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1 Introduction

ABSTRACT

Surface-enhanced Raman scattering (SERS) has emerged as an excellent analytical
tool for the effective detection and fingerprint identification of various chemicals.
Recently, significant progress has been made in the fabrication of SERS-active
substrates using simple, inexpensive, and affordable methods. The full potential
of universal SERS diagnostics will likely be realized with the development of
approaches and devices capable of effectively detecting analytes on various
surfaces as well as in multicomponent media. In addition, the combination of
implantable or wearable SERS-active substrates and remote portable devices
enables real-time diagnostics that ideally fit the concept of personalized medicine.
In this paper, we summarize recent achievements in fabricating flexible SERS
substrates made of cellulose paper, polymer membranes, and textile fibrous
films. Emphasis is placed on the in-situ extraction and detection of various
chemicals in real-world surfaces and complex media using flexible nanofibrous
SERS platforms. The potential SERS applications and future perspectives in
on-site diagnostics are also discussed.

with Albrecht and Creighton, it became clear that the
signal enhancement is caused by the electromagnetic

The first evidence of Raman signal enhancement
obtained with pyridine molecules on the roughed
silver surface by Fleischmann and coworkers has
attracted tremendous interest from the vibrational
spectroscopy community [1]. In particular, after the
detailed studies of Raman amplification performed
independently by Jearmaire and Van Duyne along

(EM) field rather than the saturation of molecules on
the electrode surface [2, 3]. A few years later, Otto
observed the charge transfer between molecules and
a metal surface, which is now referred to as chemical
enhancement [4]. Over the next few years, Creighton,
Moskovits, and Suh independently formulated the surface
selection rules [3, 5], while Kneipp and Hilderbrandt
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performed the first assessment of the enhancement
factor (EF) [6, 7]. Today this phenomenon is known
as surface-enhanced Raman scattering (SERS). SERS
can lead to an increase in the Raman cross-section by
several orders of magnitude, up to approximately
107'® cm?/molecule [8], which is comparable with the
fluorescence cross-section (107° cm?/molecule). Unlike
fluorescence, SERS can also increase the spatial
resolution (potentially down to 10 nm), due to the
strong localization of electromagnetic fields either at
the interparticle junctions or on the small tips or edges
of the SERS probes [9-11]. Renewed interest in SERS
has been triggered by the development of single-molecule
detection techniques [12, 13], which opened new avenues
for the applications of this approach in biology [14-16],
catalysis [17-20], bioimaging [21, 22], medicine [23-26],
and other related fields.

In the last two decades, significant progress in the
fabrication of SERS-active substrates has been achieved
thanks to various advances in material science, surface
chemistry, and nanotechnology. Top-down [27] and
bottom-up [11,28] approaches are the two main
strategies applied to fabricate SERS substrates. Top-down
approaches, such as nanosphere lithography [29, 30],
nanoimprint lithography [31, 32], oblique angle metal
film evaporation [33, 34], and e-beam deposition [35]
were used to create uniform hotspot regions within
various nanostructures [36, 37], which resulted in highly
effective and reproducible SERS substrates [38, 39].
Bottom-up approaches, such as chemical synthesis [40],
self-assembly [41-45], electrodeposition [46], dip-coating
[47], and capillary force [48, 49] techniques were also
successfully employed to fabricate SERS substrates.

In most cases, the application of SERS substrates
requires a rational design and therefore appropriate
manufacturing methods. For instance, colloidal
nanoparticles aggregated in clusters or assembled on
various surfaces are suitable for applications in aqueous
and biological systems [50-58]. The combination of
superhydrophobic surfaces and nanoparticles is effective
for the localization and detection of the molecules of
interest in a highly diluted sample [59]. A number of
studies focused on hydrogel-like SERS substrates,
which could generate hotspots upon collapse at high
temperature and drying [60-69], and at the same
time entrap molecules in a hydrogel matrix while in
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the swollen state. In addition, recyclable molecular
trapping using hydrogel-based SERS sensors was
also demonstrated [70]. Lee et al. achieved remote SERS
sensing by the excitation of plasmons propagating
back to the originally excited ends of periodically
arranged silver nanowires (AgNWs) embedded in
alumina [71]. To attain molecular bioimaging with
high sensitivity as well as high spatial and temporal
resolutions, high-throughput SERS nanotags with
multiplexing capacity and comprising “bright” Raman
reporters were developed [72-79]. A hollow-core
photonic crystal fiber is another example of SERS
platform for highly sensitive protein detection in a
small volume [80, 81]. The combination of a fiber optic-
based Raman spectroscopy device and tumor-targeting
SERS nanoparticles could not only improve early
cancer detection, but also accurately discriminate
between malignant and normal tissues in vivo [82].
Despite the abundance of different SERS substrates
with applications in various fields, novel design concepts,
search for new materials, and integration with established
analytical methods still are actively developing areas
now. In this respect, the integration of organic matrix
such as cellulose and polymeric meshes, hydrogels,
foams, fabric with inorganic nanoparticles represents
a very attractive approach for the fabrication of
nanostructured systems with multiplexing functionalities.
In this review, we summarize the latest achievements
and ongoing studies in the fabrication and application
of cellulose paper, polymeric electrospun nanofiber
membranes, and textile materials in SERS diagnostics.
Attention is devoted to methods used for the fabrication
of nanofibrous flexible SERS substrates, the types of
plasmonic nanoparticles impregnated in such types
of SERS platforms, as well as the properties and SERS
performance of nanofibrous substrates. In addition,
we discuss the molecular detection capabilities of flexible
nanofibrous SERS membranes over various surfaces,
separation methods for multicomponent media based
on chromatography- and ultrafiltration-based approaches,
as well as recent advances in on-site SERS diagnostics.

2 SERS-active cellulose paper substrates

The intrinsic properties of paper, such as high
surface-to-volume ratio, porosity, biocompatibility,
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and biodegradability are very attractive for diagnostic
applications. Paper is flexible and potentially compatible
with printing technologies for designing low-cost
microanalytical chips [83]. Moreover, paper can be used
as a swab for collecting specimens on an uneven surface
without active pumping [84]. In addition, cellulose fibers
can be easily functionalized with polymers [85], metal
nanoparticles [86-89], DNA/antibody-conjugated noble
metal nanoparticles [90-92], dyes [93, 94], and carbon-based
building blocks [95-97]. Chromatographic paper has
been extensively used in analytical chemistry and
diagnostics in the form of litmus paper, pregnancy
strips, and urine test dipsticks.
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In the recent years, substantial efforts have focused on
impregnating paper substrates with metal nanoparticles
(Table 1). Unlike paper treated with dyes, metal
nanoparticles (and in particular noble metal ones) can
improve the sensitivity, selectivity, and homogeneity
of an output signal. Another unique feature of paper-based
substrates is that they can be used as a stabilizing
platform for plasmonic nanoparticles. The nanoparticles
impregnated on paper are more stable in a variety of
conditions compared to nanoparticles in solution, which
is a very attractive feature in terms of controlled chemical
modification and application of the nanoparticles, for
instance in combinatorial chemistry [98]. Ross and

Table 1 Comparison of the performance of the most powerful paper-based SERS substrates

Fabricati T f
abrication Type of paper ybe (,) EF LOD? RSDP Ref.
method nanoparticles
AuNR p 1 nM (BPE® on AuNR)
~5x10 ~15% [103]
AuBP 0.5 nM (BPE® on AuBP)
Whatman ) )
; 1 nM (R6G) 13.7% (inner ring)
AgNP 22x%10 _ [107]
50 nM (MG) 14.4% (outer ring)
- d 0, - -
Self-assembly 10 nM (4-MBA) 8.08% SI;OZ/ to-spot) [78]
.65%
Filt AgNP 4 %107 50 nM (RB* in wat
ilter paper g x nM (RB® in water) (batch-to-baich)  [106]
1 pg/g (RBC in chili powder) <5% (RB°)
CPAM treated and s ~ 12% (treated)
AuNP ~2x10 1 nM (4-ATP) [105]
untreated filter paper ~ 29% (untreated)
AgNP 2 x 10’ (4 = 532 nm) 1 pM (R6G)
Pen-on-paper A4 photocopy paper AuNP 10%-20% 101
pap PHotacopy pap 1.5% 10° (:=785nm) 20 ppb (thiabendazole) o 1ot}
AuNR
1.9 x 107 (p-NTP)
Electroless Filter paper AgNP 1.4 x 107 (p-ATP) 625 nM (Tyrosine) ~4.5% [108]
plating 7.8 x 10% (p-MBAY)
Whatman AuNP 7.9 x 10° 1 pM (2-NAT?®) ~7.5% [109]
Copier paper; 2 x 10° (R6G) 1 pM (R6G by swabbing)
. tissue paper; 1 x 10° (MG) o ~10%
Photo-induced chromatography AgNP ) 104 ng/cm (‘thlram by (1 mM of R6G) [110]
paper; filter paper 8 x 10" (p-ATP) swabbing)
0.16 pM (R6G)
10 nM (L-tryptophan)
Screen printing Filter paper AgNP 4.4 x10° 0.7 uM (L-phenylalanine) <10% (R6G) [111]

8.3 nM (adenosine)
0.78 nM (FMN")

3LOD: limit of detection; "RSD: relative standard deviation ; °BPE: trans-1,2-bis(4-pyridyl)ethane; ‘MBA: mercaptobenzoic acid; ‘RB:
Rhodamine B; 'NTP: nitrothiophenol; ¥2-NAT: 2-naphthalenethiol; "FMN: flavin mononucleotide.
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coworkers have used filter paper to study the EF
variation as a function of the nanoparticle size [99]. The
authors demonstrated that filter paper could be used
to stabilize deliberately aggregated gold nanoparticles
(AuNPs), maximizing the SERS enhancement. An
intermediate degree of aggregation resulted in the
largest enhancement observed for 20-nm AuNPs,
whereas a further increase in the degree of aggregation
was found to reduce the EF. A generalized Mie
simulation showed that the highest measured EF
likely originated from linear clusters, such as dimers,
trimers, and tetramers.

2.1 Self-assembly methods

Tian and coworkers have developed a localized
surface plasmon resonance (LSPR) sensor based on
plasmonic paper decorated with biofunctionalized gold
nanorods (AuNRs) [100]. Using the LSPR paper sensor,
the authors could detect aquaporin-1, a biomarker for
renal cancer carcinoma in artificial urine, in a label-free
manner. Polavarapu et al. have presented a universal
“pen-on-paper” approach for creating SERS substrates
on common A4 photocopy paper [101]. The authors
employed various plasmonic inks made of silver
nanoparticles (AgNPs), AuNPs, and AuNRs to write
SERS arrays tuned for different excitation wavelengths.
The SERS-active spots on a paper written by the
pen-on-paper method demonstrated strong sensitivity to
Rhodamine 6G (R6G) and malachite green (MG) at
concentrations down to 10aM, as well as to the
thiabendazole pesticide (20 ppb). The sensitivity of the
paper detection technique was extended to the
sub-nanogram range by premixing of the dyes and
silver hydrosols before spotting the mixture on the
filter paper [102]. The authors impregnated gold
bipyramids (AuBPs) in filter paper and could detect
1,4-benzenedithiol (1,4-BDT) at concentrations down
to 0.5 nM, with a low variation of SERS intensity (less
than 15%) [103]. Ngo et al. studied the effect of AuNP
concentration and three-dimensional (3D) particle
distribution in filter paper on the SERS performance
of the obtained substrates [104]. The AuNP content in
the paper was increased from 1.8% to 22% with
respect to the concentration of AuNPs, and only 40%
of the AuNPs were located on the surface of the
paper, while the rest was uniformly distributed in its

4471

volume. The EF of 4-aminothiophenol (4-ATP) linked
to the AuNPs loaded onto the paper was estimated to
be more than one order of magnitude higher than
that of AulNPs on a silicon substrate. The authors then
studied the role of a cationic polymer (polyacrylamide,
CPAM) on the distribution of AuNPs in a SERS
substrate and its influence on the EF. It was found
that the high concentration, the high charge density,
and high molecular weight of CPAM led to a uniform
distribution of AuNP aggregates in paper, with minor
desorption of AuNPs during SERS measurements
[105]. Hasi and coworkers decorated filter paper with
AgNPs at the interface of two immiscible liquids
[106]. Using this approach, the surface coverage of
AgNPs on paper was significantly improved, which
led to a highly reproducible SERS signal (with a
variation of less than 9%) and a long shelf life of the
SERS substrates (about 1 month).

Filter paper strips decorated with AuNPs by multiple
dipping into a concentrated AuNP solution were tested
for monitoring the conversion of 4-nitrothiophenol
(4-NTP) into 4-ATP [112]. The AuNP-loaded substrates
showed very good SERS activity, with 10%-15%
variation of the output signal at excitation wavelengths
of 633, 785, and 830 nm. He and coworkers studied
the impact of the concentration of gold nanostars
(AuNSs) on their loading onto paper substrates [113].
Multiple drips of filter paper into an AuNS solution
were found to produce a higher enhancement factor,
compared to A4 printing paper and two commercial
Au/Ag SERS substrates. The important finding of this
study was that the SERS signal could be measured
immediately after dripping of the analytes in a liquid.
Mehn et al. successfully fabricated paper-based SERS
substrates consisting of spherical and star-like AuNPs
on standard filter paper supports [114]. They found
that the presence of citrate during the deposition of
AuNPs improves the surface density and homogeneity
of AuNPs in the paper supports. The presence of
high citrate concentrations (100 mM) upon deposition
of AuNPs results in excellent SERS performance. The
paper-based SERS substrates were found to be suitable
for the detection of MG and for monitoring the
oxidation products of the drug apomorphine, used
for the management of Parkinson’s disease.
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2.2 Printing methods

White's group established inkjet printing as an effective
tool for fabricating highly sensitive paper-based SERS
substrates [115]. The 1-mm SERS active spots of AgNPs
impregnated in hydrophobic paper showed excellent
sensitivity to R6G, at concentrations down to 10 fM.
Nitrocellulose and cellulose papers inkjet-printed with
AuNPs were successfully tested for the detection of
BPE at concentrations as low as 1.8 ppb using a
portable Raman spectrometer. In addition, the same
substrates were used to detect two fungicides, MG (1
ppb) and thiram (10 ng), in water and on a glass
substrate [116]. SERS active pads were fabricated via
in situ growth of AuNPs on untreated A4 paper using
an inkjet printer [117]. A bio-ink consisting of a
mixture of lecithin and potassium iodide was first
printed on paper, and the obtained samples were
then immersed in an aqueous solution of HAuCl: for
synthesizing gold nanoparticles. The SERS strips
were tested for the detection of biotoxins in food and
exhibited maximum residue levels of MG and iprodione
of 10 uM and 1 nM, respectively. A simple method
for fabricating disposable and highly reproducible
SERS arrays on woven films using screen-printing
was also demonstrated [111]. Using this technique,
the authors printed silver arrays on woven substrates
in a large batch (6 x 10 printed spots). The impact of
the fabrication conditions on the SERS detection of
R6G and biological molecules was studied. A low
variation (< 10%) of the SERS intensity of the main
R6G peaks and a good long-term stability (about 12
weeks) of the SERS substrates were observed. The
authors studied different types of paper substrates
impregnated with AgNWs and measured the SERS
signal intensity relative to a fluorescent background
[110]. SERS substrates made of tissue paper maintained
a similar SERS activity under light irradiation for 12
months after their preparation, while a 4-fold reduction
of the SERS activity was observed after 16 months at
ambient conditions.

2.3 Physical vapor deposition

Zhang et al. fabricated SERS paper strips by coating
printing, filter, napkin, and sulfate paper as well as
newspaper with silver nanolayers via physical vapor

Nano Res. 2018, 11(9): 4468-4488

deposition [118]. All types of SERS strips enabled the
highly sensitive SERS detection of R6G, in concentrations
as low as 1 nM. The resulting SERS stripes remained
active for 13.5h, and the storage period could be
further extended under a nitrogen atmosphere. Fan
and coworkers developed an interesting SERS platform
made of sandpaper coated with a 200-nm silver film
obtained by vacuum deposition [119]. The authors
showed that these substrates were not only capable
to detect Nile Blue A (NBA) down to pM concentrations,
but could also be used as swabs to probe the pesticide
triazophos on real-world surfaces. Silver nanorod
arrays formed on a filter membrane via oblique angle
deposition were used for the rapid concentration and
detection of bacteria by the SERS method [120]. Using
these types of SERS substrates, the limit of detection
(LOD) of E. coli in a sample volume of 10 mL was
decreased by approximately two times.

2.4 Electroless plating

Filter paper with a high density and uniform
distribution of AgNPs on the paper fibers was
manufactured using the electroless plating procedure
[121]. To evaluate the SERS performance of the
AgNP-decorated paper, two different approaches
were used. In the first one (dynamic SERS, D-SERS)
the SERS signal was acquired during the evaporation
of a solvent, whereas in the other approach the SERS
spectra were collected after full evaporation of the
solvent. The D-SERS method demonstrated better SERS
detection of crystal violet (CV) at concentrations from
107 to 10° M and improved reproducibility, with
relative standard deviation (RSD) of less than 20%. A
two-fold decrease in the SERS signals was found after
long-term storage. Cheng and coworkers systematically
studied the impact of the pretreatment procedure on
the surface properties and SERS signals of filter
paper covered by electroless plating [108]. The filter
paper treated with ammonia exhibited the lowest
variation of SERS signals (less than 8%) and the
highest EF (~ 107) among all pretreatment reagents.
The filter-based SERS substrates demonstrated a higher
selectivity to tyrosine comparing to other amino acids
in aqueous solution. The detection limit was found to be
about 625 nM after 10-min immersion of the substrates
in a test solution. Kim and coworkers fabricated gold-coated
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hydrophilic spots on wax-printed porous paper strips
through the successive ionic layer absorption and
reaction (SILAR) method [109]. The concentration of
the reactive solution and the number of SILAR cycles
were optimized to achieve maximum SERS activity. The
gold-coated paper strips exhibited an enhancement
factor of 7.8 x 10%, as well as high reproducibility
(RSD ~7.5%) and sensitivity to 2-naphthalenethiol
(2-NAT, 1 pM). A label-free biofluid sensing approach
for the early detection of eye infection diseases has
also been demonstrated.

2.5 Photoinduction approaches

Yu et al. developed a SERS substrate by decorating
paper with both AgNPs and AulNPs through a
single-shot laser-induced photothermal effect [122].
The influence of the material properties and of a
different number of laser pulses on the formation of
the nanoparticles was studied. The surface morphology
and thermal conductivity of the substrates turned out
to be the two main factors influencing the growth of
nanoparticles. The authors also found that three
types of paper with different pore sizes resulted in
different nanoparticle densities on the paper filters.
Detection limits of 107> M for R6G and 10 M for
4-ATP were found using filter paper with a pore size
of 2.5 pm.

3 Electrospun nanofiber membranes as
SERS substrates

Polymer nanofiber mesh fabricated by electrospinning
is another example of nanofibrous 3D membrane
suitable for the synthesis of highly sensitive SERS
substrates. Similar to paper, the electrospun nanofiber
films are flexible and have a porous structure as well
as a high specific surface area. Moreover, their pore
sizes can be controlled by varying the process conditions,
whereas the surface functional groups are dependent
on the types of polymers used in the fabrication of the
polymeric mesh [123-125]. In addition, most electrospun
nanofiber films are intrinsically hydrophobic, which
makes them excellent materials for the concentration
of analyte molecules without specific treatments to
prevent their random spreading, unlike wax-printed

paper.
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A number of methods were developed for incorporating
metal nanoparticles into electrospun polymer films
[126]. For the sake of simplicity, they can be divided into
three main classes: i) dispersion of either metal salts
or preformed metal nanoparticles into a polymer
solution, followed by spinning of the mixture to obtain
functionalized nanofibrous membranes; i) surface and bulk
modification of preformed polymer nanofiber substrates;
iii) in situ synthesis of plasmonic nanoparticles through
chemical, thermal, or laser reduction of metal precursors
dispersed in the polymer matrix. All these methods
have been used to fabricate SERS-active electrospun
nanofiber membranes of adequate quality in terms of
nanoparticle distribution in the polymer matrix, Raman
signal enhancement, and SERS performance (Table 2).

3.1 Electrospinning of premixed polymer solution

He et al. reported the first fabrication of SERS
substrates based on composite biocompatible polyvinyl
alcohol (PVA) nanofibers [127]. The authors incorporated
AgNPs in the PVA matrix by premixing the AgNPs
and a PVA solution, followed by electrospinning. The
resulting AgNP/PVA nanofiber films (80 cm?) composed
of frozen silver dimers and chain-like aggregates
were protected from the environment by the polymer
matrix. It was found that dimers and short chain-like
aggregates in the PVA matrix provided the highest
Raman signal enhancement observed among the
substrates fabricated in the experiment. The obtained
AgINP/PVA films showed a low variation of SERS signal
(less than 7%) even after one year of storage in air.
Zhang and coworkers presented a facile self-assembly
method to control the alignment of AuNRs in an
electrospun PVA nanofiber mat [128]. Using this
approach, free-standing, flexible, and stable AuNR/PVA
nanofibrous membranes with broad absorption bands were
obtained. The resulting mats were found to be effective
for the SERS detection of 3,3"-diethylthiatricarbocyanine
iodide (DTTCI) at trace levels of 107 M, with a SERS
intensity RSD of 10%.

3.2 Surface and bulk modifications

Bao et al. have developed SERS-active polymethacrylic
acid (PMAA) nanofibrous membranes by seed-mediated
electroless plating growth of AgNPs [129]. To activate
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Table 2 SERS performance of the most efficient electrospun nanofiber membranes and textiles

Lo Type of
Fabrication method  Type of paper nanoparticles EF LOD RSD Ref.
, \ S 10 nM (4-ATP)
Drop-casting P2VP AuNR 1.2 x10 <10% [131]
0.1 uM (R6G)
Electrodeposition PA® AgNsh" 1.1 x 107 1 uM (PCB-3') <15% [132]
Electrospinning PVA Ag-dimers 1.0 x 10° 1 pM (4-MBA) <7% [127]
1 fM (2-NAT)
In situ synthesis Chitosan AuNP 2.9 % 10° 10 uM (R6G) ~28% [133]
1 pg/mL (glucose)
i PMAA/PVP® AgNP 3.1 x 10° 0.1 uM (MG) 0.2% [134]
Photo-induced d 5
Agar/PAN AgNP 4.8 %10 10 ppb (R6G) <22% [135]
. PVDF*
Physical vapor PLLAS Au-films 3.6 x 10° 0.1 M (p-MBA) 15%-17%  [136]
deposition
Nylon
0.78 fg (NBA on glass) 36%—52%
p (spot-to-spot)
Self-assembly Cotton swab AgNP 1.6 x 10 5 . [137]
~ 1.2 ng/cm” (2,4-DNT on glass) ~20%
(batch-to-batch)
p 0.8 pM (R6G)
. Cotton swab AgNP 6.6 x 10 5%—-10% [138]
Soaking 0.5 uM (carbaryl on a cucumber)
PAAY/PVA AuNP 2.2x% 10 10 pM (R6G) 2%—18% [139]

*P2VP: poly(2-vinylpyridine); °PA: polyamide; “PVP: poly(N-vinylpyrrolidone); “PAN: polyacrylonitrile; PVDEF: poly(vinylidene
fluoride); 'PLLA: poly(L-lactide acid); PAA: poly(acrylic acid); "AgNSh: silver nanosheets; 'PCB-3: polychlorinated biphenyl-3;

32 4-DNT: 2,4-dinitrotoluene .

the hydrophilic groups and facilitate the linkage of
platinum seeds, the surface of PMAA nanofibers was
treated with oxygen plasma. Zhang et al. developed
SERS substrates made of polyacrylonitrile (PAN)
nanofibers surface-functionalized with AgNPs and
amidoxime via a seed-mediated growth process [130].
The reaction time and stirring rate were used to
control the density and size of AgNPs in the polymer
matrix.

These substrates demonstrated excellent sensitivity
to R6G concentrations as low as 10 ppb. Moreover,
the AgNP/PAN membranes showed very good
mechanical flexibility/resilience properties. Lee and
coworkers demonstrated a nearly uniform distribution
of AuNRs on the surface of electrospun poly(2-
vinylpyridine) (P2VP) nanofibers obtained using a
drop-cast technique [131]. It was found that gaps
between well-oriented nanofibers were responsible
for the alignment of AuNRs along the nanofibers. A
comparative study showed a 50-fold SERS enhancement

for well-aligned Au nanorods and oriented nanofibers
relative to planar substrates. Moreover, the SERS
intensity was strongly dependent on the orientation of
the aligned AuNR nanofiber substrates with respect to
the polarization of the incident light. Liu and coworkers
studied poly(acrylic acid) (PAA)/PVA electrospun
nanofibers decorated with positively charged AuNPs
[139]. A thermal treatment of the PAA/PVA nanofibers
transformed the surface from hydrophobic to hydrophilic
and therefore facilitated further self-assembly of the
AuNPs. These composite substrates demonstrated
high SERS sensitivity, with trace levels of 10® and
107 M for 4-ATP and R6G, respectively. The relative
standard deviations of the SERS intensity of the main
peaks centered at 1,079 and 1,589 cm™ were calculated
to be 58% and 5.6%, respectively. Zhang et al
introduced a new approach based on the electrostatic
attraction between AuNRs and AgNWs further
embedded within PVA nanofibers [140]. AuNRs were
arranged along AgNWs, while AuNR/AgNW building
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Nano Res. 2018, 11(9): 4468-4488

blocks were assembled along the PVA nanofibers. The
AuNR/AgNW PVA nanofibers showed highly sensitive
SERS detection of DTTCI at concentrations down to
107 M, with a low SERS intensity deviation (~ 10%). It
was suggested that the most intense EM fields were
localized in the interstitial regions of AuNRs and at
Au-Ag contact points. A layer-by-layer self-assembly
method has been used to decorate the surface of
electrospun nanofibrous 3D films of polycaprolactone
(PCL) with AuNRs. A minimum of five polyelectrolyte
layers was required to maximize binding and therefore
achieve high packaging of AuNRs on the polyelectrolyte-
modified surface of the PCL nanofibers. Due to the
enhanced surface area of the 3D film, the AuNR/PCL
mesh provided a six-fold increase in SERS intensity
compared to its two-dimenional (2D) AuNR/PCL film
counterpart. This fabrication protocol can be readily
extended to the production of nanocomposite materials
with various compositions and morphologies [141]. An
enhancement in Raman and SERS signals was found
for PMAA nanofiber films decorated with AuNRs [142].
The authors found that the nanofibrous substrates
could lead to a 15-fold enhancement in the Raman signal
compared to spin-cast films, thanks to the 3D structure
of the PMAA films and the multiple scattering of incident
irradiation by the nanofibers. A 10-fold amplification
of the SERS signal after deposition of AuNRs on top of
PMAA nanofibrous films was observed. Free-standing
silver nanosheet (AgINSh)-grafted electrospun polyamide
(PA) nanofibers were obtained by an electrodeposition
approach [132]. The high density of “hotspots” within
the interparticle junctions of the AgNShs and the large
surface area of the 3D polymer network allowed the
effective detection of R6G and environmental hazardous
polychlorinated biphenyls. 3D composite AgNSh/PA
nanofibers modified with mono-6-thio-B-cyclodextrin
enabled detection of polychlorinated biphenyl-3 (PCB-3)
at trace levels of 10° M. Wang et al. prepared SERS-
active substrates on hydrophobic PCL nanofiber films,
which were first exposed to UV light for 30 min and
then incubated in a AuNP colloidal solution. The
analytical capability of the films was demonstrated by
using them for the detection of 4-ATP and 2-thiouracil
(a thyroid inhibitor). The impact of the number of
electrospun polymeric fiber layers of PCL on the SERS
activity of the substrates was also investigated [143].
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Zhang and coworkers applied the physical vapor
deposition method to coat the surface of electrospun
SU-8 (an epoxy-based photoresist) nanofiber films with a
silver nanolayer [144]. The metal-coated SU-8 nanofibers
deposited on a solid substrate were then patterned
into grating microstructures by photolithography.
These substrates exhibited excellent SERS activity for
probing R6G molecules with trace levels of 10° M
and a low variation in SERS intensity. Szymborski et
al. applied physical vapor deposition for sputtering a
90-nm gold layer on electrospun poly(L-lactide acid)
(PLLA), PVDF, and nylon nanofiber films [136]. The
gold-coated films were proved effective for the SERS
detection of both biological and non-biological samples.
The important aspect of this study is that it established
a novel approach for the immobilization of bacteria
from various liquids by vacuum pumping of the samples.
The study highlighted the potential of nanofibrous
films based on metal-modified polymers for the fast
detection of microorganisms in real-world applications.

3.3 Insitu synthesis

AgNP/PMAA /poly(N-vinylpyrrolidone) (PVP) nanofibrous
films were fabricated via in situ photoreduction of
silver ions. It was found that the introduction of PMAA
in the electrospun solutions significantly increased
the absorbed amounts of silver ions in the nanofibers
owing to its linear structure with a high content of
carboxyl groups. A desk lamp and two ultraviolet
(UV) lamps (254 and 365 nm) were employed to
control the content and size of AgNPs in the polymer
matrix. The samples obtained using the desk and 365
nm UV lamps as light sources showed very high
SERS activity and small variation in the intensity of
the main SERS peaks (0.2%). The practical application
to the detection of MG in water, with recoveries
between 94% and 102.5%, was also demonstrated [134].
Electrospun nanofibrous films of AgNP/agar/PAN
composites were successfully fabricated by in situ
photoreduction. The introduction of agar in the PAN
matrix resulted in a high yield of stable AgNPs with
uniform dispersion in the nanofibers. The AgNP/agar/
PAN nanofiber films obtained by illumination with a
365 nm UV lamp demonstrated the highest SERS activity
and reproducibility, with a RSD of less than 22%. These
substrates were applied for the quantitative detection
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of MG at concentrations as low as 0.1 M. The
determination of MG in fishery, lake, and river water
samples, with recoveries between 92.0% and 105.4%,
was also demonstrated [135]. Ren et al. combined
cellulose nanocrystals, silicon nanoparticles, PAN, and
AgNPs to fabricate SERS-active nanofiber membranes
with enhanced thermal stability [145]. In the study of
Severyukhina et al, AuNPs were impregnated in
chitosan electrospun nanofiber films by in situ
synthesis using the modified Turkevich's method
[133]. The SERS performance was studied by varying
the concentration of AuNPs, and an average EF of 2 x
10° was obtained. Potential detection of D-glucose (an
important biomarker of diabetes) was demonstrated,
with a reliable SERS signal in the range from 1 pg/mL
to 1 mg/mL.

4 Textile materials as SERS substrates

In the last few years, various studies have focused on
natural materials for the fabrication of functional systems
[146]. Textile fabric is a very attractive natural material,
with a large number of chemical groups on the fiber
surface; moreover, this material is flexible, soft, strong,
lightweight and bio-friendly. Various textile products,
such as wool [147, 148], cotton [149], and silk [141] have
been impregnated with noble metal nanoparticles to
impart antibacterial [149-151], self-cleaning, and UV
protection properties [152, 153], as well as to enhance
their thermal conductivity [154].

Following this trend, textile products impregnated
with plasmonic nanoparticles are highly attractive for
the development of wearable sensors capable of
detecting and monitoring the concentration of chemicals
on the skin or in the bodily fluids of the wearer or the
levels of toxic agents in the environment surrounding
the wearer. Recently, several groups have employed
cloth and cotton products to fabricate SERS substrates
with potential on-site applications as chemical sensors.
Robinson et al. have demonstrated the use of metal-
coated zari fabric (or “fab-chips”) as an inexpensive
SERS substrate for the first time [155]. The authors
optimized three methods for the fabrication of fab-chips
using AgNPs. They found that direct deposition of
AgNPs on the zari substrates provided high sensitivity
and uniformity of the SERS signal by probing
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4,4'-bipyridine. Subsequently, they demonstrated the
detection of adenine at concentrations as low as 0.01 mM.
The latter results show the potential of fabric-based
substrates to broaden the applications of SERS to
wearable low-cost sensors. The in situ synthesis of
AuNPs on a commercially available silk fabric using
various concentrations of chloroauric acid as a gold
precursor was also demonstrated [156]. The authors
determined the optimal concentrations of the gold
precursor for achieving the highest enhancement of
the Raman signal of several analytes, such as
4-mercaptopyridine, p-aminothiophenol (p-ATP), and
CV. The minimum detectable levels of the probed
analytes were measured to be 10° M.

5 Methods for immobilization, extraction,
and detection of analyte molecules

5.1 Swabs and dipsticks

The combination of paper dipsticks and the SERS method
offers a viable opportunity for the ultrasensitive detection
of analyte molecules. Tran et al. have combined a
chronographic paper with a silver hydrosol for the
first time [157]. A silver-coated filter was also used to
separate binary mixtures for spatially resolved SERS
with a short integration time [158]. Lee and coworkers
have used commercially available laboratory filter papers
to fabricate SERS substrates that demonstrated excellent
sensitivity to 1,4-BDT residues (< 140 pg) by swabbing
the samples across a glass surface [159]. A novel
approach based on biomimetic recognition of target
chemicals was developed by Nergiz et al. [160]. In
this study, the authors used filter paper decorated
with AuNRs and conjugated with phage-displayed
trinitrotoluene-binding peptides. The peptide-coated
plasmonic nanostructures enabled selective targeting
of trinitrotoluene (down to 100 pM) both in water
(dipstick configuration) and on an uncleaned glass
surface (swabbing experiments), as well as in a
complex organic medium such as shampoo.

In order to enhance the storage capacity of SERS-active
nanostructures and, in particular, to prevent tarnishing
of prefabricated silver SERS substrates, Joshi and
Santhanam developed a print-expose-develop process
[110]. This approach involves printing silver nitrate
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and potassium halide solutions on paper using a
desktop inkjet printer. The authors showed that the
photo-induced silver halide transformed to a “latent”
film with a large number of densely packed tubular
grains, which remained stable for an unlimited period
under atmospheric conditions. SERS-active silver paper
was fabricated by immersing the substrates in a
standard photographic developer solution, which
resulted in the development of interconnected silver
nanowires. Interestingly, the SERS activity of samples
aged for 12 months under ambient conditions was
not affected and remained identical to that of the
as-prepared samples. The obtained SERS papers
exhibited a low variation of the SERS signal, with a
RSD of about 10%. The authors then applied the
samples to detect R6G in concentrations as low as 1 pM
by swabbing glass substrates with SERS papers. In
addition, thiram surface concentrations down to
104 ng/cm? could be detected by swabbing apple peels
with the same SERS substrates (Fig. 1). Microfluidic
paper chips composed of a sample volume, detection
reservoirs, and a channel were obtained using the
wax-printing method [107].

Subsequently, the detection reservoirs were painted
with a common painting brush to deposit AgNPs. By
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this approach, the optimal number of depositing
cycles was found to be 14. The microfluidic paper
SERS chips were then tested for the detection of R6G
and MG. The RSD of the signal of the chips varied
from 13.7% to 14.4% for inner and outer rings,
respectively.

Reliable detection of R6G and MG was observed
for concentrations from 5.0 x 10° to 1.0 x 10 M and
from 1,000 to 50 nM, respectively. Multi-branched
gold nanoparticles (MAuNPs) have been used to
decorate filter paper for the SERS-mediated detection
of chemicals and biomolecules, as well as of pesticides
on a fruit peel. MAuNP-paper SERS platforms
exhibited the highest enhancement factor (4.7 x 10°)
for SERS paper substrates. MAuNP-paper SERS
dipsticks showed very low limit of detections for
1,4-BDT (100 pM) and human serum albumin (100
fM). Detection of 4-ATP at a concentration of 62.5 pg
by swabbing MAuNP-paper substrates across a glass
surface was demonstrated. A toxic organophosphate
pesticide, methyl parathion, was probed by swabbing
an apple with an MAuNP-paper substrate, which
highlighted the potential real-world applications of
these SERS substrates [161]. The Diagnostic anSERS,
Inc. company demonstrated the transition of paper-based
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Figure 1 (a) SEM image of the different orientation of MAuNPs on a paper dipstick used for protein detection (top), and SERS spectra
of different ratios of human serum albumin-indocyanine green mixture probed using a MAuNP-paper dipstick (bottom). (b) Photograph of
inkjet-printed SERS-active substrates in swab form and corresponding SERS spectra of thiram swabbed from apple peels. (a) reprinted
with permission from Ref. [161], © The Royal Society of Chemistry 2014; (b) reprinted with permission from Ref. [110], © The Royal

Society of Chemistry 2016.
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SERS substrates from the lab to market through a
combination of functionalized P-SERS™ substrates
with reader hardware from Innovative Photonic Solutions.
P-SERS™ substrates were used for detecting drugs in
saliva of vehicle drivers and could enable future
cancer screening to be performed in the clinic [162].
Qu and coworkers developed a facile approach for
the fabrication of highly sensitive, reproducible, and
low-cost SERS substrates consisting of cotton swabs
and AgNPs [138]. Cotton swabs loaded with AgNPs
were used to detect R6G at concentrations down to
0.81 pM, with a low variation (5%-10%) in the SERS
intensity of the main peaks. The use of SERS cotton
swabs for the in situ probing of carbaryl on the rough
surface of a cucumber has also been demonstrated.
These flexible and highly robust SERS cotton swabs
can be conveniently used for the stand-off SERS
detection of dangerous residues. Cotton swabs were
successfully transformed into SERS substrates (Q-tips)
using either self-assembly of AgNPs or in situ growth
of AgNPs on the surface of the cotton swabs [137].
The SERS Q-tips enabled reliable detection of both
NBA and 2,4-dinitrotoluene (2,4-DNT) spilled on glass
in small concentrations. The LOD was found to be two
orders of magnitude lower than that obtained by fiber
optic coupled absorption/reflection infrared spectroscopy
or ion mobility spectrometry equipped with a mass
spectrometer. Furthermore, the 2,4-DNT powder could
be identified by direct swabbing on glass, even after
the 27th touch with the 2,4-DNT contaminated finger.
The SERS Q-tip substrates were found to be stable for
approximately 1 month in ambient air.

5.2 Charge-selective separation

Plasmonic calligraphy has emerged as a facile and an
effective approach to miniaturize the test domain size
in LSPR detection, as well as to isolate the domains
on a single test strip, which significantly improves
the sensitivity of a plasmonic biosensor and facilitates
multiplexed bio-detection [163]. The plasmon calligraphy
approach was introduced as a simple and effective
tool for charge-selective SERS detection of chemical
analytes. Polyelectrolyte-coated AuNRs serve as isolated
SERS domains for separating charged chemicals from
a mixture of several compounds. The calligraphed
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substrates showed high sensitivity to analytes, together
with excellent selectivity and low variation of SERS
signal [164].

5.3 Lateral- and vertical-flow approaches

Inkjet-printed AgNP paper was used in swab and
lateral-flow dipstick forms to detect R6G, malathion,
and two illegal narcotics, heroin and cocaine, in
concentrations as low as 95 fg, 413 pg, 15 ng, and 9
ng, respectively (Fig.2) [165]. The capabilities of
inkjet-printed SERS paper for the chromatographic
separation of target analytes from complex samples
have been further extended in Ref. [166]. The authors
achieved one-dimensional (1D) and 2D separation of
R6G, MG, and methylene blue using lateral-flow transport
of analytes. In addition, a PVDF SERS membrane was
used to separate and identify melamine in infant
formula at concentrations as low as 5 ppm. The
detection and quantification of trace quantities of
heroin in a sample contaminated with IR780 infrared
dye was also demonstrated. A vertical-flow membrane
system with inkjet-printed SERS paper and a portable
spectrometer were used to achieve low-cost monitoring
of flucytosine in undiluted human serum [167]. The
membrane system consisted of bare nitrocellulose
filters stacked on the top of inkjet-printed SERS paper.
To perform the vertical-flow separation, a sample
droplet was loaded on top of the uppermost filters
positioned directly at the nanoparticle region of the
SERS sensor. Upon permeation through the filters,
the serum components were stacked within the polymer
mesh, while the remaining sample volume reached the
underlying silver paper for further SERS identification.
The vertical flow system was optimized in terms of
membrane type, number of membranes, sample volume,
assay time, serum dilution, and size of the microporous
membranes. Nitrocellulose and PVDF used as filtering
membranes allowed to effectively entrap the serum
components while ensuring the vertical flow of
flucytosine to the SERS sensor. After optimization,
the system based on nitrocellulose and inkjet-printed
SERS paper was used to achieve rapid quantitative
detection of 10 pg/mL flucytosine in 100% serum
(Fig. 2) [168]. These results pave the way for the
separation of target analytes from complex biological
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Figure 2 (a) Lateral-flow concentration of chemicals using paper; example of paper substrate with heroin localized on the tip after solvent
flow and respective average SERS spectra of three separate measurement series before and after lateral concentration. (b) SERS-LFIA
test strips impregnated with various concentrations of AuNS-ATP conjugated with monoclonal antibody for the qualitative visual
detection of influenza A nucleoprotein (left) and quantitative analysis by SERS method (right). (c) Schematic illustration of device for
vertical flow separation of chemicals from a multicomponent medium (top left), photographs of inkjet-printed SERS paper substrate and
SERS sensor along with vertical flow setup (top right), and SERS spectra of 5-fluorocytosine (SFC) in water and serum after vertical
flow. (a) reprinted with permission from Ref. [166], © The Royal Society of Chemistry 2013; (b) reproduced with permission from

Ref. [169], © The Royal Society of Chemistry 2016; (c) reprinted with permission from Ref. [168], © SPIE 2017.

samples, exploiting the capabilities of SERS identification
across the relevant therapeutic range. A SERS platform
made of lateral-flow immunochromatographic assay
(LFIA) test strips comprising antibody-conjugated
AuNSs for the analysis of influenza A nucleoprotein
was fabricated [169]. The combination of SERS and LFIA
methods resulted in much higher detection sensitivity,
compared with conventional methods (Fig.2). The
antibody-conjugated AuNSs in the SERS-LFIA system
are highly specific to the influenza A virus, without
interferences from other proteins and viruses. The
system can be used to detect the influenza A antigen
in complex biological matrices, such as infected allantoic
fluid containing the influenza A (HIN1) pdm09 virus
at 5.6 x 10° TCIDsy/mL (50% tissue culture infectious
dose). The real-world application of AgNP-decorated
paper was demonstrated by using it to probe thiram
in three kinds of fruits, with detection limits of
7.2ng/cm* for bananas, 24 ng/cm? for apples, and
36 ng/cm? for tomatoes, respectively [121].

Remarkable separation abilities of complex samples
have been demonstrated for microfluidic paper-based
analytical devices (UWPADs) [170]. The star-like configuration
of these paper substrates generates a fast capillary-
driven flow, capable of transporting both molecules
and AuNRs into small detection spots of a cellulose
microfiber. In addition, the modification of cellulose
microfibers with oppositely charged polyelectrolytes
enables separation of complex samples, thereby allowing
the discrimination of different components. The
combination of the uPADs with the SERS method
enables detection at the attomolar level.

5.4 Filtration, centrifugation, and ultrasonication

Filtration was found to be an effective approach to
functionalize commercially available filter paper
[171]. The SERS performance of such substrates was
assessed by probing R6G, melamine, and malathion,
which were concentrated on SERS platforms using a
filtration procedure (Fig. 2). The filtration-based SERS
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technique enabled detection of 6.3 ppb melamine and
61.5 ppb malathion, with a low variability in the SERS
signals. A nylon filter membrane decorated with AgNWs
by filtration was successfully used for the extraction
of contaminants in water [172]. The AgNWs-based filter
membrane exhibits temporal stability under continuous
laser irradiation, as well as uniformity and reproducibility
of the SERS signal. The above investigation highlighted
the advantages of solid-phase extraction (SPE) and SERS
technologies for the rapid analysis of hazardous residues
in water. Lin and coworkers have adopted a previously
reported approach [114] to fabricate SERS substrates
and use them for the detection of Rhodamine B (RB),
both in aqueous solution and in chili powder [78]. The
authors developed two methods for extracting RB

from chili powder: centrifugation and ultrasonication.

Using these procedures, they could complete the
measurements within 10 min, with a detection limit
of 1 ug/g. Prikhozhdenko et al. have used AgNPs to
decorate chitosan nanofiber membranes via the silver
mirror reaction [173, 174]. They studied the impact of the
concentration of Tollens’ reagent on the distribution
of AgNPs, both in a group of nanofibers and in a single
nanofiber. Two approaches for bacteria immobilization
on SERS substrates were established. It was found
that incubation promotes a stronger enhancement of
microorganism signatures, with very low spot-to-spot
variations in SERS spectra.

5.5 Integration with a microfluidic system

Gao and coworkers have studied the formation of
irregular AgNPs, AuNP spheres, and nanorods in
electrospun PVA nanofibers [175]. Multi-surface plasmon
resonance (multi-SPR) nanofibrous films were tested
for the detection of 4-mercaptobenzoic acid and
4-mercaptopyridine on a glass substrate, both in an
organic solvent and in water. Subsequently, the
multi-SPR nanofibrous films were integrated into a
microfluidic chip and tested for the detection of R6G
and 610-biotin (Fig. 3). The AuNR/PVA films exhibited
excellent reproducibility, with signal variation of
8.3%—-10% in the organic solvent and 16.9% in water.

5.6 Tailoring hydrophilicity/hydrophobicity and
recovery of SERS substrates

Shao et al. have demonstrated the fabrication of locally
hydrophilic hotspots on hydrophobic electrospun
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Figure 3 Photograph of a SERS microfluidic chip with several
types of metal NP-doped PVA nanofiber films and SEM image of
PVA membrane impregnated with AgNPs. SERS spectrum of Atto
610-biotin acquired by the SERS microfluidic chip. Reproduced
with permission from Ref. [175], © The Royal Society of
Chemistry 2014.

PLLA nanofiber films [176]. The high electrostatic
affinity between cetyltrimethylammonium bromide
(CTAB)-stabilized AuNRs and carboxylic groups on the
surface of PLLA nanofibers results in the formation of
hydrophilic areas on the hydrophobic substrate. The
patches enable localization of analyte molecules on
AuNR/PLLA films for highly sensitive, reproducible,
and stable SERS detection. The authors demonstrated the
detection of R6G and MG at extremely low concentrations
(0.1 nM) and with excellent reproducibility (RSD ~ 8%).
The above study demonstrated an efficient route to
enhance the SERS sensitivity by tailoring the
hydrophilicity/hydrophobicity of the hydrophilic
substrates. Zhao et al. fabricated multifunctional
electrospun nanofibrous felt made of PVP nanofibers,
TiO,, and Ag nanoparticles via the electroless plating
method. Apart from the excellent SERS activity and
sensitivity of the TiO,/Ag nanofibrous felt, the samples
could be cleaned and regenerated/recovered by UV
irradiation in oxygen-saturated water.

The hybrid and UV-cleanable electrospun TiO,/Ag
nanofibrous felt is highly attractive as a recyclable
substrate for SERS detection [77]. The electrospun
PVA nanofibers containing AgNPs within a polymer
matrix have been used both as antibacterial films and
SERS-active substrates. The study of Ref. [77] highlighted
the multifunctionality of hybrid AgNP/PVA nanofibrous
films, which could broaden their applications. Jalaja
and coworkers fabricated AgNP/polystyrene (PS)
SERS substrates using electrospun porous PS mats
[177]. The authors showed that trace amounts of
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chemicals such as DNT and carbofuran on practical
surfaces could be detected by simply wiping with wet
flexible PS-SERS mats.

6 Conclusions and outlook

In this review, we discussed the latest achievements
in the fabrication of low-cost flexible substrates for
SERS sensing applications based on cellulose paper,
electrospun polymer membranes, and textiles. A wide
variety of methods and techniques have successfully
been applied for the impregnation of each of these
substrates with plasmonic nanoparticles. The 3D network
formed by the nanofibers leads to a strong enhancement
of the SERS signal, to levels comparable with those of
rigid SERS platforms fabricated on silicon or glass.

In most cases, nanofibrous membranes demonstrated
excellent reproducibility of the SERS signal along with
low LODs. The excellent mechanical flexibility and
bendability of these substrates open new opportunities
for their application as swabs and dipsticks to collect
trace amounts of analytes on rough surfaces. Moreover,
all types of substrates can be formed into a specific
shape, which facilitates the localization of molecules
in small spots and therefore their SERS identification.
Recent studies have shown that the combination of
hydrophilic and hydrophobic components in nanofibrous
membranes is very useful for SERS identification of
highly diluted samples. In addition, the rational design
of cleanable flexible nanofibrous membranes is a
promising strategy for recyclable SERS measurements
and multiple applications of SERS substrates.

However, despite numerous recent efforts to design,
fabricate, and study flexible nanofibrous SERS substrates,
several problems still need to be solved to enable
their general use, beyond the laboratory stage. The
uniform distribution of plasmonic nanoparticles on
the flexible nanofibrous substrates, their long-term
stability, and the resistance to degradation under various
environmental conditions are important aspects to
be addressed. We anticipate that the combination of
LFIA and passive vertical flow membranes with the
SERS method would enable ultrasensitive detection
and simultaneous separation of the target analytes
from biological fluids and, consequently, support the
development of point-of-care diagnostics. In addition,
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the biocompatibility and biodegradability of the nano-
fibrous membranes are expected to support their future
application as implantable or wearable SERS sensors.
Another area of future research is the development of
miniature devices capable of remotely monitoring the in
vivo concentrations of drugs, hormones, and biomarkers
operating with flexible SERS substrates.
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