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Abstract
The development of flexible and 3D‐printable surface-enhanced Raman scattering 
(SERS) substrates requires hydrogel architectures that support uniform nanoparticle 
distribution, structural robustness, and controlled filament formation. In this study, 
cellulose nanofibers (CNFs) and cellulose microfibers (CMFs) were incorporated into 
a poly(vinyl alcohol)/sodium alginate (PVA/SA) hydrogel crosslinked through borax 
to elucidate how fiber geometry, interfacial chemistry, and flow behavior collectively 
govern printability and plasmonic performance. CNFs form an interconnected and 
dynamically recoverable network that enhances viscosity, elastic recovery, and 
structural cohesion, enabling stable extrusion during 3D printing. The shear field 
within the printing nozzle further induces partial alignment of CNFs, generating more 
continuous microdomains that influence subsequent distribution of in situ grown 
gold nanoparticles (AuNPs). Spectroscopic and rheological analyses show that AuNP 
incorporation modulates local hydrogen bonding while preserving the dynamic 
borate crosslinking essential for filament fidelity. The 3D-printed CNF hydrogels 
exhibit clear and distinguishable SERS responses, with detectable rhodamine 6G (R6G) 
signals down to 10−6 M. This work provides a mechanistic understanding of how fiber 
morphology, flow-induced alignment, and nanoparticle-matrix interactions jointly 
define SERS behavior in printable hydrogels, offering a scalable design framework for 
next‐generation soft-material sensing platforms.
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1. Introduction
While surface-enhanced Raman spectroscopy (SERS) provides ultrasensitive molecular 
detection,1−7 the practical deployment of conventional two-dimensional (2D) metallic films 
and colloidal assemblies is often constrained by nanoparticle aggregation, heterogeneous 
hot-spot formation, and temporal instability.8,9 To address these issues, hydrogels have 
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emerged as promising alternatives. Their hydrated porous 
networks naturally confine metal nanoparticles in three 
dimensions, while polymers like poly(vinyl alcohol) (PVA) 
and various nanoparticle hybrids offer excellent structural 
adaptability and stability.10−15 Beyond the fundamental 
interfacial chemistry between metal nanoparticles and 
hydrogel scaffolds,16 recent progress has rapidly shifted 
toward three-dimensional (3D) printed plasmonic 
bioinks. These technologies allow for the construction of 
multiscale, programmable architectures capable of real-
time volumetric SERS imaging and complex biomolecular 
detection.17−19 However, most existing 3D-printed hydrogel 
SERS systems still rely on physically mixing nanoparticles 
within isotropic microstructures, which ultimately lacks 
directional plasmonic pathways. In particular, the ability 
to exploit flow-induced structural alignment during the 
extrusion process has remained largely unexplored.

Cellulose fibers (CFs) offer a compelling route toward 
microstructural control. Cellulose nanofibers (CNFs) 
and microfibers (CMFs) possess abundant hydroxyl/
carboxyl groups capable of anchoring metal nanoparticles 
and exhibit fibrous morphologies that may influence 
crosslinking behavior and hydrogel mechanics.20,21 Their 
high aspect ratio (CNFs) or larger diameter (CMFs) can 
potentially modulate network formation, plasmonic 
distribution, and mechanical resilience. Yet, the roles 
of fiber morphology and fiber–nanoparticle interfacial 
chemistry in shaping the plasmonic environment within 
hydrogels remain insufficiently understood. Extrusion-
based 3D printing introduces an additional dimension 
of structural programmability. The shear field generated 
during extrusion can induce partial alignment of 
embedded fibers, enabling anisotropic architectures not 
achievable through bulk casting.22,23 For SERS substrates, 
such alignment offers the potential to improve plasmonic 
uniformity and enhance hot-spot reproducibility by 
organizing nanoparticle-decorated fibers along preferred 
orientations. Despite this promise, the combined effects 
of nanoparticle–fiber interactions, fiber morphology, 
hydrogel viscoelasticity, and printing-induced alignment 
on SERS enhancement have rarely been elucidated.

In this study, we develop a 3D-printable AuNP/
CF/PVA/SA hydrogel system that integrates in situ 
nanoparticle synthesis, nanoscale fiber reinforcement, 
and shear-mediated structural organization. Gold 
nanoparticles were grown directly on CNFs and CMFs 
to achieve controlled anchoring and dispersion, and 
the resulting hybrids were incorporated into borate-
crosslinked PVA/SA hydrogels. The extrusion-based 3D 
printing process introduced shear-induced alignment, 
allowing the formation of architected hydrogel geometries. 

By correlating nanoparticle distribution, fiber-polymer 
interactions, rheological behavior, thermal stability, and 
SERS response, we establish how composite hydrogel 
architectures can be engineered to enhance signal 
uniformity and reproducibility. This integrated strategy 
demonstrates a manufacturable and structurally tunable 
framework for flexible SERS substrates, providing insights 
relevant to next-generation wearable and in situ analytical 
platforms.

2. Materials and methods
2.1. Materials

All chemicals were of analytical grade and used as received 
without further purification. Gold (III) chloride trihydrate 
(HAuCl4·3H2O), sodium citrate (Na3Ct·2H2O), poly(vinyl 
alcohol) (PVA, 99+% hydrolyzed, Mw ≈ 89,000–98,000), 
sodium tetraborate (borax, AR grade), and rhodamine 
6G (R6G) were purchased from Sigma-Aldrich (USA). 
Sodium tetraborate decahydrate was obtained from Fluka 
(USA). Alginic acid sodium salt (SA) was supplied by 
ACROS (Belgium). Carbonylated cellulose nanofibers 
(CNF) and carbonylated cellulose microfibers (CMF) were 
purchased from Qihong Technology Co., Ltd. (China). 
Ultrapure water (18.2 MΩ·cm) was used throughout the 
experiments. 

2.2. Preparation of AuNPs/CNF and AuNPs/CMF

Two types of cellulose fibers with distinct sizes were used 
in this study: cellulose nanofibers (CNF) and cellulose 
microfibers (CMF). Gold nanoparticles were synthesized 
in situ on these fibers to obtain AuNPs/CNF and 
AuNPs/CMF, respectively. Both systems were prepared 
using identical precursor concentrations and reaction 
procedures based on a reported citrate-reduction method 
with modifications.24 Carbonylated CNF powder was first 
diluted to obtain a 0.5 wt% CNF aqueous suspension, 
followed by ultrasonication to ensure complete dispersion. 
For AuNP loading, 50 mL of the CNF (or CMF) suspension 
was mixed with 2.5 mL of 5.0 mM HAuCl4·3H2O under 
vigorous stirring for 10 min. The pH of the mixture was 
adjusted to approximately 8 using NaOH. The reaction 
mixture was then heated to 90 °C in an oil bath with 
continuous stirring. Once the temperature stabilized, 0.5 
mL of a 1 wt% sodium citrate solution was rapidly added to 
initiate the reduction reaction, which proceeded for 6 min. 
During the reaction, the color of the suspension gradually 
changed from pale yellow to gray-violet and eventually to 
bright red, indicating the formation of AuNPs on the fiber 
surfaces. After completion, the reaction was quenched by 
placing the suspension in an ice bath. The resulting AuNPs/
CNF (or AuNPs/CMF) dispersions were stored at 4 °C in 
the dark until use.
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2.3. Preparation of PVA/SA and fiber-reinforced 
hydrogels

Poly(vinyl alcohol) (PVA) was dissolved in deionized water 
at 90 °C under continuous stirring for approximately three 
hours until a clear solution was obtained. Sodium alginate 
(SA) was then added to prepare two polymer solutions 
containing either 8 wt% PVA with 1 wt% SA or 16 wt% PVA 
with 2 wt% SA, with all weight percentages defined relative 
to the total mass of the aqueous solution. The mixtures 
were stirred at room temperature for an additional four 
hours to ensure complete dissolution. Cellulose fibers of 
different sizes (CNF or CMF), as well as gold-nanoparticle-
decorated cellulose (AuNPs/CNF or AuNPs/CMF), were 
subsequently incorporated into the PVA/SA solutions 
at volume ratios of 1:9, 1:3, and 1:1, forming precursor 
dispersions for CNF/PVA/SA or AuNPs/CNF/PVA/SA 
hydrogels. A 3.5 wt% borax solution, prepared separately 
at room temperature, was added (10 mL) to each precursor 
to trigger borate-mediated crosslinking. The mixtures 
were then held at 65 °C for one hour to allow sufficient 
network formation. After cooling to room temperature, 
the resulting hydrogels were stored for subsequent 3D 
printing and SERS analyses. 

2.4. 3D printing of AuNPs/CNF/PVA/SA hydrogel

The AuNPs/CNF/PVA/SA hydrogel precursor was printed 
using a pneumatic extrusion-based 3D bioprinter (Allevi 
2, Allevi Inc.). The printing models were designed using 
SOLIDWORKS software (Dassault Systèmes, France). 
Before printing, the hydrogel precursor was degassed by 
centrifugation at 4000 rpm for 20 min to remove entrapped 
air bubbles. The optimized printing parameters were as 
follows: air pressure of 44 psi, nozzle diameter of 0.52 
mm, printing temperature of 65 °C, and printing speed 
of 6 mm/s. All samples were printed onto glass substrates 
and allowed to cool to room temperature to stabilize the 
printed architecture.

2.5. Structural and physicochemical characterization

UV-Vis spectra were recorded using a Jasco V-770 
spectrophotometer. For AuNPs/CF composites, the 
wavelength range was set to 200–800 nm. For hydrogel 
transmittance measurements, the samples were placed 
between two quartz plates and compressed to a thickness 
of approximately 1.4 mm. The measurement wavelength 
range was set from 300 to 800 nm. A quartz sandwich 
without solvent was used as the baseline/reference. The 
functional groups of the AuNPs/CF composites and 
hydrogel samples were characterized by attenuated total 
reflection–Fourier transform infrared (ATR–FTIR) 
spectroscopy (PerkinElmer Spectrum Two) over a 
wavenumber range of 500–4000 cm-1 with a resolution 

of 4 cm-1. The distribution of AuNPs on cellulose fibers 
was characterized by transmission electron microscopy 
(TEM) using a JEOL JEM-2100 LaB6 instrument. 
Thermogravimetric analysis (TGA) was conducted using 
a TA Instruments Q50 thermogravimetric analyzer. 
Measurements were carried out from 30 to 800 °C under an 
air atmosphere at a heating rate of 10 °C/min and a gas flow 
rate of 40 mL/min.  Prior to TGA, the hydrogel specimens 
were freeze-dried for 24 hr using a laboratory freeze-dryer 
(HyperCOOL HC3110) to remove residual moisture. The 
micro-morphology of the AuNPs/CF composites samples 
were examined using field-emission scanning electron 
microscopy (FE-SEM; HITACHI S-5200). To observe the 
distribution of gold nanoparticles on cellulose fibers, the 
AuNPs/CF suspension was dropcast onto a glass substrate 
and allowed to dry prior to imaging. The dried samples 
were subsequently sputter-coated with a thin  platinum 
(Pt) layer to improve conductivity before FE-SEM 
observation. This procedure enabled the visualization of 
the nanoparticle-decorated fibers.

2.6. Rheological characterization

Rheological measurements were conducted using a 
rotational rheometer (TA Instruments, HR20) equipped 
with 25 mm parallel plates, with the plate gap fixed at 
0.1 mm for all tests. Frequency sweep experiments were 
performed at a constant strain of 0.5% over a range of 0.1–
100 Hz to evaluate the frequency-dependent viscoelastic 
response. Amplitude sweep tests were carried out at a fixed 
frequency of 10 Hz while varying the strain amplitude 
from 0.1% to 100% to assess network integrity and yielding 
behavior. The storage modulus (G′), loss modulus (G″), 
and complex viscosity (|η*|) were recorded to characterize 
the elastic–viscous balance, crosslinking strength, and flow 
characteristics of the hydrogels.

2.7. Optical microscopy characterization

The alignment and birefringent behavior of the AuNPs/
CFs/PVA/SA hydrogel within the 3D-printed scaffolds 
were examined using an optical microscope (Leica 
DM2500M, Leica Microsystems, Germany) equipped with 
cross-polarizers. Samples were placed on the microscope 
stage and carefully aligned with the optical axis to ensure 
uniform illumination across the field of view. Observations 
were conducted under both non-polarized and cross-
polarized light conditions to evaluate structural anisotropy 
and orientation induced by the printing process. 
Images were captured at representative locations using 
appropriate objective lenses to ensure clear visualization 
of birefringence and alignment features. The presence 
of birefringence was taken as an indicator of anisotropic 
microstructural organization within the hydrogel matrix.

https://doi.org/10.36922/IJB025010541
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2.8. Performance evaluation of AuNPs/CNF/PVA/SA 
hydrogel SERS sensor

SERS measurements were performed using a confocal 
Raman microscope (Renishaw RL633) equipped with a 
633 nm excitation laser operated at a power of 30 mW. 
Raman spectra were collected through a 50× objective 
lens with an acquisition time of 5 s. The optimized AuNPs/
CFs/PVA/SA hydrogel sensor was printed into 1.0 × 1.0 
cm2 pieces before testing. Rhodamine 6G (R6G) aqueous 
solutions with various concentrations were used as probe 
molecules. A fixed volume of R6G solution was dropped 
onto the hydrogel substrates and incubated for 30 min to 
promote molecular adsorption and confinement within 
the hydrogel network. The samples were subsequently 
dried at 50 °C for 30 min prior to spectral acquisition. 
Unless otherwise specified, SERS measurements were 
performed at three independently selected locations for 
each sample to evaluate signal reproducibility. All spectra 

were collected under identical instrumental conditions 
to allow direct comparison of SERS performance among 
different hydrogel formulations.

3. Results and discussion
The in situ formation of Au nanoparticles (AuNPs) 
on cellulose fibers was examined to understand how 
fiber morphology influences nucleation behavior and 
nanoparticle distribution, as shown in Figure 1. FE-SEM 
images show that AuNPs formed on both CNF and CMF 
surfaces, but with distinct spatial arrangements. In the 
CNF-based samples (Figure 1b), AuNPs appear distributed 
along the nanofiber bundles, following their high-aspect-
ratio geometry. For CMF (Figure 1c), the AuNPs tend 
to occupy the broader, micron-scale surface domains. 
These differences likely arise from the intrinsic structural 
characteristics of the two cellulose types, including their 
surface area and accessible functional groups, which 

Figure 1. Schematic illustration of AuNPs integrated with CF and their effects on structure, distribution, and optical properties.(a) Schematic illustration 
of AuNPs incorporated with CNF and CMF. (b, c) FE-SEM images of pristine CNF (b-i), AuNPs/CNF (b-ii), pristine CMF (c-i), and AuNPs/CMF (c-ii). 
(d, e) UV–Vis absorption spectra of AuNPs/CNF (d) and AuNPs/CMF suspensions (e). (f, g) ATR–FTIR analysis of AuNPs/CNF (f) and AuNPs/CMF (g). 
Abbreviations: ATR: Attenuated total reflection; AuNPs: Gold nanoparticles; CMF: Cellulose microfibers; CNF: Cellulose nanofibers; FTIR: Fourier 
transform infrared spectroscopy. 
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influence nucleation density and attachment patterns. To 
verify nanoparticle formation on the fibers, transmission 
electron microscopy (TEM) and energy dispersive X-ray 
spectroscopy (EDS) were performed on the highly 
functionalized AuNPs/CNF samples (Figure S1). The 
high-resolution TEM micrographs (Figure S1b) clearly 
reveal the distinct spherical morphology and uniform 
distribution of the in situ grown AuNPs, supported by 
unequivocal elemental verification of Au (Figure S1c). 
UV-Vis absorption spectra further corroborate these 
morphological differences, as shown in Figure 1d,e. The 
AuNPs/CNF suspension displays a well-defined localized 
surface plasmon resonance (LSPR) peak at ~521 nm, 
consistent with discretely distributed, nanosized Au 
particles.24 In contrast, the AuNPs/CMF system exhibits 
only a weak and broadened response in this region. 
This diminished optical response does not stem from a 
lower AuNP loading, but rather reflects a highly sparse 
distribution and localized nanoscale clustering. Figure 1f 
presents the attenuated total reflection–Fourier transform 
infrared spectroscopy (ATR–FTIR) analysis providing 
additional evidence of strong interfacial interactions 
between AuNPs and CNFs. Pristine CNF shows 
characteristic bands at 3320 cm−1 (O–H stretching), 1600 
cm−1 (–COO− stretching), 1025 cm-1 (C-O-C pyranose 
stretching), and 2927 cm−¹ (C–H stretching), in agreement 
with previous reports on carboxylated CNFs.25 After AuNP 
growth, these bands decrease in intensity, indicating that 
surface –OH and –COO− groups participate in Au–O 
coordination or hydrogen bonding, thereby anchoring 
AuNPs and suppressing their migration and aggregation. 
In contrast, the FTIR spectra of CMF before and after 
Au deposition (Figure 1g) shows negligible changes in 
the O–H, C=O, and C–O–C bands,26 confirming that the 

interfacial interaction between the agglomerated AuNPs 
and the CMF template is highly localized and strictly 
limited by the sparse availability of functional anchoring 
sites. These results establish that CNF and CMF each 
interact with AuNPs in systematically different ways due 
to their intrinsic structural and chemical characteristics.    
These distinctions provide a basis for understanding 
how fiber type influences subsequent network formation, 

rheological behavior, and ultimately SERS performance.

The incorporation of cellulose fibers into the PVA/
SA-borate matrix led to distinct changes in the viscoelastic 
profiles depending on the fiber type and loading level. To 
verify the chemical interactions, the ATR–FTIR spectra of 
CNF/PVA/SA and CMF/PVA/SA hydrogels prepared with 
different fiber-to-polymer ratios (1:9, 1:3, 1:1), together 
with the spectra of pure fibers and the PVA/SA matrix, 
was analyzed as shown in Figure S2. In both CNF- and 
CMF-based systems, increasing the fiber content results 
in progressively enhanced O–H stretching near 3320 
cm−1, reflecting the greater availability of hydroxyl groups 
and the formation of more extensive hydrogen-bonding 
networks within the hydrogel. The carboxylate-associated 
peaks (1600 cm−1 for CNF samples; 1740 and 1614 cm−1 for 
CMF samples) become more pronounced as the fiber ratio 
increases, particularly in the CNF-containing samples, 
consistent with the higher surface functionalization and 
greater accessibility of CNF compared with CMF. Peaks near 
1418 cm−1 (B–O–C) and 1041 cm−1 (C–O–C) correspond 
to skeletal vibrations, confirming successful crosslinking 
between borate ions and the polymer–fiber network.27,28 
Notably, the CNF and CMF series exhibit different degrees 
of spectral variation, which reflect differences in accessible 
surface groups and fiber morphology. These distinctions 

Figure 2. Rheological properties of PVA/SA hydrogels with different borax contents. (a) Complex viscosity (|η*|) as a function of angular frequency, 
showing pronounced shear-thinning behavior. (b) Amplitude sweep profiles illustrating the linear viscoelastic region and the evolution of storage (G′) and 
loss (G″) moduli with increasing strain. 
Abbreviations: PVA: Poly(vinyl alcohol); SA: Sodium alginate.
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suggest that CNFs and CMFs modulate the polymer–fiber 
interactions in different ways within the hydrogel network.

The rheological characteristics of the PVA/SA–borax 
hydrogel were analyzed to identify the optimal crosslinking 
density required for stable extrusion and structural fidelity 
during 3D printing. The complex viscosity profiles, shown 
in Figure 2a, reveal pronounced shear-thinning behavior 
across all formulations, enabling the hydrogel to flow 
smoothly through the extrusion nozzle while maintaining 
structural stability upon deposition. Amplitude sweep 
results in Figure 2b indicate that each hydrogel preserves 
solid-like behavior (G′ > G″) within the linear viscoelastic 
region, confirming the formation of a dynamic borate-
mediated crosslinked network. Increasing the borax 
concentration from 1.5 to 3.5 wt% leads to a progressive 
rise in storage modulus (G′) and yield stress, reflecting a 
denser di-diol–borate bonding network. However, when 
the borax content reaches 6 wt%, the excessive crosslinking 
stiffens the hydrogel to the point that extrusion becomes 
unstable and plug-flow behavior occurs, preventing 
continuous filament formation. At a borax concentration 
of 3.5 wt%, the hydrogel achieves an optimal balance of 
elasticity and flowability. The modulus is sufficiently 
high to support self-standing printed filaments, while 
the yield stress remains low enough to permit smooth, 
uninterrupted extrusion. The reversibility of the borate 
coordination bonds also facilitates rapid elastic recovery 
after high-strain deformation, a critical requirement for 
preserving line uniformity and interlayer adhesion. The 3.5 

wt% formulation therefore provides the shear-dependent 
viscosity, rapid structural recovery, and mechanical 
stability required for reliable extrusion-based 3D 
printing. Furthermore, Figure S3 presents representative 
photographs of the 3D-printed hydrogels, verifying the 
macroscopic printing fidelity and illustrating the distinct 
visual changes before and after nanoparticle incorporation.

To elucidate how fiber loading influences the 
viscoelasticity and mechanical adaptability of the hybrid 
hydrogels, CNF or CMF were incorporated into the PVA/
SA matrix at ratios of 1:9, 1:3, and 1:1 (fiber:PVA/SA), 
as presented in Figure 3. The viscosity–frequency curves 
(Figure 3a) reveal that all CNF formulations exhibit nearly 
identical shear-thinning profiles, indicating that increasing 
the CNF loading up to 1:1 does not significantly alter the 
bulk flow resistance. This suggests that the high aspect ratio 
of CNFs allows for efficient integration into the polymer 
network without causing excessive viscosity buildup. 
Furthermore, the amplitude sweep (Figure 3b) confirms 
that the 1:1 CNF hydrogel retains a high G′ comparable 
to the 1:9 formulation. This behavior is ideal, as it permits 
the incorporation of a high fiber content, crucial for 
maximizing SERS hotspot density, while strictly preserving 
the processability and structural fidelity of the hydrogel. In 
contrast, CMF-reinforced hydrogels exhibited a distinct 
response characterized by a monotonic increase in both 
complex viscosity and storage modulus with increasing 
fiber loading (Figure 3d,e). This trend is attributed to a 
macroscopic filler reinforcement effect, where the larger, 

Figure 3. Rheological properties and thixotropic recovery of the cellulose/PVA/SA hydrogels with varying fiber loadings. The top row (a–c) corresponds 
to CNF/PVA/SA hydrogels, while the bottom row (d–f) corresponds to CMF/PVA/SA hydrogels. (a, d) Complex viscosity (|η*|) as a function of angular 
frequency, illustrating shear-thinning behavior. (b, e) Storage (G′) and loss (G″) moduli measured over a strain amplitude range of 0.01% to 100%. (c, f) 
Continuous step-strain oscillatory tests (alternating between 0.1% and 100% strain) to evaluate self-healing capability. 
Abbreviations: CMF: Cellulose microfibers; CNF: Cellulose nanofibers; PVA: Poly(vinyl alcohol); SA: Sodium alginate.
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rigid microfibers physically stiffen the matrix. 

The self-healing capability of the hydrogels was further 
evaluated through alternating low-strain (0.1%) and high-
strain (100%) oscillatory tests, as illustrated in Figure 
3c,f. CNF-reinforced hydrogels with higher fiber loading 
(Figure 3c), particularly the 1:1 formulation, rapidly 
recover their initial storage modulus after repeated high-
strain disruption. This rapid recovery is attributed to the 
dynamic borate–diol coordination and the CNF-mediated 

hydrogen-bonding network. In contrast, CMF-containing 
hydrogels exhibit incomplete structural restoration, with 
the G′ in the recovery phase failing to reach its initial 
magnitude (Figure 3f). This disparity suggests that the 
larger, rigid CMFs impose steric hindrance, disrupting 
the efficient reformation of the polymer matrix compared 
to the flexible nanofibrils. To visually corroborate this 
microstructural organization, polarized optical microscopy 
was employed to examine the hydrogel morphology, 

Figure 4. ATR–FTIR spectra and rheological behavior of AuNP-reinforced hydrogel systems. (a, b) FTIR spectra of AuNPs-loaded composites compared 
to pristine components for CNF-based and CMF-based systems, respectively. (c, e) Complex viscosity (|η*|) as a function of angular frequency for CNF-
based (c) and CMF-based hydrogels (e). (d, f) Amplitude sweep profiles for CNF-based (d) and CMF-based hydrogels (f). 
Abbreviations: AuNPs: Gold nanoparticles; CMF: Cellulose microfibers; CNF: Cellulose nanofibers; PVA: Poly(vinyl alcohol); SA: Sodium alginate.
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as shown in Figure S4. While solution-cast films show 
randomly distributed birefringent domains, the 3D-printed 
filaments exhibit pronounced, continuous interference 
colors running parallel to the printing direction. This 
distinct anisotropy confirms that the extrusion stress 
effectively orients the AuNP-decorated cellulose fibers 
along the flow axis. Based on these combined rheological 
and microstructural evidence, the CNF:PVA/SA ratio of 
1:1 was selected for subsequent incorporation of AuNPs 
and for evaluating SERS performance.

The ATR–FTIR spectra were further analyzed to 
examine how the introduction of AuNPs alters the 
chemical environment within the fiber–hydrogel network. 
Figure 4a,b present the ATR–FTIR spectra of AuNPs/
cellulose fibers, AuNPs/CF/PVA/SA, and the PVA/
SA matrix. In both systems, the intensity of the broad 
O–H stretching band (~3342 cm−1) decreases after 
AuNP incorporation, indicating that surface hydroxyl 
groups on cellulose fibers and PVA chains participate 
in coordination or adsorption onto the AuNP surfaces. 
This interaction partially consumes free –OH groups 
and disrupts the native hydrogen-bonding network. The 
carboxylate-associated absorptions at 1740 and 1614 cm−1 
also diminish in the AuNP-containing samples, suggesting 

additional interactions between AuNPs and –COOH/–
COO− functionalities. These changes imply the formation 
of weak electrostatic associations or hydrogen bonding at 
the AuNP-fiber interface. Meanwhile, the characteristic 
B–O–C band at ~1418 cm−1 remains present across all 
hydrogels, confirming that borate crosslinking persists 
even after AuNPs incorporation and continues to stabilize 
the hydrogel network. The magnitude of these spectral 
alterations is significantly greater in the AuNPs/CNF series 
than in the AuNPs/CMF series, reflecting differences 
in the availability of functional groups and surface 
characteristics between the two fiber types. As a result, 
CNF provides an interfacial environment that supports 
more extensive AuNP attachment and a more uniform 
nanoparticle arrangement, features that can influence the 
development of local plasmonic fields within the hydrogel 
matrix. To connect these molecular-level interactions with 
macroscopic behavior, rheological tests were conducted on 
AuNP-reinforced hydrogels, as shown in Figure 4c–f. The 
viscosity–frequency curves (Figure 4c,e) show that AuNP 
incorporation slightly reduces the complex viscosity of 
both CNF- and CMF-based hydrogels while maintaining 
their characteristic shear-thinning behavior. This confirms 
that the AuNPs reorganize the surrounding fiber-polymer 

Figure 5. Thermal decomposition profiles of the cellulose fiber-reinforced hydrogels. (a) TGA (black lines, left axis) and DTG (blue lines, right axis) of 
CNF/PVA/SA, (b) AuNPs/CNF/PVA/SA, (c) CMF/PVA/SA, and (d) AuNPs/CMF/PVA/SA. 
Abbreviations: AuNPs: Gold nanoparticles; CMF: Cellulose microfibers; CNF: Cellulose nanofibers; DTG: Derivative thermogravimetry; PVA: Poly(vinyl 
alcohol); SA: Sodium alginate; TGA: Thermogravimetric analysis.
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network without compromising structural integrity 
required for extrusion. Figure S3 demonstrates that both 
pristine and AuNP-loaded hydrogels are printable, as they 
can be smoothly extruded through the printing nozzle and 
retain sufficient structural integrity to form self-supporting 
3D architectures. Furthermore, oscillatory amplitude 
sweeps, as shown in Figure 4d,f, reveal that the G′ and 
G″ remain comparable to those of the pristine hydrogel 
within the linear viscoelastic region (LVR). This suggests 
that the dynamic borate-crosslinked network continues 
to function effectively after AuNP addition, providing 
sufficient mechanical strength to support the 3D-printed 
structure. Overall, these results confirm that AuNP 
incorporation subtly modifies, yet does not disrupt, the 
viscoelastic behavior of the hydrogels, thereby preserving 
the flowability, structural resilience essential for reliable 
extrusion-based 3D printing.

Figures 5 and S5 illustrate the TGA and DTG curves 
of the hydrogel composites. Both CNF- and CMF-based 
matrices exhibit a characteristic multi-stage decomposition 
pattern, initiated by moisture evaporation (<150 °C) and 
followed by the major pyrolysis of the PVA/SA backbone 
and cellulose components (200–400 °C).23 An additional 
weight-loss event is observed near 550 °C, which is 
attributed to the oxidative combustion of carbonaceous 
residues under an air atmosphere. The char residue 
analysis after pyrolysis at 700 °C reveals that the pristine 
hydrogel without AuNP incorporation exhibits a slightly 
higher residual mass than the AuNPs/CNF hydrogel. 
The reduced residual mass observed in the AuNP-loaded 
hydrogels under an oxidative atmosphere can be attributed 
to the catalytic oxidation effect of AuNPs, which promotes 
the combustion of carbonaceous residues, outweighing the 

minor mass contribution of metallic nanoparticles. Because 
this catalytic effect obfuscates direct quantification via 
TGA, comparable gold loading was ensured through the 
strictly controlled in situ synthesis protocol. Specifically, 
identical concentrations and volumes of gold precursors 
were utilized for both cellulose templates, guaranteeing 
that the macroscopic Au loading is highly comparable 
between the CNF and CMF systems. Thus, the superior 
SERS activity of the CNF hydrogels is intrinsically linked to 
the extrusion-induced structural alignment and uniform 
hot-spot distribution, rather than variations in total gold 
content.

Measuring the optical transmittance is essential for 
SERS hydrogels, as sufficient light penetration is required 
to effectively excite embedded plasmonic nanoparticles and 
generate strong Raman enhancement. Figure 6 presents the 
optical transmittance of the hydrogels, revealing that the 
pristine hydrogel maintains near-complete transparency. 
The incorporation of AuNPs leads to a pronounced 
reduction in transmittance, particularly at around 520 nm, 
corresponding to the characteristic LSPR absorption of Au 
nanoparticles. Notably, the AuNPs/CNF/PVA/SA hydrogel 
exhibits lower transmittance than the AuNPs/CMF/PVA/
SA system, suggesting a higher effective dispersion and 
stronger plasmonic interaction within the CNF network. 
Consequently, these structural and optical characteristics 
facilitate optimized light–nanoparticle interactions and 
maximize localized electromagnetic field enhancement, 
thereby establishing a superior foundation for plasmonic 
activity and SERS performance.

Supported by the structural alignment and thermal 
stability confirmed above, the SERS responses obtained 
from the AuNP-loaded hydrogels highlight the critical role 

Figure 6. Comparative UV–Vis transmittance spectra showing the effect of AuNP incorporation: (a) CNF-based hydrogels and (b) CMF-based hydrogels. 
The black curves correspond to pristine hydrogels, while the red curves represent the AuNP-loaded composites. 
Abbreviations: AuNPs: Gold nanoparticles; CMF: Cellulose microfibers; CNF: Cellulose nanofibers; PVA: Poly(vinyl alcohol); SA: Sodium alginate.
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of extrusion-induced structural alignment in governing 
plasmonic activity. Compared with cast hydrogels, the 
3D-printed CNF/PVA/SA structures exhibit directionally 
organized nanofiber networks that arise as high-aspect-
ratio CNFs align along the shear field during extrusion. 
This anisotropic arrangement promotes tighter AuNP 
confinement, reduced interparticle spacing, and more 
continuous electromagnetic hot-spot pathways, resulting 
in the markedly stronger Raman intensities observed in 
Figure 7a for the characteristic R6G vibrational modes. 
Cast CNF hydrogels, in contrast, display a more isotropic 
microstructure, leading to a less interconnected AuNP 
distribution and correspondingly weaker enhancement. 
The concentration-dependent measurements further 
demonstrate the importance of printing-induced 
alignment. As shown in Figure 7b, prominent SERS 
features, particularly at 1363 and 1508 cm−1, remain 
discernable down to 10−6 M R6G in the printed CNF 
hydrogels, reflecting the ability of the aligned nanofiber 
scaffold to sustain a dense and stable hot-spot environment 
even at ultra-low analyte concentrations. The continuity of 
the anisotropic CNF network supports plasmonic coupling 
over longer length scales, thereby preserving signal intensity 

throughout the detection range. CMF-based hydrogels, 
whether printed or cast, do not exhibit comparable 
alignment due to the larger fiber diameter and lower aspect 
ratio of CMF, which limit their ability to reorganize under 
extrusion. As a result, the AuNP distribution remains 
relatively isotropic, producing weaker SERS signals and 
a much higher detection threshold (only visible at ≥10−3 
M), consistent with the spectra shown in Figure 7c. These 
observations underscore that fiber geometry governs the 
extent to which printing can induce mesoscale alignment, 
thereby influencing hot-spot formation efficiency. 

Crucially, it is important to note that the SERS 
measurements in this study were conducted on dried 
hydrogel specimens. During the analyte loading process, 
the as-printed hydrogels were susceptible to structural 
degradation in the mildly acidic R6G solution due to the 
pH-sensitive dissociation of the dynamic borate–diol 
coordination bonds.27 Consequently, a combination of 
freeze–thawing and controlled oven heating was employed 
to physically stabilize the network and preserve structural 
integrity. While this drying process successfully prevented 
network collapse, it inevitably induced volume shrinkage. 
This dehydration-induced densification reduces the 

Figure 7. SERS performance using R6G as the probe. (a) Comparison of pristine, cast, and 3D-printed CNF-based hydrogels at 10−5 M. (b) Concentration-
dependent spectra of 3D-printed AuNPs/CNF hydrogels (10−4–10−8 M) versus a pristine control. (c) SERS spectra of AuNPs/CMF hydrogels at varying 
concentrations (10−3–10−8 M). 
Abbreviations: AuNPs: Gold nanoparticles; CMF: Cellulose microfibers; CNF: Cellulose nanofibers; PVA: Poly(vinyl alcohol); SA: Sodium alginate; SERS: 
Surface-enhanced Raman scattering.
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interparticle distances between the embedded AuNPs, 
altering the plasmonic coupling and generating denser 
electromagnetic hotspots compared to a swollen state. 
Therefore, the SERS performance observed herein reflects 
a structurally concentrated plasmonic network, and direct 
comparisons with fully hydrated hydrogel systems should 
be treated with this fundamental structural distinction. 
Table S1 compares the SERS performance of our AuNPs/
CNF/PVA/SA hydrogel with other recently reported 
flexible and polymer-based SERS systems. The developed 
platform achieves a reliable detection limit of 10−6 M, 
placing it well within the performance range of current 
state-of-the-art flexible substrates. Beyond sensitivity, our 
hydrogel system addresses several practical limitations of 
conventional 2D flexible SERS platforms (such as metallic-
coated PDMS or PET films), which typically lack structural 
programmability and dynamic adaptability. At the 
microscale, combining CNF reinforcement with extrusion-
driven alignment effectively creates a dense and uniform 
hot-spot network. At the macroscale, the formulation 
is readily compatible with scalable printing processes. 
Furthermore, integrating 3D printability with dynamic 
self-healing provides significant practical benefits. The 
self-healing network can recover from external mechanical 
stress to sustain long-term durability, while the extrusion 
process ensures precise control over the architecture of 
the substrates. These features make this platform a highly 
adaptable and practical candidate for future wearable 
sensing applications. 

4. Conclusion
This work demonstrates a systematic framework for 
designing printable hydrogel-based SERS substrates 
by integrating fiber morphology, dynamic crosslinking 
chemistry, and extrusion-induced structural organization. 
CNF and CMF were employed to disentangle the effects 
of fiber geometry on network formation, mechanical 
adaptability, and interfacial interactions with in situ grown 
AuNPs. CNFs form a highly interconnected network with 
rapid elastic recovery, enabling stable extrusion and partial 
fiber alignment under the shear field generated within the 
printing nozzle. This alignment produces more continuous 
fiber microdomains that influence AuNP distribution 
within the hydrogel matrix. Spectroscopic and rheological 
analyses reveal that AuNP incorporation modulates 
hydrogen-bonding interactions without disrupting the 
dynamic borate crosslinking essential for printability. The 
reinforced hydrogels retain their viscoelastic integrity and 
shear-thinning characteristics after deformation, ensuring 
structural fidelity during layer-by-layer deposition. 
Thermal analysis further confirms that the fiber-reinforced 
frameworks maintain stability during processing, providing 

a reliable foundation for plasmonic functionality. SERS 
measurements show that the 3D-printed hydrogels provide 
consistent signal enhancement, with CNF-based systems 
achieving reproducible spectral responses at concentrations 
as low as 10−6 M R6G. These findings establish that 
the interplay between fiber geometry, shear-induced 
organization, and nanoparticle-matrix interactions govern 
the sensing performance of soft, printable SERS materials. 
The integrated design strategy presented here offers a 
promising route toward flexible, architecturally tunable, 
and scalable hydrogel-based sensing platforms suitable for 
next-generation chemical and biological detection.
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