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Fig. 1 Structure diagram of prism coupled SPR sensor'”
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Fig. 3 Intensity interrogation SPR sensors. (a) Schematic diagram of the detection principle of the intensity interrogation SPR
sensor; (b) schematic diagram of the dual wavelength SPR imaging system"” (L1 -L5: lens; DA: diaphragm aperture; MF:
multimode fiber; DM: dichroic mirror; P1 and P2: polarizer)
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Fig. 5 Wavelength interrogation SPR sensors. (a) Schematic diagram of the detection principle of the wavelength interrogation SPR

sensor; (b) wavelength interrogation SPR imaging system" (L1-L3: lens; CL1 and CL2: cylindrical lens)
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Fig. 6 Phase interrogation SPR sensors. (a) Phase interrogation SPR sensor based on Wollaston prism™; (b) schematic of phase

interrogation SPR biosensor system™ (LL1-L2: lens; AOTEF: acoustic optics tunable filter; P1 and P2: polarizer; WP: custom

wave plate, which can produce an optical path difference of 10° nm for its s- and p- component; LCOF: liquid core optical fiber;

CMOS: complementary metal-oxide-semiconductor camera)
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Max: 9.436e6
x 108

@ g

Surface: Electric field, norm [V/m]

7

25 2 A5 A4 05 0 05 1 15 2 Z5u0 4 ssces
x107

x (m)
© x 10°
9r —— without particle
—5nm
8r ——10nm
——15nm
7" —— 20nm

-]
T

w >
T T

Norm of the electric field (V/m)
N 2

-
T

\—/‘
-800 -150 -100 -50 0 50 100 150 200
x (nm)

18 S5 2 ) B BB A B (0~26 nm) LA & SPR i & Ik
£ (540~780 nm) X AuNP /- FL I RE A 5Z A . &5 L 5%
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A, kr A2 150 nm @9 KRS AuNP BETE A R b 75 5 1
54008 A IR 22 6] 0 45 B R OC R A 5 5 40 nm Y
AuNP #f [, 150 nm (9 AuNP ) SPR 3§ £ 7 # 14 Kk
T 101% . Kajisa B 2H >R 4] 150 nm K RS) AuNP #
58 1) SPR £ B 2% XF SARS-CoV-2 45 8 N E H # 4T T
eI, K I BR A 85 fmol/L (4 pg/mL) , 5 LA Ay RT-
PCR M it (19 R 8 B (LOD : ~30 copy/mL ;4.5 pg/mL)
RS ARSI AS [R] B4 43 A7 0 B, A A 5 AN [ A
773 A AuNP #4715 5 ORI R 4 75 0 46 Uk
ROSE R A R B, DUIRAS S SR A5 1% 5 5
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B8 BRI AuNP F 4 844 BB A9 AT BROCAELIL . () HiA AuNP (480 40 nm, 5 & BRI B 5 nm) J5 49 #3393 4 5 (b) B4 A TR
JF AuNP J5 #3740 45 (y=0) ; (¢) AuNP (B4R 2 40 nm) 55 42 5 22 8] /) BE 25 R 5] B 1 #3543 A (y=0) 5 (d) JC AuNP B i i
531 (y=0)

Fig. 8 Finite element simulation of spherical AuNP coupling to the sensing film"*. (a) Electric field distribution after coupling AnNP

(diameter is 40 nm, distance from the Au film is 5 nm); (b) electric field distribution (y=0) after coupling AuNP with different

diameters; (c) electric field distribution (y==0) at different distances between AuNP (40 nm in diameter) and the Au film;
(d) electric field distribution without AuNP (y=0)
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Xof — AR A XoF 43 S5 43 BT 0 AT, RS, F 5N B
W H 23 22 50K SR W SR A e ax — [l 8, @i, Liu
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L1 AN
Au film s
X 568 565
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N\ VAVAVAN -
report DNAI(1°) report DNA2(2’) CTAB-capped AgNPs

©  SMMC-7721 cell
@  magnetic beads

\/\/\ S1 (or target miRNA)

KIFEE AR MG 458 o BEJE , DNA ¥E#1) AuNP 38 i
WP A5 DNA JF 51 80 7 DNA B = iR 451
BT . T AuNP [ ey 3ok 25 B8 TR ot 5 26 i 45 5
FRBOT I Z B A B TR A, DL DNA B S )2 454 7
A A A B YT R A E — 2 1K, SPR i B i
AR . SR, KT IE LAY AgNP Bl 25 H g £
DNA M = B3R 458 I, — 5 H5% SPR I v . %A%
AR R F JC W 2 F A5 5 R R g, mT AR I 2 IS 2
0.6 fmol/L i miRNA-21, It4h, Ak A B4 =
AL H (MoS,) "™ 4 — 444 K A kB % 5 AuNP Bk &
FHF SPRAL JEEARAE 5 UK, 3 R ) 52 B 3
T 55 0 A AR R 1 B R T Y gk, sUR T
Y 20 K b ORE Y K B 3 T BUR % B2 K AuNP, Wu
VR T R T U 4 B L) T1,C,-MXene ) SPR
T RRAS AL IR R F 2 BER oK 45 (MWCNTs) -%
Z U (PDA)-AgNP E B {55 55 5] . an & 9(b) fir
7~ Ti,C,-MXene f& —J88 19 48 (2D) 1 ¥ 4 @ ik 1k
Y, AR R, AT 97 #0805 19 AuNP Jf i A
A RO B 3R A 3R MWCNTs-PDA-AgNP
YK I Hu Py T DA Rk B v A% B R 2 TE A BT A AT S
RO, k3B E i AgNP 5K )2 AuNP | 4 JIE
A IEOLEER R RS IR N DA R SN A )
) B [ 28007 AT R R 3 R v L R IR PR (CEA)
B R HE T 210 ~2X 10 ® mol/L Y zh A 1 [l ,
K PR >4 0.07 fmol/L .,

()

Ti,C,-MXene !

LTi@C voeH

9 3T 22 i R SR M RS I ) 3 . (a) 3 90 = AR 45 MR I miRNA 19 7% 72 181595 (b) 3 F 3 % 4 J8 B Ak ) MXene i . 4
SPR A Wy 2% (A g A
Fig. 9 Detection method based on multiple amplification strategy. (a) Schematic diagram of miRNA detection based on super sandwich

structure”™; (b) schematic showing the detection procedure of the 2D MXene-based SPR biosensor

55 HoAth 5 4 @ M L, AgNP HA B3R ) SPR L
W 5, J52 BT gy ) O AR R, (R R R Y Ol o
JBC e PR A T P R e R R A . ER AgNP B AR E
B2, WA, B e b R A HAEY A
PERLIE AR A o 7 R DN o4 15 A 5 i sz 3 T BRI .

[57]

1, o] sk G AgNP 7V TR B A A K AgNP R
P AL g8 iy L B . Mahmudin 27 (4 #F 5% £ W, 78
FH A 2 38 J5 3k i 4 AgNP iF in A& 2 70 4 3 2 0
(PVA) ] LA & B AgNP Wz O 33 i £k 28 2 | =
A= HE WSO, O T B R Y S B o ]
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B R iz 07 1 4515 20 19 AgNP B 76 SPR (4 2%
LB TR B SPR AR A B TR . AgNP
B R R L RSE TR B 82 i % SPR MR 5 B il K o Park
EDVE ST T O TR AR A AR 0 K B (TR g K 4
I TE 40 K BRI = A T8 40 K A ) 7 3 3% SPR A% 2
WA, 1 3E BE T 3R BB BT DL R TR R 4 4k T A ) 3
58, 3% U5 PR 3R B R 9 4 D 300 i of 1 T K Y Jmy B 3
HE5E . BLAh, AgNP Bl AR ¢ 0 45 # ok 3 5 SPR %
B 20214, Wu %IRRT — M3 TR m %S E 1k
LR B 1R (SPRI) [ 4 45 I 2% L %A% IR A8 R Au-

on-Ag 5 Ji 45 # A DNA U T AR HE 4L (DTF ) [R] Bsf 46
Il PR AFE A 55 Z2 B R /D 4 i fili 9 (NSCLC) AH ¢ /9 4b
WK miRNA . WA 10 7R, AR K miRNA 8 [ 2 76
S BEG) W F & Fh DTE #R&FH 3%, B JS , 80 4%
DNA (ssDNA) I fig fb 82 44 oK 57 77 (AgNC) 5 4 3k 19
AN AR mIRNA 2248, F1K ssDNA 8 (1) AuNP 41 2%
e AgNC % 1f JE il Au-on-Ag S5 5t 45 #4 , ff n] 52 B
SPR MW B () B K o % A W AR iR B 2 fmol/L~
20 nmol/L A4 5& A8 1 35 Bl L K& 1.68 fmol/L {4 # IK A
TBR .

(@) (b) é
. ~
S1 \vwanang (fll,(f()()Ag 9
S2 NATAA Y 1 k NaSH WV
- — -+ —_— e _
83 \vansnng Annealing /E/ ©O@ na 1
S4 v (CH,OH).
DTF 1O, As AgNC L1@AgNC
(C) NN
miRNA $ o
it ! 1 2 4
+ \:’ H s - 2ot ) - X s 5 A
L1@AgNC L2@AuNP e ¢ LI@AuNP 7 5°¢ ¢ » PP B
L { 2 3 * 2 o L ( ( L ' A -
Time
Gold film
(@ Detection sites O miR-21
SRPi Chip 2
miRNA_ Mobile phase ., miR-139
~a chgnnel .&/ © miR-200
Centrifuge Trzol Detection A =y miR-378
—_— —_— —— \
Cracking /
.2 E cCDh
Serum x0some

Light source

10 SPRiA: 9 1L EEE R I AR A miRNA 78 2 -, (a)DTF (19 A 4135 5 (b)ssDNA ThEfk AgNC 594 1 ; (¢) SPRiGE A
Au-on-Ag 5 A HY 1 A 413 (d) SRR miRNA 14 42 IORTR )
Fig. 10 Schematic diagram of the exosomal miRNA detection using SPRi biosensor”. (a) Self-assembly of DTF; (b) synthesis of

ssDNA-functionalized AgNC; (c¢) self-assembly of Au-on-Ag heterostructures on the SPRi chip; (d) extraction and detection of

exosomal miRNA

TE T AW 58 b, AgNP TR FE 8% T 5 1 3B 0 45
TR R B A SE I SPRAS SR Z F Ok . Bl
Nangare %" H T —FpoE BHEN T 00 A LA B IE B
i i) SPRAE WAL 18As T T B-iE M FE R 1 (AR Y i R
L b N (W 7 S 952 B e W N i 2
AgNO, il # T AgNP I BB (CS B TR &
Yy R 2K 2GR 18 (PSS) BB 7 R & W 17F AgNP %
I % 28 T AgNPs-CS-PSS-CS 43 1k . CS)Z2 %
T K 1Y 0 R Bt AB PR e A 4R A T R A R
R 1 T A g B Ak 2 R R
1AL A B0 (GO ) [E] 28 18 B 8 1 1Y) B 4 1% IR 08
bR R TEE A B GO 3K E ST AR B K & i 1Y
AgNPs-CS-PSS-CS, Hy JHfili n] b pu A I A B 19 14 J s
ZAGREE SR EZIEF LU F LA E 1) Ak

BRI AR B B R R BV 4 i [ a2 i 5 2) R
HL fifp 16 A (0 B0 19 AgNP ELA 5 I 45 4 0 Mok
] [ 5 T AR PR 5 3) 4 IR J2 RN = it i %5 & AgNPs-
CS-PSS-CS@¥it AR U A& 34 5 350 s REAR & o iX 8k
R R A 2R T SPRAG A BT 2 H B . 202248,
Wu 2 5 SARS-CoV-2 il %€ S1 8 11 181 i) PDA-
AgNP G4 K 4 AL W) 1 S e 0 T R bR 4, R IR
T Ti,C,-MXene 44 K Fr & Wi (14 1% J8%F 5 280 T X
ST F M R BRI . G BLH PDA 99K 3Kk R
BF A NP, [7] i 38 st A 5 Bl sz 17 1 5 A . 2 T T,
MXene 44 K F Fl PDA-AgNP-#i S1 8 (A T 1 1 15 &
%, ST 8 A A I S [l A 0.0001~1000 ng/mlL, K
MR K 12 fg/mL, 7 SARS-CoV-2 iy 5. 1132 W Fil i ¢
rh 5L VA 1 N R T
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4.1.2 EEibEth R BE

1 Mk 9 K OB (MNPs) H & 5 AuNP A 8 f9 R
SF v b 2 ARG A8 MINPs BA7 FH T 4% Fl Ak 2 =2 i
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R/ TR UR R NI = i R 7SV s = W B s -
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TR TIT R T — AP L MNP 780k e 24 B 34 58 71 SPR
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MNPs 8 B FH 15 5 5, vl LU & A I R o . A
I R HUR (E,-BSA) [ 22 78 HEUR A 76 I W 1) 15 5%
w11 pr s FE A I o AR L, EL,-BSA R
FE S 8 EL ¥ 35 4 5 E,-mAb-MNPs (454 . i T
E.FH 1E T E,-mAb-MNPs Fl E,-BSA 454, BT LLAE E,
FEAE MG O F SPR e B B AR o 46 470 3% 136, SPR 1% J%
PRI N 5 E W R . Tia ZE X A B, 14 kR S
PEAT TR, 25 R - #E 1.95~2000 ng/mL 35 [,
SPR & B2 W W 5 E, ¥k B 2 18] 10 26 1 56 R R4, K

¥ ==
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Fig. 11 Schematic diagram of estradiol detection™

M FR(LOD) K 0.81 ng/mL. 7E SPR AL LS 19 i FH 7
T, M A B K 90 oK 5k (MagPlas NP) A b T
MNP Z# THEZXE, HhEFANEARERES
TR M RE S B R I R R R M A R Y R
PR 2021 4F, Huang 55 F) H #E 3% # B s S
Fe,0,f0 3 1Y) AgNPs(Ag@MNPs) 15 43 5 3% i 41 % 40
Kt (M-Ag@MNPs) , UL B A A% B4 , I iz A A%
A DT VR R 445 A P BR B 1 RE 8 4R K (Siglec-15)
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RS IR BE RN B DB, AE AH [RD R B2 Y Siglec-15F
M-Ag@MNPs & J& %8 1) SPR /1 & fw B 0 % & T4 4
S B RAR . M-Ag@MNPs £ B 4% XF Siglec-15 {1 46
PR A 1.36 pg/mL.
4.1.3 =Hsh kM4
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T (a) 4B K b R LA K b2 BUR R
REHT, W iG AR o TR AL T R E A0 A 4 AR
MoEHE I e —n SR EAE R, 5 BA T EA M E AR
MR 4s A RE s ™. (b) A8k Sl 4E K
AW 55 0T LABG IR S s A TR e R Ak . (o) =
Ye gy oK b oRHZ 5 4 8 I 0] ) 2 B BN [ 5 — 4k 9N
KRR B B iR R, v DA R,
[Fi] ) B o 3 4 B A 4 JE 5 R AT 4 22 TE) Y HR fer
%, DT 488 5 55 B T AR AL B 1) R AU L (d) 4k gk
WA H I JEE B B T ] 30 A5 4 B T IR A TR 1Y 1 g
CINYSIRER - E bR

A1 55 0 S R AN KA B S — o FE ) 4k
KR, BB RS0 2% R TE MR
SBEUR AW AR A Tz B L 3L A R 7E SPR & %
5y T A H 3R 0 2010 4F , Wu 28R IR A
PRI 1 IE TR A 8800 DR A5 S 4 58 2 1 mT LA
58 SPR 55 o AT & B A7 88 M A0 G 2% W S04 i A A
Y153 1 W B 2 3 30 SPR {5 5 38 5, O 1 L0k B R
M5 A RIS Z N ZBOE L, 10 )2 1 886 15 A
B R A T 5 4 B SPR A E B AR i m T
25% . TEMEHE A S8BIE (GO) K DNA B, T fi#
THEME AR T EE . Xue F L B EE DNA
(ssDNA) 5 GO i 19 45 4 8 J1 M & & T W45k DNA
(dsDNA) o Al fiT38 i 52 5 & 3 GO 5 ssDNA Z [i] 1y
A EAE R RS AR, M dsDNA 5 GO & & &
B xS s KM EAERA K. I, Xue % R
FE ) 2 3% 4 S 4 ssDNA, 4 &1 12(a) B 7, ) & M
H GO By 1% B4 v im A #B B ssDNA ) AuNP (AuNP-
ssDNA) LI Az 48 2 %) 4 ssDNA (csDNA) , 5 csDNA 4%
A 1 AuNP-ssDNA K 2 T, R 45 610 5 —
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4 AuNP-ssDNA K W Bt F GO _EJE B nl i & A9 15
S, PRI B B AR csDNA 5 454 76 GO £ i - /Y
AuNP-ssDNA [ 50 5 i R b o % 18 &4 il if AuNP
K SPRAE S, %F H AR csDNA B4 I BR 7 10 fmol/L .
Hu %57k H 4 )8 Uk J2 URHG 28 4 B LMt (TFBG)
& 2% Sl K I 22 B9 g, 6 £F SR i AB 0 T B2 A AR
TFBG R R A2t T 5 %5 B 28 W 2 A5 A i # o i
PRMLA , 5 SPR B 5 19 W ik 8 &, vl LA SE B R RS

0.14

@

« GO
A + ¢sDNA
AuNPs-ssDNA
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v
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=
~

“Reflectance (
=
=

b TR 57’6 S8 S80 s82
] (djgree)

(b)

R an & 12(b) Uros , B 588 i o—n HEFRAE AT
HEOKE IE R ssDNA 5 & 2 4 8806 R0, 29 2 B AE 1
Bf, sSDNA 35 {444 52 DA Bt BI1 22 4 465 44 2 28 Ay W 25 340
450, ssDNA S R 5 1948 fb 2 B 3% B0AF ssDNA 5
GB T RAE B 2 ) 0 A CE B AR, R s S e
KBy & B F A 57 FI SPR OGS AR Ak . 1% 4L IR PS AE
10 *~10 *mol/L 7 [l P XF 2 B g ik B 5 4 b
M 17 o

Before conformation transition After conformation transition

9000 Fon S Gonphhons mensiuyor ssDNA switched

iy

ssDNA

Bl 12 JEF A B EY SPR LS . (a) 3£ F ssDNA (dsDNA 5 GO Z5 44 fiE ) 25 5 19 SPRAG IR (b) 3 F 38 il IR i) 2 B e 1%
LR B (22 U RE RO A7 78 530 ssDNA I B IR 4 5 2% A 28 4k)
Fig. 12 SPR biosensor based on graphene sensitization. (a) SPR sensor based on the difference between ssDNA and dsDNA when

binding with GO"; (b) schematic diagram of dopamine sensing mechanism based on aptamers (the presence of dopamine leads

to conformational changes in ssDNA aptamers )™

4 7 A A7 BB 5 DNA (] By S04 I — o 3
Y S5 A7 R D A1, A 85 0 o g 1 F 35 1 o 45 ol AR
Y15y F ORI, He 887 7E A0 8804 18 16 19 4 8 1 38
i s B FH R BRI R A2 A 6 ol 3 R A R A A
(FAP)BEAT TR o 47 88065 78 7 (8 AT TRBBE & 05 7
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HoAl A= 43 F o B Al R S P B B e S 0 4 R
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YIRHLWE T R 2 AR S A . Rk Bk A B
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Fig. 13 CK 19 detection with carboxylated graphite oxide
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A= B JR R R R Y, T 3 8 SPR WA Y o [/ B, GO
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(0.1 fmol/L) . HER A S0 0y K kR m A LR 0 E
TR ) o —n Y2 A EAEH 5 T U e 4k 55 10 s
9 SPRAF Z WO R A& 7 ), 52 78 & 2% 19 & ) 2R
BEN 5 B 20 T B A A Il ok 1 AR R v B A
AT

A S5 0 X SPRAE 5 1y 3 5 = 22 T H R R
UL S W B g 5 RS B ) Rl e— e BEMERRAE T . A OF
FEFR B 2 AR A A B DR 2 B B, R
T 32 T 3 o, F )2 B0 B 2 10 )2 i R R ORI A
KAE . HEIE SPRAFIE I A WL R A EiG 2, R
MOE R RN F AU 1258 KB 2, X EEEHN
A W e IR (Ll 2.3%) , LB F N RER
W % 1) BB R A T A 5 0 R 4 Ja v IR 22 T B A AL
Mm% % . Ak A (WS,) | = 8k 51 (MoS,) .
MXene 55 2 49 K bR AL B A T 5 046 2% IR g
1,1 BA KA I 5 R AR A S ) B
ZE TR NGz R . WAl 1S TR, Zeng
SV A7 BRI -MoS, IR A 5 A TF K T — PR LY
FE T A 7 8 ) 1) SPR AL A H R B [ A% 48 SPR
& & 2% = 500 % o 5 1% 4t SPR & 2% #H H , MoS,
(5% ) A 8545 (2.3% ) By 6 2% W0 AT A = ) B
e 21 bR BSORE 3 5 L - RS DA T B e A% SRS Y TR RE
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@

GO-AuNPs

%‘%ig:%é cagure oNAV ¥

l l (or split aptamer1) NIN
=

¢ mcH

Bl 14 $F GO-AuNPs & & b K1 SPR {5 & 25 /m 2 |
Fig. 14 Schematic illustration of the SPR biosensor based on GO-AuNPs composites'”’

Zeng S5 IE B T A 057 18 1 EL AR RE A S R 8, [ Al
1738 1 38 i MoS, |2 50 & Bl = )2 MoS, 1t 1k i 1% JE& 2%
LA B AR AY A I fiE . Chen 2"V #F 28 T 1L X MoS,
ok F Xt SPRALZIRARE 5 A SE 0 o AH H T B2 %
SL 1 MoS, Ky il vk 7 4 J8 4 e, 9 BT R MoS, T &
SR TR 7 . Chen %5 & R, B %5 170 BRI BF IR
B, R e N R . DURLME MoS, 45 >k
A, AT L3R4S 2793.5 nm/RIU (1) 5 K 2 8L 5 i A
MoS, 44 K F A = 1 )2 i, f T 160 3 1 3% 4 R /)N
R %W A
Chiu %01 52 5L 91 g 4k A9 MoS, & 1 78 SPR

e, JHF R IR R A DG AR W AR & W CK 19 R Bt
(CYFRA21-1) Fl G JLRE R Z5 & AF A= 9 bs 35 90 4 Uk AR
M3 A A2(PAPP-A2)"™ . Chiu %512 563E 0 T
BRIk AT DL MoS, 1Y S vy M A TR RS R
M 385 Tt e R A R . 3T R 34k Mos,
() SPR S A HL A 45 Sk = 4 07 A6 s AR 38, N AU
PR SR T 200 R B E RS T AR
FI A RALE . Chiu %531 52 5L 1L MoS, 4 9 Fi o g
i 25 1) A T R 357 8 0.05 pg/m L, 8 T 1% St 11 il 1k fie

JEW B 55 (ELISA) , B ) 2 0938 A . (Ef8 —2
1Y J2& , Chiu 55 & BLTE iz 17 2 v Wi v o8 m 4 1 7% 25 5
(BSA) .NaCl, Tween-20 1] DA A5 %% FAK 35 55 5 M 0 ft
X SPR A ) 520 . BSA 1 Tween-20 1] LLBY K & 1
FVEL 7K P A= 9 43 1 22 T B 1T NaClL ] DU SR 2 11
55 5L 2 8] Y R far AH AR AT, DT DR D R S

4.

MoS, WS, % # kL o1 F v (1 B 5 0K Z 18] 77 76 45
S 10 - BOM AR L 6 Hg ™ 0 W R BE g A, R H®
A D% %) T AE Al VB A RE . Xue 25 o i R W A 92 o 4%
TR 2R R 45 H A MoS, 5 K2 S5
MoS, (14 J2 18] /] i 7 9.4 A, J& 1555 MoS, b EHI 345 .
Mo, A K 1 J2 1] B RN A f AR A0 A, 2 1 T Hg™
B A% i A0 B, HR T SPRAG RS Y R RE . 2021
A Lin 5l b SRR AR T E S R
(GB)WY 2 Fh B2 WS, I, A= K WS, iR Y 7 2 R
SHAYCA 40 nm , I i K GB BHEE— . E R
R GB AL T 2w A 5 AL B b B vk AL A,
B B S—Hg 8ok A 2 Y Heg' |, AN f2 9F 7%+
GB Y SPR £ /828 %) Hg” W R o Liv %11 A0 3T
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Fig. 15 Schematic diagram of graphene-MoS, enhanced SPR biosensor

£ i WS,(MoS,) Wi i 19 SPR £ J& #% %t Hg® A % W &
B4 4 S R R BECRE L R I BR A 1 amol/L. [ 4, Liu
AR T TR & GBI SPRALZ SR (19 B, S
T R e RO 7 R M RNA 541 (RARp . ORF lad
FIVE) i i 2 SR, A0y i an 1 16 i . 25 WS,
(MoS,) Ml th 2 % i GB B A B & e s e,
AuNPs 4 K P2 HE T R EWE AL S o AuNPs AL AT
DAAE N 7 2500 R E DNA R4, 8 0T LIGE i LSPRAR &
ok B R I AR o FH AR R B9 DNA R BB B S
GBI WS, # i J5 i 47 8 I, 25 2% 18R, X = Fh RNA
JE %) 4 6 0 BR 245 7T 34 31 0.1 fmol/L. Liu 28 & 4 4
T8 & GB B IRES R 5L T 4 94 K b1 R SPR G
BAET — R kiR

B 7 A1 K MoS, WS, 2 4h, HoAth — 4k 448 K 44
W MXene ™ B (BP) 45 bl I 7E SPR & & 8% %
T AE g e 9B AL R Z . Yang &2 T — iy TaC
MXene (Ta,C-M) & i /) 4 Uk J2 10 & 5 £F A $i7 45 D' i
(TFBG)SPR & & 8% . Ta,C-M H A 15 (14 0 7 5
Rk, HA R A KA 2K EERER . Ta,C-M
165 1 1) A JE% s 140 8 A0 B8 M LU A W BT 4R 78 1 23.3 %, LX)
PR SO S SRR RS R 2, 6- ZRUT SR
(BHT) B KM BR 4 10 " mol/L., Wang 2" ¥ — 2 4
J& A HLHEZE B4 6 (MOF ) B FH T SPR /& J& 34 5 . A Al
1) Cu-TCPP( PRk ) — 4 MOF 44 K H v il npwbk 43 1
BAT 7 HEBLR IS M, A LAAE MOF 2549 b b 47 v 17 oz

[80]

A EA BRI FITER, Cu-TCPPL SR B G B AF
PELL K HH B 5 4B SPW (#5419 08 1 14 2% =
() HL 37, A HL G BT 5 S AR A T O U . 2021 4F, Wang
R T Ge,Sh,Te(GSTVE UL E PR T
— PP I T AL A SR SPRAGIEES . GST ARHE R I
ST 1 A1 DX 388 A W WA 38 v T A SR 0 W MoS, il WS, 45
HoAh — 2k b4 L, Wang %538 28 9% 55 GST (& B (2 nm)
SEPE T AR IR SER R R A . 50 B K IR R
LA, 2 B LT B 2z b A 2 & SR A
Ak, T S R ) 7 A (BT -IRR LR ) o
Y R ARV 25 B 15 5 A oy 30 -0 2R 0 % B % B LL I 4 R 3R
T B HARAE SRS ZE R L2, il SPR AL AR 1 R AgU%
BEILANEOR S . Wang S5 & B9 A7 27 57 1) SPR A J&
e — IR A R A ARG I AT ARG B A A K I
AALFE N 341.90 pm, RELEE R ECH 5.95X 10 pm/RIU,
X Jib g8 R FE I - TNF-a AR I FR 27 10 mol/L. 2019
A, Xue 857750 o BEIG BLRY L B T A0 BRI R B R S
ssDNA FdsDNA BYA BAEH , 45 5 & M6 IE 5 ssDNA
2 [B) B AH AR e, HLB6 M 5 ssDNA A9 A B 4E T Ee
A 806 5 ssDNA W AH BEAE s 2 . L, DL IR 1E
F AL 2 ) SPR & R 2% B A 8806 1E 8 IR 2 1
SPR & k0w 1 R . anE 17 iR, Xue 4k
T B9 B 28 (42) il 5T ssDNA 58645 2 7]
B 5 A BLAE T AuNR-ssDNA & 5 9 W B 3] 86 4 20
KA o HmAE A H AR miRNA J& , 1 T 8UEE DNA
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Fig. 16 SPR biosensors based on 1. GB-rich WS, films™". (a) Schematic diagram; (b) the result of detecting RdRp

[&17

SB35 N AR, 24 58 I 14 R0 b DA A A T L i
WA AT LA 33 SPRAF 5 1928 £k ok i it H A8 miRNA (1)
WP . B X ssDNA Y =5 3 A1 T3 LA e AuNR Jay 5045 B9
TIREILARFR S, AL A X mIRNA 5 ssDNA A9 46
R T R Y R AS DU R AT 3K 10 amol /L.
4.2 1ERB[EMMRA LR SPR LS
4.2.1 Fabry-Pérot i

P TR L A A 450RE RN T A AN H A A e A
G J I v A7 T G S B RN BE = R K, B SPR K

5550 0 0 K b R B LY miRINA A% S 1 o R R 0

Fig. 17 Fabrication and detection principle of an miRNA sensor integrated with antimonene nanomaterial™"

2B B 2 v ¥ K . AT LA it #5 Fabry-Pérot(FP)
i i 07 ORIV BE . 2010 4, Ameling 25 R T
— I iR R A5 B A OT AR SR AR IR Y O
WO R T AR SR R B B ot SO
MERMES GRG0 WK I8FR, &AW AEE T
4 J8 BT 1 5 A B B B AR JE L FP fURE L # RS S
TG FARRG . AR R 3045 B 1 oo ok
VA B UOT R I I AR RS X 8 oK A ] L B R Y AT
SRS A R U 5 B0 AR T AR G K R A L
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test liquid
w Au
w= |C1-200
= |Infrasil

0.5 um

Bl 18 T FP Al 4 4 K bk (19 SPRAG 4 B () 49 K B B 31 5 45 J AR 45 4 (0 7 2 T 5 (b ) H G D60 A 4909 K e - 300 285 g v — IR A
IR A AR RS 5 (o) BREE 2 K0 9 FL B8 B 5 () 9 SRR 5 T 4 B8 0 A 0 A B 5 Ak 1) v 458 O
Fig. 18 SPR detection device based on Fabry-Pérot cavity and AuNRs"”. (a) Nanorods array combined with a cavity; (b) phase shifts

occurring at one roundtrip of an electromagnetic wave in the nanorod-microcavity combination; (c) scanning electron microscopy

picture of the bare nanorods; (d) scanning electron microscopy picture showing nanorods at Bragg distance in front of a gold

MAENT-EEFIRAG S FP IR /N T 2 0 4
& (FWHM) |, I X5 G/ 08 31 5 2% 48 b 3% 3 0 B R4
P M 10 o

2020 4F, Zeng %53l 3 78 YA AN 4 J v I 2 (8] R
TnTa B2 BF & T — b3 T FP I A RE AT 5 R Ak )
e Jgs | 2% SRR T DLAE 2140 X 4 77 A A /N B FWHM
B 38 S 9 A () B U2 A RS B R A Ak S S 33 it e 1 A/
0 Ff1 o £ SRR ) e K R SR 15 31 T 1820 nm/RIU, iy
KB R 293.5 RIU ' Liu %53 15 58 7 f ik
(PC) (B FE)JE M & AL T — D7 I, I R s )2
el T FPARHE . i T FP A FWHM %8 1k 2% 0 Fil
Yy stoi AL IR 5L G0 R S AL AR A T B

Y Antibody

# Antigen

mirror

) R B RN T AR A A LR £ . 2021 4F, Allison %5 3
F FP I f SPRAG AR 0 2415 5 7 AR il A5 5, A
b T % BRI S5 R R AE S A Oy X . % 58 SPR AR
JEER ) O 2 1 B A IS B 2 3 B A A R 2 OGRS
Tk 2 7E 4 )2 3 B SR AL B0 8% (1TO) S L 2 18] B
BT W UR)E o R 19 BT R, YA B AR 4 A K R
IPRE, A S S B d ) SPW A, BL BT i 5 2
2 BRSNS HL R BN o S M R R
PE &5 A B L R i, B IR AR AN TR L RO
T B B SRR B ITO 2 KM FP
Ji A ok T B AR B L R 0 [R] B R JZE B9 I A 45 FP
T BT — A A0 ' L R B 2 3 A X N E I 1 A

— With —— Without

Normalised Current
O = N W b
1 ' 1 l 1 I 1 l

H
I 1 I I I I

24 26 28 30 32 34
Angle (degrees)

2~
EIOO £
£ S
x 50 1<
w
v 0 0
0 24 26 28 30 32

rot Angle (degrees)

B 19 HLTF FP B SPR L ek R 2 &

Fig. 19 Schematic diagram of SPR biosensor detection based on Fabry-Pérot cavity™

]
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Ak B AT S BT 43 M 4 a0 A SR i S BRI R R
fERE I (LOD: 10 pg/mL) . Allison %5 Jif #4 # (1) f% J&&
i AN T BN LR A R B K SR AT A I PR ke AN T
BORG % A2 WG E A SR A a4 A RS 1 — B A
BOEAE o
4.2.2 wHARILHED

MELFEE(EOT) MR BB Y AFLELE
F U HE 5 R T 0 A W /N FL Y 4 T
AF, A7 49 5 B % KR B OB AE R s . 1998
4F, Ebbesen %" 7E 48 & 4 J& W B v 0 0K 9 K FL BE
G110 28 R I R B, SRR B 4 K AL R B TE B I
KR TR R W1 LT 2 s AR R s
G CASHC MM e IR ) . MK 9K ILE
R 10 F5 B, BT LA 22 21 35 55 10 92 0, 0L I 335 O i
SRS GER ) 2 F X bR o L AR B T Y KL
MR, LR R EOT M40 208w
UH R F 0 A 4 8 - H A e 2R SPR DA R & i
YORFL = A B S5 R PERT I . M 4 8 R T A BT A R
R AR 3 PG AU B A A B, BT
YK FL B 1 38 SO BF SR N BT R T — R AIME
TR A I A= 4 43 7

Kim %" FE = IR gk FLAR BE 5 B AG I T 4% 55 0%
MZE AR OAER, 5E T e Kk ROtz 5 H
B 4043 A 22 [] 4 72 18] 5 8 o {5 184 o A 4 o At AT
G & = A A0 K FL I 2 e A XA B Rk
JF B T OGF R B DX A B ' e o TR A A 1)
A= ) 2 Bk 1] S A B, X, (15 R 0O 5 H bR
53 - [8] 1 25 8] 2 & de KAk, A EG A% 52 1) SPR G 85 2

T A B G, R R R . Kim 45 A9 S8 50 E
BT R B 9 K FL A 56 ) 5l 2 23 9 ok 18 5 1) J) 35k
Y, X — 55 0 & Jm g ok Wk 2Bl . 2020 4, Song
SRV BL TR A K T S5 AR 98Ok AL B T T — Fl
SERS/SPR R AL Wy 45 8%t o A i SR8 206 SR AE
RHERE” 4G 2) T A HES A K FLEE S IR AR A R
T F — 25 A T R A R 9 K B (AgNR) , 1 L 75 5
B EL AT P S 0 4% 1) S M L RO 2 A% i A i R R
FE BRI . EAMLTAY R T, DNA DU i A £
B[ 8 7 AgNR b [RIBF( F DNA B 2% = 1A 15 /&%
TR, 3T 0T AE e S T 24 10 5 19 SPR {5 5 186 5 A1 24
4459 SERS 15 5 1958 . Song %6 H T & 09 15 %% 11
F AL H H A5 DNA (R, 25 3 B 78 SERS K il
(0.77 fmol/L) #1 kb F SPR FEF 4 1 (0.51 pmol/1L) A
WA A KL R , H SPR A 45 5% 12 %5 F SERS, Wi
TE BT 22 AR iy =X 1 [R) s 4 1A ) 4 A% s 1Y)
ARPERE . TG0 K AL 5 0% B TT DL B R L i
S IEAT R, AE G R Ak O T B B oKW . 2021
4F , Huang %" il & 7 — 4~ B 42 4 220 nm K & A
500 nm . J& 14 440 nm {9 HE B 99 K AR B 51 45 BOE F o
WE 20 FE7R 3 3 7 4 T J 3 T RN 49 K 4 3% T R I B
RUSE R 7 S 2R PR K AR B0 19 AuNP 1E ik
KR, ST X SARS-CoV-2 %% 75 WOk (9 46 I . 1%
K I 7 38 1 XF 640 nm &b B B % #0446 I, T L AE
15 min PR I EAK 2 370 vp/mL B9 %% 35 Wk L % 516
5 595 B W EE AE 0~107 vp/mL {5 Fl N B A B & A 6
Btk o e 96 FL AR BE 132 2% A R RE T 0L
BEAE b 7R B I i 5 SR BT AR A R R A T

L

SARS-CoV-2
mAbs

%?

ACE2 protein
or mAbs

SARS-CoV-2
/Virus

Nanoplasmon
sensor chip

20 e TAORALA) SPR A A AR LI SARS-CoV-2 i 2
Fig. 20 Label-free detection of SARS-CoV-2 pseudovirus with an SPR sensor with nanopores
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R TR ML PR IR MBI A IR &

5 4 HREH

Bt H AT 8B 2T 2E R UL, SPR AL B2 46 I 7 =X A
40 A 9 S TR gt e R ) 7R ARG 0 2RO B A HL R
Sk A ) 1 =2 i EL 3 R RS I O AR R A 7 R
B2 B 5% BB B 792 N o AR 9 R RNy -0 AR
A5 B 18 ) AR AS I 7 =X B AR AT Ab S B0 = A I B B, W
TR SRR A IE 1) SPROE T AL ES &5 4, (H 3 5= )
TR 5RO B LA B A R T AR R
il 250 0 oy $r -0 AR A7 RS 9 o R AL JR R A 4 H At L Rl A%
TR ) 235 R T Sy A PR A 4 AR AR I i HLA R
FA T 5% o

H A, 350 SPR & K% 09 7 % R EA IS etk
KR ARG RS G5 A AL AN J7 T BT A
15 5% 4 J8 AN OKORL T RE AN OK R L RGO MRS
L3 oF LSPR #5436 5 o 37 55 K 36 10 97 28 ok 52 3RS I
{55 B35 ; 5 & £ 2ALHE FP S K FLRGE 51 55, Hop
FP ¥ 38 sz 5 % o 4 A8 909 K s v R i/ 4 s BHLJE 3500
G QIR R L b e W | B S o S e )
il RAGLAAEI . SR, 78 K 280 SPR A |, {7 5 2
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) S A o

SR U, SPR AR B S B A& U R A AR LOD 58
2 VI L v o R R v e A A S T R RE B
i BRI PR B TS g W A Oy T oA B R . B
T, SPR & 2% 35 B2 3L 1 A B2 R 4 0 1 i 454
B8z T4 2 Ak o F R (5 e #E fh
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) P A o R A AT O 1 S 6 B A B IE o B 48 A
Vi B SRR RS 5 2) i T SPR AL IERAR I E
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3) SPROE Rl H T 200 FH R 3 o 7 IR 5 4 BEASAH IO
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PR 2R A R 7 A Y 5 T, DT 9/ A2 SRS ) TR
3) JF & He T 51 1) SPR SR BA , 52 B 22 Fb G I
Py 1) [5) IRp G o WD RLTSUUL B 35 B RE AN 454 T IR
A, SPR A% 2% 45 57 AR R R0, AT LU e AR AR
£ [5) F (R45 F A 9 5 G 00 ) G S A

2 % X #

[1]  Zeng S W, Baillargeat D, Ho H P, et al. Nanomaterials enhanced
surface plasmon resonance for biological and chemical sensing
applications[J]. Chemical Society Reviews, 2014, 43(10): 3426-
3452.

[2]  Philip A, Kumar A R. The performance enhancement of surface
plasmon resonance optical sensors using nanomaterials: a review
[J]. Coordination Chemistry Reviews, 2022, 458: 214424.

[3] Hassan M M, Sium F S, Islam F, et al. A review on
plasmonic and metamaterial based biosensing platforms for virus
detection[J]. Sensing and Bio-Sensing Research, 2021, 33:
100429.

[4] Wang X, Hou T, Lin HY, et al. In situ template generation of
silver nanoparticles as amplification tags for ultrasensitive surface
plasmon resonance biosensing of microRNA[J]. Biosensors and
Bioelectronics, 2019, 137: 82-87.

[6] Nie W Y, Wang Q, Yang X H, et al. High sensitivity surface
plasmon resonance biosensor for detection of microRNA based on
gold nanoparticles-decorated molybdenum sulfide[J]. Analytica
Chimica Acta, 2017, 993: 55-62.

[6] YiR M, Zhang Z, Liu C X, et al. Gold nanoparticles-enhanced
gold-silver alloy surface plasmon resonance sensor for the detection
of C-reactive protein[C]//European Conference on Biomedical
Optics 2019, June 23-25 2019, Munich, Germany. Washington,
D.C.: Optica Publishing Group, 2019: 11075 _63.

[7]  Shrivastav A M, Cvelbar U, Abdulhalim I. A comprehensive
review on plasmonic-based biosensors used in viral diagnostics[J].
Communications Biology, 2021, 4: 70.

(8] TRJEAE, TRME, REFE I, A . 30 A 8 7 IACHE R R JR) ol 3 v 4
T A S i B R A 9 A 45 4 B g R R (D). TR O L 2022,
49(15): 1507401.

Xu H X, Xu B, Xiong J C, et al. Research progress of surface
plasmon resonance and local surface plasmon resonance in virus
detection[J]. Chinese Journal of Lasers, 2022, 49(15): 1507401.

(9] oo ik, XUWe, 4 H i, & . Bk 1 3 im 45 B iR & AR

COVID-19 Kl 5 25 ¥4 [J]. KR A2 40 (A SR B2 5 TR 4
AR, 2023, 56(1): 1-10.
Su R X, Liu X, Che J J, et al. Detection and drug evaluation
of COVID-19 based on surface plasmon resonance sensor[J].
Journal of Tianjin University (Science and Technology), 2023,
56(1): 1-10.

[10]  ZE, BEWLAS . 21045 B 1 MR L IR 0 AR 7 W sl e g 1oz JH ().
o L R , 2022, 28(4): 475-480.

Che J, Shao Z J. Application of the surface plasmon resonance
technique in the vaccine field[J]. Chinese Journal of Vaccines and
Immunization, 2022, 28(4): 475-480.

[11] 2=, Wil b, #EE, % R % T IRBORTEZ AT 5P
4 R R Jr BT o [ 25 ) R S 2020, 29(6): 406-410,
419.

Li F, Chen Y Y, Wei J Y, et al. Application and prospect of
surface plasmon resonance in drug research[J]. Chinese Journal of
Drug Dependence, 2020, 29(6): 406-410, 419.

[12]  Asghari A, Wang C, Yoo K M, et al. Fast, accurate, point-of-
care COVID-19 pandemic diagnosis enabled through advanced lab-
on-chip optical biosensors: opportunities and challenges[J]. Applied
Physics Reviews, 2021, 8(3): 031313.

[13] Raether H. Surface plasmons on smooth surfaces[M}//Springer

2107402-18



[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

tracts in modern physics. Heidelberg: Springer, 1988, 111: 4-39.
Laplatine L, Leroy L, Calemczuk R, et al. Spatial resolution in
prism-based surface plasmon resonance microscopy[J]. Optics
Express, 2014, 22(19): 22771-22785.

Baganizi D R, Leroy L., Laplatine L, et al. A simple microfluidic
platform for long-term analysis and continuous dual-imaging
detection of T-cell secreted IFN-+vy and IL-2 on antibody-based
biochip[J]. Biosensors, 2015, 5(4): 750-767.

Thiel A J, Frutos A G, Jordan C E, et al. In situ surface plasmon
DNA
oligonucleotide arrays on gold surfaces[J]. Analytical Chemistry,
1997, 69(24): 4948-4956.

Zeng Y J, Zhou J E, Sang W, et al. High-sensitive surface

resonance imaging detection  of hybridization  to

plasmon resonance imaging biosensor based on dual-wavelength
differential method[J]. Frontiers in Chemistry, 2021, 9: 801355.
Lofas S, Malmqvist M, Roénnberg I, et al. Bioanalysis with
surface plasmon resonance[J]. Sensors and Actuators B: Chemical,
1991, 5(1/2/3/4): 79-84.

Dougherty G. A compact optoelectronic instrument with a
disposable based on surface plasmon resonancelJ].
Measurement Science and Technology, 1993, 4(6): 697-699.
Huang Y H, Ho H P, Wu S Y, et al. Detecting phase shifts in
surface plasmon resonance: a review[J]. Advances in Optical
Technologies, 2012, 2012: 1-12.
Kumbhat S, Gehlot R, Sharma K,
resonance based indirect immunoassay for detection of 173-estradiol

sensor

et al. Surface plasmon

[J]. Journal of Pharmaceutical and Biomedical Analysis, 2019,
163: 211-216.

An N, Li K, Zhang Y K, et al. A multiplex and regenerable
(MR-SPR) DNA
detection of genetically modified organisms[J]. Talanta, 2021,
231:122361.

Thadson K, Sasivimolkul S, Suvarnaphaet P, et al. Measurement

surface plasmon resonance biosensor  for

precision enhancement of surface plasmon resonance based angular
scanning detection using deep learning[J]. Scientific Reports,
2022, 12: 2052.

Ertirk Bergdahl G, Andersson T, Allhorn M, et al. In wvivo
detection and absolute quantification of a secreted bacterial factor
from skin using molecularly imprinted polymers in a surface
plasmon resonance biosensor for improved diagnostic abilities[J].
ACS Sensors, 2019, 4(3): 717-725.

Zheng F, Chen Z, Li J F, et al. A highly sensitive CRISPR-
empowered surface plasmon resonance sensor for diagnosis of
inherited diseases with femtomolar-level real-time quantification[J].
Advanced Science, 2022, 9(14): 2105231.

Yi R M, Zhang Z, Liu C X, et al. Gold-silver alloy film based
surface plasmon resonance sensor for biomarker detection[J].
Materials Science and Engineering: C, 2020, 116: 111126.

Chen SM, LiuY, YuQ X, etal. Self-referencing SPR biosensing
with an ultralow limit-of-detection using long-wavelength excitation
[J]. Sensors and Actuators B: Chemical, 2021, 327: 128935.

Wang X L, Zeng Y J, Zhou J E, et al. Ultrafast surface plasmon
resonance imaging sensor via the high-precision four-parameter-
based spectral curve readjusting method[J]. Analytical Chemistry,
2021, 93(2): 828-833.

Kochergin V E, Beloglazov A A, Valeikko M V, et al. Phase
properties of a surface-plasmon resonance from the viewpoint of
sensor applications[J]. Quantum Electronics, 1998, 28(5): 444-
448.

Nelson S G, Johnston K 'S, Yee S S. High sensitivity surface
plasmon resonace sensor based on phase detection[J]. Sensors and
Actuators B: Chemical, 1996, 35(1/2/3): 187-191.

Deng S J, Wang P, Yu X L. Phase-sensitive surface plasmon
resonance sensors: recent and future prospects[J].
Sensors, 2017, 17(12): 2819.

Zeng Y J, Hu R, Wang L, et al. Recent advances in surface

progress

plasmon resonance imaging: detection speed, sensitivity, and

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[47]

[48]

[49]

[50]

[51]

2107402-19

% 50% £ 21 #1/2023 £ 11 B/ E#*x

portability[J]. Nanophotonics, 2017, 6(5): 1017-1030.

WuS Y, Ho HP, Law W C, et al. Highly sensitive differential
phase-sensitive surface plasmon resonance biosensor based on the
Mach-Zehnder configuration[J]. Optics Letters, 2004, 29(20):
2378.

Huo Z C, Li Y, Chen B, et al. Recent advances in surface

plasmon resonance imaging and biological applications[J]. Talanta,
2023, 255: 124213.

Zeng Y J, Wang X L, Zhou J E, et al. Phase interrogation SPR
sensing based on white light polarized interference for wide
dynamic detection range[J]. Optics Express, 2020, 28(3): 3442-
3450.

Miyan R B, Wang X L, Zhou J E, et al. Phase interrogation
surface plasmon resonance hyperspectral imaging sensor for multi-
channel high-throughput detection[J]. Optics Express, 2021, 29
(20): 31418-31425.

Goos F, Hanchen H. Ein neuer und fundamentaler versuch zur
totalreflexion[J]. Annalen Der Physik, 1947, 436(7/8): 333-346.
Yin X B, Hesselink L., Liu Z W, et al. Large positive and negative
lateral optical beam displacements due to surface plasmon
resonance[J]. Applied Physics Letters, 2004, 85(3): 372-374.

You Q, Li Z F, Jiang L Y, et al. Giant tunable Goos - Hanchen
shifts based on surface plasmon resonance with Dirac semimetal
films[J]. Journal of Physics D: Applied Physics, 2020, 53(1):
015107.

Wang Y Y, Zeng S W, Crunteanu A, et al. Targeted sub-
attomole cancer biomarker detection based on phase singularity 2D
nanomaterial-enhanced biosensor[J].  Nano-Micro
Letters, 2021, 13(1): 96.

Jiang L, Zeng S W, Xu Z J, et al. Multifunctional hyperbolic
Small,

plasmonic

nanogroove metasurface for submolecular detection[J].
2017, 13(30): 1700600.

Law W C, Yong K T, Baev A, et al. Sensitivity improved surface
plasmon resonance biosensor for cancer biomarker detection based
on plasmonic enhancement[J]. ACS Nano, 2011, 5(6): 4858-4864.
Lyon L A, Musick M D, Natan M J. Colloidal Au-enhanced
surface  plasmon  resonance  immunosensing[J].
Chemistry, 1998, 70(24): 5177-5183.

Zeng S W, Yu X, Law W C, et al. Size dependence of Au NP-
enhanced surface plasmon resonance based on differential phase

Analytical

measurement[J]. Sensors and Actuators B: Chemical, 2013, 176:
1128-1133.

Golden M S, Bjonnes A C, Georgiadis R M. Distance and
wavelength dependent dielectric function of Au NPs by angle-
resolved SPRi[J]. Abstracts of Papers of the American Chemical
Society, 2010, 240: S1-S5.

Yano T A, Kajisa T, Ono M, et al. Ultrasensitive detection of
SARS-CoV-2 nucleocapsid protein using large gold nanoparticle-
enhanced surface plasmon resonance[J]. Scientific Reports, 2022,
12: 1060.

Zhang H, Sun Y, Wang J, et al. Preparation and application of
novel nanocomposites of magnetic-Au nanorod in SPR biosensor
[7]. Biosensors and Bioelectronics, 2012, 34(1): 137-143.
Zagorodko O, Spadavecchia J, Serrano A Y, et al. Highly
sensitive detection of DNA hybridization on commercialized
graphene-coated  surface  plasmon  resonance interfaces[J].
Analytical Chemistry, 2014, 86(22): 11211-11216.

Lepinay S, Staff A, Tanoul A, et al. Improved detection limits of
protein optical fiber biosensors coated with gold nanoparticles[J].
Biosensors and Bioelectronics, 2014, 52: 337-344.

Stone J, Jackson S, Wright D. Biological applications of gold
nanorods[J]. WIREs
2011, 3(1): 100-109.
Kim S, Lee S, Lee H J. An aptamer-aptamer sandwich assay with

Nanomedicine and Nanobiotechnology,

nanorod-enhanced surface plasmon resonance for attomolar

concentration of norovirus capsid protein[J]. Sensors and Actuators
B: Chemical, 2018, 273: 1029-1036.



[52]

[54]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Kim S,
resonance detection of an antibiotic at attomolar concentrations via

Lee H J. Gold nanostar enhanced surface plasmon

an aptamer-antibody sandwich assay[J].
2017, 89(12): 6624-6630.
Liu R J, Wang Q, Li Q, et al. Surface plasmon resonance

Analytical Chemistry,

biosensor for sensitive detection of microRNA and cancer cell using

multiple  signal amplification  strategy[J].  Biosensors and
Bioelectronics, 2017, 87: 433-438.
Wang Q, Li Q, Yang X H,

nanoparticles hybrids-based surface plasmon resonance for sensitive

et al. Graphene oxide-gold

detection of microRNA[J]. Biosensors and Bioelectronics, 2016,
77:1001-1007.

Wu Q, Sun Y, Ma P, et al. Gold nanostar-enhanced surface
plasmon resonance biosensor based on carboxyl-functionalized
graphene oxide[J]. Analytica Chimica Acta, 2016,913:137-144.
Tan J S, Chen Y Y, He J, et al. Two-dimensional material-
enhanced surface plasmon resonance for antibiotic sensing[J].
Journal of Hazardous Materials, 2023, 455: 131644.

Wu Q, Li N B, Wang Y, et al. A 2D transition metal carbide
MXene-based SPR biosensor for ultrasensitive carcinoembryonic
antigen detection[J]. Biosensors and Bioelectronics, 2019, 144:
111697.

Mahmudin L, Suharyadi E, Utomo A B S, et al. Influence of
stabilizing agent and synthesis temperature on the optical properties
of silver nanoparticles as active materials in surface plasmon
resonance (SPR) biosensor[C]. AIP Conference Proceedings,
2016, 1725(2): 020041.

Park J, Kim Y. Effect of shape of silver nanoplates on the
enhancement of surface plasmon resonance (SPR) signals[J].
Journal of Nanoscience and Nanotechnology, 2008, 8(10): 5026-
5029.

Wu W W, Yu XL, WulL, etal Surface plasmon resonance
imaging-based biosensor for multiplex and ultrasensitive detection
of NSCLC-associated exosomal miRNAs using DNA programmed
heterostructure of Au-on-Ag[J]. Biosensors and Bioelectronics,
2021, 175: 112835.

Nangare S, Patil P. Chitosan mediated layer-by-layer assembly
based graphene oxide decorated surface plasmon resonance
highly of B-amyloid[J].
International Journal of Biological Macromolecules, 2022, 214:
568-582.

Wu Q, Wu W, Chen F F, et al. Highly sensitive and selective
surface plasmon resonance biosensor for the detection of SARS-
CoV-2 spike S1 protein[J]. The Analyst, 2022, 147(12): 2809-
2818.

Chen H X, Qi F J, Zhou HJ, et al. Fe,O,@Au nanoparticles as a
means of signal enhancement in surface plasmon resonance

biosensor  for sensitive  detection

spectroscopy for thrombin detection[J]. Sensors and Actuators B:
Chemical, 2015, 212: 505-511.

Zou F, Wang X X, Qi F J, et al. Magneto-plamonic nanoparticles
enhanced surface plasmon resonance TB sensor based on
recombinant gold binding antibody[J]. Sensors and Actuators B:
Chemical, 2017, 250: 356-363.

Zhao J L, Liang D L, Gao S W, et al. Analyte-resolved
magnetoplasmonic nanocomposite to enhance SPR signals and dual
recognition strategy for detection of BNP in serum samples[J].
Biosensors and Bioelectronics, 2019, 141: 111440.

JiaY T, Peng Y, Bai J L, et al. Magnetic nanoparticle enhanced
surface plasmon resonance sensor for estradiol analysis[J]. Sensors
and Actuators B: Chemical, 2018, 254: 629-635.

Li Q, Dou X W, Zhao X S, et al. A gold/Fe,O, nanocomposite
for use in a surface plasmon resonance immunosensor for
carbendazim[J]. Microchimica Acta, 2019, 186(5): 313.

Huang X, Hu J J, Zhu H, et al. Magnetic field-aligned Fe,0O,-
coated silver magnetoplasmonic nanochain with enhanced
sensitivity ~ for  detection of  Siglec-15[J].

Bioelectronics, 2021, 191: 113448.

Biosensors  and

[69]

[70]

[71]

[72]

[73]

[74]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

2107402-20

2% 50% &£ 21 #1/2023 £ 11 B/ E#*x

Zhou J, Yang T Q, Chen J J, et al
nanomaterial-based plasmonic sensing applications: advances and
2020, 410:

Two-dimensional
challenges[J]. Coordination Chemistry Reviews,
213218.

Singh M, Holzinger M, Tabrizian M, et al. Noncovalently
functionalized monolayer graphene for sensitivity enhancement of
surface plasmon resonance immunosensors[J]. Journal of the
American Chemical Society, 2015, 137(8): 2800-2803.

Wu L, Chu H'S, Koh W S, et al. Highly sensitive graphene
biosensors based on surface plasmon resonance[J]. Optics Express,
2010, 18(14): 14395-14400.

Xue TY, Cui X Q, Guan W M, et al. Surface plasmon resonance
technique for directly probing the interaction of DNA and graphene
oxide and ultra-sensitive  biosensing[J].  Biosensors  and
Bioelectronics, 2014, 58: 374-379.

Hu W J, Huang Y Y, Chen C Y, et al. Highly sensitive detection
of dopamine using a graphene functionalized plasmonic fiber-optic
sensor with aptamer conformational amplification[J]. Sensors and
Actuators B: Chemical, 2018, 264: 440-447.

Patil P O, Pandey G R, Patil A G, et al. Graphene-based
nanocomposites for sensitivity enhancement of surface plasmon
resonance sensor for biological and chemical sensing: a review[J].
Biosensors and Bioelectronics, 2019, 139: 111324.

He L J, Pagneux Q, Larroulet I, et al. Label-free femtomolar
cancer biomarker detection in human serum using graphene-coated
surface plasmon resonance chips[J]. Biosensors and Bioelectronics,
2017, 89: 606-611.

Chiu N F, Lin T L, Kuo C T. Highly sensitive carboxyl-graphene
oxide-based surface plasmon resonance immunosensor for the
detection of lung cancer for cytokeratin 19 biomarker in human
plasma[J]. Sensors and Actuators B: Chemical, 2018, 265: 264-
272.

Mao Z H, Zhao J L, Chen J, et al. A simple and direct SPR
platform combining three-in-one multifunctional peptides for ultra-
sensitive detection of PD-L.1 exosomes[J]. Sensors and Actuators
B: Chemical, 2021, 346: 130496.

Zhou C, Sun C J, Luo Z W, et al. Fiber optic biosensor for
detection of genetically modified food based on catalytic hairpin
assembly reaction and nanocomposites assisted signal amplification
[7]. Sensors and Actuators B: Chemical, 2018, 254: 956-965.
LiQ, Wang Q, Yang X H, et al. High sensitivity surface plasmon
resonance biosensor for detection of microRNA and small molecule
based on graphene oxide-gold nanoparticles composites[J].
Talanta, 2017, 174: 521-526.

Zeng S W, Hu S Y, Xia J, et al. Graphene-MoS, hybrid
nanostructures enhanced surface plasmon resonance biosensors[J].
Sensors and Actuators B: Chemical, 2015, 207: 801-810.

Chen Y F, Hu S Q, Wang H, et al. MoS, nanosheets modified
surface plasmon resonance sensors for sensitivity enhancement[J].
Advanced Optical Materials, 2019, 7(13): 1900479.

Chiu N F, Yang H T. High-sensitivity detection of the lung cancer
biomarker CYFRA21-1 in serum samples using a carboxyl-MoS,
functional film for SPR-based immunosensors[J]. Frontiers in
Bioengineering and Biotechnology, 2020, 8: 234.

Chiu N F, Tai M J, Nurrohman D T, et al. Immunoassay-
amplified responses using a functionalized MoS,-based SPR
biosensor to detect PAPP-A2 in maternal serum samples to screen
for fetal Down’s syndromelJ]. International Journal of
Nanomedicine, 2021, 16: 2715-2733.

Xue TY, Qi K, Hu C Q. Novel SPR sensing platform based on
superstructure MoS, nanosheets for ultrasensitive detection of
mercury ion[J]. Sensors and Actuators B: Chemical, 2019, 284:
589-594.

Lu L X, Ye K, Lin C Q, et al
polycrystalline monolayer WS, film for attomolar-level Hg""
sensors[J]. Nature Communications, 2021, 12: 3870.

Liu L X, Ye K, Jia Z Y, et al. High-sensitivity and versatile

Grain-boundary-rich



& i® $£50% £ 2181/2023 5 11 A/REHK

plasmonic biosensor based on grain boundaries in polycrystalline [94] Liu G S, Xiong X, Hu S Q, et al. Photonic cavity enhanced high-
1. WS, films[J]. Biosensors and Bioelectronics, 2021, 194: performance surface plasmon resonance biosensor[J]. Photonics
113596. Research, 2020, 8(4): 448-456.

[87] WuL M, YouQ, Shan Y X, et al. Few-layer Ti,C,T, MXene: a [95] Allison G, Sana A K, Ogawa Y, et al. A Fabry-Pérot cavity
promising surface plasmon resonance biosensing material to coupled surface plasmon photodiode for electrical biomolecular
enhance the sensitivity[J]. Sensors and Actuators B: Chemical, sensing[J]. Nature Communications, 2021, 12: 6483.

2018, 277: 210-215. [96] Ebbesen T W, Lezec H J, Ghaemi H F, et al. Extraordinary

[88] Yuan Y F, Yu X T, Ouyang Q, et al. Highly anisotropic black optical transmission through sub-wavelength hole arrays[J].
phosphorous-graphene  hybrid —architecture for ultrassensitive Nature, 1998, 391(6668): 667-669.
plasmonic biosensing: theoretical insight[J]. 2D Materials, 2018, 5 [97]  Patching S G. Surface plasmon resonance spectroscopy for
(2): 025015. characterisation of membrane protein-ligand interactions and its

[89] Yang W, Cheng Y Y, Jiang M S, et al. Design and fabrication of potential for drug discovery[J]. Biochimica et Biophysica Acta
an ultra-sensitive Ta,C MXene/Au-coated tilted grating sensor[J]. (BBA)-Biomembranes, 2014, 1838(1): 43-55.

Sensors and Actuators B: Chemical, 2022, 369: 132391. [98] Kim K, Lee W, Chung K, et al. Molecular overlap with optical

[90] Wang Y D, Mao Z H, Chen Q, et al. Rapid and sensitive near-fields based on plasmonic nanolithography for ultrasensitive
detection of PD-L1 exosomes using Cu-TCPP 2D MOF as a label-free detection by light-matter colocalization[J]. Biosensors
SPR sensitizer[J]. Biosensors and Bioelectronics, 2022, 201: and Bioelectronics, 2017, 96: 89-98.

113954. [99] Song C Y, Jiang X Y, Yang Y J, et al. High-sensitive assay of

[91] Xue T Y, Liang W Y, Li Y W, et al. Ultrasensitive detection of nucleic acid using tetrahedral DNA probes and DNA concatamers
miRNA with an antimonene-based surface plasmon resonance with a surface-enhanced Raman scattering/surface plasmon
sensor[J]. Nature Communications, 2019, 10: 28. resonance dual-mode biosensor based on a silver nanorod-covered

[92] Ameling R, Langguth L, Hentschel M, et al. Cavity-enhanced silver nanohole array[J]. ACS Applied Materials &. Interfaces,
localized plasmon resonance sensing[J]. Applied Physics Letters, 2020, 12(28): 31242-31254.

2010, 97(25): 253116. [100] Huang L P, Ding L F, Zhou J, et al. One-step rapid quantification

(93]  Zeng L W, Chen M, Yan W, et al. Si-grating-assisted SPR sensor of SARS-CoV-2 virus particles via low-cost nanoplasmonic
with high figure of merit based on Fabry-Pérot cavity[J]. Optics sensors in generic microplate reader and point-of-care device[J].
Communications, 2020, 457: 124641. Biosensors &. Bioelectronics, 2021, 171: 112685.

Research Advances and Sensitization Strategies for Surface Plasmon
Resonance Sensors

Ye Linzhi', Zhang Luwei"*, Zhang Zhenxi', Yao Cuiping"
'Key Laboratory of Biomedical Information Engineering of Ministry of Education, Institute of Biomedical
Photonics and Sensing, School of Life Science and Technology, Xi’ an Jiaotong University, Xi’ an 710049,
Shaanxi, China;

’School of Food Equipment Engineering and Science, Xi’ an Jiaotong University, Xi’an 710049, Shaanxi, China

Abstract

Significance With the development of society, the demand for improved quality of human life is increasing. The threats of cancer,
pandemic viruses, declining food safety, and environmental pollution have gradually become the critical issues in human society.
Therefore, the early diagnosis and treatment of cancer, development of drugs, rapid and sensitive detection of viruses, monitoring of
environmental pollution, and inspection of food safety are vital for human life and health. Early biomarkers of cancer, such as tumor
necrosis factor (TNF), exosomes, and circulating tumor DNA, have an extremely low abundance in the human body. Environmental
pollution and food inspection have also necessitated the requirements for detecting extremely low concentrations of markers.
Therefore, biosensors with high specificity and sensitivity are urgently required to satisfy society’s needs.

Many methods have been used to detect various biochemical markers, including polymerase chain reaction (PCR), enzyme-linked
immunosorbent assay (ELISA), liquid chromatography, and mass spectrometry. The PCR and enzyme-linked immunosorbent assay
(ELISA) are the gold standards for nucleic acid and protein detection, respectively. However, the PCR typically requires a long
detection time (3 — 3.5 h), expensive instruments and equipment, specific laboratory environments, and professional laboratory
personnel. In ELISA, most antibodies require enzyme labeling, which often results in false positives and affects the parameters,
making them unsuitable for early detection. Liquid chromatography-mass spectrometry often requires large and expensive mass
spectrometers for operation and has low repeatability. However, sensors based on surface plasmon resonance (SPR) do not require
expensive markers, and optical detection methods can prevent physical and chemical contact between the sensors and analytes. SPR
biosensors can also perform a simple, cost-effective, accurate, and timely detection of biochemical markers to support rapid medical
decisions and actions. Currently, the detection limit displayed by SPR sensors is not inferior to that of PCR and ELISA detection
methods; the detection program is simpler and can be automated, which compensates for the shortcomings of traditional detection
methods and has significant application potential.

With the continuous development of the SPR technology for biomarker detection, researchers have significantly expanded the
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detection capabilities of SPR sensors. However, traditional SPR sensors are typically susceptible to temperature, have difficulty
distinguishing non-specific adsorption, and have difficulty detecting low concentrations and low relative molecular mass analytes. To
solve these problems, several research teams have developed methods based on sensor structures and functionalized materials to

improve SPR sensor sensitivity. Therefore, a summary of the existing research will guide the future development of this field.

Progress In this study, we first divide the detection methods of SPR biosensors into five types based on measurements of different
parameters by the sensor. We explain the basic principles of various interrogation methods for detecting biomarkers and present a
comparison of the advantages and disadvantages of the different interrogation methods (Table 1). In terms of current research
progress, the detection methods for SPR sensors are mainly based on two types: angular interrogation and wavelength interrogation
SPR biosensors, which have improved detection accuracy and higher convenience. The phase interrogation and Goos-Hanchen shift
interrogation types exhibit higher detection sensitivity and accuracy; however, it is still necessary to continue investigating the optimal
structure of chips and instruments. For system complexity, the angular interrogation type and Goos-Héanchen shift interrogation type
have simpler structures and broader prospects for portable detection. Next, we summarize the research progress in SPR sensor
sensitization from the aspects of nanomaterial sensitization and sensor structure optimization, based on the methods recently used by
researchers to enhance SPR sensitivity. In terms of nanomaterials, including precious metal nanoparticles, magnetic nanoparticles,
and two-dimensional nanomaterials, the enhancement of detection signals is mainly achieved through large-surface loads or localized
surface plasmon resonance (LSPR) coupling to enhance the electric field. The optimization of the sensing structure includes the
combination of a SPR sensor with a structure, such as a Fabry-Pérot cavity or nanohole array. The Fabry-Pérot cavity reduces the
signal loss caused by the metal damping effect by binding the light beams in the nanocavity. The nanopore array achieves a simple and
sensitive detection based on significant optical transmission. Finally, we summarize the main shortcomings of current SPR sensors

and propose possible solutions.

Conclusions and Prospects Overall, SPR sensors have the advantages of a low detection limit, wide linear range, low sample
requirement, high sensitivity, and high selectivity, with high potential for cancer prevention, virus detection, and environmental
pollution monitoring. Researchers can apply appropriate interrogation methods to develop portable, highly sensitive, and high-
throughput SPR biosensors. By appropriately selecting and combining various sensitization methods, SPR sensors that can overcome
existing detection capabilities are developed. Although SPR sensors still face challenges such as high costs and difficulties in achieving
portability, SPR sensor technology will advance with the progress in materials and structural science, maintaining excellent

characteristics for biomolecular detection while minimizing costs.

Key words optics at surface; surface plasmon; surface plasmon resonance; biomolecular detection; high sensitivity detection; sensor

sensitization strategy
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