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Abstract

Surface-enhanced Raman scattering (SERS) has been recognized as one of the most sensitive analytical methods by adsorb-
ing the target of interest onto a plasmonic surface. Growing attention has been directed towards the fabrication of various
substrates to broaden SERS applications. Among these, flexible SERS substrates, particularly paper-based ones, have gained
popularity due to their easy-to-use features by full contact with the sample surface. Herein, we reviewed the latest advance-
ments in flexible SERS substrates, with a focus on paper-based substrates. Firstly, it begins by introducing various methods
for preparing paper-based substrates and highlights their advantages through several illustrative examples. Subsequently, we
demonstrated the booming applications of these paper-based SERS substrates in abiotic and biological matrix detection, with
particular emphasis on their potential application in clinical diagnosis. Finally, the prospects and challenges of paper-based
SERS substrates in broader applications are discussed.
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Introduction

Raman spectroscopy is a powerful methodology for identi-
fying, characterizing, and quantifying unknown objects [1].
It is a fast, nondestructive, and noninvasive analytical tech-
nique that provides unique fingerprint spectral and chemical
information about substances in nearly in any state [2]. Com-
pared with other spectral detection methods such as infrared
spectroscopy, Raman spectroscopy offers distinct advantages
since it shows no interference from water and requires lit-
tle sample pretreatment. However, its wider application is

> Yue Cao
ycao@njmu.edu.cn

< Ru-Jia Yu
yurujia@nju.edu.cn

Department of Forensic Medicine, Nanjing Medical
University, Nanjing 211166, People’s Republic of China

State Key Laboratory of Analytical Chemistry for Life
Science, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210023, China

Chemistry and Biomedicine Innovation Center, Nanjing
University, Nanjing 210023, China

limited due to the relatively low sensitivity, which results
from the low intensity of Raman signal [1, 2].

The discovery and wide application of surface-enhanced
Raman scattering (SERS) have largely overcome the afore-
mentioned limitations. With the advantages of high sensi-
tivity, minimal background interference from water, short
testing time, and less need for sample pretreatment, SERS is
considered to be one of the most promising analytical meth-
ods for specific detection of chemical and biological mol-
ecules in different matrix with ultra-high sensitivity [3, 4]. In
recent years, it has received extensive attention as an impor-
tant tool for detecting and sensing trace targets in the fields
of analytical chemistry, biomedical diagnosis, food qual-
ity control, environmental monitoring, and national secu-
rity [5-8]. When molecules are adsorbed onto rough noble
metal surfaces, such as silver (AgNPs) or gold nanoparticles
(AuNPs), local plasmon resonance effects on their surfaces
can enhance the Raman signal via an electromagnetic mech-
anism. SERS performance largely depends on the plasmonic
properties of metal nanostructures, as well as their morphol-
ogy, dimension, aggregation state, and surrounding environ-
ment [8—10]. Therefore, the elaborate design and preparation
of SERS substrates with high enhancement have become one
of the crucial topic in this field [11].
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Over the years, various strategies have been developed
to prepare functional noble metal SERS substrates. The
sensitivity of SERS detection has been greatly improved by
utilizing three-dimensional (3D) structures in combination
with substrates, which could be obtained by directly employ-
ing plasmonic nanostructures or integrating plasmonic
nanostructures with non-plasmonic frames [4]. Traditional
rigid SERS substrates, such as glass, silicon, and anodic
aluminum oxide, are widely used for highly sensitive detec-
tion with good reproducibility, whereas they are fragile and
usually difficult to bend, which limits the applications for
extracting analytes from uneven surfaces. In addition, the
preparation of these substrates is costly and time-consuming,
requiring specialized operators, which severely weakens the
applications in conventional laboratory, on-site analysis, and
in general medical and public safety fields [3, 8].

Flexible materials such as plastic polymers, paper, gra-
phene/graphene oxide (GO), and cellulose [12] are superior
in making close contact with various shaped surface. These
materials have been applied to prepare SERS substrates,
generally referred to as paper-based SERS substrates due
to their soft properties like paper. Great attention has been
paid to the paper-based SERS substrates because of the
notable superiorities, including low cost, ease of fabrication,
and user-friendliness [4]. The preparation of paper-based
SERS substrates typically involves the assembly of metal
nanoparticle arrays on flexible materials through methods
such as immersion coating, in situ growth, inkjet printing,
screen printing, and others. Compared with the traditional
rigid SERS substrates, paper-based SERS substrates exhibit
the following outstanding characteristics: (I) Mostly com-
posed of biodegradable materials, the functional sensors
constructed by paper-based SERS substrates are environ-
mentally friendly. (II) The flexibility of paper-based SERS
substrates enables full contact with the analyte. It is also
easy to collect samples to the maximum extent from irreg-
ular surface by “wipe,” “paste,” and “peel,” which makes
the sensor suitable for on-site detection. (IIT) Paper-based
SERS substrates could be easily split into pieces of differ-
ent shapes and sizes to suit particular applications. They are
lightweight, portable, and can be worn on the body for the
detection of substances on the surface or secreted by the
human body [13]. (IV) The folds and fibrils of the flexible
material promote the uniform distribution of metal nanopar-
ticles and the formation of “hot spots,” thus serving as an
effective basis for routine SERS analysis and showing excel-
lent efficiency and durability even after a lot of mechanical
stimulation [14]. (V) With the inexpensive and cost-effective
performance, paper-based substrates hold great potential for
practical testing outside the academic field [3, 8, 15].

In this review, we provide a comprehensive overview of
the latest advancements in flexible, especially the paper-
based SERS substrates. We review the various preparation
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methods and unique characteristics of these substrates and
summarize their applications in environmental, food, and
drug analysis in vitro. We then discuss the use of paper-
based SERS substrates in biomolecular detection in bio-
logical samples, with emphasis on their value in medical
diagnostics. Finally, the future development in biomedicine
and forensic medicine is prospected.

Several different preparation methods
of paper-based SERS substrate

As various flexible materials have been included to fabricate
paper-based SERS substrates, researchers have developed a
variety of methods over the years to effectively attach noble
metal nanoparticles to these flexible materials to form hot
spots and obtain better Raman enhancement [16]. Among
these, filter papers (FPs) and membranes have been widely
used as the flexible substrates with the integral functions
of filtration and preconcentration [17]. In this section, we
will highlight a selection of the most widely used meth-
ods for paper-based SERS substrates, including drop coat-
ing, immersion, in situ growth, inkjet printing, and screen
printing.

Paper-based SERS substrates prepared
by drop coating and immersion methods

Drop coating and immersion methods are the most common
and traditional methods used to prepare paper-based SERS
substrates [18]. Both methods share similar principles and
offer convenient applications. In these approaches, a flexible
material capable of absorbing water is brought into contact
with the colloidal solution containing noble metal nanoparti-
cles, either through drop coating or immersion. As the liquid
is absorbed by the flexible material, the noble metal nano-
particles will be absorbed on the fiber of the flexible material
[19]. These two methods are straightforward and efficient,
allowing for control over the dimensions and morphology
of the deposited nanoparticles [20]. McGillivray et al. [21]
incorporated AuNPs onto FP to enable SERS detection of
polystyrene nanoparticles. Kah et al. [22] used crystal violet
(CV) as a Raman probe molecule and deposited colloidal
gold nanostars (AuNS) treated with sodium citrate on com-
mon laboratory FP for multiple drops to prepare an opti-
mized SERS substrate. Subsequently, CV was dropped on
the pre-dried AuNS-FP substrate to obtain SERS spectra.
This approach achieved a limit of detection (LOD) of 1 nM
for CV with the enhancement factor (EF) of 1.2 x 10”. These
FP-based substrates offer simple and cost-effective platform
for rapid in situ detection of trace substances. In recent
years, gold-shelled starch microbeads were fabricated as soft
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template with size-controllable features. Using a drop coat-
ing method, a paper-based SERS method sensor was hereby
developed for the detection of 4-mercaptobenzoic acid [23].
Zhou et al. [24] used the dropping method to prepare a silver
nanowire (AgNW)-based paper substrate for SERS sensing.
Furthermore, 3D silver nanostructures were synthesized via
a simple liquid-phase reduction method and then evaporate
to dry on the surface of bacterial nanocellulose (BNC)
membranes [25]. This flexible substrate was thus prepared
for ultrasensitive SERS detection. Chen et al. [26] coated
the FP with polydimethylsiloxane (PDMS) to enhance the
hydrophobicity and followed by a drop-casting method for
the fabrication of paper-based SERS substrate. Zhang et al.
utilized the coffee ring pattern to construct uniform nano-
architectures on a PVDF film through an infiltration induced
particle packing [27]. Mesoporous polydopamine (PDA)
particles were employed as the core of nanoarchitecture
and enabled the growth of AuNPs on the outer surface. This
uniform patterned SERS substrate exhibited high repeata-
bility and boosted the detection performance. Singamaneni
et al. [28] prepared a flexible SERS substrate based on gold
nanorod (AuNR) adsorption by immersion method for the
first time. Chen et al. [29] prepared the SERS substrate by
directly immersing FP in an Au@AgNPs solution. The
dialysis method was also reported by doping AuNPs on the
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While both drop coating and immersion methods are
similar, the area where the nanoparticle binding to the flex-
ible fiber is usually smaller on the substrate when using the
drop coating method, and the influence of the coffee ring
effect may be greater. Therefore, the substrate prepared by
immersion method seems to show higher uniformity and bet-
ter repeatability. For example, Lu et al. [20] used immersion
method to modify FP with AgNPs after chemisorbing the
FP with chloride ions to overcome electrostatic repulsion to
AgNPs. This obtained paper-based SERS substrate showed
good uniformity, with the relative standard deviation (RSD)
of Raman strength obtained at different locations being
8.8%. Furthermore, Zhou et al. [36] utilized an “impregna-
tion method” to assemble nanomaterials onto a polyester
fiber membrane to prepare a flexible SERS substrate, uti-
lizing 3D ZnO @ Ag nanoflowers for membrane coating to
generate hot spots for highly sensitive SERS sensing.

However, the volume of nanoparticle solution required
by immersion method is generally greater than that for drop
coating method. To address this, researchers have combined
these two methods to immerse flexible substrates in nanopar-
ticle droplets, which can not only save the amount of nano-
particle solution but also maintain good uniformity. Zhang
et al. [37] prepared GO cellulose paper by drying a mixed
solution of GO and paper pulp in the air, and then immersed
it into droplets of AgNP solution to produce a paper-based
SERS substrate. This substrate can be prepared on a large
scale, offering strong stability and an RSD less than 10%.
Similarly, by introducing aqueous colloid of AuNPs into
the cellulose pulp during the dissolution process, research-
ers prepared Au cellular fibers substrates for SERS sensing
[38]. Han et al. [39] demonstrated an improved method for
assembling AgNPs onto the FP. Silver sol with a few drops
of inducer were added into organic solution, forming a silver
film after shaking and standing. The silver nanolayer became
denser under the Marangoni force and was then transferred
onto a FP. This substrate exhibited uniform and stable fea-
tures, which enabled the qualitative and quantitative SERS
detection. Liu et al. [40] used the tip of an arrow-shaped paper
to absorb droplets containing AuNPs through capillary force
and generated an intelligent and multifunctional paper-based
SERS sensor card. Notably, this card is cost-effective, simple
to prepare, and offers rapid detection of 5 x 10~'7 M sub-
stances from only 10 pL sample, which could be further used
as a portable sensor for environmental and food analysis. The
RSD of Raman signal strength obtained at separate locations
using this card is 8.7%. In addition, in order to reduce the cof-
fee ring effect, attention has been paid to drop nanoparticles
onto hydrophobic flexible substrates. For instance, Yu et al.
[41] coated a hydrophobic poly(I-lactic acid) film made of
electrospinning with AuNPs droplets. This substrate exhib-
ited a detection limit of 0.1 nM for Rhodamine 6G (R6G)
with an RSD of 8%. In recent years, cellulose nanocrystals
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(CNCs) have emerged as a multifunctional support for the
preparation of SERS substrate. Electrostatic adsorption ena-
bled the assembling of gold nanosphere (AuSph) onto CNC
surface through a straightforward mixing process, providing
the one-dimensional hot spots for SERS biosensing [42].
Moreover, through further sulthydryl functionalization on
CNC, researchers achieved the self-assemble of AuSph on
CNC and formation of ultra-stable SERS substrate [43]. In
short, the drop coating and immersion methods are known
as the most straightforward and convenient approaches for
developing flexible paper-based SERS sensors.

Paper-based SERS substrates prepared
by in situ growth method

The in situ growth method involves synthesizing nanopar-
ticles directly on the substrate through redox reaction or
electrical replacement. Over the last decades, a variety of
functional paper-based substrates have been fabricated using
this method. For example, nanocrystalline cellulose, isolated
from discarded cigarette filter, was reported to serve as both
reducing and stabilizing agent [44]. A thermal decomposition
method was employed for the fabrication of SERS substrate
and the synthesized AgNPs were in controllable diameters
from 4.6 to 19.9 nm. Further, SiO, was used as efficient sup-
port for the substrate fabrication [45]. Lu’s group [46] grew
silver in situ on CNCs to prepare composite material (CNC-
Ag) integrated with a FP, enhancing nanoparticles adhesion
and improving the reproducibility of SERS sensor. The LODs
of phenylethanolamine A and metronidazole are down to 5
nM and 200 nM, respectively, indicating that it offers great
promise for label-free detection of trace substances in situ.
Zhang et al. [47] introduced the dopamine self-polymerization
on cellulose FP. The reduction capability of PDA allowed for
the direct growth of AuNPs on the paper surface for SERS
detection. Ahmed et al. [48] employed multiple growth steps
to precisely control the size of the nanoparticles and improve
the nanoparticle density. Iterative seeding method was devel-
oped for in situ growth of AuNPs onto pseudo-paper films.
The obtained SERS substrate exhibited uniform structures and
flexible features for on-site application [49]. Noh et al. [50]
presented a layer-by-layer reduction method to maximize the
AgNPs coating of cellulose paper, establishing a paper-based
SERS sensing platform by introducing multiple silver/chitosan
nanocomposite layers. Other flexible matrix such as carbon
cloth (CC) was also used as the substrate for AgNPs coating.
Jiang et al. [51] employed such CC substrate to introduce TiO,
framework with shrubby-like morphology that enabled the
in situ reduction of silver ions onto the surface (Fig. 1B). Typ-
ically, this CC/TiO,/Ag substrate was used for the quercetin
monitoring with high sensitivity. Kong et al. [52] developed
a multifunctional SERS substrate by in situ growing AgNPs
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on one side of the FP. With the sample added on the unmodi-
fied side of the FP and then flowed onto the AgNPs side, this
multifunctional SERS sensor allowed the direct detection of
thiram in ketchup without any pretreatment. Additionally, the
silver mirror reaction has been employed for in situ growth
of silver due to its cost-effective and minimal requirement
for complicated instruments or substrate restrictions. For
instance, Yang et al. [53] prepared a flexible SERS substrate
by doping AgNP on FP via silver mirror reaction, further uti-
lized it for the detection of tyrosine in aqueous solution. The
SERS signal of this paper-based substrate was enhanced by
50 times compared with traditional glass substrate, and the
reproducibility was significantly improved. Dwivedi et al.
[54] developed a one-step method for the in situ growth of
AgNS on FP through silver mirror reaction that was further
utilized as high sensitive SERS substrate. Nanda et al. [55]
also prepared an AgNPs/FP substrate by silver mirror reac-
tion, achieving detection limits of 102 M for R6G and 10~°
M for Rhodamine B (RB), respectively.

To further improve the reinforcing effect of the substrate,
multiple growth of different kinds of nanoparticles has been
adopted for substrate preparation. Yu et al. [56] established
a paper-based SERS platform by employing a cooperative
enhancement method. They first attached a biomimetic rec-
ognizer (BR) to the silver coated paper, and then facilitated
the in situ growth of AgNPs layer on the Ag/BR paper sur-
face, creating a sandwich structure as shown in Fig. 1C. This
platform holds the characteristics of high sensitivity, high
selectivity, easy operation, and high efficiency. The LOD for
the detection of tartrazine in children’s snacks was as low
as 0.1138 pg mL~!, well below the concentration limit (100
pg mL™1) in the food additive standard. Recently, they com-
bined the biomimetic recognizer polymer (BRP) with 3D
dendritic gold (DAu) to fabricate flexible SERS substrates
on the cellulosic matrix [57].

In situ chemical reduction method was employed to syn-
thesize DAu on paper slips. Corresponding BRP, wrapped
with urchin-like nanoparticles, was used to immobilize the
DAu area to further establish a SERS sensor. Thiram detec-
tion was realized within the range of 0.1-100 nM with the
LOD of 27.5 pM. Tu et al. [14] developed a flexible SERS
sensor by in situ growth of silver on polyimide (PI), followed
by encapsulation of gold core-shell nanoparticles to form
Ag@AuNPs, which could achieve efficient and repeatable
sampling. The sensor exhibited high signal uniformity and
stability for the detection of trace substances, with the EF as
high as 1.07 x 107 and LOD as low as 10~ M. Zhao’s team
[6] printed the gold seeds synthesized by sodium borohy-
dride on paper through inkjet printing. Placing the paper in
the growth solution allowed for the in situ growth of AuNPs,
resulting in a paper-based SERS substrate with good homo-
geneity and stability. Since then, they have improved the
method to achieve a 1.356 x 10*-fold higher enhancement

through secondary growth of AgNPs [58]. Electrochemi-
cal deposition method was also reported for the prepara-
tion of cellulose nanofiber (CNF) paper-based SERS sub-
strates. AgNWs coated on CNF nanopaper were employed
as the working electrode to induce the electrodeposition of
mesoporous Au film. The thickness of Au film could be pre-
cisely controlled via the electrochemical deposition process,
resulting in high performance SERS substrate [59]. Lovera
et al. employed the electrochemical deposition method to
further deposit silver onto Gum Arabic monomer, produc-
ing a cluster complex that enabled the sensitive pesticide
detection [60]. The in situ growth method mentioned above
provides superior and well-controlled features, enabling the
deposition of nanoparticles of various types in specific loca-
tions on flexible paper-based SERS substrate. The prepa-
ration steps are generally rapid and cost-effective, making
paper-based SERS sensors promising candidates for efficient
biochemical identification.

Paper-based SERS substrates prepared
by inkjet printing method

In addition to the methods mentioned above, inkjet printing
represents one of the common techniques for preparing paper-
based SERS substrates. It involves printing inks made from
colloidal solutions of noble metal nanoparticles onto flexible
materials. White et al. [61] firstly modified the surface chem-
istry of cellulose paper and printed AgNPs on this substrate
by a consumer inkjet printer. The sensing arrays were thus
formed for the detection of R6G at 10 fM with reproducibil-
ity. Lee et al. [62] directly deposited a layer of AgNPs on
the surface of chitosan-modified office paper by using inkjet
microreactor. A flexible SERS substrate was thus created with
low LOD of 10.7 pM and high EF of 7.4 x 10®, showing
excellent sensitivity. Hulse et al. [63] optimized the inkjet
printing process to achieve the optimal SERS performance
that includes the colloid ink formulations, printing conditions,
and the pretreatment of the sensors. Huang et al. [64] per-
formed gravure printing on the sulfonated reduced graphene
film, then inkjet printed nano-silver on the surface of weighing
paper and brought the two together. The LODs of this flexible
SERS substrate for malachite green (MG) and R6G are 10~
M, with the EF of 10°. As shown in Fig. 2A, Mazali et al. [9]
demonstrated a paper-based SERS substrate by inkjet printing
of AuSph of a specific size on hydrophobic chromatographic
paper. This substrate showed excellent detection abilities for
CV and thiram, with quantitative threshold as low as 107!
M. White’s team [65—67] has also worked on developing and
improving methods for preparing flexible substrates by inkjet
printing. They prepared flexible SERS substrate by embed-
ding nanoparticles into cellulose substrate for trace chemical
detection. The separation of components in the sample was

@ Springer



8 Page6of22

Microchim Acta (2024) 191:8

Highly concentrated
AuSph ink

5 pr]inting \
cycles
{ S
a X ERs High stability
s g 5 over 1year

B

y ortable Raman
i Spectrometer
Supporting Material

l SERS Probe

Putting Woven Mesh

=
/ <>

— y «5 o

SERS Spectra

Intensity (a.u.)

fig

vy - &
Screen Printing " .-

500 1000 1
Raman Shift (cm™")

Fig.2 Inkjet printing (A) [9] and screen printing (B) [69] based
method for preparation of paper-based SERS substrate. C Deposition
of silver nanowire ink on paper by an automatic writing method [86].

combined with SERS detection using polymer membrane,
and the LOD was further improved using lateral flow con-
centration. By using dendrimer-stabilized Au:Ag nanoalloys
for the preparation of stable inks for inkjet printing, Trindade
et al. [68] reported the paper-based SERS substrate for thiram
detection. Polystyrene was used beforehand to improve the
hydrophobicity of the paper. These SERS substrates prepared
via inkjet printing enable simple and fast preparation of vari-
ous substrate patterns with mass production. This facilitates
the design of structured arrays for multichannel detection.

Paper-based SERS substrates prepared
by screen printing method

Screen printing is widely recognized for rapid, repeatable,
and low-cost production of sensor chips. This technique
mainly uses photography to print patterns on screen printing
substrate. It can achieve not only mass production but also a
high level of quality control, which is crucial to the arrival of
the sensor era. Long’s team [69] presented a straightforward
approach for mass production of flexible SERS substrates
using screen printing technology. Fig. 2B shows the fabri-
cation of the SERS substrates and the prepared SERS array
exhibits high reproducibility, stability, and cost-effectiveness.
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After that, the team fabricated a bimetal microfluidic dumb-
bell type SERS sensor on cellulose paper with a similar
approach and improved the sensing ability [70]. This sen-
sor has an EF of 8.6 x 10° for R6G and can be utilized to
detect aromatic pollutants in wastewater. The mass production
characteristics of these substrates above further broaden their
application prospects. Fodjo et al. [71] printed AgNPs and
GO ink on cellulose paper with screen printing technology,
thus prepared a large number of controllable substrates. These
substrates were used for pesticides detection on fruit sur-
face, exhibiting much lower detection limit than the national
standard of the USA. This highlights the practical potential
of screen printing paper-based SERS substrates.

Paper-based SERS substrates prepared
by other methods

Among the various reduction methods for nanoparticles depo-
sition, laser-based photoreduction is particularly useful for
silver deposition. It has been employed to generate morpholo-
gies such as spherical and planar structures on a hydrophilic
cellulose surface, and the controllable planar showed high
SERS activity [72]. On this basis, a photothermal method
facilitated the modulation of the surface morphology of
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metal films on paper. Specifically, KrF laser illumination
was used to crush the metal film, leading to the formation of
nanoparticle arrays. Quasi-3D paper-based substrates were
thus fabricated for the SERS detection with attomolar sen-
sitivity [73]. Wu et al. [74] reported a direct photochemical
synthesis of AgNPs on nanocellulose substrate without the
need for any reductants. This method enabled the loading of
silver nanotubes with well-defined morphology on the cel-
lulose film to form the SERS substrate. Additionally, other
methods are employed for the preparation of paper-based
SERS substrates, such as spraying method [75, 76], brushing
method [77], textured method [78], physical vapor deposition
method [79, 80], laser induction method [73], wax printing
method [81], magnetron sputtering method [82], electrostatic
interaction method [83], and microwave synthesis [84]. For
instance, in situ sputtering system was employed for deposi-
tion of plasmonic AgNPs on PI nanopillars, resulting in the
SERS substrate with high uniformity and controllability [72].
Vacuum evaporation was used to deposit nano-silver layer
on the surface of cotton fabrics-based substrates, exhibit-
ing hydrophobic or super hydrophobic features [85]. These
substrates significantly improve the SERS performance. In
recent years, a rapid spray coating method was introduced
to fabricate paper-based substrate with AuNPs. This method
showed improved loading efficiency compared with dip coat-
ing or drop coating method, exhibiting a higher SERS sens-
ing quality [75]. To further simplify the preparation process,
a convenient writing approach was recently developed for
the preparation of paper-based SERS substrates. As shown
in Fig. 2C, it was reported that an automatic writing method
was used to deposit AgNW ink on a drawing paper to prepare

a paper-based SERS substrate, which was further used for
the detection of CV residues in fingerprints [86]. Another
user-friendly “pen-on-paper”” method was described by using
an ordinary fountain pen backfilled with arbitrary plasmonic
nanoparticles as ink. It allowed for precise control of the size
and pattern of the substrate region during the direct writing
process, which facilitated high-throughput SERS sensing
[87]. Furthermore, a microcontact imprinting method was
recently used for the preparation of flexible SERS substrate
by combining the graphics printing with self-assemble tech-
nique. AuNPs assembled on a three-phase interface were
effectively transferred onto a PDMS film to function as the
SERS substrates for the highly sensitive detection of micro-
RNA (Fig. 2D) [88].

Further simulation methodologies are becoming increas-
ingly valuable in the design and development of paper-based
SERS substrates, particular in understanding the plasmonic
enhancement on these substrates [8§9]. Generally, there are
a large number of methods for the preparation of flexible
paper-based SERS substrate, and their advantages and dis-
advantages are shown in Table 1.

Application of paper-based SERS substrate
in the detection of abiotic samples

Paper-based SERS sensors hold significant promise for
detecting harmful chemicals in industrial wastewater, pes-
ticide residues on agricultural products, food additives, and
other trace chemicals in vitro. These research directions are
gaining unprecedented popularity at present.

Table 1 Various preparation methods and advantages and disadvantages of paper-based SERS substrates

Preparation of paper-based SERS substrate Advantages Disadvantages Refs.

Drop coating method Less demand for colloidal solutions of Poor uniformity [22, 41]
nanoparticles

Immersion method Simple preparation method, excellent Great demand for colloidal solutions of [20, 28]
uniformity nanoparticles

In situ growth method Secure bonding of nanoparticles to the Relatively complicated preparation method  [46, 53]
substrate, resistant of detaching

Inkjet printing method Cost-effective, simple preparation, and wide High requirements for ink [62, 64]
application potential

Screen printing method Low substrate restriction, adjustable ink High template production costs [69, 70]
printing area and shape

Spraying method User-friendly and simple preparation Detaching of nanoparticles from flexible [75,76]

Brushing method
Physical vapor deposition method
Laser-induced method

Magnetron sputtering method
formity

Easy operable with basic tools

Uniform and compact nanoparticle film,
strong binding force with substrate

Simple synthesis and cost-effective

Rapid deposition process and good uni-

substrate, and poor uniformity

Difficult to mass production, affected by the [77]
operator’s skill, and poor uniformity

Requirement for specialized equipment and  [79, 80]
higher expenses
Poor uniformity of the nanoparticle size [73]

High process requirements, poor stability [82]
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Application of paper-based SERS substrate
in detecting industrial wastewater

Water quality management has grown to be a critical and
challenging problem for human beings. The water-soluble
inorganic pollutants such as chloride, nitrate, phosphate, and
sulfate produced by factories can cause eutrophication of
aquatic ecosystem, proliferation of aquatic plants, and death
of aquatic animals like fish and shrimp due to hypoxia and
suffocation, resulting in serious ecological imbalance [90].
Additionally, dissolved organic substances, like dyes used
in the textile industry, contribute significantly to water pol-
lution. For example, dyes such as R6G and methyl orange
(MO) commonly used in textiles and leather processing
eventually find their way into the environment, posing sub-
stantial threats to ecosystems [91]. The pH monitoring also
serves as an important indicator for water pollution. Li et al.
[92] presented a flexible paper-based SERS method for con-
tinuous pH monitoring in liquid environment by immobiliz-
ing AuNPs onto a PVDF membrane. This flexible SERS
substrate was subsequently modified with a probe molecule
4-mercatobenzaldehyde (4-MBA), where the sensitive
response of carboxyl group on 4-MBA to different pH con-
ditions facilitated the rapid pH sensing. This SERS-based
method enabled pH sensing in less than 10 s, promoting the
broad applications in dynamic water monitoring.

SERS method has been extensively employed in chemi-
cal and biological sensing. The huge potential of flexible
SERS substrates in the field of sustainable energy and envi-
ronment also makes them increasingly used in the field of
environmental detection in recent years. Qureshi et al. [90]
prepared a graphene nano-mesh-Ag-ZnO metal (GNMM)
nanohybrid as a flexible SERS substrate for highly sensitive
detection. The LOD for MO and R6G dyes reached to 10 pM
and 0.1 pM, respectively. The substrate can be self-cleaned
through photocatalytic degradation of adsorbed R6G, mak-
ing it recyclable. Additionally, the substrate exhibited high
antibacterial activity against Escherichia coli. GNMM nano-
hybrid paper-based SERS substrate offers the advantages of
cost-effective, ease of preparation, high sensitivity, and reus-
ability, which could be further utilized for detecting various
environmental pollutants and antibacterial agents. As shown
in Fig. 3A, Le et al. [93] used a simple immersion method
to prepare AgNPs coated paper-based SERS substrate. With
a “dip and dry” method, this flexible substrate enabled the
detection of methylene blue in river water with a LOD of
0.1 nM and recovery rate of 93—-104%. Nanocellulose-based
Cu,0/Ag nanostructures were prepared as flexible SERS
substrates for the detection of trace methylene blue in water
[94]. Another study by Xiao et al. [95] involved the prepa-
ration of a AuNPs@cellulose diacetate flexible SERS sub-
strate for thiram pesticide detection in water. Choi’s group
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[91] developed a paper-based SERS sensor that uniformly
distributes synthetic AuNPs on paper, enabling direct and
label-free analysis of components in wastewater. The LOD
of R6G is down to 107! M with the high EF of 2.8 x 107.
When 4-aminobenzoic acid and catechol are used to simu-
late wastewater, the LODs of the two substances are 102 M
and 107> M, respectively. By mixing silver nanocrystals with
CNFs and filtered in vacuum, Li et al. [96] prepared a flex-
ible SERS substrate for the detection of MG in water. Due
to the suitability of the SERS method for aqueous sample
analysis and the paper-based substrate shows the filtering
capabilities, this paper-based SERS substrate shows exten-
sive applications in the analysis of industrial wastewater.

Application of paper-based SERS
substrate in detecting pesticide residues
in environmental and agricultural products

Flexible paper-based SERS substrate shows encouraging
applications for nondestructive food detection [97] that par-
ticularly suited for the detection of pesticide residues. Pes-
ticides are widely used in agriculture to protect crops and
enhance product quality. However, these various pesticides
used in modern agriculture cause a large number of resi-
dues in agricultural products, posing a great threat to human
health [98]. Current analytical methods for pesticide resi-
dues detection, such as gas chromatography (GC), gas chro-
matography-mass spectrometry (GC-MS), high-performance
liquid chromatography (HPLC), and liquid chromatography-
mass spectrometry (LC-MS), are often time-consuming and
require complex sample preparation. Therefore, there is still
a great need to develop a simple, reliable, and efficient way
for the determination of trace pesticide residues [99].
SERS method has shown wide applications in the field
of agricultural [100]. As an inexpensive method for trace
pesticides detection, paper-based SERS sensors have
recently become the focus of research [101]. These paper-
based SERS sensors have the advantage of direct collect-
ing agriculture residues by wiping the peel surface with the
flexible substrate. For example, they can detect thiram and
its analogues, which are commonly used as fungicides in
agriculture but can be toxic to humans. Huang et al. [102]
built a flexible SERS substrate based on in situ growth of Ag
nanoparticles on nanocellulose fiber, which enabled highly
sensitive detection of pesticide at ppm level. A paste-detect
method was used for the detection of hazardous residues
on real-world samples, such as fish and pears. Jiang et al.
[98] developed a paper-based microfluidic SERS device to
quantitatively detect trace residual thiram, reaching a LOD
as low as 1.0 x 10~ M. Wang et al. [103] used polymethyl
methacrylate tape to paste paper-based substrate onto a
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hydrophobic PDMS surface. They developed a dual-function
flexible SERS sensor that could quantify thiram on fruit sur-
face and in fruit juice. Sample enrichment could be achieved
due to the hydrophobicity of PDMS, thus improving the
sensitivity of the sensor. At the same time, this approach
also prevented the loss of noble metal nanoparticles during
extraction, greatly improving the accuracy and repeatability
of detection. Lin et al. [104] showed a facile method for
the preparation of CNFs functionalized with AuNPs. This
nanocomposite served as a flexible SERS substrate for the
ultrasensitive detection of thiram in juice, with a LOD of
52 ppb. Jeong et al. [101] hydrophobically modified raw
hydrophilic FP with alkyl ketene dimer (AKD) and devel-
oped a paper-based SERS sensor. This sensor exhibited
advantages of simple preparation, cost-effectiveness, high
sensitivity, and reproducibility and reached the detection
limits of 0.46 and 0.49 nM for thiram and ferbam, respec-
tively. Lin et al. [105] utilized quartz paper for surface coat-
ing with two different nanoparticles to establish a SERS
biosensor. CNFs-based substrates were thus prepared for
rapid detection of pesticide residues in vegetables, achiev-
ing the ability to detect ferbam in kale at a low concentration
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for the SERS detection of tetracycline in milk samples [125]. D The
CRISPR/Cas based SERS method for the detection of target DNA
of pathogenic bacteria [135]. 4. Application paper-based SERS sub-
strates in biological sample detection

of 50 pg/kg in a few minutes. You et al. [106] developed a
SERS sensor based on nanoporous cellulose paper. It can
simultaneously detect thiram, tricyclazole, and carbaryl
in a mixed solution, with an EF up to 1.4 x 107 and the
LODs were 107, 10~7, and 107° M, respectively. The sen-
sor can also be used for extracting and rapidly detecting
these three pesticides on fruit surface, with detection limits
of 6, 60, and 600 ng cm™2, respectively, which are far below
the maximum residue requirement on apple surface. Wang
et al. [13] developed a paper-based fluidic SERS sensor to
quantitatively analyze thiram in unpretreated orange juice
samples, demonstrating its application in the quantitative
analysis of contaminants in complex samples. By directly
irradiation of the AgNO; on a carboxyl methyl cellulose
film, they prepared a flexible SERS substrate for thiram
quantification with a LOD of 1078 M and R? of 0.998. [107]
Ma’s team [108] assembled Ag@SiO, on FP to produce a
flexible substrate with a detection limit of 10~ M for thiram.
Lin et al. [109] presented a AgNPs coated cellulose fiber
as the flexible SERS substrate for the detection of thiaben-
dazole pesticides in apples. Hwang et al. [110] developed
a dielectric coated plasmonic paper-based SERS substrate
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by assembling Ag@SiO, nanotubes on Fe-TiO, nanosheet
modified paper. This substrate achieved a LOD of 19 pg/L
for p-thiabendazole solution, and the Raman signal on apple
surface could be recognized at 15 ppb. It demonstrated sig-
nificantly improved sensitivity compared to unmodified
plasmonic paper. Recently, Jaiswal et al. [111] deposited
Au@ Ag nanorods onto the surface of a heat-shrink film to
fabricate effective SERS substrates. The film surface became
wrinkled under heat treatment, which enabled a rearrange-
ment of the surface nanomaterials and greatly enhanced the
Raman signals of target analyte. This method was used for
the detection of thiram on the apple surface at a concen-
tration of 1 ppm by swabbing with this shrink film-SERS
substrate (Fig. 3B). These methods show high potential for
trace pesticides in a real-world environment.

Parathion, malathion, dimethoate, trichlorfon, and other
organophosphorus pesticides are among the most commonly
used organophosphorus pesticides in plant pest control. These
pesticides tend to adhere to the surface of fruits and vegeta-
bles, resulting in nerve toxicity upon human consumption. In
astudy by Ma et al. [112], a paper-based SERS substrate was
used to detect methyl parathion standard solution with the
detection limit of 0.011 pg/cm?. This substrate was also used
to extract methyl parathion residue from apple surface through
a wiping method, with the recovery rate up to 98.72%. In a
separate study, Wang et al. [113] prepared a SERS substrate
for separation channel with AKD modified paper, which was
used for simultaneous separation and detection of thiuram
and dimethoate, with LODs of 19.16 ng/L and 54.57 pg/L,
respectively. Yang et al. [114] deposited AgNPs on FP via
silver mirror reaction and prepared a paper-based SERS sub-
strate on a large scale, which was further used for rapid and
portable detection of pesticide residues on various fruit peels.
The LODs for thiram and paraoxon were 0.72 ng cm ™2 and
0.23 pg cm™2, respectively. These above substrates not only
show the advantages of flexible substrates in extracting com-
plex surface samples but also prove the feasibility in the field
of pesticide residue testing.

MG is generally employed as a fungicide and antigenic
agent in aquaculture, but its toxic triphenylmethane struc-
ture can induce a range of potential carcinogenic, mutagenic,
teratogenic, and other pathological effects. Although MG is
considered as a banned drug, it is still often abused illegally
due to the lack of cost-effective alternatives. In a study by
Zhang et al. [8], they grew AgNPs in situ on PDA template
FP and prepared FP@PDA @ AgNPs bands. It further served
as an excellent SERS platform for the rapid collection and
detection of MG residues on fish scales, crab shells, and
shrimp skins, with LODs of 0.04635 pg/cm?, 0.06952 pg/
cm?, and 0.09270 pg/cm?, respectively. Shao et al. [115]
embedded Ag nanowire suspension into PDMS film and
made a flexible SERS substrate for quantitative MG detec-
tion in fruit juice, achieving a LOD of 10 nM. Chen et al.
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[49] grew AuNPs in situ on pseudo-paper film and prepared
a flexible SERS substrate that could detect three pesticides
residues of thiram, parathion-methyl, and MG on the apple
surface through simple wiping. The detection limits were
below the maximum pesticide residue limits of China and
European Union. Wu et al. [116] developed a nanocellulose-
based flexible SERS substrate by precisely loading two types
of plasmonic nanoparticles on the surface. Pesticide residues
on the apple surface were detected by simple wiping, with
the LODs of 4.1 and 10.7 pg/L for omethoate and acetami-
prid, respectively. Qu et al. [3] prepared a large number of
disposable SERS substrates using FP via a spraying method.
The LODs of MG, methylene blue, and CV were 4.3 nM, 20
nM, and 81 nM, respectively. These substrates significantly
improved the efficiency of drug residues collection and
exhibited excellent SERS sensitivity and reliability, enabling
rapid on-site detection of drug residues in agricultural prod-
ucts. Ma et al. [117] presented an expanded graphite-covered
cellulose film as a flexible and hydrophobic SERS substrate
for convenient detection. The use of AuNR in the evapora-
tion process increased the number of hot spots, resulting in
substantial enhancement. Trace residues on the surface of
shrimp and grapes were determined, with LODs of 1 ppb
for CV and 50 ppb for thiram.

Neonicotinoids are extensively employed insecticides
worldwide, which are agonists of nicotinic acetylcholine
receptors and could cause paralysis and death. Consequently,
neonicotinoids residues in agricultural products are poten-
tial risks to consumers. Using a multi-layer SERS-enhanced
strategy, Yu et al. [10] established a paper-based sensor to
real-time detect various neonicotinoid pesticide components.
The sensor demonstrated high sensitivity and specificity,
with a LOD down to 0.02811 ng mL~" for imidacloprid,
a neonicotinoid insecticide. In another development, Wang
et al. [99] prepared a super-hydrophobic FP-based SERS
substrate, which could detect nitenpyram (NIT) with high
sensitivity to the LOD of 1 nM. Due to the high polarity of
NIT and low solubility in organic solvents, this method is
significantly superior to traditional detection methods as it
is more effective, simpler, and without the need for sample
pretreatment. In recent years, 2,4-dichlorophenoxyacetic
acid (2,4-D) residue was effectively detected in green tea by
coating cellulose paper with citrate functionalized AgNPs as
flexible SERS substrate [118]. This presented sensor enabled
the detection of 2,4-D at 10* pg/g with the RSD value < 5%,
providing a reliable means of analysis.

Furthermore, researchers have made significant pro-
gress in developing flexible paper-based SERS substrates
for the detection of additional pesticides. Jung et al. [119]
constructed a paper-based SERS sensor by synthesizing
AuNPs on cellulose FP. This substrate exhibited a LOD of
1077 M for methylene blue solution, and a remarkable detec-
tion limit of 1 ppm for diquat and paraquat on the surface of
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apple peels. Ekgasit et al. [120] prepared a biodegradable
BNC flexible SERS substrate by vacuum filtration for on-
site detection of methomyl, a carbamate pesticide residue on
fruit peel. All the above examples collectively illustrate that
flexible SERS substrate can be successfully utilized for the
rapid and sensitively in situ detection of agricultural resi-
dues in complex samples. The ongoing development of such
flexible paper-based SERS substrates holds great promise in
meeting the health and safety needs of consumers.

Application of paper-based SERS substrate
in food quality supervision and inspection

With the improvement of living standards, the presence of
illegal or excessive additives in the food market poses a great
risk to people’s health. SERS technology has attracted con-
siderable attention and has been successfully applied to the
on-site detection of food additives in complex samples [121],
contributing to the growing field of food quality analysis
[122]. Flexible paper-based substrates, in particular, have
shown emerging applications in food detection [97] and
safety [123, 124]. For instance, by coating carboard sub-
strate with AgNPs, Fortunato et al. [125] used this nano-
plasmonic SERS substrate for the detection of antibiotic
residues in milk sample. This approach required only a few
microliters of milk for the detection of tetracycline, and the
concentrations were determined based on peak intensities
(Fig. 3C). Yin et al. [126] hydrophobically treated FP and
established a SERS sensor based on AgNPs, enabling the
detection of melamine in diluted milk with a low LOD of
1 ppm. Chen et al. [127] combined a gas diffusion paper-
based microfluidic device with SERS for the determination
of sulfite in wine, achieving a detection limit of 2 pg mL~".
The device shows features of portability and ease of opera-
tion, which promote it as a valuable tool in the field monitor-
ing of sulfites.

Nitrite (NO, ") is not only generally used as a preserva-
tive for meat or meat products to maintain their bright color
and enhance the flavor, but it also poses a significant threat
to human health. Conventional detection methods for nitrite
often require complicated sample pretreatment procedures,
which resulted in the detectable concentration of NO,™ being
in micromole level. Therefore, a method for the analysis of
ultra-trace NO, ™~ in complex matrices is still greatly needed.
Consequently, Li et al. [121] developed a paper detection
tape based on colorimetric/fluorescence/SERS three-mode
sensor to detect NO, ™ in food. For NO,™ solution, the LODs
for the colorimetric and fluorescence readouts were 50 nM
and 10 nM, respectively, while with SERS readout, the LOD
for nitrite in meat products or human urine was dramati-
cally down to 0.8 nM. This highly sensitive sensor enables

the reliable quantification of NO,~, addressing the need for
detecting ultra-trace levels of food matrices.

Over the years, illegal traders have mixed dyes into food
or herbs to enhance their appearance and drive up the prices
[128]. Lu et al. [129] prepared a self-assembled paper-based
SERS substrate to detect RB added in pepper powder. With
simple sample pretreatment, the LOD for RB could be as
low as 107 g g~!. Santhanam et al. [130] prepared a flex-
ible SERS swab using an inkjet printing method to directly
detect two types of pigments, artemisinin yellow (MY) and
MG, which are illegally added in vegetables at nanomolar
level. Lu et al. [128] combined AuNRs with mono-6-thio-
cyclodextrin (HS-B-CD) and assembled them on FP cellu-
lose via electrostatic adsorption and hydrogen bonding. A
CD-AuNR paper-based SERS substrate was thus prepared
to detect Sudan III and Sudan IV. The LODs for these dyes
were 0.1 uM and 0.5 pM, respectively, demonstrating the
much higher sensitivity compared to conventional AuNR
paper-based SERS substrate.

Heavy metals are elements known for their significant bio-
logical toxicity. Difficult to be biodegraded, they are biomag-
nified by hundreds or thousands of times in the food chain and
eventually accumulated in human organs and causing chronic
poisoning. While heavy metals in food may not be intention-
ally added, they are a critical concern for food safety. For
the heavy metals detection using paper-based SERS method,
Wang et al. [131] established a paper-based SERS tandem
chromatography separation/detection platform, showing the
detection limit of 1 pM for Cd**, Cu?*, and Ni** in rice.
Acrylamide (AAm) is a substance formed when starchy food
is cooked at high temperature above 120 °C. Animal stud-
ies have shown that AAm has reproductive toxicity, genetic
toxicity, neurotoxicity, and possible carcinogenic effect. Zhu
et al. [132] constructed a SERS substrate to detect AAm in
food by immersing FP into strawberry-like SiO,/Ag nano-
composites, achieving a LOD of 0.02 nM. These results show
that paper-based SERS substrates can be used to detect target
analytes in complex food matrices. With the advantages of
cost-effective and portability, they facilitate on site product
checks and inspection by relevant authorities.

In addition to illegal food additives, the freshness is also
an essential evaluation indicator in the field of food safety.
Putrescine and cadaverine, two volatile gases produced
through microbial decarboxylation of amino acids, have
been considered as one of the indicators of food spoilage.
Kang’s team [133] developed a metal organic framework
coated SERS paper substrate, functionalized with 4-MBA,
to detect these two gas molecules with detection limits of
76.99 and 115.88 ppb, respectively. We believe that this
paper-based SERS platform, as exemplified by the above-
mentioned substrates, holds great potential to detect a vari-
ety of substances and can find applications in food quality
assessment.
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Application of paper-based SERS substrate
in explosive detection

Due to the rapidity and high sensitivity of SERS technology,
it has become one of the most preferred means for explo-
sives detection in recent years. For instance, SOMA et al. [11]
loaded AuNPs of different shapes on FP to prepare a paper-
based SERS substrate, which was used for the detection of
military explosive picric acid (PA) with a LOD of 5 pM. Dou
et al. [134] impregnated silver nanotriangle on FP to produce
a flexible SERS substrate for PA detection with LOD as low
as 107% M. Fierro-Mercado and Hernandez-Rivera [1] used
inkjet printing method to prepare flexible substrates for the
detection of 2,4,6-trinitrotoluene, 2,4-dinitrotoluene, 1,3,5-tri-
methylbenzene, and other explosives with high sensitivity
and good repeatability, demonstrating its direct application
in forensic science and homeland security.

Application paper-based SERS substrates
in biological sample detection

The detection of small molecules within complex biologi-
cal samples, such as plasma, urine, and saliva, has been a
longstanding problem. While as the advancement of paper-
based biosensors, the capabilities of point-of-care testing
have expanded greatly [136]. SERS technology has been
applied to the fields of microorganism and their products,
in vivo drug analysis, disease diagnosis. The development
of related paper-based SERS substrates is poised to further
enhance the capabilities of point-of-care testing and facili-
tate the detection of small molecules in biological samples.

Application of paper-based SERS substrates
in the detection of microorganism and their
products

The application of paper-based SERS substrates in the rapid
and reliable detection of microorganisms and their product is
a promising advancement in various fields, including in medi-
cine, forensic medicine, food, or environmental science. For
example, Kaul et al. [137] performed the SERS analysis and
stoichiometric evaluation on seven kinds of meat-related micro-
organisms using a paper-based SERS substrate. This method
offers a significant advantage on the discrimination error of
lower than 2.5%, without requiring complex sample pretreat-
ment. It is timesaving and more suitable for the application
of food regulatory authorities. Poppi et al. [138] prepared a
SERS substrate using AuNPs and FP by an immersion coating
method, and combined with partial least squares discriminant
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analysis for label-free identification of bacteria. This method
has been proved to provide comparable results to 16S rRNA
gene sequence analysis. Jung et al. [139] coupled a paper-based
SERS substrate composed of AgNWs with polymerase chain
reaction (PCR), which enabled the detection of respiratory bac-
terial DNA with LOD of 3.12 pg/pL. White et al. [140] used
paper-based SERS sensor and portable Raman spectrometer
for the phenotypic identification of multidrug resistance of bac-
teria. This method simplifies the cultivation steps compared
to traditional microbiology, thus enabling clinicians to make
timely clinical decisions when treating infection. Moreover,
the detection of pathogenic bacteria can also be accomplished
through the detection of specific nucleic acid. As shown in
Fig. 3D, Ma et al. [135] demonstrated a CRISPR/Cas-based
platform on microfluidic paper substrate for the SERS detection
of interest DNA. This approach utilized AuNS functionalized
with both linker ssDNA and 4-mercaptobenzoic acid, which
served as the SERS signal molecules. This platform activated
the trans-cleavage of CRISPR-Cas 12a in the presence of tar-
get DNA, enabling the detection of Salmonella typhimurium in
food with LOD of 3—4 CFU/mL.

Endotoxins, composed of proteins, phospholipids, and
lipopolysaccharides, serve as important components of the
cytoderm of Gram-negative bacteria. Endotoxins are released
when the bacteria die, triggering a severe immune response
once inside the body. The limulus amoebocyte lysate test is cur-
rently considered as the gold standard for endotoxins detection,
yet susceptible to interference from enzymes and impurities.
To achieve real-time in situ detection of endotoxin, Xu et al.
[141] constructed a flexible SERS sensor that combined nano-
structure of biological scaffold with cicada wings-templated
SERS monitoring strategy. This sensor enabled the detection
endotoxin in 100 s, with a detection limit of 6.25 ng/mL. This
SERS method provided reliable results, which were in agree-
ment with that obtained from a gold standard ELISA method.
Furthermore, other bacterial signaling molecules were detected
via a flexible SERS substrate. Park et al. [142] detected and
monitored the concentration of pyocyanin directly by Au depo-
sition onto a paper-based substrates. The pyocyanin secreted
from the cultured P. aeruginosa could be rapidly detected with
the LOD of 0.12 ppm. These paper-based SERS methods offer
a convenient and sensitive means of monitoring bacterial prod-
ucts and signaling molecules, making them invaluable tools in
the field of microorganism sensing.

Application of paper-based SERS substrate
in drug and poison analysis

Paper-based SERS substrate shows widespread applications
in the analysis and detection of drugs and poisons in vivo. In
the practical field of clinical medicine and forensic medicine



Microchim Acta (2024) 191:8

Page130f22 8

[143], rapid and in situ analysis of the types and quantities
of drugs and poisons contained in blood, urine, and other
body fluids plays a very important role in clinical emer-
gency, determination of drug dosage, and criminal investiga-
tion. With the development of precision medicine, real-time
monitoring of drug levels in patients is becoming increas-
ingly important for the safe and effective use of therapeutic
drugs, a process known as therapeutic drug monitoring. To
this end, Bamrungsap et al. [144] prepared a paper-based
SERS substrate by combining GO and AuNRs on cellulose
substrate, enabling the detection of mitoxantrone with a
LOD of approximately 5 pM. Antibacterial drugs include
antibiotics and certain chemosynthetic drugs, known for
their ability to inhibit and kill bacteria and other microor-
ganisms. Measuring the antibiotics levels in the blood is
crucial for the doctors to make rapid treatment decisions for
patients and to prevent bacteria and fungi from developing
drug resistance. Huang et al. [145] grew AgNPs on FP fiber
to detect moxifloxacin with a detection limit of 1 pM. White
et al. [146] employed an inkjet printing method to prepare a
vertical flow membrane SERS sensor, which facilitated the
quantitative detection of fluorocytosine, an antifungal drug,
in undiluted human serum. This method took only 15 min
to detect fluorocytosine at a concentration of 10 pg mL~! in
serum, much faster than the current gold standard. Buurman
et al. [147] sprayed AgNPs on fiberglass paper for the detec-
tion of enoxacin and enrofloxacin antibacterial agents with
a detection limit of 10 pM.

Dexmedetomidine hydrochloride (DH) is a selective a2
adrenergic receptor antagonist, which is mainly used for intra-
operative and postoperative sedation. In recent years, DH has
been abused in criminal cases such as robbery, rape, and oth-
ers, increasing the demand for DH detection. Nowadays, DH
is mainly determined by LC and LC-MS, which offer high
accuracy, but require long experimental time, large scale of
instruments, and professional operators. Therefore, they are
probably unsuitable for quick on-site detection. In Zhang’s
work [148], a paper-based SERS substrate was prepared by
self-assembling silver colloids on FP, enabled the quantitative
determination of DH in aqueous solution, urine and serum.
The LODs for DH in urine and serum were determined to
be 10 pg mL~" and 12 pg mL™!, respectively. This approach
owns the advantages of rapidity, accuracy, and nondestruc-
tiveness and is suitable for DH field testing. Sofebuvir is a
drug for the treatment of chronic hepatitis C, and its metabo-
lite is 2"-deoxy-2'-fluoro-2'-C-methyluridine (PSI-6206). The
determination of PSI-6206 in biological fluids is of great sig-
nificance for the clinical pharmacology and pharmacokinetics
of sofebuvir. Ayoko et al. [149] developed a A4 paper-based
non-interfering technique that combined HPLC with SERS for
the quantitative detection of PSI-6206. This method was fast
and sensitive and eliminated the false-positive results caused
by “memory effect” in traditional HPLC-SERS method.

As the main component of aspirin, acetylsalicylic acid
has antipyretic, analgesic, and anti-inflammatory proper-
ties and is one of the most commonly used drugs over the
world. Low-dose daily aspirin intake is effective in pre-
venting recurrence of cardiovascular disease, but excessive
aspirin intake increases the risk of gastrointestinal disease.
Therefore, quantitative detection of acetylsalicylic acid in
biological samples is important. Carneiro et al. [150] devel-
oped a paper-based SERS method by incorporating AgNPs
into FP for the quantification of acetylsalicylic acid. This
method demonstrated impressive accuracy, with a relative
error of 2.06% when compared to HPLC-UV. In brief, the
paper-based SERS method offers a versatile and effective
approach for the analysis and detection of various drugs and
poisons in complex biological matrices. It delivers rapid and
accurate results with potential applications in clinical and
forensic contexts.

Application of paper-based SERS substrates
in clinical diagnosis

The determination of small molecules in biologic fluid is of
vital significance in clinical diagnosis, such as blood, tears,
urine, saliva, and sweat. Typically, most of the existing ana-
lytical methods require large volumes of samples, expensive
equipment, skilled personnel, and high costs. In recent years,
SERS technology has attracted wide attention in medical
diagnosis application with the advantages of user-friend-
liness, high sensitivity, and selectivity [151]. At the same
time, paper-based SERS substrate also shows the prospect
of low-cost diagnostic platform [152]. Various biomarkers
in blood samples are recognized to be closely related with
specific disease, and the paper-based SERS biosensors are
well developed for this purpose. For example, Li et al. [153]
developed a SERS biosensor named enPSERS by modify-
ing the GO/plasmonic AuNS hybrid on FP with enrichment
ability. It was employed for sensitive and label-free detec-
tion of free bilirubin in serum, so as to accurately diagnose
jaundice and related diseases. The detection limit of free
bilirubin in serum was 0.436 pM, which was comparable
with current general detection method. Tamer et al. [154]
constructed the microfluidic channel using nitrocellulose
membrane as SERS substrate by wax printing method. This
sensor has been shown to detect glucose molecules in the
blood without any pretreatment. With the blood dropping
into the hydrophilic channel, cells and protein molecules
were immobilized on the nitrocellulose membrane, while
glucose molecules flowed to SERS detection region through
the channel, achieving a recovery rate up to 88%. Bamrung-
sap et al. [155] immersed ordinary FP in AuNR solution to
prepare a plasmonic paper for SERS detection of epithe-
lial cell adhesion molecules highly expressed in colorectal
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cancer cells HT-29. This method was used to distinguish
HT-29 cells from fibroblasts and blood cells with the sen-
sitivity of 84.8% and 96.4%, respectively, along with the
specificity of 82.6% and 100%, respectively.

Early and precise cancer diagnosis increases the chances
of successful treatment and improves survival rates for
cancer patients. Serum samples are generally employed
for cancer detection and the bottleneck is to develop a new
cancer screening diagnostic tool with high sensitivity and
specificity. At present, ELISA, PCR, local surface plasmon
resonance, and chemiluminescence immunoassay are gener-
ally employed for the detection of tumor associated proteins,
with the specific interactions between antibody and antigen
playing a key role in these methods. Specifically, Garnier
et al. [152] functionalized AuNPs on paper substrate and
developed a SERS platform for detecting antigen-antibody
reaction. This platform rapidly identified the bindings
between antigens and antibodies even at low concentrations,
offering a cost-effective method that is suitable for clinical,
forensic, and biological laboratory applications. Cao et al.
[156] developed a sandwich immunoassay based on SERS
technology using hydrophobic FP with gold nanoflowers as
the capture base and silver-gold nanofibers as the label. It
was employed for simultaneous determination of squamous
cell carcinoma antigen and osteopontin in serum from cer-
vical cancer, with LODs of 8.628 pg/mL and 4.388 pg/mL,
respectively. The feasibility of this method in clinical sample
detection was proved by the gold standard ELISA method.
Driskell et al. [157] developed a SERS rapid vertical flow
(SERS-RVF) immunoassay for the detection of mouse IgG.
Quantitative verification showed that the LOD of SERS-
RVF was 3 ng mL~!, which is comparable with traditional
detection method. As shown in Fig. 4A, Jiang et al. [158]
demonstrated a hydrophilic-hydrophobic polymer band with
Raman standard, which was used for quantitative SERS
analysis of ferritin (FER) with ultrasensitivity. This sensor
has a low detection limit of 0.41 pg/mL for FER. Aptamer-
based specific identification was also employed in this test
strip. Chen et al. [159] developed a paper-based SERS test
band, which enabled the quantification of cancer marker
Mucin-1 in whole blood.

With the increasing incidence of cardiovascular and cer-
ebrovascular diseases, atherosclerosis (AS), as the patho-
logical basis of many of the above diseases, has attracted
extensive attention. Wang et al. [160] designed a sandwich
SERS detection platform based on nanoporous network
membrane, which was used for the monitoring the status of
IL-10 and MCP-1 (chemokine), two key cytokines involved
in the AS progression. This method further allowed for the
early diagnosis of AS, with the minimum detection concen-
tration of these two substances in human serum being 0.1
pg mL~1. Khor et al. proposed a paper-based microfluidic
SERS device to quantitatively detect GPBB, CK-MB, and
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c¢TnT simultaneously, which is helpful for the early diagnosis
and prognosis evaluation of acute myocardial infarction. The
LODs of GPBB, CK-MB, and cTnT were 8, 10, and 1 pg
mL~!, respectively, which were far below the clinical thresh-
old value. Therefore, the above methods exhibit substantial
clinical potential, enabling physicians to make rapid clinical
decisions and improve the treatment effect of patients.

Urine samples are a noninvasive source for the diagnosis
and prediction of target disease. Uric acid is recognized as
a crucial urine biomarker for many diseases such as gout.
Poppi et al. [161] developed an approach for on-site quanti-
fication of uric acid in urine with a LOD as low as 0.11 mM
using AuNPs coated paper as a substrate. E. coli is known to
be related with a wide variety of infections like urinary tract
infections and other disease. By establishing a paper-based
lateral flow immunoassay (LFIA), E. coli in urine samples
was detected with the dual readouts. AuNPs, modified with
Raman label DTNB, served not only as the SERS reporter
but also as the colorimetric source. E. coli could thus be
detected in a linear range of 10 and 10° CFU mL™! with
the LOD of 45 CFU mL~! [162]. Further integrated with a
magnetic enrichment, a paper-based LFIA enabled the E.
coli detection with a promising LOD of 0.52 CFU mL™! in
urine samples. Specific antibody modified magnetic gold
(Fe;O,@ Au) nanoparticles were firstly included for the
E. coli extraction and enrichment. Afterwards, casein, as
a selective substrate for rennet enzyme, was immobilized
on the polyethyleneimine modified magnetic gold (Fe;O,/
Au-PEI) that could be cleaved from these nanoparticles in
the presence of rennet enzyme to develop the paper-based
LFIA [163]. Adenine detection shows importance in vari-
ous diseases resulting from the alteration of guanine and
adenine nucleotides in DNA. Hwang et al. [164] modified
silver nanocubes onto the surface of a flexible hydrophobic
FP to prepare a high reproducible SERS substrate. This sub-
strate enabled the detection of adenine at a low concentration
of 0.89 nM with the EF of 6.55 x 10°. SERS analysis in real
urine samples was presented that showed the characteristic
absorption bands of adenine at 733 cm™! and 1331 cm™!,
which were attributed to the C-H ring breathing and N-C
vibrational modes, respectively. The nanoparticles coated
paper-based substrate could be further modified to estab-
lish highly sensitive SERS biosensors. By self-assembling a
monolayer of AuSph onto FP, the strong affinity of chloride
ion with the gold surface was adapted to greatly enhance
the SERS signals. Fentanyl citrate in urine samples were
detected with the LOD of 0.59 g mL~! [165].

Biomarkers in tear fluid are known to play significant
role in daily healthcare and disease monitoring. Jeong
et al. [166] utilized the hierarchical structures of cellulose
fiber to establish plasmonic Schirmer strip for the efficient
collection and detection with tear fluid. Gold nanoislands
were evaporated on the top surface of cellulose fibers,
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and quantitative immunoassay [158]. B Plasmonic Schirmer strip for
the collection and detection with tear fluid [166]. C Schematic of fab-
rication and analysis processes for detection of biomarkers in human

serving as a SERS substrate. The detection of uric acid at
25 to 150 pM was achieved by using SERS method, which
covers the physiological levels (Fig. 4B). Choi et al. [167]
prepared AuNPs into viscous ink and made a single metal
paper-based SERS sensor by screen printing technology.
Tears collected from patients with adenovirus conjunc-
tivitis and herpes simplex conjunctivitis were utilized to
evaluate the performance of paper-based SERS platform.
The EF of the platform is 1.8 x 10*, and the variation from
point to point is less than 5%.

It is worth mentioning that the paper-based SERS sub-
strate has also achieved certain results in the development
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sweat using a hand-held Raman spectrometer [168]. D Conceptual
illustration of a wearable plasmonic paper fluidic device for sweat
collection, storage, and in situ analysis using SERS [169]. E The pH-
adjusted cellulose SERS sensor for the evaluation of vasospasm and
hydrocephalus after subarachnoid hemorrhage (SAH) [170]

of wearable sensors for the detection of biomarkers in sweat.
Hong et al. [168] developed a sensor consisting of silver
nanosnowflakes and hydrophobic FP that facilitates the
simultaneous detection of creatinine and cortisol in small
volumes of human sweat using a hand-held Raman spec-
trometer (Fig. 4C). With the development of microfluidic
technique, Tian et al. [169] developed a paper-based micro-
fluidic system for continuous and simultaneous quantitative
analysis of sweat loss, sweat rate, and metabolites in sweat
(Fig. 4D). The synthesized AuNRs were uniformly adsorbed
onto chromatography paper and composed as plasmonic sen-
sor, which enabled the detection of uric acid using SERS.
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And the paper microfluidics facilitated the quantification
of the sweat loss and sweat rate. Although this is a newly
arisen field, we believe it will become another pivotal area
of research within the study of paper-based SERS substrate.

Cerebrospinal fluid (CSF) is the important medium
between the brain and spinal cord, playing vital role in main-
taining the neural structures. Choi et al. [170] developed
a pH-adjusted cellulose SERS sensor for the evaluation of
vasospasm and hydrocephalus after subarachnoid hemor-
rhage (SAH). As shown in Fig. 4E, pH controlled positively
charged AuNPs were adsorbed onto the surface of cellulose
fibers to construct the flexible SERS substrate. It enabled the
identification and prediction of SAH-induced complications.

In addition to the disease markers in body fluids men-
tioned above, the ultrasensitive quantification of trace
chemicals and biomolecules in cells is also crucial for dis-
ease diagnosis. However, when these substances in cells
are released into body fluids, the analyte molecules diffuse
freely in highly diluted solutions, resulting in reduced detec-
tion sensitivity and repeatability. To address these problems,
Qu et al. spun the lubricant onto commercial paper and
prepared a hydrophobic SERS substrate that could concen-
trate nanoparticles and analytes. The sensor was used for
the detection of cytochrome C with a LOD of 7.2 x 107°
M, showing good repeatability. Lee et al. [171] grew silver
nanoplates on paper for quantitative detection of hydrogen
sulfide (H,S) gas released by living cancer cells in colori-
metric and SERS dual-mode. The LOD of the colorimetric
method was 520 nM, and SERS method demonstrated an
elevated sensitivity with a linear range of 82-330 nM. Addi-
tion to the above applications, paper-based SERS substrates
also exhibit wide applications in the detection of cosmetics
[2], botany [172], etc.

Indeed, paper-based SERS substrates provide a rapid
and highly sensitive platform for the detection of biomark-
ers in various body fluids, such as in blood, urine, tear fluid,
sweat, and even CSF, enabling early diagnosis and effective
monitoring of many types of diseases. Furthermore, these
cost-effective paper-based SERS substrates are available in
resource-limited regions, being valuable in wearable sensors
for continuous monitoring and disease screening. The poten-
tial applications expand to various fields, making it a prom-
ising technology for improving healthcare and diagnostics.

Conclusions and prospects

The flexible paper-based SERS substrates have attracted
increasing attention in recent decades due to their diversi-
fied applications in environmental monitoring, food safety
analysis, clinical diagnosis, and others. This is an ever-
growing field, especially superior in the point-of-sample
applications in resource-constrained area without access to
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laboratory facilities or skilled technicians [173, 174]. The
future of paper-based SERS method, especially when inte-
grated with portable hand-held instruments, provides great
possibilities in the analytical field. This review paper pro-
vides a comprehensive overview of the paper-based SERS
substrates, covering various preparation methods and the
fundamental applications. Methods including in situ growth,
inkjet printing, and screen printing are summarized for the
preparation of flexible paper-based substrates. Further, we
exemplify and discuss the detections of industrial wastewater
and pesticide residues, and in food quality supervision and
inspection. The application of paper-based SERS substrates
in biological sample detection is highlighted, emphasizing
their potential in the clinical applications.

Though the paper-based SERS substrate has witnessed
great progress in the past few decades, there are still chal-
lenges such as the sensor reproducibility and quantification
performance. On the one hand, the stable performance from
batch to batch is widely recognized as being crucial for real-
world applications. Thus, it is still highly needed for large-
scale production of paper-based SERS substrate with high
stability and reproducibility to overcome the discrepancy of
used environment and maintain consistency between batches.
Advances in nanomaterials and nanoscience offer promis-
ing solutions to address this challenge, thereby unveiling the
great potential of paper-based SERS substrates in practical
applications. On the other hand, the precise quantification
of target species is another key point, particularly in clinical
diagnosis, where a threshold value is generally employed for
specific disease diagnosis. While the SERS-based quantitative
analysis remains challenging, in recent years, the integration
of microfluidic methods with paper-based SERS substrates
has significantly reduced the experimental operator error. The
automation of measurement process could improve the repeat-
ability of flexible SERS sensor and enable the quantification of
analyte molecules [175, 176]. Moreover, multimodal readouts
for paper-based SERS sensors have been developed by incor-
porating colorimetric or fluorescence results to further verify
the detection and enable the advantages of convenience and
high sensitivity. These integrated approaches could be further
utilized for simultaneous quantification of multiple analyte
molecules.

The increasing demand of rapid identification in complex
samples requires instant detection but often involves tedious
and complicate analysis of acquired spectra. Thus, there is
a growing need for advanced data processing for the flex-
ible paper-based SERS sensors [177, 178]. In recent years,
researchers have focused on the development of advanced
algorithms for SERS analysis, such as the Savitzky-Golay
filter for baseline smoothing, to better identify the Raman
signals, machine learning algorithms for multivariate SERS
spectra, etc. The booming of these advanced algorithms sim-
plifies the analysis of SERS spectroscopic data, enabling
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rapid identification and quantification of target components,
particularly in complex biological samples with low signal-
to-noise ratio. With the continuous efforts from multidisci-
plinary researchers, a lot can be expected from the flexible
paper-based SERS substrates that promise a wide range of
applications. On-site testing for environmental monitoring,
food safety control, and drug testing could be easily foreseen
with the portable paper-based SERS method. Further combi-
nation with the lateral flow assays, dual or multiple readout of
biosensors, could provide convincing results and show pos-
sibilities in point-of-care testing with clinical applications.
The development of flexible paper-based SERS methods into
standardized procedures holds great potential for various real-
world applications.
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