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Abstract: Surface-enhanced Raman spectroscopy (SERS) is a potent technique for analyzing and
detecting various targets, including toxic ions, pesticides, and biomarkers, at the single-molecule
level. The efficiency of SERS techniques relies heavily on the underlying SERS substrate, which is
primarily responsible for the strong induction of localized plasmon resonance on nanostructures.
Noble metals such as gold and silver were commonly used to fabricate SERS substrates, leveraging
the electromagnetic mechanism (EM) to enhance the Raman signal. However, chemically synthesized
nanoparticle-based SERS substrates suffer from low uniformity and reproducibility. Furthermore,
the high cost associated with noble metals makes most SERS substrates expensive to produce. In
this study, we present a straightforward method for fabricating a highly uniform and reproducible
SERS substrate using a femtosecond laser-based 3D printer. Notably, our method offers good cost
competitiveness since it requires only a minimal amount of gold coating for the SERS signal. Moreover,
the proposed method exhibits exceptional versatility in SERS analysis and detection, catering to
numerous targets in the field.

Keywords: surface-enhanced raman spectroscopy; uniformity; 3D printing; femtosecond laser;
nano-pillar structures

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a powerful analytical technique that
is widely used for the analysis of molecules at ultra-low concentrations, even down to a
single molecule [1-4]. The SERS technique is induced from the metal surface, which can
create a strong surface Plasmon resonance between the metal nano-gaps. The original
Raman signal of a target is weak in terms of discrimination; however, the surface Plasmon
resonance intensifies the Raman signal of the target by several orders of magnitude. For
this reason, the metal surface, which is used as a SERS substrate, is the key point that can
decide the efficiency of SERS sensors [5-7]. In particular, noble metals such as gold and
silver have been widely used in SERS techniques due to their unique optic properties such
as (1) plasmonic enhancement, (2) high Raman-scattering efficiency, (3) chemical stability,
and (4) facile functionalization and fabrication. A gold or silver surface with numerous
nano-gaps in structure makes SERS a versatile tool with a wide range of applications,
including sensing, bio-imaging, and the identification of trace amounts of chemicals [8-11].
However, for the fabrication of the nano-gaps, chemical fabrication has mostly been used.
The reason for this is that the fabrication of the nano-gaps between metal structures is
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difficult to intentionally manipulate. Due to the randomness of the chemical growth of
nanostructures, the SERS substrate had chronic limitations in terms of uniformity.

Particularly, in the SERS techniques, the uniformity of the substrate is an important
factor in surface-enhanced Raman spectroscopy (SERS), as it can affect the reproducibility
and reliability of the results [3,4]. A uniform substrate can help to ensure that the SERS
enhancement is consistent across the entire surface, which in turn can lead to more accurate
and precise measurements [12,13]. A non-uniform substrate can result in variations in the
SERS enhancement across the surface, which can lead to inconsistent or misleading results.
Additionally, a non-uniform substrate can lead to difficulty in interpreting the SERS spectra,
as it can be difficult to determine which peaks are arising from the analyte and which
are arising from the substrate. For this reason, it is very important to choose a uniform
substrate as the SERS substrate. As advanced 3D printing techniques have been developed,
there have been attempts to make nanostructures using a femtosecond laser 3D printing
system [14]. The femtosecond laser 3D printing system is a highly advanced and precise
method for fabricating 3D structures at the micro- and nanoscale [14-20]. This method
uses ultrashort laser pulses to precisely ablate material and build structures layer by layer,
allowing for the creation of highly complex and uniform structures with a sub-micron
resolution [21-23]. In the context of SERS, the femtosecond laser 3D printing system can be
used to create highly uniform and homogeneous nano-pillar structures on the substrate,
which can be important to ensure a consistent and high SERS signal [24,25]. Additionally,
the precise control over the structures that can be achieved using the femtosecond laser 3D
printing system can allow for further optimization of the SERS signal by controlling the
diameters and distances of the nano-pillars [26,27].

In this study, a 3D printing technique was utilized to fabricate a uniform SERS substrate
with nano-pillar structures. By controlling the radius of the nano-pillars, the SERS signal
was optimized. The femtosecond laser 3D printing system was used to create uniform
nano-pillar structures on the substrate, providing a platform for high-throughput SERS
measurements. The uniformity and uniform distribution of the nano-pillars are important
factors for ensuring a high and consistent SERS signal. By carefully controlling the radius
of the nano-pillars, the local electromagnetic field was tailored to optimize the SERS signal
for a given probe molecule. For optimization, we conducted an SERS analysis according to
the various conditions controlling the printing speed and the pillar radius. Moreover, the
differences between the coated metal, Ag/Cr coating, and Au/Cr coating on the 3D-printed
SERS substrates were compared. This study aimed to demonstrate the potential of using
3D printing techniques to create uniform SERS substrates with nano-pillar structures and
the optimization of the SERS signal achieved by controlling the diameters and distances of
the nano-pillars. The results of this study have important implications for the development
of high-throughput and ultra-sensitive SERS measurements for various applications in
fields such as biology, chemistry, and material science.

2. Materials and Methods
2.1. Chemical Agents

All chemical reagents (sulphuric acid, hydrogen peroxide, isopropyl alcohol, ethanol,
polydimethylsiloxane, and crystal violet) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All the cover glasses (Paul Marienfeld GmbH & Co. KG, Lauda-Konigshofen,
Germany) were 10 mm in diameter and cleaned with piranha solution in concentrated
sulphuric acid (98% w/v) and hydrogen peroxide (30% w/v) before use. All solutions were
prepared using Millipore deionized water (DI water) with a resistivity of at least 18.2 M()
cm at 25 °C.

2.2. Fabrication of Three-Dimensional Nanostructure by Femtosecond Laser 3D Printer

We used a femtosecond laser high-resolution 3D printer (Nanoscribe, Eggenstein-
Leopoldshafen, Germany, Photonic Professional GT2) for fabricating 3D-printed nanostruc-
tures. We used a Dip-in Liquid Lithography mode (DiLL) for fabrication. For fabrication, a
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63 x objective lens, and IP-Dip photo-resin were used. The nanostructures we made are
composed of a biocompatible and non-cytotoxic photo-resin (IP-Dip, Nanoscribe). After
printing, the structures were washed using isopropyl alcohol and DI water). For optimiza-
tion, we controlled the printing speed of the 3D printer from 5000 to 10,000 mm/s when
printing nanostructures with different pillar radii. In addition, for optimization, the pillar
radii of nanostructures were controlled to have 200, 400, 600, and 800 nm. The nanostruc-
ture with a pillar radius under 200 nm could not be fabricated due to the limitations of 3D
printer resolution.

For the SERS application, we used the electron-beam evaporator (E-beam evaporator,
ULTEC, UEE) for coating Au and Ag on the nanostructures. For better adhesion, chromium
was used before Au- or Ag-coating in the same manner [28]. The 20 nm chrome, 80 nm Au,
and 80 nm Ag were coated, respectively. All the sources were purchased from ULTEC. After
coating Cr/Au or Cr/Ag on the substrates, the 3D-printed nanostructures were washed
using ethanol and DI water.

2.3. SEM Analysis of 3D-Printed Nanostructure by Femtosecond Laser 3D Printer

The fabricated 3D-printed nanostructures were analyzed using a scanning electron
microscope (SEM, Tescan, MIRA3, Brno, Czech). The morphology of the printed structure
was observed by SEM at 5 kV.

2.4. SERS Analysis of 3D-Printed Nanostructure by Femtosecond Laser 3D Printer

For the SERS investigation of 3D-printed nanostructure by femtosecond laser 3D
printer, 100 uM of crystal violet (CV) was treated on each substrate according to fabrication
conditions. Before treating CV molecules, all the substrates were cleaned with DI water. A
total of 2 uLL of CV was dropped on the SERS substrate and dried for analysis.

All the 3D-printed nanostructures were analyzed with a Raman spectroscope (Ren-
ishaw inVia Raman Microscope) equipped with a 785 nm laser. Because we used the CV
molecules (fluorescence dye) for investigation, the 785 nm laser is suitable for decreasing
fluorescence interference. A 10x microscope lens (Leica DM2700M, DEU) and detector
(Renishaw Centrus Detector, GBR) were used for analysis [1,29].

The surfaces were measured by five accumulations with a 1 s exposure (range:
700-1700 cm~1!) at each point in the mapping area. To obtain SERS mapping images,
Raman mapping sequences were conducted on the 3D-printed nanostructures. Each SERS
mapping image contained over 100 spots. According to the fabrication conditions, all the
samples were analyzed in the same manner.

3. Results and Discussion
3.1. Fabrication of 3D Nanostructure via Femtosecond Laser 3D Printer

For the facile fabrication of the 3D-printed nanostructure, we used a femtosecond
laser system and ultra-high-resolution 3D printer. For the SERS substrate, the geometrical
structures must have nano-gaps between them to efficiently amplifying the SERS signal.
In addition to the high SERS intensity, it is crucial to have a uniform SERS substrate to
ensure high reliability. In this sense, we fabricated 3D-printed nanostructures by controlling
the pillar radius, which has different SERS efficiencies (Figure 1a). At first, with the 3D
modeling program, we designed simple circular pillars with different radii. In detail,
we considered three factors d (diameter), / (length), and p (distance between pillars). We
set the [ and p as 1000 nm. d represented controopen-accesse diameters from 200 nm
to 800 nm. Depending on the radius, each pillar has different gaps and different SERS
amplifying efficiencies. Therefore, the thin Au film and Cr film were coated on the 3D-
printed nanostructures using the E-beam evaporator. Because it is well known that noble
metals have a high SERS efficiency, attributed to the localized Plasmon surface resonance
(LSPR) effect on the surface, Au and Ag were used to make SERS substrates.



Chemosensors 2023, 11, 340 40f11
a) p 200 nm 400 nm 400 nm 600 nm 600 nm 800 nm 800 nm
U 800 nm 600 nm 00 n 00 n
€|
[ — | — €
1 P s 1 1000 nm * 1 1000 nm * 1 1000 nm *
200 nm 200 nm 400 nm 400 nm 600 nm 600 nm 800 nm 800 nm

< ? <

i " 1000nm "~

Chrome/Gold

0.5mm 100 pm 10 pm

Figure 1. 3D-printed SERS nanostructure fabrication via a femtosecond laser printer. (a) Schematic
illustrations of SERS nanostructure fabrication according to pillar radius. The pillar radius was
controlled from 200 nm to 800 nm. After printing, chrome, and gold or silver films were coated on
the printed nanostructures. (b) Photo image of printed SERS nanostructure with a 0.5 x 0.5 mm?
area. The yellow dotted box shows a magnified image. (c¢,d) microscopic images of 3D-printed

SERS nanostructure.

Figure 1b shows photographic images of the 3D-printed nanostructures after Au/Cr
coating with a 0.5 x 0.5 mm? size. The yellow dotted box shows the magnified images. In
the yellow dotted box, the slightly gray box shows the 3D printed nanostructures that were
coated with the Au/Cr films. For the SERS investigation, we used the polydimethylsiloxane
(PDMS) mold to treat the CV molecules on the substrate. Even though the femtosecond
laser system has ultra-high-resolution 3D printing, it is still hard to recognize the 3D-printed
nanostructure with the naked eye. This is because of the limitations of the computing
system and the time consumption needed by the 3D printing to fabricate tiny spots. In
Figure 1c,d, detailed images are shown with the cross stripes in the single 3D-printed
nanostructures. Because of the computational limitations, we used an algorithm to extend
the tiny circular pillar area. The tiny singular spot was composed of 25 x 25 um? size and
has 625 circular pillars in the area. By the algorithm, the small single area was copied by
20 horizontally and vertically to expand the area. As a result, the total circular pillar was
250,000 in the 0.5 x 0.5 mm? area, as shown in Figures 1c and S1. In Figure 1d, grid patterns
are visible even in the magnified image, in addition to the structural collapse (distortion)
caused by printing structures that are too small.

3.2. Optimization of 3D Nanostructure via Femtosecond Laser 3D Printer

As mentioned earlier, uniformity is an important factor in the SERS substrate because
it can determine the reliability. First, to obtain a high uniformity, we optimized the 3D-
printed nanostructures by controlling the printing speed. By controlling the printing speed,
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we confirmed the microscopic images and SERS intensities according to the printing speed
(Figure 2). Moreover, the 3D-printed SERS nanostructures were investigated, which were
fabricated with different pillar radii ranging from 200 nm to 800 nm. By controlling the
printing speed and pillar radius, we confirmed the optimized printing condition to obtain
a higher SERS efficiency. In Figure 2a, the 3D-printed nanostructures were printed at
1000 mm/s printing speed. From left to right, the structures were fabricated with 200 nm,
400 nm, and 800 nm pillar radii. As shown in the microscopic images, the 3D-printed
nanostructures were not well-printed in the 200 nm pillar radius and 800 nm pillar radius.
In the case of the 800 nm pillar radius, the over-printed structures are represented in the
images as a bright gold color. However, in the case of the 200 nm pillar radius, the structures
were not printed uniformly. The black color shows the printed area but the bright color
shows the background substrate.
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Figure 2. Optimization of 3D-printed SERS nanostructure depending on the printing speed and
the pillar radius. (a) Microscopic images of 3D-printed SERS nanostructures printed as 1000 mm/s.
From left to right, the pillar radius of 3D-printed SERS nanostructures was 200, 400, and 800 nm,
respectively. (b) Average SERS spectra of each SERS mapping image using 1 uM of CV as Raman
indicator. (c,d) Microscopic images and average SERS spectra of 3D-printed SERS nanostructures that
printed as 5000 mm/s, respectively. (e,f) Microscopic images and average SERS spectra of 3D-printed
SERS nanostructures that printed as 10,000 mm/s, respectively. All the analyses were conducted in
the same manner. (g) SERS intensities at 1360 cm ! of CV according to the printing speed and the
pillar radius. (h) Uniformity analysis using SERS mapping images according to the printing speed
and the pillar radius.

The 400 nm pillar radius that was uniformly printed has lower SERS intensities than
the others. For a more accurate analysis, the average SERS spectra of 1 uM of CV were
calculated from the three types of 3D-printed nanostructure (Figure 2b). The 3D-printed
nanostructures printed with 200 nm pillar radius and 1000 mm /s were shown to have a
higher SERS intensity than the others.

In the same manner, the 3D-printed nanostructures which were printed at 5000 mm/s
and 10,000 mm /s were analyzed (Figure 2c—f). At the 5000 mm /s printing speed, the 3D-
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printed nanostructures were well-printed, without a not-printed area (Figure 2c). However,
there were over-printed structures on the 3D-printed nanostructures that printed with
an 800 nm pillar radius. In the result, the average SERS intensity was the highest for the
3D-printed nanostructures printed with a 400 nm pillar radius (Figure 2d). Unlike other
printing speed conditions, at 10,000 mm/s, the microscopic images show uniformly printed
structures regardless of the pillar radius (Figure 2e). However, the SERS intensities were
the lowest in comparison to the other conditions (Figure 2f). The magnified SERS spectra
are represented in Figure S2. The image of the printed structure looks the most uniform,
but the actual SERS result was measured to be the lowest. The highest SERS intensity was
measured in the structure printed with a radius of 400 nm.

In Figure 2g h, the SERS intensities at 1360 cm~! CV were compared and analyzed
according to the pillar radius and printing speed. IN the analysis result, the SERS intensity
was shown to be the highest in the 3D-printed nanostructure made using a 200 nm pillar
radius at 1000 mm/s printing speed. However, the 3D-printed nanostructure made using a
200 nm pillar radius at 1000 mm/s printing speed shows a higher standard deviation than
the others. The case of the 3D-printed nanostructure made using a 400 nm pillar radius
at 5000 mm/s printing speed, the second highest SERS intensities and a low standard
deviation were shown. In the calculation result of the % relative standard deviation
(%RSD) of 3D-printed nanostructures, when comparing the uniformity, the 3D-printed
nanostructure made by the 400 nm pillar radius at a 5000 mm/s printing speed showed
an RSD of 24.19% and high SERS intensity (Figure 2h). These results are attributed to the
pillar radius and printing speed. When the printing speed is too low, the nanostructures
are partially over-fabricated or non-uniformly fabricated. In addition, more over-fabricated
nanostructures were observed as the pillar radius increased. However, when the printing
speed is too high, the nanostructures seem well-printed to the naked eye. Because the
Cr and Au films were coated in the same manner, the nano-gaps between pillars were
controlled by the pillar radius. Consequently, under the same coating conditions, the
3D-printed nanostructures made at 5000 mm/s contained the optimal conditions in terms
of uniformity and high SERS efficiency.

3.3. SEM Analysis of 3D Nanostructure via Femtosecond Laser 3D Printer

We fabricated and confirmed the four types of 3D-printed structures using optimized
printing speed conditions (5000 mm/s) of 3D printing and analyzed them by SEM (Figure 3).
According to the radii from 200 nm to 800 nm, magnified, tilted SEM images were also
represented (Figure 3, bottom). Figure 3a shows the 3D nanostructure with a 200 nm
diameter. As shown in the SEM images, the structures were uniformly fabricated without
distortion. From left to right, Figure 3b—d shows the 3D nanostructure of 400, 600, and
800 nm, respectively. In the figures, we confirmed that the increase in nanostructure
diameters decreases the distance between nanostructures. Moreover, regardless of the
diameters, all the structures were uniformly fabricated. When the pillar radius was over
600 nm (Figure 3c,d), some bridges between pillars were also observed. Although the
structures were not coated with Au or Ag for SERS application, we confirmed the uniformity
of the 3D-printed nanostructures.
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Figure 3. Tilted SEM images of 3D-printed nanostructure depending on the pillar radius. From
left to right, the pillar radius was controlled as (a) 200 nm, (b) 400 nm, (c) 600 nm, and (d) 800 nm,
respectively. The bottom SEM images are magnified images of these, respectively.

3.4. SERS Analysis of Au-Coated 3D Nanostructure

Through the optimization of printing speed, it was possible to fabricate a wide area
of the 3D nanostructure according to the pillar radius (Figure 4). Before the controlling
pillar radius, we gradually decreased the pillar radius (Figure S3). For investigation, 1 uM
of CV was treated and analyzed. As a result, it was confirmed that the higher the pillar
radius, the higher the SERS signal. However, the SERS intensity was very weak, and it
was not easy to confirm the difference in change. Therefore, we controlled the pillar radius
from 200 nm to 800 nm to show a clear change in SERS intensity (Figure 4a—d). Regardless
of the pillar radius, all the 3D nanostructures were well-printed, without distortion or
over-printed or not-printed areas. To the naked eye, the microscopic image colors darken
with the increase in pillar radius from left to right. Because the nanostructures were printed
using the algorithm used for spanning, the grid pattern was also observed. For SERS
investigation, 100 uM of CV was dropped and dried on the 3D-printed nanostructures
according to pillar radius. The SERS intensities were analyzed to calculate the average
SERS intensities and uniformity according to the pillar radius.

Figure 4e shows the average SERS spectra of CV according to the pillar radius ranging
from 200 nm to 800 nm. As a result, it was confirmed that the overall SERS spectrum
intensity increased with the increase in pillar radius. For a detailed analysis, the intensities
at 1360 cm~!, which is the characteristic peak of CV, were compared with the condi-
tions (Figure 4f). Each value was 233.72 £ 138.76 (200 nm), 845.40 £ 821.70 (400 nm),
4256.299 + 430.01 (600 nm), and 4140.84 £+ 708.54 (800 nm), respectively. With high SERS
efficiency, because it is crucial to obtain high uniformity, we analyzed the %RSD using SERS
intensities (Figure 4g). In the result, the %RSD was the lowest at 17.11% in the 3D-printed
nanostructures with an 800 nm pillar radius. These results are attributed to the numerous
hotspots induced by the nano-gaps between the nano-pillars. Because the pillar radius is
800 nm, it is sufficient to make nano-gaps after Au/Cr coating. By controlling the pillar
radius, the 3D-printed nanostructure with a 800 nm pillar radius at 5000 mm /s printing
speed was optimized for SERS investigation, which has both high SERS efficiency and
high uniformity.
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Figure 4. Optimization of Au-coated 3D-printed SERS nanostructures according to the pillar radius.
(a—d) Microscopic images of 3D-printed SERS nanostructures with 200, 400, 600, and 800 nm, respec-
tively. (e) Average SERS spectra of CV on the different 3D-printed SERS nanostructures. (f) SERS
intensities at 1360 cm ! according to the pillar radius ranging from 200 to 800 nm. (g) Uniformity
analysis using SERS mapping images according to the pillar radius.

3.5. SERS Analysis of Ag-Coated 3D Nanostructure

It is well-known that noble metals are suitable for SERS applications. Therefore,
we performed a comparison test using Ag/Cr coating (Figure 5). The same method of
investigation was used for the Au/Cr-coating 3D-printed nanostructures, where 100 pM
of CV was treated on the substrates according to the pillar radius. In Figure 5a—d, the
colors of the microscopic images were darkened with the increase in pillar radius from
200 nm to 800 nm. As for the Au/Cr-coating 3D-printed nanostructures, the overall SERS
spectrum intensity was increased with the increase in pillar radius (Figure 5e). However, in
comparison to the Au/Cr-coated 3D-printed nanostructures, the SERS intensities of 100 uM
of CV were slightly lower in the case of the Ag/Cr coating. A more detailed analysis is
represented in Figure 5f by calculating average SERS intensities at 1360 cm 1. Overall, SERS
intensities have the same increment tendency as same as Au/Cr-coated nanostructures,
but show bigger standard deviations than that of Au/Cr-coated nanostructures. In the
%RSD calculations, the opposite tendency was confirmed with a comparison to the SERS
intensity (Figure 5g). Consequently, the Ag/Cr-coated 3D nanostructure has the highest
SERS efficiency when made using an 800 nm pillar radius at a 5000 mm/s printing speed.

These results mean that the highly uniform and efficient SERS substrate fabricated
by the femtosecond laser 3D printer can be fabricated by the 800 nm pillar radius at the
5000 mm/s printing speed with both Au/Cr coating and Ag/Cr coating. The difference
between the noble metals that are used (Au or Ag) may be induced by the coating conditions
and oxidation of the metal. Due to the high SERS efficiency and uniformity, it is possible to
use very reliable and sensitive SERS detection in various fields.
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Figure 5. Optimization of Ag-coated 3D-printed SERS nanostructures according to the pillar radius.
(a—d) Microscopic images of 3D-printed SERS nanostructures with 200, 400, 600, and 800 nm, respec-
tively. (e) Average SERS spectra of CV on the different 3D-printed SERS nanostructures. (f) SERS
intensities at 1360 cm ! according to the pillar radius ranging from 200 to 800 nm. (g) Uniformity
analysis using SERS mapping images according to the pillar radius.

4. Conclusions

Femtosecond laser 3D printing has proven to be an effective method for fabricating
high-uniformity, 3D-printed nanostructures with an enhanced surface-enhanced Raman
scattering (SERS) efficiency. By optimizing printing conditions, specifically controlling the
printing speed and pillar radius, the highest SERS intensity was achieved, with 800 nm
radius pillars printed at a speed of 5000 mm/s. Compared to traditional substrate coatings
such as gold or silver, the 3D-printed nanostructures demonstrated a superior reliability and
efficiency in SERS substrate fabrication. These advancements have significant implications
for various applications, including SERS substrates, biosensors, and medical devices. The
precise control over pillar dimensions and the ability to tailor the nanostructures to specific
requirements offer versatility and adaptability. Overall, femtosecond laser 3D-printed
nanostructures present a remarkable breakthrough in the field, providing an exceptional
performance and opening up new possibilities to enhance sensitivity and detection limits
in analytical applications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /chemosensors11060340/s1, Figure S1: 3D design of a sin-
gle spot of 3D-printed SERS nanostructure with 25 x 25 um? size and 625 circular pillars in the
area; Figure S2: Magnified average SERS spectra of 3D printed SERS nanostructures that printed
as 10,000 mm/s; Figure S3: Gradient 3D-printed SERS nanostructure fabrication via a femtosecond
laser printer. (a) Microscopic and SERS mapping images of gradient-printed nanostructure. (b) SERS
spectra of 1 uM of CV-treated nanostructures. Changing colors from red to purple show the gradual
decrease in pillar radius.
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