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Abstract

Surface-enhanced Raman scattering (SERS) platform, which enables trace analyte detection,
has important application prospects. By structuring/modifying the surface of the SERS
substrate, analyte in highly diluted solutions can be concentrated into localized active areas for
highly sensitive detection. However, subject to the difficulty of the fabrication process, it
remains challenging to balance hot-spot construction and the concentration capacity of analyte
simultaneously. Therefore, preparing SERS substrates with densely ordered hot spots and
efficient concentration capacity is of great significance for highly sensitive detection. Herein, we
propose an Ag and fluoroalkyl-modified hierarchical armour substrate (Ag/F-HA), which has a
double-layer stacking design to combine analyte concentration with hotspot construction. The
microarmour structure is fabricated by femtosecond-laser processing to serve as a
superhydrophobic and low-adhesive surface to concentrate analyte, while the anodic aluminium
oxide (AAO) template creates a nanopillar array serving as dense and ordered hot spots. Under
the synergistic action of hot spots and analyte concentration, Ag/F-HA achieves a detection
limit down to 10~7 M doxorubicin (DOX) molecules with a RSD of 7.69%. Additionally,
Ag/F-HA exhibits excellent robustness to resist external disturbances such as liquid splash or
abrasion. Based on our strategy, SERS substrates with directional analyte concentrations are
further explored by patterning microcone arrays with defects. This work opens a way to the
realistic implementation of SERS in diverse scenarios.
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1. Introduction

The detection of analytes in highly diluted solutions is a signi-
ficant area of research and application, encompassing blood
testing [1], food safety [2], and environmental monitoring
[3], where high detection sensitivity for weak signals is
required. Surface-enhanced Raman scattering (SERS) is an
effective method for material characterization, which has been
widely employed for molecular detection at low concentra-
tions. By constructing metallic plasmon hotspots [4-6], loc-
alized surface plasmon resonance is excited under irradiation
to achieve near-electric field enhancement [7]. The conven-
tional approach for signal amplification involves construct-
ing periodic metallic nanoarrays with nanogaps. Subsequently,
immersing the SERS substrate in the diluted solution enables
analytes to freely diffuse to the hot spot. In this way, the
Raman signal is amplified under the action of the near-electric
field. However, molecular diffusion consumes a large amount
of time, which is not suitable for practical applications [8].
In addition, limited by the spot size of the excitation laser,
the effective detection area only occupies a small portion
of the entire SERS substrate, which means that only a few
molecules contribute to the signals [9]. Consequently, concen-
trating analytes in the diluted solution into the localized area is
developed to achieve highly sensitive detection [10]. However,
this method suffers from the coffee-ring effect caused by the
adhesion between the droplet and substrate, which forms a
fixed contact line. The analytes are driven at the line in the
process of liquid evaporation and prevented from localized
concentration. Therefore, constructing SERS substrates with
specific wettability is of great importance.

Recently, SERS substrates with special surface proper-
ties, such as slippery surfaces [8, 11], superhydrophobic
surfaces [12, 13], and low-adhesion surfaces [14, 15], have
been developed for detection of trace analyte. These spe-
cial surfaces can overcome the coffee-ring effect and aid in
surpassing the diffusion limit and concentrating the analyte
within a localized area. However, the slippery surface works
in the presence of lubricant, thus inevitably resulting in an
impure signal [9]. Superhydrophobic/low-adhesion surfaces
have been proven to have the ability to concentrate trace ana-
Iytes into the localized area. Recently, some works have dir-
ectly modified nanostructures with low surface energy sub-
stances, but it is difficult to achieve both high hydrophobi-
city and low adhesion properties due to the small surface
roughness [16—18]. According to the Cassie contact model
[19-21], the micro/nano hierarchical structure can trap more
air at the interface to achieve superhydrophobicity and low
adhesion. Consequently, various substrates with composite
structures have been fabricated and obtained some success in

SERS performance [22, 23]. In these substrates, the nanostruc-
ture plays two roles: one is to increase roughness for hydro-
phobicity, and the other is to provide plasmonic hotspots.
However, limited by the processing difficulty of micro/nano
hierarchical structures, these plasmonic hot spots are usually
disordered and size-uncontrolled, especially when attempting
to create the nanogap with sub-10 nm, which is considered
to be capable of the strongest near-field enhancement [24].
Scheme 1(a) shows the two routes mentioned above with dif-
ferent structural designs for SERS performance. Obviously,
the rational structural design to combine the merits of the two
approaches is crucial to signal amplification, which is summar-
ized in scheme 1(b). Additionally, high mechanical stability is
also needed for the transference and preservation of the SERS
substrate.

Herein, we propose an Ag and fluoroalkyl-modified hier-
archical armour (HA) substrate (Ag/F-HA), which has a
double-layer stacking design to achieve a synergic effect, as
shown in scheme 1(c). The grid structure as an upper layer
serves for analyte concentration, while the periodic nanoar-
ray as a lower layer provides dense and ordered hotspots. The
preparation of Ag/F-HA involves two steps: the fabrication of
the HA substrate and the modification of Ag/F coatings. The
HA substrate is fabricated by femtosecond laser processing on
an anodized aluminium oxide (AAO) template, and composed
of nanoscale pillar arrays and microscale armour structures,
where the nanopillar arrays are embedded in each unit cell
of the microgrid armour structures. The modification of Ag/F
coatings increases the surface roughness of the microarmour
structure while reducing the surface energy, which endows
Ag/F-HA with superhydrophobic and low-adhesive proper-
ties to realize localized concentration. The existence of nan-
opillars provides the deposition site of Ag to form dense and
ordered hotspots with sub-10 nm gaps, which stimulates the
strong coupling of localized plasmonic resonance. Ag/F-HA
has been applied to the drug detection of doxorubicin (DOX)
and exhibits excellent detection capability with a detection
limit of 10~7 M. Additionally, Ag/F-HA has excellent mech-
anical robustness to protect the inner nanoarrays from destruc-
tion. Based on our strategy, we further explore diverse SERS
substrates with microscale structures, which perform the dir-
ected concentration of analytes to enable rapid location and
detection. Although SERS studies based on fs laser processing
have been widely reported [25-27], and most of them have
achieved highly sensitive and directional detection, this work
exhibits different characteristics, which are summarized in
table S1. Our strategy provides a feasible route to fabricate
highly sensitive and functional SERS substrates and has broad
application prospects for trace analyte detection in various
fields.
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Scheme 1. Theory of double-layer stacking design. (a) Schematic illustration of two main routes of structure design to Raman signal
enhancement. (b) Summary of advantages and disadvantages of concentrating analytes and creating hotspots. (c) A double-layer stacking

design to combine the merits of two routes.

2. Results and discussion

2.1. The fabrication and characteristics of a HA substrate

Figure 1(a) shows a schematic diagram of the fabrication pro-
cess of the HA substrate. The AAO template has a thick-
ness of 125 nm, a pore diameter of 70 nm and a pitch of
100 nm, as shown in figure S1. First, the femtosecond laser
is adopted to process the 2D grid pattern on the AAO tem-
plate to form a linear microgroove array by the line-scanning
method [28-30]. Then, poly(methyl methacrylate) (PMMA)
solution, prepared by dissolving the PMMA powder into tolu-
ene, is drop-coated onto the surface of the grooved template.
Subsequently, PMMA film is acquired by natural solvent evap-
oration. The HA substrate is obtained by removing the back
aluminium and the porous alumina layer. Due to the prom-
inent flow property of the PMMA solution, the shapes of the
nanochannel and microgroove are inverted conformally as the
nanopillar and microwall, respectively. Microwalls pose the
interlaced arrangement to form a microarmour structure, and
the nanopillar array is located in the interwoven region.

The scanning electron microscopy (SEM) image of the HA
substrate is shown in figure 1(b). The x- and y-axis microwalls
are aligned perpendicular to each other to form the microar-
mour structure. The spacing between two adjacent microwalls
is 100 pm, as determined by the line distance of laser scan-
ning. This indicates that PMMA inverts the shape of the
microgrooves well. Figure 1(c) shows the SEM image for
a single cell with an armour structure, where the nanopillar
array is distributed in the centre area of 70 pm x 70 pm.

As shown in figure 1(e), each nanopillar has a diameter of
70 nm, and a 30 nm wide nanogap exists between adjacent nan-
opillars. The nanopillar array has a hexagonal arrangement,
and the ordering of the nanopillar array is further verified by
the small-angle x-ray scattering (SAXS) technique, as given
in figure 1(f), which exhibits the characteristic feature of a
hexagonal structure. Figure 1(d) shows the SEM image of a
single microwall. Micropillars appear with a pitch of approx-
imately 20 pum on the top of the microwall. This could res-
ult from microhole formation in femtosecond laser processing
[31, 32]. Interestingly, the existence of micropillars is advant-
ageous for the hydrophobic performance of the HA substrate
due to increasing the surface roughness. In addition to the HA
substrate with a 100 um width spacing, substrates with spa-
cings of 200 pum and 400 pm were also fabricated, as shown
in figure S2.

2.2. Optimization of processing parameters for HA substrate

The hydrophobic property of the HA substrate is strongly
dependent on the morphology of the HA substrate, which is
directly determined by the ablated AAO template. Three key
parameters (height, width, and jetting length) related to the
morphology of the laser-ablated AAO template are studied, as
shown in the schematic in figure 2(a). Note that the ablation
process could produce a high-heat liquid jet, and the cooling
product was redeposited onto the surface of the AAO tem-
plate. It is regarded as a contaminant that blocks nanochan-
nels and harms the following inversion process. As a result,
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Figure 1. Preparation and characterization of HA substrate. (a) Schematic flow diagram of the fabrication process. (b) SEM image of the
HA substrate with a 7 x 10 unit cell array. (c) SEM image of a unit cell in (b). (d) SEM image of the microwall in (b). (¢) Magnified SEM
image of the selected yellow area in (c). (f) SAXS measurement of the HA substrate.

we explore the impact of the laser power on the jetting dis-
tance. As shown in figure 2(b), when the laser power decreases
from 200 mW to 100 mW, the jetting distance shortens from
69 pm to 20 um. The insets of optical images also exhibit the
reduced area covered by sediment as the laser power decreases.
When the laser power decreases to 50 mW, a clean surface is
obtained without sediment deposition. In addition, the impact
of scanning cycles and laser power on groove morphology is
discussed. In figure 2(c), the groove width and height increase
rapidly within 50 cycles and finally stabilize. Different from
scanning cycles, the lifting power results in the groove height
increasing linearly, as shown in figure 2(d). These results
indicate that both the scanning cycle and laser power are two
significant factors that control the groove morphology.

2.3. The wettability of the Ag/F-HA substrate

It is essential to decrease the surface energy and increase
the roughness to realize superhydrophobic surfaces with low
adhesion. Therefore, a two-step process is implemented: evap-
orating a 20 nm thick Ag film onto the HA substrate and modi-
fying it with a fluoro-alkyl silane (FAS) layer subsequently, as

illustrated in figure 3(a). Here, the HA substrate with the Ag
coating is named ‘Ag-HA’, and the HA substrate with both
the Ag coating and FAS modification is named ‘Ag/F-HA’.
Notably, Ag film has two important roles. The part depos-
ited into the nanogap between adjacent nanopillars can excite
coupling of localized plasma resonance and achieve Raman
signal enhancement. Figure S3 shows SEM images of the nan-
opillar array with deposited Ag. Hotspots with a sub-10 nm
gap appear and have a hexagonal and uniform distribution.
Moreover, a thin Ag film can increase the microwall sur-
face roughness and reduce the surface energy, which changes
the liquid-substrate wettability model from a Wenzel contact
to a transition contact. After FAS modification, low surface
energy contributes to more gas capture between the droplet
and substrate to realize Cassie contact. Figure 3(b) shows the
contact angle measurements on the different substrates. By
changing the line distance of laser scanning, HA substrates
with unit cell side lengths of 100 pm, 200 pum, and 400 pm
can be obtained, denoted as HA-100, HA-200, and HA-400,
respectively. The substrate fabricated by a conventional AAO
template without laser processing is denoted as a nanoarray
film. The nanoarray film without coating has a contact angle



Int. J. Extrem. Manuf. 6 (2024) 035505

Y Hu et al

(a)

Deposition

Jetting
distance
<

(c)

50 1 L 25

45 - - 20
€ 40- +15 T
= =
= 5mm's™ & 10 3

351 50 mW

30 K

-0
25 ¥ T T T T
0 50 100 150 200
Cycles

Molten
mass

(b) 80+

E 60
@
o
c

8 401
2
e

2 20
8

0.

50 100 150 200
Power/mW

(d)

50 1 -35
45 30
:EL -25 x
— 40‘ =
s 3

5mm's’'& 20
35 50 cycles
-15
30+ -10
0 50 100 150 200
Power/mW

Figure 2. Effect of the process parameters on the morphology. (a) Schematic diagram of the structural parameter and laser-induced jetting.
(b) Jetting distance of ablation-created sediment under different laser powers. The insets show optical images of grooves after laser ablation.
(c)—(d) The width and height of the ablated groove on the AAO template surface under different scanning cycles (c) and laser powers (d).

of 95°. The natural hydrophobicity of PMMA indicates that
the nanopillar structure contributes little to the hydrophobic
performance. When evaporating the Ag coating, the contact
angle increases to 120°, which is attributed to the reduced
surface energy and enhanced surface roughness. By modify-
ing FAS subsequently, the hydrophobic performance slightly
improved as the contact angle increased from 120° to 125°,
and the limited improvement in hydrophobicity might be
due to the absence of microstructure. We therefore invest-
igated the effect of the microarmour structure on substrate
hydrophobicity. As shown in figure 3(b), the HA substrates
appear to have a similar rising trend to the nanoarray film
in terms of hydrophobicity. For the HA substrate with the
same coating, the smaller the line distance is, the more hydro-
phobic the substrate is. As the line distance decreases to
100 pm, both Ag-HA-100 and Ag/F-HA-100 exhibit super-
hydrophobic properties. In addition to hydrophobicity, adhe-
sion is also an important factor in substrate surface proper-
ties, which facilitates droplet concentration and prevents the
coffee-ring effect. Therefore, the slide angle measurement
was carried out on both Ag-HA and Ag/F-HA substrates to
evaluate the adhesion performance. As shown in figure 3(c),
for the Ag-HA substrate, the droplets exhibit slide angles
of 20.8°, 70.1°, and 180° on Ag-HA-100, Ag-HA-200, and

Ag-HA-400, respectively. It appears that a broad line dis-
tance results in a large slide angle, which is caused by the
high adhesion between the droplet and substrate, and forms
a fixed contact line. After FAS modification, the slide angles
dramatically decrease to 4.5°, 7.5° and 18°, corresponding
to Ag/F-HA-100, Ag/F-HA-200, and Ag/F-HA-400, respect-
ively. This indicates that the improved sliding performance of
the Ag/F-HA substrate is due to the chemical modification of
the low surface energy, which effectively decreases the surface
adhesion.

2.4. Measurement and investigation of the SERS
performance of the Ag/F-HA substrate

Figure 4(a) shows the ex-sifu contact angle measurement to
observe the evaporation process of a 5 il rhodamine 6G (R6G)
droplet with a concentration of 10~7 M, which is located on
the surface of the Ag/F-HA-100 or nanoarray film. For Ag/F-
HA-100 (the pink region of figure 4(a), movie S1), the droplet
shrinks in volume during evaporation and maintains a quasi-
spherical shape in 39 min. This results from the low adhesion
force, which avoids the contact line being pinned at the initial
position. Therefore, the R6G molecules are concentrated in a
confined area (the pink box of figure 4(a)). In comparison, the
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Figure 3. Wettability characterization of Ag/F-HA substrate. (a) Schematic diagram of the fabrication process of the Ag/F-HA substrate
and the contact model between the droplet and surface at the different processing stages. (b) Contact angle measurements for the nanoarray
film, HA-100, HA-200, and HA-400. (c) Slide angle measurements with and without FAS modification for Ag-HA-100, Ag-HA-200, and

Ag-HA-400.

initial contact angle (CA) is only 120° for the nanoarray film
with Ag and FAS coatings (the yellow region of figure 4(a),
movie S2). Affected by high adhesion, the CA obviously
decreases with time, and the contact line is almost pinned on
the surface with a slight drawback. The target molecules dif-
fuse to the contact line due to the effect of capillary force and
eventually deposit at the contact line to form a coffee ring (the
yellow box of figure 4(a)). The optical images of the deposition
area for Ag/F-HA-200 and Ag/F-HA-400 are also shown in
figure S4. The size of the deposition area on the four different
substrates is computed in figure 4(b). The nanoarray film has
the largest deposition area of almost 1.13 mm?, caused by the
coffee ring effect. For Ag/F-HA, there are deposition areas of
0.06 mm?, 0.08 mm? and 0.16 mm? on Ag/F-HA-100, Ag/F-
HA-200, and Ag/F-HA-400, respectively. The narrower the
line distance is, the smaller the deposition area is. Moreover,
the concentration factor of Ag/F-HA-100 is evaluated [33],
and the result reaches approximately 84, which shows that the
substrate exhibits good performance for the analyte concen-
tration. We further collect the Raman spectra on four differ-
ent substrates, which are measured after evaporating a 5 ul

R6G droplet with a concentration of 10~7 M. As shown in
figure 4(c), one can find that there is a very weak detect-
able signal on the nanoarray film, while all three Ag/F-HAs
give strong Raman spectra. Note that the Raman intensity of
Ag/F-HA-100 is approximately 30 times stronger than that of
the nanoarray film. Meanwhile, the deposition area for Ag/F-
HA-100 has an almost 20-fold drop compared to that for the
nanoarray film, as shown in figure 4(b). This reveals that the
degree of concentration determines the intensity of the Raman
signal. The reproducibility of SERS measurements is another
important factor. To further explore the effect of scanning
spacing on Raman signals, we reduced the line distance to
70 pm, and the prepared substrate was named Ag/F-HA-70.
Figure S5 shows SEM images of Ag/F-HA-70 at different
magnifications. Obviously, when the line spacing is reduced
to 70 pm, the coverage area of the nanopillar array is only
20 pm x 10 pm due to the fixed size of the laser focus spot.
In other words, the area occupied by high-density ordered
hotspots is very small. The Raman spectrum is measured by
concentrating a 5 pl R6G droplet with 10~7 M, as shown in
figure S6. By comparison of the Raman spectra, the intensity
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Figure 4. Raman characterization of the Ag/F-HA substrate. (a) Ex situ contact angle measurement during droplet evaporation at five

different times and optical images of the deposition conditions for R6G

molecules on Ag/F-HA-100 and the nanoarray film. (b) The

deposition area of a 5 ul R6G droplet with a concentrate of 10~’ M after evaporation on the nanopillar film, Ag/F-HA-100, Ag/F-HA-200,
and Ag/F-HA-400. (c) Raman spectra of R6G molecules under the condition of (b). (d) Raman intensity mapping at a distinct peak of

612 cm™! for Ag/F-HA-100 and the nanoarray film. (¢) Comparison of
FDTD simulation for the nanopillar array at normal incident.

of Ag/F-HA-70 is smaller than that of Ag/F-HA-100, which
could result from the insufficient deposition of R6G to the
small area of the nanoarray. To demonstrate that Ag/F-HA has
a high homogeneity, Raman mapping of the R6G molecule is
implemented. Figure 4(d) shows the intensity distribution of
the characteristic peak at 612 cm™~! obtained from 625 sample
points within a collected area of 50 pm x 50 um. Ag/F-HA-
100 exhibits strong and uniform Raman signals, with a rel-
ative standard deviation (RSD) of 13.7%. In comparison, the
SERS signals from the nanoarray film show a weak and uneven
distribution.

In addition to hydrophobicity, the hotspot also has a sig-
nificant impact on SERS performance. To control the exper-
iments, a microarmour structure without an inner nanopil-
lar array is fabricated by replacing the AAO template with
polished aluminium, and the obtained substrate is named
‘microarmour film’. The Raman spectra are collected after
evaporating the target droplets, as shown in figure 4(e). It

Raman spectra of Ag/F-HA-100 and the microarmour film. (f) The

is obvious that all characteristic peaks are detected for the
microarmour film, which reflects the effect of hydrophobi-
city on SERS performance. However, Ag/F-HA-100 exhibits
a Raman signal 10 times stronger than that of the microar-
mour film. This reveals that nanoscale hot spots contribute
mainly to the enhanced intensity. The SERS phenomenon is
explained by finite-difference time domain (FDTD) simula-
tions. The distribution of the electric field intensity (IE/Eql?)
of the nanopillar array is shown in figure 4(f) with nor-
malized illumination under A = 633 nm. Obvious electric
enhancement can be observed between Ag nanoparticles loc-
ated on the adjacent PMMA nanopillars, which is attributed to
the intensive coupling of localized surface plasmons between
adjacent Ag nanoparticles. Moreover, we also researched the
effect of FAS modification on SERS performance. As shown
in figure S7, Ag/F-HA-100 shows a stronger SERS intens-
ity than Ag-HA-100, which indicates that the low adhesion
surface has a positive effect on the Raman spectrum. To
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Figure 5. Detection of DOX molecules. (a) Raman spectra collected from a DOX droplet of 3 1] with a concentration range from 1073 to
10~7 M. (b) Log (I)-log (C) plot of SERS intensity at 1250 cm™~!. (c) Uniformity measurement of Raman spectra from eight random points.
(d) Optical images indicating the flow striking substrate surface. (¢) Raman spectra of DOX before and after striking. (f) Optical image of
lab-made abrasion equipment with an applied pressure of 0.5 N to the substrate. (g) Raman spectra of DOX before and after abrasion.

further evaluate the detection limit of Ag/F-HA-100, Raman
spectra collected from R6G droplets with concentrations ran-
ging from 10~° to 107!'2 M are displayed in figure S8.
Even when the concentration is down to 10~!2 M, the main
Raman peaks can still be detected in the spectrum, demon-
strating the high detection sensitivity of Ag/F-HA-100. The
enhancement factor (EF) of Ag/F-HA-100 prepared in the
detection of R6G molecules is estimated to be 0.7 x 10°.
Additionally, the effect of nanogap size on SERS perform-
ance is studied. By controlling the Ag film thickness to
30 nm, 70 nm, and 140 nm, Ag/F-HA-100s with gap sizes
of 20 nm, 6 nm, and 0 nm were prepared, as shown in figure
S9. Figure S10 shows the Raman spectra of three substrates
with different thicknesses. Obviously, the sample with a 0 nm
gap exhibits the weakest signal, indicating that the presence
of a nanogap is crucial for enhancing SERS performance.
Meanwhile, the signal from the sample with a 20 nm gap is
smaller than that with a 6 nm gap, which suggests that a smal-
ler nanogap can lead to stronger signal enhancement. Finally,
inspired by the protection of ‘armour’, it is deduced that the
microarmour structure has excellent mechanical robustness

to protect the inner nanoarrays from destruction. Therefore,
the surface of Ag/F-HA-100 is exposed to repeated abra-
sion, which is performed by using rubber gloves, as shown
in figure S11. The signal intensity has little drop after
100 abrasion cycles, which is attributed to the excellent
structure.

Doxorubicin (DOX) is a DNA intercalating agent that is
used in anticancer therapy. However, due to the toxicity of
cardiac and hematopoietic cells, accurate detection of the
DOX concentration plays a vital role in the therapeutic effect
[34]. To evaluate the detection limit, Raman spectra collec-
ted from DOX droplets with concentrations ranging from
1073 to 10~7 M are shown in figure 5(a). Even when the
concentration is down to 10~7 M, the main Raman peak at
1250 cm™! can still be detected, which is assigned to ring
stretching. Figure 5(b) illustrates a log (I)-log (C) plot of
SERS intensity at 1250 cm~!, which establishes a linear rela-
tionship with the increasing concentration of DOX. To verify
the uniformity, Raman spectra from eight random points are
collected in figure 5(c). As seen, Ag/F-HA-100 exhibits uni-
form Raman signals, with a RSD of 7.69% at the characteristic
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Figure 6. Directional concentration and detection of the PMMA microcone array. (a) Schematic diagram of droplet evaporation and
localization on the PMMA microcone array with a spatial defect. (b) and (c) Optical and fluorescence images of microcone arrays with
tetragonal and radial arrangements, respectively. The first column shows the optical image of the microcone array by inverting, and the
insert shows the optical image of the AAO template with hole arrays by femtosecond laser ablation. The second column shows the
fluorescence image of the microcone array after the R6G droplet evaporates and localizes. The third column shows the Raman spectra in and

outside the defect region.

peak of 1250 cm~!. Additionally, we simulate the scenario
of contamination of prepared samples that may occur during
detection, such as liquid splash or abrasion with a solid sur-
face. Figure 5(d) shows the dynamic process with water flow
striking the substrate surface. Benefitting from the superhydro-
phobicity, the surface has no water stains, and liquids cannot
penetrate and destroy the hotspots at the bottom. Figure 5(e)
shows the spectrum comparison before and after striking, and
little attenuation of the signals shows excellent resistance to
liquid penetration. Anti-abrasion performance is also char-
acterized by lab-made abrasion equipment, and the probe is
made of silica gel, as shown in figure 5(f). Under the action of
0.5 N pressure, the silica-gel probe rubs against the substrate
surface. As shown in figure 5(g), abrasion cannot negatively
affect Raman signals, which demonstrates mechanical stabil-
ity. Figure S12 shows optical images before and after abrasion.
As we can see, the surface structure remains intact, which fur-
ther explains the anti-abrasion performance.

To demonstrate the feasibility of our strategy, we fur-
ther explored diverse SERS substrates with special micron

structures, rather than microarmour structures, to achieve
directional concentration performance [35]. As shown in the
schematic in figure 6(a), by constructing a spatial defect at the
centre of an array, the droplet evaporates and localizes at a
special point due to hydrophobic radial forces. To investig-
ate the impact of defects, we fabricated PMMA microcone
arrays with and without defects (as schematically shown in
figures S13(a) and (d)). Figures S13(b) and (e) show the static
contact angle measurements. The droplet localized on the
defect site exhibits a spherical contact line, indicating that
the droplet penetrates into the defect. In contrast, the droplet
on the substrate without the defect shows a flat contact line,
which indicates that the microcones can support the droplet
(typical Cassie state). Figures S13(c) and (f) show the sliding
angle measurements (movies S3 and S4). The defect-free sub-
strate exhibits a smaller sliding angle (2°) than the substrate
with a defect (8°). This reveals that there is a stronger bind-
ing effect between the defect and droplet than that between the
microcone and droplet, which results in the directional concen-
tration. Figures 6(b) and (c) show optical images of the PMMA
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microcone arrays with tetragonal and radial arrangements. The
centre of the array is absent for microcones and is regarded as
a spatial defect. The fluorescence images show the spatial dis-
tribution of target molecules after evaporating the droplet, as
shown in the second column of figures 6(b) and (c). As expec-
ted, the fluorescence signal of the R6G molecule is located
in the defect region, which confirms that the microcone array
with a spatial defect can realize on-demand concentration of
the target molecules. The third column of figures 6(b) and (c)
shows the Raman spectra collected in and outside the defect
region. The signal in the region exhibits a strong intensity,
while there is no signal of any characteristic peaks outside the
region. This further demonstrates the capability of our strategy
in fabricating directionally concentrated SERS substrates.

3. Conclusion

This work provides a novel strategy by combining densely
ordered hotspots with excellent concentration capacity to
achieve highly sensitive SERS detection. The Ag/F-HA sub-
strate is applied to drug detection of DOX molecules in highly
diluted solution and reaches a detection limit of 10~7 M.
Due to its unique ‘armour’ structure, Ag/F-HA shows robust
mechanical stability to prevent external forces from destroying
nanoscale hot spots. Benefiting from the flexibility of femto-
second laser processing, SERS substrates with directional ana-
lyte concentration have also been fabricated by patterning a
microcone array with a defect to realize the rapid location and
detection of analytes. This SERS substrate-enabled trace ana-
lyte detection has broad application prospects in various fields,
including food safety, biological detection, and environmental
monitoring.
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