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Progress of new substrates of surface-enhanced Raman scattering spectroscopy
and its application in the analysis of environmental microorganisms
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Abstract Surface-enhanced Raman scattering (SERS) is a new rapid analysis technique. The improvement in
sensitivity, resolution, and reproducibility, and the expanding application fields of SERS spectroscopy mainly
depend on the development of the substrates, which are a key part of the technique. Research on novel SERS
substrates is a popular topic. Considering the types of substrate compositions, and a focus on the SERS
enhancement mechanisms (electromagnetic enhancement and chemical enhancement), we reviewed the
research progress in recent years of zero-dimensional (OD) nanocolloids and particles, one-dimensional (1D)
nanorods, two-dimensional (2D) planar carriers, and three-dimensional (3D) carriers as new SERS substrates.
The structural characteristics, Raman enhancement mechanism, advantages and disadvantages, performance
optimization method, and applications of typical SERS substrates were analyzed and compared, and the
application progress of SERS in the analysis of environmental microorganisms was summarized. The stability of
the SERS substrates, the “hot spots” uniformity of SERS detection, and the reproducibility of spectra could be
increased by a change in the dimension and shape of the substrate material. The specificity of SERS detection
could be further improved with the functional modification of the substrate material. Combining SERS with
microfluidic control, stable isotope labeling, and machine learning could improve its detection ability for complex
samples. Therefore, SERS plays an irreplaceable role in the identification, classification, and monitoring
of environmental microbes. Owing to the great variety in environmental microorganisms, the complexity of
microorganism individual composition and sampling environment, and the interference of non-target substances,
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the SERS spectra of environmental microorganisms still have poor reproducibility and low resolution to some
extent. The accuracy of SERS qualitative analysis of microorganisms should be further improved. Therefore, a
quantitative analysis of microorganisms should be performed. In addition, the application of SERS in research
on quorum sensing and dynamic analysis of biofilms is less well established. The construction of a new SERS
substrate with specific recognition ability and high-density “hot spots” and the combination of SERS technology
with other efficient separation and purification methods, in situ hybridization, stoichiometry, and artificial
intelligence could further promote the application of SERS in environmental microbial analysis.

Keywords surface enhanced Raman scattering; new substrate; electromagnetic enhancement;
chemical enhancement; environmental microorganism
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Table 1 Typical new substrates of SERS and their characteristics

Byt EEILERT WA B sl 23R
Type New substrate Subject Detection limit Reference
AgNPs (in-situ) Mycobacterium smegmatis 100 bacilli per laser spot area [13]
L2 AuNPs-Cys Marine toxin STX 107 M [15]
1D Au-Ag dealloyed nanorod 4-MBA 10° M [18]
AuNPs-ZnONRs R6G 10° M [19]
Aptamer-AuNTs Cytc 2x10° M [26]
2D Apt-Au-PDMS film Vibro parahaemolyticus and Salmonella typhimurium 18 and 27 CFU/mL [33]
Ta@Ag film Escherichia coli 100 CFU/mL [32]
Zn0-Ag R6G 10" M [36]
Ag@TiO2 4-MBA 10°M [37]
3D (Ag@Pd)NPs/GPSi E. coli 1 CFU/mL [38]
Au-rice 4-ATP 10°M [40]
Ag/ZnO/Si nanoflower R6G 10" M [42]

550 (CDAY 21 Ak 2 B e A, 38 3o o H 4% 4 3
TR AW, BRARYES SEO TR B A LU o R TR 5
PRI 2K S AR SR I AT T 5 43 ) v AR F AT B K AT 1 s
TOERE S DB B R U0 T TIRE . BRI 2R s i 5 =
&R EY. AkannyZE I I & T — R ERFE & g8 Kk TR N
SERSJiY), 7% 5 4 2% RPHPERG 52 F AT B . 250 SLAT &
A 22 BB K BT B ek A2, X BT A3 A 3RIAR LA i 2 (5 5
HEAT 3 5L 40T (PCAY R e/ —3fe—H1 5 441 (PLS-DA)
JE R B, X P Ik 2 18] e L 2 S A o 2 o 1 R YR T 40 i B ik
T MRV A A ) B S NGy T, AT S B = 3 X 43
‘i I AGNPs 5 JE 72 3R 19 T ik B U BIRCZEI I f 2455
(e S B, Korkmaz 2 il Fi ek 35 72 AgNPs (1 32 fitk S B iz
S5 SR, kBN EED TP L E S £ %
¥ AQNOLTE TS 2 FLREVE — L S, JFi8 i FUaf i &g f e
JR3RA5 T I B AERE RS E I AGNPs, f 540 R A7 4 Bt 2 ALk
HE-AgNPsE A& MR B T8 B 7 b 15 Fa e BA BE )
SERSJEY. KEFEIENRREIE T ik BA FBILE (GMR)
I PE, HEGMRY 42 8 I R 1 LS PRI HE & 1T LUK K 4 3
HEEMNRHREY, W2 LSRR at T E
KT BB AR 200 B B ) R4S v R R (Y PR B AN T
HESERSYGIE K, [X 5 40 i i 2% C R B il 25 41 1 AH o 8%
H, B i — b 5PCAN T 45 B 45 &, BT A X Bl H i A AN
[ 4 R [ 4 15 47 2 3R 1 (ATCCB538F1ATCC29213) , Mifii
TIF % 5 A 5L R AR AT SERSHEAT AR iC (141 1 % 72 . Berg
SR E AL Y (HRP) K Ag’ 78 H HRP I HE 55 1% 17 B2 44
AR AL s AR, UTRR HAR 90 K URL (Silver-DISH) 1]
VB S 8 1) 10 4T 156 41 A P9 1Y) SERSIES 4, 4 19 7 41 14 44 ffw vy 7
FSERSE I B4, A 4 o A2 14 B 70 22 ) B 1% 5 3 42 fi
T 35 Ty 52 B0 e K 4 T8 480 95 57 0 0 3 o A 58 10 AR 4 £
SERSH % 52 Silver-DISHAE B M 21 Hl P 1 4= 9 45 F o
A B Xt 1 b 8 B 2, R BRI R AR R R AR A 1 4T
FF S S TR RE T B T B
HEEH MR TN 2, R AHEREA Sk
AR 7= 1 236 A B 241 ok B RS2, G o ) L e A
B AR AU D AR I B 20t 45 O B AR 3 ™ E T
e, 25 Je B A it NS #8424 R K I fE . A
TR AR T B R TG Y R OK R, Lee s A A BUIR i
AR N FE G, 7E450-804711 100-1 352 cm "froGiE X%,
R T 2R R I U F) 7 B 58 5 AR T B R IR I R E L, i
SERSHU i XA D i 2 34T 8 VE R E B0 MY, (REL AR i AR

T 2 AR, FRAIE T K SR 7 i 22 4 THI A 31 f) 2 B4
2R B AL AR MU ER G IR b B 2 AR, R
YRR B T 2R EE AR 2, KEHET R
WTE 745 2= 0F 72 . DNABR S D7 8% Fi i+ R, Fazio % )&t
SERSHI T 220K FUHE % 51 40 FE IR 78 . BIOKG 25 FL B AR I I A8
HUY 0 31 T I AUNPs |, 73 R G458 T L R 4T
ISERSI:HE. %7600-1 800 cm "'[X I 14 2 ik 31T PCA%Y
Br, SEBR T ARZE B BB MR R 78 B A& i 5
5] )8 BT 1 4 2 % 5, oA 38 i (0 AR 9 BF 9 i 40 AR K T
16

2.2 IMEREMFIR SN

R AR T A e SERSAS I . FH 32 BT R A 99 S Ak Bl

VY AN . B, SEPR b, SERSH AT Ml 5 Lb 3R 5%
AR, TROCAET TR IR TR RS B AR IR KA ROR A
SRR A Bh. IR 2 AP B By — R aggn s, e es s
& LI P VE A 55, Chen A 8 2 b I8 JF [Ag(NH,),]
HEMAEKAGNPs, SUER G, B RS SERSH i,
S IR 24 F0FT B B R I BRAK 2210% CFU/mL P73 5 % AN [
WS 4 R B TAETE R IR 25 f T 1 1 4z = B AISERS I
S3HT, K ILSERSAE 5 5 A T 1X 2 40 B 4 AU i N, B Ak
FIAN: (1) 654 om™ 4k 5 HF {8 4545 5 50 B B Au® O
M0.01%]10.0 ug/mLE T i B4R, 724 om™ b v 35 VE A fr) 3
O U B R T T () MRS BT (A,
Ag', Cu”MIZn®) TFAERE, WK 25 AT 3 X AU B A Bk
Ptk AT 2R B 0 IR 2F A B T E N 4 148 R 1, SERS
ST INA BT a0 B ANEAR . B 6 B 4 TR SR I 1E
HoATHE SKE T HN S A7 7R A2 & 42 inl 8, ) F 30 5%
AR 4 & 51 TR 2 96, %2 3R & P57l 45 i1
Tl A2 ) 3R THD 4 T K ORI RS AR R K3 & Huang %5 3
TN T RS ERE 7%, AR EPRNT
HAUCI,. HUIRIMER CAAD FIAIR F R TG LA, 208 ) %]
1N SERSIE 1 F5 JiE 1 Bh fig M AE W AUNWSE A 4 8L, 5t & 7
HH 6 G A1 4- 57 3 7% HF R FA) A6 I BR 43 3 B 2210°°F110°° M, H A
HAUCI K T [FIC T AU P2 2 S8 AN A KA a0 T 4
BT, JEH 410 5 AUNWSHE 5 E B U BE 9k & A A k], 1 T8
it B AUNWS M AT L 23 25 H ok, A2 AuUN WS SERS B 7131
AT BT A A T IR TR R EAS D, RS T
SRS TRV G 9ok AR AH 45 . T e S0 4 1
(MOB) J& Fi| FI FHE A B 2 SR IR 1 4 B, CLB e W & R AR
SR A Y5 b, Liang i@ it ¥ & il i AgNPs I it 51



A T4 588 1 2 HICRS DI i i 0 R U 2 B R B B ok 0 93 i e B 7 AT 7 e

Vol. 28 No.3 Jun 2022

AR R FRAFIE SR HL B 155, SPCANHT 4 & BT K
MOB 5 H A #5 YIAH I L A7 1 X 43 7. [k, SERSHT
AT DAF A A 2 8 1 4 3 5 AR MR I AT B8 (0 R TR, 4
AR IR SR LT K 12

3 SERSHXEARAREMMEME S
Hreh 9z

R SERSTEM B il 2E W 73 M 77 T 2 A7 B K (138 77, Hk
Z AR IR SR AR SR 3 43 M v P T I AR K
TPk R, R 2 5T % 81 TSERS S it & 5 H AR
TSR, NS 5 o i I 8 A i G . Had,
SERSH: T T BE S AT 12 w5 52 G0 xoh FT W 0 4 A= 40 660 4k R A0 435
SR, WKrafftE g gy FUIR A = 4k R0 75 2% B 5 SERSHG I
SEE AR, RGO 8 B A TR AR R K R AR AN, R
T 2K %2 AL G M DL S AgNPs R I 35, K K2 F SERS
TR KA e PR 4 B R RE Sy, BRSNS
R IR A Y. Barzans I 7 2 e i A1) e F K AR 45
BB 5, TR He Y SR A A R DA B R, B
PRI I 2 A LI BIUAL, AT SEEl K AT i . 4 38 (0
R B R4 2 0 0 B T 6 2 R I BRI A T Y. G Potluri
SR T—Hhgh A SERSHIR A B 55 i . (PCR) [ PRk ifi F
S PR v (038 2 BR B (MRSA) K e 5 M 77 PCR
Y1815 2] T MRSAM WA Hr F R (mecAFIfemA) [115]
W, HE R T B AAUNPS. B2 bR id o R R IR EF I SERS
FER. BT EI AR IRE M2, LR ER FIPCRY 48 1
K N, TR TAUNPs-PCR-BAER ) “ =G E AW, 1Ellk
PRFE S A SZEL T MRSAR B RER I, SR17, PR 58 3R
M ZIREE RS AR R, R A TR G o SERS 5
S A D IR A 45 A, DAARIE B R i 2 5 P B B AR B
AR Wi v 25 . i Morellish 56 5 45 FBOR A I (LLE))
Iy B R B G K AT B IR AR I ) LR, /£ LLAUNPSs
R FE A SERSHE IS L kAT &, A 45 5HPLC
I3 MR 7 Y R AR DG 00 SRR (supported liquid
membrane, SLM) #&HUE —Fhom Kk His A, & UL
Z IRV 22 e pHZE S 3R B0 77, RE B8 S B v 38 B 14 A0 EH A
i E 4. Rostamiss & G i mil & SLM 52 4L
SERS f Bt &, dihdEER A (OTA) AT T Lbsid
A0 0,

A JE ] Pl R I R R BRI 72 A TR E 1 1
b2A R, Pk, e R Riridt i T 5 SERSE &, X
P AL FE W AE N B AR 4N B I AE A bR AC, v S AR I
A R Sy AR T O B9 A4 A iG sh i FE . Cuids: 7 535 9% 41 1
TP i E [ ONRRE R R <% & R AgNPs I
AuNPs{F N SERSIHE #EATHM, & B 7E653. 730, 957 cm”
AL NS B AN SERSE i LB R 43 MR A7 7%, 1% R i 1 s r
2O S5 A ONAE E R AL £ 1R 4T (SERS-"°N SIP) i 4 i 14T
IR 43 BT, AN AT T 0 o R T A e, T A
PR B 2R I IR B A AR 0 1, T ELIE ] 3R AT 2 S e 4m
JIEL 43 36 0T 9 56 DR 2E 43 BT, AT 6 05 T R N b T B B A A
W AR, Lig5id it DO A7 b it NI 7+ rp iy
TR Eh VA 4H 4 (PSB) , PSBR I 2 I (P) &R I =
ARG, AT EOKH DA T E S A A, Rtk BoR
IR C-DIt 5. ¥ C-DIE 5 E N FFIEFR L, $i =BG Nl LASE

IR MR R H ST A HIERE RS 4 5PSB 7. 254
Hh, Olaniyi S5 thos fu & Jeils 5 oK 25 &, F TR B4 i 21 4
RIMANE, Lhi 7 gl B KT 1 74N 4T B T ik 10 21 4k 2 B M 3%
1. Chisanga:# "*C/" il % B A1 N/ PN &A% 2 A E A
W — B R RN SR, Ao R B il TR AT B 4n i, i Ay
B AR 9K BRI N SERSIIFE I, SERS T 5 i 7% Hi 375 il
(ILL R, X hric AN g AT 7 e X 0.

SERS 5 HoAth )6 i 15 % 119 156 F 78 & it — 2B AN TR AR 1
HEEAE R L AMNRISCRN B 2 B AT IR AR AR IRBDERE S,
(ERE Ry el kel 18 7 O N UN W R PR A
MR DA, 2 A R BIF 90 A8 2 7 R BT W S B R AT, T XU
S iy 2 G B AR B 2 AN B B A, %R
RGRENE TP A RN (OGN B AT R, E A R 4y
IR DU ) 2 0 4T R (A LB R R AR
e, PR AR 25 4 0 A0 3540 HL B 7R 4R A I 1) P 3R EOE FA T Ak
s & £ G AR SRR, gl 1 TR ISR A T L T2
PR R oAb, TSR MR S B AR,
Bt S et (LIBS) mAE R M ANE 154
HUA MRS TG R AT BOR, LIBSTT LASE E X6 41 B 4
it RS R 5 T A BRBH B T (i KT, Na®s Ca® Fil Mg
AR 20 1 1 58 B0 i Liao%s % 8 BISERSHIE &AL, 1
T T SERSHILIBSHLA 1 ] 5 DL A0 HE At 14 41 T A )~
G. PG TE KR & b 28R AL BORE R, 7E3D
S, SRR & LR T3D SERSAILIBSIH
B, SAROR IR B AT T R E B

BE & N T8 G5 RIS 56 BN, HLEE % ) )7 vk e fi
TIPS RN . YusEE I g B 2 T A A ROt ) 4%

(GAN) , HLTh S I X 3AT o T Ak (R 46 BRI 5 i oI i R
H A 2 AR D (HERIR 4> 2. 23830 000K Il ZRik AR
Jo s AR G S B SR A A AL, 8 T i GAN B A
BT TR R R AT VA 2 SIS, T DR B O B ) v P AR AL
UL B WL PR E AR AR, SRR R AL, B
2 M 2% (CNND FITE 45 N T &M 2% CANND Rz H
PE T B S TS AT A 1 4 0 W R R T VR A
B9 I5 1 hpy DUk % s A se SR A Ar 0. i B i H R 5L
BEEOIMEE S, REPLE, T EE AR RO e % e 2
FFBR N TE AR £ T B 0 S 2 B0 A P 0 A7 AT 7 2 M 2 it
THBEMIE. F2 M GANS IR T ¥ ik &, R
DTN, m T TAERGEE, 15N TR RERIA BT, iR
A 1) 55 T3 v B T — AN BE DR TR HE K

4 REERE

SERSHIAM T3 5K JE, 4728 515 35 X Hi 2k i (7T
MASCERA 1% 4 (0D GUK IR AR MUBORL . — 4 (1D) 4K
PR 4 (2D) P A S =4 (3D) SLARE AR A BT AL AL R 1Y
WHFT Bk R, R A R S 4 A A AT 3 — P $R R SERS
IIHTI R B oy W, BB Rk S A X R 2
RN ek s SR A R T 1 MR E (2 17 A 17 PR A2 4K
KZH I LLSERSAL Gt i & J& Aus Ag TR N B it s O 14k
FF 2 2R 0 K R 2 R RO AR R P B L R AR, A B R R A 40
KA R ] 4 e I — 4 1) 4 3 = 4 AT AR Ak, AT 42
e U VTR B A s S = R ) AT 9K R TS A
FrRAHEE, U2 T AR 38 R At EL A J8 A £ 58 2 AR KL 18] 25 R,
SR AT ST, R AR R SERSAE 55 RAEA RN
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