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Plasmonic nanopore based on metal micro-nano structure. (a) Nanowell-nanopore structure'”; (b) nanoslit cavity'";
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Fig. 2 Plasmonic nanopore based on nanogap. (a) Bowtie shaped structure™; (b) inverted-bowtie shaped structure’”’; (c) gap of

nanourchin and gold nanohole™”
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Fig. 3 Plasmonic nanopore based on glass nanopipette.

(a) Gold nanoporous sphere™; (b) metal nanostructures

modified nanopores'””
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Fig. 4 Fluorescence detection based on nanowell-nanopore structure"” (local field excited by the nanowell structure is used for

fluorescence excitation. When the fluorescent dye-labeled samples flow through the nanowell, the fluorescence signals are

excited and detected to obtain the information of testing samples)
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Fig. 5 Typical label-free optical sensing scheme. (a) SERS detection based on nanogap of nanourchin and plasmonic nanohole";

(b) plasmon resonance shift sensing based on bowtie shaped nanoantenna
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Fig. 6 Signal detection strategies based on optical and electrical sensing combination. (a) Photoelectric synchronization detection based

on inverted-bowtie shaped aperture™; (b) combined optical and electrical combination sensing based on SIBA mechanism of

double nanohole™”

0113012-6



®E50%& F18/20234F 1 A/H0E#*:

AR S W] S 1 i T 36 5 A 8 A D I Y AR S
A 231 A R AR AL B S, S B
ERZAVACDS Sk GO S A TTRS S I S A b ST R S
FLIG R AR 5 B9 0 (0 4 B O 5 R A A A
S AR S O 27 SR 5 P S B ) B A S B R — 2P Y
BIFSE , LA BEAT 5T 1A 299 R LR A5 5 ARG Ay O 9T, 5 B
L I LRI T 5 20 AR B 1 AR TR

4 FEEWOoT AR ALAE B A I R
I H]

S B OTT O AL T FE AR RUBE P S B R R R
W, %6 F e F o N B HEAT T K B B TR IR R T
PR X 43 & DNA BT IR R 55 . X
B 45 5 B0 4 K AL AE B 53— T T EL A LR Y
FE 7,6 T AW 2= i o8 5 00 o k45 HL A7
4.1 EBEHTHAKILE T DNAKN

DNA JF7 9 25 & % AR W R i e A st L 15 5L T i
P et AL {5 B TAE Bl A R A B
W9 N B #EAT TV 2 R A5 S BT A0 oK AL X B A
DNA 4 F st A7 K ) 2238, 045 DNA 5 F 5 {7 i
Gt U DNACBR T L K W
J?%[Azmm_.mjo

DNA 43 5 v & & 78 DNA £l 17 49 2K L a9 1
. DNABEWLILLEIF Hairs 2 eirSSm%
Wt g R AL RN BRI AR R 4K B
A 45 f XF A DNA ) ) 6n #2471 2 2 IR
gl Dekker B BANHESE TSI 45 H iR %
AT 45 25 P 0T S X DNA S5 7 14 i 7, 3543 53 F1 A AE /
R W T 25 4, UE S T ] DL o 45 B o0 SE AR A RS I
SEELER DNA 40 F W62 Tohnic &y kil I 345 oAy
ZE B Aksimentiev A A58 1 2r 30 1 05 B
ST T BOIE S5 X DNA Z) 467 i 520, 45 L 9045 25 3
TG R 28 B FEE 23 0 HLAE 5 5 B % G o7 eF [ 7 A 52
L 52 i = B AR, S B0 . Edel HBL 3
T A MR 25 4, 38 3k ol 2% R 5 < ok I B 800, 45 3R &
PPN 2ok R 4 R L R S LT 55 DNA B v 7= AR
B LS 5 o UEAE K, Wang BRI FH 2 o B 25 4 0
10 nm FLA2 4 94 K B B A K AR08 i T DNA
B 5 v B A]

DNA #9351 K i #8258 T SERS 281, iR
> DNA 43+ 19 55 618515 5 02 (1B DLk B o
LSRR S v I N { T i
s Fotouht 438 i1 45 B4 HE TR
FARAAZIR I 4TI (A G T C)TE gk L 445
M LS -AOKALE A A B2 RS T R B
S5 -AOKAL I A S50 5 A T (R A S B0 RN O AT Y R
PE o Belkin 287 B 40040 BT T 1B 948 K FL A9 SERS {5
S IRIE N TZ 4R AT DL S B DNA Z3 BORS I . AR

T, S8 B 2506 BE I DNA R S0 i JT , 8 o0 H R 4R
45 28 7E FAOS BRI o X S H AT 5T H AR M AT TR A
Chen Sl 5202250 55k gl o S s 25 M 0E AT T — R 904
Ak, 38 ik S8 IE B T 98 KO s BT LA 3R DNA 2 1
2 AT i SERS 48 806 DNA /Y 4 Fp g B i 17
TAHH, IF R S B T B DNA 4 A Y . Huang
ZEUHE DNA W B £E 499 A I BEUB0RE b B E 48k RS Y
90 K LA AR 0% 4 ok e BR R T S BT e 3 )2 1A
SERSAF 5 R4, DNAW fF gk T —4 . fERT I
B 9 KB (1) 5 B Ot 9N oK L T, Wang S5UTE B B
gk FLAR A T ELAT 5 SERS 1 1 4 4 25 B T N
KALIIFHERX S T HEARAEC.G AT FfiEw
S RNA LA JREENE (U) 22 5 B HE I IR AW 5 7, UE W
TR S B o g K LN AT DNA R 5 R A nT
T3 5 RIEE Ath 7738 0] FH A T00 i 6 40 4R 48 K = 1 JE 1) 3%
YKL & SERS {5 S R0 T DNA (W88 5, & B
AN R R TR 1Y 4 FP B 3t B R B B OR [R] AY SERS
ER= A
4.2 EEFTMAKILBTFEAREKEN

B R A S — Rl LR A W 3 KA T S R
M % R R IR . MR —FP A TR SRR A G
Jo 22 [ 4 0 o, HG A X 43 5t bE AR 10 R L S
fiz /1N | 7E 4 B 1E H A5 P I RE RN ML A4 filt B TR % B 2
VER o T 4F Ok, 45 B Ot 48 K L AL I R AR B 1 R
JR 2 o Ry T AV 22 E R A S AL IR Al 3k S

Verschueren 25" 5% Ff 8] M & 45 B3 38 o0 40 >k FL 4%
B, T s BRI ) A S BT R IR O RS AR I, i — 2P 4
ALK IR, SEE T B 200000 D(1 D=1 u) B-¥E ¥
il F 1 B9 3 3% AR . Meller A1 BR8240 00 By
T — BT G K BN = D e R AT PR TS R Y T
e, ARl AT PRSI R TESE N T % R
3845 T 97 % M2 RN s T —FoB &
AR i o Dai R 8 A~ 4R 94 K R T 60 B 1Y ik
kT 2 [ A B 7 A T AT Y R AT B A A F K
F R A R SERS 5, R B R AE T KRS =Fh
BRORE A Z5 8, M TE R 8 AR IR R p s SR I
JREEF PR T —Fh A U ATAT R P T o Peri %7
SR FH WU oK L 235 44 [8) B 3K O U A 5 il ad £ 5 0 i
)Xo T 22 R R R Z A, ST R R
PEAG I, [a] BF 5280 1 G 5 A 4 G TG A - 32 4R & 4 B
WA % A5 A TR E IR T B T A
Huang %58 4 49 K UKL 3K 76 25 3 o g kL,
FEHE — A SERS #A 8 i B S AT LR X5 B A A LY
22 K O 22 R4 7= 28 ) LA SR ik 1 4~ 22 B Y 10 4>
AN TR 28 R R AT B4 T AR, 52 BB 40 KA T LA
B 5 B AN AR 57 R A LR A X 43 o A T 3B 40 K
Y A B O 9 K FL R T, Wang [T AR 42
9k Z FLERGE A (1) SERS 5 5 92 B T B4 i K- B4

0113012-7



®E50%& F18/2023 £ 1 /0 E#:

) RE NN O Rl
4.3 EBEHTHKTLE T H A E Y B AR

Bk 7AW L0 Ah  AE B OT A K L BT T4
B B A5 AR W BORL A RS I . Whang 858708 T 8 4
JIE 29 K £L B 3 5 2 1T ) 2H 2 AT 4 0 K JBURE 1Y 200 T 1) AH
HAER 5T SERS {55 53 T KW FF B 4R 4 i 2R
JL B A i R A BT A TR YR S
Burkhartsmeyer % ] ] W44 K £L 450 , 5 T 9 8 7=
A AT R AERT, ST phiX 174 9% 85 0K Y Hil
BT AT S 0 A R A G RR AT S B AT 0 A L 3RS
TR MBI RCTE R o 20T A B TR 8R40I

K ZBE W AR BT DL A A gl oK 50k 1 v
Wi AR Z2 W 5E N B 4 K ORL B SU A ) 4y F 2R AT 4
Br S84 o Shi %" SR FHBEAT 4 00 SRl oK FL 25 # |, 2
TR A7 78 AL SR BB G SR AG DU, S BE 70 nm B B
R AR /INER I 3 FLSE RS I . Raza 55Ok F 40 K AL
XF -G K LG S5  E IR G T L 8 20 nm SiO, &
Au UKL 9 528 LB ] 8 T 4 A4S B0 E 9% . Bouloumis
S5 P M SR IS T A B T IRl 4 K AL B
AR BAE T 5, UE W] 1A% 45 R R 7E IR IR B Dy e
T PR A AR AN K R

5 ZEWRE
S B T AN K L AT TE 9 K AL B T T i ELAE A SR 4

G P, S8 BN K RUBE PN Y i RAEOEEAS I, 51 TN
TR Z 5 o AR, AT 2 25 oo 4 oKk LS
BT R AT T O R I L KO A A R I A R
Ko SRR T A L OGS A Ty BAT LT
s 1) BEAE S B i 5 MR LE R S A (A SO A ) 5
2) AT LLAR 5 5 R 0 1 48 B0fF B (U0 SERS A2l )
3) BE % 52 B 98 R HLA5 5 5 B2 5 B 4 o f) R i o
VAR IR Sl R I 5 A AT o e A 0 (A 2 T A% R IR
TCIARAOE B AL R o e L T AR BT AR ALY D o
R I A B R e A I 5k AN R U — AP R )
THREMBE S o £ 1ESS T LR BT AR AL R
S VHERE R ARSI 7 12 ARSI X R TR A% b A S
POT AR SLES A Hh K ) B ) 45 B OT 98 K fLRE 4R
SRR T 4 19 R B 0 A, AR T S B S )R
SRAEGER . TR EE T A BT AR AL A S [ D' 2 A6 I 5 i
H, SERS BE AR HUCB I 4y 5 i) “ Al 48 807, SE By
S ), L 2 S B AR AL TR Y RS P AR, R A
B HWOCHR AL B TR R SR TT 0 2 — o IER K AL
I T 5 300 9 i ) 457 B I T 2 2 T S B O A K £L S B
SERS 6 (% 5 g1, H Ay AT 35 20 745 3 oo 98 oK
LT B 5 3R 1, BARE L WUAG T — Lk,
RATE T 22 ROt AR VL AF 2 W B A S R S B
g H R E M = 4E R . SR HOTILIR A2 AL
JERESE B R AP A I, A B 3R AR ) 20 B ELAME

F 1 ERWOTHIRAL T L RE A I AT 2

Table 1 Summary of plasmonic nanopore and their properties and detection applications

Maximum field

Typical size of

Typical structure enhancement Detection method Detection object Ref.
nanopore /nm )
‘E/Eﬁl
Plasmonic 4 (nanopore) Fluorescence . i
nanowell-nanopore 120 (nanowell) =10 detection DNA protein, et [13-14]
Plasmonic 10-33(longitudinal width) 10° SERS DNA, proteins, [17-18,
nanoslit cavity 140-1000 (lateral length) nanoparticles, etc 21,23]
. SERS, plasmon . .
Bowtie shaped 5-40 10°-10* resonance shift DNA, prolems, [ f)tgo’
nanoantenna . nanoparticles, etc 35-36]
sensing
. SERS, plasmon DNA, proteins,
Inverted-bowtie , . .
20 10 resonance shift nanoparticles, [10,29]
shaped aperture . .
sensing viruses, etc
Combined optical 5 . 0o
Double nanohole 25-30 10-10° and electrical I rotéms, [“ ’,4_1 ’
. nanoparticles, etc 43,75]
sensing
Nanogap of .
nanourchin and <5 10° SERS DNA, protein, [51-52]
. peptide, ezc
plasmonic nanohole
Plasmonic nanopore Fluorescence DNA, peptides, 53 5560
. . 53,55-60,
based on glass 10°*-10* detection, hemoglobin .
: 72]
nanopipette SERS molecules, ezc
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Abstract

Significance Single-molecule detection promotes the development of biological research because it reveals details that remain
concealed to ensemble measurements. However, the detection and analysis of single molecules confront great challenges. On the one
hand, single molecules produce very weak signals, requiring extremely sensitive detection methods. On the other hand, the sizes of
single molecules are mainly confined to the nanoscale and they move with the naturally random state. It is necessary to isolate the
detected signal of the target molecule and exclude interferences from other molecules. Therefore, the development of single-molecule
detection methods attracts considerable researchers attention.

Nanopores provide a sensing volume comparable to the size of single molecules, which is conducive to realize single-molecule
detection. Early nanopore-based sensors mainly depend on electrical measurements, single-molecule detection in nanopores using
optical methods has recently emerged as an alternative approach. In this context, plasmonic nanopores have been proposed and
extensively investigated. Plasmonic nanopores combine plasmonic nanoantennas with nanopores, which confine and enhance optical
excitation near the nanopores, forming “hotspots” that have significant advantages for single-molecule sensing. First, the strong
electromagnetic field enhances the interaction between the field and the single molecule in the hotspot, while reduces the noise
generated by molecules at other locations. Second, the gradient electric field in the plasmonic nanopore attracts nearby molecules,
increasing the molecular translocation time. Third, the refractive index distribution of the plasmonic nanopore directly affects the
resonance conditions, which constitutes the molecular information in the hotspot. Therefore, plasmonic nanopores have been
increasingly explored for single-molecule detection in recent years.

With the development of single-molecule optical detection based on plasmonic nanopores, diverse plasmonic nanopore structures
and measurement schemes have been proposed to detect a variety of single molecules, which renders a review of the existing studies
necessary.

Progress In this review, the typical structures of plasmonic nanopores and their mechanisms of field enhancement, the mostly used
detection strategies, the application progress, and typical achievements in single-molecule detection are described.

Section 2 summarizes the classification and typical structures of plasmonic nanopores. Plasmonic nanopore structures can be
divided into three types: plasmonic nanopores based on metal micro/nanostructures (including plasmonic nanowell-nanopore,
plasmonic nanoslit cavity, and plasmonic bullseye structures), plasmonic nanopores based on nanogaps (including bowtie
nanoantennas, double nanoholes, and nanoparticle dimers), and plasmonic nanopores based on glass nanopipettes (including gold
nanoporous spheres and thin-film-modified single nanopores). The structure characteristics and field enhancement mechanisms of each
plasmonic nanopore structures are discussed.

Section 3 describes the four mostly used detection strategies for plasmonic nanopores and their characteristics, including
fluorescence detection, surface-enhanced Raman spectroscopy (SERS), surface plasmon resonance displacement sensing, and
combined optical and electrical sensing. Fluorescence detection is one of the most widely used methods for the detection of single
molecules in solution. Plasmonic nanopores significantly amplify the fluorescence signal and decrease background noise. However,
the introduction of fluorescent dyes may affect the molecular state of single molecules, increasing the experimental complexity. The
development of label-free single-molecule detection strategies such as SERS and plasmonic resonance displacement sensing is highly
desired. Meanwhile, combined optical and electrical sensing is expected to break the current bottleneck of electrical signal detection in
solid nanopores, enabling single-molecule sensing with high signal-to-noise ratio and high resolution.

Section 4 provides a brief review of the application progress and typical achievements of plasmonic nanopores in the detection of
single molecules including DNA, proteins, peptides, and other bioparticles. The detection of DNA molecules mainly includes DNA
molecular translocation, DNA identification, and gene sequencing. Plasmonic structures such as bowtie nanoantennas, bullseyes,
and plasmonic nanowells-nanoholes have been used for the translocation detection of single DNA molecules, and the optical label-free
detection of single DNA molecules has been achieved using plasmon resonance displacement sensing. DNA identification and
sequencing processes are mainly based on SERS signals. Due to the weak spectral signals of single DNA molecules, plasmonic
nanopores providing larger field enhancement are preferred for SERS detection. The detection of proteins and peptides involves
capture, identification, and structural characterization. In addition to the detection of biological single molecules, plasmonic
nanopores are used for the detection of bioparticles such as bacteria and viruses.

Section 5 summarizes the opportunities and challenges for further research and application of plasmonic nanopores.

Conclusions and Prospects Plasmonic nanopores realize nanometer-sized hotspot fields near the nanopores, enhance the
interaction between the field and matter, and achieve highly sensitive detection with high spatial resolution. In recent years,
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plasmonic nanopores have been increasingly explored for the optical detection of single molecules. Optical detection offers many
advantages over electrical sensing strategies, such as decoupling of the driving voltage and buffer conditions from the signal strength
and big-bandwidth data acquisition. As one of the most promising optical strategies, SERS based on plasmonic nanopores provides
compositional information on the detected substance. Extending the residence time of the detected substance near the nanopores is the
main challenge to realize plasmonic-nanopore-based SERS. This is currently achieved through the optical force of plasmonic
nanopores. Although some progress has been reported, it is still necessary to develop multiphysics coupling models to achieve a more
controllable and stable three-dimensional manipulation of molecules. Combining optical and electrical sensing strategies in plasmonic
nanopores has also great potential for superior single-molecule detection. Plasmonic nanoantennas optimize the performance of
electrical measurements by increasing the molecular translocation time and enhancing electrical signals. Further development of the
above technologies will promote the plasmonic nanopore technology for single-molecule detection and identification and realize the

single-molecule sequencing technology.

Key words optics at surface; surface plasmon polaritons; nanopores; optical detection; single-molecule detection
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