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ed flaxseed mucilage-soy protein
inks for extrusion-based 3D printing of tunable
hydrogel scaffolds

Pooja Kumari, Rishabh Rai Kaushik, Snehlata Yadav and Sanjeev Kumar Mahto *

The development of sustainable, biocompatible bioinks is essential to advancing extrusion-based 3D

printing. This study introduces a fully plant-derived ink system integrating flaxseed mucilage (FSM) and

soy protein isolate (SPI) and systematically assesses its printability and scaffold performance. FSM was

prepared at concentrations of 5%, 6%, and 7% (w/v), both independently and in combination with 4% SPI,

followed by EDC-NHS crosslinking. Rheological analysis indicated a pronounced shear-thinning behavior

across all formulations with increased FSM concentration and SPI incorporation; with the 7% FSM + 4%

SPI blend exhibiting the highest consistency index (3684.31 Pa s), the lowest flow index (0.1605), and

superior viscoelastic properties (G0 > G00). Printability studies demonstrated improved filament fidelity and

grid resolution with higher FSM content and SPI addition, with the 7% FSM + 4% SPI formulation

exhibiting superior shape retention. Scanning electron microscopy (SEM) analysis confirmed the

formation of interconnected porous architectures, while degradation studies in a phosphate-buffered

saline (PBS) solution showed controlled structural erosion influenced by FSM concentration and SPI

presence. FSM-only scaffolds exhibited high swelling capacity, which was substantially reduced upon SPI

incorporation. Mechanical and thermal analyses demonstrated that SPI incorporation influenced scaffold

stability and elasticity. Structural characterization through attenuated total reflectance Fourier transform

infrared (ATR-FTIR) spectroscopy and X-ray diffraction (XRD) confirmed intermolecular interactions

between FSM and SPI. Studies on the release of antibacterial drugs from ciprofloxacin-loaded scaffolds

have shown concentration-dependent inhibition zones against Bacillus subtilis. Overall, this study

demonstrates that FSM–SPI composite hydrogels offer tunable rheological, mechanical, and degradation

properties, rendering them promising, sustainable inks for extrusion-based 3D printing applications.
1 Introduction

The advancement of biocompatible, naturally sourced bioma-
terials has gained considerable interest in the elds of tissue
engineering, wound care, and regenerative medicine.1 Hydro-
gels and hydrogel-based scaffolds, in particular, exhibit
adjustable mechanical properties, high water content, and
structural similarity to the extracellular matrix (ECM), making
them promising candidates for biomedical applications.2 In
recent years, extrusion-based 3D printing has emerged as
a potent method for fabricating customizable scaffolds with
precise geometries, controlled porosity, and reproducible
architecture.3,4 Nevertheless, the success of 3D printing is
largely dependent on the formulation of printable inks that
exhibit appropriate rheological behavior, mechanical stability,
and structural integrity aer printing.4
s Laboratory, School of Biomedical
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the Royal Society of Chemistry
Natural polysaccharide-protein hydrogels have increased
attention as sustainable inks for extrusion-based 3D printing
due to their high water content, adjustable viscoelasticity, and
inherent biocompatibility, which are suitable for so-tissue
engineering applications.5 Flaxseed (Linum usitatissimum)
mucilage, a hydrocolloid rich in heteropolysaccharides, exhibits
signicant shear-thinning, emulsifying, and water-retention
properties, and has been explored for use in drug-delivery
systems, food gels, and emerging tissue-engineering
constructs.6 Nonetheless, hydrogels composed solely of poly-
saccharides oen demonstrate limited mechanical robustness
and shape delity under printing conditions, necessitating
strategies to reinforce the network or introduce additional
interactions. Soy protein isolate (SPI), a widely available plant-
based protein, exhibits excellent lm-forming capabilities and
functional groups that facilitate hydrogen bonding and covalent
crosslinking.7 Hydrogels based on or reinforced with SPI have
shown enhanced mechanical properties and structural stability
when combined with polysaccharides. Despite these advance-
ments, limited research has systematically evaluated their
synergistic potential for 3D printing applications. Specically,
RSC Adv., 2026, 16, 26789–26804 | 26789
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Fig. 1 Diagram illustrating the procedure for the preparation of flaxseed mucilage powder.
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the impact of SPI incorporation on the rheology, structural
organization, swelling behavior, mechanical strength, and
printability of FSM remains insufficiently understood.
Addressing this gap is crucial for establishing FSM–SPI as
a sustainable, plant-based alternative to synthetic or animal-
derived inks.

Therefore, this study aims to develop and characterize FSM
and FSM–SPI-based inks for extrusion-based 3D printing, and to
evaluate the inuence of SPI incorporation on the rheological
properties, printability, structural features, swelling behavior,
mechanical performance, thermal stability, and crystallinity of
the resulting scaffolds, with the broader goal of establishing
a fully plant-derived ink.
2 Material method
2.1 Materials

Flaxseeds and muslin cloth were sourced from a local market in
Varanasi, India. SPI powder was purchased from A. M. NUTRA
TECH Pvt., Ltd, India. N-(3-dimethylaminopropyl) N0-ethyl-
carbodiimide hydrochloride (EDC) (HiMedia, RM1817-25G), N-
hydroxysuccinimide (NHS) (Sigma-Aldrich, 130672-25G), Luria–
Bertani (LB) broth, 10 mL syringe with a Luer-Lok tip (BD, Ref-
303064), phosphate-buffered solution (PBS) was purchased
from HiMedia, India. Absolute ethanol (99.9%, high analytical
grade) and distilled water were used in all experiments.
2.2 Preparation of mucilage powder from Linum
usitatissimum L. (axseeds)

100 g of axseeds were accurately weighed and immersed in
400 mL of distilled water. Themixture was maintained at 100 °C
for 25 min to facilitate mucilage extraction. Aer thermal
26790 | RSC Adv., 2026, 16, 26789–26804
treatment, the mucilage was separated from the seed residues
using a muslin cloth. The extracted mucilage was then dried in
a hot air oven at 60 °C for 24 h. Upon complete drying, the
mucilage was ground into a ne powder using a mixer grinder
and subsequently stored in airtight containers for further use
(Fig. 1). The yield of axseed mucilage (FSM) (Y%) was calcu-
lated using eqn (1).

Yield of flax seed mucilageðY%Þ ¼ Wfsm

Ws

� 100 (1)

Wfsm – the weight of dried axseed mucilage; Ws – the weight of
axseed used to extract the mucilage. The average from 4
samples was calculated.
2.3 Filament formation test

The lament formation test is a fundamental yet essential
assessment of printability in biofabrication and 3D printing. It
is used to evaluate whether a hydrogel can produce stable and
continuous laments suitable for scaffold fabrication. For the
lament test, various concentrations of axseed mucilage
powder (FSM) were mixed in distilled water (3%, 4%, 5%, 6%,
and 7% FSM). The prepared inks were extruded manually, and
those that formed stable, continuous laments were selected
for further preparation. The FSM ink, which formed a contin-
uous lament, was combined with the 4% SPI to form the FSM–

SPI-based ink.
2.4 Preparation of ink

The ink was prepared in different ratios, namely: 5% FSM (w/v),
5% FSM + 4% soya protein isolate (SPI) (w/v), 6% FSM (w/v), 6%
FSM + 4% SPI (w/v), 7% FSM (w/v), and 7% FSM + 4% SPI (w/v).
All formulations were prepared using distilled water as the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formulation of FSM alone and FSM–SPI ink samples with
varying FSM concentrations

Ink (w/v) SPI (g) FSM powder (g) Water (mL)

5% FSM 0 0.5 10
5% FSM + 4% SPI 0.4 0.5 10
6% FSM 0 0.6 10
6% FSM + 4% SPI 0.4 0.6 10
7% FSM 0 0.7 10
7% FSM + 4% SPI 0.4 0.7 10
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solvent (Table 1). To prepare the FSM only, the required amount
of FSM powder was accurately weighed and dispersed directly
into 10 mL of distilled water under continuous stirring. For SPI-
containing formulations, SPI was rst dissolved in 10 mL of
distilled water and stirred at 60 °C for 1 h to ensure complete
dissolution. FSM powder was then added to the SPI solution
and mixed thoroughly. Prior to printing, all ink material
formulations were centrifuged to remove air bubbles and
subsequently transferred into 10 mL syringes (Fig. 2 and S2–S9).

To prepare a cross-linking solution, EDC (25 mM) and NHS
(12.5 mM) were dissolved in 90% ethanol. Before each experi-
ment, this solution was prepared fresh and used to crosslink the
printed scaffolds.
2.5 Rheology of the formulated ink blend

The rheological properties of the printing material signicantly
impact its performance during the 3D printing process, inu-
encing its ability to be extruded, retain its shape, and respond to
stress and strain.8 The rheological properties of the inks were
examined using the MCR 702e MultiDrive Rheometer from
Fig. 2 Illustration depicting the methodology for fabricating a 3D-printe

© 2026 The Author(s). Published by the Royal Society of Chemistry
Anton Paar (Austria-Europe). This analysis employed a parallel-
plate setup, with the upper plate having a 25 mm diameter and
the lower plate a 50 mm diameter, separated by a 1 mm gap.
Both a frequency sweep test and a rotational shear viscosity
assessment were conducted on all selected inks. The frequency
sweep test was carried out within the linear viscoelastic region
of the inks to measure the storage modulus (G0), which reects
elasticity, and the loss modulus (G00), which indicates uidity.
Additionally, the loss factor (tan d), representing the ratio of the
loss modulus (G00) to the storage modulus (G0), was determined
to quantify the material's viscoelastic balance. To further eval-
uate viscosity, a rotational shear viscosity test was conducted on
the inks, with shear rates ranging from 0.1 to 100 s−1. Subse-
quently, a graph of shear rate against viscosity was created, and
the power law was applied using the appropriate formula (2).

h = Kg(n−1) (2)

In this context, K represents the consistency index, n denotes
the ow index, both of which are shear-thinning coefficients,
while g stands for the shear rate, and h signies the viscosity.
The experiments were carried out at the same temperature used
for printing, i.e., 25–30 °C.
2.6 Printability, shape delity, and printing resolution of
formulated ink blends

All the structures were created using a free platform, Tinkercad
(https://www.tinkercad.com/). A detailed examination of ink
resolution was conducted at various strand intervals. A square
with a side length of 1.5 cm was produced with varying inll
distances as directed by the printer (1, 2, 3, 4 mm). A hollow
cube of 15 × 15 × 3 mm3 with a grid inll distance of 8 mm
d scaffold composed of flaxseed mucilage and soy protein isolate.

RSC Adv., 2026, 16, 26789–26804 | 26791
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was 3D printed on a Petri dish using optimized printing
parameters. The fabricated 3D scaffold was crosslinked with
freshly prepared EDC-NHS and incubated at room tempera-
ture (RT) for 48 h. Post-incubation, the scaffolds were stored at
−80 °C and lyophilized for subsequent experimental
procedures.

To further evaluate 3D printing delity, two quantitative
parameters were established: horizontal ductility and vertical
sinking degree. The vertical sinking degree, indicative of the
extent of vertical collapse or sagging of the printed laments
due to gravitational forces, was determined using eqn (3). The
horizontal ductility refers to the extent of lateral spreading in
relation to the designed dimension, as indicated by eqn (4).

Actual heightðAhÞ
Theoretical heightðThÞ ¼ vertical sinking degree (3)

Actual areaðAaÞ
Theoretical area ðTaÞ ¼ horizontal ductility (4)

2.7 Water uptake capacity

The water uptake capacity of the 3D-printed scaffold was
assessed by immersing it in PBS (pH 7.4) at room temperature
(RT) for 48 h. Samples were systematically weighed at regular
intervals both before and aer immersion, using a precision
electronic balance. The samples were removed from the solu-
tion, gently blotted with tissue paper to eliminate excess surface
moisture, and subsequently weighed. The swelling percentage
was calculated using eqn (5).

Swellingð%Þ ¼
�
Wa �Wb

Wb

�
� 100 (5)

whereWb is the scaffold weight before immersion, andWa is the
weight aer immersion.

2.8 Structure characterization and degradation of the
fabricated scaffolds

The surface morphology and pore structure of the 3D-printed
scaffolds were examined using a scanning electron micro-
scope (SEM). The scaffolds were coated with gold and imaged
with a Jeol benchtop SEM (JCM-6000PLUS). For the degradation
study, the scaffolds were immersed in PBS for 7 days, with the
solution replaced every 3 days. Upon completion of this period,
the samples were freeze-dried and subsequently visualized
using SEM. The weight loss percentage aer 7 days was calcu-
lated using eqn (6)�

Wi �Wf

Wi

�
� 100 ¼ weight lossð%Þ (6)

where Wi is the initial weight of the scaffold, and Wf is the nal
weight of the scaffold aer 7 days.

2.9 Mechanical testing of the scaffolds

The scaffolds were freshly prepared, molded into solid cylin-
drical structures with a 13 mm diameter and 10 mm thickness,
26792 | RSC Adv., 2026, 16, 26789–26804
and then cross-linked for subsequent compression testing. The
mechanical characteristics of these scaffolds were analyzed
using a Brookeld CT3 texture analyzer, equipped with a 10 kg
load cell. Compression tests were executed at a crosshead speed
of 0.5 mm s−1 until the scaffolds reached 50% and 80% defor-
mation (S10) at RT. To ensure the reliability of the results, all
measurements were conducted in triplicate. Stress–strain
curves were produced, and both the compressive strength and
compressive modulus were calculated.

2.10 ATR-FTIR spectroscopy of the scaffolds

The ALPHA BRUKER Eco-ATR spectrometer, equipped with
a ZnSe attenuated total reection (ATR) accessory, was used to
analyze the peaks and functional groups of the printed scaf-
folds. The analysis was performed with a resolution of 4 cm−1,
and each spectrum was obtained by recording 24 scans within
the range of 500 to 4000 cm−1.

2.11 X-ray diffraction analysis of the scaffolds

The X-ray diffraction (XRD) patterns of all scaffolds were ob-
tained using a Bench Top X-ray Diffraction (BT XRD) system
(Rigaku Miniex 600 Desktop X-ray Diffraction System, RIGAKU
Corporation). For XRD analysis, each scaffold was initially
formed into a solid cylindrical shape with a 13 mm diameter
and a 10 mm thickness. Following the crosslinking process, the
cylinders were meticulously sectioned into thin sheets using
a sterile surgical blade to ensure uniformity of the samples for
analysis. Pure FSM powder and SPI powder were used directly
for XRD analysis to examine their original peaks. The
measurements were conducted at 40 kV and 15 mA, using Ka
radiation (l= 1.54 nm). The scanning was performed at a rate of
5 min per step within the 2q range of 10° to 90°.

2.12 Thermal stability of the scaffolds

The thermal stability of the 3D-printed cross-linked scaffolds
was evaluated using a TGA-50 thermogravimetric analyzer
(Shimadzu (Asia Pacic) Pvt. Ltd). A 5 mg sample was placed in
the instrument and heated at 10 °C min−1 to 20–1000 °C. TGA
provides data on weight loss as a function of time, temperature,
and environmental conditions, thereby facilitating the assess-
ment of the material's thermal stability.

2.13 Drug release study

The antibacterial assay assessed the drug-release capability of
the fabricated scaffolds using a disc diffusion test against
Bacillus subtilis (ATCC 168). The bacterial cultures were main-
tained in Luria–Bertani (LB) broth (HiMedia, Mumbai).
Following overnight incubation, the bacterial cultures were
spread onto freshly prepared nutrient agar plates. For the
antibacterial drug release study, the fabricated scaffolds,
designated as 5% FSM, 6% FSM, 7% FSM, 5% FSM + 4% SPI, 6%
SPI + 4% SPI, and 7% FSM + 4% SPI, along with Whatman lter
paper serving as a control, were cut into disc shapes and ster-
ilized using 70% ethanol, followed by ultraviolet radiation prior
to the experiments. Aer sterilization, both scaffolds and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Represents the bright-field image of flaxseed mucilage powder. (b) Represents the bar graph of the frequency of particle size of the
extracted powder scale bar: 500 mm.
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control were immersed in a 1 mgmL−1 solution of ciprooxacin
hydrochloride hydrate for 15 min. Subsequently, they were
placed on agar plates and incubated for 24 h at 37 °C. The zones
of inhibition were documented using a digital camera aer the
24 h incubation period.
2.14 Statistical analysis

Data analysis was conducted utilizing OriginPro soware.
Quantitative outcomes are presented as the mean ± standard
deviation (SD), derived from triplicate measurements for each
experimental condition.
3 Results
3.1 Yield of axseed mucilage

The axseed mucilage (FSM) was isolated through aqueous
extraction, followed by drying at 60 °C. The yield of the extracted
mucilage was determined to be 5.45 ± 0.53%, aligning with
Fig. 4 Depicting the filament formation assay of FSM inks, both with and
at varying FSM concentrations (3%, 4%, 5%, 6%, and 7%) and their respec

© 2026 The Author(s). Published by the Royal Society of Chemistry
previously reported values ranging from 3.5% to 12.7% of the
total seed weight. The ground FSM powder was further char-
acterized using bright-eld microscopy to assess particle size
distribution (Fig. 3a). The majority of particles (59.65%) were
observed within the 0–50 mm range, followed by 27.19% in the
50–100 mm range, with only 13.15% of particles exceeding 100
mm in diameter (Fig. 3b). These ndings suggest that FSM
powder predominantly consists of ne particles, a characteristic
anticipated to enhance its solubility, dispersion, and functional
performance in scaffold fabrication and related biomedical
applications (S1).
3.2 Filament formation test

The lament formation assay was conducted as a preliminary
step to select a suitable hydrogel ink for extrusion-based 3D
printing. Hydrogel inks that demonstrated continuous and
unbreakable release were selected. Initially, a lower concentra-
tion (3% or 4%) of FSM-hydrogel ink was loaded into a 10 mL
without the addition of SPI. The images illustrate the extrusion behavior
tive mixtures with 4% SPI of the selected ink.

RSC Adv., 2026, 16, 26789–26804 | 26793
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Fig. 5 Rheological properties of the inks. Plots between: (a) viscosity and shear rate plot and its corresponding zoomed view, (b) shear stress vs.
shear rate, (c) viscosity vs. shear stress, (d) modulus vs. frequency for FSM alone ink sample, (e) modulus vs. frequency of FSM + SPI ink blend
sample.
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Luer-Lock syringe tted with a 25 G needle. When the formu-
lated ink was mechanically extruded, it formed droplet-like
structures, indicating weak structural integrity and leading to
poor lament formation and discontinuous extrusion.
Increasing the ink concentration to 5% FSM resulted in the
formation of a continuous lament, indicating improved
printability. Further enhancement was observed with 6% and
7% FSM, where the extruded laments maintained their shape
without immediate breakage or spreading. In further
26794 | RSC Adv., 2026, 16, 26789–26804
assessments, 4% SPI was incorporated into selected inks (5%,
6%, and 7%) to evaluate lament formation. The results indi-
cated that the ink exhibited improved lament stability, char-
acterized by uniform extrusion and a reduction in lament
breakage (Fig. 4 and S2–S9).
3.3 Rheology of the formulated ink blend

The rheological characterization of inks was conducted to
assess their viscoelastic properties and ow behavior. Based on
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Various inks formulation and their consistency index (K), flow
index (n), tan d, and yield stress values

Concentration
Consistency index
(K) (Pa s)

Flow index
(n) tan d

Yield stress
(Pa)

5% FSM 660.09 0.3391 0.55 24.47
5% FSM + 4% SPI 1415.93 0.2706 0.48 60.45
6% FSM 1637.71 0.2765 0.45 68.31
6% FSM + 4% SPI 2144.33 0.2382 0.44 99.42
7% FSM 2375.89 0.2622 0.39 94.92
7% FSM + 4% SPI 3684.31 0.1605 0.35 170.46
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these properties, we aimed to evaluate their suitability for
extrusion-based 3D printing. All formulations exhibited shear-
thinning behavior, as indicated by the decrease in viscosity
with increasing shear rate, which is favorable for smooth
extrusion (Fig. 5a). The incorporation of SPI increased viscosity
compared to FSM alone, with the 7% FSM + 4% SPI formulation
showing the highest viscosity. Similarly, shear stress increased
with concentration and SPI addition (Fig. 5b). The pattern of
shear stress is as follows: 7% FSM + 4% SPI > 7% FSM > 6% FSM
+ 4% SPI > 6% FSM > 5% FSM + 4% SPI > 5% FSM. Flow initi-
ation analysis (Fig. 5c) indicated that higher concentrations and
SPI incorporation required greater stress to initiate ow,
reecting increased resistance to deformation. Power law
analysis further supported these ndings, showing that FSM–

SPI inks exhibited a higher consistency index (K) and a lower
ow index (n) than FSM alone (Table 2). The 7% FSM + 4% SPI
formulation showed the highest K and lowest n values, indi-
cating enhanced viscosity andmore pronounced shear-thinning
behavior.

Frequency sweep analysis provides further insights into the
viscoelastic properties of the inks. As illustrated in Fig. 5d and e,
the storage modulus (G0), which reects the material's solid-
like, elastic characteristics, consistently surpasses the loss
modulus (G00), indicative of its liquid-like, viscous properties,
across all formulations and frequencies. This nding implies
a predominantly solid-like behavior. The moduli of all formu-
lations demonstrate a positive correlation with frequency, with
the 7% FSM–SPI ink exhibiting the highest values for both G0

and G00, suggesting a denser, more robust gel network due to its
higher concentration. The tan d (tan d = G00/G0) values were also
evaluated to quantify the ratio of viscous to elastic behavior. The
hierarchy of tan d values conrms that the presence of SPI in
conjunction with FSM, as well as higher concentrations of FSM–
Table 3 Optimized printing parameters for FSM alone and FSM + SPI-b

Printing parameter 5% FSM 6% FSM 7% FSM

Temperature (°C) 25–30 25–30 25–30
Needle sizes (Gauge) 25 G 25 G 25 G
Layer height (mm) 0.3 0.3 0.25
Pressure (Psi) 40 65 75
Print speed (mm s−1) 6 6 5
Grid inll distance 8 8 8

© 2026 The Author(s). Published by the Royal Society of Chemistry
SPI ink, results in a more solid-like, structurally stable material,
which is crucial for achieving stable, layer-by-layer deposition
during printing.
3.4 Printability, shape delity, and printing resolution of
formulated ink blends

All the scaffolds were printed using an Allevi 2 extrusion-based
3D bioprinter using the optimized parameters (Table 3). For
printing, the formulated inks were loaded into a 10 mL syringe
(BD Biosciences) attached with a 25 G needle. The printing
resolution was assessed by printing each ink at varying inter-
strand distances (1, 2, 3, 4 mm). At a lower FSM concentration of
5%, the printed constructs exhibited poor shape delity at
a 1 mm spacing, characterized by considerable line spreading
and merging. However, an enhanced grid denition was
observed at 3 and 4 mm spacings. Increasing the FSM concen-
tration to 6% and 7% further improved printing resolution,
yielding more distinct grid patterns and better pore denition,
especially at larger spacings. The addition of 4% SPI further
augmented the structural integrity of the printed scaffolds,
reducing spreading and maintaining well-dened laments
even at a 1 mm spacing. Among all formulations, the combi-
nation of 7% FSM and 4% SPI exhibited the highest printing
resolution and shape delity across all spacings, demonstrating
superior printability and structural stability (Fig. 6). These
ndings suggest that increasing the polymer concentration and
incorporating protein components signicantly enhance the
resolution and delity of extrusion-based printed constructs. A
square structure with dimensions of 15 × 15 × 3 mm and an
inll distance of 8 mm was fabricated to enable subsequent
characterizations, as depicted in Fig. 7.

Further the horizontal ductility values were determined as
follows: 5% FSM (0.37 ± 0.007), 6% FSM (0.44 ± 0.01), 7% FSM
(0.58± 0.004), 5% FSM + 4% SPI (0.49± 0.03), 6% FSM + 4% SPI
(0.58 ± 0.01), and 7% FSM + 4% SPI (0.67 ± 0.002). Notably, the
FSM + SPI formulations consistently exhibited higher hori-
zontal ductility compared to their corresponding FSM-only
groups, indicating improved lament continuity and
enhanced printing resolution. Among all groups, the 7% FSM +
4% SPI formulation demonstrated the highest horizontal
ductility. The vertical sinking degree values were documented
as follows: 5% FSM (0.95± 0.01), 6% FSM (1.04± 0.01), 7% FSM
(1.11 ± 0.02), 5% FSM + 4% SPI (1.09 ± 0.01), 6% FSM + 4% SPI
(1.05 ± 0.02), and 7% FSM + 4% SPI (1.01 ± 0.007). An optimal
value is one that approaches 1, indicating greater shape delity
ased inks

5% FSM + 4% SPI 6% FSM + 4% SPI 7% FSM + 4% SPI

25–30 25–30 25–30
25 G 25 G 25 G
0.3 0.3 0.25
70 85 94
6 6 5
8 8 8
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Fig. 6 The figure illustrates the impact of varying FSM concentrations
and the incorporation of SPI on printing resolution across different
inter-strand distances (1, 2, 3, and 4 mm) scale bar 1 cm.
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and minimal deformation aer printing. Slight deviations
above 1 can be attributed to the ink's resistance to deformation
during extrusion. Signicantly, the 7% FSM + 4% SPI
Fig. 7 Digital image of a 3D printed scaffold using various ink
compositions scale bar 1 cm.

26796 | RSC Adv., 2026, 16, 26789–26804
formulation achieved a value closest to 1, indicating superior
structural integrity and shape retention (Fig. 8). These quanti-
tative results demonstrate that the formulation with 7% FSM
and 4% SPI offers the most effective combination of printing
resolution, lament stability, and shape delity.

3.5 Water uptake capacity and degradation of the fabricated
scaffold

The water uptake capacity of all cross-linked 3D-printed struc-
tures was assessed by immersing the printed scaffold in PBS for
48 h. All the scaffolds showed a rapid increase in swelling within
4 h, followed by gradual stabilization. The axseed mucilage
alone scaffolds showed greater PBS absorption than those
prepared with a axseed-SPI blend. The swelling ratio of the
scaffold was recorded as follows: 5% FSM-3000.79 ± 84.27, 6%
FSM-2709.11 ± 180.04, 7% FSM-2665.37 ± 117.46, 5% FSM +
4% SPI-1259.5± 155.49, 6% FSM + 4% SPI-1138.49 ± 99.91, and
7% FSM + 4% SPI-1088.2 ± 146.43. The elevated swelling
observed in pure FSM hydrogels is consistent with the poly-
saccharide composition of FSM, which is highly hydrophilic
and capable of absorbing substantial quantities of water. The
reduction in swelling ratio with increasing FSM concentration
(5% > 6% > 7%) may be attributed to the increased polymer
density, which limits the availability of free volume for water
uptake at higher concentrations (Fig. 9). The incorporation of
4% SPI markedly reduces the swelling capacity. This is likely
due to SPI facilitating additional protein-polymer interactions,
resulting in a denser, more cross-linked network that restricts
water diffusion and homogenizes the structure. SPI functions as
a stabilizing agent, enhancing mechanical integrity while
reducing excessive swelling.

3.6 Structure characterization and degradation of the
fabricated scaffolds

SEM micrographs of FSM-based scaffolds with and without SPI
incorporation are represented in Fig. 10. All samples presented
a three-dimensional network of porosity, which is essential for
nutrient diffusion, uid uptake, and cell inltration. However,
remarkable differences in pore size distribution and structural
integrity were identied depending on the FSM concentration
and the addition of SPI. For the lower FSM concentration of 5%,
the formation of larger and irregular pores with relatively
smooth, sheet-like walls and some areas with collapsed regions
was identied. The freeze-drying of the mucilage results in
a foam-like morphology, consisting mainly of polysaccharide
lamellae. Increasing the FSM concentration from 6% to 7%
resulted in a denser structure, with thicker walls and more
interconnected, but smaller, pores. This may indicate increased
viscosity upon gelation and also increased intermolecular
interactions, which result in a compact polymeric network. All
formulations with FSM + 4% SPI showed a more uniform pore-
size distribution, with rougher, thicker walls; this indicates
increased structural integrity and, therefore, stronger intermo-
lecular interactions between SPI and FSM during gelation and
freeze-drying. The presence of SPI likely served as a reinforcing
agent, enhancing the matrix's structural organization.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Quantitative evaluation of print fidelity of FSM and FSM–SPI inks: (a) horizontal ductility and (b) vertical sinking degree for various
formulations. Data are presented as mean ± SD (n = 3).
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The scanning electron microscopy (SEM) micrographs
demonstrate that both the concentration of FSM and the
incorporation of SPI signicantly affect the degradation and
structural integrity of the scaffolds aer seven days in PBS
(Fig. 11a). At 5% FSM, the structure appears highly collapsed,
with a low number of well-dened pores. This suggests
a substantial loss of the original porous network, potentially
due to swelling-induced collapse during degradation. At 6%
FSM, a more recognizable layered morphology is observed, with
some larger voids still visible, indicating slightly enhanced
structural stability despite ongoing erosion of pore walls. At 7%
FSM, the matrix appears the most compact and intact among
the FSM-only samples, exhibiting fewer open voids and
a smoother, denser surface. This is consistent with slower
degradation and a higher crosslink density at increased FSM
content. In a 5% FSM + 4% SPI scaffold, a more open, inter-
connected, and porous network is visible compared to 5% FSM
alone, with thinner walls and extensive micro-porosity. This
indicates that SPI introduces additional phase domains,
thereby accelerating surface and bulk erosion. 6% FSM + 4% SPI
large, well-dened macropores coexist with abundant
Fig. 9 Illustrates the swelling ratio (%) of FSM and FSM–SPI composite
scaffolds of different compositions for over 48 h.

© 2026 The Author(s). Published by the Royal Society of Chemistry
micropores, suggesting that partial removal of SPI-rich regions
during PBS incubation results in a highly porous, sponge-like
architecture that is benecial for uid transport but reects
substantial mass loss. In 7% FSM + 4% SPI, the structure is
highly tortuous, with rounded pores and rough internal
surfaces, suggesting that the denser FSM matrix resists
complete collapse, while SPI leaching and hydrolysis generate
a heterogeneous porous network. Increasing FSM concentration
from 5% to 7% slowed the degradation process, preserving the
architecture and enhancing network stability. The addition of
4% SPI results in increased pore formation and heterogeneity
across all FSM levels. This is consistent with the preferential
dissolution or degradation of protein domains, which enhances
porosity but also results in greater mass loss than in FSM-only
counterparts.

These observations were quantitatively supported by weight
loss analysis (Fig. 11b). Scaffolds composed of FSM alone
exhibited relatively low degradation, with weight losses % of
approximately 9.47 ± 1.96 (5% FSM), 7.55 ± 0.77 (6% FSM), and
7.32 ± 1.6 (7% FSM). Conversely, scaffolds incorporating SPI
demonstrated signicantly higher degradation, with weight loss
increasing to 18.25 ± 1.58 (5% FSM + 4% SPI), 30.81 ± 3.36 (6%
FSM + 4% SPI), and 34.46 ± 3.73 (7% FSM + 4% SPI). This
enhanced degradation is attributed to the preferential dissolu-
tion of SPI-rich domains, which promotes increased mass loss
and structural breakdown.
3.7 Mechanical testing of the scaffolds

Assessment of mechanical properties is critical for ensuring the
stability of the resultant biomaterial constructs. As illustrated in
the Fig. 12a, the mechanical properties were evaluated using
uniaxial compression testing, where FSM and FSM + SPI scaf-
folds were subjected to 50% deformation, and recovery of shape
was observed, indicating their elastic behavior. Further non-
linear stress–strain curves of the FSM and FSM + SPI scaffolds
are illustrated in the Fig. 12b, representing the FSM scaffolds as
expressing a superior stress response throughout the strain
range compared to the FSM + SPI scaffolds. As illustrated in
Fig. 12c, the maximum uniaxial stress sustained at 50% defor-
mation by FSM scaffolds was approximately found to be 8.04 ±

0.28 kPa for 5% FSM, 11.38 ± 2.11 kPa for 6% FSM, and 11.63 ±
RSC Adv., 2026, 16, 26789–26804 | 26797
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Fig. 10 SEM micrograph of FSM alone and FSM incorporated SPI scaffolds.
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0.45 kPa for 7% FSM, whereas FSM + SPI scaffolds showed
values of 5.40 ± 0.66 kPa for 5% FSM + 4% SPI, 8.11 ± 1.76 kPa
for 6% FSM + 4% SPI, and 12.43 ± 3.30 kPa for 7% FSM + 4%
SPI. Likewise, the compressive modulus of scaffolds illustrated
in the Fig. 12d was approximately found to be 16.14 ± 0.57 kPa
for 5% FSM, 22.84 ± 4.24 kPa for 6% FSM, and 23.35 ± 0.91 kPa
for 7% FSM, while the corresponding values for FSM + SPI
scaffolds were 10.86 ± 1.31 kPa for 5% FSM + 4% SPI, 16.41 ±

3.79 kPa for 6% FSM + 4% SPI, and 24.96± 6.63 kPa for 7% FSM
+ 4% SPI.
3.8 ATR-FTIR spectroscopy of the fabricated scaffolds

The FTIR spectra in Fig. 13 show the proles of pure FSM at 5%,
6%, and 7% concentrations, as well as those of composites
incorporating SPI (FSM + 4% SPI). Each formulation exhibited
distinct absorption bands characteristic of polysaccharides,
thereby verifying the presence of functional groups linked to
axseed mucilage. A broad absorption band, spanning 3200–
3400 cm−1, was consistently observed across all samples, indi-
cating the presence of O–H stretching vibrations of poly-
saccharides.9 This suggests signicant hydrogen bonding and
highlights the hydrophilic nature of the mucilage matrix.
Furthermore, a peak detected near 2920–2940 cm−1 corresponds
to the C–H stretching of aliphatic groups present in sugar
moieties.10 In pure FSM samples, the prominent bands observed
around 1600 cm−1 are attributed to the C]O stretching of
carboxylate or amide groups, thereby conrming the presence of
uronic acid residues.4,5 Additionally, a distinct band near
1400 cm−1 corresponds to the C–OH group of uronic acid.
Furthermore, absorption bands between 1000–1100 cm−1 indi-
cate C–O–C and C–OH stretching vibrations, which are charac-
teristic of glycosidic linkages in polysaccharides.11 Upon the
incorporation of 4% SPI, notable spectral shis and alterations in
peak intensity were observed. In particular, the broad O–H/N–H
26798 | RSC Adv., 2026, 16, 26789–26804
stretching band shied to lower wavenumbers, from about
3310 cm−1 in FSM to 3279 cm−1 in the SPI-containing samples
(Fig. 13b). In addition, samples containing SPI showed a peak at
1629 cm−1, corresponding to amide I (C]O stretching), while
a peak around 1521 cm−1 was associated with amide II (N–H
bending).12 A small peak shi and broadening in the band near
1408 to 1401 were also observed (Fig. 13c). These observations
suggest the successful integration of protein molecules into the
mucilage matrix. The changes support the presence of intermo-
lecular hydrogen bonding between the carboxyl and hydroxyl
groups of FSM and the amino groups of SPI.
3.9 X-ray diffraction analysis of the fabricated scaffolds

X-ray diffraction (XRD) analysis is frequently employed to eval-
uate the formation of crystal structures. In this study, XRD was
utilized to investigate the structural effects arising from the
interaction between SPI and FSM. The XRD pattern of pure FSM,
SPI powder, and the scaffolds fabricated using FSM alone and
with SPI is presented in Fig. 14. The X-ray diffractograms for all
samples exhibited characteristics typical of amorphous mate-
rials, with no sharp peaks. The XRD pattern of pure FSM di-
splayed only a single peak at 2q = 19.2°, characteristic of an
amorphous phase.13 Soy protein isolate (SPI) exhibited two
prominent diffraction peaks at 2q = 8.9° and 19.2°, which are
indicative of the a-helix and b-sheet structures, respectively,
within the secondary conformation of the soy protein molecule.14

The X-ray diffractogram for all concentrations of FSM alone
exhibits characteristics typical of amorphous materials, lacking
any sharp peaks. In the carbohydrate-based axseed gum, the
prevalence of hydroxyl (OH) groups facilitated the formation of
both intra- and intermolecular hydrogen bonds. This, in turn,
resulted in varying degrees of junction coherence and an amor-
phous transformation.13 All scaffolds showed a relatively broad
peak at 2qz 16.08° and 24.6° for axseed mucilage. The shi in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Degradation study of FSM alone and FSM incorporated SPI scaffolds after 7 days in PBS; (a) SEMmicrograph depicting the morphological
changes that occurred after 7 days of incubation in PBS, (b) quantitative analysis of degradation represented as percentage weight loss after 7
days. Data are presented as mean ± standard deviation (n = 3), with statistical significance denoted as ***p < 0.001.
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2q from 19.2° to 16.15° may be attributed to the semi-organized
packing of polysaccharide chains, including the local ordering of
sugar rings and hydrogen-bonded domains that occurred due to
crosslinking. Flaxseed mucilage primarily functions as an
amorphous hydrocolloid, with high swelling and exible hydro-
gel behavior, as opposed to rigid crystalline domains. The addi-
tion of 4%SPI to FSM enhances the intensity of the existing peaks
and introduces a new small peak at 13.13°, indicating the
formation of more ordered micro-domains and specic protein–
polysaccharide interactions, rather than a fully crystalline phase.
When SPI is blended with polysaccharides, XRD peaks oen
become sharper or more intense, reecting denser chain packing
and partial ordering due to hydrogen bonding and other inter-
molecular interactions between protein and polysaccharide
chains. New low-angle peaks (around 13.3°) that appear aer
introducing a protein into a polysaccharide matrix are typically
attributed to additional periodicities associated with protein
© 2026 The Author(s). Published by the Royal Society of Chemistry
secondary structures, such as ordered a-helices or b-sheets, or
newly formed protein–polysaccharide complexes.
3.10 Thermal stability of the scaffolds

The thermal stability of the FSM alone and FSM with SPI, 3D
printed scaffold, was evaluated to quantitatively determine the
mass change prole as a function of temperature. The
temperature-dependent weight change prole shown in Fig. 15a
exhibits three distinct degradation stages. The primary degra-
dation phase spanning from 30 to 200 °C is primarily correlated
with the removal of residual moisture and sample dehydration,
due to which the 5% FSM ink shows an approximate weight loss
of 11.24%, 6% FSM shows 11.82% 7% FSM shows 10.82%, 5%
FSM + 4% SPI shows 10.21%, 6% FSM + 4% SPI shows 9.55% and
7% FSM + 4% SPI shows 9.21% of weight loss. Aer the initial
dehydration phase, the second phase corresponds to the
RSC Adv., 2026, 16, 26789–26804 | 26799
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Fig. 12 Compressive mechanical evaluation of FSM and FSM + SPI-based scaffolds: (a) a visual representation of scaffold deformation under 50%
uniaxial compression, illustrating the stages of pre-compression, during compression, and post-compression; (b) stress–strain curves depicting their
compressive behavior with increasing strain; (c) a bar graph comparing the compressive strength (kPa) of the scaffolds; (d) compressive modulus (kPa)
of the fabricated scaffolds. Data are presented as mean ± standard deviation (n = 3), with statistical significance denoted as **p < 0.01.
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breakdown of the core polymeric structure, spanning 200–380 °C.
In this phase, the core molecular framework of the polymer gets
cleaved, due to which 5% FSM ink shows an approximate weight
loss of 50.85%, 6% FSM shows 48.43%, 7% FSM shows 48%, 5%
FSM + 4% SPI shows 41.3%, 6% FSM + 4% SPI shows 45.21% and
7% FSM + 4% SPI shows 44.03% of weight loss. Thereaer, the
nal decomposition phase extends to 800 °C, during which the
Fig. 13 Depicts the FTIR spectra of FSM alone (5%, 6%, 7%) and the com
cross-linked scaffolds (b) enlarged view of the 3400–3100 cm−1 region

26800 | RSC Adv., 2026, 16, 26789–26804
gradual degradation and carbonization occurred, leaving
a residual mass. During this phase, the weight losses were
determined to be 33.58% for 5% FSM, 34.7% for 6%FSM, 35.91%
for 7% FSM, 38.03% for 5% FSM + 4% SPI, 38.54% for 6% FSM +
4% SPI, and 39.15% for 7% FSM + 4% SPI (Fig. 15b). From the
TGA results, there are no signicant differences between the FSM
alone and the FMS + SPI-based scaffold.
posite scaffold (FSM + 4% SPI). (a) Full spectra (4000–500 cm−1) of all
(c) enlarged view of the 1700–1300 cm−1 region.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) shows the XRD pattern of FSM (flaxseed mucilage powder) and SPI (soya protein isolate). (b) shows XRD diffractogram of FSM alone
and FSM + SPI-based scaffolds.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
2/

20
26

 1
:1

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.11 Drug release study

The antibacterial efficacy of ciprooxacin-loaded scaffolds was
assessed using the disc diffusion method against Bacillus subtilis
(ATCC 168). Fig. 16 illustrates representative images of the zones
of inhibition and provides a quantitative analysis of the anti-
bacterial activity of various scaffold formulations compared with
the Whatman lter paper control. All scaffold formulations
exhibited measurable zones of inhibition, indicating successful
drug loading and controlled ciprooxacin release from the
fabricated scaffolds. The control group (Whatman lter paper)
displayed a zone of inhibition measuring 0.55± 0.05 cm, serving
as the baseline for comparison. Among the FSM-only scaffolds,
the zone of inhibition increased progressively with FSM
concentration: 5% FSM (0.85 ± 0.05 cm), 6% FSM (0.9 cm), and
7% FSM (1.00 cm). This concentration-dependent enhancement
suggests that higher FSM content facilitates improved drug
retention and sustained release characteristics. The incorpora-
tion of 4% SPI into FSM scaffolds further enhanced antibacterial
efficacy. The composite scaffolds demonstrated incrementally
larger zones of inhibition: 5% FSM + 4% SPI (0.90± 0.10 cm), 6%
FSM + 4% SPI (1.05 ± 0.05 cm), and 7% FSM + 4% SPI (1.1 ± 0.1
cm). The 7% FSM + 4% SPI formulation exhibited the maximum
antibacterial activity with the largest zone of inhibition. The
enhanced antibacterial performance of SPI-incorporated scaf-
folds can be attributed to the modied scaffold composition,
porous architecture, and swelling behavior. The 7% FSM + 4%
SPI formulation, with its optimized polymer network density,
demonstrated the most effective drug retention and release
prole, resulting in maximum bacterial growth inhibition. Con-
ducting further investigations that directly quantify drug release
concentrations would yield deeper insights into the correlation
between scaffold composition and antibacterial efficacy.
4 Discussion

The current study successfully develops a fully plant-derived,
extrusion-printable hydrogel system utilizing axseed muci-
lage (FSM) and soy protein isolate (SPI). The ndings clearly
demonstrate that the concentration of FSM and the incorpora-
tion of SPI are critical in determining the rheological behavior,
© 2026 The Author(s). Published by the Royal Society of Chemistry
printability, structural integrity, degradation, and physico-
chemical properties of the fabricated scaffolds. In this study, all
inks exhibited shear-thinning behavior, with FSM–SPI blends
showing a higher consistency index, a lower ow index, and
a higher storage modulus than FSM alone. The blend of 7%
FSM + 4% SPI exhibited the most robust, solid-like response
and optimal lament delity. In comparison to other
polysaccharide-based systems, such as psyllium Husk (PH)-
gelatin blends, which exhibit a lower consistency index
(49.30–530.59 Pa s) and higher tan d values (0.5–1.05), the FSM–

SPI inks demonstrate signicantly higher consistency (660.09–
3684.31 Pa s) and lower tan d (0.35–0.55), indicating a more
elastic, solid-like behavior. The ow index (n) values remain
within a comparable shear-thinning range, while the yield
stress of FSM–SPI inks (24.47–170.46 Pa) falls within the re-
ported range for PH-gelatin systems (18.59–268.74 Pa), con-
rming their suitability for extrusion-based printing.15 Similar
patterns have been observed in plant protein–polysaccharide
gel inks, where increasing polymer concentration and the
addition of protein or polysaccharide co-components enhance
yield stress and G0, thereby improving 3D printability.16 For
instance, SPI-polysaccharide emulsion gels and SPI gels with
apricot polysaccharides displayed higher viscosity, stronger
shear-thinning, and improved printed line stability when the
protein–polysaccharide network was reinforced, closely para-
lleling the behavior of the FSM–SPI blends in this study.17

Methacrylated axseed-gum bioinks similarly required
adequate solids and crosslinking to achieve robust, fatigue-
resistant constructs, reinforcing the notion that tuning
rheology through concentration and secondary components is
crucial for axseed-derived inks.18 Scanning electron micros-
copy (SEM) analysis indicated that an increased concentration
of FSM led to denser walls and smaller pores, whereas the
addition of SPI resulted in a more uniform, structurally rein-
forced pore network. Aer a 7 day immersion in PBS, the FSM
with SPI scaffold showed greater weight loss. Similarly, rein-
forced axseed-mucilage/collagen aerogels exhibited compa-
rable microstructural evolution; the incorporation of mucilage
thickened the pore walls, enhanced interconnectivity, and
improved resistance to collapse during degradation, thereby
RSC Adv., 2026, 16, 26789–26804 | 26801
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Fig. 15 (a) TGA plot of all fabricated scaffolds and (b) their individual graph showing weight loss at each stage.
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leading to more stable three-dimensional architectures.19,20 The
pronounced swelling observed in pure FSM scaffolds and its
reduction with increased FSM concentration and the addition
26802 | RSC Adv., 2026, 16, 26789–26804
of SPI align with the existing literature on axseed-mucilage
cryogels and hydrogels, which are known to absorb hundreds
to thousands of times their dry weight.20 However, this swelling
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Evaluation of the antibacterial drug release efficacy of FSM and FSM–SPI composite scaffolds against Bacillus subtilis. The figure includes
a digital image and a quantitative analysis of the inhibition zone (cm) as determined by the disc diffusion assay.
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can be reduced by increasing the polymer density or by adding
additional crosslinkers. Similarly, SPI-polysaccharide hydrogels
and SPI-dextran networks exhibit signicant water uptake,
which is counterbalanced by enhanced network cohesion.21

This demonstrates that protein–polysaccharide interactions can
simultaneously stabilize the scaffold and modulate swelling,
consistent with the effects observed for SPI in the current
system.

Under compression, the FSM and FSM–SPI scaffolds
demonstrated moduli that increased with total solids, reaching
their peak values at 7% FSM + 4% SPI while maintaining elastic
recovery. Soy-protein hydrogels crosslinked with poly-
saccharides or oxidized dextran also exhibited a signicant
increase in modulus and fracture stress with higher crosslink
density,21 and FSM-reinforced collagen aerogels showed mark-
edly improved stiffness compared to collagen alone,20 para-
lleling the reinforcing role that SPI plays in the FSM matrix of
this study. In addition, when compared to other plant-based
hydrogels, such as aloe vera per cellulose nanobril bio-
hydrogels (compressive modulus: 0.92–6.54 kPa; compressive
stress at 30% strain: 0.18–3.06 kPa), and xanthan gum/
nanocellulose bioinks (compressive modulus: 5–15 kPa),22 the
FSM–SPI scaffolds investigated in this study demonstrate
superior mechanical properties (compressive modulus: 10.86–
24.96 kPa; compressive stress: 5.40–12.43 kPa).23

Fourier-transform infrared (FTIR) spectroscopy in this study
conrmed the presence of characteristic polysaccharide bands
for axseed mucilage (FSM) and the emergence of amide I/II
peaks, along with shied OH/carbonyl bands following the
addition of SPI. Similar spectra, including broad OH bands,
uronic acid and glycosidic vibrations, and emergent protein
amide bands, have been documented for FSM-based lms
blended with elastin/collagen and for SPI-polysaccharide
hydrogels.24 The predominantly amorphous X-ray diffraction
(XRD) patterns, characterized by diffuse halos and modest
peaks around 16–25°, observed in this study are consistent with
previous ndings for axseed-gum lms and FSM composites.24

These exhibit broad features typical of amorphous hydrocol-
loids and slight peak sharpening or shiing when additional
network formers enhance local chain packing rather than
© 2026 The Author(s). Published by the Royal Society of Chemistry
inducing true crystallinity. The thermogravimetric analysis
(TGA) proles of FSM and FSM–SPI hydrogels exhibited a char-
acteristic three-stage degradation pattern. Initially, a moisture-
release phase occurs below approximately 200 °C, followed by
the signicant decomposition of polysaccharide and protein
chains between approximately 200 °C and 380 °C. These nd-
ings indicate that all formulations maintain thermal stability
well above physiological and most processing temperatures,
thereby affirming their potential as plant-based scaffolds for
biomedical applications.24

The study on antibacterial drug release reveals that FSM and
FSM–SPI composite scaffolds exhibit effective ciprooxacin
delivery, with concentration-dependent enhancement of anti-
bacterial activity against Bacillus subtilis. The observed
progressive increase in zones of inhibition with higher FSM
concentrations suggests that increased polymer content facili-
tates improved drug retention and controlled release. The
superior antibacterial performance at elevated FSM concentra-
tions can be attributed to the increased polymer network
density and enhanced entrapment efficiency.

5 Conclusion

This study establishes axseed mucilage as a viable poly-
saccharide platform for extrusion-printed hydrogels, demon-
strating that co-formulation with soy protein isolate and EDC-
NHS crosslinking results in scaffolds with enhanced rheolog-
ical robustness, print delity, and structural stability.
Increasing FSM concentration and incorporating 4% SPI
systematically strengthen the gel network, enhance pore archi-
tecture, mitigate excessive swelling, and optimize thermal and
compressive properties to suit so-tissue scaffold applications.
FTIR and XRD analyses conrm that these improvements arise
from hydrogen-bond-mediated and covalent interactions,
which organize the otherwise amorphous matrix into more
compact, semi-ordered domains. As all components are plant-
derived and processed in aqueous media, this system offers
a sustainable alternative to animal-based or synthetic inks,
providing a tunable platform for further functionalization with
cells or therapeutic agents.
RSC Adv., 2026, 16, 26789–26804 | 26803
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