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Abstract

This study reports the fabrication of curcuminoid-loaded nanofibrillated cellulose (NFC)-
alginate scaffolds via extrusion-based 3D printing, integrating supercritical CO, extraction
with biofabrication. NFC-alginate inks were pre-crosslinked with CaCl, (1 to 10 mM) to
tune structure and properties. Rheological analysis confirmed shear-thinning behavior
suitable for extrusion printing. Mechanical testing revealed a non-linear dependence on
crosslinking: optimal performance was achieved by Ink 2 (1 mM CaCl, with curcuminoid
extract), with tensile strength increasing from ~0.60 to ~0.80 MPa and Young’s modulus
from ~1.5 to ~3.0 MPa relative (Ink 1, 10 mM CaCl,, without extract), reflecting the com-
bined effect of extract incorporation and ionic pre-crosslinking rather than crosslinker
concentration alone; higher crosslinking reduced stiffness (~1.15 MPa). SEM revealed
porous architectures (Ink 1: 542 + 63 um; Ink 4: 398 £+ 71 um) with increasing struc-
tural heterogeneity upon curcuminoid incorporation. In vitro release exhibited biphasic,
diffusion-dominated behavior, reaching ~50 to 60% in ethanol-containing media; PBS in-
clusion as a physiological reference confirmed minimal release (<5%), consistent with the
known hydrophobicity and pH-dependent instability of curcuminoids and defining the
physicochemical delivery boundaries of the system. The highest release (~372 ng/mL)
was achieved at intermediate loading (10x). Kinetic modeling confirmed Higuchi-type
diffusion as the dominant mechanism (R? ~ 0.90 to 0.99). These results establish a clear
structure—property-release relationship and position the scaffolds as a tunable, diffusion-
controlled delivery platform for hydrophobic bioactives in topical or formulation-assisted
applications employing co-solvents or solubilizing excipients.

Keywords: nanocellulose; alginate; curcumin extract; supercritical-COy; 3D printing;
ionic-crosslinking; kinetic release and mechanical properties

1. Introduction

The development of functional, bioactive scaffolds that combine structural integrity,
tunable mechanical properties, and controlled release capabilities remains a central chal-
lenge in tissue engineering (TE) and biomedical materials science. Among various material
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platforms, polysaccharide-based systems have attracted significant attention due to their
biocompatibility, biodegradability, and structural similarity to native extracellular matrices.
In particular, nanofibrillated cellulose (NFC) has emerged as a promising building block
owing to its high aspect ratio, mechanical robustness, and ability to form percolating fibril-
lar networks through hydrogen bonding and physical entanglement [1,2]. These features
make NFC-based materials especially suitable for the fabrication of porous scaffolds with
tailored mechanical and transport properties. Alginate (Alg), a naturally derived anionic
polysaccharide, is widely used in combination with NFC to enhance processability and
enable ionic crosslinking via divalent cations such as Ca?*. The resulting hybrid systems
benefit from the shear-thinning behavior required for extrusion-based 3D printing while
maintaining structural fidelity after deposition. Direct ink writing (DIW) has therefore
become a powerful technique for fabricating architecturally controlled scaffolds with pre-
defined geometries and hierarchical porosity [3,4]. However, achieving a balance between
printability, mechanical stability, and functional performance remains challenging, par-
ticularly when incorporating bioactive compounds that may interfere with crosslinking
mechanisms or alter the microstructure of the printed network.

Curcumin, a natural polyphenolic compound extracted from Curcuma longa L., has
attracted considerable interest due to its well-documented antioxidant, anti-inflammatory,
and antimicrobial properties [5-7]. Despite its therapeutic potential, its practical appli-
cation is limited by poor aqueous solubility, low bioavailability, and chemical instability
under physiological conditions [8,9]. Advanced encapsulation and delivery strategies
are therefore required to stabilize curcumin and enable controlled release. Supercritical
CO; extraction represents an attractive, environmentally friendly method for obtaining
curcuminoid-rich extracts without the use of toxic solvents, while preserving bioactiv-
ity [10,11]. Integrating such extracts into printable polysaccharide-based systems offers
a promising route toward multifunctional scaffolds capable of both structural support
and controlled bioactive release. Translation to therapeutic applications will, however,
require comprehensive biological validation, including cytotoxicity assessment, cell com-
patibility studies, degradation profiling, and swelling characterization under physiological
conditions, none of which were conducted in the present study. Recent studies have
demonstrated that the incorporation of bioactive molecules into nanocellulose-based inks
can significantly influence rheological behavior, crosslinking dynamics, and final scaffold
performance [3,4]. In particular, interactions between curcuminoids and divalent ions
may compete with Alg crosslinking sites, leading to changes in network homogeneity and
mechanical response [5,6]. At the same time, controlled ionic crosslinking has been shown
to enhance inter-fibrillar cohesion and improve mechanical strength, although excessive
crosslinking may induce structural heterogeneity and brittleness [12,13]. These competing
effects highlight the need for systematic investigation of formulation parameters to achieve
optimal scaffold performance.

Although our group previously reported NFC-alginate systems containing supercriti-
cal CO;-derived curcuminoid extracts [3], the present work extends that earlier study by
systematically examining CaCl, pre-crosslinking as an independent formulation parameter
and quantifying its influence on rheological behavior, thixotropic recovery, printability,
scaffold morphology, tensile properties, and diffusion-controlled release kinetics. By vary-
ing both ionic pre-crosslinking concentration and extract loading, this study establishes the
structure-property—release relationships that govern scaffold performance and elucidates
the interplay between composition, processing, and functional outcome [14,15].
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2. Materials and Methods
2.1. Material

Turmeric was sourced from Alfred Galke GmbH (Samtgemeinde Bad Grund, Ger-
many), ground, and dried for processing. Ethanol (>99.9%) was used as a solvent for
ABTS*® analysis, while methanol (>99.9%) and DPPH® (>97.0%) were used for DPPH*
assays (all from Sigma-Aldrich, St. Louis, MO, USA ). CO; (99.99%) for supercritical ex-
traction was obtained from MESSER (Ruse, Slovenia). Analytical standards—curcumin
(>98.0%), bisdemethoxycurcumin (>95.0%), demethoxycurcumin (>95.0%), along with
ABTS** salt, potassium persulfate, Trolox, Folin—-Ciocalteu’s reagent, Na,CO3, FeSO,-7H,0,
acetonitrile, formic acid, and solvents used for curcuminoid analysis were all purchased
from Sigma-Aldrich (St. Louis, MO, USA). Anhydrous sodium acetate, glacial acetic acid,
phosphate-buffered saline (PBS) tablets, and Tween20 (Sigma-Aldrich, St. Louis, MO, USA)
were used for in vitro release study. Nanofibrillated cellulose suspension (3 wt%) was
provided by Sappi Europe (Brussels, Belgium); alginate and CaCl,-2H,O by Sigma-Aldrich
(Sigma-Aldrich, St. Louis, MO, USA).

2.2. Extraction Method

The protocol for the extraction of curcuminoid-rich extracts via supercritical fluid
extraction (SFE) has already been described previously [10]. A lab-scale, high pressure
autoclave made of stainless steel with a volume of 0.5 L was used for the extraction. A
high-pressure autoclave filled with 25.00 g of turmeric powder was immersed in a water
bath at three different temperatures of 40, 50, and 60 °C and pressures of 25, 30, and
35 MPa for a period of 180 min. The extraction conditions were determined based on
previous reports [10,11] and previous extraction experience. The supercritical CO, in
the autoclave was pumped from the gas cylinder using a high-pressure pump with flow
regulator (type 765.0700-18, SITEC-Sieber Engineering AG, Zurich, Switzerland). The
constant flow of CO, through the autoclave was maintained at approximately 3.5 mL/min
throughout the experiment. The soluble components were dissolved by the supercritical
CO; flowing through the material and precipitated in separator (a pre-weighed glass vial)
where the separation was performed at 0.1 MPa and at temperature of 0 °C. The extraction
procedure was repeated in triplicate, and the extracts were stored at —18 °C until further
use for ink preparation. The yield was calculated using Equation (1) based on the mass
obtained after each extraction.

n(wt.%) = — et 0, (1)

Myaw material
2.3. Extract Formulation
Ink Preparation with Pre-Crosslinking

The following procedure used for the preparation of NFC-Alg-curcuminoid inks has
been described in detail previously, with some modifications [3,4]. In brief, 20.00 g of NFC
(3.0 w%) was taken in a 50 mL falcon tube and stirred with laboratory mechanical stirrer
(IKA EUROSTAR 20, IKA, Staufen, Germany) equipped with an in-house 3D printed stirrer
at 1000-2000 rpm until no NFC fibers were seen (~15 min). After the initial mixing step,
CaCl,-2H,0 in a concentration range of 1 mM to 10 mM was added into the NFC for the pre-
crosslinking, followed by an additional mixing cycle at 2000 rpm for 5 min. Subsequently,
1.33 g of Alg was added to the pre-crosslinked NFC, followed by an additional mixing step
at 2000 rpm for 10 min. This resulted in a slightly homogenous ink, which was stored in
a refrigerator at 2 to 8 °C or directly used for printing. This three-component system is
referred to as Ink 1. For comparison, Inks 2-4 were prepared using the same procedure, but
with the addition of the curcuminoid extract (0.4 mL) obtained at 40 °C and 35 MPa.
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2.4. Direct-Ink-Writing (3D Printing) and Post-Ionic Crosslinking

3D printing of the ink was performed by using a BioScaffolder 3.2 (GeSim, Radeberg,
Germany). Cubic shaped scaffolds (radius 8 mm, height 2.5-3.5 mm, number of corners:
4) were built in a layer-by-layer fashion. These dimensions were created using the GeSiM
Robotics BioScaffolder 3.2 software. A 10 mL dark polyethylene-based plastic syringe
(Nordson Limited, Dunstable, UK) with an inner nozzle (Nordson Limited, Dunstable,
UK) diameter of 250 um was used to dispense the ink onto a glass plate (dimension
75 mm x 25 mm). The syringe was tightly packed with ink and stored at 8 °C or used
directly for printing. The scaffolds were printed with an extrusion pressure of 60 to 110 kPa
and a printing speed of 15 mm/s. The spacing between strands was maintained at 1.0 mm,
and the strand dimensions were 0.21 mm in height and 0.25 mm in width. The layers were
deposited in alternating orientations, with each successive layer rotated by 90°.

To obtain more stable structure, post-crosslinking of the printed structures was carried
out using a 1% CaCl, solution. Following printing, 200 to 300 uL of the CaCl, solution was
applied to the surface of each scaffold. After allowing the solution to react for 5 min, the
scaffolds were rotated 180° along the horizontal axis, and the cross-linking process was
repeated on the opposite side.

2.5. Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy

ATR-IR spectra were recorded using an Agilent Cary 630 FTIR spectrometer (Agilent
Technologies, Santa Clara, CA, USA) with the diamond ATR module at a scan range of
4000 to 650 cm ! with a step of 1 cm ™! [16]. The scans were performed in three different
places in 8 repetitions directly on as-prepared scaffolds. For this analysis, the crosslinked
samples were air dried and used.

2.6. Rheology

The rheological properties of inks with different pre-crosslinker concentrations (1, 5,
and 10 mM) were evaluated with a modular compact rheometer MCR 502 (Anton Paar,
Graz, Austria) at 25 °C. The shear viscosity was measured at shear rates from 0.1 s7! to
100 s~! with 21 measuring points per 30 s for a total duration of 630 s. Oscillation amplitude
sweeps were performed with a shear stress from 1 to 2000 Pa at a frequency of 1 Hz with a
constant gap size of 0.5 mm and a constant compressive force set to 0.37 N. A three-interval
thixotropic recovery test was performed under oscillatory shear, where the material was
probed at a low strain amplitude (1st interval: y = 0.1%, w = 10 rad/s) for 600 s, subjected
to structural breakdown at high strain amplitude (2nd interval: y = 50%, w = 10 rad/s) for
300 s, and subsequently monitored for structural recovery at the initial low strain amplitude
(3rd interval) for 600 s. All rheological measurements were performed in at least four
independent replicates.

The shear-thinning behavior of the NFC-alginate inks was described using the power-
law fluid model with Equation (2):

n=Kx4"", 2

where 7 is the dynamic viscosity, 7 is the shear rate, K is the flow consistency index (Pa-s"),
and 7 is the flow behavior index (dimensionless). Values of n < 1 confirm pseudoplastic,
shear-thinning behavior. Model parameters were obtained by least-squares fitting of the
experimental flow curves measured over a shear rate range of 0.1-100 s~ with a parallel-
plate geometry (gap: 0.5 mm). The fitted parameters for all four ink formulations are
reported in Table 1.
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Table 1. Ink component composition and fitted power-law fluid parameters.
. Curcuminoid CaCl, Fitted Power-Law Fluid Parameters

Inks ~ NFCIlgl  CaCly[mM]  Alginate[gl  pyyoctmL]  Solution [%] K .

Ink 1 20.00 10 1.33 0.0 1 433.5 0.168
Ink 2 20.00 1 1.33 0.4 1 323.4 0.203
Ink 3 20.00 5 1.33 0.4 1 3314 0.202
Ink 4 20.00 10 1.33 0.4 1 436.3 0.162

2.7. Tensile Testing

For the tensile tests, dog bone specimens (thickness: 1.00 to 2.50 mm) were punched
out from 50 mm x 8.5 mm 3D printed specimen according to DIN 53504 S3A. The maxi-
mum stress (MPa), the elongation (%), and Young’s modulus (MPa) were measured using
Shimadzu AGS-X (Shimadzu, Kyoto, Japan) universal mechanical testing machine with
a speed of 50 mm min~! and standard clamps. At least four specimens were tested for
each condition.

2.8. Scanning Electron Microscopy (SEM)

The surface morphology of freeze-dried scaffolds was analyzed using a Quanta 200
3D (FEI, Hillsboro, OR, USA) electron microscope (SEM). The freeze-dried scaffolds were
prepared according to the protocol published elsewhere [17,18]. The images were recorded
under low vacuum conditions of 60 Pa with an acceleration voltage of 10 kV. The samples
were mounted on sample holders using a double-sided carbon adhesive tape (SPI, West
Chester, PA, USA), and a thin gold layer was sputtered onto the surface prior to analysis
to enhance conductivity. A large field detector was employed to capture high-resolution
micrographs at various magnifications from 100x to 5000 %, allowing detailed observation
of structural features and surface texture at a working distance of approximately 10 mm.
All SEM analysis was limited to top-surface and exterior scaffold views; cross-sectional
imaging was not performed in this study, and the depth of CaCl, post-crosslinking pene-
tration into the scaffold interior therefore could not be assessed directly. The pore size and
struts or filament uniformity were quantified by analyzing the SEM images using Image]J
1.47 software. The printed filament widths were measured at 10 random locations per con-
struct and compared with the 25 G nozzle with diameter of 0.25 mm. Filament uniformity
was assessed using the coefficient of variation (CV%), calculated as the standard deviation
divided by the mean filament width.

2.9. Release Study

A 708-DS diffusion apparatus (Agilent Technologies, Santa Clara, CA, USA) was used
to evaluate the release kinetics of curcuminoids from the post-crosslinked scaffolds. The
apparatus consists of covered glass vessels immersed in a thermostated bath, provided
with a motor, a metallic stirrer and a cylindrical metallic basket. The weighed amount
of curcuminoid scaffold (~1.0 g) was placed in the cylindrical basket, immersed in the
1 L buffer solution and left under a stirring rate of 100 rpm for 96 h. For the release
study, scaffolds made from Ink 4 were prepared with three different curcuminoid extract
concentrations (5%, 10x, and 15x) to evaluate the effect of curcuminoid loading on release
behavior. To investigate the influence of different release environments, four release media
were used: (i) sodium acetate buffer with pH 5.5 (JBT20), (ii) sodium acetate buffer with
methanol (70:30 v/v; pH 5.5) (JB30MT20), (iii) sodium acetate buffer with ethanol (70:30
v/v; pH 5.5) (JB30ET20), and (iv) sodium acetate buffer with pH 4.4 (ABT20) all with the
addition of Tween20, and (v) PBS (pH 7.4) without Tween20, included as a physiological

https:/ /doi.org/10.3390/polysaccharides7030084


https://doi.org/10.3390/polysaccharides7030084

Polysaccharides 2026, 7, 84

6 of 25

reference medium to assess scaffold behavior under aqueous conditions and to benchmark
biological relevance. The Tween20-containing acetate-based media were selected to reflect
the solubilization conditions of topical formulation vehicles in which ethanol/Tween20
co-solvents are clinically established; PBS was deliberately included without Tween20 to
serve as a stringent aqueous reference condition, allowing the system’s release behavior
under purely physiological solvent conditions to be characterized and compared against
the solubilizing media.

Aliquots (2 mL) of dissolution media were withdrawn manually using a 2 mL syringe
at selected time intervals and passed through 0.20 pm membrane prior to analysis. The
removed dissolution medium was replaced by the same amount of fresh buffer solution.
All the samples were analyzed by LC-MS/MS using Agilent 1200 HPLC and Agilent
6460 JetStream triple quadrupole mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA). The method used in this work has been described in detail previously [3,10].
Cumulative amounts released (in percentage of the initial amounts) were plotted vs. time.
Each release study was repeated at least four times. All experiments were conducted in at
least four independent replicates.

2.10. Statistical Analysis

Statistical analysis was performed using Prism 10.1 (GraphPad, San Diego, CA, USA).
The One-Way ANOVA (Tukey’s multiple comparison test) or Student’s t-test was used
for statistical comparisons of independent group means. p-values < 0.05, 0.01, 0.001 were
considered statistically significant.

3. Results and Discussion
3.1. Supercritical Extraction

SFE using supercritical CO, was performed according to the protocol established and
validated in our previous studies [3,10]. Briefly, the dried and milled turmeric powder was
extracted under different pressure and temperature conditions, followed by solvent sepa-
ration upon depressurization. In this study, attention was placed on the extract obtained
at 35 MPa and 40 °C, which was selected for further use in scaffold preparation based
on the comparative evaluation previously reported in [3]. In that study, nine pressure—
temperature combinations were assessed for extraction yield, antioxidant activity, and
total phenolic content (TPC). The condition of 35 MPa and 40 °C was identified as the
most suitable compromise between extraction efficiency, bioactive compound recovery, and
mild processing conditions. Under these conditions, an extraction yield of 4.2 wt.% was
achieved, indicating efficient extraction of curcuminoid-rich compounds while maintaining
mild processing conditions. The extract showed an intense yellow color, suggesting a
high content of curcuminoids. The chemical and functional properties of the extract were
analyzed using various analytical methods. Liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) analysis confirmed the presence of the main curcuminoids,
including curcumin, demethoxycurcumin, and bisdemethoxycurcumin. Analyses of antiox-
idant activity and TPC were performed using a UV /Vis spectrophotometer. Antioxidant
activity was assessed using DPPH® and ABTS*® assays, yielding 23.02% inhibition and
52.81 mg Trolox/g DW, respectively, indicating significant radical scavenging capacity.
Furthermore, the TPC reached 230.77 mg GA /100 g material, confirming a high abundance
of phenolic compounds.

3.2. Rheological Analysis

The rheological response of the NFC—Alg inks, with and without curcuminoid extract
and at varying CaCl, concentrations, is presented in Figure 1. All formulations exhibited
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strong shear-thinning behavior across the investigated shear-rate range (0.1-100 s 1), as
evidenced by a continuous decrease in viscosity with increasing shear rate, a property
essential for efficient nozzle extrusion and rapid structural recovery upon deposition.
At low shear rates, all inks remained highly viscous, supporting shape retention prior to
printing, while the marked viscosity reduction under shear facilitated flow during extrusion.
Quantitative fitting of the experimental flow curves using the power-law model yielded
consistency index K and flow behavior index n values confirming the non-Newtonian
character of all formulations [19]. Ink 1 (10 mM CaCly, no extract) exhibited the highest
consistency (K = 433.5 Pa-s", n = 0.168), followed by Ink 4 (K = 436.3 Pa-s", n = 0.162), while
Inks 2 and 3 showed moderately lower K values (323.4 and 331.4 Pa-s", respectively) and
slightly higher n values (0.203 and 0.202, respectively), as summarized in Table 1. The
higher K values of Inks 1 and 4 reflect greater resistance to flow at low shear, consistent with
denser ionic crosslinking and the absence of curcuminoid-mediated network disruption.
The marginally higher n values of Inks 2 and 3 indicate a somewhat less pronounced shear-
thinning response, attributable to the combined effect of curcuminoid incorporation and
reduced CaCl, concentration on network organization. Across all formulations, n values
between 0.162 and 0.203 confirm strongly pseudoplastic behavior, ensuring sufficient
viscosity reduction during extrusion while enabling rapid structural rebuilding upon
deposition, a prerequisite for shape fidelity in layer-by-layer DIW printing. At shear
rates representative of the extrusion process (10-100 s—!), the apparent viscosities of all
four formulations ranged from 10 to 80 Pa-s (Figure 1a), falling well within the window
commonly reported for NFC-Alg-based inks processed by extrusion-based 3D printing [19],
and confirming that all formulations can be reliably extruded through a 250 um nozzle
under the applied pressures of 60-110 kPa used in this study.

As shown in Figure 1b, all formulations exhibit a typical viscoelastic behavior charac-
terized by a dominant storage modulus (G’) over the loss modulus (G”) at low shear strain,
indicating the formation of a structured, solid-like network governed by nanocellulose
fibrillar entanglement and polymer—polymer interactions [3,4,20,21]. For the ink 1 (without
extract), G’ is significantly higher than G” over the entire strain range, confirming a stable
and elastic network [22,23]. The gradual decrease in both moduli with increasing shear
strain reflects progressive structural breakdown. The crossover point, where G’ equals
G”, occurs at relatively high strain (~40,000 Pa), indicating a strong network with high
resistance to deformation [24]. The incorporation of curcuminoid extract combined with
low CaCl; concentration (Ink 2, 1 mM) results in a noticeable shift in rheological behavior.
Although G’ remains initially higher than G”, the crossover occurs at a much lower strain
(~13,000 Pa), indicating earlier yielding of the network. A similar trend is observed for
Ink 3 (5 mM CaCl,), where the crossover also occurs around ~13,000 Pa. While moderate
ionic crosslinking enhances initial stiffness compared to Ink 2, the network still exhibits
reduced structural stability under deformation [25]. This behavior is consistent with the
possible presence of heterogeneous crosslinking domains, where localized ionic interactions
between the Alg and CaCl, may increase stiffness and reduce the ability of the network
to dissipate stress uniformly [26]; however, this interpretation is inferred from bulk rhe-
ological response and should be regarded as a proposed mechanistic explanation rather
than a confirmed structural characterization. In contrast, at higher CaCl, concentration
(Ink 4, 10 mM), the viscoelastic response shifts again toward a more elastic-dominated
behavior. The crossover point increases to ~40,000 Pa, similar to the extract-free system.
This suggests that higher ionic crosslinking density compensates for the disruptive effect of
curcuminoids, leading to the formation of a more interconnected and mechanically robust
network [27,28]. However, the steeper decline in G’ at higher strains indicates that the
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Viscosity (mPa s)

Storage modulus (G')

network may contain rigid, highly crosslinked regions that are prone to abrupt structural
breakdown [25,28].
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Figure 1. Rheological behavior of NFC-Alg inks with different CaCl, concentrations and curcuminoid
extract loading: (a) viscosity as a function of shear rate; (b) storage modulus G’ and loss modulus
G as a function of shear strain; (c,d) thixotropic recovery of G’ and G” over time. Ink 1: 10 mM
CaCl,, without extract; Ink 2: 1 mM CaCl, + extract; Ink 3: 5 mM CaCl, + extract; Ink 4: 10 mM
CaCl, + extract. Data are presented as mean values from at least four independent replicates (n = 4).

The thixotropic recovery tests in Figure 1c,d reveal the structural rebuilding capacity of
each ink following high-shear deformation. During the high-strain interval, both G’ and G”
drop sharply across all four inks, confirming disruption of the viscoelastic network. Upon
return to low-strain conditions, all inks exhibit partial recovery of their viscoelastic moduli,
although the extent and rate of recovery differ among the inks. Ink 1 and Ink 4 recover to
comparatively higher G’ and G” values, indicating that their denser networks, stabilized by
stronger fibrillar entanglement (Ink 1) and higher ionic crosslinking density (Ink 4), are more
capable of rebuilding structural integrity after deformation. In contrast, Ink 2 and Ink 3
recover to noticeably lower moduli, suggesting that the combined presence of curcuminoid
extract and low-to-moderate CaCl, concentrations (1 and 5 mM, respectively) impairs
complete network re-formation, likely due to disrupted polymer—polymer interactions at
the network junctions. Notably, the recovery remains incomplete within the measured
timeframe for all formulations, indicating a degree of irreversible structural breakdown
under large-amplitude deformation. These results reinforce the conclusion that higher
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(b)

crosslinking density is critical not only for initial network stiffness but also for structural
resilience during and after the shear conditions encountered in extrusion-based printing.

Overall, these results demonstrate a clear interplay between ionic crosslinking and
extract incorporation. While low to moderate CaCl, concentrations (1 to 5 mM) promote ini-
tial network formation, they are insufficient to counterbalance the structural perturbations
introduced by curcuminoids, resulting in earlier yielding. In contrast, higher crosslinker
concentration (10 mM) restores network integrity and enhances resistance to deformation,
albeit at the expense of increased structural heterogeneity. From an application perspective,
all inks exhibit shear-thinning and yield behavior, which are essential for extrusion-based
processing. However, the balance between printability and structural stability is governed
by crosslinking density, with moderate concentrations providing optimal processability
and higher concentrations favoring mechanical robustness [29-31].

3.3. 3D Printing, Crosslinking, Morphological, and Mechanical Analysis
3.3.1. Printability and Structural Integrity of 3D Printed Scaffolds

Unlike our previous publication [3], which focused on extract incorporation and
preliminary printing feasibility, the present study provides a comparison of the effects
of CaCl, concentration on shear-thinning behavior, yield stress response, thixotropic re-
covery, and post-print structural stability. The printed scaffolds obtained from the four
ink formulations (Ink 1-4) are shown in Figure 2, illustrating the effect of curcuminoid
incorporation and CaCl, concentration on print fidelity and structural stability before and
after post-crosslinking. All inks enabled the fabrication of well-defined lattice structures
with a characteristic grid geometry, confirming their suitability for extrusion-based printing.
The scaffold printed from Ink 1 (without extract) exhibits a highly uniform architecture
with clearly defined filaments and open, regular pores. The strands appear continuous
and well-resolved, indicating optimal rheological behavior to maintain shape fidelity af-
ter deposition. This behavior is consistent with a stable nanocellulose-alginate network
dominated by fibrillar entanglement and homogeneous ionic interactions [32,33].

Ink 2 Ink 3 Ink 4

Figure 2. Optical images of 3D printed nanocellulose-alginate scaffolds fabricated using different
ink formulations before (a) and after (b) ionic post-crosslinking with CaCl,. From left to right:
Ink 1 (10 mM CaCl,, without curcuminoid extract), Ink 2 (1 mM CaCl, + extract), Ink 3 (5 mM
CaCl, + extract), and Ink 4 (10 mM CaCl, + extract). The dimensions of all printed scaffolds are
1.0 x 1.0 cm in the x—y plane, with a height of 2.5 to 3.5 mm.

https://doi.org/10.3390/polysaccharides7030084


https://doi.org/10.3390/polysaccharides7030084

Polysaccharides 2026, 7, 84

10 of 25

With the incorporation of curcuminoid extract (Inks 2—4), noticeable changes in scaf-
fold appearance and structural definition are observed. The scaffolds exhibit a yellow
coloration due to the presence of curcuminoids, confirming successful incorporation of the
bioactive extract. However, differences in strand uniformity and pore regularity become
evident depending on CaCl, concentration. At low CaCl, concentration (Ink 2, 1 mM), the
printed structures show slightly reduced shape fidelity, with minor filament spreading and
less sharply defined pore edges. This suggests that the combined effect of curcuminoid
incorporation and insufficient ionic crosslinking weakens the network cohesion, leading
to partial deformation after extrusion. At intermediate CaCl, concentration (Ink 3, 5 mM),
the scaffolds display improved structural definition compared to Ink 2, with more uniform
filaments and better retention of the designed geometry. This indicates that moderate
ionic crosslinking enhances inter-fibrillar interactions and partially compensates for the
disruptive effects of curcuminoids. The resulting balance between viscosity and elasticity
enables stable extrusion and adequate shape retention. At higher CaCl, concentration
(Ink 4, 10 mM)), the scaffolds exhibit the most robust and well-defined structures among
the extract-containing samples. The filaments are more compact, and the pore geome-
try is clearly preserved after printing and post-crosslinking. This behavior suggests that
increased ionic crosslinking density reinforces the network sufficiently to overcome the
interference caused by curcuminoid molecules. However, slight irregularities and local
thickening of strands can be observed, consistent with the possible presence of heteroge-
neous crosslinking domains, an inference drawn from optical and mechanical observations
but not directly confirmed at the microstructural level (see the below sections).

Comparison between the upper (pre-crosslinked, Figure 2a) and lower (post-
crosslinked, Figure 2b) scaffolds further highlights the importance of ionic post-crosslinking.
After post-treatment with CaCly, all scaffolds show improved structural stability, reduced
filament spreading, and enhanced shape fidelity. This secondary crosslinking step strength-
ens the outer layers, contributing to macroscopic shape retention and observable improve-
ments in filament definition. As cross-sectional SEM analysis was not performed in this
study, the extent of CaCl, solution penetration into the scaffold interior cannot be di-
rectly assessed from the current data; the observed improvements in shape fidelity are
therefore attributed to surface-layer reinforcement. Overall, the results demonstrate that
scaffold printability and structural integrity depend on the balance between NFC net-
work formation, ionic crosslinking, and curcuminoid incorporation. While the extract
introduces structural changes, appropriate tuning of CaCl, concentration enables the re-
covery of print fidelity and mechanical stability. Among the tested Inks, moderate to high
crosslinking (5-10 mM CaCl,) provides the optimal balance between processability and
structural robustness.

3.3.2. Scanning Electron Microscopy (SEM)

The microstructural characteristics of the freeze-dried NFC-alginate scaffolds fabri-
cated from Ink 1 and Ink 4 were investigated by SEM at multiple magnifications (Figure 3).
At low magnification, scaffolds prepared from Ink 1 (Figure 3a) exhibited a well-preserved
3D architecture with regularly distributed and well-defined square pores. Quantitative
pore size analysis was performed using Image] software based on SEM micrographs
(n =15 pores per condition); this count reflects the number of well-resolved, unobstructed
pores available per SEM micrograph at the magnification employed, meaning that pores
that were partially occluded, overlapping, or located at image edges were excluded to
ensure measurement accuracy, which precluded achieving the n > 20. Note that this n refers
exclusively to the number of pores measured per condition and is distinct from the number
of scaffold specimens (n = 4) used for the morphometric data shown in Figure 3c. The
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effective mean pore size of Ink 1 scaffolds was determined to be 542 + 63 pm, indicating ex-
cellent shape fidelity following both printing and freeze-drying. All reported values reflect
post-processing measurements and are accordingly smaller than the nominal dimensions
defined in the slicing software, owing to shrinkage associated with ice sublimation during
freeze-drying.

(b)
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Figure 3. SEM images of the freeze-dried curcuminoid scaffolds printed with (a) Ink 1 (without
curcuminoid extract), and (b) Ink 4 (with curcuminoid extract). The image on the right below,
the red dotted circle highlights the presence of curcumin extract on the strut surfaces of the Ink 4.
(c) Quantitative morphometric analysis: (i) pore size, (ii) filament width, and (iii) filament uniformity
for Ink 1 (gray) and Ink 4 (orange). Data are presented as mean + SD (n = 4 scaffold specimens;
pore-size measurements based on 1 = 15 well-resolved pores per condition from SEM micrographs);
Statistical comparisons were performed using an unpaired Student’s t-test; values of * p < 0.05 were
considered statistically significant.

The printed filaments appeared continuous, smooth, and relatively uniform in thick-
ness, suggesting stable extrusion behavior and effective ionic stabilization during scaffold
fabrication. Filament/strut uniformity analysis revealed a low coefficient of variation in
strand diameter, confirming homogeneous deposition throughout the scaffold structure. At
higher magnifications, the filament surfaces displayed a dense and interconnected fibrillar
network in which NFC formed entangled and partially aligned fibril bundles embedded
within the alginate matrix. This homogeneous microstructure indicates good compatibility
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among NFC, alginate, and CaCl, and further confirms that the pre-crosslinking strategy
enhanced network cohesion and structural integrity. Only minor roughness was observed,
which can be attributed to ice-crystal templating during freeze-drying, a characteristic
feature of cryogenically processed hydrogel-based scaffolds [34,35]. In contrast, scaffolds
fabricated from Ink 4 (Figure 3b), containing the curcuminoid extract, exhibited a more
heterogeneous morphology. Although the overall grid architecture remained intact after
processing, the pores appeared less regular and more constricted, with a significantly re-
duced effective mean pore size of 398 + 71 pm. This corresponds to an approximately 27%
decrease in pore size compared with Ink 1, indicating that incorporation of the curcuminoid
extract influenced filament deposition and scaffold contraction during drying. Quantitative
analysis further revealed increased variability in filament diameter, indicating reduced
filament uniformity relative to Ink 1.

At intermediate and high magnifications, the filament surfaces displayed irregular
protrusions, attached particulate domains, and localized discontinuities. These features
are indicative of curcuminoid-rich aggregates or phase-separated regions formed during
gelation, printing, or freeze-drying. Such microstructural heterogeneities likely arise
from interactions between the hydrophobic curcuminoid compounds and the hydrophilic
nanocellulose-alginate matrix, resulting in localized variations in polymer packing density
and crosslinking distribution.

Overall, quantitative image analysis demonstrated clear architectural differences be-
tween the two scaffold formulations. Ink 1 generated a highly open and morphologically
uniform porous network characterized by larger pore dimensions and superior filament
consistency. In contrast, Ink 4 produced a denser scaffold structure with reduced pore
size, increased filament thickness, and greater structural variability. These observations
suggest that incorporation of the curcuminoid extract altered the balance between strand
compaction and structural regularity, most likely through combined effects on rheolog-
ical behavior, ionic crosslinking efficiency, and drying-induced shrinkage. Despite the
increased heterogeneity, the modified formulation successfully maintained the overall
three-dimensional architecture while producing a more compact scaffold structure, which
may influence subsequent drug-release and mass-transport properties. The observed dif-
ferences suggest that curcuminoid incorporation modifies the microstructural organization
of the scaffold. Because curcuminoids are lipophilic and only sparingly soluble in aqueous
media, they may accumulate at fiber-matrix interfaces and disturb the uniformity of the
polymer network. In addition, the 3-diketone and phenolic hydroxyl groups of curcumi-
noids are known to chelate divalent metal ions, which may compete with Alg carboxylate
groups for Ca®* coordination architecture [5-7,36]. One plausible explanation is that such
competitive interactions may locally perturb ionic crosslinking density, suggesting a possi-
ble contribution to the heterogeneous strut morphology and less uniform pore geometry
observed; however, this remains an indirect inference based on SEM morphology alone and
should not be interpreted as a confirmed mechanism. Overall, the SEM analysis reveals
a transition from a smooth, well-integrated fibrillar network in Ink 1 to a rougher and
more heterogeneous architecture in Ink 4, while still preserving the printed macroporous
scaffold design.

3.3.3. Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy

The infrared spectra of neat Alg, CaCl,y-crosslinked Alg, Ink 1, and Ink 4 are presented
in Figure 4. The spectra were analyzed to evaluate the effects of ionic crosslinking, incor-
poration of NFC, and addition of curcuminoid extract on the chemical structure of the
scaffold system. Neat Alg exhibits a broad O-H stretching band in the range of ~3370 to
3240 cm ™!, associated with hydrogen-bonded hydroxyl groups, and a weak C-H stretch-
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ing band near ~2923 cm~!. The characteristic carboxylate bands appear at ~1595 cm ™!

(asymmetric -COO™ stretching) and ~1406 cm~! (symmetric -COO™ stretching), while the
region between ~1290 and ~1020 cm ! corresponds to C-O, C-O-C, and glycosidic vibra-
tions of the polysaccharide backbone. The Alg crosslinked with CaCl, retains its primary
features but shows a noticeable shift in the symmetric carboxylate band from ~1406 cm ™! to

~1425 cm ™1, while the asymmetric band at ~1595 cm™!

remains largely unchanged. This
shift is consistent with coordination of Ca* ions to Alg carboxylate groups and formation
of ionic junction zones, in agreement with the well-established “egg-box” model [32,37,38].
The persistence of the broad O-H band indicates that hydrogen bonding and bound water

remain significant in the freeze-dried network.
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Figure 4. ATR-FTIR spectra of neat Alg, Alg-CaCly, Ink 1, and Ink 4 containing curcuminoid extract.

Ink 1 shows similar spectral features to Ca®*-crosslinked Alg, confirming that the ionic
network is preserved after 3D printing and post-crosslinking. The O-H stretching band
appears broader and slightly shifted (~3306 cm 1), reflecting the combined contribution
of Alg and NFC hydroxyl groups. In addition, the band near ~1053 cm~! becomes more
pronounced, which can be attributed to overlapping C-O and C-O-C vibrations from
both Alg and cellulose. These observations support the formation of a hybrid NFC-Alg
network stabilized by a combination of ionic interactions and hydrogen bonding. Ink 4
retains the characteristic Alg carboxylate bands (~1595 and ~1425 cm 1), indicating that
Ca?*-mediated crosslinking is maintained in the presence of curcuminoid extract. Minor
differences are observed in the C-H stretching region (~2925 and ~2851 cm ') and as a weak
band at ~1736 cm~!. The latter peak is absent in neat Alg and can be attributed to carbonyl
stretching from curcuminoid-associated keto/enol structures or other extract-derived com-
ponents [39,40]. These features indicate successful incorporation of the turmeric-derived
bioactive fraction into the scaffold matrix. Importantly, the relative broadening and reduced
definition of bands in the 1200-900 cm ™! region for Ink 4 suggest a more heterogeneous
local environment compared with Ink 1. This observation is consistent with the SEM and
rheological results, which indicate that curcuminoid incorporation perturbs the uniformity
of the network. Because curcuminoids contain (3-diketone and phenolic hydroxyl func-
tionalities, they may interact with Ca?* ions and partially compete with Alg carboxylates
for ionic coordination. One plausible explanation is that curcuminoids interact with Ca?*
and locally perturb the alginate crosslinking density, which would be consistent with the
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structural heterogeneity observed in the extract-containing scaffold; however, this remains
a hypothesis based on indirect spectroscopic evidence and should not be presented as a
confirmed mechanism.

Overall, ATR-FTIR analysis confirms (i) successful Ca®*-mediated crosslinking of Alg,
(ii) formation of a hydrogen-bonded NFC-Alg hybrid network in Ink 1, and (iii) retention
of the crosslinked structure in Ink 4 with indications of increased molecular heterogeneity.
These findings are consistent with the structural and rheological behavior discussed in
subsequent sections.

3.4. Mechanical Properties

The tensile behavior of the 3D printed NFC-Alg scaffolds is shown in Figure 5, in-
cluding representative stress—strain curves (Figure 5a) and the derived parameters of
maximum stress, elongation at break, and Young’s modulus (Figure 5b—d). The results
demonstrate that the mechanical response is strongly influenced by both the degree of
ionic pre-crosslinking and the incorporation of curcuminoid extract, confirming that the
scaffold network can be tuned over a broad mechanical window by adjusting composition
and crosslinking conditions. Ink 1, which contains NFC and Alg without extract, exhibits a
typical ductile hydrogel-like response with a maximum stress of approximately 0.60 MPa,
elongation at break of about 43%, and a Young’s modulus of ~1.5 MPa. This behavior is
characteristic of physically entangled NFC-Alg systems, where load transfer is mainly
governed by hydrogen bonding, fibrillar entanglement, and moderate Ca?*-mediated
junction formation. Such values fall within the range commonly reported for 3D printed
nanocellulose/polysaccharide scaffolds and other ionically crosslinked cellulose-based
hydrogels, which generally show strengths in the sub-MPa range and moduli from roughly
1 to a few MPa, depending on formulation and printing architecture [4,13,41]. A marked
enhancement is observed for Ink 2, where addition of curcuminoid extract together with
low CaCl, concentration (1 mM) increases the maximum stress to ~0.80 MPa and the
Young’s modulus to ~3.0 MPa, while maintaining substantial extensibility (~39%). This
ink/formulation therefore provides the best overall combination of strength and stiffness.
The improvement suggests that low level ionic crosslinking reinforces the fibrillar network,
possibly by facilitating Ca?*-mediated bridging between Alg chains and NFC surfaces,
which is consistent with enhanced interfacial cohesion. However, this proposed molecular-
level mechanism is inferred from bulk mechanical data and has not been directly confirmed.
Similar reinforcement effects have been described for cellulose nanofibril and Alg-based
hydrogels, where moderate ionic or multivalent crosslinking enhances stiffness and tensile
resistance without sacrificing deformability [12,42].

At intermediate crosslinking (Ink 3, 5 mM CaCly), the tensile strength remains rel-
atively high (~0.72 MPa), but the modulus decreases to ~2.0 MPa and the mechanical
response becomes less optimal than for Ink 2. Although the scaffold still retains good
extensibility (~41%), the decrease in stiffness suggests the onset of structural heterogeneity.
This interpretation is consistent with the rheological results, where the extract containing
formulations at intermediate CaCl, concentrations showed earlier yielding, and with SEM
observations indicating emerging irregularities in filament morphology. Such behavior
is widely reported for polysaccharide hydrogels, where increasing crosslink density be-
yond an optimal threshold leads to non-uniform crosslinking domains, less efficient stress
redistribution, and reduced mechanical efficiency [13,43,44]. A further increase in CaCl,
concentration to 10 mM (Ink 4) results in a decline in both maximum stress (~0.58 MPa)
and Young’s modulus (~1.15 MPa), despite the highest elongation at break (~48%). This
indicates a more deformable but mechanically less effective network. The corresponding
stress—strain curve is shallower and extends to higher strain before failure, suggesting
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that excessive ionic crosslinking no longer improves load-bearing capacity but instead
promotes heterogeneous domains and weak interfaces. In the present system, this ef-
fect may be further influenced by the presence of curcuminoids, whose 3-diketone and
phenolic hydroxyl groups can potentially compete with alginate carboxylate moieties for
Ca?* coordination. Such interactions may locally interfere with the formation of uniform
alginate “egg-box” junctions, a hypothesis that is supported by indirect evidence from SEM
and ATR-FTIR analyses but cannot be conclusively confirmed based on the current data.
Consequently, the scaffold may exhibit regions with heterogeneous crosslinking density
and localized stress concentrations, which could limit the efficiency of mechanical reinforce-
ment. Comparable non-monotonic trends have been reported in highly crosslinked alginate
and cellulose-reinforced hydrogels, where increased crosslink density initially improves
mechanics but eventually induces brittleness, heterogeneity, or inefficient deformation
mechanisms [42-44].
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Figure 5. Mechanical properties ((a) stress-strain curves, (b) tensile stress, (c) elongation, (d) Youngs
modulus) of scaffolds printed with four different inks (1-4). Error bars represent the standard
deviations from four independent measurements for each ink (1 = 4). Statistical significance for
panels (b—d) was analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test.
*p <0.05, * p <0.01, ** p < 0.001 were considered statistically significant; no significant differences
were observed in elongation among the inks.
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Overall, the mechanical results reveal a clear non-linear structure—property relation-
ship. Moderate ionic crosslinking, as represented by Ink 2, provides the optimal balance
between network cohesion, stiffness, and extensibility, whereas higher CaCl, concentra-
tions lead to reduced structural homogeneity and lower mechanical efficiency. This trend
is fully consistent with the combined FTIR, SEM, and rheological analyses, which collec-
tively indicate that mechanical performance is governed not simply by the amount of
crosslinker but by the spatial uniformity of the hybrid NFC-Alg—curcuminoid network.
Compared with literature, the present scaffolds show competitive tensile properties relative
to reported 3D printed nanocellulose-based scaffolds, cellulose-reinforced hydrogels, and
ionically crosslinked alginate systems, particularly in the case of Ink 2, which reaches the
upper range typically reported for such physically and ionically crosslinked soft biomateri-
als [4,41,42,44].

3.5. In Vitro Release Study

The release behavior of curcuminoids from NFC-Alg scaffolds was evaluated at el-
evated extract loadings (5%, 10x, and 15x; Table 2) compared to structural /mechanical
testing formulations (0.4 mL extract; Table 1) to specifically probe loading-dependent kinet-
ics, achieve detectable release quantities for LC-MS/MS analysis (~372 ng/mL maximum at
10x), and investigate matrix saturation effects in diffusion-controlled systems. The release
behavior of curcuminoids from NFC-Alg scaffolds, evaluated at different extract loadings
(5%, 10x, and 15x) and release media, exhibits a well-defined biphasic kinetic profile
consisting of an initial burst phase (10-25 h) followed by a sustained diffusion-controlled
regime extending up to 96 h (Figure 6a-i). The initial burst release is attributed to the
rapid desorption and diffusion of surface-associated and weakly bound curcuminoids,
as evidenced by pronounced peaks in the first-derivative plots (Figure 6g—i). This is fol-
lowed by a slower, sustained phase governed by matrix-controlled transport through the
hydrated nanofibrillar network, where diffusion pathways are defined by pore structure
and crosslinking density. The extent of release is strongly dependent on the release medium.
Ethanol-containing systems (JB30ET20) achieve the highest cumulative release (~50-60%),
whereas negligible release (<5%) is observed in PBS, highlighting the combined effects
of curcuminoid instability, poor aqueous solubility, and absence of solubilizing agents at
physiological pH [45-47]. This behavior is consistent with the known rapid hydrolytic
degradation of curcuminoids under neutral conditions. This low PBS release does not indi-
cate a structural deficiency of the scaffold; rather, it reflects the inherent physicochemical
constraints of the curcuminoid extract and defines the most appropriate application context
as topical or formulation-assisted delivery employing co-solvents, surfactants, or equiva-
lent solubilization strategies. A detailed physicochemical interpretation and definition of
intended application scope are provided in Section 3.5.4.

Table 2. Ink component composition for release study.

Inks NEC [g] CaCl, [mM] Alginate [g] Curcuminoid Extract [mL] CaCl;, Solution [%]
5x 20.00 10 1.33 2.0 1

10x 20.00 10 1.33 4.0 1

15x 20.00 10 1.33 6.0 1

It should be noted that the present release study exclusively employed Ink 4 (10 mM
CaClp) and therefore does not examine the influence of ionic crosslinking density on curcumi-
noid release kinetics. Given that the preceding mechanical and morphological characterization
demonstrated that crosslinking density substantially influences network density and struc-
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tural homogeneity, both directly relevant to diffusive transport, which represents a notable
limitation. A systematic investigation of the interplay between ionic crosslinking density and
release kinetics across the full CaCl, concentration range employed (1-10 mM) is planned as a
primary direction for future research.
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Figure 6. In vitro release profiles of curcuminoids from NFC-Alg scaffolds at 5x (a,d,g), 10x (b,e h),
and 15x (c,f,i) extract loadings across different media: cumulative % release (a—c) and curcum-
inoid concentration (ng mL~1) (d—f); first-derivative plots showing burst phase (g-i). Media:
JBT20 (e), JB30MT20 (M), JB30ET20 (A), ABT20 (V). All release experiments were performed in
quadruplicate (1 = 4).

3.5.1. Medium and Solvent Effects

Different release media containing Tween20 and ethanol were strategically employed
to evaluate curcuminoid release under physiologically relevant, solubilizing, and matrix-
interacting conditions, addressing its extreme hydrophobicity (<1 pug/mL), rapid alkaline
degradation, and pH-dependent behavior. Tween20 (0.5-1% w/v) was included to prevent
aggregation and stabilize colloidal dispersions, enabling accurate LC-MS/MS quantifica-
tion under sink conditions, whereas its absence typically leads to artificially low release
due to irreversible precipitation. Ethanol (30% v/v) further enhanced release by improv-
ing curcuminoid solubility and promoting matrix swelling, thereby accelerating Fickian
diffusion through the hydrated NFC-Alg network.

The presence of organic co-solvents plays a decisive role in governing release effi-
ciency. Ethanol-containing media enhance release by up to ~69% compared to methanol-
based systems at higher loadings, reflecting superior solvation of hydrophobic cur-
cuminoids and enhanced diffusion through the hydrogel matrix. In addition, organic
solvents promote matrix swelling and polymer chain relaxation, thereby reducing dif-
fusion resistance and facilitating transport. This aligns with the observed hierarchy:
JB30ET20 > JB30MT20 > JBT20 ~ ABT20, reflecting solvent-induced matrix swelling that
facilitates polymer relaxation and Fickian diffusion [48]. The PBS reference condition re-
sulted in minimal curcuminoid release (<5%), highlighting the importance of co-solvents
and surfactants for maintaining curcuminoid solubility and sink conditions. However, it
should be noted that Tween 20 was included in all release media except PBS, introducing a
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confounding factor. Consequently, the substantially lower release observed in PBS cannot
be attributed solely to differences in pH or ionic composition, as the simultaneous absence
of a surfactant likely further limited curcuminoid solubilization. This combined effect
of pH, ionic composition, and surfactant absence prevents the independent assessment
of any single parameter and limits the interpretation of the PBS condition as a physio-
logically relevant control. To better distinguish the contributions of surfactant-mediated
solubilization from those arising from pH and ionic strength, future studies will include a
surfactant-supplemented PBS medium (e.g., PBS, pH 7.4, containing 0.5% v/v Tween 20 or
Tween 80) as an additional control condition [49].

3.5.2. Effect of Curcuminoid Loading

Extract loading exhibits a pronounced non-linear influence on both the magnitude and
kinetics of release. At 5x loading, a moderate release (~20 to 40%) is observed, followed by
early plateauing, indicating diffusion-limited transport within a relatively undersaturated
and structurally open matrix. Increasing the loading to 10 results in optimal performance,
characterized by near-linear sustained release over 24-96 h and the highest cumulative
concentration (~372 ng/mL), reflecting a favorable balance between drug availability and
network permeability. In contrast, further increasing the loading to 15x leads to a pro-
nounced initial burst but reduced long-term release efficiency, suggesting the onset of matrix
saturation, curcuminoid aggregation, and formation of heterogeneous domains [46,50].
These structural constraints increase diffusion resistance and limit sustained transport, as
further supported by kinetic model analysis.

3.5.3. Kinetic Model Analysis and Mechanistic Insight

Kinetic modeling is crucial for identifying the dominant release mechanism (Fickian
diffusion vs. erosion), establishing structure—property relationships, and enabling pre-
dictive design of scaffolds for controlled bioactive release (note: no biological validation
was performed in this study; translation to targeted therapeutic delivery requires cyto-
toxicity, cell compatibility, degradation, and swelling studies as future work) [45-47,51].
Therefore, we used five different kinetic models to quantify the release properties of
the curcuminoid extract from the scaffold. Quantitative fitting of the release data us-
ing zero-order, first-order, Higuchi, and Hixson—Crowell models [52,53] (Table 3) re-
veals that the Higuchi model provides the best overall correlation (R* ~ 0.90 to 0.99)
across all formulations and media. This confirms that curcuminoid release is predomi-
nantly governed by Fickian diffusion from a porous, hydrated hydrogel matrix, where
release is proportional to the square root of time. The Hixson-Crowell model (R? ~ 0.74
to 0.98) also shows good agreement, particularly in solvent-containing systems, indi-
cating that matrix swelling and partial erosion contribute as secondary mechanisms,
especially under conditions that promote polymer relaxation. In contrast, zero-order
(R? ~ 0.73 to 0.95) and first-order (R? ~ 0.75 to 0.98) models show comparatively lower
correlation, confirming that the system does not exhibit constant-rate release and that
concentration-dependent effects play only a secondary role. The Korsmeyer-Peppas
model was additionally tested across all formulation—-medium combinations; however,
poor overall fits were consistently obtained (R? = 0.4-0.6), attributed to the biphasic
burst-then-diffusion release profile, which violates the model’s assumption of a single
diffusion-dominated mechanism operative across the full release time course. The model
was therefore omitted from the primary kinetic analysis; this omission is reported here
for transparency.

Mechanistically, the system can be described as diffusion-dominated transport mod-
ulated by structural gradients, where deviations from ideal Higuchi behavior at higher
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loading arise from heterogeneous domain formation and restricted diffusion pathways
(Table 4). This interpretation is consistent with SEM observations of phase-separated re-
gions and ATR-FTIR indications suggesting a possible competition between curcuminoids
and Ca?* crosslinking sites, which may locally perturb network density and transport
pathways. Consequently, moderate loading (10x) preserves network homogeneity and
enables efficient sustained release, whereas excessive loading (15 x ) introduces diffusion
barriers that limit release efficiency. Overall, these findings demonstrate that curcuminoid
release from NFC-alginate scaffolds is governed by a coupled interplay between solvent-
mediated solubilization and structure-controlled diffusion, providing a tunable platform
for controlled delivery of hydrophobic bioactives.

Table 3. R? values obtained from fitting the curcumin release profiles of 3D printed samples at
pH 7.4 and different curcumin concentrations to various kinetic release models. All experiments were
conducted in quadruplicate (n = 4).

Release Medium

Kinetic Model

Curcuminoid concentration (5X)

Release medium Zero-order First-order Higuchi Hixon
JBT20 0.7397 0.7483 0.8996 0.7416
JB30MT20 0.7736 0.7868 0.9565 0.7814
JB30ET20 0.8821 0.9033 0.9922 0.898
ABT20 0.9521 0.9577 0.9592 0.955
PBS - - - -
Curcuminoid concentration (10 X)

JBT20 0.9706 0.9709 0.9325 0.9659
JB30MT20 0.9643 0.9657 0.9661 0.9639
JB30ET20 0.9353 0.9615 0.9947 0.9533

ABT20 0.9593 0.9602 0.9717 0.954

PBS - - - -
Curcuminoid concentration (15X)

JBT20 0.8134 0.8302 0.9649 0.8234
JB30MT20 0.9249 0.94 0.9929 0.9345
JB30ET20 0.9353 0.9615 0.9947 0.9533

ABT20 0.8601 0.8758 0.9659 0.8693

PBS - - - -

Note: R? values for PBS (pH 7.4) are reported for completeness only. Cumulative curcuminoid release in this
medium remained below 5% across all loading concentrations and time points, which does not constitute a
progressive release profile amenable to kinetic model fitting. The R? values obtained for PBS therefore carry no
mechanistic significance and should not be interpreted as evidence of a fitted release mechanism. This medium
was included solely as a physicochemical reference condition to characterize system behavior under purely
aqueous conditions.

Table 4. Release medium-dependent kinetic hierarchy (quantitative ranking) based on R?-values.

Release Medium Dominant Model Typical R? Range Mechanism
JBT20 Higuchi 0.96-0.99 Diffusion + anomalous
JB30MT20 Higuchi 0.93-0.97 Diffusion
JB30ET20 Higuchi 0.91-0.96 Diffusion (stable)
ABT20 Mixed 0.85-0.92 Limited diffusion
PBS Poor fit <0.20 Degradation-limited
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3.5.4. Physicochemical Boundaries of Release, Physiological Reference Data, and Targeted
Application Scope

The PBS release data (<5% cumulative release at pH 7.4) define the operating bound-
aries of the scaffold system under aqueous physiological conditions. Three well-established
properties of curcuminoids underlie this outcome: (i) extreme hydrophobicity (<1 pg/mL
aqueous solubility), which severely restricts diffusion into an aqueous sink without solu-
bilizing agents; (ii) rapid hydrolytic degradation at neutral pH, which reduces available
cargo before diffusion can occur; and (iii) the absence of solubilizing excipients in PBS,
representing the most stringent test condition. The contrast between ~50-60% cumula-
tive release in ethanol-containing media and <5% in PBS accordingly characterizes the
solvent-dependency of curcuminoid release—a result that is mechanistically informative
and directly relevant to formulation design, rather than reflective of a scaffold limitation.

To extend the translational relevance of the platform, three formulation strategies are
proposed for future development: (i) secondary lipid nanoencapsulation prior to scaffold
incorporation—via solid lipid nanoparticles or nanostructured lipid carriers—to protect
cargo from alkaline hydrolysis and present curcuminoids in a pre-solubilized, nanodis-
persed form capable of aqueous release; (ii) incorporation of biocompatible polysorbate-
based excipients (e.g., polysorbate 80) directly into the scaffold matrix or release medium
at levels accepted in topical and transdermal formulations, improving sink conditions
without reliance on organic co-solvents; and (iii) prodrug or surface-modification ap-
proaches, including curcumin derivatives with improved aqueous stability or scaffold
surface functionalization to reduce crystalline domain formation. Each strategy would
require independent validation within the NFC-Alg system.

Based on the physicochemical evidence presented, the scaffolds represent promising
candidates for topical dermal applications, including wound dressings, dermal patches,
and local anti-inflammatory systems, where ethanol- and polysorbate-based vehicles are
standard excipients in approved pharmaceutical formulations. It must be emphasized,
however, that no biological validation was conducted in this study: cytotoxicity screening,
cell culture studies, degradation profiling, and swelling behavior under physiological
conditions are all absent, and biocompatibility therefore remains unconfirmed. These
studies constitute mandatory prerequisites before any wound-healing or tissue engineering
application can be substantiated, even for topical use. Any application involving direct
contact with biological fluids at physiological pH, including implantable scaffolds, wound
bed interfaces under aqueous exudate conditions, or systemic delivery, would additionally
require dedicated formulation development to ensure physiologically meaningful curcum-
inoid release. All claims regarding tissue engineering and wound-healing applications
have been moderated throughout the manuscript to reflect these physicochemical and
biological constraints.

4. Conclusions

This study integrated supercritical CO,-extracted curcuminoids into extrusion-printed
NFC-alginate scaffolds and systematically investigated the effect of CaCl, pre-crosslinking
concentration and curcuminoid loading on rheological behavior, scaffold morphology,
mechanical performance, and diffusion-controlled release kinetics. CaCl,-dependent
structure—property-release relationships were established, demonstrating that formulation
composition governs network homogeneity, tensile response, and release selectivity in a
non-linear and coupled manner. The combination of curcuminoid extract incorporation
with low-level Ca?* pre-crosslinking (1 mM CaCly), reflecting the combined effect of ex-
tract incorporation and ionic pre-crosslinking rather than crosslinker concentration alone,
together with intermediate loading (10x), was identified as the condition yielding opti-
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mal tensile performance and sustained curcuminoid release in ethanol-containing media,
with Higuchi-type diffusion confirmed as the dominant release mechanism (R? ~ 0.90
to 0.99). Based on the physicochemical evidence presented, and pending the biological
validation explicitly acknowledged below (cytotoxicity, cell compatibility, degradation
profiling, and swelling characterization), the scaffolds show physicochemical promise as
candidates for further exploration in topical dermal applications, including wound dress-
ings and local anti-inflammatory delivery systems, where ethanol and polysorbate-based
vehicles are clinically established. Critically, curcuminoid release in PBS remained below
5% across all conditions, confirming that solubilization by co-solvents or surfactants is a
prerequisite for measurable release from this system and defining the physicochemical
boundaries within which these scaffolds can function as delivery platforms. The mi-
crostructural and mechanical differences observed between Ink 1 and Ink 4 are consistent
with, but do not conclusively prove, competitive interactions between curcuminoids and
Ca?* at alginate binding sites; this mechanistic interpretation is based on indirect SEM
and ATR-FTIR evidence and should be considered a working hypothesis pending direct
experimental verification.

Three principal limitations of the present study must be explicitly acknowledged. First,
curcuminoid release in PBS was negligible (<5%), which demonstrates that the unmodified
scaffold system is not suitable for delivery into purely aqueous biological environments
without further formulation development; this defines the applicable delivery scope as
topical or co-solvent-assisted systems and is not a contingent finding but a fundamental
physicochemical constraint of the curcuminoid cargo. Second, the study entirely lacks
biological validation: cytotoxicity screening, in vitro cell culture, swelling behaviour un-
der physiological conditions, and degradation profiling were not conducted, and the
bio-compatibility and biological efficacy of the scaffolds therefore remain unconfirmed;
these studies are mandatory prerequisites before any wound-healing or tissue engineering
application can be substantiated. Third, the experimental design was partially decoupled:
the release study was conducted exclusively using Ink 4 (10 mM CaCl,), meaning that
crosslinking density was not systematically varied across the release experiments; this
limits full establishment of the quantitative crosslinking-release relationship that under-
pins the proposed structure—function model and represents a gap that future work should
directly address.

Four concrete directions for future research arise directly from the observations and
limitations of the present work. Cross-sectional SEM characterization of both freeze-dried
and hydrated scaffold sections would provide essential insight into internal pore archi-
tecture and curcuminoid domain distribution, which were inaccessible in the present
surface-focused analysis. Extension of the release study to the full CaCl, concentra-
tion range (1-10 mM) employed in this work would enable a systematic quantitative
cross-linking-release relationship to be established, directly addressing the decoupled
design limitation identified above. To overcome the physiological release constraint, sec-
ondary nanoencapsulation of curcuminoids prior to scaffold incorporation—for example
via solid lipid nanoparticles or nanostructured lipid carriers—is the most mechanistically
justified reformulation strategy, as it would protect the cargo from alkaline hydrolysis
and enable meaningful aqueous release by presenting curcuminoids in a pre-solubilized,
nanodispersed form. Finally, in vitro cytotoxicity assays and cell culture studies using
relevant cell lines are indispensable prerequisites for establishing the biocompatibility
and biological efficacy of this platform, and constitute essential steps toward any further
translational development.
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