#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Flexible paper-based Ag dendritic SERS chips for
rapid in situ detection of thiram residues on pear
skint

Quan-Doan Mai, ©*2 Dang Thi Hanh Trang,® Ngo Thi Loan,® Hanh Nhung Bui,”
Nguyen Trung Thanh,® Ta Ngoc Bach,® Anh-Tuan Pham®® and Anh-Tuan Le @& *2°

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 36960

Surface-enhanced Raman scattering (SERS) is a powerful, highly efficient analytical technique capable of
providing label-free, non-invasive, rapid, and ultrasensitive molecular detection down to the single-
molecule level. Despite its advantages, SERS remains largely confined to laboratory settings due to the
complexities of substrate fabrication and challenges in analyzing real-world samples. Developing flexible
SERS substrates that achieve both high fabrication efficiency and high sensing performance, while being
practical for field applications, is critical for advancing SERS toward broader, real-world use. In this study,
we present a novel paper-based Ag dendritic SERS chip, fabricated via a simple chemical reduction
process that directly forms Ag dendritic nanostructures on cellulose fibers. This chip substrate
demonstrates exceptional sensitivity for the detection of thiram pesticide, with a detection limit as low as
776 x 107 M. The chip substrate also exhibits outstanding reliability, with reproducibility and
repeatability both less than 5%. Furthermore, the flexible nature of the paper substrate enables it to
conform to curved surfaces and be in direct contact with analytes, exemplified by its ability to adhere to

and retrieve thiram from pear skin using a novel “paste-and-peel-off” technique. The substrate shows
Received 1st October 2024 kabl f for thi detecti ki ith sh ¢ ing f 90%
Accepted 11th November 2024 remarkable performance for thiram detection on pear skin, with sharp recovery rates ranging from %

to 105%. With its facile fabrication, excellent sensitivity, high reliability, and practical applicability in non-
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1. Introduction

Surface-enhanced Raman scattering (SERS) sensors play a pivotal
role in analytical science as they provide rapid, non-invasive,
fingerprint information down to the single-molecule level."*
Over the past decades, a vast amount of research has been con-
ducted on SERS across various fields, ranging from analytical
chemistry applications such as food safety,>® agricultural moni-
toring,* and environmental analysis,” to biomedical uses
including biological/medical sensing® and early diagnosis,® as
well as advanced applications like revealing reaction mecha-
nisms'"* and surface interactions.'* SERS arises from the

“Phenikaa University Nano Institute (PHENA), Phenikaa University, Hanoi 12116,
Vietnam. E-mail: doan.maiquan@phenikaa-uni.edu.vn; tuan.leanh@phenikaa-uni.
edu.vn

*Faculty of Materials Science and Engineering, Phenikaa University, Hanoi 12116,
Vietnam

“Institute of Materials Science (IMS), Vietnam Academy of Science and Technology, 18
Hoang Quoc Viet, Hanoi 10000, Vietnam

“Faculty of Biotechnology, Chemistry and Environmental Engineering, Phenikaa
University, Hanoi 12116, Vietnam

T Electronic  supplementary  information
https://doi.org/10.1039/d4ra07061e

(ESI) available. See DOI:

36960 | RSC Adv, 2024, 14, 36960-36969

invasive sampling, the paper-based Ag dendritic SERS substrate offers significant potential as an
advanced substrate to bring SERS out of the laboratory and closer to real-world applications.

interaction of three key components: light, nanostructured
materials, and the target molecules.">'* At the core of SERS are
nanomaterials, which play a crucial role in amplifying Raman
signals from target molecules, primarily utilizing plasmonic
materials such as silver (Ag), gold (Au), and copper (Cu).***
Among these, silver has garnered the most attention due to its
superior plasmonic activity, which leads to optimal SERS signal
acquisition.*"* The morphology of Ag nanomaterials is a critical
factor, significantly influencing SERS sensing performance,'>'® as
it directly determines the plasmonic characteristics and, in
particular, the density of “hotspots” — defined as regions of robust
electromagnetic fields resulting from the plasmonic coupling of
interparticle gaps — where the strongest Raman signal enhance-
ment occurs."'*” Ag dendritic nanostructures have demon-
strated the highest SERS sensing performance due to their ability
to create a dense array of hotspots.*® Reports indicate that their
enhancement factors can reach up to 1010 times,"*° in
contrast to other Ag morphologies, such as spherical or cubic
forms, which typically achieve enhancement factors of only 10°-
10° times.?"? Consequently, research has increasingly focused on
the SERS efficiency of Ag dendritic nanostructures, aiming to
streamline fabrication methods while ensuring high reproduc-
ibility and sensor efficacy.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra07061e&domain=pdf&date_stamp=2024-11-19
http://orcid.org/0000-0003-2931-0822
http://orcid.org/0000-0002-4191-1834
https://doi.org/10.1039/d4ra07061e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07061e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014050

Open Access Article. Published on 20 November 2024. Downloaded on 4/5/2026 5:56:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Recent studies have demonstrated significant advancements
in the use of Ag dendritic nanostructures for SERS applications.
Gu et al. developed a SERS substrate featuring nanodendritic Ag
on a rigid copper base, achieving the detection of rhodamine 6G
at an impressive concentration of 3.2 x 10" M with good
reproducibility (~10%).** Zhang et al. successfully adhered
dendritic Ag nanostructures to a rigid aluminum oxide
substrate, obtaining a detection limit for rhodamine 6G as low
as 1.0 x 10~ "' M, with reproducibility below 12%.>* Addition-
ally, Hu et al. enhanced Ag dendritic nanostructures by inte-
grating graphene oxide onto a rigid copper substrate, achieving
the detection of rhodamine 6G as low as 1.0 x 10~ " M.? Ven-
damani et al. also successfully mounted Ag dendritic nano-
structures onto rigid silicon substrates, enabling the detection
of explosives such as 1,3,5-trinitroperhydro-1,3,5-triazine and
ammonium nitrate down to concentrations of 1 x 10 ° M.?
Despite these impressive advancements, the substrates
currently utilized are predominantly rigid materials, including
copper, aluminum oxide, and silicon. This limitation constrains
the applicability of these SERS substrates in laboratory settings,
as the collection of analytes can only be performed by directly
depositing analyte solutions onto their surfaces and allowing
the solvent to evaporate.

More recently, efforts to extend the utility of SERS tools
beyond laboratory settings have led to the innovative replace-
ment of traditional rigid substrates with flexible platforms
based on polymers, paper, or tapes.”’>° These flexible SERS
substrates, due to their bendable nature, can directly contact
the curved surfaces of real samples, facilitating the direct
collection of analytes. This approach offers significant advan-
tages in analytical protocols, including non-invasive sampling,
rapid analysis, simplicity, and cost-effectiveness, all while
ensuring high sensing efficiency.”®* In 2023, Wang et al
successfully developed an Ag nanoparticle-filter paper-based
SERS substrate by directly forming Ag nanoparticles on the
surface of filter paper, achieving commendable sensing
performance for rhodamine 6G and various bacteria.** Most
recently, in 2024, He et al successfully employed a wipe
sampling method for direct sampling from the surface of apples
using a SERS substrate based on paper decorated with Ag
nanoparticles. This method achieved a detection efficiency for
the pesticide thiabendazole on the apple surface of 0.097 ppm
(~4.2 x 1077 M).3* Thus, integrating higher-performing SERS
nanostructures, such as Ag dendritic nanostructures, onto
flexible substrates like paper could result in an SERS platform
that combines exceptional sensing efficiency with the conve-
nience of analytical techniques suitable for field applications.

To fill this gap, in this study, we introduce a novel paper-based
Ag dendritic (Paper/Ag-d) SERS substrate, which is fabricated
through a simple chemical reduction process that directly forms
Ag dendritic nanostructures on cellulose fibers. This substrate
not only exhibits outstanding SERS efficiency but is also user-
friendly for field analyses. We evaluated three critical sensing
parameters - sensitivity, reliability, and practicality — to assess the
substrate's feasibility for real-world applications. The results
demonstrate that the Paper/Ag-d chips display exceptional
sensitivity, achieving a detection limit for thiram as low as 7.76 x
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10~ ™ M. Additionally, it exhibits excellent reliability, with both
repeatability and reproducibility remaining below 5%. Further-
more, owing to its flexible design, the Paper/Ag-d chips can be
easily applied directly to the surfaces of real samples, such as pear
skin, facilitating the effective collection of thiram residues. We
refer to this advanced analytical technique as “paste and peel-
off,” which enables superior sensing performance, yielding sharp
recovery rates between 90% and 105%.

2. Materials and methods

2.1. Materials

Precursors and analytes were sourced from Shanghai Chemical
Reagent Co., including thiram (C¢H;,N,S,4, 97.0), silver nitrate
(AgNO;, =99.0%), sodium borohydride (NaBH,, 99%), cetyl-
trimethylammonium bromide (C;oH4,NBr, 99.9%), ethanol
(C,H50H, 98%) and used directly without further purification.
Commercial filter paper from Whatman with a pore size of 2.7
um was utilized. Double distilled water was used throughout
the experiments.

2.2.
chips

Fabrication of flexible paper-based Ag dendritic SERS

The paper was cut into 1 x 1 cm squares and securely affixed
around the inner walls of a 200 mL beaker. Following this,
100 mL of double-distilled water containing 0.1 M cetyl-
trimethylammonium bromide (CTAB) was added and stirred for
1 hour to achieve thorough mixing. Next, 100 mg of silver nitrate
(AgNO;) was introduced into the reaction vessel and stirred for
an additional hour to ensure proper dispersion and interaction
with the filter paper. A sufficient amount of sodium borohy-
dride (NaBH,) was then gradually added to the mixture to
reduce Ag' ions, facilitating the formation of silver nano-
particles on the cellulose fibers of the paper. The Ag nano-
material formation reaction was conducted for 4 hours under
continuous magnetic stirring at room temperature. Upon
completion, the paper's surface exhibited a light brown color,
and the substrate was washed three times with double distilled
water to remove any residual precursors. The material was then
dried at room temperature, resulting in the production of the
Paper/Ag-d chips. The fabrication process for the Paper/Ag-
d chips takes approximately 8 hours in total. The morphology
and distribution of the Ag nanomaterials on the paper surface
were characterized using field emission scanning electron
microscopy (FE-SEM, Hitachi S-4800), operated at an accelera-
tion voltage of 5 kV. The elemental composition and distribu-
tion of the Paper/Ag-d chips were analyzed using Energy-
Dispersive X-ray (EDX) spectroscopy and EDX mapping. The
Raman signal from the Paper/Ag-d chips was evaluated using
Raman spectroscopy (Horiba Macro-RAM™) with excitation
from a 785 nm laser.

2.3. Sample collection and SERS measurement of thiram in
distilled water

A series of standard solutions containing thiram at varying
concentrations were prepared to evaluate the sensitivity and
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reliability of the Paper/Ag-d chips. Specifically, a precise amount
of thiram was added to double-distilled water to achieve
concentrations ranging from 10~* to 10~ ** M. These solutions
were then applied directly onto the Paper/Ag-d chips and
allowed to dry at room temperature. SERS spectra were collected
from the substrate using a Macro-RAM™ Raman spectrometer
(Horiba) with a 785 nm laser excitation source. A 100x objective
lens with a numerical aperture of 0.90 was used for the Raman
measurements. The laser power was set to 45 mW, and with
a 30° contact angle, this produced a diffraction-limited laser
spot diameter of 1.1 pm (1.22 A/NA) and a focal length of
115 nm. Each measurement had an exposure time of 20 seconds
with a single accumulation. The final spectrum was obtained
after baseline correction, ensuring accurate assessment of
thiram concentration on the Paper/Ag-d chips.

2.4. “Paste and peel-off’ technique to detect thiram on pear
skin: sample collection and SERS measurements

The pears were obtained from local markets in Hanoi, Vietnam,
and used directly without any cleaning methods. They were
soaked in a thiram solution at varying concentrations for 2 days
and then allowed to dry naturally at room temperature. The
concentration range of thiram selected for this experiment was
1077 to 107 ' M. Before analysis, ethanol was sprayed directly

View Article Online
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onto the surface of the pears to enhance the extraction of
thiram. The Paper/Ag-d chips were then affixed to the ethanol-
treated area of the pear skin for 30 minutes to facilitate
thiram collection. Afterward, the Paper/Ag-d chips were
removed, and SERS signals were recorded. This method is
referred to as “paste and peel-off”, with SERS measurements
conducted according to the procedures outlined in the previous
section.

3. Results and discussion

3.1. Fabrication of flexible paper-based Ag dendritic chips

The direct reduction of AgNO; with NaBH, in solution,
combined with the presence of paper, enables the formation of
Ag materials directly on the cellulose fibers. FE-SEM measure-
ments confirm the successful formation, morphology, and
distribution of Ag material on the surface of the cellulose fibers
(Fig. 1). Fig. 1a and b show the surface of the Paper/Ag-d chips at
low magnification, clearly highlighting the fibrous structure of
the cellulose. Importantly, no large particles were detected on
the surface of the Paper/Ag-d chips. A closer inspection at
higher magnification in Fig. 1c-f reveals the presence of
dendritic Ag structures, which are evenly distributed and
densely arranged. The average size of the Ag branches was

Fig. 1 FE-SEM images of flexible Paper/Ag-d chips at different resolutions.
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calculated from measurements in Fig. 1f by assessing the
widths and occurrence frequency of the branches, resulting in
an average width of approximately 80 nm (detailed distribution
analysis is presented in Fig. S1 in the ESI{). This demonstrates
that Ag dendritic nanostructures have been effectively formed
directly on the cellulose fibers of the paper. The uniform and
dense distribution of these structures may result in a high
density of “hotspots” on the Paper/Ag-d chips, which is likely to
significantly enhance the SERS performance.

Fig. 2 presents the EDX and EDX mapping analysis results
for the flexible Paper/Ag-d chips, aimed at evaluating the pres-
ence and distribution of Ag material on the cellulose fiber
substrate of the paper. The EDX spectrum identifies carbon (C)
and oxygen (O) on the flexible Paper/Ag-d chips, representing
the cellulose base. Additionally, silver Ag is detected at a content
of 4.94%, confirming its presence on the chip surface. No
foreign elements were observed, indicating a high purity level of
the flexible Paper/Ag-d chips. EDX mapping further illustrates
the distribution of carbon and oxygen across the cellulose
fibers, while also revealing a uniform dispersion of Ag on the
flexible Paper/Ag-d substrate. Together, the EDX and EDX
mapping analyses confirm the successful formation and even
distribution of Ag on the chips, underscoring the substrate's
high purity.

Fig. 3 presents the Raman spectra of the paper substrate,
Paper/Ag-d chips, and the SERS spectrum of thiram at
a concentration of 10~° M on the Paper/Ag-d chip, all measured
under identical conditions. The paper substrate shows charac-
teristic peaks at 1100 and 1125 em ™', which are indicative of
cellulose bonds.*” While the Raman spectrum of the Paper/Ag-
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Fig. 2 EDX spectrum and EDX mapping analysis of flexible Paper/Ag-d chips.
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Fig. 3 Raman spectra of the paper substrate, Paper/Ag-d chips, and
the SERS spectrum of the thiram analyte on the Paper/Ag-d chips.

d chips retains these characteristic cellulose peaks, there is
a conspicuous absence of extraneous scattering peaks, indi-
cating minimal background noise during the analysis. Impor-
tantly, upon introducing thiram to the Paper/Ag-d chips, the
spectrum reveals prominent and well-defined scattering peaks.
The Raman spectrum of thiram powder was collected to
compare with the peaks observed in the spectrum obtained on
the Paper/Ag-d chips and is presented in Fig. S2.1 The band at
446 cm ™' is assigned to the symmetric stretching vibrations of
the C-S-S bond and the bending of the C-N-C bond.**** The
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peak at 560 cm ™' corresponds to the stretching vibrations of the
S-S bond and the symmetric stretching of the C-S-S bond in the
thiram molecule.**3* Additionally, the band at 1150 cm ™" is
attributed to the rocking vibrations of the CH; bond and the
stretching vibrations of the CH;-N bond.*** Finally, the band at
1386 cm ™! is associated with the bending vibrations of the CH;
bond and the stretching vibrations of the C-N bond.** Detailed
information on the characteristic peaks of the Raman signal
from the powder and the SERS signal from the Paper/Ag-d chips
for thiram is shown in Table S1.f Moreover, two peaks at 1093
and 1127 ecm ™' are characteristic of cellulose; however, their
weak intensity does not interfere with the prominent scattering
peaks of thiram. Thus, the Paper/Ag-d chips demonstrate
a robust capability for effectively detecting thiram through the
clear presence of its characteristic peaks.

3.2. Flexible paper/Ag-d SERS chips for detection of standard
thiram solution

Thiram is a pesticide belonging to the dithiocarbamate group,
commonly employed as a fungicide to protect crops, particu-
larly fruits, vegetables, and seeds, from various diseases.

View Article Online
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presence of thiram residues in food poses significant health
risks to humans. Prolonged accumulation of thiram in the
body, due to the consumption of food with residues exceeding
permissible limits, can lead to serious health issues, including
liver, kidney, and neurological disorders.***” Consequently,
many countries have established stringent regulations govern-
ing the maximum allowable residue levels of thiram in food to
ensure consumer safety. The maximum residue levels for
thiram in various fruits typically range from 0.01 to 5 ppm (4.16
x 107% t0 2.08 x 10> M).* However, accurately detecting such
low concentrations in real samples presents considerable
challenges when employing SERS techniques. In this regard,
SERS must simultaneously fulfill several critical parameters,
including high sensitivity, high reliability, and excellent prac-
ticality. Building on the successful development of Paper/Ag-
d chips, which feature a dense and uniform distribution of Ag
dendritic nanostructures on the cellulose fibers, this SERS
substrate offers not only high sensitivity but also convenient
analysis due to the flexibility of the paper medium. As a result, it
has been utilized to demonstrate comprehensive sensing
capabilities for the target analyte, thiram.

The sensitivity of Paper/Ag-d SERS chips was evaluated

Although effective in controlling fungal pathogens, the through experiments detecting thiram in standard solutions
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Fig. 4 SERS sensing performances of detecting thiram using Paper/Ag-d chips substrate (a), assessing the reliability of the Paper/Ag-d chips by
collecting SERS signals at 5 different points on the same substrate (b) and across 5 substrates prepared at different times (c).
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comprising distilled water and thiram at concentrations
ranging from 10™* to 10™'" M. The results are illustrated in
Fig. 4a. At a concentration of 10~* M, the characteristic peaks
for thiram appear sharply with high intensity. As the concen-
tration of thiram decreases, the characteristic peaks gradually
diminish while remaining at their respective scattering posi-
tions. Notably, at the very low concentration of 10~ '° M, the
peak at 1386 cm ™' is still detectable (see the inset in Fig. 4a) and
disappears completely only at a concentration of 10™'" M.
Quantitatively, important parameters of the SERS sensor,
including the limit of detection (LOD), linear range, and linear
equation, were determined based on the relationship between
thiram concentration and the corresponding SERS intensity.
The results are presented in Fig. 4. In Fig. 5a, we depict the
logarithmic relationship between the concentration range of
thiram (10™* to 10" M) and SERS intensity at the 446 cm "
peak. Similarly, the logarithmic relationships between the
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concentration of thiram and SERS intensities at 560 cm?,
1150 cm™ ', and 1386 cm™ " are shown in Fig. 5b-d, respectively.
It is evident that the relationship between concentration and
intensity shows the highest linearity at the peak of 1386 cm ™7,
with a linear correlation coefficient reaching 0.99, while the
other peaks range from 0.74 to 0.94. The linear range is deter-
mined to be between 10~7 and 10~ ' M. The linear equation is
expressed as y = 8.18 + 0.64x, where x and y represent the log-
arithmic functions of thiram concentration and SERS intensity,
respectively. Based on the derived linear equation, the LOD
value of the Paper/Ag-d chip substrate is calculated to be 7.76 x
107" M (detailed information on the LOD calculation is
provided in the ESIT). Thus, the sensitivity of Paper/Ag-d chips
for thiram detection far exceeds the allowable maximum
concentration limits for thiram in food, which range from
4.16 x 10~%t0 2.08 x 10~° M. With such remarkable sensitivity,
the enhancement factor (EF) of the Paper/Ag-d chips was also
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Fig. 5 Logarithmic plots of SERS intensity versus thiram concentration at 446 cm™ (slope: 0.69 + 0.02, intercept: 8.27 + 0.05) (a), 560 cm™*
(slope: 0.25 + 0.03, intercept: 5.12 & 0.05) (b), 1150 cm™* (slope: 0.65 + 0.05, intercept: 8.12 + 0.05) (c), and 1386 cm™~* (slope: 0.64 + 0.05,

intercept: 8.18 + 0.05) (d).

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 36960-36969 | 36965


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07061e

Open Access Article. Published on 20 November 2024. Downloaded on 4/5/2026 5:56:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Table 1 Compare the performance of thiram detection using Paper/Ag-d chips with that reported in recent studies

Substrate Type of substrate LOD value EF value Ref.
Multi-branched gold nanostars Rigid 1.0 x 107 M 1.04 x 10° 39
Au@Ag nanocuboids (NBs) Rigid 8.0 x 10 "M 2.72 x 10° 40

AgNPs paper-based substrate Flexible 0.024 ppm (~9.98 x 10~% M) 4.02 x 10° 41
Ag/Au/ZnO/PVDF Flexible ~1.0 x 107 M 7.09 x 107 42
Paper-based Ag dendritic chips Flexible 7.76 x 107'' M 1.55 x 10° This work

calculated at a concentration of 10~ '° M, yielding a result of 1.55
x 108 a notably high value for a flexible SERS substrate
(detailed information on the EF calculation is provided in the
ESI, T where the 1386 cm ™' peak was selected for the calculation
due to its weak Raman signal observed in the thiram powder
sample, while demonstrating the strongest enhancement in the
SERS spectrum). This high EF is attributed to the Ag dendritic
structures, where Ag branches uniformly grow from the Ag core,
creating a dense array of hotspots not only among themselves
but also between branches from multiple cores. Table 1
compares the LOD and EF values of the Paper/Ag-d chips with
traditional rigid SERS substrates and emerging flexible SERS
platforms for thiram detection. Rigid substrates made from
metals or metal oxides are renowned for their high enhance-
ment factors due to electromagnetic field interactions in addi-
tion to the substrate material. Two complex nanostructures,
multi-branched gold nanostars®* and Au@Ag nanocuboids*®
on rigid substrates, demonstrate thiram detection limits of 1.0
x 107" M and 8.0 x 10~ " M, respectively, with EF values of
1.04 x 10° and 2.72 x 10°. Despite the Paper/Ag-d chips being
flexible and composed of paper (lacking the capacity to create
additional electromagnetic interactions between the nano-
materials and the substrate), their enhancement effect and EF
are comparable, even superior, to those of rigid SERS substrates
based on complex nanostructures. This highlights the efficacy
of fabricating Ag dendritic nanostructures on the paper
substrate. Furthermore, when compared to other flexible
substrates for thiram detection, the Paper/Ag-d chips exhibit
superior performance in both LOD and EF values. Therefore,
not only do they offer a simple and rapid fabrication method
with flexible usability, but the Paper/Ag-d chips also demon-
strate exceptional sensitivity.

The reliability of the Paper/Ag-d chips was evaluated based
on the parameters of repeatability and reproducibility. Given
that the Paper/Ag-d chips are fabricated with dimensions of 1 x
1 cm, assessing the uniformity of the SERS signals obtained
from the same substrate is essential. The repeatability is
determined by collecting SERS signals from five random points
on a single Paper/Ag-d chip while detecting thiram at
a concentration of 10~® M. The results are presented in Fig. 4b,
where the characteristic peaks of thiram are observed to appear
uniformly in both the scattering positions and intensities
across the selected points. Quantitatively, the relative standard
deviation (RSD) was calculated to be 3.48%, indicating excellent
repeatability of the Paper/Ag-d chips (detailed information on
the RSD calculation is provided in the ESIT). The reproducibility
is assessed by collecting SERS signals from five Paper/Ag-
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d chips, each prepared in separate batches following the same
protocol (described in Section 2.2) but executed five times,
resulting in a total preparation time of about 40 hours. The
SERS results for detecting thiram at a concentration of 10™° M
from these chips are displayed in Fig. 4c. The characteristic
signals of thiram also show uniformity in both intensity and
peak positions. The calculated RSD for reproducibility is 4.66%.
Thus, both the repeatability and reproducibility of the Paper/Ag-
d chips demonstrate very low RSD values, both below 5%, which
indicates a high level of reliability for the Paper/Ag-d chip
substrate.

3.3. Flexible paper/Ag-d SERS chips for detection of thiram
on pear skin using “paste and peel-off” technique

The practicability of the Paper/Ag-d chip substrate was assessed
by its ability to detect thiram on pear skin. This technique
leverages the substrate's flexibility, which facilitates bending and
ensures prolonged adhesion and direct contact with the sample
surface. We refer to this method as “paste and peel-off,” which
offers several advantages for field analysis, including non-
invasiveness, rapid execution, high accuracy, and minimal
interference from the sample matrix. Pear samples were spiked
with thiram at concentrations ranging from 107 to 10~ ** M and
were prepared for analysis. To enhance the extraction efficiency
of the analyte, ethanol was sprayed directly onto the target area of
the pear skin. The Paper/Ag-d chip was then applied (pasted) onto
the pre-treated pear skin and held in place for 30 minutes to
optimize thiram collection. After this period, the Paper/Ag-d chip
was carefully “peeled off” from the pear skin and was subse-
quently prepared for SERS analysis using a Raman spectrometer.
This analytical protocol was consistently repeated for each pear
sample containing varying thiram concentrations (Fig. 6a).

The detection results of thiram on pear skin using Paper/Ag-
d chips are illustrated in Fig. 6b. At a concentration of 107 M,
the SERS spectra obtained through the “paste and peel-off”
technique reveal distinct peaks at 446, 560, 1150, and
1386 cm ™', which are characteristic of thiram. Notably, no
interfering peaks from the sample matrix are observed. This is
crucial, as interference from unidentified molecules can
significantly compromise the desired signal in real sample
analyses. This finding underscores the high efficacy of the
“paste and peel-off” method utilizing Paper/Ag-d chips for
thiram detection. The molecular structure of thiram, which
includes multiple sulfur atoms, may enhance its interaction
with the dense silver nanoparticles on the Paper/Ag-d chips.
Clear signals for thiram are consistently detected across
concentrations ranging from 10 % to 10" M. Remarkably, even

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Protocol for the "paste and peel-off” technique for thiram collection on pear skin (a); SERS spectra of thiram obtained from Paper/Ag-
d chips collected on pear skin at concentrations ranging from 10" to 107*° M (b); comparison of SERS signals of thiram obtained using the “paste
and peel-off’ technique with standard solutions at concentrations of 10~ M (c) and 10~8 M (d).

Table 2 Practicability of Paper/Ag-d chips for thiram detection in pear skin using “paste and peel-off” technique

Samples Spiked (M) Detected at 446 cm ™" (M) Recovery at cm ™" (%) Detected at 1386 cm ™" (M) Recovery at 1386 cm ™" (%)
Pear skin 1077 9.40 x 10~® 94 1.05 x 1077 105

1078 1.03 x 1078 103 9.12 x 107° 91

107° 9.02 x 10 *° 90 9.44 x 10 *° 94

107 — — 9.10 x 10~ 91

at the low concentration of 10 ' M, the characteristic peak at
1386 cm ' remains detectable. By comparing the SERS inten-
sities obtained from pear skin with those from standard solu-
tions, the recovery values can be calculated. Fig. 6c¢ and
d present a comparison of the SERS spectra of thiram collected
from standard water samples and pear skin. The characteristic
peaks for thiram are clearly distinguishable and align closely in
both spectra, with similar intensity levels observed. Table 2
provides the recovery values at the two characteristic peaks
demonstrating the highest linearity between concentration and
intensity - specifically at 446 cm ™" and 1386 cm ™. The recovery
values are commendable, ranging from 90% to 105%, indi-
cating the excellent practicality of the Paper/Ag-d chips. Thus,

© 2024 The Author(s). Published by the Royal Society of Chemistry

the “paste and peel-off” technique has been successfully applied
to analyze thiram on pear skin, leveraging the flexibility and
high sensitivity of Paper/Ag-d chips.

4. Conclusions

We have successfully fabricated novel flexible paper-based Ag
dendritic chips by uniformly and densely integrating Ag
dendritic nanostructures onto the cellulose fibers of a paper
filter substrate using a facile one-step reduction method with
AgNO;. Three key parameters of the SERS sensor - sensitivity,
reliability, and practicality -were evaluated through the detec-
tion of the pesticide thiram. The Paper/Ag-d chips exhibited
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exceptional sensitivity, enabling thiram detection down to
concentrations as low as 7.76 x 10~ M, with a significant
enhancement factor reaching up to 10°. Furthermore, the
Paper/Ag-d chips demonstrated excellent reliability, with both
repeatability and reproducibility values consistently below 5%.
Notably, due to their flexibility, the advanced analytical tech-
nique known as “paste and peel-off” was successfully applied to
the Paper/Ag-d chips for the detection of thiram on pear skin,
yielding sharp recovery values ranging from 90% to 105%. With
numerous advantages, including a straightforward and efficient
fabrication process, superior sensitivity, outstanding reliability,
and excellent practicality, Paper/Ag-d SERS chips show great
potential for ultra-sensitive and accurate field analyses,
advancing the application of SERS techniques in real-world
scenarios.
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