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Abstract: Sensors integrated with sampling and analysis processes are the key in
analytical chemistry, environmental protection and national security. However,
achieving reliable and sensitive large-scale rapid screening of target analytes is still
challenging. Herein, we demonstrate a robust surface-enhanced Raman scattering
(SERS) sensor by constructing dense and uniform plasmonic hotspots on the flexible
Ti3CoTx MXene/graphene oxide (MG) fibers through a self-assemble strategy at the
oil-water interface. The produced SERS substrates exhibited an ultralow limit of
detection (LOD, 1x107'> M for R6G), outstanding sensitivity (EF = 1.53x10'%) and high
stability for R6G molecules (RSD = 9.47%, over 60 days storage). SERS experiments
and theoretical simulations suggested that acidified TisCoTx MXene further excited
charge-transfer (CT) resonance of the system, while the assembled Ag nanostructures
produced a large electromagnetic (EM) field enhancement. Thus, the fiber sensor not
only realizes the multiplexed and powerful detection of pesticide residues (LOD of 10°
1'M) with an error < 7.3% via an established concentration-dependent standard color
barcodes, but also allows the recognization of target molecules in a wide range of fields,
such as methylene blue, crystal violet and nikethamide. This work provides new
insights in the development of versatile label-free sensors for the rapid multiplexed

analysis of target molecules in real samples.
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1. Introduction

Accurate molecular-level detection of the target molecules in real-world scenarios
with good temporal and spatial scale is an end goal in a wide variety of fields ranging
from analytical chemistry to environmental protection [1-4]. Several traditional
techniques, including high-performance liquid chromatography (HPLC), gas
chromatography (GC)[5], and enzyme-linked immunosorbent assays (ELISAs)[6] ,
have been used to evaluate target analytes with high sensitivity and accuracy. However,
complex sample preparation methods and time-consuming analysis processes hinder
the detection efficiency especially in the simultaneous identification of
multicomponent analytes or large-scale screening[2]. Therefore, increasing efforts have
been invested in developing a faster, more accurate and facile strategy.

Surface-enhanced Raman scattering (SERS), as a sensitive and nondestructive
spectroscopic technique [2, 7-14] that avoids tedious sample preparation steps and time-
consuming analysis processes, has shown potential services in the fields of analytical
chemistry[ 15, 16], environmental protection[ 17, 18] and food safety[ 19]. In this context,
a variety of SERS sensors with high activity have been manufactured for the detection
of trace residues [20-23]. Compared to traditional rigid substrates, for instance,
emerging flexible SERS substrates can collect pesticide molecules from complex
surfaces by the swab sampling method[22, 24], and provide unprecedented efficiency
and convenience for SERS detection in real samples[25, 26]. For example, Chen[24] et
al. prepared an adhesive SERS tape for the rapid and sensitive detection of thiuram
from the surface of vegetables. Wei[27] et al. achieved an in-situ detection of pollutants
in fish scales by embedding SERS-active nanoparticles in a polymer film. However,
although great progress has been made in polymer- or paper-based flexible SERS
substrates, there are still several challenges to overcome. For instance, the low adhesion
between polymers and precious metal nanoparticles makes it difficult to assemble
plasmonic nanostructures on polymer surfaces. Although the embedded nanoparticles

within the matrix can be used to improve stability, the formed structures lead to a



mismatch between the molecule and hot spots [19, 28]. Thus, it is still a challenge to
fabricate a flexible SERS substrate with high sensitivity and stability in a large scale.

Two-dimensional (2D) transition metal carbides/nitrides (MXenes) have been
explored as building blocks for SERS sensors[29-33] due to their low production cost,
tunable electronic structure, and high carrier mobility [34-37]. MXene-based hybrid
platforms and multidimensional plasmonic systems overcome many inherent
limitations of SERS[38-40] and provide a new pathway towards practical sensing
applications. For instance, Xie[41] et al. designed composite SERS substrates of
MXene and Au nanorods for reliable and sensitive detection of organic pollutants.
Yang[31] et al. loaded MXene nanosheets on the surface of a colloid-assembled 3D
plasmonic nanostructures, enabling the detection of volatile organic compounds (VOCs)
in air. However, these substrates are usually nanoscale or rigid, and are therefore
difficult to apply for rapid in-situ sampling or large-scale screening. In our previous
work[42], TizC,Tx MXene and plasmonic Au nanoclusters have been assembled into
a flexible and highly reproducible SERS fibers. However, the low sensitivity and high
cost of produced substrates limited their broad applicability in multiplexed label-free
detection. Therefore, more efforts are needed to develop flexible Tiz3C.Tx MXene-
plasmonic nanoparticle composite SERS substrates with easy fabrication processes and
well-defined hot spots.

Herein, we propose a strategy of combining wet-spinning and oil-water interface
self-assembly method to construct flexible TizC,Tx MXene/graphene (MG) /Ag
nanoparticles (AgNPs) fiber sensor with excellent SERS performance for the efficient
multiplexed analysis of versatile target molecules. First, flexible MG fibers were
prepared by wet spinning, and subsequently the surface of fiber was activated by an
additional acidification process to improve the compatibility between the fiber and
plasmonic hotspots. Thus, the uniform AgNPs were attached onto the surface of MG
fibers by self-assembly at the oil-water interface for powerful SERS enhancement. As
demonstrated by the SERS experiments and theoretical simulations, due to the dense
electromagnetic hot spots of plasmonic nanostructures and the effective charge transfer

of MXene, the flexible fiber sensor showed ultralow detection limits (1x107> M for
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R6G), outstanding sensitivity (EF=1.53x10'?) and high stability (RSD=9.47%, stored
at room temperature for more than 60 days). Moreover, the rapid multiplexed sensing
of pesticide residues in fruit peels can be achieved with an error of less than 7.3% by
virtue of the standard color barcode constructed from SERS spectra of flexible fiber
substrates. Meanwhile, as a versatile label-free sensor, it also allows the recognization
of MB (an organic pollutant), CV (a fish drug) and NTA (a prohibited stimulant)

molecules in an efficient way.

2. Experimental Part

2.1 Materials

Rhodamine 6G (CsH31N203Cl, >99.0%), thiram (CsHi2N2S4, >99.9%) and
thiabendazole (CioH7N3S, >99.9%) were purchased from Aladdin. Silver nitrate
(AgNO3, >99.99%), cyclohexane (C¢Hi2,>99.99%), hydrochloric acid (HCL, 36~38%),
nitric acid (HNO3, 65%~68%), graphite powder (C, >99.85%), sulfuric acid (H2SOs4,
95~98%), ethanol, calcium chloride (CaCl,, >96.0%), potassium bromide (KBr,
>99.9%), cetyltrimethyl ammonium bromide (Ci9H42BrN, CTAB, >99.9%), polyvinyl
pyrrolidone ((CsHoNO),, PVP, Mw=30000) and trisodium citrate (C¢HsNa3;O7, TSC,
>99.9%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). MAX phase TisAlC> powder (300 mesh) was purchased from Laizhou Kaiene
Ceramic Material Co., Ltd., and lithium fluoride (LiF, >99.0%) and pymetrozine
(C1oH11N50, >99.9%) were purchased from Macklin. Deionized water (homemade)
was used throughout all the experiments. All reagents and materials were used directly

without purification.
2.2 Preparation of MG and MG-Ox Fibers

MG fiber were prepared according to the previous report[43]. Briefly, graphene
oxide nanosheets prepared by Hummers method were mixed with MXene nanosheets
in a volume ratio of 1:9. The mixture was stirred at room temperature for more than 12
h and further centrifuged at 12500 rpm for 30 min to obtain a spinning solution (20

mg/mL). The spinning solution was extruded into a coagulation bath using a
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microsyringe pump and collected on the reel. Finally, the fiber was soaked in deionized
water for 12 h to remove excess impurities and dried at 60 °C under vacuum for 24 h.
For the preparation of MG-Ox fiber, MG fiber was first immersed in a mixed acid
solution of H2SO4 and HNO; with a volume ratio of 3:1 for 12 h and then washed and

dried by the above method. Finally, the MG-Ox fiber was obtained.
2.3 Synthesis of AgNPs

AgNPs of 38.7 £ 4.1 nm diameter were synthesized according to Frens method.
Typically, a mixture of 99 mL DI water and 1 mL of 0.1 M AgNO; was boiled in a
round bottom flask followed by quick addition of 4 mL (1 wt%) TSC solution. For
complete reduction of AgNOs3, the mixture was incubated for 1 h and then cooled to
room temperature naturally. Finally, the excess surfactant was removed by
centrifugation at 6000 rpm for 10 min. To prepare AgNPs capped with different
functional groups, 1 mM aqueous solutions of KBr, TSC, PVP and CTAB were
prepared. Then, the modified AgNPs were mixed with the above solutions in a 1:1
volume ratio and stirred at room temperature for 6 h. Finally, the AgNPs capped with
different functional groups were separated from excess ligands/surfactants by

centrifugation at 6000 rpm for 5 min and redispersed in ethanol solution for further use.
2.4 Assembly at the Oil-water Interface

AgNPs were assembled on the surface of MG-Ox fiber by an oil-water interface
self-assembly technique. Briefly, a certain amounts of DI water and cyclohexane were
added to a beaker to form an oil-water interface. MG-Ox fiber and 20 ml AgNPs were
added to the oil-water mixture. After slowly adding a few drops of ethanol, the AgNPs
spontaneously assembled on the fiber surface. For comparison, AgNPs were also

transferred onto the Si wafer through a drop-casting method.
2.5 SERS Experiment

A series of R6G ethanol solutions (from 10 M~10"® M) were used as probe
molecules to study the SERS performance. In a typical process, 20 pL of R6G solution

was dropped on the fiber surface, and a SERS test was performed after natural drying.
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An Alpha300R confocal Raman microscope (WI Tec) equipped with a 532 nm (power
= 0.1 mW) laser was used to collect Raman signals. The acquisition time was 15 s, and
all SERS spectra were measured 3 times from at least 5 different positions of the
samples to reduce the error. The same test method and parameter settings were also
used in the detection of thiram, thiabendazole and pymetrozine ethanol solutions.

In the proof-of-concept experiment, 100 uL of pesticide solution in ethanol was
first sprinkled on the peach and winter jujube and dried at room temperature. The
flexible fibers stained with ethanol were wiped on the peel surface several times to
collect pesticide residues. Finally, the fibers were dried at room temperature, and SERS

spectra were measured by Raman microscopy.
2.6 Characterization

The morphology and structure of the fibers and AgNPs were examined with
scanning electron microscopy (SEM, Verios G4, 5 kV). An X-Pert PRO X-ray
diffractometer (Cu Kal, A=0.154 nm) was employed to detect and analyze the crystal
structure of the samples. To clarify the optical performance of the samples, UV—Vis
spectroscopic measurements were performed with a TU-1810PC UV—vis spectrometer
(Persee, Beijing). Moreover, a zeta potentiometer (Zeta Sizer Nanozs, Malvern) was
used to measure the zeta potential of MXene and the capped AgNPs with different
functional groups. X-ray photoelectron spectroscopy (XPS, Thermo Scientific TM K-
Alpha TM+ spectrometer) equipped with an Al Ka X-ray source was performed to
characterize the valence state of each element, and all peaks were calibrated with the

C1 s peak binding energy at 284.8 eV.
2.7 Finite Element Method Electromagnetic Simulation

The electromagnetic field simulation was run in the COMSOL electromagnetics
module. The incident wavelength was defined as 532 nm, and the dielectric constant
and refractive index of all materials were provided by the software. The positions of
AgNPs were set at the vertices and the center of the hexagon and parallel with the

MXene nanosheets. All outside boundaries were regarded as perfectly matched

7



boundary layers (PMLs) to achieve absorbing boundary conditions, and ultrafine grids

were used to improve the calculation accuracy.
2.8 First-principles Calculations

Density functional theory (DFT) was employed to investigate the band structure
and electronic properties of MXene using the CASTEP program in Materials Studio.
During the calculation process, the Perdew-Burke-Ernzerhof (PBE) functional in the
generalized gradient approximation (GGA) was used to describe the exchange-
correlation energy and the boundary conditions. The cutoff energy of the plane wave
was chosen as 500 eV, and Monkhorst-Pack vector grid k-points were set to 6 X6 X2,
The convergence tolerance for the total energy of the system was set to 10 eV/atom,

and the force acting on each atom was less than 0.03 eV/A.

3. Results and Discussion

MG fiber with high flexibility was prepared through the wet-spinning method
according to previous work[43]. Figure 1a shows a typical MG-Ox fiber fabrication
process. In the first step, few layers of MXene nanosheet (2.94 nm) with high
crystallinity (Figure S1) were synthesized by selective etching of Al in Tis AIC, (MAX
phase). However, due to the weak interlaminar force between the nanosheets, pure
MXene are difficult to assemble on the fiber with high flexibility and a meter-scale
length. With this in mind, graphene oxide (GO) was used as templates to promote the
spin ability of Ti3C,Tx MXene due to its excellent liquid crystal properties. However,
excessive GO additions can lead to a decrease in SERS performance (Figure S2).
Therefore, we have chosen a GO addition of 10 wt% to balance the spinning and SERS
performance. Briefly, the formed spinning solution from MXene/GO (MG) hybrid
nanosheets were shaped by a 26 G microneedle during the wetting spinning process,
and subsequently the as-synthesized MG fiber was solidified in a coagulation bath and
collected on the reels continuously. The produced MG fiber demonstrated an excellent
flexibility under the action of combined the ionic bonds and van der Walls forces

between nanosheets, making it a good candidate for flexible SERS sensor. To assist the
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self-assembly of AgNPs on MG fiber at the oil-water interface and enhance their
interfacial bonding force, an additional acidification step was used to modify the MG
fiber. After the treatment of the MG fiber by a mixed solution of HoSO4 and HNOs3,
acidified MG fiber (MG-Ox) were fabricated. Figure 1b and ¢ shows the surface
morphology of MG fiber before and after acidification. Compared to the MG fiber, a
clearer axial alignment of MG nanosheets and deeper grooves can be observed on the
surface of MG-Ox fiber, which endows the different assembled nanostructure of AgNPs

and their corresponding SERS performance [7, 44].
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Figure 1. (a) Schematic illustration of the of MG-Ox fiber by wet spinning and acidification
methods. SEM images of (b) MG and (¢) MG-Ox fibers, and their corresponding XPS survey spectra
(d) and high-resolution C1 s spectra (e). (f) UPS spectra of MG and MG-Ox fibers. (g) Raman
signals collected from 1x10° M R6G on the surfaces of MG and MG-Ox fibers respectively. Inset

in (b): the digital image of flexible MG fiber bended by hand.

X-ray photoelectron spectroscopy (XPS) was used to reveal the atomic chemical

valence and bonding configurations of the MG and MG-Ox fibers. As illustrated in



Figure 1d and Table S1, the total XPS spectrum collected on the surface of fibers
shows variation in the individual elements before and after acidification. Compared to
the MG fiber, the contents of C and O elements in MG-Ox fiber increases from 13.95
At% and 19.90 At% to 32.51 At% and 36.87 At% respectively, while the content of Ti
and F decreases from 42.19 At% and 23.96 At% to 19.14 At% and 11.48 At%. It
indicates that the acidification process introduces a large number of oxygen-containing
functional groups on the surface of MG fiber and replaces part of the original F group
[35, 45]. These results are further supported by the shifting of the d (002) peak from
7.4° to 5.5° in the XRD spectra of MG and MG-Ox fibers (Figure S3), in which the
introduction of oxygen-containing functional groups increases the interplanar
spacing[37]. Figure 1e illustrates a comparison of the high-resolution XPS spectra of
C1 s of MG and MG-Ox fibers. The C1 s peaks from both samples can be de-convoluted
into C=C, CH/CO and O=C-O bonds at 284.8, 285.8 and 287.6 eV respectively.
Compared with MG fiber, the intensity and area of the O=C-O peak of MG-Ox
substantially increase, as verified by the high-resolution XPS spectra of O1 s (Figure
S4 and Table S2). It enables the surface of MG-Ox fiber to be more reactive for the
assembly of dense plasmonic hotspots.

Moreover, UV photoelectron spectroscopy (UPS) was used to calculate the work
function of MG and MG-Ox fibers. As shown in Figure 1f, the introduction of oxygen-
containing functional groups reduces the work function of MG fiber from 4.39 to 4.08
eV, resulting in the charges more easily transferred from MG-Ox surface to the target
molecules [32, 46]. To make this change clear, 1 X 10° M Rhodamine 6G (R6G) was
used as a SERS probe molecule to investigate the SERS performance of MG and MG-
Ox fibers. As demonstrated in Figure 1g, the Raman signals collected from MG-Ox
fiber exhibit remarkable SERS effects whereas the Raman signals of the MG fiber are
very weak for R6G. These exciting results display that the introduction of oxygen-
containing functional groups not only increases the chemical activity of the fiber but
also enhances the charge transfer (CT) ability and improves the SERS performance.

The AgNPs with an average diameter of38.7 £4.1 nm (Figure S5) were employed

to construct plasmonic nanostructures on the MG-Ox fiber surface by a self-assembly
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approach at the oil-water interface, where the localized surface plasmonic resonance
(LSPR) peak of AgNPs was found at around 421 nm (Figure S5a). Generally,
monolayer Ag nanostructures can be fabricated at the cyclohexane/water interface
based on the Marangoni effect[47] (Figure S5b) where the dispersed AgNPs in ethanol
solvent can spontaneously rise from the bottom of the aqueous phase and accumulate
at the oil-water interface due to the interfacial tension gradient, and produce a densely

packed AgNPs plasmonic nanostructures (see details in the Experimental Part).
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Figure 2. Construction of plasmonic hotspots on the fiber surface via self-assembly at the oil-water
interface. (a) Schematic illustration of self-assembled AgNPs on the surface of MG-Ox fiber. (b)
SEM image of MG/AgNPs fiber and (c) their corresponding high magnification images of Ag
assembled nanostructure and almost no AgNPs, which are circled by yellow and red rectangles,
respectively. (e) and (f) are the EDS mapping of (b) for Ag and Ti elements. (g) XRD pattern of
MG/AgNPs fiber.

Figure 2a illustrates the schematic fabrication of the assembly process of the
AgNPs on the surface of MG-Ox fiber, where the fiber can be used to stabilize and

provide sites for the self-assembly of AgNPs. As a result, a Janus MG/AgNPs fiber
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substrate was fabricated at the oil-water interface (Figure 2b). In bottom side at water
phase, the dense and homogeneous AgNPs assembled on the surface of the fiber
(Figure 2¢) while almost no AgNPs were anchored on the upside of the fiber immersed
in cyclohexane solution (Figure 2d). The formed Ag nanostructures on the MG fiber
are verified by the energy dispersive spectroscopy (EDS) mapping of Ag and Ti (Figure
2e and f). Thus, the formed Janus MG/AgNPs fiber substrate could be an excellent
candidate for SERS sensing because it not only improves the SERS signals for target
molecules via the strong electromagnetic field between the nearby AgNPs but also
reduces the cost of SERS substrate from the half-covered AgNPs. In fact, as shown in
Figure S6, full-covered AgNPs can be also constructed by multiple assemblies, which
suggests that this self-assembly method could tailor full-covered or Janus structures as
required. Furthermore, the XRD patterns of the partially covered AgNPs on the surface
of fibers present two new strong peaks at 38.21° and 44.5°, which match well with the
(111) and (200) facets of AgNPs (Figure 2g), further confirming the successful
assembly of AgNPs on the MG fiber. Moreover, the XPS was performed for the
MG/AgNPs-PVP fiber to analysis the binding of AgNPs and MG. As shown in Figure
S7a, compared to the MG-Ox fiber, the characteristic peak at 364.2 eV in the total
spectrum of the MG/AgNPs-PVP fiber was attributed to Ag 3d, suggesting the
successful binding of AgNPs and MG fiber. Furthermore, the high-resolution spectrum
of Ti 2p collected from MG/AgNPs-PVP fiber showed little change from MG-Ox
surface (Figure S7b), demonstrating that the interaction of AgNPs and MG fibers
mainly from electrostatic adsorption and no new chemical bonding created. This
conclusion was also supported by the high-resolution spectrum of Ag 3d collected from
MG/AgNPs-PVP (Figure S7c¢).

The type of surface functional groups on AgNPs is an important parameter for
tuning the density of plasmonic hot spots on the fiber surface since the electrostatic
effects of the functional groups determine the ability of AgNPs to assemble at the oil-
water interface and the binding force with the fiber surface. Therefore, to achieve the
best assembly strategy and the strongest plasmonic coupling, the assembly ability on

the fiber surface of AgNPs with different surface functional groups and SERS
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performance were investigated. As shown in Figure 3a-h, the SEM images clearly
show the assembly behavior of AgNPs with different surface functional groups (Br-,
trisodium citrate-TSC, polyvinyl pyrrolidone-PVP and cetyltrimethyl ammonium
bromide-CTAB) on the bottom surface of fibers within water phase, which are noted as
MG/AgNPs-Br, MG/AgNPs-TSC, MG/AgNPs-PVP and MG/AgNPs-CTAB fiber
substrates respectively. Due to the negative zeta potential for both Br-capped AgNPs (-
37.70 mV) and MXene (-42.01 mV) (Figure 3i), it is unfavorable for AgNPs to form a
continuous monolayer plasmonic nanostructure on the MG fiber due to electrostatic

repulsion.
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Figure 3. (a-d) SEM images of the bottom side of MG-Ox fibers functionalized by different groups
within water phase: (a) Br-, (b) TSC, (¢) PVP and (d) CTAB, and (e-h) their corresponding high
magnification images of typical areas in (a-d) circled by yellow rectangle, respectively. (i) Zeta
potential of MXene and AgNPs capped with functional groups. (j) SERS spectra of R6G collected
from the surface of MG, MG/AgNPs-Br, MG/AgNPs-TSC, MG/AgNPs-PVP and MG/AgNPs-
CTAB fiber substrates.

Thus, the sparse AgNPs are found on the surface of MG fiber (Figure 3a and e).
The same phenomenon can be observed for the assembly of TSC-capped AgNPs (-
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19.36 mV) on fiber in spite of some agglomeration of AgNPs (Figure 3b and f). In
contrast, PVP- and CTAB-capped AgNPs with positive zeta potential (21.31 mV and
47.93 mV, respectively) can form dense and continuous plasmonic nanostructures on
the fiber due to the effect of electrostatic adsorption between the MXene and those two
functional AgNPs (Figure 3c, d, g and h). As a result, the uniform AuNPs
nanostructures were aseembled on the surface of fiber substrate, which could provide a
powerful Raman signal enhancement for target molecules.

To verify the efficiency of formed substrates, the SERS spectra of 10®* M R6G
collected from the surface of those four capped-fiber substrates were explored. As
illustrated in Figure 3j, MG/AgNPs-PVP and MG/AgNPs-CTAB exhibit remarkable
SERS performance, whereas only weak SERS signals can be found in the other two
samples, indicating that the constructed AgNPs nanostructures on the fiber surface
provide a huge electromagnetic (EM) enhancement for target molecules. Interestingly,
although CTAB-capped AgNPs seem to form a denser film on the surface of MG-Ox
fiber, the resultant SERS substrate exhibits a lower sensitivity for R6G molecules,
compared to PVP-capped AgNPs (Table S3). This observation can be rationalized by
the presence of compact bilayer supramolecular structure of CTAB that hinders the
approach of R6G molecules to the surface of Ag NPs, thus affecting the photo-induced
charge transfer (PICT) between MXene and the analytes[33, 48, 49]. Therefore,
MG/AgNPs-PVP fiber is considered to be the optimal sample for building the high-
performance flexible SERS substrate, where the MXenen nanosheets within the MG
fiber could provide an additional signal enhancement of approximately 10> by PICT
apart from the EM enhancement from the AgNPs nanostructures. Considering the
flexibility and scalability of fiber substrate, MG/AgNPs-PVP fibers show great
potential for on-site rapid testing and chemical analysis.

To evaluate the SERS performance of the MG/AgNPs-PVP fiber, the universal
SERS probe molecule (R6G) was used as a model analyte. Figure 4a shows the SERS
spectra of R6G at different concentrations ranging from 1x10° M to 1x107"° M
collected from the fiber surface. Four typical Raman characteristic peaks at 612, 772,

1362 and 1648 cm™! could be clearly observed at each concentration, and the EF was
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calculated as 1.53x10'* (see details in Supporting Information Section 1).
Surprisingly, even at concentrations as low as femtomolar levels (10> M), 612 and
772 em’! characteristic peaks of R6G with excellent signal-to-noise ratios can still be
observed from the fiber surface (Figure 4b), which is much lower than most previous
reports [38-41]. Furthermore, the relationship between the intensity of the 612 cm
peak and the logarithm of the R6G concentration is highly correlated (Figure S8) with
0.991 correlation coefficient (R?) in the concentration range of 10°M to 1071 M. These
results illustrate that the MG/AgNPs-PVP flexible fiber has excellent detection
sensitivity and quantitative capability, providing favorable conditions for the wide
application of SERS substrates.

In addition to the outstanding sensitivity and quantitative capability, reliable
flexible SERS sensors also need high reproducibility and uniformity of Raman signals.
Figure 4c shows the SERS signals of R6G collected from 10 sites on five different
batches (2 sites for each batch) of MG/AgNPs-PVP fiber to explore their reproducibility.
The SERS signal of 10® M R6G on different batches of fibers only displays minor
fluctuations (Figure S9), which indicated the repeatability of fiber substrate. Moreover,
to further illustrate the uniformity of MG/AgNPs-PVP fiber, 612 cm™ peak intensities
(10% M R6G) of R6G molecules at 200 random points were collected by Raman
mapping in the 10x10 um? area (Figure S10). The statistical results show that the
relative standard deviation (RSD) of 9.47% is far lower than that of commercial
substrates and other reported flexible SERS substrates[41, 50, 51] (Figure 4d),
attributing to the uniform adsorption of target molecules on MG/AgNPs-PVP fiber
substrate [31, 52]. Moreover, the stabilities of MG/AgNPs-PVP fiber with different
storage time in air were also explored. From Figure 4e and S11, the MG/AgNPs-PVP
fiber maintains 83.7% signal intensity of fresh sample after 60 days of storage,
whereas the corresponding AgNPs-PVP colloids coated on SiO> only maintain 52.3%,
indicating that the produced AgNPs anchored on MG fiber have a longer service life.
This could be attributed to the additional CT effect provided by the acidified MG
substrate in the MG/AgNPs-PVP fiber, which buffers the deterioration in SERS

performance caused by the oxidation of AgNPs. These exciting results show that the
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MG/AgNPs-PVP fiber hold promise as a sensitive, reliable, and flexible SERS sensors
for practical applications.

a

o
o

—10* 102
o o 1366
107" 10
612 1649 1651

Intensity(a.u.)

Intensity(a.u.)
Intensity(a.u.)

612

600 900 1200 1500 1800 600 900 1200 1500 1800 600 900 1200 1500

Raman Shift(cm™') Raman Shift(cm™) Raman Shift(cm™)
d 100 —— MG/AgNPs-PVP fiber
AgNPs colloidals
- 83.7% - —— G fiber
2 3| e A
L) 3 80 <
- *a = —
= = 2 A
] 3 52.3% g
§ RSD=9.47% = <
- 60 E‘
= S A
AgNPs
—a—MG/AgNPs-PVP Fiber —J—».A.__WLA_,.J;_,W\__
L " L L " 40
0 50 100 150 200 ] 15 30 45 60 600 900 1200 1500 1800
Number Time (days) Raman Shift(cm™")

Figure 4. (a) SERS spectra of R6G molecules from 1x107 to 1x107"> M collected on MG/AgNP-
PVP fiber and (b) the corresponding enlarge view of 10715 M R6G. (c) Stability of Raman signals of
R6G located on MG/AgNPs-PVP fiber produced from five batches. (d) RSD of Raman signal
intensity at 612 cm™ of R6G collected from 200 random spots on fiber. (e) Attenuation of Raman
signal intensity at 612 cm™ versus storage time of MG/AgNPs-PVP fiber and their AgNPs-PVP
colloids. (f) SERS spectra of R6G collected from MG fiber, monolayer AgNPs nanostructure and
MG/AgNPs-PVP fiber. Note: For the facile comparison, the signal of R6G on the MG fiber in (f)
was amplified 10 times.

To explore the underlying SERS mechanism of MG/AgNPs-PVP fiber, the
enhanced Raman spectra of R6G (10 M) were collected from AgNPs colloids, MG
and MG/AgNPs-PVP fibers respectively. For R6G molecules, the peak at 612 cm™ is
attributed to the asymmetric mode (in-plane C-C-C ring, B2), while the peak at 1648
cm’! belongs to the symmetric mode (in-plane C-C stretching vibrations, A1) [32, 53].
According to the unified theory of SERS proposed by Lombardi[54], the Al mode
intensity can only be enhanced by the electromagnetic field enhancement (EM), while
the B2 mode intensity can be selectively enhanced through a charge-transfer (CT)
mechanism. In other words, the ratio of the relative intensities of peak B2 to peak Al

(Ig/14 for short) reflects the contribution of CT to the total Raman signal enhancement.
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As demonstrated in Figure 4f, the value of //14 for MG fiber > I5/14 for MG/AgNPs-
PVP fiber >Ip/14 for AgNPs colloids. It reveals that the SERS signal collected on
MG/AgNPs-PVP fiber is mainly from synergistic enhancement of produced AgNPs
nanostructure (EM) and the CT between MXene and R6G molecules (CM) [33, 48].
Here, the CT effect is further verified by the UV spectra of the mixture of MXene/R6G
and AgNPs/R6G with their corresponding R6G solution respectively. Figure S12
demonstrates that the main absorption peak of R6G mixed with MXene exhibited a red-
shift from 526 to 543 nm, whereas no shift was observed in R6G mixed with AgNPs. It
suggests that the contribution of AgNPs nanostructures to the Raman signal intensity
enhancement is mainly dominated by EM, while CT effect is almost deriving from
MXene nansheets within MG fiber. Thus, all results indicate that the Raman
enhancement mechanism of R6G molecules on MG/AgNPs-PVP fiber is derived from

the combined enhancement of EM and CT.
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Figure 5. (a) Electric field distribution of monolayer AgNPs nanostructure on MG fiber. (b) Band
structure of MXene. (c) Schematic illustration of the CT process between MG/AgNPs-PVP fiber

and R6G molecules.
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Furthermore, the distribution of the electromagnetic field generated by the
plasmonic nanostructures on the fiber was numerically simulated by FEM (see details
in Experimental Part). Figure Sa shows the hot spot distribution of AgNPs placed on
MG fiber under an incident field intensity of E4=1, where the strongest hot spots are
uniformly and densely distributed in the gaps of AgNPs nanostructures. Notably, the
intensity of the electromagnetic field at the "hot spot" is amplified by 38 times

(Emax=38). Since the contribution of EM to the enhancement factor (EF) can be

4
described as EF =~ |% , the EM contribution can be calculated to be 4.05x10’.
0

Moreover, the contribution of CT to EF was investigated by Herzberg-Teller rules

[54, 55]. According to Fermi’s golden rule, the electron transition probability rate can

be expressed as wlk=27n g(E)|H';|, where / is Planck’s constant, g(E)) is the

DOS of the substrate, and |H'y;| is the element of the matrix associated with the
HOMO and LUMO of the analyte and the energy levels of the SERS substrate. The
energy band structure and DOS of MXene were calculated by DTF as shown in Figure
5b and S13. MXene has abundant free electrons near the Fermi level, which provides
favorable conditions for CT resonance-enhanced Raman signals. Figure Sc
schematically illustrates the possible CT paths between MG/AgNPs-PVP fiber and
R6G molecules. The intermolecular transitions (pmol) and charge transfer transitions
(uct) could be thus happened under the illustration of laser light at 532 nm (2.33 eV),
due to the Fermi level of the MG-Ox fiber and AgNPs located at -4.08 and -4.26 eV
and the LUMO and HOMO of R6G placed at -3.40 and -5.70 eV (Figure 5c). These
effects enables the SERS signal of R6G substantially enhanced via the CT resonance
from intramolecular, substrate-to-molecular or molecular-to-substrate mechanism.
Furthermore, owing to the excellent electron acceptance and shuttling capability of
AgNPs, the produced substrate can effectively reduce reverse transfer, which further

increases the polarization tensor of the R6G molecule[56].
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Table 1. The LOD of Thiram in previously reported and this work

Material LOD with flexibility Ref.
PDMS-AgNRs 10" M Yes [22]
AuNPs Tape 2.6x10°M Yes [24]
Au@AgNPs-MOF 3.1x10° M No [21]
GO/AgNPs 5x10° M Yes [50]
AgNP@AgNW-PDMS 1070 M Yes [27]
AuNRs 10" M No [23]
MG/AgNPs-PVP 10" M Yes This Work

Pesticides and insecticides such as thiuram, thiabendazole and tymetrozine are
widely used in agricultural production to prevent pests. However, pesticide residues on
crop surfaces ingested by humans can cause severe health problems like cancer[57, 58].
Here, the limit of detection (LOD) and quantitative ability of MG/AgNPs-PVP fiber
was evaluated for thiuram, thiabendazole and tymetrozine molecules. Impressively, the
characteristic peaks of the three pesticides can be clearly identified in the concentration
range from 107 to 10"'M (Figure 6a-c), and the LOD is much lower than the
permissible limit (7 ppm, 2.9x 10° M) and other SERS substrates (Table 1). The
relationship between the intensity of the characteristic peaks and the logarithm of the
concentrations of three pesticides were fitted by a linear function with R? values of
0.981, 0991 and 0.972 (Figure S14) respectively. Thus, as shown in Figure S15a-c,
based on the wide detection ranges and accurate quantitative capability of MG/AgNPs-
PVP fiber, the positions and relative intensity of the respective characteristic peaks were
extracted from the SERS spectra of those three molecules, and subsequently the results
were converted into color barcodes (see details in Experimental Part). These color
barcodes are easier to read and understand than complex Raman spectra and are
expected to be combined with barcode scanners for the rapid screening of pesticide

residues.
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Figure 6. Label-free detection of flexible of MG/AgNPs-PVP fiber substrate. The SERS detection

of (a) thiuram, (b) thiabendazole and (c) pymetrozine molecules from 107 to 10™!! M. (d) Schematic

diagram of multiplexed pesticide detection from flexible MG/AgNPs-PVP fiber. SERS spectrum of

the mixed pesticides on the surface of (e) peach and (f) winter jujube. (g) The individual barcodes

for each pesticide and the superimposed barcodes for the mixed pesticides. The SERS spectra

collected from (h) methylene blue, (i) crystal violet and (j) nikethamide.

In agricultural production, mixed pesticides are often used to improve the killing

efficiency of pests, thus it critical to achieve the detection of multiple residues on the

crop surface. As a proof-of-concept test, bi-components of pesticide residues on fruit
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peels were used to verify the feasibility of MG/AgNPs-PVP fiber substrate for the
SERS detection. As demonstrated in Figure 6d, the flexible fiber can easily absorb
pesticide molecules from the surface of pesticides/ethanol solution moistened peels and
collect Raman signals with high sensitivity from the synergistic effect of the excited
charge-transfer (CT) resonance from MG fiber and large electromagnetic (EM) field
enhancement from assembled AgNPs.

For instance, SERS spectra of the mixed pesticides thiuram-thiabendazole (Figure
6e) and thiuram-pymetrozine (Figure 6f) were collected from peach and winter jujube
peels. The SERS signal of the mixed pesticides contains a large amount of molecular
fingerprint information and some unobtrusive vibrational signals which make it
difficult to achieve rapid multiplexed detection from the mixtures. To circumvent this
issue, the composition and concentration of each pesticide were used to construct color
barcode for analyzing the signal intensities of mixed pesticides (Figure S15 and Table
S4). By comparing the color barcode of each pesticide molecules, information on the
concentration and composition of the pesticide mixture can be easily obtained with the
error <7.3% (Figure 6g). Moreover, as a versatile label-free sensor, the flexible
MG/AgNPs-PVP fiber can also recognize target molecules in a wide range of fields
with excellent quantitative capabilities (Figure S16), such as methylene blue (MB, an
organic pollutant, Figure 6h), crystal violet (CV, a fish drug, Figure 6i) and
nikethamide (NTA, a prohibited stimulant, Figure 6j). With the construction of more
standard color barcodes, the produced flexible MG/AgNPs-PVP fiber is expected to

serve as powerful SERS sensors for the rapid analysis in real samples.

4. Conclusion

In conclusion, we developed an unique oil-water interface self-assemble strategy
to construct a label-free flexible SERS sensor for the rapid multiplexed analysis of
versatile target molecules. As shown by the SERS experiments and theoretical
simulations, MG/AgNPs-PVP fiber substrate exhibited a low detection limit (1x107*°

M), outstanding sensitivity (EF=1.53x102) and high stability (RSD=9.47%, over 60
21



days for storage at RT) for R6G molecules, owing to the dense and uniform
electromagnetic hot spots from AgNPs nanostructures and the effective CT of MG fiber
and R6G. Moreover, by virtue of the flexibility and scalability of fiber substrate, rapid
multiplexed sensing of pesticide residues in fruit peels can be achieved with an error
<7.3%. Meanwhile, the standard color barcode library was constructed by SERS spectra
related to pesticide molecular concentrations to support rapid screening of a large range
of real samples. Moreover, the constructed fiber sensor also demonstrates a versatile
capacity for detecting of other industrially relevant compounds, such as MB, CV and
NTA. We envision that this work could provide new insights into the design and
fabrication of high-performance flexible SERS sensors for multiplexed label-free
detection and demonstrate the potential of SERS technology for large-scale rapid

screening in real world scenarios.
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