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Abstract
Surface-enhanced Raman spectroscopy (SERS) microfluidic system, which enables rapid
detection of chemical and biological analytes, offers an effective platform to monitor various
food contaminants and disease diagnoses. The efficacy of SERS microfluidic systems is greatly
dependent on the sensitivity and reusability of SERS detection substrates to ensure repeated use
for prolonged periods. This study proposed a novel process of femtosecond laser nanoparticle
array (NPA) implantation to achieve homogeneous forward transfer of gold NPA on a flexible
polymer film and accurately integrated it within microfluidic chips for SERS detection. The
implanted Au-NPA strips show a remarkable electromagnetic field enhancement with the factor
of 9 × 108 during SERS detection of malachite green (MG) solution, achieving a detection limit
lower than 10 ppt, far better than most laser-prepared SERS substrates. Furthermore, Au-NPA
strips show excellent reusability after several physical and chemical cleaning, because of the
robust embedment of laser-implanted NPA in flexible substrates. To demonstrate the
performance of Au-NPA, a SERS microfluidic system is built to monitor the online oxidation
reaction between MG/NaClO reactants, which helps infer the reaction path. The proposed
method of nanoparticle implantation is more effective than the direct laser structuring technique.
It provides better performance for SERS detection, robustness of detection, and substrate
flexibility and has a wider range of applications for microfluidic systems without any negative
impact.
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS), as an ultra-
sensitive, noninvasive, and effective method, attracts substan-
tial research interest in the label-free detection of bio/chem-
ical analytes [1–3]. Recent days witness the trend to integ-
rate SERS-active nanoparticles or structures into microfluidic
chips to broaden their applications in biomedical diagnosis [4],
environmental monitoring [5], and food safety [6] in order to
make full use of the advantages of microfluidic devices such as
high sensitivity, high efficiency, and low cost [7]. Integrating
SERS into microfluidic systems also brings some challenges,
including how to assemble well-designed plasmonic nano-
particles into microchannels to ensure SERS sensitivity, repro-
ducibility, and reusability.

Integration approaches can be realized by external injec-
tion, built-in assembly, and in-situ fabrication [7], but most
of them have their pros and cons. For the external injec-
tion method, colloidal nanoparticles and analytes are simul-
taneously injected into microchannels and mixed to enhance
the Raman scattering signal, but nanoparticles are prone to
aggregate, resulting in lower SERS detection reproducibility
[8]. Built-in implantation/assembly method enables a con-
sistent high-resolution and large-scale SERS detection, but
this method greatly relies on lithography-based [9, 10] and
template-based [11, 12] techniques, suffering from low fab-
rication efficiency and expensive costs [13], calling for a fast
and affordable technique, to which regard laser structuring is
a good candidate [14, 15].

Direct laser structuring has been used to develop many
high-sensitive microfluidic SERS systems [16], offering vari-
ous flexible SERS-active interface fabrication routes. For
example, using laser-induced photoreduction, nanoparticles
can be synthesized in microchannels for SERS detection
with resolution as low as 10−10 mol l−1 [17]. Reduction-
produced SERS-active metal substrates can be further mod-
ulated by a linear polarized laser to improve SERS sensitivity
[18]. Nevertheless, laser-reduced nanoparticles are suscept-
ible to oxidization when exposed to air, which will affect
their service lifetime [19]. To broaden the material applic-
ability of laser-produced SERS substrates for reliable micro-
fluidics applications, direct laser scribing [20], laser writing
[21] and laser synthesis [22] methods are developed to integ-
rate various materials into microchannels. However, laser-
fabricated structures are difficult to be controlled into a homo-
geneous manner [23, 24], significantly limiting the improve-
ment of SERS sensitivity and reproducibility. Femtosecond
laser-induced forward transfer (fs-LIFT) enabling the prepar-
ation of a very homogeneous plasmonic nanoparticle array

(NPA) [25] may address this issue. The resolution of fs-LIFT-
formed plasmonic particles is as high as 40 nm and the fab-
rication scale can reach several millimeters, enough to meet
large-scale SERS detection applications [26], showing great
potential to be a substitute for other-technique built-in Raman-
active substrates [27] formicrofluidic SERS application explo-
sion after transferring into soft polymers.

In this study, we demonstrated the possibility of implanting
the uniform NPAs into a flexible polymer substrate using fs-
LIFT for microfluidic SERS detection. The NPA-based SERS
strips were developed to detect malachite green (MG) solu-
tion using both evaporative and liquid detection methods and
to evaluate SERS testing sensitivity and their detection limit.
Numerical simulation was conducted to reveal NPA electro-
magnetic enhancement introduced by surface plasmon reson-
ance, and the corresponding enhancement factor (EF) was cal-
culated. Furthermore, physical and chemical treatments were
used repeatedly to evaluate their stability and reusability of
as-prepared SERS strips. NPAs were integrated into a micro-
fluidic chip to execute an effective monitor of the in-situ redox
reaction. This work aims to prove femtosecond laser nano-
particle implantation to be an accurate, efficient, and flexible
approach to integrating SERS-active substrates with micro-
fluidic systems.

2. Materials and methods

2.1. Materials

Quartz glass wafers with a diameter of 10 mm and a thick-
ness of 0.5 mm were purchased from Yuanfeng Quartz
Products Co., Ltd. MG (C23H25ClN2) and Sodium hypo-
chlorite aqueous solution (NaClO, 5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Polydimethylsiloxane
(PDMS) film with a thickness of 500 µm was purchased from
ZhongkeMaterials Co., Ltd. Polyethylene terephthalate (PET)
film with a thickness of 10 µm was purchased from Toray
Industries, Inc.

2.2. Laser-induced implantation

Figure 1(a) illustrates the self-developed fs-LIFT device used
for implanting nanoparticles into the flexible substrate. A
femtosecond laser system (Light Conversion, PHAROS) was
used to generate the laser pulse with a duration of 290 fs, a
wavelength of 1030 nm, and linear polarization. The pulse
energy could be continuously adjusted with an attenuator
(Altechna PowerXP). The laser beam with an initial diameter
of 3 mm was focused to 96.2 µm by a convex lens with a

2

http://doi.org/10.1088/2631-7990/ad48e9


Int. J. Extrem. Manuf. 6 (2024) 045005 Y Hu et al

Figure 1. Femtosecond laser implantation of nanoparticle array on a flexible substrate. (a) Experimental device and (b) schematic of the
laser-induced forward transfer. (c) Preparation process and (d) SEM image of patterned Au islands on glass. NPAs fabricated under a
vertically (e) and (f) diagonally polarized laser pulse. (g) NPAs fabricated using a diagonally polarized laser pulse with different pulse
energies.

focal length of 150 mm (THORLABS). The coaxial camera
and illuminator were installed after a dichroicmirror for assist-
ance in focusing and positioning. The transparent donor with
patterned nanoislands was placed on and in contact with the
surface of the flexible receiver. After the laser irradiation, the
nanopatterns were transferred onto the flexible receiver, as
shown in figure 1(b). The gap distance between the donor and

receiver was controlled on a submicron scale to ensure the fab-
ricating accuracy. A 3-axis moving stage with a repositioning
resolution of <1 µm was used to move the sample. The lin-
ear polarization of the femtosecond laser is fixed along the
vertical (Y) direction. A manual rotating platform was util-
ized to change the angle between the specimen and the laser
polarization.
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2.3. Preparation of patterned nanoisland array

Figure 1(c) shows the fabrication process of a patterned gold
(Au) nanoisland array on a transparent donor. Au film with a
thickness of 50 nm was deposited on the quartz glass using
an electron beam evaporation system (Denton Explorer), then
etched by a focused ion beam (FIB, Zeiss Auriga) of 30 kV:
120 pA. The etching depth and width were adjusted via the ion
dose in the range of 0.4 nC µm−2 – 0.5 nC µm−2. Here, the
etching length, width, and pitch were set to 21 µm, 150 nm,
and 400 nm, respectively. Nanoisland array with a side length
of 250 nm and scale of 50 × 50 was obtained to transfer, as
shown in figure 1(d). The design of the above array geometry
was based on a comprehensive consideration of fs-LIFT pro-
cess accuracy [28] and SERS detection performance.

2.4. Morphological characterization

The optical images of NPAs were collected by an optical
microscope (OLYMPUS) with the 20×, 50×, and 100×
objectives. Scanning electron microscopy (SEM, TESCAN
MAGNA) was utilized to capture the high-resolution images
under the UH-RESOLUTION scan mode with a beam energy
of 5 keV and an intensity of 30 pA. The PDMS was sputtered
with platinum for 15 s using a sputter coater (Quorum Q150T)
to increase the conductivity. The cross-section was cut by FIB
with a 30 kV: 20 pA gallium beam. The sectional and oblique
images of NPA were taken at a tilted angle of 54◦. The atomic
force microscope (AFM, Bruker FastScan Bio) was used to
scan NPA surface topography, and the AFM data were treated
with Gwyddion package.

2.5. Raman spectroscopy

The Raman detections were performed with a confocal Raman
microscope (inVia Qontir, RENISHAW) equipped with an
excitation laser of 532 nm wavelength and 32 mW peak power
(sample surface). The 532 nm wavelength was widely used in
the SERS detection of MG [19, 20, 29, 30], making mutual
performance comparison possible. The spectral measurement
range was set from 500 cm−1 to 2000 cm−1 via a diffrac-
tion grating of 1800 grooves mm−1. The laser power was
attenuated to 1% of the maximum. A 50× L objective lens
(N.A. = 0.5) was adopted to focus a spot with a diameter of
about 1.3 µm. The spectra were measured with an exposure
time of 1 s and an accumulation count of 10. The raw Raman
data were processed using WiRE software.

2.6. Numerical simulation

The optical field enhancement of the Au nanoparticles on
PDMSfilmwas calculated by the finite difference time domain
(FDTD) simulation. The FDTD model of NPA was simplified
into an individual nanoparticle with periodic boundary con-
ditions to save computing resources. The plane wave source
was adopted to simulate the Raman laser incidence [31]. The
parameters of Au were fitted from the experiment of Johnson
and Christy [32]. The refractive index of PDMS was set to

1.43 at 532 nm wavelength [33]. The simulation models were
depicted in the supplementary material. The FDTD simula-
tions were conducted using COMSL software.

2.7. Fabrication of microfluidic chip

The microchannel and microchamber were milled on a
60 mm× 25 mm× 2 mm quartz glass. The microchannel was
designed with a width of 2 mm and depth of 1 mm, while the
through-hole inlets, outlet, and microchamber were also fab-
ricated on the glass plane. After the mechanical processing,
the glass plate was thoroughly cleaned with alcohol and deion-
ized water using ultrasonic cleaning. Subsequently, the PDMS
substrate implanted with NPAs was bonded onto the glass
surface containing the microchannels using oxygen plasma
treatment [34].

3. Results and discussion

3.1. Preparation of NPA on flexible film

The nanoparticle implantation on PDMS film was conducted
using the fs-LIFT technique (figure 1(a)). After laser irradi-
ation, nanoislands jumped off the donor substrate and were
implanted into the flexible film, driven by the ultrafast laser-
excited thermal stress [35]. Meanwhile, the nanoislands con-
tracted to spherical nanoparticles because of laser heating, as
illustrated in figure 1(b). During this process, PDMS could
not be damaged by laser pulse irradiation because its abla-
tion threshold was higher than that of gold film [36, 37].
However, the plasmon resonances during the transfer pro-
cess caused the inhomogeneous field enhancement at the
array edge and severely increased the deposition deviation, as
shown in figure 1(e). A polarization-modulated method was
developed to tune the reflection of plasmonic resonance waves
and improve the uniformity of local field enhancement [28].
The printing accuracy of NPA was significantly improved by
tuning the laser polarization, as shown in figure 1(f). Then, the
effect of pulse energy on NPA morphology was investigated
(figure 1(g)), validating the reproducibility of the proposed
method.

The morphology and deviation of the NPA on PDMS
film were characterized in detail to evaluate its performance.
The surface morphology of the entire array was imaged in
figure 2(a). The nanoparticles were arranged in a square lat-
tice with a uniform pitch of about 400 nm, suggesting a high-
quality lattice plasmon resonances can be excited, as reported
by the previous study [38, 39]. Besides, the zoom-in view in
figure 2(b) presents the nanoparticles as a hemisphere, indicat-
ing that the particles were partially embedded in PDMS film,
which is also confirmed by the sectional view in figure 2(c).
Embedding nanoparticles into the flexible film is beneficial
to ensure good reliability. The arrangement pitch, position
deviation, and embedded depth, which determine the sens-
ing sensitivity and stability, were quantified, respectively. The
particle positions were obtained from figure 2(a) via an image
processing method. Then, a position-matching algorithm was
developed (figure S1) to calculate the arrangement pitch and
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Figure 2. Morphology and deviation of the printed nanoparticle array by tuning laser polarization. (a) SEM image of NPA on PDMS film,
(b) Zoom-in view, and (c) sectional view. (d) Arrangement intervals in X and Y directions of nanoparticles. (e) Position deviation and (f) its
dependence on the radial distance to the spot center (charted in (a)). The right axis of (f) plots the laser fluence gradient. (g) Surface
topography measured by AFM. (h) Embedded depth and (i) its distribution along the radial distance. The right axis of (i) represents the laser
fluence.

deviation distribution (a more detailed description is in sup-
plementary note S1). The arrangement pitches along the X
and Y directions were 382.5 nm and 395.3 nm, respectively
(figure 2(d)). The initial misalignment along the two directions
induced by the FIB process was about 1 nm [28]. Therefore,
the difference between pitch X and pitch Y is mainly caused
by the deformation of the flexible film during the adhesion
and peeling processes. As shown in figure 2(e), the mean
and maximum position deviations were 11.8 nm and 37.9 nm
(P = 99.73%), indicating that the mean deviation was only
3% of the array pitch. The position deviation increases with
the radial distance to the spot center figure 2(f), which was in
sync with the trend of the laser fluence gradient (right axis in
figure 2(f)), and can be explained by the fact that the jumping

behavior of the island is driven by the thermal effect related to
the laser fluence gradient [28].

Furthermore, the surface topography measured by AFM
exhibited a perfect height consistency as shown in figure 2(g).
The mean embedded depth is approximately 109.1 nm and
exceeds the particle radius of 90.7 nm (figure 2(h)), indicat-
ing more than half of the particle was embedded in PDMS.
Moreover, figure 2(i) demonstrates that the embedded depth
decreases significantly with the radial distance. The laser flu-
ence decreases along the radical direction for a Gaussian
profile (right axis in figure 2(i)), suggesting that the higher
laser fluence could result in the increase of embedded depth.
However, the excessive depth will weaken the plasmonic
enhancement of NPAs. Therefore, the embedded depth can

5



Int. J. Extrem. Manuf. 6 (2024) 045005 Y Hu et al

Figure 3. Surface-enhanced Raman scattering detection of low-concentration solution. (a) Test strip with NPAs on PDMS film. (b)
Schematic of evaporative detection of low-concentration solution. Raman spectra of (c) 10−5 mol·l−1, (d) 10−8 mol·l−1, and (e)
10−13 mol·l−1 MG solutions measured from different positions of NPA after being concentrated. The insets in (c) and (d) display the
concentrates on NPAs, and the detection positions are indicated with different markers. (f) Illustration of a liquid detection process. The
inset shows the different test regions in a top view. Raman spectra of MG solution with different concentrations on (g) NPA, measured from
liquid directly. (h) Variation of 1619 cm−1 peak intensities (charted in (g)) towards logarithmic concentration. (i) Raman mapping
(1619 cm−1 peak) of 10−11 mol·l−1 MG solution on NPA and PDMS areas. The scanning step is 3 µm in the X and Y directions.

be precisely controlled by the fluence to achieve a balance
between performance and lifetime.

3.2. Electromagnetic enhancement of Raman detection

Test strips were prepared by implanting the NPAs on the
PDMS substrate to test their SERS performance, as shown in
figure 3(a). The conventional evaporative detection of a low-
concentration solution was first adopted to characterize the

SERS sensitively, as illustrated in figure 3(b). The MG solu-
tion dropped on the SERS substrate is heated to evaporate and
concentrate, then searched and detected by a Raman micro-
scope. The Raman spectrums of concentrated 10−5 mol·l−1,
10−8 mol·l−1, and 10−13 mol·l−1 of MG solution are shown
in figures 3(c)–(e). The strongest characteristic peak of MG
is at 1619 cm−1 (figure S2(a)), indicating the different vibra-
tional modes of its phenyl ring [40]. The Raman spectrum of
the test strip, composed of PDMS and NPAs, exhibits a peak
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Table 1. Comparison in various microfluidic SERS substrates.

Integration methods Target analytes LOD EF References

External injection of Ag nanoparticles colloid Malachite green 1 ppb – 2 ppb — [41]
Laser-induced coreduction of Ag/Pd alloy
nanostructures

Rhodamine 6 G 10−9 mol·l−1 2.6 × 108 [19]

Laser scribing of Ag nanoparticles and
graphene oxide composites

Rhodamine 6 G 10−10 mol·l−1 8.9 × 108 [20]

Femtosecond laser direct ablation, selective
metallization, and inducing periodic surface
structure

Rhodamine 6 G 10 ppb 7.3 × 108 [18]

Direct laser writing micropillars, Au film
deposition, and capillary-force driven
self-assembly

Rhodamine 6 G 10−6 mol·l−1 8 × 107 [21]

aFemtosecond laser-induced nanoparticle
implantation

Malachite green 10−11 mol·l−1 (3.6 ppt) 9 × 108 This work

a The LOD of our SERS strip will be further reduced if used to detect rhodamine 6G because the LOD of rhodamine 6G is generally lower than that of MG
under the same testing condition [29, 30, 43].

at 1407 cm−1 (figure S2(b)). In addition, there is no addi-
tional overlap in the Raman spectra of MG and strip. Thus,
the 1619 cm−1 peak was monitored to confirm the existence
ofMG.As shown in figure 3(c), the concentrated 10−5 mol·l−1

MG solution could fully cover the NPAs. However, a signific-
ant difference in intensity appeared when Raman spectra were
used for inside and outside NPA detections. The 1619 cm−1

peak of MG on bare PDMS disappears entirely, as indicated
by the dotted box in figure 3(c). When the concentration was
lowered to 10−8 mol·l−1, only a few MG particles were ran-
domly distributed on the strip (figure 3(d)). The substances on
NPA can be detected clearly, while the spectrum acquired on
bare PDMS has no characteristic peaks, denoted by the dot-
ted box in figure 3(d). The Raman spectrum of a concentrated
10−13 mol·l−1 solution is presented in figure 3(e). Because of
the tiny size and uneven distribution of MG concentrates, the
1619 cm−1 peak intensities exhibited a large variation under
repeated testing. Moreover, the 1 619 cm−1 peak overlapped
with the 1594 cm−1 peak, causing a left shift of the peak posi-
tion (figure 3(e)). Themean peak intensity decreased to around
90, which is slightly above the testing noise, so we concluded
the limit of detection (LOD) of NPA-based SERS strips was
10−13 mol·l−1 (MG) using the evaporative detection method.

The above-described method makes quantifying the solu-
tion concentration difficult because of the random distribution
of solution concentrate, which inspired us to develop a direct
liquid detection method using the NPA strip, as demonstrated
in figure 3(f). The PDMS film was attached to a glass slide for
easier operation. Two PET tapes with a thickness of 10 µm
were stuck on both sides of NPAs. 5 µl solution was then
dropped on the SERS strip, and another glass slide was placed
on the PET tapes to disperse the droplet evenly on NPAs,
which was then used for a Raman test. Figure 3(g) shows the
Raman spectra forMG solutions with different concentrations.
The intensity of the 1619 cm−1 peak declined continuously as
the concentration went down. Under this condition, the LOD
of MG solution is about 10−11 mol·l−1 (figure S3) and close
to 3.6 ppt, much lower than the previous microfluidic SERS
substrates [18, 21, 41, 42], as compared in table 1. Moreover,

the LOD of our SERS strip may be further reduced if used to
detect rhodamine 6G [29], which was widely used in SERS
detections.

The LOD of bare PDMS substrate is only 10−5 mol·l−1

(figure S4). Then, the EF of the liquid detection is calculated
as 9 × 108 (a more detailed description is in supplementary
note S2). Besides, the liquid detectionmethod notably reduced
the assay time of low-concentration solution to only minutes
without evaporation and concentration. The most prominent
advantage is the ability to quantify the solution concentra-
tion due to the uniform field enhancement of NPAs. As shown
in figure 3(h), we fitted the dependence of 1619 cm−1 peak
intensity on the logarithmic concentrationC in figure 3(g). The
peak intensity I increases exponentially with log10C, which
could be perfectly fitted by I= a exp(b log10C)+ c. The fit-
ting coefficients are a= 1.185× 105, b= 1.163, c= 81.04,
respectively. The above approach can assist the Raman test to
determine the solution concentration efficiently. As the con-
centration decreases, the relative standard deviation of the
detected peak intensity tends to be 12% (figure S5), con-
sistent with the previous publication [44]. These data sug-
gest the detecting error will not expand further at an ultra-
low concentration. In addition, the scanning Raman mapping
(1619 cm−1 peak) of 10−11 mol·l−1 MG solution exhibited a
significant intensity enhancement on NPA compared to bare
PDMS substrate without nanoparticle implantation, as shown
in figure 3(h). These results demonstrate the high sensitivity
and reproducibility of our NPA-based SERS substrate.

The FDTD simulation was conducted to reveal the elec-
tromagnetic enhancement of NPA in SERS detection. The
particle diameter, embedded depth, and arranged pitch were
obtained from figure 2. The flat-top laser beam with a
wavelength of 532 nm was adopted to illuminate NPA. The
incident laser was linearly polarized along the X direction. The
surface distributions of the normalized electric field intens-
ity |E|2/|E0|2 were extracted in different planes (illustrated
in figure S6) and charted in figures 4(a)–(f). Because of
the strong coupling between the adjacent nanoparticles, the
incident laser is trapped within the NPA plane, causing the

7



Int. J. Extrem. Manuf. 6 (2024) 045005 Y Hu et al

Figure 4. Plasmonic field enhancement of nanoparticle array. Enhanced distribution of normalized electric field intensity |E|2/|E0|2 in the
(a) XZ, (b) XY, and (c) YZ planes of NPA excited by a 523 nm wavelength and linearly polarized laser. The inset in (a) shows the array
geometry. Enhanced distribution of |E|2/|E0|2 in the (d) XZ, (e) XY, and (f) YZ planes of a single nanoparticle excited with the same laser
source. The inset in (d) exhibits the simulation model. Enhanced field profile |E|/ |E0| along the X axis in XY plane with different (g)
arrangement pitches, (h) particle radii, and (i) embedded depths.

significant enhancement of the local optical field neat each
nanoparticle [9]. The field enhancement was primarily concen-
trated in the area of more than 10 nm away from the particle
surface, as illustrated in figure 4(b). A dipolar lattice mode
was exhibited in NPA, which is consistent with the previous
studies [38, 39]. Moreover, compared with the perpendicular
direction, the field intensity along the polarization direction
of the excited laser was stronger (figures 4(a) and (c)). This
directionality enhancement has a potential application in the
polarized optical spectrum for anisotropic materials [45]. As
a comparison, the field enhancement of a single particle also
appeared on the particle surface along the polarized direction
(figures 4(d)–(f)), but its magnitude is much lower than that

of NPA. These results directly evidence the effect of localized
surface plasmon resonance on electromagnetic field enhance-
ment in NPA. When the analyte molecules are adsorbed onto
the nanoparticle surface, their Raman scattering signals are
amplified due to a strong localized optical field. Thus, the uni-
form electric field enhancement in NPA ensures a high sensit-
ivity of SERS detection in low concentration solution.

The geometric deviation of NPA is inevitable due to the lim-
itation of processing accuracy, which prompted us to invest-
igate the effects of printing deviation on field enhancement.
The linear profiles of the electric field intensity |E|/ |E0| along
the X-axis in the XY-plane, illustrated by the dotted black
line in figure 4(b), are shown in figures 4(g)–(i). Compared
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with the single particle, the enhancement of nanoparticles
was more pronounced (figure 4(g)). The enhancement dif-
ference between profiles with various pitches p is negligible
(figure 4(g)), suggesting the enhancement is insensitive to
pitch deviation in 10 nm. This inference is also supported
by the profiles in the XZ plane (figure S7(a)). The field pro-
files of different particle radii were not coincident, as illus-
trated in figure 4(g). The enhancement is strongest for a radius
of 91 nm, which is the most desired value for our purpose.
The variation of maximum |E|/ |E0| was smaller than 0.5
(figure 4(g)) when the radius deviation was less than 10 nm.
Whereas the maximum etching error of FIB processing is
<8 nm [28], indicating the influence of radius deviation is
inappreciable. We also noticed that the enhancement went
down rapidly as radius r increases (figure S7(b)). Additionally,
the maximum |E|/ |E0|will be delocalized when the radius r is
too large. The surface area of each particle would also expand
with the increasing r. Thus, a remarkable enhancement reduc-
tion of the NPA with a sizeable r will not be expected. As
the embedded depth h varies, the difference between |E|/ |E0|
profiles in the XY-plane is also inconspicuous (figure 4(i)),
although the increasing depth h resulted in an overall decrease
in |E|/ |E0| in the XZ-plane (figure S7(c)). The enhancement
will be reduced to nearly zero if the nanoparticles are fully
buried in PDMS. Thus, the h value should be slightly higher
than r value to reach an outstanding detection enhancement
and reliability.

3.3. Stability and sensitivity of repeated SERS detection

The NPA-based SERS strips were cleaned and used repeatedly
to test their stability and sensitivity. The strips fabricated with
different laser energy were subjected to successive 2 min of
rinsing, 7 h of soaking in deionized water, 5 min of ultra-
sonic cleaning, and 10 min of drying at 65 ◦C, as shown
in figure 5(a). After the continuous treatments, a few nan-
oparticles fell off the PDMS substrate due to their smaller
embedded depth under a lower laser fluence, as shown in
figure 5(b).When the pulse energy exceeds 7.55 µJ, the micro-
scopic morphology and alignment consistency of NPA will
not be damaged by the above-mentioned cleaning, as shown
in figure 5(c), indicating a reusable feature of our SERS strip.
The MG may stay on the array surface (figure 5(d)) and can-
not removed by a prolonged washing (figure 5(e)). We found
that the oxidizing reagent could clean the MG residues via the
redox reaction. Figure 5(f) shows the Raman spectrum tested
by a used SERS strip after soaking in 5% NaClO solution for
5 min, where all the characteristic peaks of MG disappeared
entirely. Therefore, a protocol for reusing the nanoparticle test
strip was developed, as demonstrated in figure 5(g). The work-
flow is as follows: ¬ soak the used strip in 5%NaClO solution
for 5 min to cleanMG residues; ­ ultrasonic clean with deion-
ized water for 10 min to remove NaClO; ® dry at 65 ◦C to
accelerate the decomposition of NaClO residues; ¯ re-add the

MG solution;° carry out the Raman test. An alternative detec-
tion method of high and low concentrations (10−6 mol·l−1

and 10−11 mol·l−1) of MG solutions was performed to invest-
igate the sensitivity variation. As shown in figure 5(h), the
1619 cm−1 peak intensities obtained after a dozen replicates
were precisely coincident, even if the solution concentration
has five orders of magnitude differences. Besides, the relat-
ive standard deviation (figure 5(i)) also did not vary conspicu-
ously, undergoing our continual repeats.

Generally, the analyte residue is tough to remove alto-
gether for the common SERS substrates because their micro-
nano structures are irregular and highly fragile [46]. A long
time of physical and chemical cleaning will destroy the plas-
monic enhancement and weaken the detecting sensitivity.
The reasonable embedded depth of each nanoparticle and
the smooth topography of the entire array make our SERS
strip stable and reusable while maintaining a high sensitiv-
ity, which could not be achieved by the direct laser structuring
approaches.

3.4. In-situ reaction monitoring in microfluidic chip

Thanks to the high stability and sensitivity, the SERS strip was
combined with the microfluidic chip to detect chemical reac-
tions online. The designed microfluidic SERS chip consists
of a glass plate etched with microchannel and microcham-
ber and a PDMS film embedded with NAPs (figure 6(a)).
The microfluid chip is placed on the moving stage of Raman
microscope. The NPAs can be observed through a view-
ing window on the microchamber (figure 6(a)). The micro-
fluidic device is presented in figure 6(b). Two injectors are
used for storage and infusion of the reaction liquids. The
MG and NaClO solutions are injected through the inlets
on both sides and mixed in the middle reaction cham-
ber through the microchannel. The variation of substances
during the redox reaction will be captured by the SERS
spectrum.

Figure 6(c) presents the Raman spectra of MG and NaClO
solution with different proportions after a thorough reaction.
As the ratio of NaClO solution increases, the Raman intensity
exhibits a noticeable decline, indicating the MG concentration
of the mixture decreases after the reaction. The trend of the
1619 cm−1 peak intensity towards several ratio set-ups is plot-
ted in figure 6(d) (right axis). The corresponding MG concen-
tration is derived from the fitted equation (figure 6(d)). In addi-
tion, the temporal Raman spectra of a 1:1 ratio of MG/NaClO
were also measured, as shown in figure 6(e). The spectral
intensity decreases over time. The time dependence of MG
concentration in figure 6(f) demonstrates that the reaction rate
rapidly decreases with the reaction proceeding. Moreover, the
lower the NaClO proportion in the initial mixture, the more
slowly the redox will proceed. The 1619 cm−1 peak indicates
a vibration mode of three phenyl rings (figure 6(g)) [40]. A
possible reaction route between MG and NaClO is charted
in figure 6(g). Hypochlorite ion (ClO−) is produced from
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Figure 5. Reliability testing of nanoparticle array for SERS application. (a) Optical images of NPAs prepared with different pulse energies
after successive treatments: rinsing, soaking, ultrasonic cleaning, and drying. SEM images of the (b) damaged and (c) undamaged NPAs
after the above treatments. The enlarged areas are illustrated with the white box in (a). Raman spectra of residues on a used array
(10−6 mol·l−1 MG test) (d) before cleaning, after (e) ultrasonic cleaning for 25 min, and (f) soaking for 5 min with 5% NaClO solution.
(g) A schematic of the reuse process of the SERS strip. (h) Peak (1619 cm−1) intensity and (i) relative standard deviation of alternately
measured 10−11 mol·l−1 and 10−6 mol·l−1 MG solutions.
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Figure 6. In-situ monitoring of concentration variation during oxidation. (a) Schematic of the creation of a microfluidic SERS chip.
(b) Microfluidic device with SERS-active nanoparticle arrays. (c) Raman spectra for mixed solutions with different proportions of MG
(5 × 10−5 mol·l−1) /NaClO (1.5 × 10−4 mol·l−1) after a full reaction. (d) Variation of MG concentration and peak (1619 cm−1) intensity
(right axis) with several MG/NaClO ratio set-ups. (e) Raman spectra of mixed solution (MG/NaClO = 1:1) at different times. (f) Time
dependence of MG concentration with different mixing ratios. (g) MG geometry, phenyl ring vibration mode, and possible redox route
between MG+ and ClO−.

the reaction of NaClO and H2O, making the MG oxidation
degradation. The disappearance of 1619 cm−1 peak reveals
that the phenyl rings are completely destroyed within tens of
minutes during this redox process, which is different from the
electrochemical oxidation [47]. Overall, combining our NPA-
based SERS strip with themicrofluidic chip provides an effect-
ive approach to investigating the micro-reaction processes
online.

4. Conclusions

In summary, femtosecond laser-induced nanoparticle
implantation on flexible polymer film was used to fabric-
ate microfluidic SERS substrates with excellent sensitivity
and reusability. The uniformity and accuracy of printed NPA
on PDMS were remarkably improved using our polarization-
modulated method. The position deviation of nanoparticles

was reduced to 3% of the arrangement pitch, ensuring a sig-
nificant electromagnetic field enhancement introduced by the
surface plasmonic resonances. The implanted Au-NPA strips
were successfully used to quantify the MG solution of low
concentration directly and achieved a detection limit lower
than 10 ppt and enhancement factor exceeded 9 × 108, much
better than most microfluidic SERS substrates. Benefiting
from the uniform embedment of laser-implanted nanoparticles
on the flexible substrate, our SERS strips were highly robust,
difficult to damage through physical and chemical clean-
ing. The sensitivity and reproducibility were well maintained
after repeated SERS detection, exhibiting remarkable reusab-
ility that is impossible for most laser-prepared methods.
Eventually, NPAs were integrated into the microfluidic chip,
and the oxidation reaction between MG/NaClO reactants was
monitored online. Compared with other laser-prepared nano-
structures, laser-induced implanted nanoparticles on the flex-
ible substrate represented high consistency, robustness, and
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applicability. This paves a new way for high-performance and
low-cost microfluidic SERS detection.

In the future, we will focus on the multiple laser-induced
transfer technique for the same substrate to further enhance
plasmon resonance and improve SERS sensitivity.
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