B SR AR ARG R BRI 2 — 2610 FH ) 4
FETTR. XA RGE, af DI &L LA 5. 7E
R I, SRS S — MEAR PR E
7716, HEAniE s ey (5 5 A o E AR 0o 5
At FLEH (O BA A R s B2 B 2 7 1ok
PRCA R B AR o 5ok B Z2 A [RIAE, H i
E2A TSR KA AEOR, don] L%
JER AR BT RS 5 1 [R) R S AR o0 1o AL
RE ZF LA S, VPR PR R LS S A T A el
USRI AOR AL R HER . AEA5 57T, 2T
PLas~ T B AR — MRA TR IT1, FanT A&
WA HIRE T/ R TESE. EGORAL w5 8K
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LR —, 2GR T ARG S HAH AR Y
L. BRI Z AN, 8 B Al 2 BE AT X o Ay it
Frbmic ] BEdL I — M ERR R AR g s BOR

BTYARALE ZILHAFRU R, N—TTHifR
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Abstract

Nanopore sensors have become important tools for analyzing biomarkers, including but not limited to

nucleic acids, proteins, and other biomolecules that play important roles in life. Though the nanopores

themselves have no selectivity towards target molecules, higher sensitivity of nanopore sensing to the target

biomarkers could be achieved with the help of the specificity enhancement technology. In this work, the basic

principles of nanopore sensing are first introduced, then methods of modifying nanopore surface as well as the

development and application of those selectivity enhancement technologies of nanopore sensing in recent years

are reviewed. These enhancement technologies primarily fall into two categories: surface functionalization and

molecular probes. Surface functionalization is further categorized based on the types of functional molecules

used, while molecular probes are classified according to carrier forms. Finally, in this paper several challenges

that nanopore sensing continues to encounter are discussed and some suggestions are made for its future

development.
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