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Abstract: In this study, a hydrophobic paper-based SERS sensor for the detection of miR-943 in
the serum of cerebral infarction (CI) patients was constructed based on silver nanocubes (Ag NCs)
and CRISPR/Cas13a trans-cutting strategy. Ag NCs were assembled on hydrophobic paper to initially
construct the SERS substrate, and single-stranded DNA (ssDNA) modified with Cy5 signaling mole-
cule was immobilized onto the hydrophobic paper SERS substrate through Ag—S bonding to construct
the hydrophobic paper SESR sensor. When the target miR-943 was present, specific activation of
the trans-cutting ability of CRISPR/Cas13a and nonspecific cleavage of ssDNA kept Cy5 away from
the hydrophobic paper SERS substrate indicated that resulted in a decrease in the SERS intensity of
the characteristic peak of Cy5 at 1 468 cm™. The sensor exhibited good linearity in the range of 10
amol/L to 10 pmol/L(r2=0. 986), with a low limit of detection(LOD) of 1. 55%X10™" mol/L and excel-
lent specificity and reproducibility. The detection results of clinical samples were highly consistent
with qRT-PCR. Therefore, this method provides a reliable and highly promising assay for the early,
noninvasive diagnosis of cerebral infarction.
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serum; silver nanocubes(Ag NCs)

HEAE HE (CT) A Fh 106 085 22k A 28 S SO A 20 ety . SRS R AE, BEITT 5 | & 28 & PR A 4 Th RE Bl 4
PIEIRZGEAE, BARHRE . SRR BEARE Y . BlE 58 S FRAER A J R H 5 9k 58 5 2,
— H G W S T REB AR, B B R R B A R . R, XF HRRE S ) R RS W A
LG KSR Sk . BT, IR I 6 = ZAB SR i+ B2 548 (CT) IR 3R 1%
(MRD), #R1, CTTERWGFIBUREAL, MRIBEEFH AR . 5 5ot HXELIE & 2 52T
MU GG RES R R . EEHFEEE A, BEATES, (HHR MR
BRI AE RS Bk, R —R A, SR SRR AR R T, s i
B2 TR AR SR 1) S B )t

f/NRNA (miRNA )& —Fp N JEYE . AERISA0SREE /Ny T RNA, W 5B M E A2 RED . Hir,
miRNA-943 W[ Y R R R A0 3658, eSS — R 800 CLIIE A PibrEd . WHSTIESE, miR-943
16 CI G i S0 S AR 2 e 45405 A T o Lin 25 % B0, FEMGRE R M55 H, miR-943 Y1k
KPR H SRR IEAE G, 32308 TARRHMEth 4 T AL (AUC)EIE 0. 909, HAWHRE L
Wit Sy SR, FERNAEAE I B, miR-943 FEREH I FERAR . SFEfR, HARLERIEF T,
A RGN A Sl 7 IR Pk . b, B miRNAKEIHE A, S 96 % & B A 4% 5N (qRT-
PCR) . WM, fEAERBUEAL. BEE D MOSRBIGERSE MR, X LI e i & I R 7R
P, JF&—FhaEnge: St . i REOAT IR 2 miRNA PR IIEE AR 28 78 JE I

A 1R R D) ) o 7 ] SCEL AR 751 ( CRISPR/Caas ) R 84 4 W A oty 240 17 P ORGHR BRIV 17 4 | 95 2 22 JookE
S AN TN AR ) — g S M a2 B A TR CRISPR/Cas R FEA PNy . erRNAGRAIES|F
Cas FZ% 2 N VIR 335 B ARIXIR) Fl Cas A% 2 PN DI CBEIR B bRIERIZH 07 250 R GHEAZ TR 15 51) () o 5
PER B AEER: S AL IR N UIBGETS 1, S8 2 T E REVERIRAGIN ™ . CRISPR A H EEALHE
Cas9, Casl2Fll Cas13, CRISPR/Casl13a/&—Fl RNARE, H crRNA #1515 iR Hbx RNA, 4 Cas13a/
crRNA B & 910 2 B A% RNA B, Cas13a 85 A9 RV E) Th B W iTs . B HRr 50 00 %10 R [ 1
ssRNA'™,

LGP S (SERS ) PR He 73 200 2 B R MR “ o F-4840 HARE ), BOMIREAE
YrbrEY R B TR SERS {55 A4 9k 42 BLUE T Jay el 28 11 55 2 1R 4L 4% (LSPR ) 75 5 1) ML i 14
SERLN , HEREZARAPEHORSE . AR . R 2s mIHED SR 258 . SRAOK ST T R B A SRR
1, BEFZAERRGRI) RIS R (P, RSB ) RS SERS Rl iy BAR LI s HIES S R
EEREE, WONE SIS S EI R T ORRE . (2S00 SERS NI T (B B 413 . SARDIR SR
ARAERET . BERESR S LB SRR, T e 3 B 3o Pl 7 SRy, X 2R
WA IRE B AR, HA R EROARA R E ZoR, 7ESEbR N H P32 8] — @ IR Ak
ZF, VKA RERFIELE, BRI AN . )55 ) (5 bt HLRg E i s K VR SEBAsm i &
B IR SRk SERS KR INSE SR T B B

AWM T —FhIET Ag NCs Fll CRISPR/Cas13a B /K 465 SERS AL &8% , 4% 00 i A i 25 1L
HH B miR-943, miR-943 fE{ERY, CRISPR/Cas13a RICHIEIRE ST, ARFF 24 ssDNA, 554>
T Cy5 /K 4K SERS R IRE R, 55 PR, FEATEY, Cy5 M SFHEEN T 1 468 em™, H
G R E MRS miRNA AR ETE— & Ul NAAER MR R, AT ISEBL T miR-943 ()& &l & .

1 RWES

1.1 KFEH

AL A (NaHS) | AR (AgNO,) . MMM LE/I(PVP, k30), L R#(EG), . 5, 5'-ZHmifk
W(2-FEEZEH R ) (DTNB) . = (2-FRZE) B (TCEP) W | b5 22 v kA AL BHE A TR 23 | ;. CRISPR/
Cas13afigl H M S B IR YR AR A F ;. oRNA M H B R L YRR 2 7] 5 ssDNA Al miRNA
¥ E LY TREBRG AR A A PBS il B LBl AR AR Ry AR A . @ aizk
Milli-Q b2 (HLFHA> 18 MQ-em) 3RS, SEEn i LR T AN ISR | 7R . R Nt il 5



1040 SR AR (http://www.fxesxb.com) 545 %

Fokp, BAKEE TR
S—-480011 37 % 48 v 7 AL (SEM) W B H AR H AL 7] 5 Tecnai G2 F30 377 & 537 5 B 7 2 58
(TEM)JWH ZEE FEIZAH]; Cary UV-5000 SANRIOERE (UV-Vis) ) B SEE 25520 1) 5 DXR3xi H7% )%
1% B4 EE (SRS) ) H ZE1E Thermo Fisher 23] 3 InVia i3t AR S G (Raman) ) H 92 T R 4440 7]
1 SEg IR RS

Table 1 Nucleic sequences used in the experiment

Name Sequences
miR-943 CUGACUGUUGCCGUCCUCCAG
crRNA GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACCTGGAG GACGGCAACAGTCAG
ssDNA SH/T(59)/Cy5
MT1 CUGACUCUUGCCGUCCUCCAG
MT3 CUGGCUGAUGCCGUUCUCCAG
Random sequence UCAGGUCAGUAGCGCCGACAG

1.2 Ag NCsHIE R

BRYIKST T A R 2 O RER IR . T JERC I R W, 4% 80. 5 mg PVPIET 4 mL & g+,
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WA 0. 25 mL AgNO, 5%, PEFERY 20 min, 20 CARKIBEENZ LR, 72477 000 r/min £ > 20 min,
LB FIEW, N2 mLZEE K, BERE(10 000 v/min, 10 min)3 7K, AHFISRAKALTT .
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L. FHPBSZZMRPES 31K, HIfS Cy5@ssDNA@Ag NCs i /K45 SERS L858
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A
pmol/L, 8 L) TF 37 ‘CHIFH 10 min, Fil 545 10x / \
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fETRIML2 he RESHE, JH PBS ZZnp i nh i 3 — & __ N
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e = e - miR-943(B~C)
ZEREEET, HEMREFE SR8 Fig. 1 Preparation of SERS sensor(A); detection of miR—

HINWXARERCHETE S, IrE SR 943 in serum by a hydrophobic paper-based SERS sensor
33_80 OC—Fﬁ%T?o based on Ag NCs and CRISPR/Cas13a(B-C)
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2 HR5ITE
2.1 Ag NCsHIRIE
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TR SRy AR T 45 B PR LR (LSPR) WSl (181 2F) o SEM IELEIR (1812G), Ag NCs 7EBT /K 4R T 3R B
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2 WM T BUKARE T (A) BTG H S (B) 5 B4 (C) 2 Z A (D) Au NCs B TEM {55 Au NCs B A% 2550
ORI (E) 5 Au NCs B UV-Vis IO (F) 5 BiKATEE Au NCsFESIEY SEM R (G) 5 ZEDTNB #H (1107 mol/L)Fl
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Fig. 2 Droplets suspended on the surface of the hydrophobic paper(A) and the physical image after droplet drying(B); TEM im-

T T T
800 1200 1600 2 000

Raman shift/cm™

ages of a single(C) and multiple Au NCs(D); lattice fringes of Au NCs and their magnified images(E); UV-Vis absorption spec-
tra of Au NCs(F); SEM image of hydrophobic paper-based Au NCs arrays(G); DTNB(1x107 mol/L.) and DTNB
(1x10™ mol/L) labeled SERS spectra of AuNCs(H)

2.2 LIWEHMK

FrERFF SERS AL SRR MO PERE , ZRWF ST MM . ssDNA VR B2 FI 2 57 I} ) BEATAR AL o 2181 3A BT 7R
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ssDNA IR EERIE MM TG, 24 ssDNAJRIER 1 wmol/LI, ssDNATE Ag NCs P51 EIZH3E T A, Hig:
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FEUEEFE 1 468 e Ak i il 2R ek i) B 2B TR 0855 (11 3C) o X — A A R F 8 miR—943 I3 ()
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Fig. 3 SERS signal intensity at 1 468 cm™ for different reaction temperatures(A) , different ssDNA concentrations(B) and dif-
ferent reaction times(C)



1042 SRR (http:/fwww.fxesxb.com) 9545 3%

2.3 SERSfER=EMHRME. HAMMENRE

AW i {4 CRISPR/Cas13a., FRAHELFSTL)T 51 MT1-943 Fl =L E5TC )51 MT3-943 L) K fif
BUFHNE 1 pmol/LAVE K BHPENT R, 52 21 SERS /& B Stk . RS AR miR Z BIFELE T 5 24
S, {HH T HRERAIG, 78 SERS BB AFRHMEVEEAWN S5 50 FIHE, XE &2 LT
e o BT B AL B R4 miR-943 N B K 452 SERS A% J& 2% 5 2 I SERS JE ik 1A 4A P,
CySTE 1468 cm™ AL H S AFIE ISR FE VLI 4B, & FhAEFEAR miRNA LRI & BEAH I, N CRISPR/
Cas13afif )i, HPISMESILFEA T, SIEFRE miRNA A28 0 BRAHHL , miR—-943 BH 4 ORI
SRIETE 1 468 em LW FFEAR, LIRS REW] CRISPR/Cas13afiEfE miR-943 NELER TLUIEIRE Sy, HT
W miR-943 FR MG R R UITEIRE J1, ZEXF miR-943 ARSI o 280 H WA S B0 4% S0 o 7R /K 4R
HE SERSAL S H BEHLIESE 10 MEIH7 5, H SERS Gl mId 4C Frzr, 4D g Cy5 7E 1 468 cm™ &b
i SFFAEIETREE 5 3 MR I /K 4R 3L SERS AR IS LIV B, H SERS Y6 ik an &l 4E FroR,
AF AR 1468 em ™ ZbIRL SRFEIE TR, 3 AL RIS ) — 30k, AHARE R 22 (RSD) A
1. 1%, GERHH s K40 RIFR EE M

A

Blank  Cas 13a Random MT1-943 MT3-943 miR-943

D RSD=8.0%

Intensity/10* a.u.

T 1
1000 1500 2 000
Raman shift/cm™!

2.09

Intensity/10* a.u.
=
1

0.54

T T
1 000 1500 2 000 Bacth 1 Bacth 2 Bacth 3

Raman shift/cm™

K4 Bi/KAEE SERS ARG SANE H ARV ARAGH) SERS Jilk (A) Sz HAE 1 468 om™ ALAIBL SAHEEIRIEE (B) 5 Bi/KATEE
SERS &% R MBEHLLE LR 10 ML 5 SERS i (C) S HAE 1 468 om™ bR SAFENEIRIE (D) s ASEH-I S i)
B /K RHE SERS (2 IEER) SERS S (E) B HAE 1 468 em™ AbHYHL S FFAEIE SR (F)

Fig. 4 SERS spectra obtained by the hydrophobic paper-based SERS sensor reacting with different targets(A) and the intensity of
the Raman characteristic peak at 1 468 cm™'(B); SERS spectra obtained from 10 randomly selected detection sites on the surface
of hydrophobic paper-based SERS sensors(C) and the intensity of the Raman characteristic peak at 1 468 cm™(D); SERS spectra
of hydrophobic paper-based SERS sensors prepared under different batches(E) and the intensity of the Raman characteristic peak
at 1 468 cm™(F)
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2.4 AREREmMIR-943HIEERK N

FTCHEE KN miR-943 AT ELLAGRE, A% — RAUAEKEE (10 amol/L, 100 amol/L, 1 fmol/L, 10
fmol/L., 100 fmol/L, 1 pmol/L. 10 pmol/L)#] miR-943, {EMRALSAE FHEATINGE , 18 5A R Higi K 4E
SERS % JE&Z3 I & A )ik B2 miR-943 1331 SERS Jgilk . ZRE R, Cy57E1 468 em™ ZbHRFAENE R R
% miR-943 YR I IR TR, FF15 miR-943 Y AAHTE 10 amol/L~10 pmol/L I 4K R
LRI 7R A y=15 622. 37-1754. 39x, IR K0, 986, LITE H BRI SERS 5 508 53
b3 2 ) 0 50 T FEA B R R (LOD) 24 1. 55107 mol/LL.

A B
1468 cm™ 10 000 1.6 y=15 622.37-1 754.39%x
L~ A MM ANANN N 10 pmol/L P08
popseemaaA ) A\ /1 pmol/L E
A A A 1.24
5 e ar NN 100l | {
< <
E- 10 fmol/L = i
g 3 o084
£ 1 fmol/L. e f
= g i
= [ ]
100 amol/L.
0.4 "
10 amol/L.
T T T 0 T T T T T T T
800 1200 1600 2 000 1 2 3 4 5 6 7
Raman shift/em™ lge/(amol - L)

5 SERSZREE S AR miR-21 W) SERS M (A); miR-943 MK EEMAIEL S 1 468 em™'4b SERS SR Lkl 2E(B)
Fig. 5 SERS spectra obtained by the SERS sensor reacting with different concentrations of miR—=21(A); linear curve of the
logarithm of miR—943 concentration versus the SERS intensity at 1 468 cm™ (B)

2.5 HHMAEWXI LR

FIHETR VRS AR DT RO TERE K S ARSI ) miRNA RS0 7 AT 0 b, I 2 Bt . FERS
FRJ7TE, B KACEE SERS ALY LOD RS HAM T VAR 1~4 MEUE R (EERMETEH L, ATriki &t
PG A 10 amol/L~10 pmol/L, REAGIREETAR, BHdH TR 2 miRNA BRI, X FE 2545 T Ag NCs
TEBR KA B 8 A S 35 ) SERS B4 45 550% (EF B4 8. 02x10%) il CRISPR/Cas13a %t H bR miRNA AR
SRS RAYIEIGE S, PhESEHL T AR B miRNA M5 280, SRS, 255, AJETE R
JERZETO B T BA LA, IAEAE 88 R TE R IS4t T o 571k
2.6 PuiEEE GRS ET

B 6A . B3l A% M R 5 B 23 b T Je 4 1l B
LR R BE B — 44 i 2235 Fl— 44 C1ER 1Y MRT
B . B 6A H A BT 5 A 5 SHis e, e . el
TESHR, HEEANL G S5, RIS S
Wi . & eBEUG R LU BA B S E S
[ P g i . Bk AR, ER AR Xk 5 O
TRKZHZ 5 S, A5 I A 2V A0 e s P K K6 fdHEA(A)S ClEE(B) I MRI K
M IBIAG R, 5 L MR EE SR XS Fig. 6  MRI images of a heallhy’;;rson(A) and a‘palienl with
o, MESEAIA CLERSS CI(B)

F2 AT RS HA miRNAs B0 5 7500t

Table 2 Comparison of this work with other miRNAs detection methods

Method miRNA Linear range LOD Reference
Electrochemical miR-205 0. 1 pmol/L~10 pmol/L 28 fmol/L [21]
Fluorescence miR-155 1 pmol/L~5 nmol/L 0. 23 nmol/L [22]
Fluorescence miR-126 0. 1 pmol/L~10 nmol/L 50 fmol/L [23]
SERS miR-375 10 fmol/L~1 nmol/L 10 fmol/L [24]

SERS miR-943 10 amol/L~10 pmol/L 15. 5 amol/L. This work
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2.7 EBRIG R A

R TR RN Ak AR B /K 4R SERS A% RS AE BLSLIG R 5 T I af B 5 SEME, X 30 A4 (@RI
30 44 CLEE A ML IE FE A 1) miR-943 B KF 21T SERS 437 o B 7A Ky P 2H 32 303 ML i FE AR (1) 7 1)
SERS Y3, & 7B AHAE1 468 em™ Abhy S WM R . 0T UL CLEE L0 245 5 0 A T @R A2 i
2H, UEHH CLARZE LT H () miR—-943 KK & T RAMA, #F—HER T miR-943 5 AKf5 50 4
A DIRH G

A B
1468 cm™ 1.0+
5000
SD=795.29
0.8 71*
3 E
= Healthy people S 0.6
£ =
g £
= <
- E 044
CI patients 027
T T T O T )
800 1200 1600 2 000 CI patients Healthy people

Raman shift/cm™!

K7 5Eid SERS ARG R CLEE AR A L 892 SERS ik (A) 2 1 468 cm™ 2L SERS 322 (B)
Fig. 7 Average SERS spectra of sera from CI patients and healthy individuals measured by the SERS sensor(A) and SERS
intensity at 1 468 cm™(B)

2l qRT-PCRJFIREATHLIE,  SERS FI qRT-PCR X ULFFF it HH miR-943 F& /KPR 55 A3
3R, XF R, W7 RIE AR (ER) M 9. 1%, MKEESEEE J-5. 6 %, FITER A2
I o FRIIARET K AR SERS 1 A I 45 2R 15 S qRT-PCRAZINAS RTC R FH 5+, (BRI miR-943 %
PR CLI A AT ] SEE A

ﬁssm&ﬂmLWRWMﬁﬁwwm@%%mm%
Table 3 Results of miR—943 expression in serum samples utilizing SERS and qRT-PCR

Sample SERS/(fmol - 1.") qRT-PCR/(fmol- L") ER/%
Health people 5.729+2. 26 6.518+2. 18 9.1
CI patients 23.482+13. 64 21.703+14. 51 -5.6
+ A
3 .Q_n TE

ARSLHET Ag NCs Hl CRISPR/Cas13a YIRS , 45 7 F TR D0 AsiAs 28 A8 3 117 H miR-943 (1)
Bi /KA SERS AR I8 o ASWFFT & i) Ag NCs TESR RS 3%), fEBKAR B84, RIMB KB40
AAE) “PRAR”, B SERS IR 5 i HI5E . 7E 10 amol/L~10 pmol/L & EEVEHE N, miR-943 ¥ XL 5
1 468 cm™' Zb[1) SERS 9 BEZ [ S ZPEAHDC, FHCRECH (#)0. 986, LOD iK% 1. 55%107 " mol/L, A%
R qRT-PCR BRFEER . AWFITH R BKAEE SERS LRSS AMTER H.5 Tl a5, wlF B K1
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