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Abstract Surface-enhanced Raman scattering ( SERS ) spectroscopy, a technique with high sensitivity and high
resolution, can provide the fingerprint vibration spectrum of the analyzed molecule and realize the nondestructive
measurement of the sample, which has very important applications in field of spectrum analysis. The sensitivity,
stability, and reproducibility of SERS spectrum depend on the performance of SERS substrate. The common SERS
rigid substrates have the defects of complex preparation process, poor flexibility, inconvenience to carry, and
fragility. Paper-based SERS substrate, which uses paper as support material, can effectively overcome the
shortcomings of rigid substrates and meet the commands of fast, handy, and personized analysis and measurement
in the future. In this review, we summarize the main methods (direct dipping/dropping, inkjet printing, chemical
reaction, and physical spray coating) for the preparation of paper-based SERS substrates, and discuss the
applications in biomedical analysis and sensing, environmental monitoring, and food safety.

Key words medical optics; Raman spectroscopy; paper-based substrates ; plasmonic nanoparticles; inkjet printing;
gold nanoparticles

OCIS codes 170.4580; 290.5860; 280.4788; 160.4236

Raman ,
1
Raman [ 1928 . ) )

: 2017-10-16; . 2017-11-16

: (21403161,61675162) (2015T81020) .
(2017JM3016)

(1992—), ,
E-mail: yangyue@stu.xjtu.edu.cn
(1973—), s s B

E-mail: jjunli@ xjtu.edu.cn( )

0307011-1



. Raman 60
[2-3]
1974 , Fleischmann

Albrecht
10°
SERS s
. SERS
[7-11]
SERS
[12]
(LSPR)
LSPR
SERS
[15] .

b ( ) b
33)
R [16]
[14] R
[4] s
( )
[17] 3
. 2 SERS
. Jeanmaire %
SERS .
R SERS
(SERS), » SERS
. [ (Ag NPs) (Au NPs)
, [18—19]]
[20-21] [10] s SERS
s [22 [23-24]
(251 Chen ™ R
) 1 h9
s SERS
. 2.54 X 107° mol/L, L26]
[l - LLSPR
LSPR NS (APTMS)
L1 1) ’
SERS o 6G
1.10X10%, Eshkeiti
: 1) ( N
’ N ) 1) 3’\“4

0307011-2



: 1)

Au NPs

SERS

[32]

. 1
SERS

Ngo [

°

, , ,
N ,
. R s Lee [33-34]
27
) 2,
o ,
, Mehn B .
“ 7, N SERS
s o ,
( )
, . Liu ™ )
, (CTAB) .
,
, . Desmonda
Ca-a4] [41] ,
[38] ,
N s o
,
,
,
52)
1 (341
Fig. 1 Photographs of filter paper before and after
s dipping in nanoparticle solution"*"]
,
,
,
, N ,
Au NPs .
° .
(2l 2(a)

0307011-3



Lee [

Ag NPs,

1 uL
[44]

2 (a)

Ag NPs

, 2(b o

’

SERS .
2(c)
Ag NPs, Yu [%
SERS )
Ag NPs N

Epson Workforce 30

6G ,
107* mol/L 6G. Joshi

Kimwipe
12
SERS ; (b
(c) Ag NPs

104 ngecm ?
2000 ngecm %,

b

, Liao M
A4 ,
Au NPs s
. Xiao
[37]
s SERS .
, SERS o
441,1173,1616 cm ™!
SERS
1.5,2.4,2.6
10°, 1077 mol/L,

107" ~10"" mol/L

o

[31]

Fig. 2 (a) Inkjet printer used in fabrication of SERS substrate ; (b) printed paper obtained by inkjet printing with sample

in nanoparticle zone ; (¢ ) scanning electron micrograph of Ag NPs on paper'®

., Kim
, 3 )
(DI water)

b

30 s,

0307011-4

]

[45]



, 1.1X10°,
s 42%;

’

B 107" mol/L,

3

[46]

Fig. 3 Schematic of preparation of SERS paper substrate using chemical reaction method "’

/ .
, Park [
4~8 nm s
o 8 nm ,
0.05~0.20 nm/s , “
, 8 nm
, 0.05 nm/s, Fan [
EVOVAC 0.60 nm/s
SERS
. Aragjo [

[33.50]
°

0307011-5

Au NPs, SERS . Wel
[47] /
/
(N,H,-H,O0/PVP) ,
Ag I\IPSO N ’
B o
SERS Ll
o 107 mol/L
6G, SERS 107,
SERS . . o Li P
Ag NPs ’
6G s
2X107,
(RSD) 15% ., Polavarapu [V
(
N . ) ,
2X107 % kg e« m™*
. Zhang P%
) SERS
s 6G SERS
, SERS
. 1)
N 1) ;2)



3 SERS ’ ’

[35.50.53] SERS . 4 »
o SERS :
) , , AEY)
. 6G SERS ,
, 4(b)
: SERS .
4 (a) 6G (b o

Fig. 4 Detection of (a ) Rhodamine 6G on glass slide and (b ) thiram from apple peel when paper

substrate is used as test paper'"’

SERS ; ,
) SERS o
, o 785 nm o B—OH
SERS 1070 cm ! .
o SERS (5.43 £+
, e SN o6l 0.51) mmol/L,
, . Torul B , 95 % .
, 88%, 2 ,
, , . 0.1 mmol/L, 0.5~10 mmol/L,
; 0.45 ym  Whatman 5.10%.2.49%  2.39%. Park
7184-004 , Lsd Schirmer ,
) 110 C , ,
; 25~150 umol/L,
( ) )
, SERS ; , Cheng D%
Ag NPs )

0307011-6



. . DNA ,1340 em ™!
, ,1550~1655 cm™!  1200~1350 cm™*
50 , o ° ’
100 pmol/L, 1600 em™" 1400 cm™!
625 nmol/L, Au NPs 1440 em™ ! 1340 cm !
Kim M 3 ( 100% , 100%; 1600 em™' 1340 cm™!
. . 0%, 60% .,
) o \ N .
s QU [59] ,
o (Au-Ag) .
) ) AU_Ag )
o : . Au-Ag .
, ( N
3 N N N ) s
. , SERS 8.3 X 107°, 1.0 X 10°%, 7.4 X 108, 8 8 X
) N s ’ 1078 m01/14°
RSD 1.9%. Los] ,
,48 h , , o
R N . (ON . . . Eshkeiti [
) 25% Ag NPs
, , NB-RC3GR120 ,
’ ° Ag NPs
1268 cm™! , , 5
107° kg/L o o
SERS , , ,
’ ° Liu N °
L10] / Raza Ag™ Ag NPs,
o ’ 5 S . 72 h
1440 em ! , . 10",

0307011-7



107%,107° mol/L,

[35,44,64] :2)

s 1 ,  SERS ,
. Ag NPs . ,
. Lin Y
B, s o ,
Ag NP , SERS \
’ 4
, Ag NP SERS . .
N s , SERS
B 1076 £ N 1) ~
1072~10""g . ,
. 96.4% ~108.9%. SERS
Liao [ .
o . SERS
s 10 mmol/L, ’
. ,Fan [ , SERS

~

621 Zheng [

Au NPs s
, 4- 4-
s SERS , 4~
s 20
: 1)

[1]

(2]

(3]

[4]

(6]

(7]

0307011-8

Raman C V, Krishnan K S. A new type of secondary
radiation[ ] ]. Nature, 1928, 121(3048): 501-502.
McFarland A D, Duyne R P V.
Surface-enhanced Raman spectroscopy[] |. Analytical
Chemistry, 2005, 77(17 ). 338-346.

Haynes C L,

Sur U K. Surface-enhanced Raman spectroscopy[ ] ].
Resonance, 2010, 15(2): 154-164.

Fleischmann M, Hendra P J, Mcquillan A J. Raman-
spectra of pyridine adsorbed at a silver electrode[] J.
Chemical Physics Letters, 1974, 26(2);: 163-166.
Albrecht M G, Creighton J] A. Anomalously intense
Raman spectra of pyridine at a silver electrode[] ].
Journal of the American Chemical Society, 1977, 99
(15): 5215-5217.

Jeanmaire D L, Vanduyne R P. Surface Raman
spectroelectrochemistry:  Part 1.  heterocyclic ,
aromatic, and aliphatic amines adsorbed on anodized
electrode[ ] .
Chemistry, 1977, 84 (1); 1-20.
Liu J, Zhou J, Tang B, et al.
Raman scattering ( SERS) fabrics for trace analysis

[J]. Applied Surface Science, 2016, 386: 296-302.

silver Journal of Electroanalytical

Surface enhanced



(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Hong J, Kawashima A,

fabrication of plasmonic

Hamada N. A simple
surface-enhanced Raman
scattering (SERS) substrate for pesticide analysis via
the immobilization of gold nanoparticles on UF
membrane[ J ]. Applied Surface Science, 2017, 407 .
440-446.

Raza A, Saha B. In situ silver nanoparticles synthesis
in agarose film supported on filter paper and its
application as highly efficient SERS test stripes[] ].
Forensic Science Internationa, 2014, 237. ed2-e46.

Eshkeiti A, Narakathu B B, Reddy A S G, et al.
Detection of heavy metal compounds using a novel
inkjet printed surface enhanced Raman spectroscopy

(SERS ) substrate [ J ]. Sensors and Actuators B
Chemical, 2012, 171. 705-711.

Liu S P, Zhu H F, Chen N, et al. Surface enhanced
Raman scattering spectrum analysis of nude mouse
serum with Au nanoparticles active substrate [J ].

Chinese Journal of Lasers, 2012, 39 (5); 0504004.

’ ’ ’

[J1 ,

2012, 39(5): 0504004.
Zhu Y Q. Study on the design and practicle
application of paper-based surface enhanced Raman
scaterring  spectroscopy  substrates[D].  Hefei :

AnHui University, 2014.

SERS [D].

, 2014.

Cao J, Sun T, Grattan K T V. Gold nanorod-based
localized surface plasmon resonance biosensors: A
review [ ] ]. Sensors and Actuators B: Chemical ,
2014, 195, 332-351.

Lin XM, Cui Y, Xu Y H,er al. Surface-enhanced
Raman spectroscopy: substrate-related issues [ ] ].
Analytical and Bioanalytical Chemistry, 2009, 394
(7). 1729-1745.

Wehling B, Hill W, Klockow D. Selective chemical
enhancement of SERS by iodide [] ].
Molecular Structure, 1995, 349. 117-120.
Ding S Y, Wu D Y, Yang Z L, et al.

progresses in mechanistic studies on surface-enhanced

Journal of

Some

Raman scattering[ J |. Chemical Journal of Chinese
Universities, 2008, 29(12): 2569-2581.

[l ,
2008, 29(12). 2569-2581.
Kudelski A, Bukowska J. The chemical effect in
surface enhanced Raman scattering ( SERS ) for
piperidine adsorbed on a silver electrode[] |. Surface
Science, 1996, 368(1/2/3): 396-400.
Liao J, Hu Y L, Li G K. A review on the fabrication

[19]

(20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

0307011-9

of SERS-active
nanoparticles [J .
2015, 31(1). 131-138.

substrates based on noble metal

Journal of Analytical Science ,

’ ’

SERS [Jl
31(1). 131-138.
Xue X X, Xu D D, Chang L. M. Review on surface

, 2015,

enhanced Raman scattering substrates[ ] ]. Chemical
Industry and Engineering Progress, 2015, 34 (5):
1317-1322.

7. . 2015, 34(5): 1317-1322.
Manikandan P, Manikandan D, Manikandan E,
et al . Structural. optical and micro-Raman scattering
studies of nanosized copper Ion (Cu -+ ) exchanged
soda lime glasses[J ]. Plasmonics, 2014, 9(3): 637-
643.

Tite T, Ollier N, Sow M C , et al. Ag nanoparticles
in soda-lime glass grown by continuous wave laser
SERS platform for
pesticides detection [ ] ]. Sensors and Actuators B ;
Chemical, 2017, 242 127-131.

LiuYJ, Chu HY ., Zhao Y P. Silver nanorod array

substrates fabricated by oblique angle deposition :

irradiation as an efficient

Morphological, optical, and SERS characterizations
[J]. Journal of Physical Chemistry C, 2010, 114
(18): 8176-8183.

A, Ferreira S H, Nunes D,

Microwave synthesized ZnO nanorod arrays for UV

Pimentel et al.
sensors: a seed layer annealing temperature study
[J]. Materials, 2016, 9(4): 299.

Fan W, Yue E M, Ling X, et al. Freestanding
silver nanocube/graphene oxide hybrid paper for
surface-enhanced raman  scattering[J ].  Chinese
Journal of Chemistry, 2016, 34(1); 73-81.

Chen Y, Li X, Yang M., et al.

detection of penicillin G residues in milk by surface-

High sensitive

enhanced Raman scattering[J |. Talanta, 2017, 167 .
236-241.
Du H C, Chen Z Y, Chen N, et al. Fabrication of a
novel concave cone surface-enhanced Raman
scattering fiber probe[J ]. Chinese Journal of Lasers ,
2017, 44(2): 0213001.

(17 , 2017, 44
(2): 0213001.
Tseng S C, Yu C C, Wan D, et al. Eco-friendly
plasmonic sensors; Using the photothermal effect to
prepare metal nanoparticle-containing test papers for
highly sensitive colorimetric detection[ ] ]. Analytical

Chemistry, 2012, 84(11). 5140-5145.



(28]

(29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Satheeshkumar E, Karuppaiya P, Sivashanmugan K ,
et al. Biocompatible 3D SERS substrate for trace
amino acids and melamine[] .
Acta Part A
Biomolecular Spectroscopy. 2017, 181 91-97.
Ngo Y H, Li D, Simon G P, et al.

nanoparticle-paper as a

detection  of
Spectrochimica Molecular and
Gold
three-dimensional surface
enhanced Raman scattering substrate[ ] |. Langmuir ,
2012, 28(23). 8782-8790.

Polavarapu L, Liz-Marzan 1. M. Towards low-cost
flexible substrates for nanoplasmonic sensing [ ] .
Physical Chemistry Chemical Physics, 2013, 15(15):
5288-5300.

Betz] F. Yu W W, Cheng Y . er al. Simple SERS
substrates; Powerful , portable, and full of potential
[J]. Physical Chemistry Chemical Physics, 2014, 16
(6): 2224-2239.

Yu W W, White I M. Inkjet printed surface enhanced
Raman spectroscopy array on cellulose paper []J ].
Analyticle Chemistry, 2010, 82(23);: 9626-9630.
Lee C H, Hankus M E, Tian L, er al. Highly
sensitive  surface enhanced Raman scattering
substrates based on filter paper loaded with plasmonic
nanostructures[J ]. Analyticle Chemistry, 2011, 83
(23): 8953-8958.

Lee C H, Tian L, Singamaneni S. Paper-based SERS
swab for rapid trace detection on real-world surfaces
[J]. ACS Applied Materials and Interfaces, 2010, 2
(12). 3429-3435.

Fan M, Zhang Z,
{lexible
swabbing sampling[ ] .
133: 57-59.

Oliveira M J, Quaresma P, De Almeida M P , et al.

decorated with

Hu J.et al.
SERS

Materials

Ag decorated
substrate for direct

2014,

sandpaper as

Letters,

Office paper silver nanostars-an
alternative cost effective platform for trace analyte
detection by SERS[] ]. Scientific Reports, 2017, 7
(1): 2480.

Xiao G, Li Y X, Shi W Z, et al. Highly sensitive ,
reproducible and stable SERS substrate based on
reduced graphene oxide/silver nanoparticles coated
weighing paper[]J ]. Applied Surface Science, 2017 ,
404, 334-341.

Bolz A, Panne U, Rurack K, et al/. Glass fibre
paper-based test strips for sensitive SERS sensing
[J]. Analytical Methods, 2016, 8(6): 1313-1318.
Mehn D, Morasso C, Vanna R . et al. Immobilised
gold nanostars in a paper-based test system for
spectroscopy[ J .
Vibrational Spectroscopy, 2013, 68; 45-50.

Liu Q, Wang ], Wang B, et al.

surface-enhanced Raman

Paper-based

[41]

[42]

[43]

[44]

[45]

(46 ]

[47]

(48]

[49]

[50]

[51]

0307011-10

plasmonic platform for sensitive, noninvasive, and

rapid screening[ J . Biosensors  and
Bioelectronnics, 2014, 54 128-134.

Desmonda C, Kar S, Tai Y. Formation of gold
nanostructures on copier surface for cost
effective SERS of halide
additives[]J ]. Applied Surface Science, 2016, 367 .
362-369.

Liao W J, Roy P K, Chattopadhyay S. An ink-jet
printed, surface enhanced Raman scattering paper for
food screening[J ]. RSC Advances, 2014, 4 (76 ):
40487-40493.

Lee P C, Meisel D. Adsorption and surface-enhanced

cancer

paper

active substrate-effect

Raman of dyes on silver and gold sols[]J ]. Journal of
Physical Chemistry, 1982, 86(17); 3391-3395.
Joshi P, Santhanam V. Paper-based SERS active
substrates on demand[] ]. RSC Advances, 2016, 6
(72): 68545-68552.

Kim W, Kim Y H, Park H K, et al. Facile
fabrication of a silver nanoparticle immersed, surface-
enhanced Raman scattering imposed paper platform
through successive ionic layer absorption and reaction
for onrsite bioassays[J ]. ACS Applied Materials and
Interfaces, 2015, 7(50). 27910-27917.

Kim W, Lee J] C, Shin J] H, et al. Instrument-free
label-free

biosensing paper strips for the early detection of

synthesizable  fabrication  of optical

infectious keratoconjunctivitides[ ] J. Analyticle
Chemistry, 2016, 88(10); 5531-5537.
Wei W X, Huang Q L.

nanoparticle-coated filter paper as SERS substrate for

Rapid fabrication of silver

low-abundance molecules detection[ ] .
Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, 2017, 179. 211-215.

Park M, Jung H., Jeong Y, et al. Plasmonic

schirmer strip for human tear-based gouty arthritis
diagnosis using surface-enhanced Raman scattering
[J7. ACS Nano, 2017, 11(1); 438-443.

AraGjo A, Pimentel A, Oliveira M ], et al. Direct
growth of plasmonic nanorod forests on paper
substrates for low-cost flexible 3D SERS platforms
[J]. Flexible and Printed Electronics, 2017, 2 (1)
014001.

Li B, Zhang W, Chen L , et a/. A fast and low-cost
spray method for prototyping and depositing surface-
enhanced Raman scattering arrays on microfluidic
paper based device [J ]. Electrophoresis, 2013, 34
(15): 2162-2168.

Polavarapu L, Porta A L, Novikov S M , et al. Pen-

onm-paper approach toward the design of universal

surface enhanced Raman scattering substrates [J .



[52]

[53]

[56]

[57]

[58]

Small, 2014, 10(15): 3065-3071.

Zhang W, Li B, Chen L, et al. Brushing, a simple
way to fabricate SERS active paper substrates[] ].
Analytical Methods, 2014, 6(7): 2066-2071.

Yu W W, White I M.
SERS dipsticks and swabs for trace chemical detection
[J7. Analyst, 2013, 138(4); 1020-1025.

Torul H, Ciftci H, Cetin D, et al. Paper membrane-

Inkjet-printed paper-based

based SERS platform for the determination of glucose
in blood samples [J ]. Analytical and Bioanalytical
Chemistry, 2015, 407(27). 8243-8251.

Villa ] E, Poppi R J. A portable SERS method for
the determination of uric acid using a paper-based
substrate and multivariate resolution[ J ].
Analyst, 2016, 141(6): 1966-1972.

Cheng M L, Tsai B C, Yang J. Silver nanoparticle-

treated filter paper as a highly sensitive surface-

curve

enhanced Raman scattering ( SERS ) substrate for
solution[]J .
Analytica Chimica Acta, 2011, 708(1/2): 89-96.

Li X, Chen M Y, Wang L , et al. Rapid detection of

detection of tyrosine in aqueous

active pharmaceutical ingredients in weak active
pharmaceutical ingredient signal drugs by paper
substrate-surface  enhanced Raman scattering
spectrometry[ J ].  Chinese Journal of Analytical

Chemistry, 2015, 43(11). 1735-1742.

’ ’ ’

[JJ
, 2015, 43(11). 1735-1742.
LiD, Li DY, Chen H, et al. Paper-based SERS

[60]

[61]

[62]

[63]

[64]

0307011-11

wiper for detection of the dyed safflower[] ]. Chinese
Journal of Pharmaceutical Analysis, 2015, 35 (8):
1466-1470.

7. . 2015 .
35(8): 1466-1470.
QuL L, Song Q X, Li Y T, et al. Fabrication of
bimetallic ~microfluidic ~ surface-enhanced ~Raman
scattering sensors on paper by screen printing[ ] ].
Analytica Chimica Acta, 2013, 792 86-92.
Eshkeiti A, Rezaei M, Narakathu B B, et al.

Gravure printed paper based substrate for detection of

heavy metals wusing surface enhanced Raman
spectroscopy ( SERS ) [ C ]. Sensors. 2013:
13977671.

Lin S, Lin X, Lou X T, et al. Rapid and sensitive
SERS method for determination of Rhodamine B in
chili  powder substrates[ ] .
Analytical Methods, 2015, 7(12);: 5289-5294.
Zhang Z L., Deckert-Gaudig T, Deckert V. Label-{ree
monitoring of plasmonic catalysis on the nanoscale
[J]. Analyst, 2015, 140(13). 4325-4335.

Zheng G, Polavarapu L, Liz-Marzan L M, et al.

with  paper-based

Gold nanoparticle-loaded filter paper: A recyclable
dip-catalyst for realtime reaction monitoring by
surface enhanced Raman scattering [ J ]. Chemical
Communications, 2015, 51(22): 4572-4575.

Zhu Y, LiM, YuD,et al. A novel paper rag as 'D-
SERS' substrate for detection of pesticide residues at

various peels[]J ]. Talanta, 2014, 128, 117-124.



