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In this study, we present a rapid and reproducible approach to fab-
ricating flexible surface-enhanced Raman spectroscopy (SERS)
substrates using 3D printing technology. We developed 3D-printed
ultrasensitive substrates containing metallic nanoparticles (Au or
Ag), synthesized by citrate reduction and stabilized by a 3D-printed
micellar hydrogel matrix formed by photocrosslinked pluronic
F127. The SERS signal can be fine-tuned by adjusting water
content within the printed hydrogel, and an analytical enhance-
ment factor of up to 3 x 10° was achieved with excellent repeat-
ability (RSD < 7.0%). These SERS substrates offer robust sensing
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capabilities, and this versatile fabrication strategy has significant
potential for creating a wide range of plasmonic platforms.

Surface-enhanced Raman spectroscopy (SERS) is a sensitive
analytical technique able to detect single molecules under
favourable conditions. In addition to high sensitivity, the use
of a minimal amount of sample for rapid and non-destructive
analyses has led SERS to a wide variety of applications.” For
instance, in biomedicine for disease diagnosis,” in agriculture
for pesticide detection,® in food quality assurance,* and in pol-
lutant detection in water samples.> However, one of the most
significant challenges lies in improving the low reproducibility
that strongly depends on the homogeneity of the metallic
nanostructures.®’ Although lithography-based nanofabrication
allows for producing highly regular SERS substrates,® they are
time-consuming and not cost-effective for large-scale pro-
duction. Therefore, there is a need for rapid alternative
methods to fabricate low-cost, sensitive, and reproducible
SERS substrates.

An emerging approach for fabricating SERS substrates con-
sists of the use of polymeric matrices to disperse and stabilize
metallic nanoparticles by electrostatic, steric, or depletion
effects,”® thus creating flexible plasmonic structures. Some
examples of these polymers include polyethylene glycol, pluro-
nic family, cetyltrimethylammonium bromide (CTAB), and
polyvinylpyrrolidone (PVP), which effectively stabilize gold and
silver nanoparticles."'** However, some of them need to self-
assemble onto the nanoparticles to stabilize them (e.g., CTAB
and PVP), which may hinder further adsorption of analytes for
SERS applications. Pluronic F127 is a synthetic copolymer
composed of two hydrophilic poly(ethylene oxide) (PEO)
blocks and a hydrophobic poly(propylene oxide) (PPO) core
block arranged in a triblock structure ([PEO]go—[PPO]ss—
[PEO]oo). Above its critical micellar concentration, pluronic
F127 self-assembles into micelles with hydrophobic cores and
hydrophilic coronas, which may further form hexagonal,
cubic, or lamellar structures, yielding a thermoreversible

hydrogel.’® Pluronic family has demonstrated effective
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depletion stabilization of gold nanoparticles in aqueous
environments.'>'® Furthermore, the methacrylation of pluro-
nic F127’s terminal hydroxyl groups, achieved through rapid
microwave-assisted reactions, produces pluronic dimethacry-
late (pluronic-DM) ink suitable for extrusion-based 3D print-
ing.”” 3D printing technology is evolving to meet user,
material, and application-specific needs, with hydrogel extru-
sion in polymer printing showing significant promise in fields
such as biomedicine'® (organs and tissues), biotechnology""
(cell culture)) and advanced materials development.'?
However, the direct fabrication of SERS substrates by 3D print-
ing technology is still in the early stages of exploration within
the field.">® Based on this background, we hypothesized that
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photocrosslinkable pluronic-DM can effectively stabilize nano-
particles, facilitating the reproducible 3D printing of homo-
geneous hydrogel nanocomposites without passivating nano-
particle surfaces, thereby preserving their suitability for sub-
sequent SERS sensing applications.

Fig. 1a shows the process for obtaining pluronic F127
dimethacrylated and the subsequent micelle self-assembly.
Briefly, a fast esterification reaction with methacrylic anhy-
dride was performed by heating for 10 min in a microwave
oven, according to the protocol published elsewhere.'® Next,
gold (or silver) metal nanoparticles synthesized by the citrate
reduction method (Fig. S1 and S27) were mixed with pluronic
F127-DM. All reagents used were purchased from Sigma-
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Fig. 1 Schematic illustration of (a) microwave-assisted methacrylation of pluronic F127 and micelle formation, (b) micellar ink preparation, (c) 3D
printing of SERS hydrogel substrates with micellar photocrosslinkable plasmonic inks (AuNPs and AgNPs).
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Aldrich. The mixture was left under refrigeration (6-8 °C) for
24 h to promote the solubilization of the polymer, and LAP
(lithium phenyl-2,4,6-trimethylbenzoylphosphinate) photo-
initiator was then added. After solubilization at low tempera-
ture, the solution undergoes phase transition into a gel at
room temperature due to micellar ordering, which is expected
to stabilize the nanoparticles,'® as shown in Fig. 1b. As a final
step, Fig. 1c describes the light-assisted 3D printing process of
the micellar inks, in which an extrusion syringe bioprinter
with custom temperature control set to print at 20 °C was
used. Cylinders of 8 mm in diameter and 3 mm in height were
used as computer-aided design models, and the photocros-
slinking process was assisted by a UV light source
(365-405 nm) to obtain gold (or silver) nanoparticle 3D SERS
substrates (see Fig. S31).

Fig. 2 shows the protocol for analyte detection using the
3D-printed SERS substrate, which was immersed in 5 mL of a
crystal violet solution at different concentration levels to
promote its adsorption onto the surface of the Au (or Ag) nano-
particles. After three hours, a steady state of maximum swell-
ing was achieved. It is also worth highlighting that this
material allowed for efficient analyte diffusion to the surface of
the metal nanoparticles, which are covered by easily replace-
able citrate molecules compared to CTAB or PVP surfactants
(challenging to remove and might hinder SERS measure-
ments). All SERS spectra were acquired using a Raman spectro-
meter model BWS465-785S iRaman Plus (B&W Tek) in the
range of 400 to 1700 cm™", with a resolution of 4.8 cm™" and a
785 nm laser coupled to an fiber optic probe (400 mW laser
power at the source). All measurements were performed using
30-second accumulation of exposure and 100% laser excitation
power. The SERS spectra were recorded at maximum substrate
swelling after drying it in a desiccator.

Fig. 3a and b display the SERS spectra of the blank and
crystal violet on anhydrous and hydrated 3D-printed hydrogel
substrates based on AuNPs and AgNPs. The spectra clearly
show the characteristic bands of crystal violet: 420-438 cm ™"
(phenyl-C-phenyl asymmetric out-of-plane bending), 526 cm™
(C-N-C asymmetric bending), 720 ecm™' (C-N-C symmetric
stretching), 798 cm™" (phenyl-H asymmetric out-of-plane
bending), 911 cm™' (out-of-plane deformation of C in the
phenyl ring), 1171 em™" (C-phenyl, C-H in-plane asymmetric
stretching), 1386 cm™ (C-N, phenyl-C-phenyl asymmetric
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stretching), 1582 cm™" (C-phenyl asymmetric stretching), and
1614 cm™"' (C-phenyl in-plane asymmetric stretching).”® The
spectrum in the anhydrous state is approximately three times
more intense than in the hydrated state, which implies a
tunable SERS sensitivity by controlling the water content. The
intensity difference probably arises from the increase in hot
spots per area as water loss reduces the substrate’s volume
(i.e., preconcentration of hot spots and analyte). The analytical

I
enhancement factor (EF)*! was calculated as: EF = ——>_
RAMAN
Cram . . . .
C AN where Isgrs is the signal obtained from the analyte in
SERS

the SERS substrate, Izaman iS the signal obtained from the
analyte in the substrate without nanoparticles, Csgrs rep-
resents the concentration of the analyte detected by the SERS
substrate, and Craman is the analyte concentration detected by
the substrate without nanoparticles. The average analytical EF
estimated for the SERS substrates based on AgNPs (2.51 x 10°)
and AuNPs (2.96 x 10°) showed to be excellent and in good
agreement with highly sensitive SERS substrates of
AgNPs**?>23 and AuNPs***® previously reported. All the
spectra used for these calculations are presented in Fig. S4.f
In addition to the high sensitivity of the fabricated substrates,
they also displayed excellent repeatability, demonstrated by the
relative standard deviations (RSD) of 6.1% and 6,4% for AuNPs
and AgNPs-based SERS substrates recorded at 1171 cm™,
respectively. Furthermore, the intensity difference between the
anhydrous and hydrated states is less pronounced for AgNPs
than AuNPs, probably because of the differences in the shift of
the nanoparticle surface plasmons and the localised surface
plasmon resonance condition with the Raman laser at 785 nm
(see Fig. S1 and S27t). Additional concentration dependence
experiments are presented in Fig. S5.1

Further investigation of the drying process and the impact
on the SERS signal was performed, and the results are shown
in Fig. 3c and d. It was performed by monitoring the water
loss and the SERS signal at 1171 cm™" starting from the
maximum swelling to the anhydrous state. Fig. 3c illustrates
the water loss of the AuNPs substrate alongside the SERS
signal; the initial mass at ¢ = 0 was 0.1881 + 0.0008 g, with an
intensity of 8,532 a.u., decreasing to a final mass of 0.03617 +
0.0031 g after 22 hours of drying at room temperature, with an
intensity of 36,600 a.u. According to these data, the gain in
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. High nm
“haww” sensitivity

Fig. 2 Schematic illustration of sensing experiments using the 3D-printed SERS substrates.
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Fig. 3 SERS spectra of 2.45 uM crystal violet in anhydrous and fully hydrated SERS substrates made of (a) AuNPs and (b) AgNPs. Temporal assess-
ment of water loss and SERS intensity at 1173 cm™ for the 3D-printed plasmonic hydrogels made of (c) AuNPs and (d) AgNPs. Time = O h represents

the 3D-printed substrates at the state of maximum swelling/hydration.

sensitivity by drying the 3D-printed AuNPs substrate is about
4.3 times. The consistency of the mass measurements at
maximum swelling at each subsequent hour demonstrates the
gradual water loss from the hydrogels, with these values
serving as a control in the 3D printing process. Once the sub-
strate is completely dry and its mass remains constant, the
SERS signal exhibits minimal standard deviation. For the
AgNPs-based substrate, the gain in sensitivity was about 2.8
times after the drying step. Therefore, both AuNPs- and
AgNPs-based substrates exhibited similar trends in their de-
hydration curves and corresponding increases in the tunable
SERS signal.

To complement the previous experiments, SERS maps were
recorded from the anhydrous plasmonic substrates, and the
results are displayed in Fig. 4a and b. These results indicate a
homogeneous distribution for both substrates, thereby demon-
strating that the proposed 3D-printed plasmonic materials not
only provide high sensitivity but also excellent reproducibility.
While AgNPs-based SERS substrate produces intense SERS
spectra, the sensitivity can be further improved by adjusting
the laser wavelength to better match the plasmon resonance or
by increasing the recording time. Fig. 4b shows micrographs

This journal is © The Royal Society of Chemistry 2025

of the hydrated 3D-printed hydrogel SERS substrates with
AuNPs and AgNPs, whereas the anhydrous states are displayed
in Fig. 4c. Bright circular dots representing individual or small
clusters of metal nanoparticles are visible, thereby confirming
that the SERS effect stems from hot spots formed within the
fully hydrated 3D-printed hydrogel SERS substrate.
Additionally, larger irregular structures in the bulk suggest the
formation of polymeric aggregates, potentially comprising
crosslinked micelles and disordered non-micellar material (see
Fig. S61 for additional micrographs). Moreover, the difference
in size of the polymeric aggregates is probably related to the
differences in the citrate concentrations remaining from the
synthesis of AuNPs and AgNPs. A larger number of nano-
particles per area was observed for both anhydrous substrates
than their fully hydrated counterparts. Therefore, the
microscopy images corroborated that the increase in hot spots
covered by the laser spot and the analyte preconcentration
effect caused by the drying step led to an enhanced and
tunable SERS signal over time.

We have also demonstrated the potential for biosensing
applications by detecting biomolecules such as nicotine, uric
acid, and adenine with detection limits down to 500 nmol L™,

Nanoscale, 2025, 17, 12648-12653 | 12651
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Fig. 4 (a) SERS intensity distribution maps normalized to 1171 cm™

after mapping a 1.2 X 1.2 mm area centered on the surface of the AuNPs
and AgNPs substrates. The Raman mapping was performed using a
Horiba XploRA Raman spectrometer equipped with a 785 nm laser,
operating at 10X magnification with 10% laser power and a 10 second
exposure time, spatial resolution was 0.5 um. (b) Representative micro-
graphs in environmental SEM mode (20 kV, 200 Pa) of hydrated AuNPs
and AgNPs 3D-printed substrates. (c) Representative micrographs (5 kV)
of anhydrous AuNPs and AgNPs 3D-printed substrates.

100 nmol L™, and 10 nmol L™", respectively (the SERS spectra
can be found in Fig. S7a, b, and cf). In addition to detecting
these analytes below clinically and biologically relevant con-
centrations, the fabricated substrates demonstrated applica-
bility in the analysis of urine simulant (Sigma-Aldrich), a
sample with a complex matrix of macromolecules, salts, and
small biomolecules, thereby unveiling key spectroscopic signal
from bioanalytes presented in the sample (Fig. S7dt). To high-
light the advantages of our plasmonic 3D-printed micellar
hydrogel over previously reported materials, a detailed com-
parison of features is presented in Table S1.1 According to it,
our approach provides a facile and rapid preparation of stable
plasmonic inks with only three components (pluronic-DM,
nanoparticles, and photoinitiator), a straightforward and
reproducible photocrosslinking process, and a precise control

12652 | Nanoscale, 2025,17, 12648-12653
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over substrate shape and size via 3D printing technology that
might be extended to medium- and large-scale manufacturing.
In addition to the portability of the proposed method, no
surface passivation was required, which is a key advantage for
further SERS sensing and real-world applications.

Conclusions

We successfully developed an aqueous, plasmonic, and photo-
crosslinkable ink using citrate-reduced gold and silver nano-
particles, pluronic F127-DM, and a photoinitiator LAP.
Colloidal gold and silver were stabilized by the polymer in the
ink by the depletion stabilization effect, and, by means of
extrusion-based 3D printing, we fabricated ultrasensitive and
reproducible SERS hydrogel substrates. By optimizing the
SERS sensing protocol, we demonstrated tunable sensitivity
from hydrated to anhydrous states, confirmed by large
enhancement factors, particularly for AuNPs. This protocol
shows promise for a wide range of quantitative and qualitative
applications (including the detection of bioanalytes such as
uric acid, adenine, and nicotine), and this technology paves
the way for further exploration of automated fabrication of
ultrasensitive SERS substrates using 3D printing. Additionally,
our formulation of a photocrosslinkable micellar ink with
citrate-reduced nanoparticles avoids the need for toxic or chal-
lenging-to-remove surfactants (e.g., CTAB and PVP) for sub-
sequent SERS measurements.
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